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Title of the Thesis: Assessing genetic diversity of the circulating A/HIN1pdm09 in Eastern

India: Identification and characterization of synthetic small molecules as potential antiviral

therapeutics
Submitted by: Priyanka Saha (Index no.: 62/20/Life Sc./27)

Influenza viruses are more closely associated with winter; the local climate/habitat and geography
sometimes differentiate this tendency. The symptoms include fever, sore throat, headache, dry chough,
nasal discharge depending on the nature of the infection, and may end up in severe complications,
particularly in those who are at risk like pregnant women, infants, elderly and immunocompromised
individuals. The antigenic variation is rapid and occurs through antigenic drift and shift where new
strain emerges with pandemic causing potential. Even with improvised vaccination and widespread use
of antivirals, influenza continues to challenge the global health community. The genus
Orthomyxoviridae includes the virus which is of 4 types (A, B, C and D) with only types A and B cause

epidemics. The virus has eight single-stranded RNA fragments coding for eleven proteins.

A retrospective analysis of A/HIN1pdm09 positivity rates in eastern India during April’ 2017- March’
2019 showed a remarkable reduction compared to prior influenza outbreaks. In contrast to high
incidence of influenza activity in winter and spring, we noted no seasonality pattern of virus activity
possibly of passive surveillance where only severe cases are referred to laboratories for testing.
Sequencing data revealed novel glycosylation sites and amino acid substitution in hemagglutinin (HA).
In contrast, no classical mutations implicated in antiviral resistance was observed in neuraminidase
(NA). Phylogenetic studies revealed that majority of circulating strains were similar to the currently
used vaccine strains. The study led to the conclusion that influenza vaccination policy for whole nation

is necessary, especially for groups which are exceptionally high-risk due to recurring outbreaks in the

country.

The continuous evolution of influenza viruses due to antigenic shift and presence of large number of
HA and NA subtypes have made developing effective antivirals a challenging task. Introduction of
mutations have reduced the efficacy of NA inhibitors and M2-ion channel blockers. Thus, there is
continuous need to develop new antivirals. Currently the focus is on drug repurposing and on
developing active phytochemical from natural resources. This study has tried to exploit both avenues.
Minocycline, which is a tetracycline analogue, was studied for its anti-influenza activity. Minocycline
showed potent anti-influenza activity both in vitro and in vivo at non-toxic doses. Minocycline exerted
its antiviral activity by integrating both inhibition of late-stage apoptosis and suppressing the
phosphorylation of ERK which inhibited the export of viral ribonucleoproteins (VRNPs) from the
nucleus, which is an essential process for viral assembly and release. It may thus be proposed that
minocycline may act as an antiviral drug. Using FDA approved drug minocycline in a new way brings

an exciting prospect for influenza therapy.
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A Adenosine

aa Amino acid

ADP Adenosine diphosphate

AMP Adenosine monophosphate

ATP Adenosine 5'-triphosphate

BIC Bayesian Information
Criterion bp Base pair

BrU Bromouridine

cDNA Complementary
deoxyribonucleic acid

CDC Centre for Disease Control

DNA Deoxyribonucleic acid

DTT Dithiothreitol

dNTPs Deoxynucleoside
triphosphates

EDTA Ethylenediamine tetra-acetic
acid

EIA Enzyme immunosorbent
assay

ELISA Enzyme linked
immunosorbent assay

EM Electron microscopy

ER Endoplasmic reticulum

EtBr Ethidium Bromide

E-type Electropherotype

etal.,, Latin phrase means “and
others”

GDP Guanosine diphosphate

GTP Guanosine-5'-triphosphate

ie. That is

IAV Influenza A Virus

IgA Immunoglobulin A

nm Nanometer

nM Nanomolar

no. Number
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IgM
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kb
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Itr
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mM
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litre
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Molecular weight
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Sodium hydroxide

Neighbour joining
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Seconds
Single stranded RNA
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RNA
RPM
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Nucleotide triphosphate
Nucleotide tri-phosphatase

Outpatient department
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Poly acrylamide gel
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Hydrogen ion concentration

pandemic 2009
Phosphate buffered saline

Picomole

Polymerase chain reaction

Plaque forming unit
Ribosomal RNA

Ribonucleic acid
Revolution per minute

Reverse transcription-
polymerase chain reaction
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Percent

Less than

Greater than
Plus-minus

Equivalent
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TAE
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Taq
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tRNA
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Tris-acetate EDTA buffer
Tris-boric acid EDTA buffer

Thermus aquaticus (DNA
polymerase)

Tris-buffered saline with 0.1%
Tween

Triple layered particles
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Tris (hydroxymethyl) amino
methane
Transfer RNA

Temperature sensitive
Uracil
Unit

Universal Immunization
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World Health Organization
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Figure 1.8: (A) Schematic illustration of cleavage of HAO into HA1 and HA2, which are
disulphide linked. The cleavage site is marked with an arrow. (B) ribbon structure of H3 HAO
trimer. Cleavage site R329 indicated with an arrow

Figure 1.9: Crystal structure of AV Nucleoprotein. (A & B) Side and top view of IAV HINI
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Figure 3.2: Distribution of IAV HINIpdm09 according to season circulating during April
2017-March 2019

Figure 3.3: Phylogenetic dendrogram of HA protein of eastern Indian IAV HIN1pdmO9 strains
circulating during April 2017- March 2019

Figure 3.4: Phylogenetic dendrogram of NA protein of eastern Indian IAV HIN1pdmO9 strains
circulating during April 2017- March 2019

Figure 4.1: (A) chemical structure of minocycline; (B) evaluation of viral titre from
supernatant extracted from IAV/PR8-infected MDCK cells treated with DMSO or 500 nM
Minocycline (at 24, 48 and 72 hpi), cells treated with 100 pM Ribavirin is treated as positive
control; (C) cell viability of MDCK cells when treated with different concentrations of
minocycline (1nM - ImM) for 72 hrs, was measured using MTT assay to calculate CC50; (D)
infectious IAV particles produced from IAV/PR8 MDCK cells subjected to varying
concentrations of minocycline (0.1 nM-1 mM) for 72 hrs were used to calculate IC50; (E)
[IAV/PRS8-infected MDCK cells were treated with DMSO or minocycline (500 nM) 1 hour prior
to infection (pre-treatment), at the time of virus addition (co-treatment) and 1 hour after viral
addition (post-treatment) to assess its effect on viral protein expression; (F) post-treatment of
DMSO or minocycline (500 nM) at 0-24 hpi, 6-24 hpi and 12-24 hpi to [AV/PR8-infected cells
to assess the stage of viral life cycle inhibited by minocycline.

Figure 4.2: (A-D) relative expressions of VRNA, cRNA and mRNA extracted from IAV/PR8-
infected MDCK cells treated with DMSO or 500 nM Minocycline (at 6, 12 and 24 hpi) was
estimated by quantitative RT-PCR. Relative fold change in M1 mRNA transcript was also
estimated at 48 and 72 hpi. Cells treated with 100 uM Ribavirin is treated as positive control;
(E-F) IAV/CAL or IAV/H3N2 infected MDCK cells were treated with minocycline (500 nM)
or ribavirin (100 uM) for 24, 48 and 72 hpi, cell supernatant was collected and viral titre was
estimated by hemagglutination assay and represented as TCID50/ml; (G-H) IAV/PR8 and
IAV/CAL infected MDCK cells were treated with different concentrations of minocycline (100
nM - 1 uM), viral protein estimated by western blotting after 24hrs.

Figure 4.3: Minocycline does not trigger the IFN signalling pathway in MDCK or A549 cells
with/without IAV/PRS& infection. Cellular phosphorylation of the JAK1/STAT1 proteins were
not observed in Minocycline-treated MDCK and A549 cells (A). IFN a-2f in the current study
served as the positive control. Minocycline treatment has no effect on activation of IFN
signaling activation by IAV/PRS in the MDCK or A549 cells (B). Antiviral role of minocycline
was found to IFN-independent as reduction in viral titre and NS1 protein expression was
observed in minocycline treated IFN signalling deficient vero cells (C).

Figure 4.4: (A-B) IAV/PRS infected MDCK cells treated with minocycline (500 nM) or
PD98059 (30 uM) and incubated for 18 and 24 hpi. Cells were then fixed, permeabilized and
stained with anti-NP antibody (raised in mouse). Cells were then secondary stained with
DyLight488 labelled anti-mouse secondary antibody. Cells were mounted using DAPI and
visualized under confocal microscope (63X oil immersion). Scale bar: 20 um. NP positive cells
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were quantified and randomly 100 cells from different fields were selected and analysed. Data
was represented as percentage of infected cells; (C) HEK293 cells were transfected with only
pcDNA3 vector and pcDNA3-HA plasmid and treated with 500 nM of minocycline for 24 hrs,
cells were lysed and western blot was performed to detect the level of phospho-ERK

Figure 4.5: Minocycline suppresses ERK signalling pathway in both MDCK cells and A549
cells. (A-D) IAV/PRS activates ERK cascade, leading to phosphorylation of ERK. Treatment
with minocycline reduces the phosphorylation of ERK in PMA-induced cells and IAV/PRS
infected cells; (E) Whole cell lysate and Cytosol-nucleus is extracted and NP protein was
shown to be located in the nucleus of the minocycline-treated IAV/PR8 infected cells in 24hpi.
Densitometric analysis of blots for NP, Lamin and B-actin was done as represented as fold
change in total NP protein and fold change in nuclear/cytosol ratio of NP protein (E).

Figure 4.6: (A-B) Annexin V Apoptosis assay confirmed the inhibition of apoptosis in presence
of minocycline. Caspase 3 cleavage is inhibited in both minocycline treated IAV/PR8-infected
cells and Staurosporine-induced cells (C-D)

Figure 4.7: (A) BALB/c mice (5 mice/group) were treated with 5, 15 and 30mg/Kg/day of
minocycline for 5d to test the toxicity level. Weight of mice were weighed daily for 5d. (B)
Intranasal infection with the IAV/PRS8 (4 x 50% Lethal doses, MLD50) to BALB/c mice (5
mice per group). On day 2, mice received treatment with 30 mg/kg/day of Minocycline or
DMSO till 15th day. Body weight and survivability were measured for every mouse over 15d.
(C-E) Viral RNA from lungs tissue at Sdpi and viral proteins were detected. The viral titre was
measured in lungs in terms of TCID50/ml.

Figure 4.8: (A) BALB/c mice (5 mice/group) received treatment with 30 mg/kg/day of
Minocycline or DMSO. The HE staining was performed on vital organs- lung, heart, kidney
and liver tissues. (B) The HE staining was performed on lung tissues, and tissue integrity was
viewed at 10X and 40X magnifications in microscope.

Figure 4.9: Illustration of the role of minocycline in hindering the export of vVRNPs from the
nucleus leading to inhibition of viral assembly and dissemination.

Figure 5.1: Histogram showing percentage of HA titer reduction of virus treated with candidate
molecules

Figure 5.2: Effects of candidate molecules, standard inhibitors i.e. oseltamivir carboxylate
(OMVC) and quercetin (QR) on HIN1-NA for hydrolysis of substrate.

Figure 5.3: Lineweaver—Burk plots of inhibition of oseltamivir carboxylate (OMVC),
quercetin (QR) and candidate molecules on HIN1-NA.
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HINIpdmO09 isolates in comparison to eastern Indian strains and vaccine strains-
A/human/California/07/2009(HIN1), A/human/Michigan/45/2015(HIN1),
A/human/Brisbane/02/2018(HIN1).

Table 5.1: Cell-based EC50, Enzyme-based IC50 and Ki values of synthesized molecules
obtained by crystal violet, NA-inhibition and enzyme kinetics assays.

Table 5.2: Degree of inhibition on CPE of pandemic HIN1 on MDCK cells by all the designed
molecules at a concentration of 100 pM obtained by qualitative CPE inhibition assay
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1.1.Introduction

Seasonal epidemics caused by influenza virus typically occur in the winter depending on the
local climate and geography (Weinstein et al., 2003;Babazadeh et al., 2019;Ebrahimpour et al.,
2019;Morens and Taubenberger, 2019). It causes an acute febrile illness with varying degrees
of respiratory and systemic symptoms. In high-risk people, complications due to influenza
infection have the potential to be severe or even fatal (Clohisey and Baillie, 2019). Fever, chills,
headache, red eyes, sore throat, dry cough and nasal discharge are the signs and symptoms of
influenza infection (Nakagawa et al., 2017). Rapid antigenic variation leads to evolution of the
virus. Viruses undergo mutation and give rise to new strains by processes referred to as
antigenic drift and shift. Antigenic shift is a rare phenomenon but has the potential to cause a
pandemic (Morens and Taubenberger, 2019). Antigenic drift involves drastic modification in
viral genome leading to development of novel hemagglutinin (HA) and neuraminidase (NA)
proteins (Kim et al., 2018). Despite notable advancements in the prevention, control, and
management of cases, influenza infection remains a significant global communicable illness.
The influenza viruses belonging to "Orthomyxoviridae" family, is an RNA-type virus. They
are of four types: A, B, C and D. Flu types A and B typically cause epidemics and outbreaks
(Mosnier et al., 2015).

1.1.1. Taxonomy and nomenclature

According to the proposal of WHO in 1971, the complete designation of the viral strains

includes:

* type

e host organism

e place of origin

e its serial number

e year of its isolation

e antigenic subtypes of

e HA and NA

Generally, for human isolates, the host of origin is not indicated. For example:

A/swine/Guangdong/L3/09(HINT).
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A/swine/Guangdong/L3/09(HIN1)

!

Host Serial numberIHA & NA subtype

Place of origin

Subtype Year of isolation

Influenza viruses are classified into 4 types: A, B, C and D.

Influenza A virus (IAV): It targets the different species including humans, swine, avians, equine
and others. The subtypes of this virus depend on serotypes of HA and NA. There are 16
subtypes including HIN1, HIN2, H2N2, H3N1, H3N2, H3N8, H5N2, H5N3, HSNS§, H5NO,
H7N1, H7N2, H7N3, HON2, H10N7. IAV evolves within the genome either by antigenic drift
(the mutation within the genome) or antigenic shift (genetic re-shuffling through co-infection
with different subtypes leading to emergence of new subtypes). H2N2 Asian flu (1957), H3N2
Hong Kong flu (1968) and HIN1 Swine flu (2009) are the prominent ones.

Influenza B virus: It has 2 lineages namely Victoria and Yamagata. They are more prone to

genetic re-assortments causing epidemics and seasonal flu.

Influenza C virus: They are antigenically stable, having no subtypes or lineage. They are
capable of infecting humans and pigs. They do not cause epidemics but cause mild respiratory

disease.

Influenza D virus: They were initially isolated from infected swine in Oklahoma in 2011. It has

four lineages: D/OK, D/Yama2016, D/660, and D/Yama2019 and is less prevalent.

1.1.2. Symptoms

FLU SYMPTOMS TREATMENT
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Figure 1.1: Symptoms and treatment measures of flu

Symptoms of Influenza develop quite rapidly, within 1-2 days after infection. Initial symptom
includes chills along with fever (temperature ranging from 100-103°F) (Nayak, 2014). Other
symptoms include cough, body ache primarily in joints and throat, nasal congestion, headache,
watery eyes and fatigue as shown in fig. 1.1 (Nakagawa et al., 2017). In case of children,
incidence of diarrhea and abdominal pain along with flu symptoms was also observed
(Dilantika et al., 2010).

1.1.3. Diagnosis

The diagnosis of the infection is mostly done through virus isolation, its antigen or nucleic acid
detection, or both. The sample should be collected after disease manifestation. The viral
samples are then cultured in either cell lines or chicken embryos. The hemagglutination and
neuraminidase inhibition assays as well as the RT-PCR analytic method or ELISA are just some
of the diagnostic tools that could aid in the detection of the virus. Eventually, antigens may be
detected either by using a direct method like immunofluorescence or by using enzyme-linked
immunosorbent assay (ELISA) in respiratory secretions (Couch, 1996). Within 30 minutes,
commercial rapid diagnostic test kits can offer a diagnosis, however they are not highly
sensitive (Control and Prevention, 2009). Serological assays such as complement fixation and
immunodiffusion can also be used to diagnose infections (Couch, 1996;Acha, 2001;Szyfres,
2001;Control and Prevention, 2009). The most popular diagnostic assays today are ELISA or

real-time RT-PCR because of its sensitivity, specificity and less time involving.
1.1.3.1. Identification of Influenza isolates by Hemagglutination Inhibition (HAI)

Red blood cells (RBCs) have the potential to bind to HA protein of influenza virus, thereby
causing the RBCs to agglutinate (referred as hemagglutination). This characteristic property of
RBCs is used in the conventional detection of influenza viruses. This hemagglutination is
inhibited when antibodies against HA bind to the antigenic sites of HA, thereby blocking these
sites from RBC binding. This type of inhibition is referred to as HAI (Fig. 1.2).
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Figure 1.2: Hemagglutination Inhibition assay

1.1.3.2. Enzyme immunoassay

Commercially available enzyme immunoassays can quickly detect influenza viruses in clinical
samples. Therefore, they are widely used. Nasopharyngeal aspirates, nasal washes and
nasopharyngeal and/or throat swabs serve as good specimens for the testing. The sensitivity
and specificity of the test varies based on the type of specimen. It is crucial to combine these
tests with virus isolation during outbreaks and after the peak influenza activity in order to verify

the results of the test kit.
1.1.3.3. Rapid diagnostic kits

Rapid diagnostic kits including the Directigen Flu A & B Kit, Flu Optical Immuno Assay,
QuickVue Influenza Test, and ZstatFlu Test can rapidly determine whether influenza viruses
are present in the suspected clinical sample (Fig. 1.3). While some of these tests are based on
the extraction and detection of influenza A or B nucleoprotein or the detection of influenza-
specific neuraminidase activity, the others are based on the interaction between enzyme-

labelled monoclonal antibodies specific to influenza virus and viral antigen.
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Figure 1.3: Rapid diagnostic kit: steps from sample collection to interpretation of results.

1.1.3.4. Molecular testing methods
1.1.3.4.1. Reverse transcription-polymerase chain reaction (RT-PCR)

Polymerase chain reaction (PCR) is capable of detecting very low quantities of viral genome.
Since Influenza viruses have single-stranded RNA genome, a DNA copy (cDNA) which is
complementary to the viral RNA is synthesised before PCR takes place. A polymerase called
reverse transcriptase (RT) is used to synthesise this cDNA from viral RNA, this cDNA is then
amplified. This process is known as RT-PCR and is a strong approach for the detection of
Influenza virus. "Quantitative" or "real-time" RT-PCR techniques use fluorescently labelled
molecules or oligonucleotides to identify target DNA amplification at each cycle of the PCR

thermocycling procedure. There are several benefits of real-time RT-PCR systems over

6|Page



_ Review of Literature

conventional RT-PCR experiments. Unlike conventional RT-PCR, for real-time systems that
save data electronically, post-amplification processing is not necessary. So, without the use of
gel electrophoresis and photographic documentation, the results can be viewed, examined, and

archived (Fig. 1.4). Additionally, more samples can be analysed at once while the danger of

carry-over contamination is diminished.
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Figure 1.4: Real-time PCR: step by step procedure of DNA/RNA amplification.

1.1.3.4.2. Sequence analysis

By comparing sequence data from isolates collected during an influenza season, the worldwide
spread of a virus variant can be followed closely, and genetic analysis of the virus genes aids
in monitoring the evolution of influenza viruses and determining the degree of relatedness
between viruses isolated in different geographical areas and during different times of the year.

The aforementioned analysis results can go into the development of the influenza virus vaccine.
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1.2. Influenza A virus (IAV)

The first documented account of the flu-like outbreak dates to 1173-74, while the first detailed
epidemic report dates back to 1694 (Molineux, 1694;Hirsch, 1883). The epidemic of 1918 is
the greatest epidemic ever recorded in history which accounted for more than 21 million human
lives all over the world (Johnson and Mueller, 2002). A total of 4 subtypes of flu strains caused
worldwide pandemics and outbreaks in the 20th and 21% century: 1957 (H2N2), 1968 (H3N2),
2009 (HINT1), 2015 (HINT1), 2017 (HIN1), 2023 (H3N2). HA and NA are the two surface
proteins of IAV which are used to categorize them into different subtypes. There are currently
18 HA subtypes and 11 NA subtypes. Any of these HA and NA subtypes have the potential to
combine to form a new virus. In order for the virus to complete its life cycle, HA functions to
fuse the virus to cell membranes after attaching the virus to host cells. When NA cleaves sialic
acid from cell surface and progeny virions at the end of infection, it facilitates the release of

the virus from infected cells (Air and Laver, 1989;Skehel and Wiley, 2000).
1.2.1. History of Influenza A virus

Flu is a common disease since last 1500 years. Hippocrates, in 5" century BC, was the first
person to describe the spread of an influenza-like illness from northern Greece to southern
islands and elsewhere. As viruses weren’t discovered until 1892, the flu epidemic experienced
in Florence and Italy during 1300s was known as “influenza di freddo” (cold influence), as per
their belief in the source of the disease. Numerous flu outbreaks were reported worldwide, one
such originated in 1918, referred as the ‘Spanish flu’ affecting one-third of the world’s
population and claiming 21 million lives. It was the deadliest epidemic ever. More number of

American troops perished from this flu during World War I than from the battle.

Another outbreak took place in China during 1997, where highly pathogenic avian Influenza A
(H5NT) virus infected humans. The infection spread to Europe and Africa, infecting hundreds
and killing a large percentage of them during 2005 (Wang et al., 2008). The 2009 influenza A
(HINT) pandemic affecting primarily children and young people, began circulating from North
America and spread globally (Patient, 2009). Several elderly people were protected by their
antibodies since they had previously been exposed to a similar HINTI strain. Yet it resulted in

2,00,000 deaths globally.
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1.2.2. Epidemiology

Every year, it is common to hear of flu outbreaks that differ greatly in terms of severity. This
epidemiologic pattern of influenza is based on a plethora of factors which directly impinge the
contagion feature of the virus, and indirectly the probability of new cases appearing among
relatively big population masses. The susceptibility of the society influences to a greater extent
the magnitude and seriousness of epidemics, leading to more instances of death or disease than
would have otherwise been the case. For example, during a recent spread of an epidemic, the
people of Iran had baseline infection that prevented a high mortality rate in the nation

(Moghadami et al., 2010).

Antigenic epitopes of surface glycoproteins, HA and NA undergo modification. "Antigenic
shifts" give rise to pandemics and epidemics, while "antigenic drifts" cause outbreaks of
varying size and intensity. Outbreaks caused due to antigenic drifts are less severe and
widespread than pandemics or epidemics. The virus continues mutating, adapting to the new
immune systems of the susceptible population. This type of mutation is called antigenic drift
that occurs consecutively among the HA or NA genes (Webster et al., 1979). It is the young
people who are often hospitalized due to influenza while the elderly population has higher
mortality. It is also noted that people with certain immuno-compromised health conditions are
at a higher risk of death and complications such as lung dystrophy, dementia, elderly people
with cardiovascular disorders and diabetic patients are high up on this list. During the pandemic
of 2009, pregnant women were at high risk of infection leading to morbidity and mortality,

specially the second and third trimesters (Freeman and Barno, 1959;Siston et al., 2010).
1.2.3. Morphology of Influenza A virus

Influenza A viruses are spherical or filamentous in shape. The spherical ones are of 100 nm in
diameter while the filamentous ones measure 300 nm in length. The envelope of the virion is
studded with glycoprotein -HA and NA, in the ratio four to one (Palese and Shaw, 2007). Matrix
ion channels M2 (fewer in number) traverse the lipid envelope in the ratio of one M2 channel
per 101-102 HA molecules (Zebedee and Lamb, 1988). The virion core is enclosed by a matrix
M1 protein, which lies under the overlay of the envelop embedded with the integral proteins
HA, NA, and M2. The viral core comprises of nuclear export protein (NEP or NS2) and the
ribonucleoprotein (RNP) complex. The RNP complex consists of nucleoprotein (NP) and
RNA-dependent RNA polymerase (PB1, PB2, and PA) coated viral RNA segments in helical

symmetry.
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1.3. Influenza A virus proteins

The eight negative-sense RNA segments codes for eleven proteins. Segments 1, 3, 4, 5 and 6
encode a single protein: the PB2, PA, HA, NP and NA proteins, respectively. Segment 2 codes
for polymerase subunit PB1 and an accessory protein PB1-F2. RNA splicing leads to segment
7 encoding Matrix protein M1 and M2 ion channel. Colinear transcription of segment 8 results

in the NS1 protein while spliced mRNA of segment 8 encodes for NS2.

1.3.1. Structural proteins

1.3.1.1. Segment 1 [Basic Polymerase Protein 2 (PB2)]

The segment 1 (2,341 nucleotides long) of the influenza genome codes for PB2 protein. It
comprises of 759 amino acids (aa). It is an important subunit of the RNA-dependent RNA
polymerase (RdRp) complex and a major determinant of viral pathogenicity. Position 627 is
responsible for the pathogenicity (Hatta et al., 2001). PB2 is responsible for cap binding (Blass
et al., 1982). The C terminal of PB2 (PB2c) has a bipartite nuclear localization signal (NLS)
sequence [K736RKR739X (12) K752RIR] which guides its import into the nucleus from the
cytoplasm (Fig. 1.5B) (Fontes et al., 2003). The cap binding domain (residues 318-483) of PB2
bound to a 5’ cap analog (m’GTP) (Fig. 5A), share structural similarity with other cap-binding
proteins like elF4E (Marcotrigiano et al., 1997;Guilligay et al., 2008). A guanine base is
sandwiched between positions 357(His) and 404(Phe) of PB2ca, where the N1 and N2 of
guanine are involved in salt bridge formation with the 361(Glu). It has higher affinity towards
m’GTP than GTP due to the 7-methyl group present in the cap (Guilligay et al., 2008). Adjacent
to PB2c lies an RNA binding domain (residues 535-684). Lysine at position 627 is crucial for
viral replication in mammals (Fig. 1.5A). PB2 is reported to have endonuclease activity where
it generates cap primers from host mRNA, for viral mRNA synthesis (Bouloy et al.,
1980;Plotch et al., 1981;Shi et al., 1995). Cells expressing PA, PB1, NP but not PB2,
synthesizes transcripts lacking the 5’ cap, further proving role of PB2 in cap-snatching
(Nakagawa et al., 1995). PB2 along with PB1 and PA subunits form the RdRp complex
responsible for viral replication and transcription. PB2 has binding sites for PB1 and NP
proteins (Poole et al., 2004). PB2 is imported into the mitochondria where it is localized in the
matrix. It inhibits the expression of interferon by associating with mitochondrial antiviral
signaling (MAVS) protein, which acts downstream of RIG-1 and MDA-5 in the interferon
induction pathway thereby regulating the innate immune responses. It also has a role in

regulating apoptosis (Long and Fodor, 2016).
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Figure 1.5: (A) Ribbon structure of PB2 cap binding domain bound with m’GTP (Guilligay et al., 2008).
(B) Ribbon diagram of the 627-NLS-double domain (627-domain shown in red and yellow while core
NLS-domain in cyan and blue and the truncated nuclear localization peptide marked in purple), showing
the position of lysine 627 (Tarendeau et al., 2008).

1.3.1.2. Segment 2 [Basic Polymerase Protein 1 (PB1)]

PB1 is a component of RdRp encoded by segment 2. It harbors the polymerase activity
(Gonzalez and Ortin, 1999). Positions 444 to 446 of the S-D-D motif make up the active site
for the polymerization activity (Biswas and Nayak, 1994). The RdRp active site is located in
the PB1 subunit, which also interacts with the PA and PB2. The amino- and carboxyl-termini
of PB1 are thought to be the binding sites for the PA and PB2 polymerase subunits, respectively,
according to deletion mutant analysis of PB1 (Gonzélez et al., 1996;Toyoda et al., 1996). A
PBIlc (residues 678-757)-PB2n (residues 1-35) complex structure shows that three helices
from each of the domains are clubbed together to form a "revolver-shaped structure" (Sugiyama
etal., 2009a) (Fig. 1.6). The amino terminus of PB1 was identified as the location of the nuclear
localization signal (Ilyushina et al., 2006). Both the assembly of the three polymerase protein
subunits and its catalytic activity of RNA polymerization depend heavily on the PB1 subunit.
The catalytic activity of the PB1 subunit is modified to transcriptase when interacting with PB2

or replicase when interacting with PA (Honda et al., 2002).
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Figure 1.6: Ribbon structure showing the interaction of helices of PBI (depicted in red) and PB2
(depicted in blue) (Sugiyama et al., 2009b)

1.3.1.3. Segment 3 [Acidic Polymerase Protein (PA)]

Segment 3 encodes the PA protein, which is the smallest component of the RdRp complex. PA
is reported to have endonuclease and protease activity, it participates in viral RNA
(VRNA)/complementary RNA (cRNA) promoter binding and interacts with the PB1 subunit
(Richardson and Akkina, 1991). A cation-dependent endonuclease active-site is present in the
N-terminal of PA (PAn) where aa residues His41, Glu80, Asp108, and Glull9 is conserved
among influenza A subtypes and strains. In order to synthesize viral mRNAs, cleavage of host
pre-mRNA by PAx is crucial. The crystal structure analysis reveals the first 14 residues (2-15)
of N-terminal of PB1 (PB1v) interacts with PAc domain (He et al., 2008;Obayashi et al., 2008).
The interaction is between the sequence PTLLFLK of PB1n located in a small 310-helix and a
cleft bounded by four almost-parallel a-helices (a8, al0, all and al3) and a B-hairpin (B8-
B9). Different IAV subtypes share a number of highly conserved residues from PAc and PBIn
at the interface. Any mutations in the interacting residues or use of a PB1n peptide inhibits viral
replication and transcription, establishing the importance of PAc-PBIn interaction in
polymerase activity and/or heterotrimer formation (Obayashi et al., 2008). Additionally, it has
nuclear localization signals necessary for transit into the nucleus, just like the other influenza

virus polymerase subunits (Nieto et al., 1994) (Fig. 1.7).
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Figure 1.7: Ribbon structure of C-terminal domain of PA (helices colored in red) bound to N-terminal
peptide of PBI (dark blue) (Obayashi et al., 2008).

1.3.1.4. Segment 4 [Hemagglutinin (HA)]

Segment 4 of the influenza virus forms homotrimers to bind to sialic acid receptors on the cell
surface, thereby helps the virus to attach to the cell. The HA proteins are located on the envelop
of the viral particle. It controls the release of VRNPs into the cytoplasm. It is the primary target
for neutralizing antibodies (Staudt and Gerhard, 1983). The newly synthesized precursor
polypeptide HAO is cleaved into HA1 and HA2 by trypsin-like protease, essential for viral
infectivity (Fig. 1.8A). The HA1 and HA?2 are linked by disulphide bond. Cleavage of HAO at
position R329 releases HA2 with the ‘fusion peptide’ at its amino terminus while leaving
behind HA1 (Fig. 1.8B). The globular head domain of HA1 has the sialic acid binding site.
The "fusion peptide" at the amino terminus of HA2 is made available for membrane fusion.
Additionally, this cleavage enables the native HAO molecule to experience a conformational
change, which is facilitated by an acidic environment and is necessary for membrane fusion
(Skehel et al., 1982). Upon cleavage, HAI is dissociated from the endosomal membrane, a
loop-to-helix transition in HA2 occurs thereby allowing the fusion peptide at the N terminus
of HA2 to attach to the endosomal membrane and promote the fusion of the viral and

endosomal membranes, which causes the release of the vVRNPs into the cytoplasm (Skehel and

Wiley, 2000).
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Figure 1.8: (A) Schematic illustration of cleavage of HAO into HAl and HA2, which are disulphide
linked. The cleavage site is marked with an arrow. (B) ribbon structure of H3 HAO trimer. Cleavage
site R329 indicated with an arrow (Galloway et al., 2013).

1.3.1.5. Segment 5 [Nucleoprotein (NP)]

Segment 5 encodes the NP protein. It has a net positive charge at neutral pH and is a
phosphorylated basic protein (Winter and Fields, 1981;Kistner et al., 1989). It plays a crucial
role in viral replication and transcription (Huang et al., 1990). The ssRNA binding groove is
situated on the external surface of a nucleoprotein molecule that folds into a crescent shape
with a head and a body domain (Fig. 1.9C). The oligomerization of nucleoprotein, which is
necessary for VRNP production, takes place when the tail loop of each nucleoprotein is inserted
into a neighboring nucleoprotein molecule (Fig. 1.9A & 1.9B). The 12-residue tip (residues
408-419) of the tail loop is firmly grasped in a loop-binding cavity that measures 16 x 16 x 10
at the back of a nearby nucleoprotein molecule (Garten et al., 2009). Both hydrophilic and
hydrophobic interactions take place at this contact. Site-directed mutagenesis investigations
revealed that this nucleoprotein-nucleoprotein interaction is specifically dependent on an
intersubunit salt bridge between Arg416 in the tail loop and Glu339 in the neighboring
nucleoprotein molecule. The hydrophobic side chains of 11e408, Pro410, Phe412, Val414 and
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Pro419 in the tail loop interact with hydrophobic regions in the cavity. Small-molecules
mimicking the structural elements of the tail loop could be designed to prevent the
oligomerization of nucleoprotein molecules. Additionally, NP is necessary for viral RNA
replication, it interacts with the viral polymerase to mediate the transition from capped-primed
viral mRNA synthesis to unprimed viral RNA replication (Newcomb et al., 2009).

c

Head

Figure 1.9: Crystal structure of IAV Nucleoprotein. (A & B) Side and top view of IAV HINI NP trimer
(PDB: 2IQH). (C) Monomer of IAV HINI NP (PDB: 2IQH) (Hu et al., 2017).

1.3.1.6. Segment 6 [Neuraminidase (NA)]

NA encoded by segment 6 has 4 domains- a thin stalk, a box-shaped globular head, a
transmembrane domain and a cytoplasmic domain (Fig. 1.10) (Varghese and Colman, 1991).
Due to the glycosylation of the surface glycoprotein NA, the pathogenicity of the virus
increases (Li et al., 1993). NA being a homotetramer performs receptor-destroying activity by
cleaving a-ketosidic bond between terminal sialic and an adjacent D-galactose or
galactosamine (Colman, 1994;Hausmann et al., 1997). A NA-deficient virus was shown to be
infectious in vitro and in vivo, indicating that the NA molecule is not necessary for viral
entrance, replication, and assembly (Liu et al., 1995). However, progeny virus particles adhere
to one another and/or the cell surface to form huge aggregates when NA activity is blocked
(Palese et al., 1974;Palese and Compans, 1976). Therefore, NA plays a vital role in the release
of the progeny virions from the infected cells. According to research, the conserved
cytoplasmic tail of NA may regulate the morphology and pathogenicity of virion (Bilsel et al.,
1993;Jin et al., 1997).
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Figure 1.10: Ribbon structure of NA monomer consisting of 4 distinct domains- catalytic head, stalk,
transmembrane region and the cytoplasmic tail (McAuley et al., 2019).

1.3.1.7. Segment 7 [Matrix Protein-M1 and M2]

Segment 7 of influenza virus encodes two proteins namely M1 and M2. M1 is the transcription

product of segment 7 while M2 is the spliced mRNA transcription product of segment 7.

Matrix protein M1: It is the most abundant protein lying beneath the envelop. It connects the
cytoplasmic tails of the glycoproteins with the vRNPs, thus bridging the gap between the
membrane proteins and the inner core components (Fig. 1.11) (Nayak et al., 2004;Schmitt and
Lamb, 2005). According to structural studies, the M1 protein is made up of two globular helical
domains connected by a protease-sensitive region. M1 protein monomers are rod-shaped
structures observed under electron microscopy of virions with one end in contact with the
membrane and the other end pointing toward the interior of the particle (Ruigrok et al., 2000).
The rods (M1) are positioned so that the positively and negatively charged residues are on
either side of the oligomer (Arzt et al., 2001). Several studies have shown that M1 can interact
with lipid membranes and with both NEP/NS2 and vRNP (Zhang and Lamb, 1996). As a result,
it is claimed that M1 plays a crucial role in viral assembly by guiding the viral components to

the plasma membrane. Additionally, it has been demonstrated that M1 is required for the
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formation of virus-like particles, demonstrating its crucial role in the budding process (Latham

and Galarza, 2001).

Figure 1.11: Crystal structure of Matrix protein M1 (3DPX-009473)

Matrix protein M2: The M2 protein is a type III integral membrane protein. This tetramer
lacks a signal peptide sequence but has a short ectodomain, a transmembrane domain and a
palmitate and phosphate modified endodomain (Fig. 1.12) (Hay, 1992). It plays a role as an ion
channel in the viral uncoating process where it conducts protons from the acidic endosomes
into the virus in order to dissociate the RNP complex from the other components. In case of
highly acid-sensitive HAs, M2 protects the HAs in the trans-Golgi network against premature
low pH transitions (Ciampor et al., 1992). M2 proteins have a role in viral assembly and its
budding (Hughey et al., 1995). According to models, there is a transmembrane area and an
amphipathic helix that runs parallel to the membrane (Tian et al., 2003). This transmembrane
region has four helices that are positioned at an angle in the lipid bilayer to create a pore that
can accept the drug amantadine and block the ion channel. The highly conserved exterior region
of M2 serve as the basis of an influenza virus vaccination and therapeutic strategy. Viral
resistance to M2 ion channel inhibitors like amantadine and rimantadine have restricted their

use.
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Figure 1.12: Domain of IAV M2 protein showing the ectodomain (ED), transmembrane domain (TMD)
and C-terminal domain (CTD) (Manzoor et al., 2017).

1.3.2. Non-structural proteins
1.3.2.1. Segment 8 [Non-structural proteins-NS1 and NS2]

Segment 8 of the influenza virus codes for two proteins: NS1 and NS2. Colinear transcription

of segment 8 results in the NS1 protein while spliced mRNA of segment 8 encodes the NS2.

NS1 protein: NS1 has three distinct domains: an N-terminal RNA-binding domain, which in
vitro binds with low affinity to several RNAs in a sequence independent manner and an effector
domain which predominantly mediates interactions with host-cell proteins, but also
functionally stabilizes the RNA-binding domain and a C-terminal tail (Fig. 1.13) (Wang et al.,
2002;Chien et al., 2004). It has a molecular weight of 26 kDa. The RNA binding and effector
domains of full-length NS1 are homodimers that contribute to multimerization (Nemeroff et
al., 1995). Each monomer of the symmetrical homodimer RNA-binding domain has three a-
helices (Chien et al., 1997;Liu et al., 1997). Dimerization of NS1 is required for the binding of
dsRNA, and the stoichiometry of dimer to dsRNA is 1:1 (Wang et al., 1999). Each NS1
monomer has two identical helices that form antiparallel 'tracks' on either side of a deep cleft,
which aid in the binding of dsRNA (Liu et al., 1997). The 'tracks' are made up of conserved
basic and hydrophilic residues that make complementary interactions with the polyphosphate
backbone of dsRNA (Yin et al., 2007). Thr-5, Pro-31, Asp-34, Arg-35, Arg-38, Lys-41, Gly-45,
Arg-46, and Thr-49 are residues in NS1 that facilitate this interaction, either directly or by
enhancing complex stability (Wang et al., 1999;Yin et al., 2007). NS1 is known to decrease
host innate immunological responses, restrict host cell mRNA polyadenylation, interact with
different cellular signaling pathways, and regulate viral RNA synthesis and splicing as its

principal functions.
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According to the reports, the main purpose of RNA binding by NS1 is to sequester dSRNA
away from 2'-5' oligo synthetase, hence inhibiting the interferon (IFN)-a/B-induced 2'-5' oligo
A synthetase/RNase L (OAS/RNase L) pathway (Min and Krug, 2006). The C-terminal effector
domain of human and avian NSI1 proteins (residues 74-230/237) can independently
homodimerize, with each monomer consisting of seven B-strands and three a-helices
(Bornholdt and Prasad, 2006;Hale et al., 2008a;Das et al., 2010). This was discovered by
crystallographic investigations. Around a long, central a-helix, the B-sheets in each monomer
twist while the B-strands twists to form a crescent-like structure. For the NS1 effector domain,
two dimer conformations have been suggested: strand-strand and helix-helix (Bornholdt and
Prasad, 2006;Hale et al., 2008a). The amino acids that are present at both dimer surfaces seem
to be quite well conserved. It should be noted that the structure of an avian influenza virus'
effector domain was reported with an allele B NS1 protein, but the structure of a human effector
domain was reported with an allele A NS1 protein (Bornholdt and Prasad, 2006). A third
dimeric state of the NS1 effector domain may also exist, according to intriguingly recent data
[PDB ID: 2RHK]. The effector domain of NS1 is reported to bind several cellular proteins,
thereby is involved in cellular pathways. It interacts with p853 subunit of phosphatidylinositol-
3 kinase (PI3K), thus activating the PI3K signaling (Hale et al., 2006). Binding of NSI1 to
protein kinase R (PKR) inhibits the PKR activation which would otherwise inhibit protein
synthesis and viral replication (Min et al., 2007). NS1 inhibits the 3'-end processing of cellular
pre-mRNAs, including IFN- pre-mRNA by interacting with the 30-kDa subunit of cleavage
and polyadenylation specificity factor (CPSF30) (Nemeroff et al., 1998).

RNA-binding Domain
(RBD)
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Figure 1.13: 3D crystal structure of HONG6 NS1 protein containing the RNA binding domain (comprising
of 3 helices) and an effector domain (consisting of a-helices and f-strands) connected by a linker region
[PDB ID: 4OPH] (Cunha et al., 2023).

NS2 protein: From the spliced mRNA of the NS gene, a 15 kDa nuclear export protein (NEP,
officially known as NS2) is translated. The NS2 protein was first thought to be a nonstructural
protein. It participates in an independent interaction with the human chromosomal region
maintenance protein Crm1 and mediates the export of viral ribonucleoproteins (VRNPs) from
the nucleus to the cytoplasm through nuclear export signals (O'Neill et al., 1998;Neumann et
al., 2000). The M1 protein can attach to the carboxyl-terminal region of NS2 (Ward et al.,
1995), indicating that NS2 may regulate viral assembly through its interaction with the M1
protein (Schmitt and Lamb, 2005).

1.3.2.2. PB1-F2 Protein

A small nonstructural protein called PB1-F2 with 87 residues is also encoded by the PB1 RNA
segment. Leaky ribosomal scanning causes translation from an AUG codon downstream of the
PBI1 start site (Fig. 1.14) (McAuley et al., 2010). PB1-F2 is encoded in the +1 reading frame
of the PB1 gene. According to studies on overexpression, PB1-F2 has been demonstrated to

cause cell death, trigger inflammation by recruiting inflammatory cells in vivo (Chen et al.,

2001;Gibbs et al., 2003;McAuley et al., 2007).

PB1 i
—{;: // IV-A my 756 aa
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PBI1-F2
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Figure 1.14: Synthesis of PBI-F2 protein from PB1 mRNA by translation from an AUG codon
downstream of the PB1 start site.
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1.4. Virus life cycle
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Figure 1.15: Life cycle of Influenza virus (Created with BioRender.com).

1.4.1. IAVCell Binding and Fusion

IAVs use the HA molecules on the viral envelope to start the infection process. The HA
receptor-binding site connects the virus to surface glycoconjugates that include terminal SA
residues once it has made contact with a potential host cell (Weis et al., 1988;Gamblin and
Skehel, 2010;Hamilton et al., 2012). IAVs then use the sialidase function of NA to eliminate
local SAs and release non-productive HA interactions before scanning the cell surface for the
appropriate sialylated "receptor" (Sakai et al., 2017). The "receptor's" species is unknown at
this time, but it is generally accepted that HAs from avian [AVs have higher specificity for
receptors with a2,3-linked SAs that have a "linear" presentation (Rogers and Paulson,
1983;Nobusawa et al., 1991), whereas HAs from human [AVs prefer a a2,6-linkage, which
results in a more "bent" presentation (Gambaryan et al., 1997;Matrosovich et al., 2000). HAs
from swine recognize both the linkages (Skehel and Wiley, 2000). Although these preferences
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are associated with the SA links in the relevant hosts (Bottcher-Friebertshduser et al., 2014),
numerous studies have demonstrated that matching HA receptor binding preferences with the
SA linkages in a specific host is more important for transmission than infection (Tumpey et al.,
2007;Herfst et al., 2012;Imai et al., 2012;Linster et al., 2014). This suggests that IAVs may use

more than one receptor, or that the IAV "receptor" exhibits strong cell tropism in the airways.

Despite the fact that the receptor's identity is unknown, it is evident that HA-mediated binding
to the sialic acid residues on host cell causes the virion to be endocytosed (Fig. 1.15).
Endocytosis can either take place via macropinocytosis or a clathrin-dependent mechanism
involving dynamin and the adaptor protein Epsin-1 (Roy et al., 2000;Chen and Zhuang, 2008).
When the virus has entered the cell, it is transported to the endosome, where the low pH (5 to
6) activates the M2 ion channel (Lakadamyali et al., 2003;Rust et al., 2004;Pinto and Lamb,
2006) and leads to a significant conformational shift in HA that exposes the fusion peptide on
the N-terminus of the HA2 while maintaining the HA1 receptor-binding domain (White et al.,
1982;Yoshimura and Ohnishi, 1984;Bullough et al., 1994). The C-terminal transmembrane
domain (TMD) fixes HA2 in the viral membrane, forming a pre-hairpin conformation, while
the fusion peptide, once exposed, inserts into the endosomal membrane. After that, the HA2
trimers fold back on themselves to form a hairpin that starts to bring the two membranes
together. The two membranes then fuse together as a result of the creation of the lipid stalk,
which was made possible by the further collapse of the hairpin bundles into a six-helix bundle.
A proton-selective ion channel is formed by the tetrameric type III transmembrane protein M2
(Holsinger and Alams, 1991;Pinto et al., 1992). The viral core becomes acidic when the M2
ion channels are opened. This virion's acidic environment frees the VRNP from M1, allowing
it to enter the host cell's cytoplasm (Fig. 15) (Pinto and Lamb, 2006). The packaged vRNPs are
released from M1 when the M2 ion channel opens, which permits the transport of the vRNPs
to the host cytoplasm after HA-mediated fusion (Martin and Heleniust, 1991;Bui et al., 1996).

1.4.2. TAV Genome Trafficking to the Host Cell Nucleus

The transcription and replication of influenza virus take place in nucleus, so the vVRNP must
enter the nucleus after being released into the cytoplasm. Contrary to the first stages of [AV
entry, VRNP trafficking to the nucleus after the fusion event is heavily reliant on the transport
systems and machinery of the host cell (Eisfeld et al., 2015). Numerous investigations have
supported the current theory, which states that the freshly released cytoplasmic vRNPs enter

the host cell nucleoplasm via the importin-a-importin-f nuclear import pathway (Fig. 1.15)
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(Martin and Heleniust, 1991;Kemler et al., 1994;0'Neill et al., 1995;Wang et al., 1997;Cros et
al., 2005;Wu et al., 2007;Chou et al., 2013). The vRNPs are made of viral proteins namely NP,
PA, PB1 and PB2, all of which have nuclear localization signals (NLSs). It is believed that the
vRNPs initially activate this pathway by recruiting the adaptor protein importin- a by using the
surface-exposed nuclear localization sequences from the NP molecules (Wang et al., 1997;Cros
et al., 2005;Wu et al., 2007). The importin-f transport receptor detects importin- o after it binds
to the vVRNP and sends the vVRNP to the nuclear pore complex, where it is transported into the

nucleoplasm.

The complete entrance process can now be observed in single cells thanks to recent
advancements in imaging and RNA labelling techniques (Rust et al., 2004;Chen and Zhuang,
2008;Chou et al., 2013;Lakdawala et al., 2014;Dou et al., 2017). According to the combined
findings of these investigations, [AVs can transport their vVRNPs from the cell surface to the
nucleus in around 1 h, with entry and fusion taking place relatively quickly (10 min), and
nuclear import taking up the majority of the time (Dou et al., 2017). The efficiency with which
the eight VRNAs reach the nucleus, which demonstrates how successfully vRNPs recruit the
host nuclear import factors, is a startling finding from these investigations. This discovery was
supported by the finding that productive IAV infections need NP adaptation to the importin-
isoforms of a specific species (Gabriel et al., 2011). Although the majority of the research on
vRNP trafficking has been done on a variety of immortalized cell lines, the potential species-
related variations and the crucial part VRNP trafficking plays in reassortment highlight the need
for additional methodology development to look into the specifics of [AV entry in primary cells

and tissue explants.
1.4.3. Replication of the vRNAs

In order to transcribe the negative sense influenza viral RNA genome, it has to be first
converted into positive sense RNA, which will serve as a template for transcription. The
transcription and replication of the VRNAs are carried out inside the nucleus by the
heterotrimeric viral RNA-dependent RNA polymerase (RdRp) (Fig. 1.15) (Fodor, 2013;Pflug
et al., 2017). RdRp doesn’t require a primer here, it can initiate RNA synthesis on the viral
RNA. The partial inverse complementary sequences exhibited at the 5’ and 3’ ends of the viral
RNA makes it possible, thereby they base pair with one another in corkscrew configurations
(Flick et al., 1996;Azzeh et al., 2001;Crow et al., 2004;Deng et al., 2006). The transcription of
complementary RNA (cRNA), followed by the transcription of new VRNA copies utilizing the
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cRNAs as templates, are the two stages involved in the replication of the influenza genome.
The proper complementation of free INTPs (often GTP and ATP) with the 3" end of the vVRNA
template is required for the production of the cRNAs in an unprimed process (Newcomb et al.,
2009;York and Fodor, 2013). The vRNA template is locked onto the PB1 subunit's polymerase
active site by nucleotide complementation, which also causes the creation of an A-G
dinucleotide from which the cRNA is extended (Robb et al., 2016). After leaving the
polymerase, the cRNA joins forces with freshly created NP molecules, one copy of the viral

polymerase, and a cRNP to form (York and Fodor, 2013).

According to current theories, the newly created viral polymerases that are incorporated into
the cRNPs produce numerous copies of VRNA similarly to how cRNA is translated. There is
one peculiarity, though, that has to do with where the longer 3’ end of the positive-sense cRNA
is located. The cRNA is positioned in the polymerase due to its length increase in such a way
that the rNTP annealing and dinucleotide production are most likely to take place at the bases
4 and 5 bases from the cRNA 3’ end (Deng et al., 2006;Jorba et al., 2009;Zhang et al.,
2010;York and Fodor, 2013). Prior to elongation, the dinucleotide primer must then dissociate
and reanneal to the nucleotides at the 3’ end. Another possibility is that the cRNA 3’ end could
move within the polymerase as a result of INTP binding, directly producing full-length vVRNA
transcripts. It is theoretically difficult to rule out either hypothesis because the INTP annealing
and dinucleotide synthesis are both temporary processes. The final step in vVRNP construction

is comparable to cRNP production.
1.4.4. Viral mRNA Transcription

In comparison to cRNA and vRNA transcription, viral mRNA transcription from the vVRNA
templates is primed, which greatly increases its efficiency (Reich et al., 2014) . Through a
process known as cap snatching, the viral polymerase acquires the primers with the help of the
association with the cellular RNA polymerase II C-terminal domain (Plotch et al.,
1981;Engelhardt et al., 2005;Martinez-Alonso et al., 2016;Lukarska et al., 2017).
Phosphorylation at serine 5 on the c-terminal domain of cellular RNA pol II activates the
cellular cap synthesis complex. Viral RdRp preferentially binds to this form of cellular Pol II
(Engelhardt et al., 2005). The PB2 subunit of nascent host transcripts is bound by the viral
polymerase for cap snatching, and the PA subunit's endonuclease domain cleaves 10—13
nucleotides downstream of the 5’ cap (Guilligay et al., 2008;Dias et al., 2009;Yuan et al.,
2009;Rialdi et al., 2017). The newly acquired capped primer is subsequently positioned into
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the PB1 catalytic centre by rotation of the PB2 cap-binding domain, where it is expanded
utilising the vRNA as a template (Reich et al., 2014). The short poly-U region at the 5’ end of
the VRNA triggers a reiterative stuttering process, which leads to the final polyadenylation step
for each transcript (Fig. 1.15) (Robertson et al., 1981;Poon et al., 1999). To achieve
polyadenylation, this procedure probably entails several cycles of mRNA dissociation,

relocation, and reannealing to this template region of the VRNA.

Because the introduction of primers greatly improves the initiation effectiveness, mRNA
transcription is considerably more common over the course of infection and occurs before
cRNA and vRNA transcription (Reich et al., 2014). The vRNP-associated polymerases
synthesise the first mRNAs, which are then exported from the nucleus to be translated by
cytoplasmic ribosomes (Reich et al., 2014). However, the donor and acceptor splice sites in the
M and NS transcripts likewise closely resemble those in human transcripts (Dubois et al.,
2014). Both M2 and NS2 proteins are encoded via spliced transcripts from segment 7 and 8
that are created by the cell spliceosome as a result of these sites' recruitment (Lamb et al.,
1980;Lamb and Lai, 1980;Inglis and Brown, 1981;Lamb et al., 1981;Mor et al., 2016). While
the ratio of spliced M transcripts (encoding M2) has been demonstrated to grow throughout
infection, the NS transcript has been reported to maintain a similar ratio of non-spliced and
spliced transcripts during infection (Inglis and Brown, 1981;Valcarcel et al., 1991). These
findings suggest that while M2 expression is more biased towards the later phases of infection,
NS1 and NS2 expression are always equal. The NS and M transcripts' splicing effectiveness

most likely varies between AV strains (Robb and Fodor, 2012;Winquist et al., 2012).
1.4.5. Assembly and Trafficking of vRNPs

[AV protein synthesis is wholly dependent on the host cell's translational apparatus. The
translation of the viral mRNAs is split between cytosolic ribosomes (for PB1, PB2, PA, NP,
NS1, NS2, and M1) and endoplasmic reticulum (ER)-associated ribosomes (for the membrane
proteins HA, NA, and M2) after nuclear export (York and Fodor, 2013). The newly synthesized
NP proteins and polymerase subunits (PB1, PB2, and PA) contain nuclear localization
sequences that direct these proteins to the nucleus by enlisting the importin-a-importin-f3-
pathway, which is used for VRNP nuclear import (Fig. 1.15). While the PB1 and PA proteins
are imported as a heterodimer, the NP and PB2 proteins are imported separately (Cros et al.,
2005;Huet et al., 2010). These recently created proteins help in viral mRNA transcription and
vRNA replication in the nucleus. In order to build vRNPs and cRNPs, NP monomers attach to
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12 nucleotide sequences in VRNAs and likely cRNAs that have a partial G bias. This process
may be controlled by NP phosphorylation (Mondal et al., 2015;Lee et al., 2017;Williams et al.,
2018). In Figure 15, the heterotrimeric polymerase assembles and binds to the newly formed
cRNPs to transcribe VRNAs, which, once assembled into vRNPs, can produce more viral

mRNA or cRNA transcripts (Jorba et al., 2009;York and Fodor, 2013).

Early RNA-binding protein synthesis and nuclear import both enable the viral NS1 protein to
suppress interferon signaling (Ayllon and Garcia-Sastre, 2014). By connecting the viral
transcripts to the cellular nuclear export factors TAP/NXF1, p15, Rael, EIB-APS, and the
nucleoporin NUP98, NS1 may also aid in the export of viral mRNA from the nucleus (Satterly
et al., 2007). M1 and NS2, also referred to as the nuclear export protein, are transported into
the nucleus. These two proteins have been linked to the nuclear export of vVRNPs in numerous
studies (Martin and Heleniust, 1991;Bui et al., 1996;0'Neill et al., 1998;Neumann et al.,
2000;Cao et al., 2012;Huang et al., 2013). Current findings suggest a concept where M1
functions as an adapter protein connecting NS2 to vVRNPs, even if the exact process is yet
unknown (Akarsu et al., 2003;Shimizu et al., 2011). The vVRNP complex is subsequently
directed by NS2 to the CRM1 nuclear export pathway for transport to the cytoplasm through
pre-existing connections with CRM1 (Huang et al., 2013), where M1 might inhibit the re-
import of VRNPs by obstructing access to the NP nuclear localization sequences (Fig. 1.15)

(Bui et al., 1996).

The vRNPs are transported by Rabl1 from the cytoplasm to the plasma membrane for viral
assembly. Rab11 interacts with viral polymerase PB2 component, thereby ensures that progeny
virions including VRNPs contain a polymerase (Amorim et al., 2011). According to earlier
research, endosomes use microtubules to transport towards the cell surface, and vRNPs
preferentially bind with Rabll on these endosomes (Amorim et al., 2011;Eisfeld et al.,
2011;Momose et al., 2011). In a different scenario recently put forth, infection tubulates the ER
membrane network, and the vRNPs attach to Rabll molecules that have gathered in this
network to be transported to the plasma membrane (de Castro Martin et al., 2017). It is currently
unknown how [AVs include all eight of the distinct VRNPs ina "1 + 7" structure, or how vRNPs
are transported to the plasma membrane in either paradigm. The underlying mechanisms are
still unknown, despite the fact that various investigations have suggested that particular vVRNP
associations probably contribute to the packing of the eight vRNPs (Elton et al., 2001;Gavazzi
et al., 2013;Moreira et al., 2016).
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1.4.6. ER Targeting and Maturation of the IAV Membrane Proteins

Ribosomes attached to the ER membrane synthesize the IAV membrane proteins, which are
ultimately destined for the viral envelope. Similar to cellular secretory proteins, interactions
between the hydrophobic targeting regions of ribosome-nascent chain complexes containing
NA, HA, or M2 and the signal recognition particle (SRP) co-translationally route the
complexes to the ER (Bos et al., 1984;Hull et al., 1988;Daniels et al., 2003;Dou et al., 2014).
In contrast to NA and M2, which employ their respective TMD as an ER targeting sequence,
HA has a cleavable signal sequence that makes it easier for it to engage with SRP. SRP binds
to the ribosome-nascent chain complexes and directs them to the SRP receptor in the ER
membrane, where they are transferred to the translocon, a Sec61 protein-conducting channel
(Gilmore et al., 1982;Deshaies and Schekman, 1987;Goérlich et al., 1992). Mutations that
change the targeting sequence hydrophobicity of cellular secretory proteins have been
demonstrated to reduce their ER targeting and subsequent production (Kang et al,
2006;Karamyshev et al., 2014), which is related to their reliance on SRP. IAVs may use this
technique to titrate NA and HA production, even though this feature has not been thoroughly
studied for the IAV membrane proteins. Evidence shows this is the case because the
hydrophobicity of their ER-targeting sequences changes (Nordholm et al., 2013;Dou et al.,
2014).

Additionally, many N-linked glycans are added to HA and NA. The oligosaccharyltransferase
transfers the glycans to Asn-X-Ser/Thr sequences, and the number and placement of the
glycans change depending on the strain or subtype (Mandon et al., 2013). The calnexin and
calreticulin (lectin chaperons) and oxidoreductase ERp57, which facilitates in the creation of
disulphide bonds, are recruited by the glycans to boost the folding efficiency of NA and HA
(Hebert et al., 1997;Daniels et al., 2003;Daniels et al., 2004;Wang et al., 2008). This is
necessary for all proteins, but it is crucial for HA and NA as they have intramolecular disulphide
bonds (e.g. six in HAs, eight in N1 and nine in N2) (Wilson et al., 1981;Varghese et al., 1983;Li1
etal., 2010). M2 has two intermolecular disulphide bonds in contrast when it is in its tetrameric
conformation (Holsinger and Alams, 1991). NA tetramers may also have two or more

intermolecular disulfide linkages, depending on the subtype.

Despite all of the information available, there are still some questions regarding the synthesis
and assembly of the AV membrane proteins. Obtaining full-length atomic structures of HA

and NA in a membrane is one of them; this should become simpler with advancements in cryo-
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electron microscopy structure determination. figuring out whether the NA protein directly
removes SA residues from substrates inside the Golgi, as this would reduce the potency of
nonmembrane permeable NA inhibitors. Since viral mRNA transcription exhibits little
temporal variation, it is also unknown how IAVs govern the timing and quantities of viral
protein expression (Vester et al., 2010;Kawakami et al., 2011). M2 is probably partially
regulated by splicing, although HA and NA are not affected by this (Valcarcel et al., 1991;Mor
et al., 2016). The nucleotide profile of the 5'coding sections for NA and HA's ER-targeting
sequences, which significantly differs from that of the comparable areas in human secretory
protein mRNAs, has recently been related to their regulation (Palazzo et al., 2007;Nordholm et
al., 2017). The viral RNA-binding protein NS1 is a clear candidate for post-transcriptional
regulation. In fact, numerous studies have demonstrated that NS1 can speed up the translation
of certain mRNAs, possibly by increasing the rate of translation initiation by attracting elF-4G
to the 5’ region of viral mMRNAs (Enami et al., 1994;De La Luna et al., 1995;Aragbn et al.,
2000;Nordholm et al., 2017;Panthu et al., 2017;Trapp et al., 2018). However, the control of

influenza protein lacks a clear mechanistic understanding.
1.4.7. HA Proteolytic Activation at the Golgi or Plasma Membrane

HADO, a fusion-incompetent precursor, is the form in which HA traffics from the ER. HA must
be split into the subunits HA1 and HA2 in order to acquire its fusion function (Klenk et al.,
1975;Huang et al., 1981;Maeda et al., 1981). Either a monobasic or a multibasic cleavage site
is where the cleavage takes place (Bottcher-Friebertshiuser et al., 2014). Highly pathogenic
avian [AVs frequently contain multibasic sites that furin, a trans-Golgi network-based calcium-
dependent serine endoprotease, can cleave (Stieneke-Grober et al., 1992). One of the key
factors contributing to the pathogenicity of avian IAVs with multibasic cleavage sites is the

ubiquitous expression of furin (Schalken et al., 1987).

Contrarily, it has been demonstrated that several proteases are used in human respiratory
epithelial cells to process HAs with a monobasic cleavage site, which are encoded by human
(and low pathogenic avian) IAVs. These include the human airway trypsin-like protease (HAT),
the transmembrane protease serine S-1 member 2 (TMPRSS2), and perhaps the TMPRSS4
(Bottcher et al., 2006;Chaipan et al., 2009). HAT is located in the plasma membrane, where it
can cleave either freshly synthesised HA or the HA present in virions that are attached to cells
(Zhirnov et al., 2002;Bottcher-Friebertshauser et al., 2010). TMPRSS2, like furin, is a member

of the trans-Golgi network and cleaves HA on its way to the plasma membrane. By balancing
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the somewhat acidic pH of the Golgi, the M2 ion channel is suggested to stop the early
activation of HA after cleavage (Steinhauer et al., 1991;Takeuchi and Lamb, 1994). While HAT
was primarily observed to be expressed in the upper respiratory tract, TMPRSS2 expression
has been discovered to be more confined to the upper and lower respiratory tracts than furin
(Bertram et al., 2012). These cell tropisms imply that lower respiratory infections are probably
mediated by TMPRSS2, which may be one of the main causes of human IAVs being restricted
to the respiratory tract's epithelial layer.

1.4.8. IAV Assembly and Budding

IAV envelopes are richer in cholesterol and sphingolipids compared to the bulk lipid profile of
the plasma membrane (Gerl et al., 2012), indicating that they originate from unique apical
plasma membrane areas frequently referred to as "rafts" (Lingwood and Simons, 2010). To
target the eight vRNPs, M1, HA, NA, and M2, to these membrane locations, infectious [AVs
must have mechanisms (Rossman and Lamb, 2013). Based on fatty acid changes of the C-
terminal cysteine that take place in the Golgi (Zurcher et al., 1994;Takeda et al., 2003;Wagner
et al., 2005;Kordyukova et al., 2008), it is thought that HA localises to these unique areas,
whereas NA enrichment has previously been linked to a feature in the C-terminus of the TMD
(Barman et al., 2004). The cytosolic protein M1 has been postulated to localise to the budding
region by interacting with the brief cytoplasmic tails of HA and NA (Ali et al., 2000). In
contrast, M2 has been demonstrated to accumulate at the limits of these budding regions
(Rossman et al., 2010). It is equally likely, nevertheless, that NA and HA produce membrane
domains with a distinct lipid composition and a strong affinity for M1. Finally, it is believed
that the VRNPs that Rab11 delivers to the cell periphery localise to the budding site by binding
to M1 (Zhang et al., 2000;Noton et al., 2007).

[AVs must alter the membrane to promote bud formation and ultimately scission of the viral
envelope from the plasma membrane in addition to directing the assembly of the appropriate
viral components at the apical budding location. The virus must first cause a sizable membrane
curvature, and then it must constrict the two opposing membranes of the viral envelope to aid
in membrane scission and promote bud development. One leaflet of a bilayer can become
curved as a result of (i) protein or "molecular" crowding, (ii) curved or "bending" proteins
joining the bilayer, (iii) biased accumulation of cone-shaped lipids, (iv) the cytoskeleton, and
(v) other factors (Jarsch et al., 2016). [AVs seem to cause membrane curvature by a mix of

these processes, according to accumulating data about budding. Multiple investigations have
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shown that the expression of HA and NA is sufficient to cause budding and that the presence
of M1 improves efficiency and shape uniformity, which is indicative of the use of molecular
crowding and bending proteins (Chen et al., 2007;Lai et al., 2010;Yondola et al., 2011;Chlanda
et al., 2015). These findings suggest that curvature of the membrane can be influenced by the
concentration of HA and NA on one side. As NA is frequently observed clustering in the viral
membrane (Chlanda et al., 2015), it is intriguing to hypothesise that its asymmetric structure
plays a role in this process (Varghese et al., 1983). While M1 is attracted to the cytosolic side
of the membrane budding site, oligomerizes once it reaches the membrane, and these oligomers
have been modelled to form curved shapes, M1 appears to be akin to a membrane-bending
protein (Harris and Johnson, 2001;Hilsch et al., 2014;Shtykova et al., 2017). These
characteristics suggest that M1 has a major influence on the membrane curvature at the budding
site, which could account for how it controls whether IAVs form spheres or filaments (Elleman

and Barclay, 2004).

The amphiphilic -helix where M2's membrane-bending ability is located is able to insert the
amino acid side chains from its hydrophobic face into a leaflet of the bilayer. It has been
suggested that intercalation, with this domain located in the cytosol, causes negative membrane
curvature, which shortens the distance between the two opposing membranes of the viral
envelope, so facilitating the development and scission of the viral bud neck (Rossman and
Lamb, 2013). The AV budding framework has been established in large part, but it has been
challenging to pinpoint the specifics of the budding process, in part because of the mobility
and variability of the plasma membrane. It's also possible that IAVs have incorporated
redundancy into the budding process given the absence of robust phenotypes from domains
that have been suggested to contribute to budding (Jin et al., 1994;Stewart and Pekosz, 2011).
Given that IAVs include all the elements required for a combination of lipid recruitment,
molecular crowding, and a membrane-bending protein, the prospect of redundancy is

unquestionably conceivable.
1.4.9. TIAV Cell Release and Movement

The newly formed [AVs' ability to be released once they bud heavily depends on NA's sialidase
activity. NA is a homotetramer, and each subunit has a globular enzymatic head domain, a
TMD, a length-variable stalk, and a short N-terminal cytoplasmic tail (six amino acids) at the
end (Air, 2012). Each blade of the six-bladed propeller structure the globular head domain

creates 1S made up of four antiparallel -sheets that are supported by disulfide linkages
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(Burmeister et al., 1992;Colman, 1994;Li et al., 2010). The active site, which forms a deep
pocket in the middle of each monomer and contains the catalytic Tyr residue, is well conserved
(Kim et al., 2013). It is difficult to understand why NA evolved to act as a tetramer because
each monomer contains all of the residues required for catalysis (Colman et al., 1983;Paterson
and Lamb, 1990;Air, 2012). NA tetramers have been demonstrated to bind up to five calcium
ions, according to the structures of the enzymatic head domain (Li et al., 2010;Air, 2012).
Calcium has also been proven to influence NA activity. The reason influenza NA developed to

place a calcium ion at the tetrameric interface is still a mystery.

By catalysing the hydrolysis of the glycosidic bond that connects SA to the underlying sugar
molecules, NA facilitates viral release (Burnet et al., 1947;Burnet, 1948). In order to prevent
HA from adhering to the cell surface and facilitating the release of the virus during budding,
NA eliminates local SA residues (Webster and Laver, 1967;Palese and Compans, 1976). By
eliminating SA residues from the N-linked glycans on the HA and NA molecules in the viral
envelope, NA has also been demonstrated to aid in the separation of [AVs (Palese et al., 1974).
As opposed to HA, human [AV NAs have a general predilection for 2,3-linked SA with varying
propensities to cleave 2,6-linked SA residues (Gulati et al., 2005;Mochalova et al., 2007;Air,
2012). However, there is a lack of a comprehensive analysis of SA preference of NA. The topic
of whether an ineffective NA enzyme could contribute to or take the place of the HA receptor-
binding function has been raised by more recent research that have discovered that some strains
contain NAs that are inefficient enzymes but still capable of binding SA (Lin et al., 2010;Zhu
et al., 2012).

Due to the existence of many cell types and a mucus layer, the transfer of [AVs from cell to
cell in the respiratory epithelium differs dramatically from that in immortalised cell lines
cultured in liquid culture. The mucus layer acts as a barrier of defence for the epithelium and
is abundant in mucins that have been extensively glycosylated. These mucins can interact with
IAVs to reduce cell binding (Burnet, 1951;Cohen et al., 2013). Studies examining the
movement of viruses through mucus and respiratory epithelial cells have demonstrated that
IAV movement through the mucus layer and infectivity are both improved by NA-mediated
cleavage of SAs from mucins (Matrosovich et al., 2004;Cohen et al., 2013;Yang et al., 2014).
The lack of aerosol and contact transmission by [AVs with low NA activity and mucus
inhibition in recent research demonstrated that this function may also apply to transmission

(Zanin et al., 2015).
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1.5. Genetic diversity and antigenic variation of Influenza A viruses

Influenza is the archetype of a viral disease in which the virus's continual evolution is crucial
for yearly epidemics and sporadic human pandemics. The influenza A viruses exhibit both
antigenic drift and genetic change in humans, pigs, and horses. Both the HA and NA of
influenza A viruses exhibit antigenic drift. By comparing sequences, five antigenic domains
(A-E) on the HA1 have been identified. Genetic diversity arises due to accumulation of
molecular alterations in the RNA segments, which occurs by point mutation (antigenic drift),
gene reassortment (genetic shift), defective-interfering particles and RNA recombination (Fig.

1.16).

Avian H3Nx

Antigenic shift

5 Antigenic drift 8
e 4

Figure 1.16: Antigenic drift and antigenic shift.

One of the most significant methods for causing variety in influenza viruses is mutation, which
includes substitutions, deletions, and insertions. Replication mistakes on the order of I in 104
bases are caused by RNA polymerases' lack of proofreading (Holland et al., 1982;Steinhauer
and Holland, 1987). In contrast, DNA polymerases exhibit substantially better replication
fidelity, with mistakes of the order of 1 in 109 bases per replication cycle. Every time an RNA
virus replicates, it creates a mixed population of variants; the majority of these are not viable,
but some of them include mutations that may be favourable and may become dominant in the

correct selection circumstances.

Reassortment is a crucial process for developing variation quickly because influenza viruses
contain segmented genomes. It happens naturally among Influenza A viruses and plays a crucial
role in the emergence of pandemics in human populations. Intermolecular recombination and

defective-interfering particle mediated interference are two additional processes that result in
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genetic diversity. Although defective-interfering particles can affect evolution by lowering the
yields of non-defective particles and altering pathogenicity (Steinhauer and Holland, 1987),
little attention has been paid to their involvement in influenza virus evolution. Intermolecular
recombination in negative-stranded viruses is uncommon, but research has shown that it does
happen occasionally (Khatchikian et al., 1989). This offers an additional method for delivering

quick evolutionary changes.
1.6. Transmission

Large viral loads are frequently seen in the respiratory secretions of influenza patients, making
it possible for each infected person to spread infection to others by sneezing and coughing. It
has been suggested that big particle droplets (>5um) are the main means of disease
transmission (Bhat et al., 2005). As infectious droplets are so big, intimate contact is necessary
for the disease to spread. These huge particles typically only go a short distance and don't hang
around in the air for very long. Therefore, airborne transmission is not frequently considered
for the spread of disease (Brankston et al., 2007). A short report indicates that the tiny aerosolic
respiratory droplets which linger in the air for longer time, carry influenza virus and contributes
to the transmission of the illness (Fiore et al., 2011). This implies that efforts to stop the spread
of the influenza A virus through touch or big droplets might not be sufficient to do so in homes
or communities (Cowling et al., 2013). Therefore, additional re-evaluation of the preventative

techniques used often in hospitals is necessary.

Furthermore, coming into contact with contaminated surfaces that have respiratory droplets on
them might also spread disease. According to the majority of research and some other
investigations, viral shedding in persons without other underlying disorders begins 24 to 48
hours before disease manifestation and ends 6 to 7 days or 10 days afterwards (Wong et al.,
2010). Patients with chronic illness, elderly individuals, immunocompromised individuals and
youngsters have longer periods of shedding and infectiousness (Boivin et al., 2002;Carrat et

al., 2008).
1.7. Pathogenesis

Influenza viruses are transmitted from one person to another via aerosols and droplets. The
virus then exploits the respiratory system in order to infiltrate the host. Despite the fact that the
entire respiratory system is infected by the virus, the most affected region is the lower
respiratory tract. The respiratory tract's columnar epithelial cells are the primary targets of the

virus. The receptor binding site of HA is necessary for viral attachment to galactose-bound
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sialic acid on host cell surface (Weis et al., 1988). This site is highly conserved among viral
subtypes (Daniels et al., 1987). Within a few hours of successful infection in pulmonary
epithelial cells, the virus begins to replicate itself and give rise to a large number of virions. By
a process known as budding, infectious particles (virions) are selectively released from the
apical plasma membrane of epithelial cells into the respiratory airways. Rapid infection of the
nearby cells facilitates the virus in spreading throughout the lungs. Infection with influenza is
frequently accompanied by hyperreactivity of the bronchial system, blockage of small airways,
and decreased diffusion ability (Horner and Gray Jr, 1973;Hall et al., 1976;Little et al., 1978).
Particularly in allergic disease, hyperreactivity and broncho-obstruction may last for a long
time and may be caused by pro-inflammatory cytokines that prevents the induction of tolerance
to aerosolic allergens (Tsitoura et al., 2000). Viral infection and replication halts host cell
protein synthesis and induces apoptosis, thereby damaging the pulmonary epithelial cells

(Katze et al., 1986;Sanz-Ezquerro et al., 1996).

Rarely viral pneumonia due to a severe form of alveolar inflammation occurs in human
influenza infections. On the other hand, bacterial superinfection is more common in patients
with human influenza, affecting elderly persons and is responsible for the deaths of the infected
people. Damaged columnar epithelial cells caused by disruption of epithelial cell barrier,
reduced mucociliary clearance, adhesion of bacteria and function change of neutrophils,
increase the chance for bacterial infections of the respiratory tract (Levandowski et al.,

1985;Mori et al., 1995).
1.8. Treatment strategy
1.8.1. Vaccination

World Health Organisation (WHO) suggests vaccination strains for the best regional efficacy
in the northern (NH) and southern (SH) hemispheres based on the prevalent IAV subtypes
(World Health Organisation, 2018a, 2018b). Despite the fact that India has access to both the
NH and SH influenza vaccines, WHO has classified India as being in the tropical Asia (SH)
southern  hemisphere  (Thakre and  Patil, 2019) vaccination zone. The
A/human/Michigan/45/2015 (HIN1)pdmO9 strain replaced the A/California/07/2009 (HIN1)
pdm09-like virus strain in the IAV vaccine from 2010 to 2016 to 2017 to 2019 in both
hemispheres. The World Health Organisation has recommended A/human/Brisbane/02/2018
(HINT)pdm09 for both hemispheres in 2020, replacing A/human/Michigan/45/ 2015
(HIN1)pdmO09-like strain only for the northern hemisphere in 2019 (WHO, 2015a, 2015b,
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2016a, 2016b, 2017a, 2017b, 2018a, 2018b, 2019a, 2019b). Additionally, Sanofi Pasteur
introduced their first quadrivalent influenza vaccine (FluQuadri) in India in 2018. This vaccine
has been found to offer those over three years of age widespread protection against IAV. It
consists of the virus strains B/Colorado/06/2017 (B/ Victoria/2/87 lineage),
B/Phuket/3073/2013 (B/ Yamagata/16/88 lineage), A/human/Michigan/45/2015 (HINI)
pdm09, A/Switzerland/8060/2017 (H3N2), and B/Colorado/06/2017 (B/ Victoria/2/87
lineage). Despite both live attenuated and recombinant vaccines being available in India, they
have not been incorporated into the national immunization programme. The influenza vaccine
has been recommended by the Ministry of Health and Family Welfare (MOHF&W) for the
elderly (> 65 years), children (0.5-8 years), pregnant women, and healthcare professionals
(Kant and Guleria, 2018);Dang and Sharma, 2020). Additionally, the Indian Academy of
Paediatrics has advised influenza vaccination for all newborns in 2018-19. However,
altogether, there is very little (=1%) influenza vaccination coverage in the low- and middle-

income nations of Asia and Africa (Hirve and Organization, 2015;Palache et al., 2017).

The annual vaccine against seasonal influenza is the most crucial measure for preventing
influenza and its serious consequences. Since the influenza virus has a high rate of mutation
and is resistant to the immune system's ability to recognize new variants, new vaccines are
created every year to keep up with the strains that are currently in circulation (Kilbourne,
2006;Glezen, 2008). Based on the global surveillance of influenza viruses in circulation and
the global transmission of novel strains of the influenza virus, the influenza antigens to be
included in the vaccines are chosen (Ang et al., 2016). The World Health Organization (WHO)
suggested that the following virus antigens be included in quadrivalent influenza vaccinations

for use during the 2023 southern hemisphere influenza season (Organization, 2008):
Egg-based vaccines

* an A/Sydney/5/2021 (HIN1)pdmO9-like virus;

» an A/Darwin/9/2021 (H3N2)-like virus;

» a B/Austria/1359417/2021 (B/Victoria lineage)-like virus;

* a B/Phuket/3073/2013 (B/Yamagata lineage)-like virus.

Cell culture- or recombinant-based vaccines

* an A/Sydney/5/2021 (HIN1)pdmO09-like virus;
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» an A/Darwin/6/2021 (H3N2)-like virus;
 a B/Austria/1359417/2021 (B/Victoria lineage)-like virus;
* a B/Phuket/3073/2013 (B/Yamagata lineage)-like virus.

Recommended influenza strains for trivalent vaccines to be used in the 2023 southern

hemisphere influenza season contain the following:
Egg-based vaccines

* an A/Sydney/5/2021 (HIN1)pdmO09-like virus;

» an A/Darwin/9/2021 (H3N2)-like virus;

» a B/Austria/1359417/2021 (B/Victoria lineage)-like virus.
Cell culture- or recombinant-based vaccines

* an A/Sydney/5/2021 (HIN1)pdmO9-like virus;

* an A/Darwin/6/2021 (H3N2)-like virus;

* a B/Austria/1359417/2021 (B/Victoria lineage)-like virus

The WHO emphasizes that vaccination is crucial for those who are at higher risk of serious
influenza complications, with pregnant women receiving the highest priority, followed by
children between the ages of 6 and 59 months, the elderly, people with certain chronic medical
conditions (such as renal failure and diabetes mellitus), and then those at high risk (such as
members of the medical profession) (Meerhoff et al., 2015). In contrast, the Advisory
Committee on Immunization Practices (ACIP) of the United States expanded the
recommendation for a yearly influenza vaccination in 2010 to include everyone 6 months of

age and older who did not have any contraindications (Grohskopf et al., 2015).

How well the seasonal influenza vaccination can prevent influenza virus infections in a given
population during an influenza season depends on the vaccine effectiveness of influenza
vaccines (Ohmit et al., 2015). Recent evidence of antigenic drift from the vaccine strain in the
majority of isolates taken into consideration has sparked worries that vaccine effectiveness may
not be as good as it may be, particularly in older people or other high-risk populations. The
2022-2023 influenza season's preliminary findings from six European studies show that those
who received the influenza vaccine for all ages experienced 27% and 50% and greater

reductions for influenza A and B, respectively (Kissling et al., 2023). Thus, it was concluded
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that influenza vaccinations are crucial for preventing serious illness in select high-risk
populations. In light of this, the WHO advises seasonal influenza vaccines for the
aforementioned populations each year, as vaccine can protect against multiple subtypes of

Influenza virus.
1.8.2. Drug-based therapy

The recommended medications for the prevention of influenza are oseltamivir and zanamivir
due to their proven efficacy and low rates of resistance compared to adamantanes (Li et al.,
2015). This antiviral work well to prevent influenza in healthy people, people who are at high
risk of influenza complications, and people who are residents of long-term care institutions.
Oseltamivir and zanamivir have not yet been compared for effectiveness (Merritt et al., 2016).
Some factors, such as preventing problems in patients at high risk and lowering the danger of
increasing antiviral drug resistance, are taken into account when adopting an antiviral

chemoprophylaxis strategy (Fiore et al., 2011). These factors include:

e Regardless of prior influenza vaccinations, senior residents in long-term care facilities
should receive influenza prophylaxis during influenza epidemics.

e Unvaccinated people who have recently been exposed to someone who has the flu are
at a high risk of developing complications.

e When there is a poor match between the vaccination and the viruses circulating in a
particular year, antiviral prophylaxis should be used for vaccinated high risk individuals
who have had close contact with an infected person during the past 48 hours.

e Antiviral chemoprophylaxis is advised for pregnant women and postpartum women
who have close contact with people who are either suspected or proven to have
influenza A. Due to its low systemic absorption, zanamivir may be the best medication

for prophylaxis (Louie et al., 2015).

For the treatment and prevention of influenza, at least four antiviral medications are now
available. The ability of the influenza virus to spread quickly in healthy immunocompetent
people with intact immunity is noteworthy; as a result, the antiviral medications' ability to
prevent viral replication is limited and has no practical impact. Additionally, no research has
yet shown that antiviral medications that are started more than 48 hours after the onset of
symptoms are useful. The first 24 hours of therapy are traditionally when the greatest impact
is observed. For those who meet the following criteria and have influenza virus infection,

treatment is advised for both adults and children (Harper et al., 2009):
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e Within 48 hours of the onset of symptoms, those in high-risk groups with laboratory-
confirmed or strongly suspected influenza virus infection.

e Regardless of underlying conditions, patients needing hospitalization for laboratory-
confirmed or highly suspected influenza disease if treatment may start within 48 hours
of symptom onset.

e Outpatients with a high risk of complications and a persistent illness, as well as
outpatients who received a positive influenza test result from a sample collected more

than 48 hours after the onset of symptoms.

Neuraminidase inhibitors (NAIs), especially oseltamivir and zanamivir, were frequently
administered for patients with confirmed or suspected A HINIpdmO09 infection during the
previous pandemic wave (Gasparini et al., 2014;Muthuri et al., 2014). Prior to the 2009-2010
pandemic, evidence of their usefulness in reducing mild symptoms of seasonal influenza was
robust, but less so for lowering the incidence of pneumonia or improving its prognosis (Kaiser
et al., 2003;Doshi et al., 2012;Hsu et al., 2012). Recent research showed that individuals with
influenza-related pneumonia treated early (within 48 hours of disease onset) with an NAI had
a roughly one-third lower risk of passing away or needing ventilator support than those treated
later in the day (Muthuri et al., 2014). Influenza viruses are evolving quickly, as are the antiviral
drugs that are now in the market. Oseltamivir-resistant infections that are sporadic as well as
infrequent bouts of restricted transmission have been found. These drugs are not advised for
use against influenza A virus-induced infections caused by the H3N2 and 2009 HIN1 strains
of influenza A, which have developed adamantane resistance. However, neuraminidases like
oseltamivir and zanamivir are still effective against the majority of influenza A and B virus
strains, hence these medications are chosen for use in treating affected individuals. A recent
study found that seasonal influenza A (HIN1) virus infections experienced the development of
oseltamivir resistance 27% more frequently than seasonal influenza A (H3N2) virus infections

or seasonal influenza B virus infections (Chen et al., 2011).

The majority of research have found that corticosteroid medication has a negative impact on
outcomes associated to influenza. 37% to 55% of the patients admitted to ICUs in Europe
during the 2009 influenza pandemic were treated with corticosteroids (Brun-Buisson et al.,
2011;Linko et al., 2011;Diaz et al., 2012). However, despite significant limitations, a recent
meta-analysis research found evidence from observational studies that corticosteroid
medication for alleged influenza-related sequelae was linked to higher mortality (Rodrigo et

al., 2015).
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1.8.3. Immuno-therapy

Additional therapeutic options with a different mechanism of action have also been explored
as treatment for people with severe influenza virus disease. For instance, a few mAbs directed
against influenza virus proteins are now being tested for the prevention of human infections
(Ramos et al., 2015). These monoclonal antibodies (mAbs) specifically target the M2 protein's
(M2e) ectodomain. The highly conserved amino acid sequences of the M2e's domains among
isolates from various subtypes of influenza A viruses make it an appealing target for influenza

vaccines and therapeutic antibodies (Schotsaert et al., 2009).

Anti-M2e Ab-mediated protection's exact mechanisms are not yet known. Hemagglutination
inhibition or in vitro viral neutralization abilities are not present in anti-M2 Abs (Jegerlehner
et al., 2004). Human cells infected by viruses are thought to be the major target for the anti-

M2e antibody since these cells highly express M2e on their surfaces (Mair-Jenkins et al., 2015).

1.9. Host-virus interaction
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Figure 1.17: Host cellular responses activated during influenza infection. Early proteins, including NS1,
NP, PB1, and PB2, are synthesized within 0-5 hours post infection (hpi), whereas late proteins such as
HA, NA, M1, NEP, M2, and PBI-F2 are produced between 5-10 hpi. This sequential protein synthesis
process results in virus production occurring between 5-12 hpi., followed by cell apoptosis at 20 hpi.
Throughout these processes, several pathways are known to be induced, including the PI3K-Akt
pathway, NFxB/IxB pathway, MAPK pathways (A. JNK pathway, B. p38 pathway, C. ERK1/2 pathway,
D. ERKS5 pathway), protein kinase C (PKC)/PKR signaling, and TLR/RIG-I signaling (Gaur et al.,
2011).

All living things have created a variety of defence mechanisms to keep viruses and other
foreign germs out. Although other host cells also have some immune defences against viral
infection, the creation of neutralising antibodies and activation of cytotoxic T lymphocytes
(CTL) or natural killer (NK) cells are necessary for a focused and efficient antiviral immune
response. Type I IFNs are the main cytokines implicated in the antiviral response, despite the
fact that other cytokines and chemokines are produced by various types of host cells during
viral infection. Multiple IFN-isoforms, a single IFN-f, and additional members like IFN-g, -,
and so forth are all types of IFNs (Stetson and Medzhitov, 2006). In contrast to type II IFN
(IFN-y), which can only be produced by T cells and NK cells in response to viral infection,
type I IFNs can be produced by all nucleated cells. IFN-A1, A2, and A3—type III IFNs—have
also just lately been discovered (Kotenko et al., 2003). These IFNs share downstream signalling
molecules and regulate the same genes despite having various receptors. IFNs perform a variety
of tasks. In addition to inducing apoptosis in virus-infected cells and cellular resistance to viral
infection, they also increase the expression of intrinsic proteins such TRIMS5a, Fv, Mx, elF20,
and 2’-5' OAS (Samuel, 2001). Additionally, they cause the activation of the adaptive immune
system and the activation of NK cells and dendritic cells (DC) (Le Bon and Tough, 2002). A
germline-encoded PRR system that controls intracellular signalling controls the production of
type I IFN and cytokine genes. These receptors identify microorganism-specific molecular
patterns, such as the nucleic acids found in viral genomes. All living things contain nucleic
acids like DNA and RNA, so being able to distinguish between self- and non-self nucleic acids
is crucial, particularly in cases of virus infection. Recent advancements in the study of innate
immunity have shown that PRRS, such as Toll-like receptors (TLRs), retinoic acid-inducible
gene I (RIG-I)-like receptors (RLRs), and nucleotide-binding oligomerization domain (NOD)-

like receptors (NLRs), are crucial for this discrimination (Fig. 1.17).

During viral infections such as influenza, host cells activate multiple signalling pathways.

Some pathways trigger the host's innate immune response, while others facilitate virus
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replication. These pathways include PRR-related signalling, protein kinase C (PKC),
Raf/MEK/ERK, and phosphatidylinositol-3-kinase (PI3K)/Akt signalling. Understanding
these interactions improves knowledge of influenza virus-host dynamics and aids in
discovering new antiviral strategies. In summary, living organisms employ diverse defense
mechanisms against viruses, including IFNs and innate immune receptors. Understanding the
interplay between viruses and host cells enhances insights into viral infections like influenza,

facilitating the development of novel antiviral approaches.

1.9.1. Double-stranded RNA (dsRNA)- activated protein kinase R (PKR) and downstream

signalling

Activated PKR phosphorylates eukaryotic translation initiation factor 2 (elF2) at the beginning
of viral infection, inhibiting both cellular and viral protein synthesis (Balachandran et al.,
2000;Garcia et al., 2007). PKR is a crucial element of innate immunity that functions in the
early stages of host defence before IFN counteraction and the acquired immune response begin.
Additionally, PKR has a role in the apoptosis that the influenza virus causes (Balachandran et
al., 2000;Dai et al., 2011). In order to prevent PKR from activating and circumventing the
cellular antiviral effects it causes, the influenza virus NS1 protein can directly attach to dsSRNA

or PKR (Fig. 1.17) (Lu et al., 1995;Li et al., 2006).
1.9.3. Toll-like receptors (TLRs) and downstream signalling

Type I integral membrane glycoproteins known as toll-like receptors (TLRs) are essential for
early host defence against encroaching infections. There are now 11 TLR family members
known to exist in mammals. The downstream molecules involved in the TLR family signalling
cascades include MyD88, TAKI, TABI, TAB2, TRAF6, and NF«kp (Fig. 17) (Diebold et al.,
2004;Lund et al., 2004). Influenza A virus and dsRNA have been shown to positively influence
TLR3 expression in lung epithelial cells (Guillot et al., 2005). The dsRNA and influenza A
virus-induced activation of NFkfp and IRF/ISRE depend on the TLR/TRIF pathway (Guillot et
al., 2005). For effective antiviral immunity in influenza-infected cells, mitogen-activated
protein kinase (MAPK) family members, particularly Jun-N-terminal kinase (JNK) and p38
MAPK, play a critical role.

It has been established that the expression of numerous pro-inflammatory cytokines as well as
the control of apoptosis depend on p38 MAPK and/or JNK (Kujime et al., 2000;Maruoka et
al., 2003;Ludwig et al., 2006). Influenza Extracellular signal-regulated kinase (ERK) 1/2, JNK,
and p38 are three members of the MAPK family whose phosphorylation is highly upregulated
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by viral infection, which also increases interleukin (IL)-8 and RANTES production (Kujime et
al., 2000). Recent research has revealed that the RSK2 MAPK-activated kinase also contributes
to cellular antiviral responses. Viral RNA has been demonstrated to activate p38 MAPK and/or
JNK, although it is yet unclear whether and how TLR interacts with these proteins. TLR2
expression is increased by influenza virus infection, according to certain in vivo tests, although

its purpose is still unknown (Lee et al., 2006;Kajiya et al., 2008).
1.9.4. Retinoic acid-inducible gene-I-like receptors (RLRs) and downstream signalling

Another important receptor system for identifying RNA viruses is the retinoic acid-inducible
gene-1-like receptors (RLRs). RLRs are made up of three people: LGP2, MDAS, and RIG-1.
Important cytoplasmic viral RNA sensors like RIG-1 and MDAS are crucial for antiviral innate
defence. Different viral RNAs are recognised by RIG-1 and MDAS. They trigger the activation
of IRF-3/7 and NF«f, which results in the generation of IFNs and proinflammatory cytokines,
together with the adaptor protein MAVS (Yoneyama and Fujita, 2007;Takeuchi and Akira,
2008;Barral et al., 2009). RIG-1 is regarded as the primary influenza regulator. In human lung
epithelial cells, a virus promoted the expression of antiviral cytokines (Le Goffic et al., 2007)
(Fig. 1.17). In influenza A virus-infected epithelial cells, overexpression of RIG-1 gene

constructs dramatically increases IFN- promoter-driven transcription.
1.9.5. Protein kinase C (PKC) and Influenza virus entry

A sizable family of serine/threonine kinases that are activated by a variety of extracellular cues
includes Protein Kinase C (PKC). Receptor-medicated endocytosis has been demonstrated to
be essential for the entrance of enveloped viruses (Constantinescu et al., 1991). When the
influenza virus infects a cell, the hemagglutinin quickly activates PKC to aid entry into the host

cell since PKC is crucial for maintaining the low pH in the endosome (Arora and Gasse, 1998).
1.9.6. Raf/MEK/ERK pathway and ribonucleoprotein (RNP) export

The MAPK cascade family includes the Raf/MEK/ERK signal transduction cascade. The
development of ribonucleoproteins (RNPs) and nuclear export are critical phases in the life
cycle of the influenza virus. Numerous investigations have shown that the Rat/MEK/ERK
cascade is necessary for a successful nuclear RNP export (Pleschka et al., 2001). According to
reports, the buildup of influenza virus hemagglutinin (HA) membrane and its close connection
with the lipid-raft domain cause MAPK cascades to be activated by PKC-a activation and RNP

export (Marjuki et al., 2006). The greater polymerase activity of influenza virus promotes HA
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membrane accumulation, upregulating the MAPK cascade, and improving nuclear RNP-export

along with viral generation (Marjuki et al., 2007) (Fig. 1.17).
1.9.7. Eukaryotic translation initiation factor 4e (eIF4E) and viral protein translation

The influenza virus has the ability to efficiently stop host cell protein production and translate
viral RNA only in certain cells. The NS1 protein interacts with the 5'-terminal conserved
regions of viral mRNAs to improve the start rate of translation of viral mRNAs (Park and
Katze, 1995). The identification of poly (A) binding protein 1 (PABPI), eukaryotic translation
initiation factor (elF)4GI, and a component of the cap-binding complex elF4F as cellular
targets of NS1 supports the involvement of NS1 in protein translation (Burgui et al., 2003).
elF4F is attracted to the 5' UTR of viral mRNA by NSI's binding to eIF4GI, which also starts
the translation of viral mRNA. During an influenza infection, eIF4E, a subunit of elF4F, is
dephosphorylated. The dephosphorylation of eI[F4E, which may result in a reduction in its cap-
binding ability, may be a factor in the suppression of cellular mRNA translation brought on by
influenza viruses (Feigenblum and Schneider, 1993). A widespread suppression of translation
initiation in virus-infected cells may result from activation of the interferon-induced kinase
PKR, which phosphorylates the elF2a. The viral protein NS1 and cellular pS8IPK (Protein
Kinase Inhibitor p58) are both used by influenza viruses to limit PKR function in order to
maintain a specific level of cellular protein translation (Katze, 1995;Goodman et al., 2007).
The expression of the viral genes within influenza viruses is temporally regulated (Shapiro et
al., 1987;Hatada et al., 1989). While HA, neuraminidase, and matrix protein (M1) are largely
expressed in the late stages of infection, nucleoprotein (NP) and NS1 protein are extensively
abundant in the early stages. The 5' UTR of influenza virus mRNAs may be crucial for this
translation control, according to the theory that viral mRNA translation efficiency is controlled.

But the precise mechanisms are still unknown (Yamanaka et al., 1991).
1.9.8. Phosphatidylinositol-3-kinase (PI3K)/Akt signalling pathway and viral infection

During acute and persistent infections, viruses exploit PI3K/Akt signalling to delay apoptosis
and extend viral replication. The viral NS1 protein directly binds to the p858 regulatory subunit
in influenza A virus-infected cells, activating PI3K and causing the PI3K-dependent
phosphorylation of Akt (Hale et al., 2006;Hale and Randall, 2007;Shin et al., 2007a;Shin et al.,
2007b;Hale et al., 2008a). Caspase 9 is phosphorylated by Akt directly. Akt additionally
phosphorylates and inactivates the apoptosis modulator Glycogen Synthase Kinase (GSK)-3.

As a result, increased Akt signalling prevents virally-induced apoptosis (Ehrhardt et al.,

43 |Page



_ Review of Literature

2007;Shin et al., 2007a). Through the p53-dependent pathway, Akt signalling furthermore
prevents influenza-infected cells from undergoing rapid apoptosis. According to a recent study,
the PI3K/Akt pathway inhibits JNK-dependent, Bax-mediated apoptosis during influenza A
virus infection by negatively regulating the JNK pathway through ASK1 (Lu et al., 2010).
Before influenza A virus NS1 protein was revealed to stimulate PI3K/Akt signalling and
facilitate effective viral multiplication by blocking apoptotic signalling. Reports reveal that
dsRNA activates PI3K, which activates transcription factor IRF3. On inhibiting PI3K
signalling, IRF3 dependent promoter activity is reduced and IRF3 dimerization is hindered

(Ehrhardt et al., 2006).
1.9.9. Evasion of innate immune response by Influenza virus

IFN gene expression and other innate immune responses are induced by influenza infection,
but influenza viruses have developed a variety of ways to circumvent host defences. Non-
structural proteins are crucial to these procedures. The most significant non-structural protein
of the influenza virus is non-structural protein 1 (NS1), a viral antagonist of IFN production
and its downstream effects (Hale et al., 2008b). In order to prevent pattern recognition receptors
(PRRs) from recognising dsRNA, NS1 binds to it (Lu et al., 1995;Talon et al., 2000;Li et al.,
2006). Additionally, NS1 disrupts viral ssRNA that has free 5' triphosphate groups, a pattern
that PRRs can detect (Ehrhardt et al., 2010). Additionally, it was noted that NS1 directly binds
to RIG-1 to impact viral RNA recognition, which in turn inhibits the generation of IFN-f (Guo
et al., 2007;Mibayashi et al., 2007;Opitz et al., 2007). According to reports, NS1 can also
specifically inhibit TRIM25-mediated RIG-1 ubiquitination and decrease RIG-1 signalling
(Gack et al., 2009). Additionally, type I IFN production can be suppressed by NS1's interaction

with molecules involved in type I IFN transcription and translation (Nemeroff et al., 1998).

Another influenza virus non-structural protein, the PB1-F2, serves a number of purposes in
influenza virus infection. Apoptosis brought on by the flu virus can be impacted by PB1-F2.
According to reports, PB1-F2 causes increased sensitivity to influenza virus-induced apoptosis
by localising in the inner and outer mitochondrial membranes (Conenello and Palese, 2007).
According to reports PKC-mediated PB1-F2 phosphorylation boosts the induction of apoptosis
in monocytes and may be brought on by PB1-F2's interaction with the mitochondrial membrane
proteins ANT3 and VDACI (Mitzner et al., 2009). Through perforations in the mitochondrial
membrane, this contact causes the release of cytochrome C (Zamarin et al., 2005). The results

of earlier reported animal tests suggest that PB1-F2 is crucial for the pathogenicity of influenza
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virus (McAuley et al., 2007). In infected lungs, PB1-F2 can increase the expression of
cytokines. The interaction between PB1 and PBI-F2, which results in increased viral
polymerase activity and viral RNA accumulation in the infected cells may have caused this

upregulation (Mazur et al., 2008).
1.9.10. Influenza virus induced apoptosis

A case of the flu Both Fas-mediated processes and Fas-independent signals, such as the creation
of the FADD/caspase-8 complex by protein kinase R (PKR), which starts a caspase cascade,
mediate a virus-induced apoptosis. IFN induces and dsDNA activates PKR, a crucial regulatory
element in numerous apoptotic pathways (Brydon et al., 2005). Influenza promotes
transforming growth factor (TGF)-B via viral neuraminidase as a third pathway to apoptosis.
NA helps TGF- B cleave into its active form, which activates latent TGF- 8 on the cell surface.
TGF- B triggers a signalling cascade that activates the c-Jun N-terminal kinase (JNK) or stress
activated protein kinase (SAPK), which in turn activates transcription factors and increases the
production of genes that promote apoptosis. This route, together with the effects of PB1-F2 on
the stability of the mitochondrial membrane (Chen et al., 2001), has been linked to the death
of lymphocytes and may be the cause of the lymphopenia seen after acute infection. According
to Influenza reports 2006 (Kamps et al. 2006), cellular oxidative stress, the production of
reactive oxygen species (ROS), and the induction of nitric oxide synthetase-2 which results in
the formation of toxic reactive nitrogen intermediates have all been linked to lung tissue injury

after infection with the influenza virus.
1.10. Host-targeted antivirals
1.10.1. Antivirals targeting host cytokine signalling pathway

The Type I IFN system serving the vertebrates class is a welcome solution that stands the
breeding of various viruses across diverse taxons. In reverse order, viruses have been working
out within humans, discovering various tricks to vanish behind an immune defense and

breaking a plan produced by IFN of the host.
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pegintron/Sylatron, and

Pegasys (Patel et al., 2014)

Inhibitor Target Virus
Quercetin  (Johari et al., | TNF-a-mediated activity JEV, HCV
2012;Rojas et al., 2016)

Intron A, Rebetron, Rebetol, | IFN-mediated activity HCV

Azithromycin (Bagheri et al.,

Upregulation of IFN type |

JIKV, SARS-CoV2

secretion and inhibiting 1L-6

production

2021) Signalling

PF-04878691 or 852A (Patel | Agonist of TLR7/8 HCV
etal., 2014)

Mycophenolic Upregulation of 1SGs MERS
Acid (Bagheri et al., 2021)

Gefitinib  (Bagheri et al., | NFxp pathway DENV
2021)

Ribavirin (Bagheri et al., | Enhances IFN-0-JAK/STAT | HCV
2021) signalling pathway

Berberine (Bagheri et al., | Enhances the production of | CHIKV, SARS-CoV, HCV
2021) IFN-y by stimulating 1L-12

1.10.2. Antivirals targeting host glycosylation pathway

Glycosylation, a widespread post-translational modification, plays essential roles in biology.

Viruses exploit the host's glycosylation machinery during replication, utilizing the endoplasmic

reticulum (ER) for various life cycle stages (Frabutt and Zheng, 2016;Ravindran et al., 2016).

N-linked glycosylation begins at the ER membrane, where precursor tetradecasaccharides

assemble and attach to nascent polypeptides (Watanabe et al., 2019). Enzymes in the ER and

Golgi modify these precursors to form diverse glycans (Ravindran et al., 2016). Some viruses,

such as HCV, bypass Golgi glycan maturation, leading to early budding and translocation to

the plasma membrane. Others may deviate from the secretion pathway due to unique viral

glycoprotein glycans (Bayer et al., 2016). Host glycans serve as receptors, co-receptors, or
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attachment factors depending on the virus (Inoue and Tsai, 2013). This intricate interplay
between viruses and host glycosylation pathways underscores the importance of glycosylation

in viral replication and pathogenesis.

Virus Target Inhibitors
SARS-CoV-2 (Yang et al., | N-Glycans Peptide-N-Glycosidase F
2020;Yao et al., 2020) (PNGase-F)
ER a-glucoside | Iminosugars Miglustat,
Celgosivir and NN-DNJ
a-mannosidase inhibitors Deoxymannojirimycin,

mannostatin A
a-glucosidase inhibitors N-butyl  deoxynojirimycin,
N-nonyl deoxynojirimycin,

castanospermine, celgosivir

ZIKV (Mohd Ropidi et al., | Sec61 a translocon Myolactone treatment

2020)

DENV (Courageot et al., | a- Glycosidase Castanospermine (CST) and
2000) deoxynojirimycin (DNJ)

1.10.3. Antivirals targeting host nucleoside synthesis pathway

Viruses take advantage of host nucleosides for replication through host machinery to produce
new virus particles. Targeting the host enzymes for nucleoside synthesis is a promising tactic
for antiviral agents. Inosine monophosphate dehydrogenase (IMPDH) and dihydroorotate
dehydrogenase (DHODH) are the key enzymes involved in this process. Ribavirin, a broad-
spectrum antiviral, prevents guanine synthesis, and is usually combined with PEGylated
interferon-a  for chronic HCV treatment (Cornberg et al., 2002). Immunosuppressant
mycophenolic acid suppresses CHIKV replication by depleting intracellular GTP reservoirs
which strongly support the idea of nucleotide pool depletion as a possible antiviral approach,
especially against flaviviruses (Khan et al., 2011). DHODH inhibition with
immunosuppressant brequinar inhibits DENV serotypes (Madak et al., 2017). DHODH
inhibition by NITD-982 analogue, nevertheless, is cells affected by dietary pyrimidines. Such

compounds as 6-azauridine provide for the suppression of virus replication through the
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depletion of UTP pools due to competitive inhibition of OMP (orotidine monophosphate
decarboxylase) (Levine et al., 1980). Atovaquone, which is an antiparasitic drug, stops de novo
pyrimidine synthesis and displays dose-dependent chikungunya virus (CHIKV) replication
inhibition. These results outlined the possibility of the nucleotide synthesis as a broad-spectrum

anti-viral strategy (Abdelnabi and Delang, 2020).
1.10.4. Antivirals against heat shock proteins (Hsp)

Another broad-spectrum antiviral drug target of great interest is the native cellular protein
homeostasis (stress response) pathway controlled by various molecular chaperone, which
control many cellular processes like protein translation, correct folding, degradation, apoptosis,
cell cycle regulation and intracellular trafficking (Lahaye et al., 2012;Taguwa et al., 2015).
Chaperones proteins like Hsp70 and Hsp90 are reported to play pivotal roles in life cycle of
viruses like TAV, DENV, HCV, CHIKYV, etc. Hsp inhibitor, quercetin, attenuates HCV and IAV
replication, geldanamycin and SNX-2112 reduces CHIKYV viral titres and HS-72 inhibits
DENV entry (Cabrera-Hernandez et al., 2007;Gonzalez et al., 2009;Manzoor et al.,
2014;Rathore et al., 2014;Howe et al., 2016).

1.11. Minocycline: antiviral potential of an antibiotic

As a second-generation, semi-synthetic tetracycline with antibacterial activity against both
gram-positive and gram-negative bacteria, minocycline has been used therapeutically for more
than 30 years. It is primarily used to treat various sexually transmitted infections including acne
vulgaris. This tetracycline derivative interacts with the 30S ribosomal subunit, thereby
preventing the synthesis of bacterial proteins. Side effects related to long term use include
yellow to gray-brown discoloration of teeth, skeletal growth retardation, renal toxicity,
photosensitivity and hyperpigmentation of nose, hands and feet, epigastric burning, nausea,
vomiting, anorexia, diarrhea, hearing loss, visual disturbances, lightheadedness, dizziness.

Rare but fatal hepatotoxic effects are present.
1.11.1. Antiviral potential of minocycline against viruses of public health importance

Minocycline has an antiviral impact on all four of the virus' serotypes of Dengue Virus
(DENV). It reduces DENV infection by inhibiting infectious virus generation, intracellular
viral protein synthesis, and viral RNA synthesis. The phosphorylation of ERK1/2 is linked to
increased pathogenesis and organ damage in DENV infection. Treatment with minocycline

decreases the phosphorylation (Sreekanth et al., 2014). Similar to Hepatitis C virus (HCV)
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infection where ERK signalling has been reported to suppress the expression of antiviral genes,
reduction of DENV-induced ERK1/2 phosphorylation by minocycline increased the mRNA
expression of antiviral genes such 2'-5'-oligoadenylate synthetase 1 (OAS1), OAS3, and
interferon (IFNa) (Zhang et al., 2012;Leela et al., 2016).

Minocycline plays a role in down-regulating proinflammatory cytokines (Nikodemova et al.,
2006). Recent studies show that in Japanese Encephalitis Virus (JEV) infection, active
microglia release proinflammatory mediators that cause neuronal death (Ghoshal et al., 2007).
Therefore, minocycline is a very effective neuroprotective drug against JEV. This
neuroprotective property is associated with reduction in (i) viral titre, (ii) active caspase 3
activity, (iii) proinflammatory cytokines, (iv) neuronal death and (v) microgliosis (Mishra and
Basu, 2008). Thus, minocycline serves as a potential new therapeutic for preventing the

neurological impediment of JEV.

Minocycline has been shown to significantly reduce viral titre in the cerebrospinal fluid,
diminish viral RNA in the brain and reduces the extremity of the disease caused by Human
Immunodeficiency virus (HIV). In primary human lymphocytes, minocycline also reduced p38
activation and HIV replication, suggesting that it functions through influencing CD4+ T cells,
the main host cell for HIV infection (Szeto et al., 2010). In-vivo studies reveal that minocycline
alters cell signalling in order to modulate cellular activation and proliferation. It is hypothesized
that treatment with minocycline might inhibit HIV replication by modulating the activation
state of the host (McDougal et al., 1985;Copeland, 2005). It is also noted that minocycline
alters activation of T cell resulting in change of expression of T cell activation (CD25)/
proliferation (Ki-67) markers and cytokine secretion (IL2, IFN y, TNFa), which are critical for
activation pathways that regulate HIV replication (Szeto et al., 2010).

Minocycline has been proved to be antiviral against West Nile Virus (WNV). Minocycline not
only inhibits replication of WNV but also inhibits activation of caspase-3 and PARP cleavage
(markers of apoptosis) (Michaelis et al., 2007). WNV is known to induce apoptosis in infected
neuronal cells (Harris and Johnson, 2001;Whitfield et al., 2001). Inhibition of WNV-induced
apoptosis, protects the neuronal cells. Minocycline exhibits neuroprotective property by
suppressing JNK signalling, thereby stalling the pro-apoptotic role of JNK signalling in
neurons (Michaelis et al., 2007).
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Chapter 2

Materials and methods
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2.1. Collection of clinical nasal and throat swab samples

Nasopharyngeal and/or throat swab samples were collected from patients hospitalized with
severe acute respiratory illness (SARI) in eastern India, during the period from April 2017 to
March 2019. The sample collection vials containing viral transport media (VITM) were
accordingly labelled with sample number and date. A cotton swab was inserted in the nose
and/or throat of patient and withdrawn in a circular motion. Swabs were dipped in VIM and
transported to the laboratory maintaining cold chain (Agrawal et al., 2009).

2.2. Cell line maintenance and isolation of influenza virus

2.2.1. Maintenance of MDCK and A549 cell lines

The Madin-Darby canine kidney (MDCK)) and African green monkey fibroblasts (Vero) were
cultured in minimal essential medium (MEM) and human epithelial (A549) and Human
embryonic kidney (HEK293) cell lines were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic
solution (Gibco, Life Technologies). Cells were maintained in 5% CO; at 37°C in humified
incubator.

2.2.2. Influenza virus infection and harvesting

The prototype human Influenza A/HINT strain [A/Puerto Rico/8/1934 (HIN1)], Influenza A
H3N2 strain (gifted by ICMR- NIV, Pune) and A/California/04/2009 (HIN1)pdm09 denoted
as [AV/PRS, IAV/H3N2 and IAV/CAL, respectively, were used in this study. Prior to infection,
viruses are activated using TPCK-treated trypsin (500pug/ml) at 37°C for 1 hr. Viruses are added
to cells and allowed to adsorb for 1 hr at 37°C. Cells are washed with media thrice to remove
the unbound viruses. The time of removal of virus is considered as 0 hours post infection (hpi)
for all the experiments. At various time-points cells are freeze-thawed for cell lysis, supernatant
containing the virus are harvested and titrated by hemagglutination (HA) assay. In all
experiments, DMSO (<0.25%) was added to the mock infected control to rule out any effect of
DMSO.

2.2.3. Cryopreservation of MDCK and A549 cells

Cells were trypsinized and resuspended in complete media, centrifuged at 300g for 5 mins. The
pellet was resuspended in freezing medium comprising of MEM, 10% DMSO, % FBS at 5-10
X 106 cells/ml. Cryovials are labelled with the cell line, date of storage and passage number
and the cells are aliquoted into each vial. Cells are allowed to freeze at 1°C/min in
programmable coolers in a -80°C freezer. After 24-48 hrs they are shifted to liquid nitrogen
storage.

2.2.4. Influenza virus infection in vivo and Ethics statement
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BALB/c mice aged 4-6 weeks were orally administered with minocycline (5, 15, and 30
mg/kg/day) for 5 days to assess toxicity. Survivability, body weight changes, and histological
alterations in vital organs were monitored. Non-toxic dose of minocycline (30 mg/kg/day) was
administered from day 2 to 15 after intranasal inoculation with IAV/PRS (4 x 50% mouse lethal
dose) and body weights were measured. Another group was infected with IAV/PR8 and treated
with minocycline (30 mg/kg/day) or DMSO (vehicle control), or ribavirin (70 mg/kg/day) from
day 2 to day 4. On day 5, mice were sacrificed, and viral titers were determined by HA assay.
Expression of viral protein NS1 and RNA (M1 gene) in lung homogenates was quantified by
western blot and quantitative Real-time PCR, respectively. Lung samples were fixed, sectioned,
and stained with haematoxylin and eosin (H&E). Images were captured using an EVOS™ XL
Core microscope (magnification, x10 & x40; Invitrogen, Thermo Fisher Scientific). Each
experimental condition involved three-five mice per group. All the experiments were
performed according to national regulations and approved by the institutional animal ethics

committee (PRO/200/June 2023-26).

2.3. Extraction of RNA by QIAamp method

Viral RNA was extracted from clinical samples using commercially available QIAamp viral
RNA Mini Kit (Qiagen, GmbH, Hilden, Germany) according to manufacturer’s protocol with
minor modifications.

250ul of clinical sample was added to 560ul of AVL buffer containing carrier RNA in a micro
centrifuge tube (MCT) and incubated at room temperature (RT) for 10mins. 560ul1 of absolute
ethanol was added to the above mixture. The mixture was then added to QIAamp spin columns
and centrifuged at 8000rpm for 1 min. The filtrate in the collection tubes is discarded, collection
tubes were replaced with the fresh ones, 500ul of AW1 buffer was added to the spin columns.
Columns were centrifuged at 8000rpm for 1 min, collection tubes were discarded and replaced
with new ones, 500u] of AW2 was added to each column. The spin columns were centrifuged
at 14000rpm for 3 mins and placed into new collection tube. Columns were further centrifuged
at 14000rpm for an additional Imin to remove the residual buffer. Columns are finally placed
innew 1.5u1 MCTs, 50ul of EB buffer was added directly to the column membrane and allowed
to incubate for 5 mins at RT. Columns are centrifuged at 8000rpm for 1 min to collect the eluted
RNA. They are stored at -80°C for future use.

2.4. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
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Since Influenza virus is a ssRNA virus, complementary DNA (cDNA) from ssRNA was
prepared by reverse transcription reaction prior to PCR amplification. Only positive samples
were processed further.

Materials

Isolated ssRNA

5X RT buffer

Random Hexamer (Invitrogen™, CA)

dNTP mix

RNase inhibitor/ Ribolock

Revertaid

Nuclease-free water (Promega, WI)

DTT (Dithiothretol) (Invitrogen, USA)

A S R A e

Dream Taq Polymerase

—_
=)

. Dream Taq Buffer

. Agarose (Sigma-Aldrich®)

. 5X DNA loading buffer (BIO-RAD Laboratories, CA)
. Ethidium bromide (10mg/ml; Sigma-Aldrich®) [EtBr]
. 1kb DNA ladder (BIO-RAD Laboratories, CA)

S
AW N~

15. Primers for HA and NA genes amplification as listed below

Name of the gene Name of the primer Sequence of the primer

NA NALF 5’-ATG AAT CCA AAC
CAA AAG-3’

NA1R 5>-CTGATTTGACTATCT
TTC CC-3°

NAZF 5-TGT AAA ACG ACG
GCC AGT AAT GGR CAR
GCC TCR TAC AA-3

NAZR 5’-CAG GAA ACA GCT
ATG ACC AGT AGA AAC
AAG GAGTTT-3’

HA HALF 5’-AGC AAA AGC AGG
GGA AAA TAA AAG C-3°
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HAIR 5’-ACA TGC TGC CGT
TACACCTTG GTT-3’

HAZ2F 5-TTC CCC AAG ACA
AGT TCATGG CC-3

HAZR 5’-TAA CCG TAC CAT
CCATCT ACC AT-3’

HA3F 5’-AGA GGC CTA TTT
GGG GCC AT-3’

HA3R 5-CTC ATG CTT CTG
AAATCCTAATG-3

2.4.1. Reverse transcription reaction

Template mixture was prepared with 500ng of isolated viral ssSRNA, 1ul of random
hexamer (300ng/pul) and volume made up to 13l with nuclease-free water.
The prepared template mixture was denatured at 65°C for 5 mins in a thermal cycler
(StepOnePlusTM Real-Time PCR System), followed by snap chilling on ice for 5 mins,
thereby enabling the primers to anneal to the RNA.
The reaction mixture for reverse transcription was prepared in a micro-centrifuge tube
which consisted of 4ul of 5X RT buffer, 1ul of ANTP mix, 1ul of DTT, 0.5ul each of
Ribolock and Revertaid.
The reaction mixture was added to the template mixture, briefly vortexed and
centrifuged. The tubes were then placed in thermal cycler and the program was set as
following:

¢ 25 °C for 10 minutes

¢ 42 °C for 45 minutes

¢ 60 °C for 15 minutes

e Hold at 4 °C
The cDNAs recovered after the cycle were immediately used for PCR amplification or

stored at -20 °C until further needed.

2.4.2. Amplification of viral genes by polymerase chain reaction

Viral genes like HA, NA or M1 were amplified by PCR assays using the specific consensus

primers. The PCR reaction includes a brief denaturation step at 95°C, followed by cooling to

45-65°C for the primers to anneal to its complementary sequences. This is followed by heating
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at 72°C for the polymerisation activity of Taq DNA polymerase. This cycle is repeated for
another 34 cycles, where the PCR products accumulate exponentially with each round of
amplification.

2.4.3. Agarose gel electrophoresis

1.5ul of loading dye (Bromophenol Blue) was mixed with 10ul of PCR amplified product and
loaded onto 1.5% agarose gel containing EtBr. 2ul of 1kb ladder was loaded in parallel with
the samples, in order to compare and estimate the length of the PCR products. Gels were run
in submarine gel apparatus (BIO-RAD Laboratories, USA), immersed in 1X TAE buffer at
100V for approximately 90 minutes. Amplification was confirmed when gels were placed in
Gel Doc XR system using Quantity One ® software version 4.6.3 (BIO-RAD, USA).

2.5. Real-time Polymerase Chain Reaction (Real-time PCR)

One-step RT-PCR was conducted using CDC approved primer set in Influenza detection kit
(Applied Biosystems). For RT-PCR using cDNA, PowerUp™ SYBR™ Green Master mix,
nuclease-free water, and gene specific forward and reverse

Primers were subjected to the following cycle for amplification in StepOnePlusTM Real-Time
PCR System: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds and
60°C for 30 seconds, and 72°C for 10 minutes). The relative gene expressions were normalized
to 18s TRNA using the formula 22T (AACT =ACTsample - AC Tuntreated control), Where CT is the
threshold cycle. Relative change in expression of viral RNA in inhibitor treated cells was
represented as “Relative expression of viral RNA (%)” considering expression of viral RNA in
DMSO treated control cells as 100%.

2.6. Sequencing PCR and precipitation of sequencing PCR product

Applied Biosystem's ABI Prism 3100 Genetic Analyzer and Big Dye Terminator Cycle
Sequencing Kit version 3.1, Foster City, CA, USA were used to sequence purified PCR
products of influenza virus strains using the chain termination method. The sequencing
reactions used a slightly modified version of Sanger's dideoxy chain termination technique.
The dNTP, thermostable DNA polymerase, dye terminators, MgCl, and buffer were combined
together and placed in a single tube. The four terminators can be identified in a single tube and
one lane of the polyacrylamide gel since they are marked with four separate acceptor dyes.
Ethanol precipitation is used to eliminate unincorporated dye terminators from the sequencing
reaction. Using electrokinetic injection at 320 volts/cm samples were electrophoretically
separated as they passed through the polymer POP-6 (Performance Optimized Polymer-6,
Perkin Elmer, Applied Biosystems, CA, USA) in capillaries and using the seq POP6 RAPID E
run module with the DTPOP6 (BD Set-any primer) mobility file. Using the ABI prism 3100
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data collection software, base sequence data were created from the sample fluorescence spectra
(PE, Applied Biosystems, USA). The ABI prism DNA sequencing analysis software (Perkin
Elmer, Applied Biosystems, California, USA) was used to examine the raw sequencing data.
To approximately 50-100ng of sample DNA 2 pl of sequencing reaction mix, 1 pl of
sequencing buffer, 3.5 pmoles of primer and 10 pl final volume was made with double distilled
water. The reaction mixture was subjected to the following program was used for the
sequencing PCR: 96°C for 2 mins, 96°C for 15 secs, 50°C for 5 secs, 60°C for 4 mins and
storage at 4°C in a thermal cycler (Applied Biosystems 7600, USA).

Ethanol precipitation of sequenced PCR products
Before the precipitation step, the sequence PCR products were kept on ice.

» To 10l of the sequencing PCR product, Sul of 3 M sodium acetate buffer (pH 4.6),
50ul water, 2ul of 125 mM EDTA (Sigma, USA), and 125ul of 100% ethanol (Sigma,
USA) were added.

* The mixture was pulsed down in a micro-centrifuge at room temperature after being
vortexed for 30 seconds followed by snap chill on ice for 15 minutes.

* The samples were centrifuged at 13,000 rpm for 20 min at 4°C and the supernatant was
discarded.

* The pellet was resuspended in 200ul of pre-chilled 70% ethanol and centrifuged at
13,000 rpm for 20 min at 4°C following which the supernatant was aspirated.

* The tubes were placed in a desiccator under vacuum for five minutes at 45°C after the
leftover fluid was aspirated out of them (Eppendorf concentrator 5301, Germany).

» After the tubes had dried completely, they were refrigerated at -20°C until they were
added into an automated sequencer.

* 19ul of Hi-Di formamide was added to the precipitated DNA at room temperature, and
the dry pellets were vortexed.

* The DNA was first denaturized at 95°C for two minutes, and then it was quickly snap-
chilled on ice. Utilizing the ABI PRISM® DNA Sequence Analysis Software, raw
sequencing data was analysed (PE Applied Biosystems, CA, USA)

2.7. GenBank accession numbers for nucleotide sequences

The HA and NA genes sequences were submitted to NCBI GenBank under accession numbers
MNS508837 to MNS508844, MN508846 and MNS508847, MNS508849 to MNS08863,
MN508971 to MN508995.

2.8. Bioinformatics tools for sequence dada annotation
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2.8.1. Sequence analysis

The National Centre for Biological Information's (NCBI) public domain nucleotide database
was searched with the Basic Local Alignment Search Tool (BLASTN version 2.8.1+) (Altschul
et al., 1997). Gapped setting, non-redundant databases, expectation value of 10, SEG algorithm
filtering of low-complexity regions, and BLOSUMS62 (gap existence cost = 11, per residue gap
cost = 1, lambda ratio = 0.85) substitution matrix were the default parameters utilised for the
sequence alignment.

2.8.2. Construction of Phylogenetic tree and its analysis

MEGA (Molecular Evolutionary Genetics Analysis, version 7) was used to conduct
evolutionary analyses where the phylogenetic trees were deduced using the maximum-
likelihood statistical technique (Saitou and Nei, 1987). The standard software NCBI (National
Institutes of Health, Bethesda, MD) and BLAST (Basic Local Alignment Search Tool) was
used to perform the nucleotide and protein sequence BLAST analyses. Using the TRANSEQ
software (Transeq Nucleotide to Protein Sequence Conversion Tool, EMBL-EBI,
Cambridgeshire, UK), amino acid sequences were derived from nucleotide sequences and
LALIGN (EMBnet, Swiss Institute of Bioinformatics, Switzerland), DDBJ, and CLUSTAL
Omega tools were used to align the DNA sequences. Each operational taxonomic unit (OTU)
was examined at each nucleotide or amino acid location to create the phylogenetic trees.

In the current work, the p-distance was employed to calculate the distance needed to build
phylogenetic trees. It is the proportion of nucleotide sites where the two nucleotide sequences
under comparison continue to differ. To determine this, the total number of nucleotides
differences was divided by the total number of nucleotides compared. Therefore, when the
distances between the compared nucleotide sequences were small, p-distance yields results
were similar to those estimated by other methods (Kumar et al., 2004). To verify accuracy, the
discrete character approach and the distance method were both used. Prior to constructing
phylogenetic tree, model testing was performed and suitable model was used to calculate the
evolutionary distances.

2.9. Cytotoxicity assay

2.9.1. Crystal Violet (CV) assay

Seeding of MDCK cells was done into 48-well tissue culture plates, and then allowed to
incubate for 24 hours at 37°C in CO2 at 5%. Following this, the media was removed. Controls
were established, including a cell-only control (CC), virus control (VC), and drug control (DC).
Except for CC and DC, 30pul of 256 HA units/ml virus was added to each well and incubated

for 1 hour. Various dilutions of drug compounds were added to treatment cells and to control
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cells (CC, DC, and VC) serum-free media were added. The plates were then further incubated
for 1-2 days until cytopathic effects (CPE) were observed. After incubation, the media was
aspirated, and cells were washed with 1X PBS. 0.5% crystal violet staining solution, added to
each well, and incubated at room temperature on a bench rocker for 20 minutes. After
incubation, the plates were rinsed using tap water to get away with the unbound dye and air
dried at room temperature. Subsequently, 300ul of absolute methanol was added to each well
and incubated at room temperature in shaking condition for 20 minutes. Optical density was
measured at 570 nm. The percentage inhibition ratio in wells corresponding to treated cells was
calculated and compared with CC. the results were plotted against the concentration of the
molecule. ECso values determination was carried out with the help of linear regression in
Microsoft Excel software. The experiment was conducted in triplicates for each candidate
molecule.

2.9.2. MTT assay

To determine the cytotoxic effects of chemical inhibitors and small molecules, MTT assay was
conducted. Cells were infected with IAV and/or treated with DMSO or inhibitors and incubated
for 72 hours, following which approximately 200ul each of MTT reagent (5mg/ml) and media
were added to each well of the 24-well plate. The cells were incubated at 37°C for 3 hours in
dark. Purple formazan crystals were formed by the enzymatic reduction of MTT via
mitochondrial dehydrogenases in actively replicating cells. Following incubation, these purple
crystals were dissolved in 600ul MTT solvent (4 mM HCI, 0.1% NP-40 in isopropanol).
Optical density (OD) of the solution was measured at 570 nm and cell viability was calculated
using the formula (ODsample - ODBlank) X 100/ (ODcontrol - ODBlank). Cell viability was
represented as “% viability” considering cellular viability of control cells as 100%.

2.10. Hemagglutination test (HA)

Hemagglutination test is a type of immunoassay, done to estimate the presence and titre of
Influenza virus present. Here erythrocytes are used as carrier particles. 50ul of PBS (pH 7.2)
was added to each well, except the first column, of a labelled U-bottom 96 well microtitre plate.
100ul of viral supernatant (antigen) was added to the first well of row and serially Y4 dilution

1™ column of each row. Remaining 50ul was discarded from

was done across each row till the 1
the 11" column. 50ul of 1% chicken RBCs was added to each well and gradually mixed by
agitating the plate. The plate was left undisturbed at room temperature for 60 minutes. The
RBCs will either form a ring/button or will show agglutination (hemagglutination) at the
bottom of the well. The ring or button formation was denoted as “O” and well where

agglutination occurs, RBCs will remain in suspension, it is denoted as “+”. The highest dilution
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of the virus at which it causes hemagglutination is considered the end point of the titration.
Reciprocal of this dilution of the virus gives the HA titre.

2.11. Cytopathic effect inhibition (CPE) assay

The modifications in host cell morphology by virus are referred to as the cytotoxic impact. CPE
happens when the invading virus causes the host cell to lyse (dissolve), or when the cell dies
without lysing because it is incapable of reproducing. Test articles' capacity to suppress CPE
can be evaluated using a CPE inhibition assay. After removing the medium from almost
confluent MDCK cells cultured at 37°C in a 5% CO; incubator, the cells were infected with
IAV for 1 hour to allow viral adsorption. In the designated wells, various dilutions of molecules
were added and incubated for three to four days at 37°C in 5% CO; incubator, with daily checks
to see if CPE developed. If there was no viral CPE, the candidate molecule was said to exhibit
antiviral action.

2.12. Enzyme based Neuraminidase inhibition assay

The neuraminidase inhibitory activity was evaluated utilizing the NA-Star influenza
neuraminidase inhibitor resistance detection kit by Applied Biosystem. In a 96-well microtiter
plate, various concentrations of drug molecules (25ul) were added. Following this, each well
received 25l of diluted virus and was then incubated at 37°C for 20 minutes. Subsequently,
10ul of the diluted substrate was added to each well, and the reaction mixtures were allowed
to incubate at room temperature for 15 minutes before activation with 60ul of accelerator. The
resulting chemiluminescent signal was promptly quantified using a microplate reader. To
determine the inhibitory activity of the test molecules, the 50% inhibitory concentration (ICso)
was calculated relative to the activity observed in the positive control well, which contained
the virus but no test molecule. Analysis of the data was performed using GraphPad Prism

software.

2.13. Enzyme Kkinetics studies

To 96-well microtiter plate, 25ul of diluted virus was incubated with same volume of drug
molecules (taking concentrations higher and lower than ICso value) at 37 °C for 20 min,
followed by addition of different concentrations of substrate. A control experiment without the
drug molecules was parallelly performed. Measuring the chemiluminescent signal of the
hydrolysed product provides the kinetic characterization for the hydrolysis of substrate

catalysed by HINI-NA. Analysis of the data was performed using GraphPad Prism software.

2.14. Gel electrophoresis and immunoblot analyses
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After experimentation, cells were washed with prechilled PBS and lysed in 1X cell lysis buffer
under ice-cold condition. Protein concentration was measured using Bradford reagent
(SigmaAldrich). Whole cell lysates, cytosolic and nuclear fractions were mixed with 6X
Laemmli buffer (protein sample buffer) and boiled for 15 minutes (Bhowmick et al., 2015).
Samples were run on SDS-PAGE, transferred onto Polyvinylidene Fluoride (PVDF) membrane
and immunoblotted with specific antibodies as described previously (Bagchi et al., 2010).
These Primary antibodies were detected using secondary antibody conjugated with horseradish
peroxidase (HRP) (ThermoFisher Scientific™) and developed using chemiluminescent

substrate (Millipore) within ChemiDoc Imaging System (Bio-Rad).

2.15. Nuclear and cytoplasmic protein extraction

IAV or mock-infected cells were harvested using trypsin-EDTA, centrifuged at 500g for 5
minutes. The supernatant was discarded and the pellet was washed with 1X ice-cold PBS. The
cells were vigorously vortexed for 15 seconds. The cells were resuspended in Cytoplasmic
Extraction Reagent I (CER I) and incubated in ice for 15 minutes. CER II was added to the
cells, vigorously vortexed, centrifuged at 16000g for 5 minutes. The cytoplasmic fraction i.e.
supernatant was immediately collected in fresh MCTs and stored at -80°C until further use.
Nuclear Extraction Buffer (NER) was used to resuspend the insoluble pellet before it was
incubated on ice for 40 minutes with vigorous vortexing occurring every 10 minutes. The tube
was then centrifuged at 16000 x g for 10 minutes, and the nuclear extract was collected and
kept at -80°C until further use.

2.16. Immunofluorescence

MDCK cells grown on glass coverslips (30-50% confluency) were either treated with
minocycline or only DMSO and/or infected with IAV/PR8 strain. MEK/ERK inhibitor
PD98059-treated cells served as positive control. Cells were fixed in 4% (W/V)
paraformaldehyde for 20 min, followed by 3—4 washes with PBS. Cells were then
permeabilized using PBS supplemented with 0.1% Triton X-100 (v/v) for 30 min followed by
blocking in blocking buffer (PBS supplemented with 2% bovine serum albumin [w/v]) for 1
hr. After blocking, cells were treated with primary antibodies specific for NP in blocking buffer.
After 4-5 washes with PBS supplemented with 0.05% Triton X-100, cells were incubated with
DyLight488-labelled goat anti-mouse secondary antibodies (ThermoFisher Scientific™, USA)
in blocking buffer at room temperature for 1 hr. After 3-4 washes with PBS supplemented with
0.05% Triton X-100, cells were mounted with 4°, 6’-diamidino-2-phenylindole (DAPI),

covered with a coverslip, to visualise the nuclei. Imaging was done in Zeiss Axioplan LSM
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710, 63%/N.A. 1.4 Oil immersion DICIII. Acquired images were analysed using Zen Blue
software. Scattergram of colocalized pixels and Pearson's correlation coefficient were

generated from Zen Blue software.

2.18. Apoptosis assay

MDCK cells grown on glass coverslips (70% confluency) were minocycline treated and/or
infected with IAV/PRS. Staurosporine-treated cells served as positive control while mock
infected cells were treated as negative control. After 24 hours of infection, supernatant was
discarded and cells were washed thrice with PBS and were allowed to equilibrate with 1X
annexin buffer (V13241; Thermo Scientific™) for 2 minutes at 37°C. As per manufacturer’s
protocol, cells on coverslips were prepared and visualised under Zeiss Axioplan LSM 710,
63%/N.A. 1.4 Oil immersion DICIII. Acquired images were analysed using Zen Blue software.
Scattergram of colocalized pixels and Pearson's correlation coefficient were generated from

Zen Blue software.
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3.1. Introduction

Influenza A virus (IAV) is one of the most common respiratory viruses. yearly death toll of
almost 650,000 from infection among humans globally

(http://www.who.int/mediacentre/news/releases/2017/seasonal-flu). 1AV 18 an

Orthomyxoviridae family member and has a single-stranded, segmented negative-sense RNA
genome. Hemagglutinin (HA) and neuraminidase (NA), the two surface proteins, are in charge
of creating a high level of genetic diversity among the co-circulating IAV strains. Due to the
accumulation of point mutations in the antibody-binding sites and gene-segment reassortments
(various combinations of HA and/or NA types), co-infection of numerous strains may cause
IAV to evolve quickly (Webster et al., 1992;Rambaut et al., 2008;Domingo, 2010). As a result,
antigenic drift eventually occurs, causing the formation of novel subtypes that cannot be
effectively neutralized by antibodies prevailing against the prior [AV strains (Treanor, 2015).
The novel recombinant A/HIN1 pandemic strain appeared in Mexico in 2009. It caused 18,449
deaths worldwide, of which 3.6% (n = 981/27,236) were recorded only from India (Girard et
al., 2010).

According to studies, triple reassortant pandemic A/HIN1pdm09 viruses have gradually
replaced pre-pandemic seasonal influenza A/HIN1, A/H3N2, and influenza B viruses as the
predominant form of the virus since 2009, infecting nearly 24% of the global population (Broor
et al., 2012;Majanja et al., 2013;Mishra, 2015;Mudhigeti et al., 2018). The 2009 pandemic had
a substantial impact on Indian states including Maharashtra, Delhi, Rajasthan, Gujarat, Tamil
Nadu, Madhya Pradesh, Karnataka, Haryana, Kerala, and Andhra Pradesh (Gurav et al.,
2010;Choudhry et al., 2012;Mudhigeti et al., 2018). However, in the 2015 and 2017 outbreaks,
42,592 and 38,811 cases, respectively, were reported, compared to the following years in India
(5000 cases annually) with deaths totaling 5.8% (n = 2266/38,811) and 7.02 % (n =
2990/42,592), respectively (Kulkarni et al., 2019) (State/UT-wise, 2020). In comparison to
2009-10, the 2017-18 flu season showed significantly higher rates of influenza-like illness and
hospitalization worldwide (CDC, 2019). Due to the restricted testing capability, the percentage
of A/HIN1pdmO09-related mortality in India in 2017-18 was approximately 5.6% (n =
4511/81,115); however, this figure may be underestimated (Kulkarni et al., 2019) (State/UT-
wise, 2020). It is yet unknown whether any genetic changes to the surface antigens caused the

repeated A/HIN1pdm09 epidemics in India.
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The yearly case fatality ratio (CFR) estimates of A/HIN1pdm09 (3.6-7.02%) in India from
2009 to 2017 are higher than those reported from a number of other nations, highlighting the
severity of the disease among the population (Nishiura, 2010). There are a few places in India
where small scale AV epidemiology data is available (Agrawal et al., 2009;Agrawal et al.,
2010;Mukherjee et al., 2010;Sarkar et al., 2011;Mukherjee et al., 2012;Mukherjee et al., 2016)
(Pandey et al., 2018;Jagadesh et al., 2019;Jones et al., 2019). This study examined the
prevalence of Influenza A/HIN1pdm09, the affected age group, antiviral resistance, and the
phylodynamics of circulating strains among patients needing hospitalization for severe acute
respiratory illness (SARI). Future epidemics can be effectively controlled by ongoing
surveillance of the circulating IAV subtypes and the appearance of novel reassortant strains.
Estimating the efficiency of the vaccine in the area may be aided by the pertinent dataset
produced by comparing the antigenic epitopes of the circulating A/HIN1pdm09 strains with

the strains that are advised for vaccination.
3.2. Results
3.2.1. Proportion of A/HIN1pdm09 strains

16.5% (n = 677/4106) of the 4106 nasopharyngeal and/or throat swab samples were reported
to be positive for A/HIN1pdmO09. The positive rates in the age groups of 5 to 20 years, 40 to
60 years, and above 60 years were found to be nearly identical (19.1%, 18.9%, and 19.1%,
respectively), while the higher age group (> 60 years) had a substantially reduced positivity
rate of 12.7% (Chi-square value =24.35, p-value.0001) (Fig. 3.1). According to the information
from the referring hospitals, 1% of the patients admitted with SARI had received any
vaccinations. Although there was no clear seasonal pattern, the proportion of hospitalizations
attributable to A/HIN1pdmO09 infection was substantially greater throughout the summer and
monsoon months (April to July and June to October, respectively, in 2017 and 2018) (Fig. 3.2).
A/HIN1pdm09 virus was detected in 15.4% (n=347/2260) of the males and 17.9%
(n=330/1846) of the females.
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Figure 3.1: Distribution of IAV HINIpdm09 according to age circulating during April 2017-March
2019.
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Figure 3.2: Distribution of [AV HINIpdm09 according to season circulating during April 2017-March
2019.

3.2.2. Phylogenetic analyses of HA and NA genes of A/HIN1pdm09 strains

The phylogenetic dendrogram of circulating A/HIN1pdm09 strains was examined in relation
to other circulating AV HIN1 and H3N2 (outgroup) strains using the aa sequences of the HA
and NA genes. Based on their aa sequence homology, the typical eastern Indian A/HIN1pdm09
strains that were represented in the dendrogram were selected. From each subset of related

strains (with more than 98% DNA sequence homology), one representative strain was chosen.
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3.2.2.1. HA gene

The representative A/HIN1pdmO09 strains (n = 25) from eastern India established a distinct
cluster among themselves within lineage-6b.1 (98.4-99.4% DNA homology), according to the
analysis of the dendrogram. These strains shared a high degree of similarity with lineage-6b.1
strains from the USA (California, Wisconsin, Arizona, Washington; 98.1%); Africa (Nigeria,
Ghana; 98.7%); and India (A/human/India/1706/2017; A/human/India/3196/2018; 98.6%).
A/human/India/Kol-3846/3959/3828/2015(H1N1)] grouped at a distance and belonged to a
distinct sub-lineage 6b.2 within the same lineage (94.8-95.8% DNA sequence homology) than
previously reported A/HIN1pdm09 strains from the 2015 epidemic from the same location. It
was discovered that the strain A/Human/ California/07/2009(HIN1), which was used as the
vaccination strain in both NH and SH between 2010 and 2016, clustered within lineage-1, far
from the typical strains of the current investigation (96.1-96.9% nucleotide identity). In lineage
6b.1, our representative strains clustered with A/Human/Michigan/45/2015(HIN1) and
A/Human/Brisbane/02/2018(H1NT1) strains that were later included in IAV vaccines (in SH and
NH, respectively, for the 2019-20 flu season). This revealed >98% DNA homology. In the
phylogenetic dendrogram (Fig. 3.3), the IAV seasonal HIN1 strains formed a distinct clade and
clustered farthest away from the study's representative A/H1N1pdm09 strains.
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: Phylogenetic dendrogram of HA protein of eastern Indian IAV HINIlpdm09 strains

circulating during April 2017- March 2019. Bootstrap values < 70% are not shown here and scale bar
here is 0.05 nucleotide substitutions per site.
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3.2.2.2. NA gene

The phylogenetic analysis demonstrated the presence of a sub-population within lineage-6b
(99.6% DNA similarity amongst themselves), 99%, 97.4% and 98.5% homology with strains
of Africa, USA and Asia, respectively. In this study, the current strains and 2015 pandemic
A/HINTI strains from eastern India [A/India/Kol-3846/3959/3828/2015(H1N1)] segregated at
a distance from each other within the same lineage 6b (DNA homology: 97.7-98.4%). The
vaccine strain, A/Human/California/07/2009(HIN1), recommended for both NH and SH
during 2010-16, was found to be almost 96.8-97.5% similar to circulating strains but clustered
in lineage-1. A/Human/Michigan/45/2015(H1IN1) (98.4-99.2% homology) appeared to cluster
at a distance in the same lineage while the representative strains from eastern India shared the
same lineage with A/Human/Brisbane/02/2018(HIN1) (99.2-99.8%) in the dendrogram. The
seasonal HINT1 strains were observed to have separated from the representative A/H1N1pdm09

strains (Fig. 3.4).
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Figure 3.4: Phylogenetic dendrogram of NA protein of eastern Indian IAV HINI1pdm09 strains
circulating during April 2017- March 2019. Bootstrap values < 70% are not shown here and scale bar
here is 0.05 nucleotide substitutions per site.

3.2.3. Comparative antigenic analyses of HA and NA proteins of A/HIN1pdm09 strains

In order to identify any potential differences between the IAV HINI vaccine strains and the
representative eastern Indian A/HIN1pdmO09 strains, antigenic epitopes of the HA and NA
proteins of the three IAV HIN1 vaccine strains—A/Human/Michigan/45/2015(H1IN1) and
A/Human/Brisbane/02/2018(H1N1)—were compared.

3.2.3.1. HA protein

The Cb, Ca2, Sa, Cal and Sb domains of the HA protein, which are highly conserved antigenic
epitopes, contain 49 aa residues that are necessary for antibody recognition(Caton et al.,
1982;Liu et al, 2018). With the exception of three strains [A/human/India/Kol-
7346/2018(HIN1),  A/human/India/Kol-7339/2018(HIN1), and  A/human/India/Kol-
6247/2017(HIN1)], the representative eastern Indian strains clustered into one broad group

(group A).

At the same aa locations, these three strains differed significantly. Six incompatibilities
between group A strains and A/Human/California/07/2009(H1N1) were found [1, 0, 3, 1, 1 in
domains Cb, Ca2, Sa, Cal and Sb, respectively]. A/Human/Michigan/45/2015(HIN1) had
three mismatches [1, 0, 1, 1, 0 in domains Cb, Ca2, Sa, Cal and Sb, respectively], whereas
A/Human/Brisbane/02/2018(H1NT1) had only one [0, 0, 1, 0, 0 in domains Cb, Ca2, Sa, Cal
and Sb, respectively] (Table 3.1).
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The highly conserved residues (Y108, W167, 197H, and 209Y) that comprise the base of the
receptor binding pocket, aside from the antigenic epitopes, have not changed in any of the
representative strains in this study(Mir et al., 2012). All of the isolates of the virus had the
substitution 1233T at the receptor binding site as a common trait. the research. All of the aa of
the 130-loop and 220-loop of the receptor binding site in all of the current isolates were
determined to be largely conserved, whereas S202T and T214A aa modifications in the 190-
helix region were identified(Fukuzawa et al., 2011). All of the isolates also showed some

additional alterations (as seen in Table 3.2).

Amino acid positions 13 101 108 114 167 197 209 214 233 312
A/human/California/07/2009(H1N1) A S M D \W% H M A I 1
A/human/Michigan/45/2015(H1IN1) T N Y N W H Y A T I
A/human/Brisbane/02/2018(H1N1) i N M N \W% H M A n W
A/human/KOL/2419/2009 T N Y N \W% H Y S K v
A/human/India/Kol-3959/2015 i N M N \W% H M A I 1
Group A T N Y N W H Y A/T T A%
A/human/India/Kol- i N M N \W% H M A n W
7346/2018(H1N1)

A/human/India/Kol- T N Y N W H Y A T v
7339/2018(H1N1)
A/human/India/Kol- i N N \W% H M A n W
6247/2017(H1N1)

Table 3.2: Amino acid substitutions in NA gene (antigenic epitopes) among [AV HINIpdm09 isolates in
comparison to  previously reported eastern Indian  strains and  vaccine  strains-
A/human/California/07/2009(HIN1), A/human/Michigan/45/2015(HIN1I),
A/human/Brisbane/02/2018(HIN1).

3.2.3.2. NA protein

The typical strains' modifications to the aa residues surrounding the antigenic sites (83-143,
156-190, 252-303, 330, 332, 340-345, 368, 370, 387-395, 400, 431-435, and 448-468) were
compared to the Influenza. Along with previously known strains from eastern India, A HIN1
vaccine strains include A/Human/California/07/2009(HIN1),
A/Human/Michigan/45/2015(HIN1), and A/Human/Brisbane/02/2018(H1NT1)(Maurer-Stroh
et al., 2010;Graham et al., 2011). Except for nine strains (A/human/India/Kol-
5546/2017(HINT), A/human/India/Kol-625/2017(HINT), A/human/India/Kol-
5733/2017(HINT), A/human/India/Kol-5943/2017(HIN1), A/human/India/Kol-
6247/2017(HIN1), A/human/India/Kol-7341/2017 which, as a result of certain aa
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modifications, did not cluster under any of the three groupings. With respect to the vaccination
strains A/Human/California/07/2009(HIN1), A/Human/Michigan/45/2015(HIN1), and
A/Human/Brisbane/02/2018(HIN1), the group A strains had 4, 1, and 0 mismatches,

respectively.

In contrast to the strains of group C, which showed 5, 3 and 1 changes with A/Human/
California/07/2009(HIN1), A/Human/Michigan/45/2015(HIN1), and
A/Human/Brisbane/02/2018(HI1NT1), respectively, the group B strains had 5, 2 and 1 aa

variations with each of those strains, respectively (Table 3.3).

Amino acid positions 93 117 143 188 264 267 270 292 294 301 389 394 432 451 452 455 458 460
A/human/California/07/2009(H1N1) P 1 K 1 v v N c D R | v K D T w P G
A/human/Michigan/45/2015(H1N1) P 1 K 1 | v K c D R | v E D T w P G
Afhuman/Brisbane/02/2018(H1N1) P 1 K T | v K c D R | v E D T w P G

A/human/india/Kol-3959/2015 P 1 K 1 | v K c D R | v E D T w p G
Group A P 1 K T 1 v K c D R | v E D T w P G

Group B P M K T 1 v K c D R | v E D T w p G

Group C P 1 R T 1 v K c D R | % E D T w P G
Afhuman/india/Kol-5546/2017(H1N1) P 1 K T 1 1 K c D P | v E D T w P G
A/human/india/Kol-625/2017(H1N1) P 1 K T 1 v K w E R | % E D T w P G
Afhuman/india/Kol-5733/2017(H1N1) P 1 K T 1 v K c D R M v E D T w R D
Afhuman/india/Kol-5943/2017(H1N1) P 1 K T 1 v K c D R | G E D T C P A
Afhuman/india/Kol-6247/2017(H1N1) H 1 K T 1 v K c D R | v E A T c P A
A/human/india/Kol-7341/2017(H1N1) p 1 K T 1 v E c D R | v E D T w P G
Afhuman/india/Kol-7346/2017(H1N1) P 1 K T 1 v K c D R | 1 E D 1 w P G
A/human/india/Kol-731/2017(H1N1) P 1 K 1 % v K c D R | % E D T w P G
Afhuman/india/Kol-7367/2017(H1N1) P 1 K T 1 v K c D R | v G D T w P G

Table 3.3: Amino acid substitutions in the NA gene (antigenic epitopes) among the IAV HINI1pdm09
isolates in comparison to eastern Indian strains and vaccine strains-
A/human/California/07/2009(HIN1), A/human/Michigan/45/2015(HIN]I),
A/human/Brisbane/02/2018(HIN1).

None of the isolates included in the study had the Tamiflu (Oseltamivir) resistance mutation
H275Y. All of the NA protein's catalytic sites (118R, 119E, 151D, 152R, 179W, 2231, 225R,
277E, 368R, and 402Y) as well as the framework residues (156R, 180S, 228E, 247S, 278E,
and 295N) supporting the catalytic sites were found to be conserved in the isolates used in this
study (data not shown). Some additional mutations were observed in the non-antigenic domains

in the study isolates (Table 3.4).
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3.3. Discussion

The 2015 A/HIN1pdmO09 outbreak was widespread than the pandemic of 2009 as the infection
spread into 22 Indian states, increasing by almost 10% (Cousins, 2015;Murhekar and
Mehendale, 2016). It is worth noting that the period between the two peaks of the infection
(2011-2014), Indian population exhibited a lower level of viral activity. The A/HIN1pdm09
positivity rates in eastern India during 2017-19 (16.5%) was much lower than the 2015
outbreak (23.3%) and the Andhra Pradesh outbreak during 2017-18 (27.68%) (Mukherjee et
al., 2016;Mudhigeti et al., 2018). Cases in Vietnam and England reveal dual peaks of seasonal
and pandemic strains during summer and winter months (Lofgren et al., 2007;Elliot et al.,
2009;Nguyen et al., 2015). India experiences influenza activity all year long (Chadha et al.,
2015). Two resurgence patterns of seasonal infection have been noted: monsoon peak in a
tropical region and winter peak in temperate regions (Koul et al., 2013;Chadha et al.,
2015;Mudhigeti et al., 2018;Jagadesh et al., 2019). Nevertheless, the ongoing investigation of
trends in A/HIN1pdm09 did not provide clear evidence of seasonality associated with an
increase in viral activity during the summer and monsoon months which corresponds with those
in previous reports (Agrawal et al., 2009;Mukherjee et al., 2010;Chadha et al., 2015;Mudhigeti
et al., 2018). This lack of seasonal variation found in this study may in fact be due to the non-
retrospective data as only referred hospital samples were enrolled instead of a system

surveillance.

While the immunization rate (1 £ 0.5%) of the records from the referring hospitals is considered
to be low, two possible reasons could explain it: First, the community members may be unaware
of the benefits of immunization; and second, some of them may find the vaccine to be too
expensive for them (Hirve and Organization, 2015). Indigenous research based in healthcare
professionals in India have equally depicted lower vaccination coverage (= 5%) despite the
awareness and affordability. Causes for non-acceptance are often due to the skepticism of
efficacy, fears of side effects, lack of time, and a perception of low personal risk (Bali et al.,

2013;Gambhir et al., 2016;Kant and Guleria, 2018).

The investigation was based on sequencing Influenza A/HIN1pdmO9 strains, discovering a
new glycosylation site and amino acids in HA, which were conserved and associated with the
enzymatic activity (Mukherjee et al., 2016;Al Khatib et al., 2019). Circulating viral strains
showed no mutations in neuraminidase which trigger multidrug resistance (McKimm-

Breschkin, 2013). For population, especially the high-risk patients, Tamiflu, an antiviral
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therapy, was effective. The evolving A/HIN1pdmO09 viruses raise concerns for vaccine
effectiveness in an epidemic setting. The process of phylogenetic analysis comparing
sequences of circulating strains on a global scale with vaccine strains that are recommended by
WHO reveal the presence of a number of drastic variations. A higher DNA homology was
found with the wvaccine strains A/human/Michigan/45/2015  (98.8%) and
A/human/Brisbane/02/2018 (99%) compared to A/human/California/07/2009 (96.9%).
Recurring epidemics, high lethality percentages partly due to the limited knowledge of vaccine
benefits in India, all on the one hand emphasize the need for a national influenza vaccination
policy which covers the high-risk groups. The limitations of the study include the absence of
active monitoring, thus underestimating the disease burden of Influenza A/HIN1 in the

population and lack of detailed data on vaccination history, co-morbidities, and outcomes.
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Chapter 4
Studying drug repurposing of antimicrobial agents: Minocycline
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4.1. Introduction

Certain communities, for instance newborns, old people, those with weak immune system, and
chronically ill people, are more prone to develop severe complications from bacterial and viral
respiratory infections, including influenza viruses (Trucchi et al., 2019). Pandemics in the past
century start from the Spanish flu that began in 1918, with 40 million estimated global death
toll (Gatherer, 2009). IAV genome consists of 8 negative-sense single-stranded RNA segments
that encode 2 proteins. Each of these segments consists of nucleoprotein (NP) and RNA-
dependent RNA polymerase (RdRp), forming ribonucleoprotein complexes (VRNPs). The life
cycle of IAV starts from virus entrance into the cell, import of VRNPs into the nucleus,
replication and transcription of the vVRNAs in the nucleus, release of VRNPs into the cytoplasm,
and formation and release of progeny viruses (Cros and Palese, 2003;Nayak et al., 2004).
Bidirectional transport of the vVRNAs is important during the viral replication while nuclear
exporting of VRNPs in the last phase of infection takes place under the influence of the envelope

glycoprotein named hemagglutinin (Shaw and Palese, 2007) ;Ra, 1995).

Due to its enormous genetic variety and capacity for mutation, the influenza virus is a source
of major public health risk. Vaccines and antivirals have the power to effectively prevent, limit,
and manage viral epidemics. Nevertheless, new subtypes arise due to point mutations and
reassortment of gene fragments, disabling existing treatments and vaccines. Hence, the creation
of new drugs and vaccines becomes necessary for newly emerging strains. Hence, the global
monitoring of the influenza strains circulating is the fundamental for improving the vaccine
effectiveness (Agrawal et al., 2009;Agrawal et al., 2010;Mukherjee et al., 2010;Mukherjee et
al., 2012;Mukherjee et al., 2016).

At present, influenza management relies on two categories of drugs: Much like the
neuraminidase (NA) inhibition oseltamivir, peramivir, and zanamivir are; and the M2 ion
channel blockers like amantadine and rimantadine (Shen et al., 2015;Yen, 2016). The depletion
of M2 inhibitors due to the point mutations (like L26F or S31N) allows the drugs to overcome
the action whereas the mutation in NA (H274Y) reduces the drug sensitivity of 1AV to
oseltamivir inhibitors resulting in the failure of drug therapy (Wang et al., 2003;Dong et al.,
2015). Therefore, there is continuous need for research or developing new antiviral drugs which

can control AV infection.

A second-generation tetracycline’s chemically analogue, minocycline, contains the additional

therapeutic effects of 7-dimethylamino-6-dimethyl-6-deoxytetracycline. The drug has a
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favourable pharmacokinetic profile and easily reaches the central nervous system (Chopra and
Roberts, 2001). Although tolerated fairly well, minocycline abuse may lead to liver damage,
pigmentation problems and lupus erythematosus-like symptoms (Garner et al., 2012). Besides
the anti-inflammatory, anti-apoptotic, neuroprotective and immune-modulating properties,
minocycline was described also to have antiviral effect against HIV, dengue, JEV, RSV, etc
though mechanisms are not well studied (Popovic et al., 2002;Song et al., 2004;Giuliani et al.,
2005) (Darman et al., 2004;Richardson-Burns and Tyler, 2005;Irani and Prow, 2007;Michaelis
et al., 2007;Mishra and Basu, 2008;Dutta et al., 2010;Szeto et al., 2010;Enose-Akahata et al.,
2012;Leela et al., 2016;Bawage et al., 2019). The present study showed that minocycline, the
FDA approved antibiotic, degrades the viral maturation and release process by inhibiting both
ERK-induced nuclear export of VRNP and apoptosis at late stage, establishing its antiviral

properties against [AV.

4.2. Results
4.2.1 Minocycline treatment showed potent anti-IAV activity in vitro

A dose-response effect of minocycline (Fig. 4.1A) on the viability of MDCK cells over a 72-
hour period following varying concentrations (from 1nM to 1mM) of the compound using the
MTT assay was observed. A fifty percent cell death (CCso) of the 50% cell compared to the
control (DMSO-treated) cells was observed at 30.72 uM minocycline (Fig. 4.1C). MDCK cells
infected with the virus were treated with ranging concentrations of minocycline from 0.1nM to
ImM for 72 hours post infection (hpi). The supernatant at 72hpi was used to measure HA titre
to determine the virus yield. The 1Cso for minocycline treated IAV-infected cells was found to
be 224 nM and the SI of minocycline was calculated as approximately 137.1 for IAV infection
(Fig. 4.1D). To understand which stage of the viral life cycle was affected by minocycline
treatment, infected cells were either pre-treated with minocycline (1 hour prior to infection) or
co-treated along with infection or post-treated (at the time of virus removal) at 0 hpi. Results
revealed that post-treatment of infected cells with minocycline had the maximum antiviral
effect, while pre- and co-treatment had no significant effect on viral production and viral
transcript synthesis (Fig. 4.1E), signifying no role of minocycline during viral adsorption and
entry. A time- of- addition study was conducted to corroborate its effect on stages of viral life
cycle. Treatment with minocycline at 0 hpi, 6 hpi and 12 hpi followed by cell lysis at 24 hpi,

revealed antiviral activity of minocycline was high in cells when drug was added at 6 hpi or 12
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hpi (Fig. 4.1F). This suggests that minocycline modulates viral replication during the last stage
of life cycle. In order to provide conclusive evidence of the anti-IAV action of minocycline, the
gxperimental design included the temporal analysis of viral mRNA synthesis and viral
production in samples treated with minocycline. For further experiments 500nM dose of
minocycline was used. IAV/PR8-infected MCDK cells that were treated with 500nM
minocycline showed about 50 percent of decrease in the VRNA, cRNA and mRNA transcript
level (M1 gene) and virus production (HA titre) at the time intervals of 6-, 12-, 24-, 48-, and
72-hpi (Fig. 4.2A-D, 4.1B). 50% reduction in viral titre was observed in IAV/H3N2 and
IAV/CAL-infected minocycline treated cells (Fig. 4.2E, F). At early stage of infection (6 hpi),
minocycline treatment did not show any significant effect. MDCK cells subjected to IAV/PRS8
virus and ribavirin treatment (100uM) was used as a positive control. Minocycline dose-
dependent treatment to both influenza pandemic strain IAV/CAL and prototypical influenza
strain TAV/PR8 strain infected MDCK cells showed progressive decrease in IAV protein (NS1)
expression as depicted in Figure 4.2G, H. Collectively, these results thereby give an insight on

cell line and viral strain independent anti-influenza activity of minocycline in vitro.
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Figure 4.1: (A) chemical structure of minocycline; (B) evaluation of viral titre from supernatant
extracted from IAV/PRS-infected MDCK cells treated with DMSO or 500 nM Minocycline (at 24, 48
and 72 hpi), cells treated with 100 uM Ribavirin is treated as positive control; (C) cell viability of
MDCK cells when treated with different concentrations of minocycline (InM - ImM) for 72 hrs, was
measured using MTT assay to calculate CCsy, (D) infectious IAV particles produced from IAV/PRS
MDCK cells subjected to varying concentrations of minocycline (0.1 nM-1 mM) for 72 hrs were used
to calculate IC50; (E) IAV/PRS-infected MDCK cells were treated with DMSO or minocycline (500
nM) 1 hour prior to infection (pre-treatment), at the time of virus addition (co-treatment) and 1 hour
after viral addition (post-treatment) to assess its effect on viral protein expression; (F) post-treatment
of DMSO or minocycline (500 nM) at 0-24 hpi, 6-24 hpi and 12-24 hpi to IAV/PRS8-infected cells to
assess the stage of viral life cycle inhibited by minocycline.
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Figure 4.2: (A-D) relative expressions of VRNA, cRNA and mRNA extracted from IAV/PRS-infected
MDCK cells treated with DMSO or 500 nM Minocycline (at 6, 12 and 24 hpi) was estimated by
quantitative RT-PCR. Relative fold change in M1 mRNA transcript was also estimated at 48 and 72 hpi.
Cells treated with 100 uM Ribavirin is treated as positive control; (E-F) IAV/CAL or IAV/H3N2 infected
MDCK cells were treated with minocycline (500 nM) or ribavirin (100 uM) for 24, 48 and 72 hpi, cell
supernatant was collected and viral titre was estimated by hemagglutination assay and represented as
TCID50/ml; (G-H) IAV/PR8 and IAV/CAL infected MDCK cells were treated with different
concentrations of minocycline (100 nM - 1 uM), viral protein estimated by western blotting after 24hrs.

4.2.2 Minocycline impedes IAV infection without triggering interferon (IFN) signalling

The gene expression of JAK1-STAT1 of IFN signalling pathway was evaluated to check the
effectiveness of minocycline at a dose of 500nM against MDCK and A549 cells at 12hpi. In
parallel, cells concurrently treated with IFN a-2p were taken as a positive control. Under
contrast to the phosphorylation of JAK1 and STAT1 following administration of interferon
(IFN) o-2p, the minocycline failed to do the same suggesting that it does not trigger IFN
signalling (Fig. 4.3A, B). JAKI and STATI1, the two main proteins of the IFN signalling
pathway, underwent phosphorylation in [AV-infected MDCK cells (Fig. 4.3C, D). Minocycline
also showed anti-IAV effect in the IFN-deficient Vero cells as shown by reduction in virus titre
and viral protein (NS1) (Fig. 4.3E, F). Overall, the results confirmed that the anti-IAV action

of minocycline is independent of IFN signalling.
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Figure 4.3: Minocycline does not trigger the IFN signalling pathway in MDCK or A549 cells
with/without IAV/PRS infection. Cellular phosphorylation of the JAKI/STATI proteins were not
observed in Minocycline-treated MDCK and A549 cells (A). IFN a-2f in the current study served as
the positive control. Minocycline treatment has no effect on activation of IFN signaling activation by
1AV/PRS in the MDCK or A549 cells (B). Antiviral role of minocycline was found to IFN-independent
as reduction in viral titre and NSI protein expression was observed in minocycline treated IFN
signalling deficient vero cells (C).
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4.2.3 Minocycline prevents the shuttling of vRNPs from the nucleus to cytosol by
inhibiting ERK pathway

The processes of VRNPs import and export are obligatory phases of influenza virus cycle(Bui
and Helenius, 1996). The host cellular localization of vVRNPs at 18 and 24 hpi was assessed,
after treatment with either DMSO or minocycline (500nM) to IAV/PR8-infected MDCK cells
by immunolabelling viral nucleoprotein NP, key component of viral RNP complex. Nuclear
accumulation of NP proteins in minocycline treated IAV/PRS8 infected cells at 18 and 24 hpi
was observed in immunofluorescence microscopy compared to those of DMSO-treated cells
(Fig. 4.4A, B). As revealed by western blotting using the whole cell, nuclear and cytoplasmic
fractions of minocycline-treated IAV infected cells, NP protein showed accumulation in the
nucleus at 24-hour time point but not in early time point 6hpi (Fig. 4.4E), implying the role of
minocycline in modulating the export of vVRNP from the nucleus. Previous reports have shown
nuclear export of VRNPs is regulated by the cellular kinase ERK (Pleschka et al., 2001;Ludwig
et al., 2004). Consistent with the findings, immunofluorescence and western blot data also
substantiated the nuclear accumulation of NP following treatment with ERK inhibitor (Fig.
4.4A, 4.5E). To demonstrate the effect of minocycline on the ERK signalling, cells were treated
with either minocycline or ERK inducer PMA alone or in the combination for 18-hours to
assess the effect on phosphorylation of ERK1/2 using western blotting. Effect of minocycline
as illustrated in fig. 4.5A-D were monitored in both MDCK and A549 cells, which resulted in
reduction of PMA-induced phosphorylation of ERKI1/2 and also in IAV-induced
phosphorylation of ERK1/2 at 24hpi. Induction of ERK pathway by IAV HA protein has
already been reported (Marjuki et al., 2006). Therefore, we further assessed the ERK inhibition
potential of minocycline in HEK293T cells transiently overexpressed with pcDNA3-HA. As
expected, minocycline treatment caused a decrease in ERK-induced phosphorylation in HA
overexpressing cells (Fig 4.4C), thereby confirming that inhibitory action of minocycline on

ERK signalling.
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Figure 4.4: (A-B) IAV/PRS infected MDCK cells treated with minocycline (500 nM) or PD98059 (30 uM)
and incubated for 18 and 24 hpi. Cells were then fixed, permeabilized and stained with anti-NP antibody
(raised in mouse). Cells were then secondary stained with DyLight488 labelled anti-mouse secondary
antibody. Cells were mounted using DAPI and visualized under confocal microscope (63X oil immersion).
Scale bar: 20 um. NP positive cells were quantified and randomly 100 cells from different fields were
selected and analysed. Data was represented as percentage of infected cells; (C) HEK293 cells were
transfected with only pcDNA3 vector and pcDNA3-HA plasmid and treated with 500 nM of minocycline
for 24 hrs, cells were lysed and western blot was performed to detect the level of phospho-ERK
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Figure 4.5: Minocycline suppresses ERK signalling pathway in both MDCK cells and A549 cells. (A-
D) IAV/PRS activates ERK cascade, leading to phosphorylation of ERK. Treatment with minocycline
reduces the phosphorylation of ERK in PMA-induced cells and IAV/PRS infected cells; (E) Whole cell
lysate and Cytosol-nucleus is extracted and NP protein was shown to be located in the nucleus of the
minocycline-treated IAV/PRS infected cells in 24hpi. Densitometric analysis of blots for NP, Lamin and
[-actin was done as represented as fold change in total NP protein and fold change in nuclear/cytosol
ratio of NP protein (E).

4.2.4 Minocycline impedes IAV-induced late-stage apoptosis

The induction of apoptosis during [AV life cycle at later stages has been observed to be crucial
in releasing progeny viruses and spreading the virus (Lowy, 2003). Previous reports state anti-
apoptotic role of minocycline (Wang et al., 2003;Kelly et al., 2004;Zhang et al., 2017;He et al.,
2021). Therefore, to confirm its anti-apoptotic role, MDCK cells were subjected to treatment
with an apoptosis inducer staurosporine in presence or absence of minocycline for 6 hours
followed by assessment of caspase-3 level cleavage. The minocycline treatment attenuated
staurosporine-elicited caspase-3 cleavage (Fig. 4.6C). The cleavage of caspase-3 was inhibited
in minocycline-treated IAV-infected cells but not in DMSO-treated cells at both the 24-hpi and
48-hpi time points (Fig. 4.6D). Cleaved caspase 3/pro-caspase 3 ratio reveals reduction in

caspase cleavage in minocycline-treated staurosporine-induced or IAV-infected cells at 24 and
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48 hpi. Labeling of apoptotic cells by Annexin V-FITC revealed significant reduction of
apoptotic cell number in minocycline treated [AV-infected cells (Fig. 4.6A, B). Finally, these
results suggest that minocycline also modulates IAV-induced late-stage apoptosis which is

required by virus for dissemination.
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Figure 4.6: (A-B) Annexin V Apoptosis assay confirmed the inhibition of apoptosis in presence of
minocycline. Caspase 3 cleavage is inhibited in both minocycline treated IAV/PRS-infected cells and
Staurosporine-induced cells (C-D).

4.2.5 Minocycline treatment attenuates IAV infection in vivo

Once in vitro activity of minocycline against IAV was established, therefore its antiviral
potential was assessed in mice model. Initially, minocycline was orally given to BALB/c mice
(4-6 weeks, n=3) with the doses ranging from 5 mg/kg/day to the maximum of 30 mg/kg/day
and the control group was given only vehicle (DMSO). Then, body weight was monitored
throughout the treatment cycle of 5 days. No significant change in body weight at all doses of
minocycline and time points was observed when compared with the vehicle control (DMSO)
(Fig. 4.7A), indicating that dose up to 30mg/Kg/day was well tolerated. HE staining of vital
organs (lung, liver, kidney and heart) of mice treated with high dose of minocycline (30
mg/kg/day) along with the control group treated with the DMSO vehicle demonstrated that
minocycline had no noticeable cytotoxicity (Fig. 4.8A).
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Mice (n = 3) were exposed intranasally to IAV/PRS8 on day 1, from the next day they were
given oral minocycline therapy (30 mg/kg/day) till day 15. Change in the body weight and the
survival was noted Fig. 4.7C. The data illustrates a protective effect manifested by this
compound, which ascend the survival rate to 67% in the minocycline-treated mice. The DMSO-
treated 1AV infected mice did not survive over 10 days. Though the body weight of vehicle-
treated IAV-infected mice reduced rapidly with almost 75% achieved by day 8-9. In contrast,
TAV infected mice treated with minocycline or ribavirin showed loss of body weight till day 6,
followed by gain in weight (Fig. 4.7C). Additionally, to observe whether or not minocycline
has anti-IAV potency, viral titre in the lungs of infected mice were estimated (n=5). A lower
viral titre was noted in the lungs of IAV/PRS8 viral infected mice treated with minocycline in
comparison to the infected mice which were treated with DMSO (Fig. 4.7D). Additionally,
diminished levels of both AV transcript and NS1 protein in the lungs of TAV-infected mice and
minocycline treated mice was observed (Fig. 4.7E, F) compared to those of DMSO-treated
mice. Cytological analysis (HE staining) showed the majority of the infected mice had lesions
(Influenza-induced lung pathology), while the majority of the minocycline-treated mice 1AV
infected but minocycline-treated mice showed little lesions. Pulmonary pleura invagination,
significantly thickened pulmonary septa and inflammatory cells infiltration (pointed with the
red arrow) were seen in the lungs of mice infected with PR8 subtype of influenza virus. These
effects were significantly decreased in mice that were given minocycline (Fig. 4.8B). Only

minocycline or DMSO treatment had no effect on lung pathology.
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Figure 4.7: (4) BALB/c mice (5 mice/group) were treated with 5, 15 and 30mg/Kg/day of minocycline
for 5d to test the toxicity level. Weight of mice were weighed daily for 5d. (B) Intranasal infection with
the IAV/PRS (4 x 50% Lethal doses, MLD50) to BALB/c mice (5 mice per group). On day 2, mice
received treatment with 30 mg/kg/day of Minocycline or DMSO till 15" day. Body weight and
survivability were measured for every mouse over 15d. (C-E) Viral RNA from lungs tissue at 5dpi and
viral proteins were detected. The viral titre was measured in lungs in terms of TCID50/ml.
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Figure 4.8. (A) BALB/c mice (5 mice/group) received treatment with 30 mg/kg/day of Minocycline or
DMSO. The HE staining was performed on vital organs- lung, heart, kidney and liver tissues. (B) The
HE staining was performed on lung tissues, and tissue integrity was viewed at 10X and 40X
magnifications in microscope.

4.3. Discussion

The continuous antigenic drift in influenza virus is a major determinant in long term efficacy
of antivirals against viral protein. The alteration of epitopes and the emerging recombinant
genetic viruses prevent the antivirals, have prevented NA inhibitors and M2-ion channel
blockers to work at optimum efficiency. Thus, in pursuit of developing newer alternatives,
focus has shifted towards host directed antivirals (HDAs) or drug repurposing. Drug
repurposing allows one to test antiviral potential of available drugs which were developed for
other diseases such as antibacterials, anticancer etc (TAKATSUKI and TAMURA,
1971;Kaptein et al., 2010;Abdulaziz et al., 2022;Raymonda et al., 2022). The tetracycline
analogue minocycline, which was brought to market in 1967, has been used for control and
management of rickettsial infections, syphilis, pimples, etc (Shutter and Akhondi, 2023).
According to the Infectious Diseases Society of America (IDSA) in 2022, minocycline therapy
was proposed as treatment against carbapenem-resistant Acinetobacter baumannii and

Stenotrophomonas maltophilia (Tamma et al., 2022).

Double-stranded DNA and RNA viruses including Influenza viruses involve MAPK pathway
for viral gene expression (Daum et al., 1994;Benn et al., 1996;Rodems and Spector,
1998;Kujime et al., 2000;Ludwig et al., 2001;Planz et al., 2001;Terstegen et al., 2001;Barber
et al., 2002). The MAPK signaling pathway involves the phosphorylation of kinase Raf via
MEK followed by ERK that results in its transport into the nucleus to the phosphorylation of a
number of substrates (Treisman, 1996;Robinson and Cobb, 1997). Replication of AV takes
place in the nucleus after this, it translates, and assembles in the cytosol. Post translation, viral
proteins (PA, PB1, PB2 and NP) are shuttled into the nucleus where it interacts with the newly
produced vVRNPs, which were then exported from the nucleus for the purposes of viral assembly
and dissemination. It is postulated that the presence of HA protein in the membrane results in
ERK1/2 phosphorylation which stimulates the process of VRNP export from the nucleus
(Ludwig et al., 2006). Mode of action of minocycline is its suppression of ERK

phosphorylation, this occurs even in cells overexpressing HA, and as a result vRNPs do not
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translocate into the nucleus (Fig. 4.9). ERK cascade, which is responsible for the dispersion of

IAV, was blocked by antagonist PD9089. Hence, the discharge of vRNPs was terminated.
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Figure 4.9: lllustration of the role of minocycline in hindering the export of VRNPs from the nucleus
leading to inhibition of viral assembly and dissemination.

The induction of apoptosis of the host cell in the last stage of life cycle by IAV is essential for
the release of progeny virions (Ludwig et al., 2001;Lowy, 2003;Brydon et al., 2005). The pro-
apoptotic and anti-inflammatory functions of minocycline are already established but it has
been found that it inhibits apoptosis in JEV infection (Garrido-Mesa et al., 2013)(Dutta et al.,
2010). This research also proved that staurosporine (an inducer of apoptosis) and IAV-induced
apoptosis were blocked by minocycline. Altogether, it has been revealed in the study that

minocycline exerts antiviral activity against IAV by integrating both inhibition of apoptosis and
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blockage of nuclear export of vVRNP. It may have additional indirect impact on the virus
replication cycle which needs to be studied indepth. The study results suggest that minocycline,

an FDA-approved drug and widely used as a broad-spectrum antibiotic can be repurposed into

an antiviral therapy.
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5.1. Introduction

Influenza A viruses continue to pose a serious threat to public health in terms of death and
morbidity. Additionally, with currently circulating high pathogenic avian influenza strains as
H5N1 and HIN2, future inter genotypic reassortment events cannot be ruled out (Gerloff et al.,
2014;Shanmuganatham et al., 2014;Bergervoet et al., 2019). Hemagglutinin (HA) and
Neuraminidase (NA), two viral surface glycoproteins, must work in precise harmony for the
influenza life cycle to occur. As a fusion protein, HA aids in the fusing of the endocytosed virus
particle with the endosomal membrane of the host cell after attaching to the sialic acid (SA)-
containing surface receptors. The internalization of the virus is caused by this. The a-ketosidic
connection between SA and the nearby sugar residue is broken by NA, an exosialidase (Liu et

al., 1995;Sheng et al., 2011).

Oseltamivir (OMV) and zanamivir (ZMV), two currently prescribed anti-influenza
medications, are structurally identical to SA and, as a result, have a comparable pattern of
binding to the NA enzyme. However, because of NA gene alterations, their effectiveness as
competitive inhibitors is limited (Kim et al., 1999;Yen et al., 2006). This confirms the need for
a different strategy in the design and synthesis of novel compounds that will be created as
possible anti-influenza medicines. This might be accomplished through the identification of
fresh scaffolds with alternative binding patterns in the enzyme cavity and structural differences
from OMV/ZMV. By creating non-competitive inhibitors that inhibit the enzyme by binding
allosterically to the target enzyme, the resistance issue towards competitive inhibitors of NA,
i.e., OMV and ZMYV, could be avoided. The SA/OMYV binding site in NA has two cavities
nearby: the 150-cavity and the 430-cavity. These two cavities might be thought of as potential
additional binding sites for NA.

Numerous NA subtypes have been potently inhibited by compounds that bind to 150-cavity
and 430-cavity receptors (Feng et al., 2013;Xie et al., 2014). In fact, in recent years, our lab
team's discovery of various molecules led us to a series of chalcones that showed
noncompetitive inhibition mechanism towards HIN1-NA and H5N1-NA as well as specific
other scaffolds that showed anti-influenza activities against HIN1-NA (S Chintakrindi et al.,
2016;Chintakrindi et al., 2018;Malbari et al., 2019). We chose chalcones, which are
distinguished by a, B-unsaturated carbonyl functional groups, among a number of documented
antiviral phytoconstituents. But chalcones have also been shown to exhibit cytotoxicity and

poorer anti-influenza efficacy (Dao et al., 2010;Ryu et al., 2010;Dao et al., 2011;Nguyen et al.,
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2011). This scaffold can be altered to create a variety of cyclized derivatives, including aurones,
flavones, 3-indolinones, and 4-quinolones, as cyclized rigidification has been shown to
increase a lead molecule's activity (Patrick, 2013). The chosen parent scaffold, chalcones, can
be appropriately compared to other phytoconstituents possessing o, B-unsaturated carbonyl
functional groups that have antiviral action, such as cinnamic acid derivatives (Stankyavichyus
et al., 1988;Gravina et al., 2011; XEF#E K, 2019). Additionally, the piperazine moiety was
chosen and connected to the cinnamic acid scaffold by molecular hybridization method since
it has a wide range of activities and is a frequent scaffold in many medications (Martin,
1997;Viegas-Junior et al., 2007). The design, synthesis, and assessment of a series of four
scaffolds, including aurones, 3-indolinones, 4-quinolones, and cinnamic acid-piperazine
(CAPi) hybrids, against the influenza A/HIN1pdm09 virus are therefore reported here in light
of the aforementioned facts and changes. The transition state of sialo-glycoconjugate being
hydrolyzed by viral NA, the substrate for NA, is structurally distinct from the scaffolds that
have already been chosen and stated. They were created by adding substituents with various

functional groups, giving the molecules' electronic, steric, and volume effects.

The molecules that were chosen based on docking results and cytotoxicity were subjected to
cytopathic effect (CPE) inhibition and hemagglutination inhibition (HAI) assays in order to
screen them for further in-depth evaluation studies based on % CPE inhibition and % HA titer
reduction of virus with candidate molecules. All of the compounds that passed the screening
process had their EC50 values determined using a cell-based assay, and then their IC50 values
were determined using an enzyme-based assay. Additionally, the compounds' mechanism of
inhibition was discovered by Investigations on the kinetics of enzymes revealed non-
competitive inhibition when compared to OMV, a competitive inhibitor. This supports our
theory about creating future anti-influenza agents and suggests more effective therapeutic and

preventative outcomes than what we can get from anti-influenza medications right now.
5.2. Results: Evaluation of anti-influenza activity of the designed molecules

Oseltamivir phosphate (OMVP) was used for the cellular assays such as the MTT, CPE, HAI,
and CV because cells contain the esterase enzyme that converts the drug to its active metabolite,
oseltamivir. Oseltamivir carboxylate was employed directly as the standard for enzymatic
experiments, such as the NA inhibition assay and enzyme kinetics investigations. The

benchmarks for reflecting the competitive and non-competitive inhibition, OMVP/OMVC and
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quercetin [QR, the reported natural non-competitive inhibitor], were chosen, respectively

(Jeong et al., 2009).
5.2.1. Cytotoxicity studies of the designed molecules

The concentration of synthetic compounds that causes a 50% reduction in cell viability (CC50)
was identified by cytotoxicity tests. Except for molecule 4d, which had a CC50 of 40M, the
findings of the MTT-Formazan test for cytotoxicity analysis of 27 synthesized compounds
showed that they had no significant impact on MDCK cells (Table 5.1). Further testing of the
anti-influenza action of these non-cytotoxic compounds looked at how much the presence of
the molecules reduced the influenza A/HIN1pdmO09 strain's cytotoxic effect (CPE) in MDCK

cells.
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Table 5.1: Cell-based EC50, Enzyme-based IC50 and Ki values of synthesized molecules obtained by
crystal violet, NA-inhibition and enzyme kinetics assays.

5.2.2. Estimation of cytopathic effect (CPE) inhibition of the molecules

To determine the level of viral inhibitory activity of the molecules following comparison with

OMVP as the reference medication, a qualitative evaluation study using the CPE inhibition

assay of all twenty-seven synthesised molecules was conducted. It is interesting to note that

infected cells treated with our synthetic molecules showed a significant reduction in CPEs,

which are loss of cell adhesion-related symptoms of influenza A/HIN1pdm09 virus infection.

This finding further supports the strong cyto-protective and anti-influenza properties of these

molecules. Table 5.2 shows how much each assessed chemical inhibited viral CPE. All of the

compounds demonstrated at least a 50% CPE inhibition, indicating that they have a significant

capacity to lower viral load. They were then carried forward for additional tests.

Code  pitmon % btion % innbiion
Cl + 17 +H+ CAS8 +
c2 +H+ 18 +H+ CA9 -
Cc3 ++ Qi1 +++ CA10 +
c4 +H Q2 ++ CAl11 ++
Cc5 +H+ Q3 ++ Lik-1 -
Cc6 +H Q4 ++ Lik-2 -
c7 +H Q5 ++ Lik-3 -
c8 ++ Q6 ++ CAPi1 +
Cc9 +H Q7 +H CAPi2 +
Al ++ Q8 ++ CAPiI3 +
A2 +H Q9 ++ CAPi4 +
A3 +++ P1 CAPi5 +
A4 +H+ P2 + BZ1 +H
A5 ++ CAl BZ2 +H

11 +H+ CA2 BZ3 +H
12 +H+ CA3 + BZ4 +
13 +H+ CA4 ++ BZ5 +H+
14 +H+ CAS + BZ6 +H+
15 +H+ CA6 + BZ7 +
16 +H+ CA7 + BZ8 +H
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Table 5.2: Degree of inhibition on CPE of pandemic HINI on MDCK cells by all the designed
molecules at a concentration of 100 uM obtained by qualitative CPE inhibition assay. Experiment
performed in duplicates. ‘“++++" indicates 100% CPE inhibition, ‘+++’ indicates 75% CPE
inhibition, ‘++ indicates 50% CPE inhibition, ‘+’ indicates less than 50% CPE inhibition and ‘—’
indicates no CPE inhibition.

5.2.3. Determination of viral titer reduction by Hemagglutination inhibition (HAI) assay

By contrasting the virus HA titer in virus control wells with the virus HA titer in molecule-
treated wells, the CPE inhibition was further evaluated. Relative viral load, or the HA titer of
the molecule-treated infected cells, was expressed as a percentage (% HA titer reduction) in
triplicate tests where the vehicle-treated infected control had 100% HA titer infectivity.
Standards OMVP and QR were employed, and results on % HA virus titer reduction for all
compounds are compiled in Fig. 5.1. Data clearly demonstrate that most compounds reduced
viral titer by at least 50%, as shown in Fig. 5.1, in a robust and lasting manner. The HAI assay
results showed that the molecules effectively suppressed the viral titer, with weak-to moderate-
to-high potencies as compared to standards (OMVP = 85 4% and QR = 79 4%, at 100 M),
further pointing to the anti-influenza action of the molecules. Due to the hazy boundaries
between these compounds and the rates of % HA titer decline, it was challenging to determine
the link between structure and activity. The compounds were then given more attention so that

their anti-influenza activity could be quantitatively assessed.
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Figure 5.1: Histogram showing percentage of HA titer reduction of virus treated with candidate
molecules
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5.2.4. Quantification of effective concentration of molecules by cell-based crystal violet

(CV) assay

The effective concentration of the investigated compounds (ECso) required to achieve 50% cell
survival was quantified using the CV assay. The investigated molecules notably displayed
considerable levels of cell survival in the CV assay, which was consistent with the clearly
decreased viral HA titer (Table 5.1). The most active molecules were 16 (3-indolinone with m-
chloro group on benzyl ring), 17 (3-indolinone with p-chloro group on benzyl ring), and Q1 (4-
quinolone with o-methoxy group on phenyl ring), which had ECs¢ values better than OMVP
(ECso = 12.7 0.3 nM) and QR (ECso = 0.56). Although molecules A4 (aurone with a p-chloro
group on the benzyl ring) and 12 (3-indolinone with an m-methoxy group on the benzyl ring)
had ECso values that were slightly lower than those of OMVP but higher than those of QR, they
may still be considered to have exceptional anti-influenza properties. Fig. 5.1 displays the
impact of representative powerful compounds and benchmarks on the percentage of pdmH1NI1
virus-infected cells that survive. These findings suggested that these compounds might prevent
viral multiplication in MDCK cells as a whole. These chemicals' high selectivity index values
showed that they reduced virus replication while having no negative effects on the host cells

that were still alive.

5.2.5. Determination of inhibitory concentration of molecules by enzyme-based NA
inhibition

The number of molecules needed to block 50% of the enzyme activity (ICso) in HIN1-NA was
calculated to be 25, based on the CV assay. Figure 5.2 displays dose response curves that
indicate how our compounds affect the HIN1-NA enzyme. The analysed compounds' ICsgo
values ranged from 0.52 0.01 M to 24.6 1.3 M. The standards used in the enzyme-based assay,
OMVC and QR, had ICs values of 1.9 nM and 8.7 nM, respectively (Table 5.2). Even while
the powerful compounds mentioned in the CV assay had IC50 values that were lower than
OMVC, they consistently display outstanding activity with IC50 values that are, intriguingly,
superior to QR. The potent molecules 2f (IC50 = 0.52 0.01 M), 2g (IC50 =3.5 0.1 M), and 3a
(ICso = 1.3 0.2 M) had lower ICso values than other compounds in the series, continuing the
trend of the effectiveness of molecules shown in the CV assay. It's interesting to note that the
combined outcomes of the CV assay and NA inhibition assay revealed that the examined

compounds inhibit overall viral replication instead of specifically inhibiting NA. These
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findings suggested that our examined compounds may regulate virus replication via an

additional mechanism, as suggested by their efficacy in vitro.
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Figure 5.2: Effects of candidate molecules, standard inhibitors i.e. oseltamivir carboxylate (OMVC)
and quercetin (OR) on HINI-NA for hydrolysis of substrate.
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5.2.6. Enzyme Kinetics studies to evaluate the mechanism of inhibition of molecules

To confirm the noncompetitive inhibition of proposed compounds as shown by docking studies,
enzyme kinetics experiments were carried out on the eleven most active molecules (based on
CV and NA inhibition assay). In this investigation, the metrics for competitive and non-
competitive inhibition were OMVC and QR, respectively. Due to its structural similarity to SA
and analogue ofits transition state, OMVC naturally exhibited competitive inhibition, as shown
by the plots in Fig. 5.3's Lineweaver-Burk plot of 1/V vs 1/[S]. The plots were created by taking
into account both the absence of the inhibitor molecule (i.e., at 0 nM concentration) and the
two concentrations that fall within its ICso range. Increased OMVC concentrations (Ki = 2.8
10-4 M) had higher Km values while leaving the Vmax unaltered, meaning that their y-axis
intercepts were equal but their x-axis intercepts were greater. This demonstrated its inhibition

of competition.

Although the Km remained unaffected, Vmax showed lowering as the QR concentration
increased (Ki = 5.1 M), resulting in collections of lines with similar x-axis intercepts and rising
y-axis intercept values. This proved the non-competitive mode of inhibition. The Lineweaver-
Burk plot of 1/V vs 1/[S] for our evaluated compounds, however, produced a group of lines as
seen in QR, indicating that their method of enzyme inhibition is noncompetitive. In Fig. 5.3,

the plot for the representative potent molecules.
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Figure 5.3: Lineweaver—Burk plots of inhibition of oseltamivir carboxylate (OMVC), quercetin (OR)

and candidate molecules on HINI-NA.
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Discussion

Widely recognized is the emergence into the pharmaceutical market of relatively new agents
against influenza, agents that gradually develop resistance to the classical medication means.
Hence, the ensuing table advocates that some of the molecules with antiviral activity
demonstrated considerable values against pandemic HINT1 virus. The outcomes of the crystal
violet assay as well as NA inhibition experiments support the claim that the compounds of this
study, which suppress the viral replication, are more active than their ability to inhibit the NA
enzyme alone. CV potency and NA activity of 16, I7 and Q1 molecules were comparable with
that of OMVP, with less activity of NA inhibition. These data suggest that in addition to the
already known mechanism of virus replication control the current screening molecules might
have unknown biological activity as well. Enzyme kinetics suggested that the way of regulatory
mechanism of our molecules was the non-competitive one which also well accommodated the
predictions made by in-silico studies. The molecules weren’t competing for the sialic acid-
binding area with sialic acid; rather, they were found in a neighboring and non-competitive
elite site in the same active pocket. Hence the potential of these compounds as anti-influenza
drugs in the future can be exploited as there is very low possibility of developing resistance.
The strategy employed in this study is completely different to the approach used currently for

designing antiviral molecules.

107 |Page



I :piloguc

Chapter 6

Epilogue

108 | Page



I :piloguc

Influenza viruses are known to cause seasonal outbreaks, epidemics and occasional pandemics.
That are characterized by widespread acute febrile respiratory illness affecting all age groups,
primarily infants, elderly individuals, pregnant women and immune-comprised patients. AV
belongs to the family of Orthomyxoviridae, having eight single-stranded negative sense RNA
genome encoding for eleven viral proteins. There are four types of Influenza viruses namely
A, B, C and D, out of which type A and B cause pandemic sand epidemics. There are 18 types
of HA and 11 types of NA subtypes which combine to give rise to 16 subtypes of IAV. IAV are
capable of infecting multiple hosts like birds, swine, human, horse and marine mammals.
Annually 650,000 deaths due to the viral infection take place globally. Genetic recombination

and transmission of IAV between hosts result in its continuous evolution.

Every year WHO modifies the influenza vaccines composition for both the Northern and the
Southern Hemispheres based on the data regarding predominant circulating strains. Since the
vaccines need to be modified annually to account for mutant virus strains, resulting in overall
increased expenditures and restricted coverage especially in low middle income countries.
Moreover, without having the statistics on disease load, seasonality, and subtype variations,
vaccine policy cannot be formulated. Hence, detection of the virus subtype and vaccine strain
selection is only possible through the integrated genetic and antigenic analysis as well as
epidemiological survey. One of the objectives of this study was to assess epidemiology of

influenza virus in the region.

The positivity rates for A/HIN1pdmO09 in Eastern India (16.5%) were significantly lower
during 2017 to 2019 than the flu outbreak in 2015 (23.3%) and the outbreak (2017-18) in the
Andhra Pradesh (27.68%). India experiences influenza activity year-round, with two distinct
patterns of seasonal infection: In hot tropical humid areas, they reach their peak during the
monsoon while during winter in areas with a temperate mild climate. Moreover, no seasonality
was observed for A/HIN1pdm09 infection in eastern India during 2017-19. Previous studies
on seasonal Influenza strain A/HIN1 and A/H3N2 had correlated Influenza positivity with
rainfall. Lack of seasonality could be due to passive surveillance in this study where only severe
ARI cases were referred from hospitals. The study aimed to analyze sequence variations in
Influenza A/H1N1pdmO09 strains that circulated during the said time period, which included a
new-found glycosylation site in HA along with some specific amino acid residues that were
conserved and evolutionarily active. The 130-loop and 220-loop of the receptor binding site of
HA protein, remained conserved while S202T and T214A mutations in the 190-helix region

were identified in this study. Circulating strains of the virus did not harbor H274Y mutation in
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NA protein which causes Oseltamivir resistance. Sequence aligning of isolates from all over
the world, showed a sizeable difference on biologically significant positions. It was identified
that the vaccine strains A/human/Michigan/45/2015 and A/human/Brisbane/02/2018 has
higher degree of homology with strains from Eastern India (98.8% and 99% respectively) while
A/human/California/07/2009 showed only 96.9% of homology. Lack of knowledge about
vaccine benefits and high cost of the vaccines in India has resulted in low vaccination cover
(~1%) leading to seasonal outbreaks and substantially elevated mortality risks. Therefore, the
introduction of national influenza vaccination policy tailored to high-risk segments of

population.

Vaccines and antivirals against Influenza viruses effectively prevent disease severity and
mortality. However, evolution of new subtypes due to point mutations and reassortment of gene
fragments, constantly challenge existing treatments and vaccines. Therefore, the need of new
drugs and vaccines becomes necessary for the newly emerging strains. Prevention of the
influenza virus by the M2 ion channel blockers- amantadine, rimantadine and neuraminidase
inhibitors- zanamivir, and oseltamivir, has been established. However, strains resistant to M2
ion channel blockers and/or neuraminidase inhibitors, have emerged following indiscriminate

use of antivirals.

To control Influenza virus and associated mortality, alternative antiviral drugs are needed. Drug
repurposing and screening of small molecules for its antiviral property are the two possible
therapeutic approaches. One potential candidate minocycline, an FDA-approved antibiotic,
was assessed for its anti-influenza activity. Minocycline exerted in vitro and in vivo antiviral
activity against influenza A virus. Antiviral activity was independent of interferon signaling. It
targeted the MEK/ERK signaling, which is necessary for viral ribonucleoprotein export, thus
interrupting the viral assembly and release. In parallel, it also represses caspase-3 dependent

apoptosis triggered by IAV infection.

In addition, 27 small molecules were synthesized by a collaborating institute and assessed for
anti-influenza activity. Molecular docking study revealed binding of small synthetic molecules
(chalcone derivatives) to neuraminidase at an alternate binding site (430-cavity) as compared
to its active sialic acid binding site (150-cavity). As these molecules bind to neuraminidase, its
enzyme kinetics and mode of inhibition was studied. Enzyme kinetic study illustrated similar
mode of inhibition as that of quercetin (a non-competitive inhibitor) instead of oseltamivir (a

competitive inhibitor), indicating a non-competitive mode of inhibition. This reveals
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minocycline as well as novel small synthetic molecules which can bind neuraminidase could

be used as an adjuvant treatment alongside existing therapeutics.

Highlights of this study:

X/
°e

During the study period (April’2017-March’2019) 16.5% samples from suspected cases
with ILI symptoms were found to be positive for Influenza A/HIN1pdm09.

Age groups- 5 to 20 years and above 60 years were more susceptible (19.1% and 19.1%
positivity, respectively) to Influenza A/HIN1pdm09.

There was no clear seasonal pattern, though the proportion of hospitalizations
attributable to A/HIN1pdmO09 infection was substantially greater throughout the
summer and monsoon months.

No gender biasness was observed with respect to Influenza A/HIN1pdmO9 infection
(15.4% positivity in males and 17.9% in females).

Representative strains from Eastern India clustered with
A/Human/Michigan/45/2015(HIN1) and A/Human/Brisbane/02/2018(HINT1) strains
that were later included in AV vaccines in lineage 6b.1 (in SH and NH, respectively,
for the 2019-20 flu season) for HA gene suggesting that vaccine like strains have been
circulating in this region prior to vaccine introduction.

None of the isolates included in the study had the Tamiflu (Oseltamivir) resistance
mutation H275Y in NA protein.

Minocycline, a tetracycline analogue, showed potent anti-influenza virus activity both
in vitro and in-vivo with an SI index of 137.1, suggesting it to be antiviral at non-toxic
dose.

Minocycline exerted its anti-influenza activity by inhibiting the shuttling of vRNPs
from the nucleus to cytosol through modulation of virus-induced activation of ERK
pathway.

In addition to ERK pathway, minocycline also revealed anti-apoptotic activity,
resulting in inhibition of IAV-induced late-stage apoptosis which is crucial for its
dissemination.

All the chalcone derivatives showed anti-influenza activity in vitro with atleast 50%
CPE inhibition.

Docking study reveals binding of these small molecules (chalcone derivatives) to an
alternate binding (430-cavity) site than its active site (sialic acid binding site i.e. 150-

cavity) of neuraminidase.
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¢ Enzyme kinetics showed similar binding pattern of these small molecules as that of

quercetin (non-competitive inhibitor), indicating its non-competitive form of inhibition.
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ARTICLE INFO ABSTRACT

In the endemic settings of India, high CFR (3.6-7.02%) was observed in the consecutive 2009, 2015 and 2017 A/
H1N1pdmO9 outbreaks, though in eastern India CFR varied between 0 and 5.5% during same period. Recurrent
outbreaks of pandemic Influenza A/H1N1pdmO09, fragmented nationwide incidence data, lack of national policy
for Influenza vaccination in India underscores the necessity for generating regional level data. Thus, during
2017-19, 4106 referred samples from patients hospitalized with severe acute respiratory illness (SARI) in eastern
India were tested for A/HIN1pdmO9 infection. Among which 16.5% (n = 677/4106) were found A/
H1N1pdmO9 positive. Individuals < 20 years and middle-aged persons (40-60 years) were most susceptible to
A/H1IN1pdmO09 infection. The vaccine strain (A/human/California/07,/2009) which was globally used before
2017, clustered in a different lineage away from the representative eastern Indian strains in the phylogenetic
dendrogram. The vaccine strain (A/human/Michigan/45/2015) used in India during the study period and the
WHO recommended strain (A/human/Brisbane/02/2018) for 2019-20 flu season for the northern hemisphere,
clustered with the circulating isolates in the same lineage-6b. Dissimilarities in the amino acids encompassing
the antigenic epitopes were seen to be highest with the vaccine strain- A/human/California/07,/2009. The
significant amino acid variations in the circulating strains with the current WHO recommended vaccine strain,
implies the exigency of continuous pandemic A/H1N1pdmO9 surveillance studies in this epidemiological setting.
The absence of any Oseltamivir resistant mutation (H275Y) in the neuraminidase gene of the current isolates
suggests continuing use of Tamiflu® as an antiviral therapy in suspected subjects in this region.
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1. Introduction sense RNA genome. The two surface proteins, i.e., hemaglutinin (HA)

and neuraminidase (NA) are responsible for generating a high degree of

Viruses causing respiratory tract infections bring on widespread
mortality and morbidity among infants, elderly and im-
munocompromised individuals worldwide (Trucchi et al., 2019).
Among the predominant respiratory viruses, Influenza A virus (IAV)
infects humans worldwide with nearly 650,000 death tolls annually
(http://www.who.int/mediacentre/news/releases/2017/seasonal-flu).
Besides human, IAV also infects other mammalian and avian species.
The associated symptoms include sudden onset of fever, general dry
cough, headache, sore throat, running nose, acute malaise along with
muscle and joint pain (Dool et al., 2008). IAV, belonging to the family
of Orthomyxoviridae comprises of a single stranded segmented negative

genetic diversity among the co-circulating IAV strains. Co-infection of
multiple strains could lead to rapid evolution of IAV due to aggregation
of point mutations in the antibody-binding sites, along with gene-seg-
ment reassortments (different combination of HA and/or NA types)
(Webster et al., 1992; Rambaut et al., 2008; Domingo, 2010). This
eventually provokes antigenic drift resulting in the emergence of novel
subtypes, which cannot be effectively neutralized by antibodies pre-
vailing against the previous IAV strains (Treanor, 2004).

The novel 2009 A/HIN1 pandemic strain, emerged in Mexico
(Veracruz) and USA (California) and was responsible for 18,449 deaths
worldwide, of which 3.6% (n = 981/27,236) were reported solely from
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India (Girard et al., 2010; World Health Organization, 2020; Influenza
A, 2020). Since 2009, the proportion of pre-pandemic seasonal Influ-
enza A/HIN1, A/H3N2 and Influenza B viruses have been eventually
replaced by the antigenically unique triple reassortant pandemic A/
H1N1pdmO9 viruses infecting nearly 24% of the population across the
globe (Broor et al., 2012; Broor et al., 2011; Majanja et al., 2013;
Mishra, 2015; Mudhigeti et al., 2018). Indian states like Maharashtra,
Delhi, Rajasthan, Gujarat, Tamil Nadu, Madhya Pradesh, Karnataka,
Haryana, Kerala and Andhra Pradesh were significantly affected in the
2009 pandemic (Gurav et al., 2010; Choudhry et al., 2012; Mudhigeti
et al., 2018). Though the annual proportion of A/HIN1pdmO9 declined
during the subsequent years in India (< 5000 cases yearly), however in
the 2015 and 2017 outbreaks, 42,592 and 38,811 cases were reported
with 7.02% (n = 2990/42,592) and 5.8% (n = 2266/38,811) deaths,
respectively (State/UT - wise, 2020; Kulkarni et al., 2019). Worldwide,
the 2017-18 flu season had significantly higher incidence of influenza-
like illness and increased hospitalization-rates compared to 2009-10
(CDC, 2019). In India, the proportion of lab confirmed A/H1N1pdm09
related deaths during 2017-18 was around 5.6% (n = 4511/81,115),
though this may be an underestimation due to limited testing capacity
(State/UT - wise, 2020; Kulkarni et al., 2019). Any genetic mutation in
the surface antigens which might lead to these consecutive A/
H1N1pdmO9 epidemics in India remains unclear to date.

Depending on the circulating IAV subtypes, World Health
Organization (WHO) recommends vaccine strains for optimal regional
efficacy across the northern (NH) and southern (SH) hemispheres
(World Health Organization, 2018a, 2018b). Though both NH and SH
influenza vaccines are available in India, WHO has categorized India in
the southern hemisphere (SH) tropical Asia vaccination zone (Thakre
and Patil, 2019). During 2010-2016, A/California/07/2009 (HIN1)
pdm09-like virus strain was a part of the IAV vaccine, which was re-
placed by A/human/Michigan/45/2015 (H1N1)pdmO9 strain during
2017-2019 in both the hemispheres. In 2019, A/human/Michigan/45/
2015 (H1N1)pdmO09-like strain was substituted by A/human/Brisbane/
02/2018 (H1N1)pdmO09-like virus only for the northern hemisphere,
though for 2020 A/human/Brisbane/02/2018 (H1N1)pdmO9 has been
recommended for both hemispheres (World Health Organization,
2015a, 2015b, 2016a, 2016b, 2017a, 2017b, 2018a, 2018b, 2019a,
2019b). In addition, Sanofi Pasteur also launched their first quad-
rivalent influenza vaccine (FluQuadri) in 2018 in India, which has been
shown to provide large-scale protection against IAV to individuals
above 3 years. It comprises of A/human/Michigan/45/2015 (H1IN1)
pdm09, A/Switzerland/8060/2017 (H3N2), B/Colorado/06/2017 (B/
Victoria/2/87 lineage) and B/Phuket/3073/2013 (B/Yamagata/16/88
lineage)-like virus strains. Inspite of availability of both live attenuated
and recombinant vaccines in India, it has not been included in the
national immunization program. The Ministry of Health and Family
welfare (MOHF&W) has recommended Influenza vaccine for elderly
(> 65 years), children (0.5-8 years), pregnant women and health care
workers (Kant and Guleria, 2018; Dang and Sharma, 2020). In addition,
Indian Academy of Paediatrics has also recommended Influenza vaccine
for all infants in 2018-19. But overall, the Influenza vaccination cov-
erage in the low and middle income countries of Africa and Asia is very
low (= 1%) (Hirve, 2015; Palache et al., 2017).

In India during 2009-2017, the yearly case fatality ratio (CFR) es-
timates of A/HIN1pdmO09 (3.6-7.02%) surpasses the magnitudes re-
ported from several other countries, worldwide underscoring the dis-
ease severity among the population (Nishiura, 2010). Small scale IAV
epidemiological data is available from few regions in India (Agrawal
et al., 2010; Agrawal et al., 2009; Sarkar et al., 2011; Mukherjee et al.,
2016; Mukherjee et al., 2012; Mukherjee et al., 2010; Pandey et al.,
2018; Jagadesh et al., 2019; Jones et al., 2019). This study was con-
ducted to assess the proportion of Influenza A/HIN1pdm09 among
patients requiring hospitalization due to severe acute respiratory illness
(SARI), affected age group, antiviral resistance and phylodynamics of
circulating strains. Continuous monitoring of the circulating IAV
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subtypes and emergence of novel reassortant strains are the keys to
effective control set of future epidemics. The relevant dataset generated
by comparison of the antigenic epitopes of the circulating A/
H1N1pdmO9 strains with the recommended vaccine strains may help to
estimate the effectiveness of vaccine in the region.

2. Materials and method
2.1. Clinical sample collection

The Regional Virus Research & Diagnostic Laboratory (VRDL) in
Indian Council of Medical research- National Institute of Cholera and
Enteric Diseases (ICMR-NICED) is a Government designated referral
laboratory for providing laboratory diagnosis for Influenza A/
H1N1pdmO9 in eastern zone. Nasopharyngeal and/or throat swab
samples (n = 4106) from patients hospitalized with severe acute re-
spiratory illness (SARI) in eastern India were referred for diagnosis
during April 2017 through March 2019. The test reports were provided
for initiating treatment and quarantine measures.

2.2. Identification of Influenza A/H1NI1pdm09-like viruses

Extraction of viral RNAs from the clinical isolates was performed
using the QIAamp® viral RNA mini kit (Qiagen, Germany). The RNAs
were tested for A/HIN1pdmO09 by Quantitative real-time reverse-tran-
scription polymerase chain reaction (QRT-PCR) (StepOnePlus Real-
Time PCR System) using U.S. Centres for Disease Control and
Prevention (CDC) primer-probes and following their protocol (WHO,
2009).

2.3. Amplification of HA and NA genes and DNA sequencing

All the positive samples (n = 677) were cultured in Madin-Darby
Canine Kidney (MDCK) cell-line with Minimum Essential Medium
(MEM, Gibco, by Life Technologies), among which nearly 20% culture-
positives (n = 135) were chosen for amplification of HA and NA genes
by RT-PCR (GeneAmp® PCR System 9700) using Superscript III RT-PCR
system (Invitrogen Corporation, CA, USA) and gene specific primer sets
(Supplementary Table S1). Each of the segments were amplified in 3
(for HA gene) or 2 (for NA gene) fragments of 500-700 bp each with
200 bp overlap to obtain the complete sequence. The amplified pro-
ducts were run on 1.5% agarose gel and visualized in a gel doc.
Purification of the amplicons were done using QIAquick PCR purifica-
tion kit (Qiagen GmbH, Hilden, Germany) prior to processing for DNA
sequencing in an ABI Prism 3730 Genetic Analyzer using ABI Prism
BigDye Terminator Cycle Ready Reaction Kit v3.1 (Applied Biosystems,
Foster City, California, USA). The nucleotide sequences were analyzed
through BLAST (Basic Local Alignment Search Tool) in National Centre
for Biotechnology Information (NCBI, National Institutes of Health,
Bethesda, MD) server on GenBank database release 143.0 (Schaffer,
2001). The sequences obtained were submitted to NCBI GenBank under
accession numbers MN508837 to MN508844, MN508971 to
MN508995, MN508849 to MN508863, MN508846 and MN508847.

2.4. Phylogenetic analyses

The nucleotide sequences of the HA and NA genes of 25 re-
presentative samples were converted to amino acids (aa) sequences
using TRANSEQ (Transeq Nucleotide to Protein Sequence Conversion
Tool, EMBL-EBI, Cambridgeshire, UK) and the multiple aa sequences
were aligned through MUSCLE tool. All the phylogenetic trees were
constructed on the basis of aa sequences using MEGA (Molecular
Evolutionary Genetics Analysis) program, version X, using maximum-
likelihood statistical method with JTT+G+F (JTT = Jones-Taylor-
Thornton, G = Gamma distribution, F =Frequency) model and at 1000
Bootstrap replicates (Kumar et al., 2018). The best fit model for each
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HA and NA protein was chosen by the model testing tool of MEGA X
software. Sequences of the HIN1 strains circulating worldwide and the
vaccine strains obtained from NCBI GenBank and Global Initiative on
Sharing Avian Influenza Database (GISAID) were used to construct the
phylogenetic dendograms so that the clustering pattern and lineage
distribution of the representative strains could be deciphered.

2.5. Statistical analysis

Statistical parameters (Chi-square and p-values) were obtained
through Epi Info software. P-values < .05 were considered statistically
significant.

3. Results
3.1. Epidemiology of A/HINI1pdmO9 strains

Among the 4106 nasopharyngeal and/or throat swab samples,
16.5% (n = 677/4106) were found to be positive for A/HIN1pdmO9.
The positivity rates in age groups < 5, 5-20 and 40-60 years was ob-
served almost similar (19.1%, 18.9% and 19.1%, respectively) but the
higher age group (> 60 years) had significantly lower positivity rate
i.e. 12.7% (Chi-square value = 24.35, p-value < .0001) (Fig. 1). As per
referring hospital records, the vaccine coverage among the patients
admitted with SARI was < 1%. Proportion of hospitalizations attributed
to A/H1N1pdmO9 infection were relatively higher during the summer
and monsoon months (April-July and June-October during 2017 and
2018, respectively), though no distinct pattern of seasonality was evi-
dent (Fig. 2). 15.4% (n = 347/2260) of the males and 17.9% (n = 330/
1846) of the females were found positive for A/HIN1pdmO09 virus.

3.2. Phylogenetic analyses of eastern Indian A/HI1N1pdmO09 strains

Phylogenetic dendrogram based on the aa sequences of the HA and
NA gene of circulating A/HIN1pdmO09 strains were analyzed with re-
spect to the other circulating IAV HIN1 and H3N2 (outgroup) strains.
The representative eastern Indian A/HIN1pdmO9 strains which were
included in the dendrogram were chosen on the basis of aa sequence
homology among themselves. One representative strain from each
subset of similar strains (with greater than 98% DNA sequence
homology) was selected.

3.2.1. HA gene

Analysis of the dendrogram revealed that the representative A/
H1N1pdmO9 strains (n = 25) from eastern India formed a separate
cluster among themselves within lineage-6b.1 (98.4-99.4% DNA
homology). These strains were close to the strains from USA (California,
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Fig. 1. Age-wise distribution of Influenza A/HI1N1pdmO09 positivity in eastern
India during April’ 2017- March’ 2019.
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Wisconsin, Arizona, Washington- 98.1%); Africa (Nigeria, Ghana-
98.7%) and previously reported Indian strains (A/human/India/1706/
2017, A/human/India/3196,/2018; 98.6%) of lineage-6b.1. Previously
reported A/H1N1pdmO9 strains from the 2015 outbreak from the same
region [A/human/India/Kol-3846,/3959/3828/2015(H1N1)] clustered
at a distance belonging to a different sub-lineage 6b.2 within the same
lineage (94.8-95.8% DNA sequence homology). The strain A/Human/
California/07/2009(H1N1) which was implemented both in NH and SH
as the vaccine strain during 2010-16, was seen to cluster within
lineage-1, far away from the representative strains of the current study
(96.1-96.9% nucleotide identity). A/Human/Michigan/45/
2015(H1N1) and A/Human/Brisbane/02/2018(H1N1) strains later in-
corporated in IAV vaccine (in SH and NH respectively for the 2019-20
flu season) clustered along with our representative strains in lineage-
6b.1, revealing > 98% DNA homology. The IAV seasonal HIN1 strains
formed a separate clade and clustered at a maximum distance from the
representative A/H1IN1pdmO9 strains of this study in the phylogenetic
dendrogram (Fig. 3).

3.2.2. NA gene

The phylogenetic analyses revealed that the eastern Indian strains
formed a distinct cluster among themselves (99.6% DNA homology)
within lineage-6b, with strains from Africa (Nigeria, Ghana- 99%), USA
(California, Arizona, and Texas- 97.4%), Asia (India, Nepal, Pakistan,
Sri Lanka, Indonesia- 98.5%). A/H1IN1pdmO9 strains from the 2015
outbreak in eastern Indian [A/human/India/Kol-3846,/3959/3828/
2015(H1N1)] clustered at a distance from the current strains within the
same lineage 6b (97.7-98.4% DNA homology). The vaccine strain [A/
Human/California/07/2009(H1N1)] of 2010-16, recommended both
for NH and SH, clustered far away in lineage-I (96.8-97.5% homology).
A/Human/Michigan/45/2015(H1IN1) (98.4-99.2% homology) clus-
tered at a distance within the same lineage, while A/Human/Brisbane/
02/2018(HIN1) (99.2-99.8% identity) clustered with the re-
presentative eastern Indian strains in the dendrogram. The seasonal IAV
HI1N1 strains formed a separate clade and clustered far away from the
representative A/H1N1pdmO9 strains (Fig. 4).

3.3. Analyses of the amino acid sequence variation among the antigenic
epitopes of HA and NA proteins

Antigenic epitopes of the HA and NA protein of the representative
eastern Indian A/H1N1pdmO9 strains were compared to that of the IAV
HIN1 vaccine strains [A/Human/California/07/2009(HIN1), A/
Human/Michigan/45/2015(H1N1) and A/Human/Brisbane/02/
2018(HIN1)], to identify any variability which might exist among
them.

3.3.1. HA protein

49 aa residues in the highly conserved antigenic epitopes of HA
protein are responsible for antibody recognition (Cb, Ca2, Sa, Cal and
Sb domains) (Caton et al., 1982; Liu et al., 2018). The representative
eastern Indian strains clustered into one broad group (group A), except
for 3 strains [A/human/India/Kol-7346,/2018(H1N1), A/human/India/
Kol-7339/2018(H1N1) and A/human/India/Kol-6247/2017(H1N1)].
These 3 strains were distinctly different at same aa positions. For group
A strains, 6 mismatches existed with A/Human/California/07/
2009(H1N1) [1, 0, 3, 1, 1 in domain Cb, Ca2, Sa, Cal and Sb, respec-
tively]. With respect to A/Human/Michigan/45/2015(H1N1), 3 mis-
matches were seen [1, 0, 1, 1, O in domain Cb, Ca2, Sa, Cal and Sb,
respectively], while only 1 aa change was observed with A/Human/
Brisbane/02/2018(H1N1) [0, 0, 1, 0, 0 in domain Cb, Ca2, Sa, Cal and
Sb, respectively] (Table 1).

Other than the antigenic epitopes, change in any of the highly
conserved residues (Y108, W167, 197H, 209Y) which form the base of
the receptor binding pocket was not observed in any of the re-
presentative strains of this study (Mir et al., 2012). Substitution 1233T
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Fig. 2. Seasonal distribution of Influenza A/H1N1pdmO9 positivity in eastern India during April’ 2017- March’2019.

at the receptor binding site was a common feature in all the isolates of
the study. S202T and T214A aa changes in the 190-helix region were
observed while all the aa of the 130-loop and 220-loop of the receptor
binding site in all the current isolates were found to be highly conserved
(Fukuzawa et al., 2011). Some additional substitutions were also ob-
served in all the isolates (as shown in Supplementary Table S2).

3.3.2. NA protein

The changes in the aa residues encircling the antigenic sites (83-143,
156-190, 252-303, 330, 332, 340-345, 368, 370, 387-395, 400, 431-435
and 448-468) of the representative strains were compared to the Influenza
A HIN1 vaccine strains [A/Human/California/07/2009(H1N1), A/Human/
Michigan/45/2015(HIN1) and A/Human/Brisbane/02/2018(H1N1)]
along with previously reported strains from eastern India (Maurer-Stroh
et al.,, 2010; Graham et al., 2011). Majority of the representative eastern
Indian strains clustered into three groups viz. group A, B and C; except for 9
strains [A/human/India/Kol-5546,/2017(H1N1), A/human/India/Kol-625/
2017(HIN1), A/human/India/Kol-5733/2017(HIN1), A/human/India/
Kol-5943/2017(H1N1), A/human/India/Kol-6247/2017(H1IN1), A/
human/India/Kol-7341/2017(H1N1), A/human/India/Kol-7346,/2017
(HIN1), A/human/India/Kol-731/2017(H1N1) and A/human/India/Kol-
7367/2017(H1N1)] which did not cluster under any of the 3 groups due to
unique aa changes. The group A strains had 4, 1 and 0 mismatches with the
vaccine strains A/Human/California/07/2009(HI1N1), A/Human/Mi-
chigan/45/2015(H1N1) and A/Human/Brisbane/02/2018(H1N1), respec-
tively. The group B strains had 5, 2 and 1 aa variations with A/Human/
California/07/2009(H1N1), A/Human/Michigan/45/2015(HIN1) and A/
Human/Brisbane/02/2018(H1N1), respectively; while the strains of group
C revealed 5, 3 and 1 changes with A/Human/California/07/2009(H1N1),
A/Human/Michigan/45/2015(H1N1) and A/Human/Brisbane/02/
2018(H1N1), respectively (Table 2).

The Tamiflu (Oseltamivir) resistant mutation H275Y was not ob-
served in any of the isolates of the study. All the catalytic sites (118R,
119E, 151D, 152R, 179W, 223I, 225R, 277E, 368R and 402Y) and the
framework residues supporting the catalytic sites (156R, 180S, 228E,
2478, 278E and 295N) of NA protein were found to be conserved in the
isolates of this study (data not shown). Some additional mutations were
observed in the non-antigenic domains in the study isolates (shown in
Supplementary Table S3).

4. Discussion
The 2015 A/H1N1pdmO09 epidemic was far more widespread as

compared to the 2009 pandemic, affecting 22 Indian states with nearly
10% increase in the infected cases (Cousins, 2015; Murhekar and

Mehendale, 2016). The period between the two peaks had low level of
viral activity among the Indian population (2011-14). Positivity rate in
eastern India during 2017-19 was low (16.5%) as compared to the
2015 outbreak in eastern India (23.3%) and 2017-18 outbreak in An-
dhra Pradesh (27.68%) (Mukherjee et al., 2016; Mudhigeti et al., 2018).

Upsurge of Influenza A activity has been frequently associated with
lowering of ambient temperature, but bi-modal seasonality patterns
have been reported from Vietnam and England in case of both seasonal
as well as pandemic strains (a summer peak and the other one during
the winter months) (Lofgren et al., 2007; Elliot et al., 2009; Nguyen
et al., 2015). A report from China also revealed two peaks- a seasonal
influenza peak in July and a pandemic A/HIN1pdmO9 peak in No-
vember (Lin et al., 2013). India, with its wide range of climatic con-
ditions, reveals year-round influenza activity (Chadha et al., 2015).
Two resurgent seasonal waves of infection have been observed- a
monsoon peak in the tropical regions whereas a winter peak among the
temperate northern parts of the country (Koul et al., 2013; Chadha
et al., 2015; Mudhigeti et al., 2018; Jagadesh et al., 2019). The present
study revealed no fixed seasonality pattern of A/HIN1pdmO09, while the
increase in viral activity during the summer and monsoon months in
this tropical setting was in concordance with the previous reports
(Agrawal et al., 2009; Mukherjee et al., 2010; Chadha et al., 2015;
Mudhigeti et al., 2018). The inconsistent seasonality pattern revealed in
this study might be due to the inclusion of only referred samples from
hospitals rather than being a systemic surveillance.

In a report from northern Manitoba and Italy, 0-12 months' infants
were most vulnerable to infection, while in Mexico, people around
20-59 years were mostly affected followed by 5-19 years during the
2009 pandemic (Charu et al., 2011; Pollock et al., 2012; Costantino
et al., 2019). Earlier studies from India as well as USA, revealed that
children below 5 years were more vulnerable to A/HIN1pdmO09 in-
fection; while people > 60 years were less susceptible (Siddharth et al.,
2012; Mukherjee et al., 2016; Mudhigeti et al., 2018). In the current
study the most vulnerable age group belonged to the younger and
middle-aged persons (< 5, 5-20 and 40-60 years) which is consistent
with the previous reports from various parts of India (Mukherjee et al.,
2016, Mukherjee et al., 2010; Malhotra et al., 2016; Kulkarni et al.,
2019; http://www.acvip.org/iap-immunization.php; National
Immunization Schedule, 2020). Low influenza vaccination coverage
(1 = 0.5%) as per records from the referring hospitals could be due to
both lack of awareness in the community as well as high cost of vaccine.
This is consistent with the report on overall low coverage (< 1%) of
vaccine in Africa and Asia (Hirve, 2015). Of all the vaccine doses dis-
tributed in 201 countries in 2015, 95% of vaccine doses were consumed
by Americas, Europe and western pacific WHO regions and only 5%
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were available for Africa, South-east Asia, Africa and east Mediterra-
nean regions (Palache et al., 2017). Studies among health care profes-
sionals in India also highlighted low coverage (= 5%) inspite of their
awareness and affordability status. The key reasons for non-accept-
ability varied from skepticism regarding efficacy, fear of side effects,
lack of time and perception of not being at risk (Bali et al., 2013;
Gambhir et al., 2016; Kant and Guleria, 2018). There are contrasting
reports regarding gender specificity of the IAV infection (Shukla et al.,
2010; Dee and Jayathissa, 2010), However, consistent to the previous
observation from western and eastern parts of India, no gender specific
difference was observed in our study population (51.3% males and
48.7% females being infected) (Mukherjee et al., 2016; Mukherjee
et al., 2010; Arbat et al., 2017).

Since the emergence of A/HIN1pdmO09 in 2009, wide genetic di-
versity has been observed through the subsequent outbreaks (Nguyen
et al., 2015). The evolution of the HA genes due to antigenic drift might
have contributed to the successive epidemics of A/HIN1pdmO09
(Mukherjee et al., 2016). Though the current isolates had 95-96%
nucleotide identity with the 2015 outbreak strains of eastern India,
nevertheless, in case of HA dendrogram they grouped under two dif-
ferent sub-lineages (6b.1 and 6b.2). On the contrary, strains circulating
in central and south-western India during 2015-17 flu seasons clubbed
in lineage-6b.1 (Parida et al., 2016; Barde et al., 2017; Jagadesh et al.,
2019; Jones et al., 2019). In the context of NA gene, though the 2015
outbreak strains and the current isolates clustered under the same
lineage (6b) with 97-98% DNA homology, but they were distant apart
from each other. These observations denote that over time a marked
accumulation of genetic diversity within the HA and NA proteins might
lead to antigenic drift causing evolution of A/H1N1pdmO9 strains in a
particular endemic setting.

HA being the chief surface antigen remains to be the most important
component of vaccines (Ekiert et al., 2009; Treanor, 2015; Petrova and
Russell, 2018). Among its highly conserved antigenic sites (namely
Cal/2, Cb, Sa and Sb), several mutations which were observed in this
study isolates are responsible for antibody recognition and might lead
to rapid molecular evolution of the circulating strains. The HA amino
acids (180, 202 and 239) which were positively selected in the A/
H1N1pdmO9 Indian lineage may have increased the fitness of the
viruses, eventually becoming fixed in host population (Luo et al., 2018;
Adam et al., 2019). The site (position 239) was different from the
pattern seen in other South Asian nations. The K180Q mutation
modifies the antigenicity of the viruses; whereas the S202T aa change
which enhances receptor binding avidity remains conserved (Matos-
Patrén et al., 2015; Yasuhara et al., 2017). However with the available
data, it cannot be concluded whether these positively selected sites
were one of the drivers of consecutive A/HIN1pdm09 epidemics, be-
cause none of these were endemic to India.

The T214A change in the HA protein which decreases the receptor
binding avidity was found during 2009 pandemic, 2015 outbreak and
continued to persist thereafter, as evident in our isolates (de Vries et al.,
2013; Jones et al., 2019). Substitutions like S101N, S179N and 1233T
were observed in all the isolates which are usual characteristics of
lineage-6b.1 (Korsun et al., 2017). The two unique mutations in 2017
A/H1IN1pdmO9 Indian strains (S181T: responsible for decoupling a f3-
sheet in HA protein and I312V: disrupting a small hydrophobic knot
close to the N293 glycosylation site) were also evident in these isolates
(Jones et al., 2019). The 1233T aa change reduces the pH stability of HA
protein rearranging the glycan binding loop constituted by aa 230-242
(Jones et al., 2019). The phosphorylation site at T358 was highly
conserved while mutations like S101N, D114N, K180Q and A13T in the
signal peptide reported back in 2015 from eastern India were conserved
during 2017-19 (Hutchinson et al., 2012; Mukherjee et al., 2016).
Several potential glycosylation sites reported from strains of Middle
East and North Africa (aa positions 28, 40, 104, 304, 498 and 557) were
also conserved in these strains (Al Khatib et al., 2019). The substitution
S179N (at the head of the HA protein) generating a novel glycosylation

222 252 253 254

221

Cal domain
220

206 207 208 209 210 211 212

205

Sb domain
204

main

Cb
do-
92
S
S
S
S
S
S
S
S

7346/2018(H1N1)

A/human/India/Kol-
7339/2018(H1N1)

Amino acid positions
A/human/Michigan/45/
2015(HIN1)
A/human/Brisbane/02/
2018(H1IN1)
A/human/KOL/2419/
2009
A/human/India/Kol-
3959/2015
Group A
A/human/India/Kol-
A/human/India/Kol-
6247/2017(H1N1)

Domains

Group A represents strains with accession number MN508837, MN508838, MN508839, MN508840, MN508841, MN508842, MN508843, MN508844, MN508849, MN508850, MN508851, MN508853, MN508854,

MN508855, MN508856, MN508857, MN508858, MN508859, MN508860, MN508861, MN508862, MN508863.

Table 1 (continued)
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Table 2
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Amino acid substitutions in the antigenic epitopes in the NA gene among the N1 subtypes of Influenza A(HIN1)pdmO9 isolates in comparison to vaccine strains A/
human/California/07/2009(H1N1), A/human/Michigan/45/2015(H1N1), A/human/Brisbane/02/2018(HIN1) and previously reported eastern Indian strains.
Single amino acid change has been underlined while more than one change has been represented in boldface.

Amino acid positions 93 117 143 188 264 267

270

292 294 301 389 394
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N
ul
N
N
)]

5 458 460

A/human/California/07/2009(H1N1) P
A/human/Michigan/45/2015(HIN1) P
A/human/Brisbane/02/2018(H1N1) P
A/human/India/Kol-3959/2015 P
Group A P
Group B P
Group C P
A/human/India/Kol-5546,/2017(HIN1) P
A/human/India/Kol-625/2017(H1N1) P
A/human/India/Kol-5733/2017(HIN1) P
A/human/India/Kol-5943/2017(HIN1) P
A/human/India/Kol-6247/2017(H1N1) H
A/human/India/Kol-7341/2017(H1IN1) P
A/human/India/Kol-7346,/2017(HIN1) P
A/human/India/Kol-731/2017(H1N1) P
A/human/India/Kol-7367/2017(H1N1) P
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Group A represents strains with accession numbers MN508971, MN508972, MN508974, MN508977, MN508979, MN508981, MN508982, MN508983, MN508984,

MN508985, MN508989, MN508990, MN508991, MN508993.
Group B represents strains with accession numbers MN508975, MN508976.
Group C represents strains with accession numbers MN508994, MN508995.

site since 2015 was prominent among the strains analyzed in this study
(Mukherjee et al., 2016; Al Khatib et al., 2019).

The aa responsible for enzymatic activity of NA were found to be
conserved among the circulating strains (aa positions 19, 232, 248 and
436) (Zanin et al., 2017). Few changes like V13I, 134V, N200S, V2411,
N248D, 1314M, N369K and N386K which prevailed in eastern India
during the 2015 outbreak, persisted during this period too (Mukherjee
et al., 2016). Loss of the glycosylation site at aa position 386 was re-
ported in all the current isolates. Amino acids 1223, H275, Q313, 1427
responsible for binding to neuraminidase inhibitors were consistent and
mutation N295S which caused multidrug resistance was not detected in
the circulating strains (McKimm-Breschkin, 2013). The neuraminidase
inhibitor resistant marker (H275Y) which was observed in the seasonal
HIN1 strains during 2009, was absent in all the present pandemic
strains (Agrawal et al., 2010), suggesting that Tamiflu can be used as an
antiviral therapy for high risk patients in this region. Mutation K432E
which promotes salt bridge formation in the vicinity of the active site
with R371 residue was found in maximum strains (96%). This would
result in loss of a prime electrostatic pharmacophore feature for the
neuraminidase inhibitors like Zanamivir and Oseltamivir, impairing the
effectiveness of these inhibitors (Jones et al., 2019).

Evolution of A/H1N1pdmO09 viruses continuously pose a threat to
the effectiveness of vaccines in a particular epidemiological setting.
Phylogenetic analyses and comparison of the antigenic epitopes be-
tween the current circulating eastern Indian A/HIN1pdmO9 strains and
the WHO recommended vaccine strains highlight the distinct changes
among them. DNA homology of the current isolates (circulating during
2017-19) was higher with the vaccine strain A/human/Michigan/45/
2015 (98.8%) and A/human/Brisbane/02/2018 (99%) than with A/
human/California/07/2009 (96.9%). Recurrent outbreaks of A/
H1N1pdmO09, high CFR rates and low awareness among population
regarding benefits of vaccine in India highlight the urgent need to
formulate a national policy for influenza vaccination specially for the
high risk persons.

The major limitation of this study is that it is not an active sur-
veillance (community or hospital based), thus the disease burden of
Influenza A/HIN1 in the population cannot be estimated as the de-
nominator remains unknown. The study only focuses on estimating
proportion of Influenza A/HIN1pdm09 among the severe acute re-
spiratory hospitalized cases and phylogenetic analysis of circulating
strains in a small region of India. Moreover, as the virus lab receives

samples from hospitals for diagnostics, information regarding vacci-
nation history, co-morbidity and outcome is lacking.

5. Conclusion

Large scale surveillance study of the IAV pandemic A/H1N1pdm09
strains across India is warranted to deduce the burden of disease,
mortality rates, economic burden on health care system and efficacy of
current vaccines in this endemic region. Such information will pave the
way to advocate for formulating a national policy to vaccinate the high
risk groups with seasonal flu vaccines. In addition, it may raise
awareness about Influenza and dispel misapprehensions about flu
vaccines among the community and healthcare workers.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2020.104270.
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A series of scaffolds namely aurones, 3-indolinones, 4-quinolones and cinnamic acid-piperazine hybrids, was
designed, synthesized and investigated in vitro against influenza A/HIN1pdmO9 virus. Designed molecules
adopted different binding mode i.e., in 430-cavity of neuraminidase, unlike sialic acid and oseltamivir in mo-
lecular docking studies. All molecules reduced the viral titer and exhibited non-cytotoxicity along with cryo-
protective property towards MDCK cells. Molecules (Z)-2-(3'-Chloro-benzylidene)-1,2-dihydro-indol-3-one (2f),
(Z)-2-(4'-Chloro-benzylidene)-1,2-dihydro-indol-3-one (2g) and 2-(2'-Methoxy-phenyl)-1H-quinolin-4-one (3a)
were the most interesting molecules identified in this research, endowed with robust potencies showing low-
nanomolar ECso values of 4.0 nM, 6.7 nM and 4.9 nM, respectively, compared to reference competitive and
non-competitive inhibitors: oseltamivir (ECso = 12.7 nM) and quercetin (ECso = 0.56 uM), respectively. Besides,
2f, 2g and 3a exhibited good neuraminidase inhibitory activity in sub-micromolar range (ICsp = 0.52 pM, 3.5
uM, 1.3 pM respectively). Moreover, these molecules were determined as non-competitive inhibitors similar to
reference non-competitive inhibitor quercetin unlike reference competitive inhibitor oseltamivir in kinetics

studies.

1. Introduction

Influenza A/H1N1pdmO09, despite being a mild pandemic, remains a
critical challenge to public health in terms of mortality and morbidity. In
addition, one cannot rule out further inter genotypic reassortment
events with currently circulating high pathogenic avian influenza strains
such as H5N1 and HON2 [1-3]. The influenza life cycle depends on an
accurate balance between the functionality of two viral surface glyco-
proteins viz. Hemagglutinin (HA) and Neuraminidase (NA). HA being a
fusion protein, facilitates the fusion of endocytosed virus particle with
the host cell endosomal membrane after binding to the surface receptors
containing sialic acid (SA). This brings about the viral internalization.
NA being an exosialidase, cleaves the a-ketosidic linkage between SA

and adjacent sugar residue [4,5]. The virulence and replication of a
pandemic HIN1 strain has been reported to be greater than that for a
seasonal HIN1 strain, and this difference increases the severity of the
disease [6,7].

The anti-influenza drugs currently used as treatment, such as osel-
tamivir (OMV) and zanamivir (ZMV), have the structural similarity to
SA and consequently similar binding pattern to the NA enzyme. But,
mutations in NA gene limits their use as competitive inhibitors due to
resistance [8,9]. This reinforces the requirement of an alternate
approach in design and synthesis of new molecules to be developed as
potential anti-influenza agents. This could be achieved by discovery of
newer scaffolds that are structurally dissimilar to OMV/ZMV and have
different binding pattern in the enzyme cavity. The resistance problem

Abbreviations: CAPi, Cinnamic acid-piperazine; CC, Cell control; CV, Crystal violet; CPE, Cytopathic effect; DCM, Dichloromethane; DMF, Dimethyl formamide;
DMSO, Dimethylsulfoxide; FBS, Foetal Bovine Serum; HA, Hemagglutinin; HA titer, Hemagglutination titer; HAI, Hemagglutination inhibition; LR, Laboratory
Reagent; MDCK, Madin-Darby Canine Kidney cells; MEM, Minimum Essential Medium; NA, Neuraminidase; OMVC, Oseltamivir Carboxylate; OMVP, Oseltamivir
Phosphate; PDB, Protein Data Bank; QR, Quercetin; SA, Sialic Acid; VC, VirusControl.
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towards competitive inhibitors of NA i.e., OMV and ZMV, due to mu-
tations could be avoided by developing non-competitive inhibitors
which inhibit the enzyme by binding allosterically to the target enzyme.
There are two cavities present adjacent to SA/OMV binding site in NA
viz., 150-cavity and 430-cavity. These two cavities could be considered
as the potential alternate binding sites in NA.

There are reported molecules that bind to 150-cavity and 430-cavity
demonstrating potent inhibition of various NA subtypes [10,11]. In fact,
in recent years, discovery of various molecules, by our lab team, probing
150-cavity and 430-cavity led us to a series of chalcones showing non-
competitive inhibition mechanism towards HIN1-NA and H5N1-NA
along with certain other scaffolds, showing anti-influenza activities
against HIN1-NA [12-15]. Among several reported antiviral phyto-
constituents and our lab team’s findings, we have selected chalcones
that is characterized by «, p-unsaturated carbonyl functional groups.
Nonetheless, chalcones show weaker anti-influenza activity along with
cytotoxicity [16-19]. This scaffold can be modified to various cyclized
derivatives such as aurones, flavones, 3-indolinones and 4-quinolones,
for cyclized rigidification has been proven to improve the activity of a
lead molecule [20]. Chalcones, the chosen parent scaffold, can corre-
spondingly be compared with other a, p-unsaturated carbonyl functional
group containing phytoconstituent showing antiviral activity such as
cinnamic acid derivatives [21-23]. Further, piperazine moiety, having
wide variety of activity [24,25], is a commonly used scaffold in various
drugs, and thus had been selected and linked with cinnamic acid scaffold
by molecular hybridization approach [26]. Therefore, considering the
above facts and modifications, we report here the design, synthesis and
evaluation of a series of four scaffolds, namely aurones, 3-indolinones, 4-
quinolones and cinnamic acid-piperazine (CAPi) hybrids against influ-
enza A/H1N1pdmO9 virus. The above-mentioned selected scaffolds are
structurally dissimilar to the transition state of sialo-glycoconjugate
being hydrolysed by viral NA, the substrate for NA. They were
designed with introducing substituents with varied functional groups
attributing electronic, steric and volume effect to the molecules.

Cytopathic effect (CPE) inhibition and hemagglutination inhibition
(HAI) assays were executed on the molecules that were selected based
on docking results and cytotoxicity, to screen them for further extensive
evaluation studies on the basis of % CPE inhibition and % HA titer
reduction of virus with candidate molecules. All the screened molecules
were subjected to cell-based assay to determine their ECs( values fol-
lowed by enzyme-based assay to determine their ICso values. Addi-
tionally, mechanism of inhibition of the molecules was determined by
enzyme kinetics studies which showed non-competitive inhibition when
compared with competitive inhibitor viz. OMV. This strengthens our
idea of developing potential anti-influenza agents and propose better
therapeutic and prophylactic upshots than what current anti-influenza
drugs can offer us.

Also, there has been studies conducted to suggest the corelation
between influenza and SARS-CoV-2 [27]. It was demonstrated that
influenza caused increase in the SARS-CoV-2 transmission along with
enabling the spread of COVID-19 in Europe during early 2020. More
generally, taking into account the resistance issue of influenza, it is
imperative to develop agents with alternate mechanism of action that
this current work is all about that can combat this very contributing
factor of influenza to the spread of COVID-19.

2. Results and discussion

2.1. Computational studies demonstrating alternate binding mode in NA
enzyme

The active site of N1-NA was classified into three cavities for suit-
ability: (i) the SA catalytic cavity (R118, E119, N146, D151, R152,
Y178, 1222, E227, E276, E277, R292, N294, N347, R371, and Y406); (ii)
the 150-cavity (N146-R152) and (iii) the 430-cavity (N325, P326, G348,
$369, S370, W403, 1427, G429, R430-T439) [13,28]. Interestingly, the
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crystal structure of NA from the pandemic 2009 influenza A/
H1N1pdmO9 strain indicated that it lacks the 150-loop in its active site
(akin to closed conformation in contrast to the open conformation
observed in seasonal HIN1-NA influenza attributed to the presence of
150-loop) [29-33]. The initial docking validation studies could
acceptably replicate (RMSD 0.32 A) the binding pose of the co-
crystallized ligand viz. oseltamivir carboxylate (OMVC) in the influ-
enza A/HIN1pdm09-NA X-ray crystal structure (PDB ID: 3TI6). The
cleavage of a-ketosidic linkages between SA and adjacent sugar residue
occurs during NA catalyses [8,34]. Thus, to understand the interaction
pattern and critical residues involved in SA binding, we docked sialic
acid in SA catalytic cavity of NA (Fig. 1a). It was observed that the
carbonyl of N-acetamido group formed H-bond with R152 while the
deoxy formed H-bond with E277. The terminal hydroxyl groups of
glycerol sidechain formed H-bond with R118, E119, and Y406. The
carboxylate group formed H-bond with the sidechain of R292 along with
a bi-dentate interaction with R371. The hydroxyl group formed H-bond
with R151.

To ensure about the unbiased search of binding site of our designed
molecules, we explored all the putative binding pockets for docking in
NA enzyme. This strategy is often applied when prior knowledge of the
binding mode of the molecule is unknown [35,36]. Initially, we docked
quercetin, active natural non-competitive anti-influenza agent [37] in
NA to gain insight into its non-competitive inhibition behaviour. As
anticipated from its non-competitive nature, quercetin did not bind to
SA cavity, rather its binding was confined to 430-cavity within the active
site than other putative binding pockets. Moreover, to ensure whether
quercetin occupy distinctly different region than SA binding site or not,
we have docked it into the active site of NA already complexed with
OMVC/SA. It was observed that it still bound the same way as observed
in absence of OMVC/SA. This confirmed that quercetin occupied a very
distinct site and did not overlap with the SA binding site that further
signified existence of an alternate binding region for quercetin within
the catalytic site discrete from available drugs and SA (Fig. 1b). The two
hydroxyl groups of flavone ring of quercetin formed H-bond with N347
and K432 along with n-alkyl interaction with R371 and P431. The hy-
droxyl of phenyl ring formed H-bond with 1427 and phenyl ring had
n-alkyl interaction with R371, 1427, P431 and K432.

Additionally, non-bonded interaction energies were calculated for
quercetin with the catalytic site residues. Fig. 2 demonstrates that
quercetin has favourable non-bonded interactions with the catalytic site
residues that included R118, 1149, R152, N294, N347, S370, R371,
W403, Y406, R430, P431, L432, T436, 1437 and W438. The previously
reported site-directed mutagenesis studies highlighted the importance of
N146, R152, W178, E276, E277, S370, R371, W403, Y406 in the cata-
lytic activity of NA [9,38], out of which quercetin showed non-bonded
interactions with R152, S370, R371, W403 and Y406. Moreover, it
was observed that R152 is involved in the binding of SA to active site of
NA (vide supra) in molecular docking studies. Therefore, it could be
presumed from the above outcomes that on account of H-bonding and
non-bonded interactions, quercetin cause hinderance in the catalytic
activity of NA thereby inhibiting it, nonetheless, with an alternate
binding mode in the NA enzyme.

The designed molecules were then docked in influenza A/
H1N1pdmO09-NA enzyme to have knowledge of how substituting
various functional groups at different positions and having the scaffold
changed affect their binding mode in NA enzyme. The introduction of
substituents may improve the pharmacokinetic and pharmacodynamic
properties of the molecule by virtue of imparting electronic and lipo-
philic characters [39].

The comprehensive analysis of molecular docking studies high-
lighted that the binding affinity of our designed molecules was confined
to the 430-cavity similar to quercetin, which was considered as the
standard for non-competitive inhibition, unlike SA and OMVC as shown
in Fig. 3. In the series of aurones, the benzofuranone ring of all molecules
occupied the hydrophobic cavity (W403, 1427, P431, K432). Molecules



K. Malbari et al.

Bioorganic Chemistry 114 (2021) 105139

Quercetin

Sialic Acid

Oseltamivir Carboxylate

Fig.1. Docked poses of (a) sialic acid (orange colour) in SA cavity and (b) oseltamivir carboxylate (green colour) in SA cavity and quercetin (yellow colour) in 430-
cavity of HIN1-NA enzyme. The SA cavity is represented in green colour and 430-cavity is represented in yellow colour in the surface model. The figure was prepared
using Discovery Studio visualizer tool. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig.2. Histogram of interaction energies (van der Waal i.e., vdW and Electrostatic) of quercetin with the catalytic site residues.

la-1c showed H-binding with K432. 1d showed H-bond interactions
with R371 and N347; while 1e had electrostatic interaction with W403
and salt bridge with D283. The docked conformations of 3-indolinone
molecules 2a-2e, 2g and 2h revealed that the 3-indolinone ring of
these molecules had hydrophobic interactions with 1427, P431 and K432
along with hydrogen bond and hydrophobic interactions with R371;
while the phenyl ring interacted hydrophobically with P326. However,
molecule 2f had reverse orientation in which the phenyl ring showed
hydrophobic interactions with 1427, P431 and K432 along with inter-
action of its m-chloro group with R371 and W403; while the 3-indoli-
none ring had hydrogen bond and hydrophobic interaction with R371,
which could be responsible for its higher activity. The molecules 3a, 3c-
3f, 3h and 3i were docked such that commonly the 4-quinolone ring of
these molecules had hydrophobic interactions with R371, 1427, P431
and K432 along with hydrogen bond and hydrophobic interaction with
R371; while phenyl ring showed interaction with N347. 3b and 3g were
docked in a different orientation than others having their phenyl ring
interacting hydrophobically with 1427, P431 and K432 and with R371 as
well showing hydrogen bond and hydrophobic interaction; while the 4-
quinolone ring showed hydrogen bond interactions with R118 and 1149.

The molecules 4a-4e were docked with their phenyl ring interacting
hydrophobically with 1427, P431 and K432 along with hydrogen bond
and hydrophobic interaction with R371. The piperazine ring of CAPi
hybrid molecules had hydrogen bond interactions with N347 and S369.
It is evident that additionally, all the designed molecules have either H-
bonding or hydrophobic interaction with backbone and sidechain of
R371. Detailed analysis of binding interactions of the molecules with NA
enzyme is depicted in Table 1.

The observations from computational studies recommended that the
molecules might bind tight to the NA enzyme attributed to their addi-
tional interactions, consequently leading to better anti-influenza
activity.

The pharmacological activity and the performance of a drug candi-
date can be predicted to some extent by determining their ADME
properties. Accurate prediction of in vivo pharmacological activity of a
potential drug molecule is the ultimate aim of in-silico ADME studies
[40]. Various descriptors were evaluated for ADME properties of
candidate molecules. None of the designed molecules violated Lipinski’s
rule of five indicating towards their drug-likeness. All the molecules’
molecular weight was in the range values of 130-725, donor HB
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Fig.3. Docked poses of designed molecules in 430-cavity (top) in surface model of HIN1-NA enzyme. 3D docking model and corresponding 2D schematic diagram of
docking model of representative (a) aurone, (b) 3-indolinone, (c) 4-quinolone and (d) cinnamic acid-piperazine hybrid.

(hydrogen bond) and acceptor HB were in the range of 0-6 and 2-20
respectively. Solvent accessible surface area (SASA) is an indication of
the partition coefficient and aqueous solubility which was found to be in
the range of 300-1000 for all the deigned molecules [41]. The
bioavailability of a molecule is considerably determined by QPlogPo/w
which was found to be favourable in the range of —2 to 6.5. The ioni-
zation potential parameter is indicative of distribution of molecule that
affects the molecule’s availability for further physical, chemical or
biological reactions. The solute ionization potential (eV) was found to be
in the range of 7.9-10.5 for all the molecules. It is indicated that the
designed molecules possess favourable pharmacokinetic properties
evident from the overall in-silico ADME results.

2.2. Chemistry

Based on the outcomes of computational studies of newly designed
four scaffolds; with respect to their interactions with the enzyme, their
binding poses and affinity; twenty-seven molecules corresponding to
four scaffolds were synthesized viz. five aurones (1a-1e), eight 3-indoli-
nones (2a-2h), nine 4-quinolones (3a-3i), and five CAPi hybrids (4a-
4e). The target molecules were synthesized as shown in Scheme 1 and
Scheme 2. The IR spectra demonstrated expected absorption bands for
the functional groups of the synthesized molecules. All the aurone
molecules showed cyclic C—O stretching near 1300 cm™'. The absorp-
tion band for NH stretching in 3-indolinone molecules was observed
near 3450-3100 cm ™!, while that for 4-quinolones was observed near
3232-3080 cm ™! and that for CAPi hybrids was observed near 3130
em ™. The IR band for carbonyl C=0 stretch in aurones and 3-indoli-
nones was around 1650 cm™!, while that in 4-quinolones was around
1715 em™ . Carbonyl G=O stretch for CAPi hybrids was observed near

1640-1645 cm ™. The exocyclic C=C in aurones and 3-indolinones was
characterized by a band near 1660-1667 cm ™!, whereas the endocyclic
C=C in 4-quinolones was near 1600-1620 cm'. The C=C stretch in
CAPi hybrids was around 1600-1615 cm .. 'H and '3C NMR spectra of
molecules represented predictable delta values for all aliphatic and ar-
omatic protons and carbons, respectively. In 'H NMR spectra of syn-
thesized molecules, the vinylic proton of aurones and 3-indolinones (H-
10) appeared in the range of § 6.90-7.11 and § 6.63-7.20, respectively
as singlet, while the pyridone ring proton (H-3) in 4-quinolones showed
chemical shift value in the range of § 6.02-7.28 as singlet. The downfield
appearance of vinylic proton (H-10) of 3-indolinones is the character-
istics of Z isomer. We interpret this to be due to the H-10 proton being
deshielded by the neighbouring carbonyl at C-3 position [42-45]. The
NH of 3-indolinones and 4-quinolones appeared downfield around &
10-12, while the piperazine NH appeared around & 1.5-1.6. The
chemical shift value of vinylic carbon (C-10) of aurones were in the
range of 5 108.38-113.76 [46] represented in 3¢ NMR which is the
characteristics of thermodynamically more stable Z isomer. Mass spectra
of representative synthesized molecules gave the predicted m/z peak
corresponding to their estimated molecular weight. The HPLC purity of
molecules was > 95%. Therefore, it was confirmed that the anticipated
structures of the synthesized molecules are correct and are pure (Spectra
in Supplementary data).

2.3. Anti-influenza evaluation

Oseltamivir phosphate (OMVP) was considered as standard for
cellular assays, viz. MTT, CPE, HAI and CV assays, as the esterase
enzyme present in cells convert it to its active metabolite i.e., oseltamivir
carboxylate (OMVC) [47,48], while oseltamivir carboxylate was



Table 1
Detailed analysis of binding interactions of docked molecules with amino acid residues of HIN1-NA.

Residues R118* E119* 1149 D151* R152* R224* R292* P326 N347 $369 $370 R371* W403 1427 R430 P431 K432 E433

Molecules 1la H - - - - - - - H - - H - - - - H, n-a -
1b - - - - - - - - H - - H - - - - H -
1c H - - - - - - - H - - H -1 - - - H -
1d - - - - - - - 7-a (2) H - - H (2), t-a - n-a - n-a (2) H, n-a (2) -
1le - - - - - - - - H - H n-a, T-T - - - H -
2a H (2) - - - - - - H (2), n-a H - H H, n-a (2) - n-a - n-a (2) n-a (2) -
2b - - - - - - - T-a - H - H, n-a, -6 - n-a - n-a (2) n-a (2) -
2c - - - - - - - T-a - - H H, n-a, -6 - n-a - n-a (2) n-m, n-a (2) -
2d - - - - - — — - - — - n-a, -6 — n-a - n-a (3) n-a (2) —
2e - - - - - - - n-a (2) - - H H, n-a, 1-6 (2) - n-a - n-a (2) n-a (2) -
2f - - - - - - - - - - - H, n-a (3), halogen n-a n-a (2) - n-a H, n-a -
2g - - - — - — — n-a (2) H — - H, n-a, 1-6 — n-a - n-a (2) H, n-a (2) —
2h - - - - - - - n-a - H H, n-a, -0 - n-a - n-a (2) n-a (2) -
3a H - T-a - - - - - H - - H, n-a - - H n-a (2) T-a -
3b H - - - - — — - - — H H, n-a — n-a (2) - n-a (3) H (2), n-a —
3c - - - - - - - - H - H H, n-a, 1-6 - m-a - 7-a (2) H, n-a (2) -
3d H - - H m-a H, n-a H - - H - - - - - -
3e - - - - - - - - -1 - H H, n-a, 1-6 (2) - n-a - n-a (3) H, n-a (2) -
3f - - n-a - - - - - - - - n-a n-a n-a (2) H n-a (2) n-a (2) -
3g H - n-a - - - - - - - - n-a, -6 n-a n-a - n-a (3) H, n-a -
3h - - - - - - H - H - H H (2), n-a, n-6 - n-a - n-a (2) H, n-a (2) -
3i - - - - - - - -6 H - - H, n-a, 1-0 - n-a (2) — n-a (2) n-a (2) -
4a - - - - - - - - - - H H, n-c - -6 - -0 -0 -
4b - - - - - - - - H (2) - - H, t-a - n-a H n-a m-a -
4c - - - - - - - - H(2) - - -6 - H, n-a - n-a T-a -
4d - - - H - - - - - - - H, n-a, -0 H H, 1-a - n-a n-a -
4e - - - - - - - - - H () - n-a n-a T-a - m-a m-a (2) Halogen

H: Hydrogen bond; n-x: pi- pi interaction (hydrophobic); n-a: pi-alkyl interaction (hydrophobic); n-c: pi-sigma interaction (hydrophobic); *Catalytic site residues interacting with SA. Figures in brackets indicate number of
bonds.
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2d: R2=H; R3=R4=R5=OCH3
2e: Ry=R,=Rs=H; Ry=Cl

2f: Ry=R,=Rs=H; Ry=Cl

2g: R;=R;=R¢=H; R,=Cl
2h: Ry=R,=R¢=H; Ry=OH

Substituted 2-Amino chalcone

Substituted 2-Hydroxy/Amino chalcone

4
!9
8

7

Substituted aurone

1a-1e

1a: R,=R;=R¢=H; R;=OCH;
1b: Ry=R;=R;=H; R,=OCHj
1¢: Ry=Ry=R¢=H; Ry=Cl
1d: R,=R;=R;=H; R,=Cl
1e: R,=R3=R¢=H; R,=NO,
AN
-—R
P

iv)

Substituted quinolone
3a-3i

3a: R3=R4=Rs=H; R;=OCHj3;
3b: Ry=R,=R;=H; R;=OCH;
3c: R,=R;=R;=H; R;=OCH;
3d: R,=H; R3=R,=Rs=OCHs
3e: R3=R4=Rg=H; R,=CI

3f: Ry=R,=Rs=H; R;=Cl

3g: Ry=R;=R;=H; R,=Cl
3h: R2=R4=R5=H§ R3=N02
3i: R,=Ry=Rs=H; R;=NO,

Scheme 1. Synthesis of aurone (la-1e) from 2-hydroxychalcone; 3-indolinone (2a-2h) and 4-quinolone (3a-3i) from 2-aminochalcone. Reagents and conditions
used: (i) 20% NaOH, absolute ethanol, 10 °C, 4-5 h; (ii) Hg(OAC),, pyridine, 110 °C, 1-2 h; (iii) acetic acid, 10% w/w Amberlyst-15, 80 °C, 2-5 h; (iv) DMSO, iodine

crystal, reflux, 30 min.

directly used as standard for enzymatic assays viz. NA inhibition assay
and enzyme kinetics studies. OMVP/OMVC and quercetin (QR, the re-
ported natural non-competitive inhibitor[37]) were used as standards
for representing the competitive and non-competitive inhibition,
respectively.

2.3.1. Cytotoxicity studies of all the synthesized molecules

Cytotoxicity studies determined the concentration of synthesized
molecules responsible for 50% reduction in cell viability (CCsg). The
results of MTT-Formazan assay for cytotoxicity study of twenty-seven
synthesized molecules indicated that they had no serious effect on
MDCK cells except for molecule 4d having CCsq of 40 uM (Table 2). The
anti-influenza activity of these non-cytotoxic molecules was further
evaluated for decrease in cytopathic effect (CPE) of influenza A/
H1N1pdmO9 strain in MDCK cells in presence of the molecules.

2.3.2. Cytopathic effect (CPE) inhibition of all the molecules
CPE inhibition assay of all twenty-seven synthesized molecules was

carried out as qualitative evaluation study to assess the degree of viral
inhibitory activity of the molecules after comparison with OMVP as
standard drug. Interestingly, CPEs in the form of loss of cell adhesion
that is the characteristics of influenza A/H1N1pdmO09 virus infection
were found to be considerably reduced in our synthesized molecule-
treated infected cells, further asserting a robust cyto-protective and
anti-influenza property of these molecules. The degree of inhibition of
viral CPE by all the evaluated molecules is depicted in supplementary
table, Table S1. All the molecules showed at least 50% CPE inhibition
suggestive of the substantial ability of molecules to reduce the viral load.
Subsequently, they were carried forward for further assays.

2.3.3. Hemagglutination inhibition (HAI) to determine viral titer reduction
by molecules

The CPE inhibition was further assessed by comparing the HA titer of
virus in virus control well with the HA titer of virus in molecule-treated
wells. Relative viral load viz. the HA titer of molecule-treated infected
cells was represented as ‘% HA titer reduction’ considering the
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e ot

Substituted cinnamic acid

Substituted Cinnamoyl chloride

+
H
N
vii) [ j
N
H
Piperazine

4a: Ry=R3=R4=Rs=H

4b: R3=R4=R5=H; R2=OCH3
4c: R,=R;=Rs=H; R;=OCH;
4d: R,=Rs=H; R3=R4=0CH3,
4e: Ry=R3=Rs=H; R4=C|

Scheme 2. Synthesis of cinnamic acid-piperazine hybrid (4a-4e). Reagents and conditions: (v) pyridine/piperidine, 100 °C, 2 h; (vi) DCM, thionyl chloride, DMF,

reflux, 24 h; (vii) DCM, TEA, 0 °C till reaction completed monitored by TLC.

infectivity, in terms of HA titer, of the vehicle-treated infected control as
100% in each replicate of triplicate experiments. OMVP and QR were
used as standards, and %HA viral titer reduction data for all the mole-
cules are summarized in Table 3. As evident from data, most of the
molecules caused robust and persistent reduction in the viral titer at
least by 50%, as shown in Fig. 4. The results of HAI assay illustrated that
our molecules efficiently suppress the viral titer showing weak-to-
moderate-to-high potencies compared to standards (OMVP = 85 + 4%
and QR = 79 £ 4%, at 100 pM) further directing towards the anti-
influenza activity of the molecules. The structure-activity relationship
was tough to draw, attributed to the vague outline between these mol-
ecules and reduction rates of %HA titer. Next, the molecules were car-
ried further for quantitative evaluation of their anti-influenza activity.

2.3.4. Cell-based crystal violet (CV) assay to quantify the effective
concentration of molecules

CV assay determined quantitatively the effective concentration of
tested molecules that resulted in 50% cell survival (ECsg). Consistent
with the marked attenuated viral HA titer, the tested molecules notably
showed significant degrees of cell survival in CV assay (Table 2). Mol-
ecules 2f (3-indolinone with m-chloro group on benzyl ring), 2g (3-
indolinone with p-chloro group on benzyl ring) and 3a (4-quinolone
with o-methoxy group on phenyl ring) having ECsg of 4.0 + 0.1 nM, 6.7
+ 0.1 nM and 4.9 £ 0.1 nM, respectively, had highest activity with their
ECsg values better than commercial drug i.e., OMVP (EC5¢ = 12.7 £+ 0.3
nM) as well as QR (ECsp = 0.56 + 0.01 uM). Molecules 1d (aurone with
p-chloro group on benzyl ring) and 2b (3-indolinone with m-methoxy
group on benzyl ring) with EC59 = 39 &+ 2 nM and 25 + 1 nM, respec-
tively, however were slightly less active than OMVP, but better than QR,
still could be believed to have remarkable anti-influenza property. The
effects of representative potent molecules along with standards on % cell
survival infected with pdmH1N1 virus are shown in Fig. 5. These results
suggested that these molecules could hamper overall replication of virus
in MDCK cells. The high selectivity index values of these compounds
indicated that they decreased the virus replication without adverse ef-
fect on the living host cells.

2.3.5. Engyme-based NA inhibition to determine inhibitory concentration of
molecules

H1N1-NA inhibition by twenty-five molecules, based on CV assay,
was determined by calculating the concentration required to inhibit

50% of the enzyme activity (ICsp). Dose response curves depicting the
effect of our molecules on HIN1-NA enzyme are shown in Fig. 6.

The ICs¢ values of the evaluated molecules ranged from 0.52 + 0.01
uM to 24.6 £+ 1.3 uM. OMVC and QR, the standards chosen in enzyme-
based assay, has ICsg value of 1.9 + 0.1 nM and 8.7 + 0.1 uM, respec-
tively (Table 2). Though the potent molecules discussed in CV assay had
their ICs¢ values lower than OMVC, they certainly tend to exhibit
excellent activity with their ICsy values at low-micromolar level,
intriguingly, better than QR. The trend of efficacy of molecules seen in
CV assay is followed in NA inhibition assay as well, the potent molecules
2f (ICs0 = 0.52 + 0.01 uM), 2g (ICsp = 3.5 = 0.1 uM) and 3a (ICso = 1.3
+ 0.2 uM) possessed lowest ICsq values than other molecules of the se-
ries. Interestingly, the combined results of CV assay and NA inhibition
studies suggested that the evaluated molecules suppress overall viral
replication than inhibiting the NA enzyme per se. These results pointed
towards the fact that there might be an accompanying mechanism by
which our evaluated molecules control virus replication indicated by
their potency in vitro.

2.3.6. Enzyme kinetics studies to ascertain mechanism of inhibition of
molecules

Enzyme kinetics study was performed on eleven most active mole-
cules (based on CV and NA inhibition assay) to validate the non-
competitive inhibition of designed molecules as exhibited by docking
studies. In this study, OMVC and QR were used as standards for
competitive and non-competitive inhibition, respectively. Unsurpris-
ingly, OMVC being structurally similar and transition state analogue of
SA, showed competitive inhibition evident from the plots exhibited in
Fig. 7 which shows Lineweaver-Burk plot of 1/V versus 1/[S]. The plots
were obtained by considering absence of inhibitor molecule (i.e., at 0
nM concentration) and at two concentrations bracketing the ICs value
of the inhibitor molecule. Increasing concentrations of OMVC (K; = 2.8

x 107 uM) resulted in collection of lines with increased K, while the
Vmax remained unaffected i.e., they have equivalent y-axis intercept but
with higher value of x-axis intercept. This indicated its competitive in-
hibition. However, increasing concentrations of QR (K; = 5.1 pM)
resulted in collections of lines wherein the K, remained unaffected
while Vi,ax showed reduction i.e., they have equivalent x-axis intercepts
along with increase in the y-axis intercept values. This demonstrated its
anticipated non-competitive inhibition as reported in literature.

Interestingly, in case of our evaluated molecules, the Lineweaver-
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Table 2
In-vitro evaluation of tested molecules.

Sr. Molecules CCso ECso (UM) SI ICs0 (UM) Ki (uM)

No. (uM)

1 la 193 + >100 - Not tested Not tested
1

2 1b 171 + 1.5+ 0.9 117 9.3+0.1 10.5+ 0.7
1

3 1c 120 + 1.0+ 0.1 118 149+ 1.2  Not tested
1

4 1d 113 + (39+2)x 29x 1.8+0.1 11.2+2.8
1 10% 10%

5 le 111 + >100 - Not tested Not tested
1

6 2a 263 + 5.1 +0.9 52 20.9+1.3  Not tested
1

7 2b 292 + (25+1)x 12x 224+13 26+0.1
1 108 10*

8 2¢ 287 + 11.9+1.3 24 10.5+ 1.2  Not tested
1

9 2d 128 + 0.17 + 752 19.8+1.3  Not tested
1 0.05

10 2e 269 + 3.1+0.1 88 19.4+ 1.2  Not tested
1

11 of 272 + (4.0 + 6.8 x 052+ 2.8+0.2
1 0.1) x 10> 10* 0.01

12 2g 192 + 6.7 + 28 x 35401 2.0 +
1 0.1) x 10> 10* 0.003

13 2h 115+ 0.25 + 462 15.7+1.2 33.7+23
1 0.01

14 3a 286 + (49 + 58x  1.3+02 2.1+0.2
1 0.1) x 10> 10*

15 3b 235 + >100 - 24.3+1.3 Not tested
1

16 3c 277 + >100 - 3.8+0.1 53.6 + 9
1

17 3d 200 + >100 - 122 +1 28+1
1

18 3e 181 + >100 - 18.4+ 1.2  Not tested
1

19 3f 163 + >100 - 16.9+ 1.4  Not tested
1

20 3g 163 + 0.22 + 742 8.7 +0.1 7.1+0.2
1 0.01

21 3h 117 + 78 +£1 2 6.4+ 0.1 8.4+ 0.1
1

22 3i 118 + >100 - 16.7 +1.2  Not tested
1

23 4a 155 + 3.6 +0.2 43 15+2 Not tested
1

24 4b 106 + 5.1 +0.1 21 24.6 £1.3  Not tested
1

25 4c 137 + 7.8+ 0.1 18 18.4+ 1.2  Not tested
1

26 4d 40+1  >100 - 12+2 Not tested

27 4e 189 + 6.7 + 0.9 28 11.2+ 1.7  Not tested
1

28 QR 254 + 0.56 + 453 872+01 51+0.1
1 0.01

29 oMV 713 + 12.7 + 56 x  (1.9+ (2.8 +
1 0.3) x 10> 10* 0.1) x 10 0.3) x 10*

MTT assay and crystal violet experiments performed in triplicates to give CCsg
and ECs( values respectively, NA-inhibition and enzyme kinetics experiments
performed in duplicates to give ICso and Ki values respectively; CCso (mean +
std dev) values represent the concentration of molecules that showed 50%
cytotoxicity; ECso (mean + std dev) values represent the concentration that
resulted in 50% cell survival after infection in presence of inhibitor; SI =
Selectivity Index was generated by the ratio of CCsg and ECsp; ICso (mean + std
dev) values of molecules represent the concentration that caused 50% enzyme
activity loss; Ki represents the enzyme inhibitor constant.

Burk plot of 1/V versus 1/[S] resulted in group of lines as observed in
QR, signifying their mechanism of enzyme inhibition to be non-
competitive. Fig. 7 displays the plot for the representative potent
molecules.
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Table 3

Reductions of %HA titer of pdmH1N1 virus by aurone (1a-1e), 3-indolinone (2a-
2h), 4-quinolone (3a-3i), CAPi hybrids (4a-4e); and standard competitive and
non-competitive inhibitors oseltamivir phosphate and quercetin, respectively.

Molecules HA titer Reduction (%)” Molecules HA titer Reduction (%)*
la 31 + 2% 3c 17 + 1%
1b 82 + 5% 3d 20 + 2%
lc 64 + 3% 3e 19 + 2%
1d 81 + 4% 3f 30 £ 3%
le 12 + 2% 3g 82 + 5%
2a 75 + 4% 3h 20 £+ 2%
2b 70 + 3% 3i 54 + 2%
2¢ 70 + 3% 4a 52 + 2%
2d 60 + 2% 4b 58 + 3%
2e 63 + 4% 4c 41 + 2%
2f 89 + 4% 4d 54 + 2%
2g 65 + 3% 4e 42 + 3%
2h 72 + 4% OMVP 85 + 4%
3a 84 + 4% QR 79 + 4%
3b 50 + 2%

@ Reduction of %HA titer of pdmH1N1 virus (mean =+ std dev of three ex-
periments) in presence of 100 uM of inhibitors, measured by hemagglutination
inhibition assay.

2.4. Induced fit docking (IFD)

IFD is an accurate and robust docking technique that takes into ac-
count the ligand and protein flexibility. Validation of IFD process was
done by superimposing the docked oseltamivir structure over the osel-
tamivir obtained from crystal structure of NA enzyme (PDB 3T16). RMSD
value for all the heavy atoms was obtained as 0.17 A. Furthermore, the
receptor binding of oseltamivir was found similar to that in the crystal
structure. The interactions formed by both crystal structure and docked
oseltamivir are: amide functional group of oseltamivir forming H-bond
with R152; amino group forming salt bridges with E119, D151 and E277
and H-bond with E119 and E227; carboxylate moiety forming H-bonds
with R118, R292 and R371 as shown in Fig. 1b (vide supra). IFD was
executed on five most potent molecules to have an insight towards the
accurate binding of these molecules when the enzyme is in its optimal
conformation. IFD scores were found to be consistent with experimental
CV assay results as shown in Table 4.

2.5. Structure-activity relationship (SAR)

All the deigned scaffolds fitted well in the 430-cavity which was
believed to be the alternate binding region within the catalytic active
site. However, the scaffolds exhibited varied degree of anti-influenza
activity. The prototype scaffold selected i.e., chalcone, having uncycl-
ized a, B-unsaturated carbonyl system, showed weaker anti-influenza
activity as evident from literature. Comprehensive examination of the
anti-influenza evaluation of our designed scaffolds suggested that
cyclization of chalcone not only reduced cytotoxicity but also caused the
improvement in activity. It was observed that 5-exo cyclocondensation
of 2-amino chalcone to yield 3-indolinone enhanced the activity than 6-
endo cyclocondensation to yield 4-quinolone. 3-indolinones were found
to be even more active than the oxidative cyclized product of 2-hydroxy
chalcone viz. aurone. Thus, it can be said that the isosteric replacement
of nitrogen in 3-indolinone to oxygen in aurone reduced the activity.
Incorporation/presence of phenyl rings provides hydrophobic sites for
interaction between inhibitor molecule and the enzyme. The higher
activity of 3-indolinones, 4-quinolones and aurones may be attributed to
the presence of another phenyl ring that imparted more hydrophobicity
to the molecules indicating towards their prominent interactions with
the hydrophobic 430-cavity in docking studies. At the same time, when
cinnamic acid (scaffold similar to chalcone having o, p-unsaturated
carbonyl system) was linked to piperazine moiety, it improved the ac-
tivity than cinnamic acid itself. This may be attributed to decrease in the
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Fig.4. Histogram of % HA titer reduction of virus treated with candidate molecules showing the effect of oseltamivir phosphate (OMVP, green colour), quercetin
(QR, yellow colour) and evaluated molecules on pdmH1NT1 virus yield. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

acidity of the molecule. The scaffolds were designed by substitution of
various electron-withdrawing and electron-donating groups. Among
tested molecules, substituting the benzyl ring with chloro group
enhanced activity, out of which meta and para substituted chloro group
containing 3-indolinones, 2f and 2g respectively, showed potency better
than oseltamivir. While for 4-quinolones, electron-donating methoxy
group at ortho position (3a) showed better activity than oseltamivir.
Hence, it can be said that for 5-exo cyclocondensation of chalcones,
chloro group substitution at benzyl ring enhanced the activity while for
6-endo cyclocondensation, methoxy group substitution at phenyl ring
showed better activity than the standard drug. Overall SAR studies
pointed towards a better understanding of effect of presence of phenyl
ring at 1-2 carbon lengths, 5-exo cyclocondensation, chloro substitution
along with decreased acidity of the designed molecules towards their
anti-influenza activity against influenza A/H1N1pdmO9 virus.
Interesting to note here is that the active site of NA comprises of 430-
cavity where our designed molecules bound. This binding region is
distinctly different from oseltamivir and sialic acid binding site. There-
fore, the molecules displayed non-competitive nature of inhibition.
Since, this binding region of the molecules is adjacent to catalytic site
and is present within the same active site, these molecules could
correspondingly be called “mutually non-competitive” agents.

3. Conclusion

In current backdrop of COVID pandemic, our research is focused on
another pandemic virus viz. swine flu — pandemic HIN1, which created
havoc in 2009. Although, the current floating strains are not virulent
and vaccine is available for its defense but the lesson learnt from COVID
crisis is not to underestimate the strength of the virus. The impulsiveness
of a potential influenza A pandemic outbreak and rapid unpredictable
emergence of influenza A virus resistance to current anti-influenza drugs
are urging the researchers and scientists to come up with newer strate-
gies to overcome resistance and develop better options in terms of
treatment than what current drugs can offer us. Based on the results
obtained in the present study, we can say that subset of the drug mol-
ecules showed substantial antiviral activity against influenza A/
H1N1pdmoO9 virus. Computational studies identified the molecules as
binders of 430-cavity, an alternate binding region within the active site,
similar to quercetin which was the standard for non-competitive inhi-
bition, but distinct from OMV in SA binding site which was the standard
for competitive inhibition. The non-cytotoxic molecules efficiently
reduced the viral titer and remarkably restricted viral replication more

actively than inhibiting the NA enzyme alone. Among the tested mole-
cules, 2f, 2g and 3a were found to be most potent anti-influenza agents
having low-nanomolar ECsy values 4.02 nM, 6.72 nM and 4.96 nM,
respectively, that were better compared to reference competitive and
non-competitive inhibitors: oseltamivir (ECsy = 12.7 nM) and quercetin
(ECsp = 0.56 uM). 2f, 2g and 3a also exhibited good NA inhibitory ac-
tivity in sub-micromolar range (ICs9 = 0.52 uM, 3.46 pM, 1.31 pM
respectively). In addition, enzyme kinetics studies suggested that the
mechanism of inhibition of our designed molecules is non-competitive
that was highlighted by in-silico studies as well wherein the molecules
bound to the alternate binding site. Owing to the fact that current
commercial drugs work like charm in wild-type influenza, the potent
molecules of present study can therefore be certainly used as an adjunct
therapy in combination with oseltamivir or zanamivir for improved
antiviral efficiency. This further strengthens our idea of developing
potential anti-influenza agents in future which can be used as an alter-
native in wake of oseltamivir resistance owing to their non-competitive
inhibition mechanism.

Thus, it can be concluded that the current work has generated few
potential anti-influenza molecules especially for influenza A/
H1N1pdmO9 strain. The approach used here is completely different than
the currently available marketed drugs. The potent molecules can be
subsequently developed to be used either alone or in combination with
current NA inhibitors for better management and eradication of influ-
enza virus.

4. Experimental section
4.1. Materials

The chemicals, reagents and catalyst Amberlyst-15 employed for
synthesis were purchased from SD Fine chem Ltd. and Sigma Aldrich
Chemicals Pvt Ltd. All the solvents used for synthesis were of LR grade.
Oseltamivir phosphate (OMVP) was obtained as a gift sample from Cipla
Ltd, India. Oseltamivir carboxylate (OMVC) and quercetin (QR) was
purchased from Clearsynth Labs, Ltd and Sigma Aldrich Chemicals Pvt
Ltd, respectively. The strain of A(H1N1)pdmO09 virus Kolkata isolate [A/
human/India/Kol-7251/2018(H1N1); accession number: MN508979]
was obtained from ICMR-National Institute of Cholera and Enteric Dis-
eases (ICMR-NICED), Kolkata, India. Madin-Darby Canine Kidney
(MDCK) cells were obtained from National Institute of Virology (NIV),
Pune, India.
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Fig.5. Effects of oseltamivir phosphate (OMVP), quercetin (QR) and representative potent molecules 2f, 2g and 3a on % cell survival infected with HIN1 virus.

4.2. Methods

4.2.1. Modelling and system preparation for modelling

The X-ray crystal structure of OMV-complexed pandemic HIN1-NA
enzyme was imported from RCSB protein data bank (PDB ID: 3TI6),
with a resolution of 1.69 A [32]. Since NA is a homotetramer, monomer
unit of the enzyme (3TI6) was considered for docking calculations in
computational studies. Protein Preparation Wizard module of Maestro
11.5, Schrodinger LLC, New York, USA [49] was employed to optimize
the geometry of the enzyme. The crystallographic waters were removed,
hydrogen atoms were added to the enzyme structure consistent with a
pH of 6.5, which is the optimum pH for NA enzymatic activity [50]. N-
and C-termini were capped. Ca®" is reported to be crucial for enzyme
activity and stability, therefore, two Ca®* ions were retained: one whose
binding site is close to the active site which helps in holding the active
site in appropriate conformation for substrate binding; while the other
whose binding site was found in 1918 N1 and 2009 swine-origin N1
structures [50,51]. The terminal rotamer states were set automatically
for Asn, Gln and His, as well as tautomeric and protonation states of His
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to optimize the hydrogen-bonding network in the complex using Pro-
tAssign program in Maestro. Minimization was implemented using
OPLS3e forcefield.

SiteMap [36,52] tool was applied to explore the potential binding
sites and characterize them. Different molecules were designed with
introducing substituents with varied functional groups attributing
electronic, steric and volume effect to the scaffolds. All the designed
molecules were built using the 2D sketcher available with Maestro 11.5
(Schrodinger LLC NY 2016) and their geometries were optimised using
LigPrep v3 module [53] with OPLS3e forcefield and docked in the pu-
tative binding sites using Glide XP [35,54]. Best docking scores were for
the molecules showing binding in the 430-cavity of influenza A/
H1N1pdmO09-NA enzyme than other putative binding pockets. Addi-
tionally, induced fit docking (IFD) [55] of the best molecules was
executed in this binding pocket since the receptor may not be in an
optimal conformation to bind the inhibitor molecules. The validation of
docking protocol was done by replicating the binding pose and in-
teractions of co-crystallized ligand i.e., oseltamivir in the X-ray crystal
structure.
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Table 4

IFD scores, ECso and ICsq values of potent inhibitor molecules.
Molecules ECso (UM) ICs0 (UM) IFD scores
2f (4.0 +£0.1) x 10° 0.52 £ 0.01 —861.6
2g (6.7 £0.1) x 10° 3.5+0.1 —858.9
3a (4.9 +£0.1) x 10° 1.3+0.2 —860.5
QR 0.56 + 0.01 8.7 +0.1 —857.7
oMV (12.7 + 0.3) x 10° (1.9 +£0.1) x 10° —-858.0

The physicochemical properties, viz. absorption, distribution, meta-
bolism and elimination (ADME), of the designed molecules were pre-
dicted in-silico by QikProp 3.3 (Schrodinger LLC, New York, USA) [56].
The out file of LigPrep, employed to optimize the designed molecules,
was employed as the input for QikProp to predict the molecular de-
scriptors as well as properties of the molecules that are physically sig-
nificant and pharmaceutically relevant. Comparison between properties
of the designed molecules with those of 95% of overall known drugs was
done using the range values of each molecular descriptor provided by
QikProp.

4.2.2. Chemistry

The starting materials and solvents utilized for synthesis were
assessed for their purity by determining their physical constants (viz.
melting and boiling point) and by thin-layer chromatography (TLC) on
Merck silica gel Fas4 plates. We report here the synthesis of four scaffolds
namely aurones, 3-indolinones, 4-quinolones and CAPi hybrids (Scheme
1 and Scheme 2). Synthesis was carried out in Carousel 6-reaction sta-
tion parallel synthesizer by Radleys. TLC was employed to monitor the
synthetic reaction progress. Physical constants (melting point) of the
reaction products were determined by Analab melting point apparatus
uThermoCal10. Infrared spectroscopy (IR), 'H NMR and '*C NMR were
employed for structural characterization of the synthesized molecules.
Mass spectra (MS) and HPLC purity of the synthesized molecules were
measured as well. IR experiments were recorded on an inhouse Bruker
Alpha-T spectrometer with 44 scans, and data were processed by OPUS
software. NMR experiments were recorded on 800 MHz Bruker Avance
spectrometer and 600 MHz Varian spectrometer using DMSO-ds and
CDClj3 solvent, and the data were processed using Bruker Topspin 2.1
and Varian software. 64 scans were recorded for 1D proton NMR (in 600
MHz NMR spectrometer), while for carbon NMR, 2064 scans (in 150
MHz NMR spectrometer) and 500 scans (in 200 MHz NMR spectrom-
eter) were recorded. LC-MS/MS were recorded on Water make Mass
Spectrometry LCMS: water alliance quadrupole mass. HPLC was per-
formed on Agilent 1200 series HPLC system.

4.2.2.1. General procedure for synthesis of aurones (1a-1e). 2-Hydrox-
ychalcones were primarily synthesized followed by their oxidative
cyclization to obtain aurones (Scheme 1). 2-Hydroxychalcones and
mercuric acetate [Hg(OAC),] were dissolved in pyridine (15-20 mL) in
equimolar (0.002 mol) quantities at 27 °C. The reaction mixture was
kept on stirring at 110 °C for 1-2 h. Completion of reaction was moni-
tored by TLC (Hexane:Ethyl acetate; 3:2). The cooled reaction mixture
was poured into ice-cold water and acidified with dil. HCI (10% aqueous
solution). The precipitated solid was extracted with dichloromethane or
ethyl acetate, the extracts were dried over sodium sulphate bed and the
solvent was evaporated to give a solid which was recrystallized from
absolute ethanol.

(Z)-2-(3'-Methoxy-benzylidene)-benzofuran-3-one (1a). Yellow
solid, yield (64%), m.p. 117-120 °C. 'H NMR (DMSO-dg, 600 MHz,
25 °C, TMS) é ppm 7.81-7.78 (d, t, 2H, H-4, H-5), 7.59-7.55 (d, d, s, 3H,
H-6/, H-7, H-2'), 7.43-7.40 (t, 1H, H-5), 7.33-7.30 (t, 1H, H-6),
7.04-7.03 (d, 1H, H-4"), 6.90 (s, 1H, H-10), 3.81 (s, 3H, OCH3); "*C NMR
(DMSO-dg, 200 MHz, 25 °C, TMS) 6 ppm 184.15 (C=0, C-3), 165.96 (C,
C-3"), 159.92 (C, C-8), 146.86 (C, C-2), 138.21 (C, C-1"), 133.58 (CH, C-
6), 130.55 (CH, C-4), 124.80 (CH, C-5), 121.28 (C, C-9), 117.12 (CH, C-

12

Bioorganic Chemistry 114 (2021) 105139

5), 116.29 (CH, C-4), 113.76 (CH, C-10), 112.63 (CH, C-2/), 55.66
(OCHs). MS: caled for Ci16H1203 m/z = 252, found 253.1. HPLC peak
purity: 99.6%.

(Z)-2-(4'-Methoxy-benzylidene)-benzofuran-3-one (1b). Yellow
solid, yield (52%), m.p. 137-139 °C. 'H NMR (DMSO-dg, 600 MHz,
25 °C, TMS) 6 ppm 7.96-7.94 (d, 2H, H-2/, H-6'), 7.78-7.75 (d, t, 2H, H-
4, H-5), 7.53-7.52 (d, 1H, H-7), 7.31-7.28 (t, 1H, H-6), 7.08-7.06 (d,
2H, H-3, H-5'), 6.91 (s, 1H, H-10), 3.82 (s, 3H, OCHj3); 3¢ NMR
(DMSO-dg, 200 MHz, 25 °C, TMS) § ppm 183.74 (C=0, C-3), 165.61 (C,
C-4'),161.34 (C, C-8), 145.63 (C, C-2), 137.79 (CH, C-6), 133.89 (CH, C-
4), 124.90 (CH, C-2/, C-6), 124.64 (C, C-1'), 124.28 (CH, C-9), 121.62
(CH, C-5), 115.195 (CH, C-7), 113.65 (CH, C-10), 113.23 (CH, C-3/, C-
5’), 55.88 (OCHj3). MS: calcd for C16H1203 m/z = 252, found 253.1.
HPLC peak purity: 97.3%.

(Z)-2-(3'-Chloro-benzylidene)-benzofuran-3-one  (1c). Yellow
solid, yield (53%), m.p. 165-168 °C. 'H NMR (DMSO-dg, 600 MHz,
25°C, TMS) § ppm 8.02 (s, 1H, H-2'), 7.95-7.94 (d, 1H, H-6'), 7.82-7.78
(d, t, 2H, H-4, H-5), 7.58-7.56 (d, 1H, H-7), 7.54-7.50 (d, t, 2H, H-4', H-
5%, 7.34-7.31 (t, 1H, H-6), 6.93 (s, 1H, H-10). MS: caled for C;5HoO5Cl
m/z = 256.5, found 257.0. HPLC peak purity: 98.7%.

(Z)-2-(4'-Chloro-benzylidene)-benzofuran-3-one (1d). Yellow
solid, yield (62%), m.p. 154-160 °C. 'H NMR (DMSO-dg, 600 MHz,
25 °C, TMS) é ppm 8.00-7.99 (d, 2H, H-2', H-6'), 7.81-7.79 (d, t, 2H, H-
4, H-5), 7.57-7.53 (d, d, 3H, H-3', H-5, H-7), 7.33-7.30 (t, 1H, H-6),
6.94 (s, 1H, H-10); 13¢ NMR (DMSO-dg, 150 MHz, 25 °C, TMS) § ppm
183.59 (C=0, C-3), 165.44 (C, C-8), 146.47 (C, C-2), 137.87 (CH, C-6),
134.65 (C, C-4), 132.97 (C, C-1"), 130.86 (C, C-4), 129.21 (CH, C-3/, C-
5'), 124.44 (CH, C-2/, C-6'), 124.19 (C, C-9), 120.74 (CH, C-5), 113.31
(CH, C-7), 111.04 (CH, C-10). MS: calcd for C15Hg02Cl m/z = 256.5,
found 257.1. HPLC peak purity: 97.4%.

(Z)-2-(4'-Nitro-benzylidene)-benzofuran-3-one (1e). Yellow solid,
yield (48%), m.p. 211-215 °C. 'H NMR (DMSO-dg, 600 MHz, 25 °C,
TMS) § ppm 8.40-8.38 (d, 2H, H-3', H-5'), 8.26-8.25 (d, 2H, H-2/, H-6'),
7.82-7.79 (d, t, 2H, H-4, H-5), 7.58-7.56 (d, 1H, H-7), 7.36-7.33 (t, 1H,
H-6), 7.11 (s, 1H, H-10). MS: calcd for C15HoNO4 m/z = 267, found
268.0.

4.2.2.2. General procedure for synthesis of 3-indolinones (2a- 2h). The
scheme is based on 5-exo cyclic condensation of 2-amino chalcone in
presence of Amberlyst-15 as a catalyst [57] as shown in Scheme 1. 0.075
mol of 2-amino chalcone derivatives were dissolved in 3-5 mL of acetic
acid. To this solution 10% w/w Amberlyst-15 was added. The mixture
was stirred at 80 °C for 2-5 h until starting material was not detected by
TLC (Hexane:Ethyl acetate; 3:2). The product was filtered and recrys-
tallized from absolute ethanol. The catalyst was obtained back by
washing with methanol, which could be reused.
(Z)-2-(2'-Methoxy-benzylidene)-1,2-dihydro-indol-3-one (2a).
Pale yellow solid, yield (52%), m.p. 173-175 °C. H NMR (DMSO-dg,
600 MHz, 25 °C, TMS) 6 ppm 11.24 (s, 1H, NH), 7.93 (d, 1H, H-4), 7.67
(d, 1H, H-6"), 7.60 (d, 1H, H-7), 7.52 (t, 1H, H-6), 7.35 (t, 1H, H-4'),
7.00-6.90 (m, 4H, H-3', H-5, H-5', H-10), 3.69 (s, 3H, OCHs); °C NMR
(DMSO-dg, 200 MHz, 25 °C, TMS) 6 ppm 186.30 (C=0, C-3), 157.49 (C,
C-2'),144.97 (C, C-2), 135.61 (CH, C-6), 135.21 (C, C-8), 133.53 (CH, C-
4'), 128.25 (CH, C-6'), 124.01 (CH, C-4), 123.01 (CH, C-5), 122.57 (C,
C-1"), 121.41 (C, C-9), 119.61 (CH, C-5), 112.81 (CH, C-7), 111.91 (CH,
C-3'), 108.38 (C-10), 54.53 (OCH3). MS: calcd for C1¢H13NOy m/z =
251, found 250.96. HPLC peak purity: 99.7%.
(Z)-2-(3'-Methoxy-benzylidene)-1,2-dihydro-indol-3-one (2b).
Pale yellow solid, yield (64%), m.p. 117-120 °C. 1H NMR (DMSO-dg,
600 MHz, 25 °C, TMS) § ppm 11.26 (s, 1H, NH), 7.94 (d, 1H, H-4), 7.62
(d, 1H, H-7), 7.53 (t, 1H, H-6'), 7.24-7.19 (m, 3H, H-2', H-5/, 6'), 6.96 (t,
1H, H-5), 6.86 (d, 1H, H-4'), 6.65 (s, 1H, H-10), 3.65 (s, 3H, OCHj); 13¢
NMR (DMSO-dg, 200 MHz, 25 °C, TMS) § ppm 188.23 (C=O0, C-3),
159.72 (C, C-3), 144.37 (C, C-2), 137.06 (C, C-8), 136.67 (C, C-1),
135.61 (CH, C-6), 126.61 (CH, C-5'), 125.01 (CH, C-6'), 124.01 (CH, C-
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4),121.24 (C, C-9), 119.61 (CH, C-5), 114.79 (CH, C-4'), 114.65 (CH, C-
2'), 112.81 (CH, C-7), 110.41 (CH, C-10), 55.25 (OCH3). MS: calcd for
C16H13NO2 m/z = 251, found 253.98. HPLC peak purity: 99.5%.

(Z)-2-(4'-Methoxy-benzylidene)-1,2-dihydro-indol-3-one (2c).
Pale yellow solid, yield (52%), m.p. 137-140 °C. H NMR (DMSO-dg,
600 MHz, 25 °C, TMS) 6 ppm 11.25 (s, 1H, NH), 7.94 (d, 1H, H-4), 7.62
(d, 1H, H-7), 7.55-7.49 (t, d, 3H, H-6, H-2/, H-6'), 6.97-6.95 (d, 3H, H-5,
H-3', H-5'), 6.64 (s, 1H, H-10), 3.70 (s, 3H, OCH3); 13¢ NMR (DMSO-dg,
150 MHz, 25 °C, TMS) § ppm 188.23 (C=O0, C-3), 159.85 (C, C-4),
145.34 (C, C-2), 137.06 (C, C-8), 135.61 (CH, C-6), 130.22 (CH, C-2/, C-
6'), 129.72 (C, C-1'), 124.01 (CH, C-4), 121.24 (C, C-9), 119.61 (CH, C-
5), 113.98 (CH, C-3, C-5'), 112.81 (CH, C-7), 110.56 (CH, C-10), 55.35
(OCHg). MS: calcd for C16H13NO9 m/z = 251, found 254.30. HPLC peak
purity: 99.2%.

(Z)-2-(3, 4, 5-Trimethoxy-benzylidene)-1,2-dihydro-indol-3-one
(2d). Pale yellow solid (56%), m.p. 138-141 °C. 'H NMR (DMSO-dg,
600 MHz, 25 °C, TMS) 6§ ppm 11.25 (s, 1H, NH), 7.93 (d, 1H, H-4), 7.62
(d, 1H, H-7), 7.52 (t, 1H, H-6), 6.95 (t, 1H, H-5), 6.84 (s, 2H, H-2', H-6'),
6.64 (s, 1H, H-10), 3.73-3.64 (d, 9H, OCHs); 13C NMR (DMSO-ds, 150
MHz, 25 °C, TMS) § ppm 188.23 (C=0, C-3), 154.24 (C, C-3/, C-5),
144.29 (C, C-2), 143.34 (C, C-4"), 137.06 (C, C-8), 135.61 (CH, C-6),
131.95 (C, C-1'), 124.01 (CH, C-4), 121.24 (C, C-9), 119.61 (CH, C-5),
112.81 (CH, C-7), 110.06 (CH, C-10), 107.52 (CH, C-2/, C-6),
60.68-56.20 (OCH3). MS: caled for Ci1gH17NO4 m/z = 311, found
311.92. HPLC peak purity: 99.4%.

(Z)-2-(2'-Chloro-benzylidene)-1,2-dihydro-indol-3-one (2e). Pale
yellow solid, yield (58%), m.p. 136-138 °C. 'H NMR (DMSO-dg, 600
MHz, 25 °C, TMS) 6 ppm 10.91 (s, 1H, NH), 8.21 (d, 1H, H-4), 7.49 (d,
2H, H-3', H-6'), 7.36-7.30 (m, 2H, H-6, H-4), 7.24 (t, 1H, H-5),
7.20-7.16 (t, s, 2H, H-5', H-10), 6.98 (d, 1H, H-7); 3¢ NMR (DMSO-dg,
150 MHz, 25 °C, TMS) § ppm 181.92 (C=O0, C-3), 148.98 (C, C-8),
138.01 (C, C-2), 134.65 (C, C-1'), 133.47 (CH, C-6), 129.59 (CH, C-4'),
129.47 (CH, C-6), 128.98 (CH, C-3'), 126.64 (C, C-2), 126.43 (CH, C-5),
122.76 (CH, C-4), 121.10 (CH, C-5), 118.34 (C, C-9), 112.91 (CH, C-7),
104.28 (CH, C-10). MS: calcd for C15H1oNOCI m/z = 255.5, found
255.92. HPLC peak purity: 94.5%.

(Z)-2-(3'-Chloro-benzylidene)-1,2-dihydro-indol-3-one (2f). Pale
yellow solid, yield (53%), m.p. 101-103 °C. H NMR (DMSO-dg, 600
MHz, 25 °C, TMS) § ppm 10.65 (s, 1H, NH), 8.11 (d, 1H, H-4), 7.79 (d,
1H, H-6'), 7.60 (s, 1H, H-2), 7.33-7.30 (t, 2H, H-4', H-5'), 7.18 (t, 1H, H-
5), 7.09 (t, 1H, H-6) 6.88-6.86 (d, 2H, H-7, H-10); 3C NMR (DMSO-ds,
200 MHz, 25 °C, TMS) § ppm 180.04 (C=0, C-3), 148.95 (C, C-8),
135.11 (C, C-1"), 133.52 (C, C-3/), 133.21 (CH, C-2'), 131.13 (CH, C-6'),
130.65 (CH, C-4), 129.47 (CH, C-6), 128.48 (CH, C-5'), 127.78 (C, C-2),
122.76 (CH, C-4), 121.10 (CH, C-5), 118.31 (C, C-9), 112.91 (CH, C-7),
107.98 (CH, C-10). MS: caled for Ci5sH;gNOCI m/z = 255.5, found
255.92. HPLC peak purity: 99.9%.

(Z)-2-(4'-Chloro-benzylidene)-1,2-dihydro-indol-3-one (2g). Pale
yellow solid, yield (62%), m.p. 156-160 °C. "H NMR (DMSO-dg, 600
MHz, 25 °C, TMS) é ppm 10.67 (s, 1H, NH), 8.11 (d, 1H, H-4), 7.73 (d,
2H, H-2/, H-6'), 7.43 (d, 2H, H-3/, H-5'), 7.25 (t, 1H, H-6), 7.04 (t, 1H, H-
5), 6.88-6.85 (d, 2H, H-7, H-10); 13¢ NMR (DMSO-dg, 200 MHz, 25 °C,
TMS) § ppm 180.02 (C=0, C-3), 148.95 (C, C-8), 135.41 (C, C-1'),
134.48 (CH, C-3/, C-5"), 132.16 (C, C-4'), 129.47 (CH, C-6), 129.22 (CH,
C-2/, C-6'), 127.07 (CH, C-4), 122.76 (CH, C-5), 121.10 (C, C-9), 118.31
(CH, C-7),112.91 (C, C-2), 107.68 (CH, C-10). MS: calcd for C;5H;(NOCI
m/z = 255.5, found 255.92. HPLC peak purity: 99.3%.

(Z)-2-(3'-Hydroxy-benzylidene)-1,2-dihydro-indol-3-one (2h).
Pale yellow solid, yield (56%), m.p. 130-132 °C. 'H NMR (DMSO-ds,
600 MHz, 25 °C, TMS) 6 ppm 11.26 (s, 1H, NH), 9.87 (s, 1H, OH), 7.94
(d, 1H, H-4), 7.62 (d, 1H, H-7), 7.53 (t, 1H, H-6), 7.14 (t, 1H, H-5'), 7.07
(d, 1H, H-6'), 6.96 (t, 1H, H-5), 6.65-6.63 (d, 3H, H-2/, H-4', H-10); 13C
NMR (DMSO-dg, 200 MHz, 25 °C, TMS) § ppm 188.23 (C=O0, C-3),
156.32 (C, C-3'), 144.37 (C, C-2), 137.06 (CH, C-8), 136.74 (C, C-1'),
135.61 (CH, C-6), 130.04 (CH, C-5), 124.85 (CH, C-6'), 124.01 (CH, C-
4),121.24 (C, C-9), 119.69 (CH, C-2'), 119.61 (CH, C-5), 116.55 (CH, C-
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4),112.81 (CH, C-7), 110.41 (CH, C-10). MS: calcd for C;5H11NO, m/z
= 237, found 237.99.

4.2.2.3. General procedure for synthesis of 4-quinolones (3a-3i). 4-
quinolones were obtained by 6-endo cyclocondensation of 2-amino
chalcone derivatives using iodine and dimethylsulfoxide (DMSO) as
shown in Scheme 1. 2-Amino chalcone derivatives were suspended in
DMSO (10 mL) and a crystal of iodine was added to it. The reaction
mixture was refluxed for 30 min and then diluted with water. The solid
obtained was filtered off, washed with 20% sodium thiosulphate and
recrystallized from absolute ethanol.

2-(2'-Methoxy-phenyl)-1H-quinolin-4-one (3a). White solid, yield
(57%), m.p. 102-104 °C. H NMR (DMSO-dg, 600 MHz, 25 °C, TMS) &
ppm 11.50 (s, 1H, NH), 7.98 (d, 1H, H-6), 7.65 (d, 1H, H-9), 7.59-7.51
(t, t, 2H, H-7, H-8), 7.37 (d, 1H, H-6"), 7.28 (t, 1H, H-4'), 7.00 (d, 1H, H-
3), 6.94-6.88 (t, 1H, H-5'), 6.02 (s, 1H, H-3), 3.74 (s, 3H, OCH3); 13C
NMR (DMSO-dg, 200 MHz, 25 °C, TMS) & ppm 182.44 (C=O, C-4),
155.01 (C, C-2'), 141.08 (C, C-10), 140.71 (C, C-2), 137.01 (CH, C-4'),
133.43 (CH, C-8), 130.32 (CH, C-6), 125.01 (CH, C-6), 124.21 (C, C-1"),
123.83 (C, C-5), 123.31 (CH, C-7), 122.88 (CH, C-5'), 119.07 (CH, C-9),
110.53 (CH, C-3’), 106.19 (CH, C-3), 55.20 (OCHg3). MS: calcd for
C16H13NO2 m/z = 251, found 251.99. HPLC peak purity: 99.9%.

2-(3'-Methoxy-phenyl)-1H-quinolin-4-one (3b). White solid, yield
(64%), m.p. 130-134 °C. *H NMR (DMSO-dg, 600 MHz, 25 °C, TMS) &
ppm 11.65 (s, 1H, NH), 8.09 (d, 1H, H-6), 7.76 (d, 1H, H-9), 7.71-7.63
(t, t, 2H, H-7, H-8), 7.45 (t, 1H, H-5), 7.36 (d, 1H, H-6'), 7.27 (s, 1H, H-
2, 7.09 (d, 1H, H-4), 6.31 (s, 1H, H-3), 3.75 (s, 3H, OCH3); *C NMR
(DMSO-dg, 150 MHz, 25 °C, TMS) § ppm 182.44 (C=0, C-4), 161.82 (C,
C-3'),156.61 (C, C-2), 141.64 (C, C-10), 138.82 (C, C-1"), 133.43 (CH, C-
8), 125.01 (CH, C-6), 123.31 (CH, C-7), 122.56 (CH, C-4'), 122.41 (C, C-
5), 119.61 (CH, C-6'), 118.41 (CH, C-2'), 115.36 (CH, C-9), 108.21 (CH,
C-5), 105.71 (CH, C-3), 55.50 (OCH3). MS: calcd for C1gH13NOy m/z =
251, found 251.97. HPLC peak purity: 97.6%.

2-(4'-Methoxy-phenyl)-1H-quinolin-4-one (3c). White solid, yield
(64%), m.p. 156-159 °C. H NMR (DMSO-dg, 600 MHz, 25 °C, TMS) &
ppm 11.66 (s, 1H, NH), 8.09 (d, 1H, H-6), 7.84-7.80 (d, 2H, H-3', H-5),
7.76 (d, 1H, H-9), 7.71-7.63 (t, t, 2H, H-7, H-8), 7.13-7.12 (d, 2H, H-2/,
H-6'), 6.32 (s, 1H, H-3), 3.75 (s, 3H, OCH3); 13C NMR (DMSO-dg, 150
MHz, 25 °C, TMS) § ppm 182.44 (C=0, C-4), 158.80 (C, C-4), 151.79
(C, C-2), 141.66 (C, C-10), 133.43 (CH, C-8), 128.79 (CH, C-2/, C-6),
128.29 (C, C-1'), 125.01 (CH, C-6), 123.31 (CH, C-7), 122.41 (C, C-5),
115.36 (CH, C-9), 114.33 (CH, C-3’, C-5), 105.65 (CH, C-3), 55.35
(OCHj3). MS: calced for C14H13NO2 m/z = 251, found 251.97. HPLC peak
purity: 96.7%.

2-(3, 4, 5-Trimethoxy-phenyl)-1H-quinolin-4-one (3d). White
solid, yield (75%), m.p. 162-164 °C. 'H NMR (DMSO-dg, 600 MHz,
25 °C, TMS) 6 ppm 11.65 (s, 1H, NH), 8.09 (d, 1H, H-6), 7.77 (d, 1H, H-
9),7.71-7.63 (t, t, 2H, H-7, H-8), 6.92 (s, 2H, H-2/, H-6'), 6.31 (s, 1H, H-
3), 3.84-3.75 (d, 9H, OCHy); 13C NMR (DMSO-dg, 150 MHz, 25 °C, TMS)
& ppm 182.44 (C=0, C-4), 153.72 (C, C-3'), 152.86 (C, C-2, 5'), 141.68
(C, C-10, C-4"), 141.64 (CH, C, C-8, C-1'), 133.43 (CH, C-6), 125.01 (CH,
C-7), 123.31 (C, C-5), 122.41 (CH, C-9), 115.36 (CH, C-3), 104.99 (CH,
C-2), 104.08 (CH, C-6'), 60.68-56.26 (OCH3). MS: calcd for C;gH17NO4
m/z = 311, found 311.91. HPLC peak purity: 99.8%.

2-(2'-Chloro-phenyl)-1H-quinolin-4-one (3e). Off-white solid, yield
(56%), m.p. 116-119 °C. TH NMR (DMSO-dg, 600 MHz, 25 °C, TMS) &
ppm 11.62 (s, 1H, NH), 8.09 (d, 1H, H-6), 7.76 (d, 1H, H-9), 7.70 (t, 1H,
H-8),7.64 (t, 1H, H-7), 7.59 (d, 1H, H-3'), 7.49 (t, 1H, H-4'), 7.42 (d, 1H,
H-6"), 7.24 (t, 1H, H-5'), 6.14 (s, 1H, H-3); 3¢ NMR (DMSO-dg, 150
MHz, 25 °C, TMS) § ppm 182.44 (C=0, C-4), 141.08 (C, C-10), 140.53
(C, C-2), 136.39 (C, C-1"), 133.43 (C, C-2'), 133.29 (CH, C-8), 130.79
(CH, CC-4), 129.90 (CH, C-3'), 129.40 (CH, C-6'), 126.00 (CH, C-5'),
125.01 (CH, C-6), 123.83 (C, C-5), 123.31 (CH, C-7), 119.07 (CH, C-9),
113.95 (CH, C-3). MS: calcd for C15H,oNOCI m/z = 255.5, found 258.90.
HPLC peak purity: 96.7%.
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2-(3'-Chloro-phenyl)-1H-quinolin-4-one (3f). Off-white solid, yield
(53%), m.p. 109-110 °C. 'H NMR (DMSO-ds, 600 MHz, 25 °C, TMS) &
ppm 11.55 (s, 1H, NH), 7.99 (d, 1H, H-6), 7.66 (d, 1H, H-9), 7.61-7.53
(t, t, 2H, H-7, H-8), 7.46 (d, 1H, H-6), 7.3-7.2 (m, 3H, H-2/, H-4', H-5'),
6.21 (s, 1H, H-3); 3¢ NMR (DMSO-dg, 150 MHz, 25 °C, TMS) § ppm
182.44 (C=0, C-4), 156.61 (C, C-2), 141.64 (C, C-10), 138.36 (CH, C-
1), 134.03 (C, C-3'), 133.43 (CH, C-8), 130.39 (CH, C-4'), 129.51 (CH,
C-5'), 128.68 (CH, C-2'), 125.20 (CH, C-6'), 125.01 (CH, C-6), 123.31
(CH, C-7), 122.41 (C, C-5), 115.36 (CH, C-9), 105.71 (CH, C-3). MS:
caled for C15H1oNOCI m/z = 255.5, found 255.28. HPLC peak purity:
85.5%.

2-(4'-Chloro-phenyl)-1H-quinolin-4-one (3 g). Off-white solid,
yield (59%), m.p. 170-179 °C. 'H NMR (DMSO-dg, 600 MHz, 25 °C,
TMS) § ppm 11.66 (s, 1H, NH), 8.09 (d, 1H, H-6), 7.84-7.83 (d, 2H, H-3/,
H-5),7.76 (d, 1H, H-9), 7.71-7.63 (t, t, 2H, H-7, H-8), 6.92-6.91 (d, 2H,
H-2/, H-6"), 6.32 (s, 1H, H-3); '3C NMR (DMSO-ds, 200 MHz, 25 °C,
TMS) 6 ppm 182.44 (C=O, C-4), 151.79 (C, C-2), 141.66 (C, C-10),
135.80 (C, C-1'), 134.23 (C, C-4'), 133.43 (CH, C-8), 129.41 (CH, C-3/, C-
5’), 129.22 (CH, C-2/, C-6/), 125.01 (CH, C-6), 123.31 (CH, C-7), 122.41
(C, C-5), 115.36 (CH, C-9), 105.65 (CH, C-3). MS: calcd for C;5H;(NOCI
m/z = 255.5, found 255.91. HPLC peak purity: 99.3%.

2-(3'-Nitro-phenyl)-1H-quinolin-4-one (3 h). Pale yellow solid,
yield (49%), m.p. 195-196 °C. 'H NMR (DMSO-de, 600 MHz, 25 °C,
TMS) 11.53 (s, 1H, NH), 8.02-7.9 (m, 3H, H-6, H-4', H-6'), 7.73 (s, 1H,
H-2"),7.65 (d, 1H, H-9), 7.60-7.52 (t, t, 2H, H-7, H-8), 7.45 (t, 1H, H-5'),
6.21 (s, 1H, H-3); 1*C NMR (DMSO-dg, 200 MHz, 25 °C, TMS) § ppm
182.44 (C=0, C-4), 156.61 (C, C-2), 147.93 (C, C-3'), 141.64 (C, C-10),
138.46 (C, C-1), 133.82 (CH, C-5'), 133.43 (CH, C-8), 128.82 (CH, C-6'),
125.21 (CH, C-4"), 125.01 (CH, C-6), 123.47 (CH, C-2"), 123.31 (CH, C-
7), 122.41 (C, C-5), 115.36 (CH, C-9), 105.71 (CH, C-3). MS: calcd for
C15H10N203 m/z = 266, found 266.93. HPLC peak purity: 98.3%.

2-(4'-Nitro-phenyl)-1H-quinolin-4-one (3i). Pale yellow solid, yield
(45%), m.p. 195-196 °C. 1H NMR (DMSO-dg, 600 MHz, 25 °C, TMS) &
ppm 11.56 (s, 1H, NH), 8.22-8.21 (d, 2H, H-3/, H-5'), 8.00 (d, 1H, H-6),
7.79-7.77 (d, 2H, H-2', H-6'), 7.67 (d, 1H, H-9), 7.62-7.54 (, t, 2H, H-7,
H-8), 6.32 (s, 1H, H-3); 13C NMR (DMSO-dg, 150 MHz, 25 °C, TMS) &
ppm 182.44 (C=0, C-4), 151.79 (C, C-2), 151.79 (C, C-4'), 147.79 (C, C-
1), 142.32 (C, C-10), 141.66 (CH, C-8), 133.43 (CH, C-2), 128.76 (CH,
C-6'), 125.01 (CH, C-6), 124.31 (CH, C-3'), 124.21 (CH, C-5), 123.31
(CH, C-7), 122.41 (C, C-5), 115.36 (CH, C-9), 105.65 (CH, C-3).

4.2.2.4. General procedure for synthesis of cinnamic acid-piperazine hy-
brids (4a — 4e). Synthetic scheme is shown in Scheme 2. Substituted
cinnamic acid (1 mol) was taken in organic solvent (dichloromethane,
DCM) and thionyl chloride (1.2 mol) was added followed by addition of
catalytic amount of dimethylformamide (DMF). The reaction mixture
was refluxed for 24 h. Completion of reaction was monitored by TLC
(Hexane:Ethyl acetate:methanol; 3:2:0.5). After completion of reaction,
solvent was evaporated to remove excess of thionyl chloride and to get
cinnamoyl chloride in the form of an amorphous powder. Unsubstituted
piperazine (3 mol) was dissolved in DCM and triethylamine (TEA) (3
equivalent) was added to it and stirred at 0 °C. Substituted cinnamoyl
chloride (1 mol) was dissolved in DCM and added dropwise to above
stirred solution at 0 °C. Completion of reaction was monitored by TLC
(Hexane : Ethyl acetate : methanol; 3:2:0.5). After completion, the
precipitate obtained was filtered and washed with water. The resulting
solid product was suspended in 5% sodium bicarbonate solution to
remove any acid impurity. The final product was recrystallized from
absolute alcohol.

3-Phenyl-1-piperazin-1-yl-propenone (4a). White solid, yield
(61.85%), m.p. 264-265 °C. "H NMR (CDCls, 600 MHz, 25 °C, TMS) 6
ppm 7.7 (d, 1H, H-7), 7.5 (d, 2H, H-2, H-6), 7.3 (m, 3H, H-3, H-4, H-5),
6.8 (d, 1H, H-8), 3.8 (bd, 6H, H-2/, H-3', H-5', H-6), 1.6 (s, 1H, NH); '°C
NMR (CDCl3 200 MHz, 25 °C, TMS) 6 ppm 165.74 (C=0, C-9), 143.7
(CH, C-7), 135 (C, C-1), 129.9 (CH, C-4), 128.8 (CH, C-3, C-5), 127.8
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(CH, C-2, C-6), 116.40 (CH, C-8), 45.9 (CH,, C-2/, C6), 42.2 (CH,, C-3/,
C-5'). MS: calcd for C13H16N20 m/z = 216, found 216.99. HPLC peak
purity: 93.2%.

3-(2-Methoxy-phenyl)-1-piperazin-1-yl-propenone (4b). White
solid, yield (57%), m.p. 224-225 °C. 'H NMR (CDCl3, 600 MHz, 25 °C,
TMS) 6 ppm 7.94 (d, 1H, H-7), 7.5 (d, 1H, H-6), 7.33 (t, 1H, H-5), 6.96
(d, t, d, 3H, H-3, H-4, H-8), 3.8 (s, 1H, H-2), 3.7 (bd, 6H, H-2', H-3, H-5/,
H-6), 1.6 (s, 1H, NH); 13¢ NMR (CDCl3 200 MHz, 25 °C, TMS) § ppm
166.4 (C=0, C-9), 158.2 (C, C-2), 139.1 (CH, C-7), 130.9 (CH, C-4),
129.2 (CH, C-6), 124.0 (C, C-1), 120.6 (CH, C-5), 117.4 (CH, C-8), 111.1
(CH, C-3), 55.5 (OCH3), 45.6 (CH,, C-2/, C6'), 42.1 (CHy, C-3/, C-5'). MS:
caled for C14H18N202 m/z = 246, found 246.16. HPLC peak purity:
99.8%.

3-(4-Methoxy-phenyl)-1-piperazin-1-yl-propenone (4c). White
solid, yield (66%), m.p. 240-242 °C. 'H NMR (CDCl3, 600 MHz, 25 °C,
TMS) § ppm 7.6 (d, 1H, H-7), 7.4 (d, 2H, H-2, H-6), 6.9 (d, 2H, H-3, H-5),
6.7 (d, 1H, H-8), 3.8 (s, 1H, H-4), 3.7 (bd, 6H, H-2/, H-3', H-5/, H-6),
1.57 (s, 1H, NH); 13¢ NMR (CDCl3 200 MHz, 25 °C, TMS) § ppm 166.0
(C=0, C-9),161.0 (C, C-4), 143.3 (CH, C-7), 129.4 (CH, C-2, C-6), 127.7
(C,C-1),114.2 (CH, C-3, C-5), 113.8 (CH, C-8), 55.3 (OCH3s), 45.5 (CHj,
C-2/, C6'), 42.1 (CH,, C-3', C-5'). MS: calcd for C;4H1gN2O5 m/z = 246,
found 246.17. HPLC peak purity: 99.9%.

3-(3,4-Dimethoxy-phenyl)-1-piperazin-1-yl-propenone (4d).
White solid, yield (70%), m.p. 241-242 °C. 'H NMR (CDCl3, 600 MHz,
25°C, TMS) 6 ppm 7.6 (d, 1H, H-7), 7.1 (d, 1H, H-6), 7.0 (s, 1H, H-2), 6.8
(d, 1H, H-5), 6.7 (d, 1H, H-8), 3.93 (s, 1H, H-4), 3.91 (s,1H, H-3), 3.8
(bd, 6H, H-2/, H-3', H-5', H-6), 1.58 (s, 1H, NH); *C NMR (CDCl3 200
MHz, 25 °C, TMS) § ppm 165.9.0 (C=0, C-9), 150.8 (C, C-3), 149.1 (C,
C-4), 143.7 (CH, C-7), 127.9 (C, C-1), 122.0 (CH, C-8), 114.0 (CH, C-6),
111.1 (CH, C-5), 109.9 (CH, C-2), 55.9 (OCHj3), 45.6 (CH;, C-2/, C6'),
42.1 (CHy, C-3/, C-5'). MS: caled for Ci5Ho9N2O3 m/z = 276, found
276.28. HPLC peak purity: 99.9%.

3-(4-Chloro-phenyl)-1-piperazin-1-yl-propenone (4e). Off-white
solid, yield (76%), m.p. 275-276 °C. 'H NMR (CDCl3, 600 MHz,
25°C, TMS) 6 ppm 7.6 (d, 1H, H-7), 7.4 (d, 2H, H-3, H-5), 7.3 (d, 2H, H-
2, H-6), 6.8 (d, 1H, H-8), 3.76 (bd, 6H, H-2/, H-3, H-5, H-6"), 1.57 (s,
1H, NH).

4.2.3. In vitro evaluation

4.2.3.1. Cells and virus

4.2.3.1.1. Maintenance of MDCK cells. Madin-Darby canine kidney
(MDCK) cells were grown in minimum essential medium (MEM, Gibco,
by Life Technologies) complemented with 10% foetal bovine serum
(FBS, Gibco, by Life Technologies) and 1% Antibiotic (10,000 U/mL
penicillin and 0.5 mg/mL streptomycin) (Gibco, by Life Technologies).

4.2.3.1.2. Preparation of virus stock. The influenza A(HIN1)pdmO09
virus was propagated in MDCK cells in the presence of 2 ug/mL tosyl
phenylalanyl chloromethyl ketone (TPCK)-trypsin. The stock of virus
was obtained by adding 500 pL of A(HIN1)pdmO9 virus to 85-90%
confluent MDCK cells after removing the medium from flask and incu-
bated for 1 h at 37 °C with 5% CO5 to maximize the viral adsorption to
the cells. Subsequently, 4.5 mL of viral growth medium (2 pg/mL TPCK-
trypsin + MEM) was added and incubated at above mentioned condi-
tions for 5-7 days. Supernatant was then collected based on cytopathic
effect of the virus and stored at —80 °C. These were repeated several
times for adequate virus stock.

4.2.3.2. Cytotoxicity studies. Cytotoxicity studies of the synthesized
molecules and standard drug viz. oseltamivir phosphate (OMVP) were
carried out by MTT-Formazan assay [58]. MDCK cells were inoculated
into 96-well plates and incubated at 37 °C with 5% CO» for 24 h until
grown to 90% confluency. The media was then replaced with serum-free
DMEM (Dulbecco’s Modified Eagle Medium, without phenol red) con-
taining serially diluted molecules (1000, 500, 250, 200, 125, 100, 40,
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10, 1, 0.1 uM corresponding to 10-folds, 5-folds and 2-folds dilutions).
After 16 h of incubation, the media was removed and 100 pL of a 0.5
mg/mL MTT (3-(4,5-Dimethylthiozol-2-yl)-3,5-dipheryl tetrazolium
bromide, Sigma-Aldrich) solution was added to each well and incubated
at 37 °C for 4 h. After removal of supernatant, 100 uL of dimethylsulf-
oxide (DMSO, Sigma-Aldrich) was added to each well so that the formed
formazan crystals get dissolved. Absorbance was measured at 540 nm in
a microplate reader. Data were normalized following the equation: Cell
viability (%) = (sample value - blank control)/(cell control - blank
control) x 100. The cytotoxic concentration 50% (CCsg) was calculated
as the concentration at which 50% cells remain viable. It was calculated
in GraphPad Prism 5 from a dose response curve obtained using a non-
linear regression (curve fit).

4.2.3.3. Cytopathic effect (CPE) inhibition assay. The virus (100 pL) was
inoculated onto near confluent MDCK cell monolayers for 1 h to allow
for viral adsorption in 24-well plates after removing the media at 37 °C
under 5% CO; atmosphere. 2 mL of molecules prepared at different
concentrations (500, 250, 200, 125, 100, 10, 1, 0.1 pM) in MEM con-
taining 2 pg/mL TPCK-trypsin was added in the allotted wells. The
cultures were incubated for 3—-4 days at 37 °C under 5% CO, atmosphere
to develop CPE if any, checked every day. Controls were set consisting of
only cells (i.e. no virus, no drug), referred as Cell Control (CC); and cells
with virus only (i.e. virus but no drug), referred as Virus Control (VC).
The candidate molecule was said to have antiviral activity if there was
absence of viral CPE. The antiviral effect of the molecules was deter-
mined by grading system developed by Kudi and Myint mentioned in our
previous work [59]. After 3-4 days, when VC showed 95-100% CPE, the
supernatant from each well was removed and tested for hemagglutina-
tion (HA) titer of virus. The reduction of HA titer of virus in molecule
treated wells was compared to HA titer of virus in VC well. The HA titer
was determined by means of hemagglutination inhibition (HAI) assay.

4.2.3.4. Hemagglutination inhibition (HAI) assay. Serial two-fold di-
lutions of supernatant of infected cells (100 pL) were prepared using 1X
PBS in a 96-well U-bottom plate. A 50 pL of 1% chicken red blood cells
was added to each well. After 30 min incubation at 22 °C, hemaggluti-
nation (reddish mesh across entire well) and precipitation of red blood
cells (red dot in the centre of well) was noted. The highest dilution factor
that caused hemagglutination is the HA titer of the virus. [60]. HA titer
of the VC and molecule treated wells was compared to ascertain the
reduction in %HA viral titer treated by molecules.

4.2.3.5. Cell-based screening of hit molecules using crystal violet (CV)
assay. CV assay was executed by reported method [61,62], with few
modifications. MDCK cells were seeded in 48-well tissue culture plates
and incubated for 24 h at 37 °C under 5% CO; atmosphere. The media
was aspirated. Controls were set i.e., CC and VC (as discussed above)
along with DC (Drug control i.e., only drugs and cells). 30 L of virus
dilution (256 HA units/mL) was added in each well except for CC and
DC. The plates were incubated for 1 h for maximum adsorption of virus.
The dilutions of candidate molecules at different concentrations (100
uM to 0.001 uM) were then added in the treatment cells while serum free
media was added in CC, DC and VC. The plates were kept for incubation
at 37 °C under 5% CO;y atmosphere for 24-36 h till the CPE was
observed. Further, the media was aspirated from all wells and washings
were given twice with 1X PBS. Plates were inverted on filter paper and
tapped to remove remaining fluid. 100 pL of crystal violet (0.5%) was
added to each well and incubated for 20 min at room temperature (RT)
on a bench rocker with frequency of 20 oscillations/min. The plates
were washed with tap water to remove the unbound dye. Plates were
inverted on filter paper and tapped to remove remaining fluid. The
plates were air dried at RT without the lid on. 300 pL of absolute
methanol was added to each well and incubated with lid on for 20 min at
RT on bench rocker with a frequency of 20 oscillations/min. Optical
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density (OD) was measured at 570 nm. The percentage cell survival in
wells treated with molecules was calculated in reference to the unin-
fected untreated control i.e., CC and plotted against the molecule’s
concentration. ECsp was calculated using a linear regression analysis
tool. The experiment was performed in triplicate for each candidate
molecule.

4.2.3.6. Engyme-based NA inhibition assay. NA inhibitory activity was
determined using the NA-Star® influenza neuraminidase inhibitor
resistance detection kit (Applied Biosystem) as per previously reported
method [13]. Succinctly, 25 pL of candidate molecules (conc. ranging
from 100 uM to 0.001 uM) or quercetin (QR, conc. ranging from 100 pM
to 0.001 uM) or oseltamivir carboxylate (OMVC, conc. ranging from
1000 nM to 1 nM) at two times the desired concentration was added in
duplicate to a 96-well microtiter plate. HIN1 virus was diluted 5-fold
with the assay buffer. To the plate, 25 pL of the diluted virus was
mixed with the molecules and incubated at 37 °C for 20 min. The sub-
strate was diluted at 1:1000 in assay buffer immediately before use.
Then 10 pL of the diluted substrate were added to each well. The reac-
tion mixtures were kept for incubation at RT for 15 min and then acti-
vated by adding 60 pL of accelerator. The chemiluminescent signal was
quantified immediately by microplate reader [63]. A 50% inhibitory
concentration (ICsp), relative to the activity in positive control i.e., the
reaction mixture well containing virus but no test molecule, was
determined to measure inhibitory activity of test molecules using
GraphPad Prism 5.

4.2.3.7. Enzyme kinetics assay. The mechanism of NA inhibition was
determined by kinetics assay with previously reported method [13]. To
96-well microtiter plate, 25 uL. of OMVC or QR or candidate molecules
(two conc. bracketing ICsp, along with Iy) was pre-incubated with 25 pL
diluted HIN1 virus at 37 °C for 20 min. This was followed by addition of
substrate (6.25, 12.5, 25, 50, 100 uM). Kinetic characterization for the
hydrolysis of substrate catalysed by HIN1-NA was carried out by
measuring the chemiluminescent signal of hydrolysis product. The
parallel control experiment was implemented without molecules in the
mixture. K, and Vi values were obtained from GraphPad Prism 5.

4.2.4. Statistical analyses

Mean =+ standard deviation (std dev, SD) of at least three indepen-
dent biological replicates (n > 3) was considered for analyses. For
antiviral assays, p < 0.05 (Mann-Whitney U test and Student’s t test) was
believed to be statistically significant. All the statistical analyses were
performed using GraphPad Prism 5 and the R statistical environment.

Funding sources

The biological evaluation was funded by Indian Council of Medical
Research (ICMR), New Delhi, India (58/36/2013-BMS).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

K. Malbari and M. Kanyalkar are grateful to ICMR (58/27/2007-
BMS) for funding computational facility at Department of Pharmaceu-
tical Chemistry, Prin K M Kundnani College of Pharmacy. K. Malbari is
indebted to ICMR for Senior Research Fellowship (58/36/2013-BMS)
and acknowledges Schrodinger Inc. for the trial license with OPLS3e
forcefield. Authors also acknowledge the infrastructure funding pro-
vided by Department of Science and Technology’s Fund for



K. Malbari et al.

Improvement of S&T Infrastructure in Higher Educational Institutions
(DST-FIST), New Delhi (SR/FST/College-264/2015(C)) at Prin KM
Kundnani College of Pharmacy, Mumbai, India. K. Malbari and M. Joshi
acknowledge National NMR Facility provided by Tata Institute of
Fundamental Research (TIFR), Colaba, Mumbai, India.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioorg.2021.105139.

References

[1] S.A. Bergervoet, C.K.Y. Ho, R. Heutink, A. Bossers, N. Beerens, Spread of Highly
Pathogenic Avian Influenza (HPAI) H5N5 viruses in Europe in 2016-2017 appears
related to the timing of reassortment events, Viruses 11 (2019) 501, https://doi.
org/10.3390/v11060501.

N.A. Gerloff, S.U. Khan, A. Balish, I.S. Shanta, N. Simpson, L. Berman, N. Haider,

M.K. Poh, A. Islam, E. Gurley, M.A. Hasnat, T. Dey, B. Shu, S. Emery, S. Lindstrom,

A. Haque, A. Klimov, J. Villanueva, M. Rahman, E. Azziz-Baumgartner, M. Ziaur

Rahman, S.P. Luby, N. Zeidner, R.O. Donis, K. Sturm-Ramirez, C.T. Davis, Multiple

reassortment events among highly pathogenic avian influenza A(H5N1) viruses

detected in Bangladesh, Virology. 450-451 (2014) 297-307, https://doi.org/
10.1016/j.virol.2013.12.023.

[3] K. Shanmuganatham, M.M. Feeroz, L. Jones-Engel, D. Walker, Smr. Alam, Mk.

Hasan, P. McKenzie, S. Krauss, R.J. Webby, R.G. Webster, Genesis of avian

influenza HON2 in Bangladesh, Emerg. Microbes Infect. 3 (2014) e88-e88. DOI:

10.1038/emi.2014.84.

C. Liu, M.C. Eichelberger, R.W. Compans, G.M. Air, Influenza type A virus

neuraminidase does not play a role in viral entry, replication, assembly, or

budding, J. Virol. 69 (1995) 1099-1106.

[5] Z.-M. Sheng, D.S. Chertow, X. Ambroggio, S. McCall, R.M. Przygodzki, R.

E. Cunningham, O.A. Maximova, J.C. Kash, D.M. Morens, J.K. Taubenberger,
Autopsy series of 68 cases dying before and during the 1918 influenza pandemic
peak, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 16416-16421, https://doi.org/
10.1073/pnas.1111179108.

[6] N.M. Bouvier, A.C. Lowen, Animal Models for Influenza Virus Pathogenesis and

Transmission, Viruses. 2 (2010) 1530-1563, https://doi.org/10.3390/v20801530.

J.K. Taubenberger, D.M. Morens, Influenza: the mother of all pandemics, Emerg.

Infect. Dis. 12 (2006) (1918) 15-22, https://doi.org/10.3201/eid1201.050979.

C.U. Kim, X. Chen, D.B. Mendel, Neuraminidase inhibitors as anti-influenza virus

agents, Antivir. Chem. Chemother. 10 (1999) 141-154, https://doi.org/10.1177/

095632029901000401.

H.-L. Yen, E. Hoffmann, G. Taylor, C. Scholtissek, A.S. Monto, R.G. Webster, E.

A. Govorkova, Importance of neuraminidase active-site residues to the

neuraminidase inhibitor resistance of influenza viruses, J. Virol. 80 (2006)

8787-8795, https://doi.org/10.1128/JV1.00477-06.

[10] Y. Xie, D. Xu, B. Huang, X. Ma, W. Qi, F. Shi, X. Liu, Y. Zhang, W. Xu, Discovery of
N-substituted oseltamivir derivatives as potent and selective inhibitors of H5N1
influenza neuraminidase, J. Med. Chem. 57 (2014) 8445-8458, https://doi.org/
10.1021/jm500892k.

[11] E. Feng, W.-J. Shin, X. Zhu, J. Li, D. Ye, J. Wang, M. Zheng, J.-P. Zuo, K.T. No,
X. Liu, W. Zhu, W. Tang, B.-L. Seong, H. Jiang, H. Liu, Structure-based design and
synthesis of C-1- and C-4-modified analogs of zanamivir as neuraminidase
inhibitors, J. Med. Chem. 56 (2013) 671-684, https://doi.org/10.1021/
jm3009713.

[12] A.S. Chintakrindi, E.A.F. Martis, D.J. Gohil, S.T. Kothari, A.S. Chowdhary, E.

C. Coutinho, M.A. Kanyalkar, A computational model for docking of
noncompetitive neuraminidase inhibitors and probing their binding interactions
with neuraminidase of influenza virus H5N1, Curr. Comput. Aided. Drug Des. 12
(2016) 272-281.

[13] A.S. Chintakrindi, D.J. Gohil, S.T. Kothari, A.S. Chowdhary, M.A. Kanyalkar,
Design, synthesis and evaluation of chalcones as HIN1 Neuraminidase inhibitors,
Med. Chem. Res. 27 (2018) 1013-1025, https://doi.org/10.1007/500044-017-
2124-2.

[14] K.D. Malbari, A.S. Chintakrindi, L.R. Ganji, D.J. Gohil, S.T. Kothari, M.V. Joshi, M.
A. Kanyalkar, Structure-aided drug development of potential neuraminidase
inhibitors against pandemic HIN1 exploring alternate binding mechanism, Mol.
Divers. (2019), https://doi.org/10.1007/511030-019-09919-6.

[15] K.M.P. Suruse, K. Malbari, A. Chintakrindi, D. Gohil, S. Srivastava, S. Kothari, A.
Chowdhary, Virucidal activity of newly synthesized chalcone derivatives against
H1N1 virus supported by molecular docking and membrane interaction studies, J.
Antivir. Antiretrovir. 8 (2016) 79-89. DOI: 10.4172/jaa.1000139.

[16] T.T. Dao, P.H. Nguyen, H.S. Lee, E. Kim, J. Park, S. Il Lim, W.K. Oh, Chalcones as
novel influenza A (H1N1) neuraminidase inhibitors from Glycyrrhiza inflata,
Bioorg. Med. Chem. Lett. 21 (2011) 294-298, https://doi.org/10.1016/j.
bmcl.2010.11.016.

[17] T.-T. Dao, B.-T. Tung, P.-H. Nguyen, P.-T. Thuong, S.-S. Yoo, E.-H. Kim, S.-K. Kim,
W.-K. Oh, C-Methylated Flavonoids from Cleistocalyx operculatus and Their
Inhibitory Effects on Novel Influenza A (H1IN1) Neuraminidase, J. Nat. Prod. 73
(2010) 1636-1642, https://doi.org/10.1021/np1002753.

[2

—

[4

=

[7

—

[8

—

[9

—

16

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Bioorganic Chemistry 114 (2021) 105139

Y.B. Ryu, J.H. Kim, S.-J. Park, J.S. Chang, M.-C. Rho, K.-H. Bae, K.H. Park, W.

S. Lee, Inhibition of neuraminidase activity by polyphenol compounds isolated
from the roots of Glycyrrhiza uralensis, Bioorg. Med. Chem. Lett. 20 (2010)
971-974, https://doi.org/10.1016/j.bmcl.2009.12.106.

T.N.A. Nguyen, T.T. Dao, B.T. Tung, H. Choi, E. Kim, J. Park, S.I. Lim, W.K. Oh,
Influenza A (HIN1) neuraminidase inhibitors from Vitis amurensis., Food Chem.
124 (2010) 437-443. doi: 10.1016/j.foodchem.2010.06.049.

G. Patrick, Drug design: optimizing target interactions, in: G. Patrick, An Introd. to
Med. Chem. Oxford, Oxford Univ. Press, 2013: pp. 215-247.

H.D. Gravina, N.F. Tafuri, A. Silva Janior, J.L.R. Fietto, T.T. Oliveira, M.A.N. Diaz,
M.R. Almeida, In vitro assessment of the antiviral potential of trans-cinnamic acid,
quercetin and morin against equid herpesvirus 1, Res. Vet. Sci. 91 (2011)
el158-e162, https://doi.org/10.1016/j.rvsc.2010.11.010.

A.P. Stankyavichyus, L.M.M. Stankyavichene, M.S. Sapragonene, L.

V. Korobchenko, E.I. Boreko, G.V. Vladyko, Synthesis and antiviral activity of
cinnamic acid derivatives, Pharm. Chem. J. 22 (1988) 896-900, https://doi.org/
10.1007/BF00771641.

R. Amano, A. Yamashita, H. Kasai, T. Hori, S. Miyasato, S. Saito, H. Yokoe,

K. Takahashi, T. Tanaka, T. Otoguro, S. Maekawa, N. Enomoto, M. Tsubuki,

K. Moriishi, Cinnamic acid derivatives inhibit hepatitis C virus replication via the
induction of oxidative stress, Antiviral Res. 145 (2017) 123-130, https://doi.org/
10.1016/j.antiviral.2017.07.018.

R.J. Martin, Modes of action of anthelmintic drugs, Vet. J. 154 (1997) 11-34,
https://doi.org/10.1016/51090-0233(05)80005-X.

WHO, Helminths: Intestinal nematode infection: Piperazine; WHO Model
Prescribing Information: Drugs Used in Parasitic Diseases, 2nd ed., n.d.

C. Viegas-Junior, A. Danuello, V. da Silva Bolzani, E.J. Barreiro, C.A.M. Fraga,
Molecular hybridization: a useful tool in the design of new drug prototypes, Curr.
Med. Chem. 14 (2007) 1829-1852, https://doi.org/10.2174/
092986707781058805.

M. Domenech de Celles, J.-S. Casalegno, B. Lina, L. Opatowski, Influenza may
facilitate the spread of SARS-CoV-2, MedRxiv. (2020) 2020.09.07.20189779. DOIL:
10.1101/2020.09.07.20189779.

J.L. McAuley, B.P. Gilbertson, S. Trifkovic, L.E. Brown, J.L. McKimm-Breschkin,
Influenza virus neuraminidase structure and functions, Front. Microbiol. 10 (2019)
26-32, https://doi.org/10.3389/fmicb.2019.00039.

M. von Itzstein, R. Thomson, Anti-influenza drugs: the development of sialidase
inhibitors BT - antiviral strategies, in: H.-G. Krausslich, R. Bartenschlager (Eds.),
Springer Berlin Heidelberg, Berlin, Heidelberg, 2009: pp. 111-154. DOI: 10.1007/
978-3-540-79086-0_5.

A. Chintakrindi, C.D. and M. Kanyalkar,, Rational development of neuraminidase
inhibitor as novel anti-flu drug, Mini-Reviews, Med. Chem. 12 (2012) 1273-1281,
https://doi.org/10.2174/138955712802761997.

Q. Li, J. Qi, W. Zhang, C.J. Vavricka, Y. Shi, J. Wei, E. Feng, J. Shen, J. Chen, D.
Liu, J. He, J. Yan, H. Liu, H. Jiang, M. Teng, X. Li, G.F. Gao, The 2009 pandemic
HI1N1 neuraminidase N1 lacks the 150-cavity in its active site, Nat. Struct. &Amp;
Mol. Biol. 17 (2010) 1266. https://doi.org/10.1038/nsmb.1909.

C.J. Vavricka, Q. Li, Y. Wu, J. Qi, M. Wang, Y. Liu, F. Gao, J. Liu, E. Feng, J. He,
J. Wang, H. Liu, H. Jiang, G.F. Gao, Structural and functional analysis of
laninamivir and its octanoate prodrug reveals group specific mechanisms for
influenza NA inhibition, PLoS Pathog. 7 (2011), €1002249, https://doi.org/
10.1371/journal.ppat.1002249.

X. Xu, X. Zhu, R.A. Dwek, J. Stevens, I.A. Wilson, Structural characterization of the
1918 influenza virus HIN1 neuraminidase, J. Virol. 82 (2008) 10493-10501. DOI:
10.1128/JVI1.00959-08.

M.C. Zambon, The pathogenesis of influenza in humans, Rev. Med. Virol. 11 (2001)
227-241, https://doi.org/10.1002/rmv.319.

1. Tubert-Brohman, W. Sherman, M. Repasky, T. Beuming, Improved Docking of
Polypeptides with Glide, J. Chem. Inf. Model. 53 (2013) 1689-1699, https://doi.
org/10.1021/¢i400128m.

T.A. Halgren, Identifying and characterizing binding sites and assessing
druggability, J. Chem. Inf. Model. 49 (2009) 377-389.

H.J. Jeong, Y.B. Ryu, S.J. Park, J.H. Kim, H.J. Kwon, J.H. Kim, K.H. Park, M.

C. Rho, W.S. Lee, Neuraminidase inhibitory activities of flavonols isolated from
Rhodiola rosea roots and their in vitro anti-influenza viral activities, Bioorganic
Med. Chem. 17 (2009) 6816-6823, https://doi.org/10.1016/j.bmc.2009.08.036.
M.R. Lentz, R.G. Webster, G.M. Air, Site-directed mutation of the active site of
influenza neuraminidase and implications for the catalytic mechanism,
Biochemistry. 26 (1987) 5351-5358, https://doi.org/10.1021/bi00391a020.

C. D’Souza, M. Kanyalkar, M. Joshi, E. Coutinho, S. Srivastava, Search for novel
neuraminidase inhibitors: Design, synthesis and interaction of oseltamivir
derivatives with model membrane using docking, NMR and DSC methods, Biochim.
Biophys. Acta - Biomembr. 1788 (2009) 1740-1751, https://doi.org/10.1016/j.
bbamem.2009.04.014.

M.P. Gleeson, A. Hersey, S. Hannongbua, In-silico ADME models: a general
assessment of their utility in drug discovery applications, Curr. Top. Med. Chem. 11
(2011) 358-381.

W.J. Dunn, M.G. Koehler, S. Grigoras, The role of solvent-accessible surface area in
determining partition coefficients, J. Med. Chem. 30 (1987) 1121-1126, https://
doi.org/10.1021/jm00390a002.

W. Chu, D. Zhou, V. Gaba, J. Liu, S. Li, X. Peng, J. Xu, D. Dhavale, D.P. Bagchi,
A. d’Avignon, N.B. Shakerdge, B.J. Bacskai, Z. Tu, P.T. Kotzbauer, R.H. Mach,
Design, synthesis, and characterization of 3-(benzylidene)indolin-2-one derivatives
as ligands for a-synuclein fibrils, J. Med. Chem. 58 (2015) 6002-6017, https://doi.
org/10.1021/acs.jmedchem.5b00571.



K. Malbari et al.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

L. Sun, N. Tran, F. Tang, H. App, P. Hirth, G. McMahon, C. Tang, Synthesis and
biological evaluations of 3-substituted indolin-2-ones: A novel class of tyrosine
kinase inhibitors that exhibit selectivity toward particular receptor tyrosine
kinases, J. Med. Chem. 41 (1998) 2588-2603, https://doi.org/10.1021/
jm980123i.

A. Andreani, M. Rambaldi, A. Locatelli, A. Bongini, R. Bossa, I. Galatulas, M. Ninci,
Synthesis and cardiotonic activity of pyridylmethylene-2-indolinones, Eur. J. Med.
Chem. 27 (1992) 167-170.

C. Klock, X. Jin, K. Choi, C. Khosla, P.B. Madrid, A. Spencer, B.C. Raimundo,

P. Boardman, G. Lanza, J.H. Griffin, Acylideneoxoindoles: a new class of reversible
inhibitors of human transglutaminase 2, Bioorg. Med. Chem. Lett. 21 (2011)
2692-2696, https://doi.org/10.1016/j.bmcl.2010.12.037.

A. Pelter, R.S. Ward, H.G. Heller, Carbon-13 nuclear magnetic resonance spectra of
(Z)-and (E)-aurones, J. Chem. Soc. Perkin Trans. 1 (1979) 328-329.

B.E. Davies, Pharmacokinetics of oseltamivir: an oral antiviral for the treatment
and prophylaxis of influenza in diverse populations, J. Antimicrob. Chemother. 65
Suppl 2 (2010) ii5-ii10. DOI: 10.1093/jac/dkq015.

P.C. Wagaman, H.A. Spence, R.J. O’Callaghan, Detection of influenza C virus by
using an in situ esterase assay, J. Clin. Microbiol. 27 (1989) 832-836, https://
pubmed.ncbi.nlm.nih.gov/2745694.

G.M. Sastry, M. Adzhigirey, T. Day, R. Annabhimoju, W. Sherman, Protein and
ligand preparation: parameters, protocols, and influence on virtual screening
enrichments, J. Comput. Aided. Mol. Des. 27 (2013) 221-234, https://doi.org/
10.1007/510822-013-9644-8.

A. Gaymard, N. Le Briand, E. Frobert, B. Lina, V. Escuret, Functional balance
between neuraminidase and haemagglutinin in influenza viruses, Clin. Microbiol.
Infect. 22 (2016) 975-983, https://doi.org/10.1016/j.cmi.2016.07.007.

J.N. Varghese, P.M. Colman, Three-dimensional structure of the neuraminidase of
influenza virus A/Tokyo/3/67 at 2.2 A resolution, J. Mol. Biol. 221 (1991)
473-486. DOI: 10.1016,/0022-2836(91)80068-6.

17

[52]

[53]
[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Bioorganic Chemistry 114 (2021) 105139

T. Halgren, New method for fast and accurate binding-site identification and
analysis, Chem. Biol. Drug Des. 69 (2007) 146-148, https://doi.org/10.1111/
j.1747-0285.2007.00483.x.

LigPrep, Schrédinger, LLC, New York, NY, 2019, (n.d.).

R.A. Friesner, J.L. Banks, R.B. Murphy, T.A. Halgren, J.J. Klicic, D.T. Mainz, P.
S. Shenkin, Glide,, A new approach for rapid, accurate docking and scoring. 1.
Method and assessment of docking accuracy, J. Med. Chem. (2004).

W. Sherman, T. Day, M.P. Jacobson, R.A. Friesner, R. Farid, Novel procedure for
modeling ligand/receptor induced fit effects, J. Med. Chem. 49 (2006) 534-553.
QikProp, Schrédinger, LLC, New York, NY, 2019, (n.d.).

R. Abonia, P. Cuervo, J. Castillo, B. Insuasty, J. Quiroga, M. Nogueras, J. Cobo,
Unexpected intramolecular cyclization of some 2'-aminochalcones to indolin-3-
ones mediated by Amberlyst®-15, Tetrahedron Lett. 49 (2008) 5028-5031.

T. Mosmann, Rapid colorimetric assay for cellular growth and survival: application
to proliferation and cytotoxicity assays, J. Immunol. Methods. 65 (1983) 55-63.
A.C. Kudi, S.H. Myint, Antiviral activity of some Nigerian medicinal plant extracts,
J. Ethnopharmacol. 68 (1999) 289-294.

S.M. Hosseini, E. Amini, M. Tavassoti Kheiri, P. Mehrbod, M. Shahidi, E. Zabihi,
Anti-influenza Activity of a Novel Polyoxometalate Derivative (POM-4960), Int. J.
Mol. Cell. Med. 1 (2012) 21-29, https://www.ncbi.nlm.nih.gov/pubmed/
24551755.

M. Feoktistova, P. Geserick, M. Leverkus, Crystal violet assay for determining
viability of cultured cells, Cold Spring Harb. Protoc. 2016 (2016) pdb.prot087379.
DOI: 10.1101/pdb.prot087379.

J.N. Makau, K. Watanabe, T. Ishikawa, S. Mizuta, T. Hamada, N. Kobayashi,
Identification of small molecule inhibitors for influenza a virus using in silico and
in vitro approaches, PLoS One. 12 (2017) e0173582.

J. An, D.C.W. Lee, A.H.Y. Law, C.L.H. Yang, L.L.M. Poon, A.S.Y. Lau, S.J.M. Jones,
A novel small-molecule inhibitor of the avian influenza H5N1 virus determined
through computational screening against the neuraminidase, J. Med. Chem. 52
(2009) 2667-2672, https://doi.org/10.1021/jm800455g.



Archives of Virology (2021) 166:801-812
https://doi.org/10.1007/500705-020-04911-0

ORIGINAL ARTICLE q

Check for
updates

Comprehensive analysis of genomic diversity of SARS-CoV-2
in different geographic regions of India: an endeavour to classify
Indian SARS-CoV-2 strains on the basis of co-existing mutations

Rakesh Sarkar' - Suvrotoa Mitra' - Pritam Chandra’ - Priyanka Saha' - Anindita Banerjee' - Shanta Dutta’ -
Mamta Chawla-Sarkar'

Received: 22 July 2020 / Accepted: 21 October 2020 / Published online: 19 January 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, AT part of Springer Nature 2021

Abstract

Accumulation of mutations within the genome is the primary driving force in viral evolution within an endemic setting. This
inherent feature often leads to altered virulence, infectivity and transmissibility, and antigenic shifts to escape host immunity,
which might compromise the efficacy of vaccines and antiviral drugs. Therefore, we carried out a genome-wide analysis
of circulating SARS-CoV-2 strains to detect the emergence of novel co-existing mutations and trace their geographical
distribution within India. Comprehensive analysis of whole genome sequences of 837 Indian SARS-CoV-2 strains revealed
the occurrence of 33 different mutations, 18 of which were unique to India. Novel mutations were observed in the S glyco-
protein (6/33), NSP3 (5/33), RARp/NSP12 (4/33), NSP2 (2/33), and N (1/33). Non-synonymous mutations were found to
be 3.07 times more prevalent than synonymous mutations. We classified the Indian isolates into 22 groups based on their
co-existing mutations. Phylogenetic analysis revealed that the representative strains of each group were divided into various
sub-clades within their respective clades, based on the presence of unique co-existing mutations. The A2a clade was found
to be dominant in India (71.34%), followed by A3 (23.29%) and B (5.36%), but a heterogeneous distribution was observed
among various geographical regions. The A2a clade was highly predominant in East India, Western India, and Central India,
whereas the A2a and A3 clades were nearly equal in prevalence in South and North India. This study highlights the divergent
evolution of SARS-CoV-2 strains and co-circulation of multiple clades in India. Monitoring of the emerging mutations will
pave the way for vaccine formulation and the design of antiviral drugs.

Introduction mutating their genomes. If the virus evolves in a stable envi-

ronment with minimal selection, transition mutations are

When a virus adapts to a new host within an endemic set-
ting, it needs to exploit the host’s cellular machinery for
successful entry, establishing its replication, and evading
the host’s immune responses [1]. To achieve this, viruses
modify antigenic epitopes on their proteins by continuously
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more frequent than the transversions [2]. Accumulation of
deleterious mutations, which may include insertion, dele-
tion, or substitution mutations, are filtered out through natu-
ral selection, either by reverting back to the ancestral state or
by getting fixed with compensatory mutations that offset the
effects of deleterious mutations while advantageous muta-
tions persist [2—5]. Hence, digging deep into the type of
mutations that occur may help in understanding how selec-
tion pressure might be acting on a novel virus [6].

In pursuit of the origin of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), researchers found
traces of its zoonotic transmission, as a number of the initial
cases were reported in people visiting the Wuhan Seafood
Market [7-9]. The transmission dynamics of this virus were
a major focus of research in the early period of the pandemic,
where there were numerous controversies and questions.
Phylogenetic analysis of the virus isolated from infected
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Abstract

Reprogramming the host cellular environment is an obligatory facet of viral pathogens
to foster their replication and perpetuation. One of such reprogramming events is
the dynamic cross-talk between viruses and host cellular death signaling pathways.
Rotaviruses (RVs) have been reported to develop multiple mechanisms to induce apop-
totic programmed cell death for maximizing viral spread and pathogenicity. However,
the importance of non-apoptotic programmed death events has remained elusive in
context of RV infection. Here, we report that RV-induced apoptosis accompanies an-
other non-apoptotic mode of programmed cell death pathway called necroptosis to
promote host cellular demise at late phase of infection. Phosphorylation of mixed line-
age kinase domain-like (MLKL) protein indicative of necroptosis was observed to con-
cur with caspase-cleavage (apoptotic marker) beyond 6 hr of RV infection. Subsequent
studies demonstrated phosphorylated-MLKL to oligomerize and to translocate to
plasma membrane in RV infected cells, resulting in loss of plasma membrane integrity
and release of alarmin molecules e.g., high mobility group box protein 1 (HMGB1) in
the extracellular media. Moreover, inhibiting caspase-cleavage and apoptosis could
not fully rescue virus-induced cell death but rather potentiated the necroptotic trig-
ger. Interestingly, preventing both apoptosis and necroptosis by small molecules sig-

nificantly rescued virus-induced host cytopathy by inhibiting viral dissemination.

KEYWORDS
apoptosis, high mobility group box protein 1, mixed lineage kinase domain-like protein,
necroptosis, non-apoptotic cell death, rotavirus, viral spread

1 | INTRODUCTION

Induction of host cellular death in response to viral pathogens
represents a powerful component of the host antiviral defense
machinery by which infected cells are cleared through pro-
grammed self-destruction (Danthi, 2016). Apoptosis, the ear-
liest described mechanism of programmed cell death, has been
shown to be involved in clearance of virus-infected cells in many

cases of viral infection (Kerr et al., 1972; Roulston et al., 1999).

During apoptosis, multiple upstream signaling cascades can acti-
vate caspases, a family of cysteine dependent aspartate specific
proteases, which then function as executioners of the apoptotic
program by systematically dismantling the infected cells and
collapsing them from inside into discrete packages for eventual
recycling (Nicholson, 1999; Taylor et al., 2008). Not surpris-
ingly, therefore, inhibition of caspases, by either virus-encoded
inhibitory proteins or pharmacological means, should nullify
virus-induced host cellular death. However, rather paradoxically,
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Abstract

Human adenovirus-F (HAdV-F) (genotype 40/41) is the second-most leading cause
of pediatric gastroenteritis after rotavirus, worldwide, accounting for 2.8%-11.8%
of infantile diarrheal cases. Earlier studies across eastern India revealed a shift in
the predominance of genotypes from HAdV41 in 2007-09 to HAdV40 in 2013-14.
Thus, the surveillance for HAdV-F genotypes in this geographical setting was un-
dertaken over 2017-2020 to analyze the viral evolutionary dynamics. A total of
3882 stool samples collected from children (<5 years) were screened for HAdV-F
positivity by conventional PCR. The hypervariable regions of the hexon and the
partial shaft region of long fiber genes were amplified, sequenced, and phylogen-
etically analyzed with respect to the prototype strains. A marginal decrease in
enteric HAdV prevalence was observed (9.04%, n=351/3882) compared to the
previous report (11.8%) in this endemic setting. Children <2 years were found most
vulnerable to enteric HAdV infection. Reduction in adenovirus-rotavirus co-
infection was evident compared to the sole adenovirus infection. HAdV-F genotypes
40 and 41 were found to co-circulate, but HAdV41 was predominant. HAdV40
strains were genetically conserved, whereas HAdV41 strains accumulated new
mutations. On the basis of a different set of mutations in their genome, HAdV41
strains segregated into 2 genome type clusters (GTCs). Circulating HAdV41 strains
clustered with GTC1 of the fiber gene, for the first time during this study period.
This study will provide much-needed baseline data on the emergence and circula-

tion of HAdV40/41 strains for future vaccine development.

KEYWORDS

genome type cluster (GTC), human adenovirus (HAdV), mutation, phylogenetic analysis,
rotavirus vaccine

Abbreviations: AGE, acute gastroenteritis; GTC, genome type cluster; HAdV, human adenovirus.
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Sneaking into the viral safe-
houses: Implications of host
components in regulating
integrity and dynamics of
rotaviral replication factories
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Mamta Chawla-Sarkar™ and Upayan Patra®*

tDivision of Virology, Indian Council of Medical Research National Institute of Cholera and Enteric
Diseases, Kolkata, India, ?Institute of Biochemistry Il, Faculty of Medicine, Goethe University,
Frankfurt, Germany

The biology of the viral life cycle essentially includes two structural and
functional entities—the viral genome and protein machinery constituting the
viral arsenal and an array of host cellular components which the virus closely
associates with—to ensure successful perpetuation. The obligatory
requirements of the virus to selectively evade specific host cellular factors
while exploiting certain others have been immensely important to provide the
platform for designing host-directed antiviral therapeutics. Although the
spectrum of host-virus interaction is multifaceted, host factors that
particularly influence viral replication have immense therapeutic importance.
During lytic proliferation, viruses usually form replication factories which are
specialized subcellular structures made up of viral proteins and replicating
nucleic acids. These viral niches remain distinct from the rest of the cellular
milieu, but they effectively allow spatial proximity to selective host
determinants. Here, we will focus on the interaction between the replication
compartments of a double stranded RNA virus rotavirus (RV) and the host
cellular determinants of infection. RV, a diarrheagenic virus infecting young
animals and children, forms replication bodies termed viroplasms within the
host cell cytoplasm. Importantly, viroplasms also serve as the site for
transcription and early morphogenesis of RVs and are very dynamic in
nature. Despite advances in the understanding of RV components that
constitute the viroplasmic architecture, knowledge of the contribution of
host determinants to viroplasm dynamicity has remained limited. Emerging
evidence suggests that selective host determinants are sequestered inside or
translocated adjacent to the RV viroplasms. Functional implications of such
host cellular reprogramming are also ramifying—disarming the antiviral host
determinants and usurping the pro-viral components to facilitate specific
stages of the viral life cycle. Here, we will provide a critical update on the
wide variety of host cellular pathways that have been reported to regulate
the spatial and temporal dynamicity of RV viroplasms. We will also discuss the
methods used so far to study the host-viroplasm interactions and emphasize
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