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ARTICLE INFO ABSTRACT

Keywords: A small molecule chemical inhibitor CGP57380 that blocks activation of MAPK interacting kinase 1 (MNK1) was

MNK1 found to significantly suppress buffalopox virus (BPXV) replication. BPXV infection was shown to induce MNK1

CGP57380 activation. Depletion of MNK1 by small interfering RNA (siRNA), blocking activation of extracellular regulated

Antiv'iral efﬁca‘fy kinase (ERK, an upstream activator of MNK1) and disruption of eIF4E/eIF4G interaction (downstream substrate

PDiiil:e:i};?;::le of MNK1 which plays a central role in cap-dependent translation initiation), resulted in reduced BPXV re-
plication, suggesting that ERK/MNK1/eIF4E signaling is a prerequisite for BPXV replication. With the help of
time-of-addition and virus step-specific assays, CGP57380 treatment was shown to decrease synthesis of viral
genome (DNA). Disruption of ERK/MNK1/eIF4E signaling resulted in reduced synthesis of viral proteins, sug-
gesting that BPXV utilizes cap-dependent mechanism of translation initiation. Therefore, we concluded that
decreased synthesis of viral genome in presence of MNK1 inhibitor is the result of reduced synthesis of viral
proteins. Furthermore, BPXV was sequentially passaged (P = 40) in presence of CGP57380 or vehicle control
(DMSO). As compared to PO and P40-control viruses, P40-CGP57380 virus replicated at significantly higher
(~10-fold) titers in presence of CGP57380, although a complete resistance could not be achieved. In a BPXV egg
infection model, CGP57380 was found to prevent development of pock lesions on chorioallantoic membrane
(CAM) as well as associated mortality of the embryonated chicken eggs. We for the first time demonstrated in
vitro and in ovo antiviral efficacy of CGP57380 against BPXV and identified that ERK/MNK]1 signaling is a
prerequisite for synthesis of viral proteins. Our study also describes a rare report about generation of drug-
resistant viral variants against a host-targeting antiviral agent.

1. Introduction

Buffalopox is caused by an orthopoxvirus that belongs to the family
Poxviridae. The natural host for buffalopox virus (BPXV) is domestic
buffalo (Bubalus bubalis), but it can also infect cattle and humans and
hence is considered as a potential zoonotic threat (Gujarati et al., 2018;
Lewis-Jones, 2004; Singh et al., 2006, 2007). Buffalopox outbreaks
have been reported in India, Egypt, Indonesia and Italy (Gujarati et al.,
2018; Marinaik et al., 2018; Singh et al., 2007). Buffalopox virus
(BPXV) infection in humans have been frequently reported in India
(Bera et al., 2012; Dumbell and Richardson, 1993; Gujarati et al., 2018;
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Gurav et al., 2011; Marinaik et al., 2018; Riyesh et al., 2014; Singh
et al., 2006).

Buffalopox is characterized by development of pustular skin lesions,
which may be localized or disseminated, depending upon the disease
severity. Disease outbreaks in buffaloes often result in decreased milk
production (Singh et al., 2007; Venkatesan et al., 2010). To minimize
the economic impact, blocking virus transmission during epidemics is
of utmost importance for which rapid control tools are urgently re-
quired (Goris et al., 2008). Despite adverse effect on animal industry
and severe consequences to human health (Singh et al., 2007), antiviral
drugs that can be used to treat buffalopox or other viral infections of
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animals are lacking.

Most of the antiviral agents that are licensed for use are based on
directly targeting viral components (Chen et al., 2016). High mutation
rate in viral genome allows the virus to become resistant at the drug-
gable targets (Andino and Domingo, 2015). This rise in incidence of
drug resistance has prompted a paradigm shift in the approaches for the
development of antiviral drugs (Ludwig et al., 2006). Upon viral in-
fection, an array of signal transduction events are initiated by the cells
that are basically antiviral (Kumar et al., 2016b; Ludwig et al., 2006).
However, there are evidences that the virus has acquired the capability
to exploit host cell signaling pathways to support its effective replica-
tion (Kumar et al., 2011, 2018b; Muhlbauer et al., 2015; Pleschka et al.,
2001). Number of such studies are in preclinical development and will
ultimately lead to the definition of specific cellular targets for novel
antiviral approaches. Compared to the high rate of mutations in viral
genome, genetic variability of the host is quite low and hence host-
targeting agents are considered to impose a higher genetic barrier to
generation of resistant viruses. Therefore, a potential good approach for
development of novel antiviral therapeutics is to target host factors
required for efficient virus replication.

Protein phosphorylation and dephosphorylation, mediated respec-
tively via kinase and phosphatase, is a ubiquitous cellular regulatory
mechanism during signal transduction which determines key cellular
processes such as growth, development, transcription, metabolism,
apoptosis, immune response, and cell differentiation. Kinome-the pro-
tein kinase complement of the human genome, completed in 2002,
identified 518 protein kinase genes. These kinases have been shown to
play a key role in cancer and many other diseases (Coito et al., 2004)
including viral infections (Nousiainen et al., 2013), making these pro-
teins very desirable drug targets. We reviewed the literature (Boss et al.,
2009; Cinats et al., 2018; Glover et al., 2004; Hartmann et al., 2009;
Schoffski et al., 2006; Wang et al., 2011) and selected some kinase
inhibitors that are commercially available. One of the inhibitor
(CGP57380) that inhibits activation of MAPK interacting kinase 1
(MNK1) by blocking its phosphorylation (Grzmil et al., 2014; Huang
et al., 2018; Knauf et al., 2001; Martinez et al., 2015; Shveygert et al.,
2010) was shown to impair BPXV replication in cultured Vero cells. In
this study, we evaluated in vitro and in ovo antiviral efficacy of MNK1
inhibitor against BPXV and identified that MNK1 is a critical cellular
factor required for synthesis of viral proteins. We also studied the po-
tential development of drug-resistant BPXV variants on long-term pas-
sage in presence of MNK1 inhibitor (a host-targeting antiviral agent).

2. Materials and methods
2.1. Chemicals

MNKI1 inhibitor- CGP57380 (Fig. 1), Extracellular regulated kinase
(ERK) inhibitor- FR180204, MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide] and dimethyl sulfoxide (DMSO) were
procured from Sigma (Steinheim, Germany) whereas eIF4E/elF4G in-
teraction inhibitor 4EGI-1 was procured from EMD Millipore (Darm-
stadt, Germany).

2.2. Cell culture

African green monkey kidney (Vero) and HeLa cells were available
at National Centre for Veterinary Type Cultures (NCVTC), Hisar. Cells
were grown in Minimum Essential Medium (MEM) supplemented with
10% fetal bovine serum (FBS) (Sigma, St. Louis, USA) and antibiotics.

2.3. BPXV
Cell culture adapted BPXV (Accession Number, VTCC-AVA90) was

available at NCVTC Hisar, which was amplified and quantitated by
plaque assay in Vero cells. Briefly, Vero cells were grown in 6 well
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Fig. 1. CGP57380 (MNK1 inhibitor): N3—(4—Fluorophenyl)—lH—pyrazolo—[3,4—d]
pyrimidine-3,4-diamine).

tissue culture plates. The confluent monolayers were infected with 10-
fold serial dilutions (in 500 pl volume) of the virus for 1 h at 37 °C, after
which the infecting medium was removed and replaced with agar-
overlay containing equal volume of 2X L-15 medium and 2% agar. The
plaques were visible at 5-6 days post infection (dpi) after which agar-
overlay was removed and the plaques were stained by crystal violet (1%
crystal violet and 20% methanol). The viral titers were determined as
plaque forming unit/ml (pfu/ml).

2.4. Evaluation of MNK1 activation following BPXV infection

HelLa cells were infected with BPXV at MOI of 5 in 30 cm tissue
culture dishes. Cell lysates were prepared at 1 h post infection (hpi), 6
hpi, 12 hpi, 18 hpi and at 24 hpi, and subjected for detection of
phosphorylated MNK1 (pMNK1) in Western blot analysis by using a
phospho-specific MNK1antibody [(RbmAb to MNK1 phospho T 385
(Abcam, Cambridge, USA) and Goat Anti-Rabbit IgG HRP conjugate
(Sigma, St. Louis, USA). Total MNK1 was detected using Rabbit MNK1
Polyclonal Antibody (Thermo Fisher Scientific, Rockford, USA). The
house-keeping control protein [Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH)] was probed using Mouse anti-GAPDH primary
antibody (Sigma, St. Louis, USA) and Anti-Mouse IgG (whole molecule)-
Alkaline Phosphatase conjugate (Sigma, St. Louis, USA).

2.5. Cytotoxicity and virucidal activity

The cytotoxic (Kumar et al., 2008) and virucidal effects (Kumar
et al., 2011) of CGP57380 were determined as previously described.

2.6. In vitro antiviral efficacy of CGP57380 (ECsg)

Vero cells, in triplicates were infected with BPXV at MOI of 0.1 for
1h followed by washing with PBS, and addition of fresh MEM con-
taining either DMSO or 5-fold serial dilutions of the CGP57380 (8 ug/
ml to 0.064 pg/ml). Viral titers in the infected cell culture supernatants
at 48 hpi were determined by plaque assay. Effective concentration 50
(ECsp, concentration of the inhibitor required to reduce 50% virus
yield) was determined by Reed-Muench method.

2.7. Effect of MNK1 inhibitor on specific steps of BPXV life cycle

2.7.1. Time-of-addition assay

Confluent monolayers of Vero cells, in triplicates were infected with
BPXV at MOI of 5, followed by addition of CGP57380 (1.5 pg/ml) or
vehicle-control at 1 hpi, 6 hpi, 12 hpi, 18 hpi, 24 hpi, 30 hpi and 36 hpi.
Supernatant from the infected cells was collected at 48 hpi and
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quantified by plaque assay.

2.7.2. Attachment assay

Confluent monolayers of Vero cells, in triplicates, were pre-in-
cubated with 1.5 pg/ml CGP57380 or 0.05% DMSO for 30 min followed
by BPXV infection at MOI of 5 for 2h at 4 °C. The cells were then wa-
shed 5 times with PBS and the cell lysates were prepared by rapid
freeze-thaw method. The viral titers in cell lysates were quantified by
plaque assay.

2.7.3. Entry assay

Confluent monolayers of Vero cells, in triplicates, were pre-chilled
at 4°C and infected with BPXV at MOI of 5 in CGP57380-free medium
for 1.5hat 4°C, which allowed virus attachment to the host cells but
restricted viral entry. Thereafter, the cells were washed with PBS and
incubated with fresh MEM containing 1.5 pg/ml CGP57380 or 0.05%
DMSO. To permit viral entry, cells were incubated at 37 °C for 1h.
Thereafter, cells were washed with PBS and grown in fresh MEM
without any inhibitor. Virus yield in the infected cell culture super-
natants at 48 hpi was determined by plaque assay.

2.7.4. Virus release assay

Confluent monolayers of Vero cells, in triplicates, were infected
with BPXV at MOI of 5 for 1 h. Thereafter, cells were washed with PBS
and fresh MEM was added. At 36 hpi, cells were washed 5 times with
chilled PBS followed by addition of fresh MEM containing 1.5 pg/ml
CGP57380 or vehicle-control. Virus yield in infected cell culture su-
pernatant at 30 min and 4h post-drug treatment was quantified by
plaque assay.

2.7.5. qRT-PCR

The amounts of viral DNA in infected cells were measured by
quantitative real-time PCR (qRT-PCR). Confluent monolayers of Vero
cells, in triplicates, were infected with BPXV (MOI of 5) for 1 h followed
by washing with PBS and addition of fresh MEM. CGP57380 (1.5 ug/
ml) or DMSO (0.05%) were added at 6 hpi. Cells were scraped at 36 hpi
to quantify the viral (C18L) and house-keeping control gene ($-actin)
by qRT-PCR as previously described (Khandelwal et al., 2017). The
levels of viral DNA, expressed as threshold cycle (Ct) values, were
normalized with [-actin housekeeping control gene. Relative fold-
change in viral DNA copy number was determined by AA Ct method
(Kumar et al., 2016a).

2.7.6. Effect of CGP57380 on synthesis of viral proteins

Confluent monolayers of Vero cells were grown in 30 cm? tissue
culture dishes and infected with BPXV at MOI of 5. Inhibitors or ve-
hicle-control were added at 6 hpi. Cells were scraped at 36 hpi to
analyze the levels of viral and house-keeping control protein (GAPDH)
in Western blot. Anti-BPXV serum was available at NCVTC Hisar and
has been described elsewhere (Khandelwal et al., 2017).

2.8. siRNA knockdown of MNK1

In order to further confirm the role of MNK1 in BPXV replication, as
well as to avoid the possibilities that MNK1 inhibitor may have some
off-target effects in the host cells, MNK1 was knockdown from the cells
in a sequence dependent manner by using small interfering RNA
(siRNA). Briefly, HeLa cells were grown in 96 well plates. When the
cells were at ~75% confluency, 5pmol of MNK1 [(MISSION siRNA
Human Kinase MNK1 (siRNA4 nanoscale)] or control siRNA (MISSION
siRNA Universal Negative Control) were transfected using
Lipofectamine 3000 as per the instruction of manufacturer (Invitrogen,
Carlsbad, USA). At 48h post-transfection, cells were infected with
BPXV at MOI of 1 and virus released in the infected cell culture su-
pernatant at 48 hpi was quantified by plaque assay.

128
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2.9. Selection of potential CGP57380-resistant virus variants

Vero cells were infected with BPXV at MOI of 0.1 in medium con-
taining 0.05% DMSO or 0.5pug/ml CGP57380. At 48-72 hpi, super-
natant was collected from the virus infected cells [named passage 1
(P1)] and quantified by plaque assay. Forty such sequential passages
were carried out. The original virus stock (P0), P40-CGP57380 and P40-
control viruses were used to infect Vero cells at an MOI of 0.1 with
either 1.5 pg/ml CGP57380 or 0.05% DMSO. At 48 hpi, viral titers in
the infected cell culture supernatant were quantified by plaque assay.

2.10. In ovo antiviral efficacy of CGP57380 against BPXV

2.10.1. Egg lethal dose 50 (LDsp)

Specific pathogen free (SPF) embryonated chicken eggs were pro-
cured from Indovax Pvt. Ltd., Hisar, India. LDs, of CGP57380 was de-
termined by inoculating 5-fold serial dilutions of CGP57380 (con-
centration ranging from 500 to 0.16 pg/egg) or DMSO (vehicle-
control), in 10 day old embryonated SPF eggs, in a total of 100 pul vo-
lumes via chorioallantoic membrane (CAM) route. Eggs were examined
for the viability of the embryos up to five days post-inoculation to de-
termine the LDso by the Reed-Muench method.

2.10.2. Egg infective dose 50 (EIDs)

EIDso of BPXV was determined by inoculating 100 pl of serial 10-
fold dilutions of BPXV [stock of 107 pfu/ml], in 10 day old embryonated
SPF eggs via CAM route. At 5 dpi, eggs were visualized for pock lesions
on its CAM. For determining EIDs,, development of pock lesions on
CAM and/or death of the embryos were considered as mortality.

2.10.3. In ovo antiviral efficacy (ECso)

SPF embryonated chicken eggs, in triplicates, were inoculated with
5-fold dilutions (25-0.1 pg/egg) of CGP57380 or equal volume of ve-
hicle control via CAM route, followed by infection with BPXV at 100
EIDso. On 5-7 dpi, eggs were examined for pock lesions and/or death of
the embryos. ECso was determined by the Reed-Muench method.

3. Results
3.1. In vitro antiviral efficacy of CGP57380

The cytotoxicity of CGP57380 was determined by MTT assay. To
estimate the viability, Vero cells were grown in the presence of five-fold
increasing concentrations (up to 40 uM) of CGP57380 for 72 hpi. As
shown in Fig. 2a, no significant cytotoxicity in Vero cells was observed
up to 1.6 ug/ml. A marginal cell death (~10%) was observed at 8 ug/
ml and a significant (~50%) cell death was observed at 40 ug/ml. The
CCso was determined to be 38.03 ng/ml (Reed-Muench method).

To determine the antiviral efficacy, virus yields in BPXV-infected
Vero cells were measured in presence of indicated concentrations of
CGP57380 or equivalent volume of vehicle-control. As compared to the
vehicle-control, CGP57380 significantly inhibited BPXV replication in a
dose-dependent manner (~ 3 log at 8 ug/ml, ~2 log at 1.6 ug/ml and
~1 log at 0.32ug/ml) (Fig. 2b) suggesting MNK1 supports BPXV re-
plication. The ECsy was determined to be 0.075 pg/ml (Reed-Muench
method).

To analyze the virucidal effects of CGP57380 on extracellular vir-
ions, BPXV was incubated with indicated concentrations of CGP57380
for 1.5 h and then titrated on Vero cells. As shown in Fig. 2¢, infectious
virus titers were comparable in both CGP57380 or vehicle control-
treated aliquots, suggesting that CGP57380 exerts no direct virucidal
effect on BPXV and that the antiviral efficacy of MNKI1 inhibitor is
presumably due to disruption of viral life cycle.
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Fig. 2. In vitro antiviral efficacy of CGP57380. (a) Cytotoxicity: Indicated concentrations of CGP57380 or equivalent volumes of DMSO were incubated with
cultured Vero cells for 96 h followed by measuring the cell viability (% survival) by MTT assay. (b) In vitro antiviral efficacy: Vero cells were infected with BPXV at
MOI of 0.1 in the presence of indicated concentrations of CGP57380 or vehicle-control. The virus yield in the infected cell culture supernatants was quantified by
plaque assay. Virus titers between vehicle control and various drug regimens were compared. Error bars indicate SD. Pair-wise statistical comparisons were per-
formed using Student's t-test (*** = P < 0.001). (c¢) Virucidal activity: Indicated concentrations of the CGP57380 or equivalent volumes of DMSO were mixed with
BPXV and incubated for 1.5 h at 37 °C, after which virus was diluted (1/1000) and relative infectivity was analyzed by plaque assay. CCs, and ECs, were determined
by Reed-Muench method.
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In order to estimate which step(s) of BPXV life cycle may be affected

by CGP57380, a time-of-addition assay was performed in the setting of
one-step growth curve. Vero cells were infected with BPXV and the (b) M GAPDH
inhibitor- or vehicle-controls were applied at different time post-in- - —1

fection (1 hpi to 36 hpi). When one full cycle of the BPXV was about to

complete, i.e. at 36-48 hpi (Khandelwal et al., 2017), the infectious

virus released in the infected cell culture supernatant was quantified. As
shown in Fig. 3, application of CGP57380 resulted in a similar level of (c) e —

- ————

Total MNK1
BPXV inhibition either applied before infection (pre-treatment) or at 1
hpi, 6 hpi, 12 hpi and 18 hpi, suggesting CGP57380 may not inhibit
early step of BPXV life cycle. Addition of inhibitor at later time points (d) = GAPDH
showed low (at 24 hpi and 30 hpi) or no inhibition (36 hpi), suggesting
that CGP57380 has no significant effect on late stage of BPXV life cycle. Fig. 4. BPXV induces MNK1 activation. HeLa cells were either mock-infected

or infected with BPXV at MOI of 5. Cell lysate were prepared at indicated time
points and subjected for Western blot analysis. First gel was run to detect the
3.3. BPXV infection induces MNK1 activation levels of pMNK1 (a) and GAPDH (b) whereas second gel (same cell lysate) was
run to detect levels of total MNK1 (c) and GAPDH (d).
Phosphorylated MNK1 (pMNK1) which serves as its marker of

50 activation could be consistently detected at 1 hpi, 6 hpi, 12 hpi, 18 hpi
E and 24 hpi in BPXV-infected cells but not in mock-infected cells, sug-
~
2 45 !_.__—I——l——‘.‘—i/i# GP57380 gesting that BPXV induces MNK1 activation. There was only a small
S 4.0 amount of pMNK1 at 1 hpi (Fig. 4a). It peaked at 12 hpi and persisted
® o3 till 18 hpi, after which it started declining at 24 hpi (Fig. 4a). Effect of
= BPXV was also examined on level of cellular house-keeping proteins
.% 3.0 —&— Control (GAPDH) (Fig. 4b). No significant difference was observed in the
% 25 GAPDH levels of mock-infected and BPXV-infected cells (Fig. 4b). Same
'§ cell lysate was also used to evaluate levels of total MNK1 (Fig. 4c) and

2.0 4

GAPDH levels (Fig. 4d) wherein no significant changes were observed
between different treatments suggesting that alteration in pMNK1 le-
vels were due to BPXV infection, rather than an alteration in total
Fig. 3. Time-of-addition assay: Pre-treated (1.5 pg/ml of CGP57380) or non- MNK1 levels.

treated Vero cells were infected, in triplicate with BPXV for 1h followed by

washing with PBS and addition of fresh MEM. Inhibitor or vehicle control was 3.4. Effect of CGP57380 on attachment, entry and budding of BPXV
applied at indicated time points. Supernatants were collected at 48 h post-in-

fection (hpi) and quantified by plaque assay.
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In order to determine the effect of CGP57380 on attachment of
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BPXV to the host cells, virus infection was carried out at 4 °C which
allowed virus attachment (adsorption) to the host cells but restricted
viral entry. Viral titers were comparable in both vehicle-control-treated
and CGP57380-treated cells suggesting that MNK1 inhibitor does not
affect BPXV attachment to the host cells (Supplementary Fig. 1a).

To evaluate the effect of CGP57380 on BPXV entry, virus was first
allowed to attach at 4 °C in absence of any inhibitor, followed by in-
cubating the cells at 37 °C for 1 h (to permit viral entry) in presence of
the inhibitor. Virus titers were comparable in both vehicle-control-
treated and CGP57380-treated cells suggesting that MNK1 inhibitor
does not affect BPXV entry into the target cells (Supplementary Fig. 1b).

It was also examined whether CGP57380 inhibits release of BPXV
from infected cells. In virus release assay, the inhibitor was applied at
the time when early (attachment/entry) and middle steps (genome and
protein synthesis) of the viral life cycle had occurred and when virus
presumably started budding from the infected cells i. e. at 36 hpi. Virus
titers were comparable in both vehicle-control-treated and CGP57380-
treated cells suggesting MNK1 inhibitor does not affect BPXV release
from the infected cells (Supplementary Fig. 1c).

3.5. MNKI1 regulates cap-dependent translation initiation of BPXV proteins

In order to determine the effect of CGP57380 on synthesis of BPXV
genome, Vero cells were infected with BPXV and the inhibitor was
applied at 6 hpi, a time point when early steps of the viral replication
cycles are expected to occur. The cells were scrapped at 24 hpi to
quantitate viral (C18L) and cellular ((-actin) genes by qRT-PCR. As
compared to the vehicle-control-treated cells, CGP57380-treated cells
showed ~66-fold reduction in viral DNA (Fig. 5a), suggesting that
MNK1 inhibitor affects BPXV genome synthesis.

Since reduced viral DNA synthesis may eventually reflect reduction
in synthesis of the viral proteins, levels of viral protein in inhibitor-
treated and vehicle-treated cells were also examined. As shown in
Fig. 5b (upper panel), CGP57380-treatment also resulted in decreased
synthesis of viral proteins in infected cells whereas levels of house-
keeping control protein GAPDH were unaffected (Fig. 5b, lower panel).
Concomitant to the viral protein synthesis, a reduced amount of viral
mRNA was also observed in inhibitor-treated cells (Fig. 5c).
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Alternatively, it is possible that CGP57380 treatment might have
resulted in reduced synthesis of viral polymerase which in turn would
have resulted in reduced synthesis of viral genome. Viral mRNA
translation in most of the DNA viruses (including poxviruses) and some
RNA viruses is synthesized in cap-dependent manner where elF4E/
elF4G interaction plays a central role in translation initiation. By
binding to eIF4G, activated MNK1 may directly activate elF4E to in-
itiate 5’-cap-dependent translation initiation. In order to evaluate
whether BPXV utilize cap-dependent mechanism of translation initia-
tion, we measured the yields of infectious virions in the supernatant of
virus infected cells in presence of eIF4E/elF4G interaction inhibitor-
4EGI-1. At a noncytotoxic concentration of 5ug/ml (Fig. 6a), 4EGI-1-
treated cells produced significantly less virus, as compared to the
control-treated cells (Fig. 6b), suggesting that BPXV utilizes cap-de-
pendent mechanism of translation initiation. Therefore, blocking MNK1
activation that regulates eIlF4E/elF4G interaction, results in decreased
BPXV production. Further, when we measured the levels of viral pro-
teins; as compared to the control-treated cells, 4EGI-1-treated cells
showed significantly lower amount of viral proteins (Fig. 6¢) suggesting
that MNK1 regulates BPXV protein synthesis and that decreased
synthesis of BPXV genome in presence of CGP57380 is due to reduced
synthesis of viral proteins.

Further, MNK1 was depleted from the HeLa cells by transfecting
MNK1 siRNA. A reduced yield of infectious virus in MNK1 siRNA-
treated cells, as compared to the control-siRNA treated cells further
confirmed that MNK1 is a prerequisite for BPXV replication (Fig. 7a).
Furthermore, ERK activation (an upstream regulator of MNK1) was
blocked in cultured Vero cells using an ERK-specific chemical inhibitor
FR180204. At a noncytotoxic concentration (1.0pug/ml), (Fig. 7b),
FR180204-treated cells showed a highly significant reduction (~ 3 log)
in BPXV replication suggesting prerequisite of ERK/MNK]1 signaling in
BPXV replication.

3.6. Selection of drug resistant virus variants

To evaluate the generation of potential drug-resistant BPXV var-
iants, BPXV was passaged 40 times in presence of MNKI inhibitor
(CGP57380, a host targeting agent) or vehicle control. Initially (P0) we

() mRNA synthesis
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Fig. 5. Treatment of MNK1 inhibitor results in reduced synthesis of viral DNA/mRNA/proteins. Confluent monolayers of Vero cells were infected with BPXV
(MOI of 5) for 1 h followed by washing with PBS and addition of fresh MEM. Inhibitor or vehicle-control was applied at 6 hpi. Cells were scraped at 36 hpi to quantify
viral genome/proteins/mRNA. (a) Quantitation of BPXV C18L gene in CGP57380-treated and vehicle-control-treated Vero cells by qRT-PCR. Ct values were nor-
malized with B-actin house-keeping control gene and relative fold change was calculated by AA Ct method. Graphical representation of the fold-change in relative
copy number of viral DNA. (b) The levels of viral (upper panel) and GAPDH house-keeping control protein (lower panel) were determined by Western blot analysis.
(c) Confluent monolayers of Vero cells were infected with BPXV at MOI of 5. Inhibitor or vehicle-control was applied at 6 hpi. Cells were scraped at 18 hpi to isolate
total RNA, followed by cDNA preparation using oligo(dT) primers. The levels of BPXV mRNA (cDNA) in inhibitor-treated and untreated cells were quantified by qRT-
PCR. Error bars indicate SD. Pair-wise statistical comparisons were performed using Student's t-test (** = P < 0.01, *** = P < 0.001).
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Fig. 6. Cap-dependent translation initiation of BPXV proteins. (a) Cytotoxicity of 4EGI-1: Indicated concentrations of e[F4E/eIF4G interaction inhibitor (4EGI-
1) or equivalent volumes of DMSO were incubated with cultured Vero cells for 96 h and cell viability (% survival) was measured by MTT assay. (b) Effect of 4EGI-1
on production of infectious BPXV in cultured cells: Vero cells were infected with BPXV at MOI of 1 in the presence of 5 pug/ml of 4EGI-1 or 0.05% DMSO. The virus
yield in the infected cell culture supernatant was quantified by plaque assay. (c) Effect of 4EGI-1 on synthesis of viral proteins. Vero cells were infected with BPXV
at MOI of 1 in the presence of 5 pug/ml 4EGI-1 or 0.05% DMSO. Cell lysates were prepared at 36 hpi to quantify viral protein. (c¢) Error bars indicate SD. Pair-wise
statistical comparisons were performed using Student's t-test (*** = P < 0.001).

observed ~500-fold inhibition in the viral titres in CGP57380-treated
cells, as compared to the vehicle control (DMSO)-treated cells (Fig. 8a).
The inhibition levels in viral titres were comparable even up to passage
level 20 (P20) (Fig. 8a). However, later on, the viral inhibition levels
progressively decreased i. e. ~10-fold inhibition at P40, as compared to
~500-fold inhibition at PO (Fig. 8a). Fluctuations in the overall viral
titres and hence variation in fold inhibition was observed (Fig. 8a),
which might be due to the fact that the harvest time (72-96 h) and MOI
(0.01-0.001) used was not similar at each passage. Therefore, we car-
ried out an experiment wherein a similar MOI (MOI = 0.1) and harvest
time (48 h) was used to evaluate the relative resistance in CGP57380-
passaged and control-passaged viruses.

When the relative fitness was compared in presence of CGP57380,
P40-CGP57380 virus was found to replicate at significantly higher
(~10-fold) titres than PO or P40-control viruses (Fig. 8b and c), sug-
gesting acquisition of drug resistance by CGP57380-passaged virus.
P40-control virus did not exhibit any significant resistance against

CGP57380 even up to P40 (Fig. 8b) suggesting that resistance against
CGP57380 is not a general phenomenon due to sequential high pas-
sages but rather a specific event acquired in presence of CGP57380.

In absence of any drug, P40-Control and P40-CGP57380 viruses
replicated with similar viral titers (Fig. 8b), although, as compared to
PO, they replicated at significantly higher titers (~ 8-fold) (Fig. 8b). In
addition, as compared to the PO virus, P40-Control and P40-CGP57380
viruses also produced plaques of slightly bigger size (Fig. 8d). These
evidences suggested that sequential high passage of BPXV in cell culture
would have resulted in some non-specific mutations (irrespective of the
drug treatment) that enabled to replicate P40-Control and P40-
CGP57380 viruses more efficiently and thereby producing bigger
plaque sizes.

In order to further ascertain whether the resistance acquired by P40-
CGP57380 virus was specifically directed against CGP57380 and not
against any other antiviral agent, we evaluated the growth of PO, P40-
Control and P40-CGP57380 viruses in presence of emetine, an antiviral
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Fig. 7. MNK1 is prerequisite for BPXV replication. (a) siRNA knockdown of MNK1: Hela cells were transfected with control or MNK1 siRNA. At 48 h post-
transfection, cells were infected with BPXV at MOI of 1 and virus yield in the infected cell culture supernatant was quantified by plaque assay. (b) Cytotoxicity of
FR180204 (ERK inhibitor): Indicated concentrations of FR180204 or equivalent volumes of DMSO were incubated with cultured Vero cells for 96 h and cell viability
(% survival) was measured by MTT assay. (c) Antiviral efficacy of ERK inhibitor: Vero cells were infected with BPXV for 1h followed by washing with PBS and
addition of fresh MEM containing either FR180204 (1 pg/ml) or 0.05% DMSO. Infectious virus released in the supernatant at 48 hpi was quantified by plaque assay.
Error bars indicate SD. Pair-wise statistical comparisons were performed using Student's t-test (*** = P < 0.001, ** = P < 0.01).
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Fig. 8. Selection of CGP57380-resistant BPXV mutants. BPXV was sequentially passaged in Vero cells in the presence of 0.5 ug/ml CGP57380 or 0.05% DMSO. At
each passage, confluent monolayers of Vero cells were infected with the virus, washed 5 times with PBS before a fresh aliquot of MEM was added and incubated for
48-96 h or until the appearance of cytopathic effect (CPE) in =75% cells. The virus released in the supernatant was termed as passage 1 (P1) and used in the second
round of infection, which was termed as passage 2 (P2). Forty passages of virus infection were similarly carried out (a). At P40, in order to study the relative
resistance against CGP57380, PO, P40-CGP57380 and P40-control viruses were used to infect Vero cells at MOI = 0.1 and grown in presence of either 0.05% DMSO
or 1.5 pg/ml CGP57380. The virus yields in the infected cell culture supernatant were quantified by plaque assay (b). Fold-inhibition in virus replication (PO, P40-
control and P40-CGP57380) in the presence of indicated drugs is shown (c). Plaque morphology of PO, P40-Control and P40-CGP57380 viruses is also shown (d).

compound previously known to exert anti-BPXV efficacy (Khandelwal
et al., 2017). In contrast to the CGP57380-treated cells, the magnitude
of viral inhibition in emetine-treated cells was comparable among PO,
P40-Control and P40-CGP57380 viruses (Fig. 8b) suggesting that the
resistance acquired by P40-CGP57380 virus was specifically directed
against CGP57380 and did not acquire general resistance against other
antiviral agents.

3.7. In ovo antiviral efficacy of CGP57380 against BPXV

Previously we developed an egg infection model for BPXV
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(Khandelwal et al., 2017) where BPXV infection produced distinct
visible lesions (pocks) on CAM of embryonated chicken eggs
(Khandelwal et al., 2017). We used this model to analyze the in ovo
antiviral efficacy of CGP57380 against BPXV. BPXV at a titer of <
100 pfu/ml did not produce any pock lesions on the CAM, though
higher concentrations (> 100 pfu/ml) produced pock lesions. The
EIDs, was calculated as 10%° pfu/egg (Fig. 9a).

LDso was determined by inoculating various doses of CGP57380 in
SPF embryonated chicken eggs. As shown in Fig. 9b, mortality of the
embryo was observed at CGP57380 concentration =100 pg/egg but not
at 50 pg/egg. The LDso was determined to be 69.51 pg/egg.
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Fig. 9. In ovo antiviral efficacy of CGP57380. EIDs,: Embryonated SPF chicken eggs, in triplicates were infected via CAM route at indicated concentration of BPXV.
At 5-7 dpi, eggs were examined for mortality and pock lesions on CAM. EIDs, was determined by the Reed-Muench method (a). LDso: Embryonated SPF chicken
eggs, in triplicates, were inoculated with indicated concentration of CGP57380 via CAM route. At 5 days post-CGP57380 inoculation, eggs were visualized for the
viability of embryos. LDso was determined by the Reed-Muench method (b). ECso: Embryonated SPF chicken eggs, in triplicate were inoculated with indicated
concentration of CGP57380 along with BPXV infection at 100 EIDs,. At 5 days post-CGP57380 inoculation, eggs were examined for mortality and pock lesions on
CAM. BPXV-induced pock lesions on CAM and their resolution by CGP57380 are shown (c). ECsy was determined by Reed-Muench method (d). BPXV titers at various

drug-regimens (e) and selective index (f) are also shown.

For evaluation of anti-BPXV efficacy of CGP57380, eggs were in-
fected with BPXV at 100 EIDsq along with various doses (25-0.2 pg/
egg) of CGP57380. As shown in Fig. 9¢, as compared to the vehicle-
control, no obvious pock lesions (Fig. 9¢) were observed at CGP57380
concentration =1 pg/egg. However, at lower concentration (<0.2 pug/
egg) CGP57380 could not prevent development of the pock lesions on
CAM (Fig. 9¢) as well as death of the embryos (Fig. 9d). The ECso was
determined to be 0.29 ng/egg. Besides protection against BPXV
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challenge, CGP57380-treated eggs also showed significantly reduced
viral titres (Fig. 9e). Taken together, it was concluded that CGP57380
could provide protection against BPXV challenge infection in embryo-
nated chicken eggs. The therapeutic index (LDso/ECso) was determined
to be 239.68 (Fig. 9f).
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4. Discussion

Host-targeting antiviral agents are less prone to develop drug re-
sistant virus mutants and could have a significant impact on multiple
virus genotypes (strain/serotype) to provide broad spectrum inhibition
against different families of viruses (Conteduca et al., 2014; Khandelwal
et al., 2017; Pawlotsky, 2012; Ruiz and Russell, 2012; Shahidi et al.,
2014). This novel approach has led to the development of some pro-
mising compounds for treatment of HCV and HIV (Gilliam et al., 2011;
von Hahn et al., 2011). By screening a library of kinase and phospha-
tase inhibitors, we identified MNK1 inhibitor CGP57380 as one of the
candidate that blocked BPXV replication. MNK1 is one of the MAPKs
activated kinase, expressed by all adult tissues except brain
(Waskiewicz et al., 1997) and is mainly activated by ERK1/2 (Hargett
et al., 2005; Roth et al., 2017). Its major downstream targets include
eIF4E/4G, PSF [polypyrimidine tract binding (PTB)-associated splicing
factor], heterogenous nuclear ribonucleoprotein A 1(hnRNPA1) and
mTOR1. elF4E/4G are involved in initiation of cap-dependent mRNA
translation whereas mTOR1 is involved in regulating cap-independent
translation. PSF and hnRNPA1 are associated with translocation and
processing of mRNA (Kumar et al., 2018Db).

Since virucidal effect was not observed on extracellular virus even at
40 ug/ml of CGP57380 (~25-fold higher than highest noncytotoxic
concentration), the antiviral efficacy of CGP57380 is mediated via in-
hibition of the BPXV replication cycle in infected cells, rather than di-
rectly inactivating virion particles. In order to dissect specific step(s) of
BPXV life cycle regulated by MNK1, we carried out time-of-addition and
virus step-specific assays. Time-of-addition assay indicated involvement
of MNK1 in regulation of the middle steps (post-entry) of BPXV life
cycle. In virus step-specific assays, no effect of CGP57380 was observed
on virus attachment, entry and budding. CGP57380 treatment specifi-
cally resulted in decreased synthesis of viral genome. Reduced synthesis
of viral genome may eventually reflect decrease amount of viral pro-
teins which we observed in Western blot analysis. Conversely, it is
possible that the inhibitor treatment could have results in defective
synthesis of viral proteins (viral polymerase) which would have even-
tually resulted in decreased synthesis of viral genome.

Viruses completely depend on the host translational machinery for
synthesis of the viral proteins (Kumar et al., 2018a; Walsh and Mobhr,
2004). Viral mRNAs may have a range of structures at its 5’ end. It may
be capped with m7G or linked with viral genome-linked proteins (VPg).
Uncapped viral mRNAs may carry cis-acting regulatory elements (CREs)
such as internal ribosomal entry site (IRES) and protein binding sites.
These 5 end structures have been shown to regulate viral mRNA
translation (Brown et al., 2014). MNK1 is involved in regulating both
IRES- and cap-dependent viral mRNA translation (Kumar et al., 2018b).

Viral mRNA translation in most of the DNA viruses (including
poxviruses) and some RNA viruses is synthesized in cap-dependent
manner where elF4E/elF4G interaction plays a central role in transla-
tion initiation (Kumar et al., 2018b). Activated MNKI1 directly binds to
elF4G in the initiation complex and phosphorylate elF4E which sub-
sequently binds to 5’ cap of mRNA to initiate translation (Kumar et al.,
2018b). Depletion of MNK1 by small interfering RNA (siRNA), blocking
activation of extracellular regulated kinase (ERK, an upstream activator
of MNK1) and disruption of elF4E/elF4G interaction (downstream
substrate for MNK1), resulted in reduced BPXV replication (Fig. 10),
suggesting that ERK/MNK1/eIF4E signaling is prerequisite for BPXV
replication. Disruption of ERK/MNK1/elF4E signaling resulted in re-
duced synthesis of viral proteins, which confirmed that BPXV utilizes
cap-dependent mechanism of translation initiation. Therefore we con-
cluded that decreased synthesis of viral genome in presence of MNK1
inhibitor is the result of reduced synthesis of viral proteins.

The evidences of involvement of MNK1 in directly regulating viral
genome synthesis are rare and seems to be associated with RNA viruses
(Liu et al., 2009; Pathak et al., 2012; Wang and Zhang, 1999). In re-
peated attempts, we could not observe any direct interaction between

134

Antiviral Research 160 (2018) 126-136

MNK1 and BPXV genome (in infected cells) in chromatin im-
munoprecipitation (CHIP) assay (data not shown), which further sup-
ported our hypothesis that decreased synthesis of viral genome in
presence of CGP57380 might be exclusively due to reduced synthesis of
viral proteins.

In our study, peak MNK1 activation was observed during the middle
stages (6 hpi-18 hpi) of viral replication cycle, time point when BPXV
presumably synthesizes its genome/protein in the infected cells
(Khandelwal et al., 2017). Therefore, it seems that BPXV exploits en-
hanced MNK1 signaling for optimal synthesis of its proteins.

Viruses rapidly develop drug-resistant variants, therefore, devel-
oping antiviral therapeutics is a major challenge (Chaudhary et al.,
2015; Kumar et al., 2011, 2014; Pawlotsky, 2012). Whereas directly-
acting antiviral agents are known to induce a completely resistant
phenotype as early as at 6th passage (Kumar et al., 2011), no
CGP57380-resistant BPXV variants were observed up to P20, suggesting
that resistance to CGP57380 is unlikely to occur. There are also reports
describing reduced tendency of host-targeting agents in inducing anti-
viral drug resistance on long-term in vitro culture (Kumar et al., 2011).
However, on further higher passage (P40), we observed a significant
resistance to CGP57380 in P40-CGP57380 virus, as compared to P40-
control virus. P40-control virus did not exhibit any significant re-
sistance against CGP57380 suggesting that resistance against
CGP57380 is not a general phenomenon due to sequential high pas-
sages but rather a specific event acquired in presence of CGP57380. In a
recent study (van der Schaar et al., 2012), Schaar and colleagues
identified coxsackievirus B3 (CVB3) mutants that replicate efficiently in
the presence of several potent antiviral drugs known to inhibit phos-
phatidylinositol-4-kinase Illa (PI4KIIIa), a key cellular factor for CVB3
replication. The authors observed that a single point mutation in the
viral 3A protein confers resistance and the drug resistant escape mu-
tants of CVB3 could replicate in cells with low PI4KIIla. Additionally,
cyclosporine A resistant hepatitis C virus (HCV) mutant has also been
identified (Chatterji et al., 2010; Coelmont et al., 2009). In our study,
resistance acquired by BPXV against MNK1 inhibitor adds another ex-
ample to a short list of viruses (Chatterji et al., 2010; Coelmont et al.,
2009) that acquired resistance against a host-targeting antiviral agent.
To become resistant against a host-targeting antiviral agent, virus may
either switch to use an alternate host factor or may acquire an increased
affinity to its substrate. Testing these hypotheses and mapping muta-
tions in CGP57380-resistant BPXV variant would provide insights in
understanding antiviral drug resistance against host-targeting agents,
which needs further investigation.

By utilizing a previously developed BPXV egg infection model
(Khandelwal et al., 2017), anti-BPXV efficacy of CGP57380 was also
determined. A non-lethal dose of CGP57380 completely suppressed
development of BPXV-induced pock lesions and associated mortality, as
well as reduced viral titers in embryonated SPF eggs, suggesting its
potential to be developed as a novel therapeutic agent. Since CGP57380
can inhibit cell metabolism, its long term use may eventually result in
cytotoxicity. Therefore, its further validation, in vivo efficacy and clin-
ical trials are required before actually introducing it from the research
into the clinical settings.

In conclusion, MNK1 inhibitor exhibited a potent in vitro and in ovo
antiviral efficacy against BPXV and was shown to impair synthesis of
viral proteins. Host-targeting antiviral agents do not readily induce
generation of drug resistant phenotypes, though at higher passage le-
vels it may not be an unlikely event.
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Fig. 10. ERK/MNK1/elIF4E signaling regulates synthesis
of BPXV proteins. BPXV activates MNK1 signaling, medi-
ated via MAPK/ERK pathway. Activated MNK1 induces
phosphorylation of eIF4E that, in association with other
translation initiation factors (eIF4E/elF4G) regulates trans-
lation of viral proteins. Disruption of ERK/MNK1/eIF4E
signaling results in reduced synthesis of viral proteins which
eventually impedes synthesis of viral genome.
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