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Abstract

Host-dependency factors have increasingly been targeted to minimize antiviral drug resistance. In this study, we have
demonstrated that inhibition of p38 mitogen-activated protein kinase (a cellular protein) suppresses buffalopox virus
(BPXV) protein synthesis by targeting p38-MNK1-elF4E signaling pathway. In order to provide insights into the evo-
lution of drug resistance, we selected resistant mutants by long-term sequential passages (P; n = 60) in the presence of
p38 inhibitor (SB239063). The P60-SB239063 virus exhibited significant resistance to SB239063 as compared to the
P60-Control virus. To provide mechanistic insights on the acquisition of resistance by BPXV-P60-SB239063, we
generated p38-a and p38-Y (isoforms of p38) knockout Vero cells by CRISPR/Cas9-mediated genome editing. It
was demonstrated that unlike the wild type (WT) virus which is dependent on p38-a isoform, the resistant virus
(BPXV-P60-SB239063) switches over to use p38-Y so as to efficiently replicate in the target cells. This is a rare evidence
wherein a virus was shown to bypass the dependency on a critical cellular factor under selective pressure of a drug.

Key words: p38, SB239063, virus, switch to use alternate cellular factor, drug resistance, host-directed antiviral
agents.

syndrome coronavirus 2 (SARS-CoV-2). However, a major
problem with the existing antiviral drugs is the rapid devel-
opment of drug resistance due to mutations at the drug-
gable sites. This has been a commonly observed
phenomenon with most of the antiviral drugs available
for clinical use so far.

Viruses are highly dependent on the cellular machinery
for replication. At the same time, host cells also encode sev-
eral antiviral cellular proteins to block virus replication. This
arms race influences virus replication, tropism, and disease
severity (Dou et al. 2018; Kumar et al. 2018b; Long et al.
2019). The cellular proteins that interfere with the virus
replication are antiviral factors, while those that support
the virus perform pro-viral roles, are host dependency fac-
tors (HDFs) (Lv and Zhang 2021). These HDFs which partici-

Introduction

Buffalopox virus (BPXV) is a close variant of the vaccinia
virus, the type-species of the genus Orthopoxvirus. BPXV
causes pock-like lesions, primarily in domestic buffaloes
(Bubalus bubalis), but cattle and humans can also be in-
fected and hence is considered a potential zoonotic threat
(Roy and Chandramohan 2021). Buffalopox is primarily re-
stricted to the Indian subcontinent, but the infection has
also been reported in Egypt, Russia, and Italy (Singh et al.
2007; Marinaik et al. 2018; Yadav et al. 2020; Roy and
Chandramohan 2021). Currently, there is no specific vac-
cine or antiviral drug available against BPXV infection.
Out of the over 200 different pathogenic human viruses
known, FDA-approved antiviral drugs are currently avail-
able only against a few of them, mostly against human im-

munodeficiency virus 1 (HIV-1), hepatitis C virus (HCV),
hepatitis B virus (HBV), herpes simplex virus 1 (HSV-1),
cytomegalovirus (CMV), and severe acute respiratory

pate in the battle between pathogen and host are often
under strong evolutionary pressure. Despite the advent of
powerful systems-level methodologies (omics approaches),
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there is a significant gap in our understanding about the
precise function of various HDFs in virus replication.
Since viruses cannot easily regain the depleted cellular func-
tions by mutagenesis, therefore it is believed that viruses are
unlikely to generate resistant mutants against agents that
target HDFs (Kumar et al. 2018b). Nevertheless, resistant
virus variants against host-directed agents could still occur
at a relatively low level upon long-term exposure to the
host-directed agents (Hoffmann et al. 2011; Krumm et al.
2011; Kumar et al. 2011b, 2022). However, the mechanisms
underlying acquisition of resistance by the viruses against
host-directed agents is poorly understood.

By screening a library of small molecule chemical inhibi-
tors, we identified p38 mitogen-activated protein kinase
(p38 MAPK) inhibitor SB239063 as one of the potential
hit that resulted in reduced BPXV replication in vitro.
p38 is a serine/threonine protein kinases which transduces
signals from inflammation stimuli. There are four genes en-
coding p38 MAPK family members in mammals, namely,
p38-a (MAPK14), p38-f (MAPK11), p38-y (MAPK12/extra-
cellular signal-related kinase [ERK]-6), and p38-0
(MAPK13/SAPK4) with the p38-o isoform being the
most abundant in the majority of cell types (Jiang et al.
1996, 1997; Enslen et al. 1998; Avitzour et al. 2007
Cuenda and Rousseau 2007; Rodriguez Limardo et al.
2011). These isoforms are co-expressed and may be
co-activated in the same cell (Avitzour et al. 2007).

Based on sequence similarity, cellular expression pat-
terns, and substrate specificity, p38 MAPK family is divided
into two subgroups (Risco and Cuenda 2012). The first
group consists of p38-a. and p38-f which have sequence
identity of over 75% and are ubiquitously expressed in
most cells types (Enslen et al. 1998). p38-Y" and p38-0 re-
present another subgroup with sequence identity of
~70% (Jiang et al. 1996, 1997; Rodriguez Limardo et al.
2011). p38-y and p38-0 have ~61% sequence identity to
p38-a/p38-P and are expressed only in certain cell types
(Risco and Cuenda 2012).

Long-term sequential passage (n=60) of BPXV in the
presence of SB239063 (inhibitor of p38-a and p38-f but
not p38-Y) (Cuenda et al. 1997; Kumar et al. 1997;
Kuma et al. 2005; Cuenda and Rousseau 2007) resulted
in the generation of mutant virus (P60-SB239063) which
replicated more efficiently in p38-a KO as compared to
p38-Y KO cells. This is a rare evidence on bypassing the de-
pendency of a critical cellular factor by a virus.

Results

p38 Inhibition Suppresses BPXV Replication

In order to evaluate the role of p38 in BPXV replication, we
primarily employed SB239063 and SB203580, chemical inhibi-
tors of p38-a/p38-P. Their cytotoxic concentration 50 (CCs,)
in Vero cells, as determined by MTT [(3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide)] assay, were 57.6 ug/
mL and 16.2 pg/mL respectively (Fig. 1AT and A2). In order
to determine the antiviral efficacy, we used sub-cytotoxic
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concentrations (<15 pg/mL and <2 ug/mL respectively for
SB239063 and SB203580) and measured the yields of infec-
tious BPXV in Vero cells wherein a dose-dependent antiviral
effect was observed (Fig. 1B and B2). To analyze the virucidal
effects on extracellular virions, BPXV was incubated with vari-
ous concentrations of the inhibitors for 90 min and then the
residual infectivity was titrated on Vero cells. Infectious viral
titers were comparable in both inhibitor- and dimethylsulfox-
ide (DMSO)-treated cells (Fig. 1CT and C2), suggesting that
both SB239063 and SB203580 do not exert any direct virucidal
effect on BPXV and that their antiviral activity is presumably
due to the inhibition of viral life cycle in the target cells.

Generation of p38-a and p38-Y knockout (KO) Cells
One of the possible mechanisms of acquisition of resistance
against host-targeting agents is that the virus may switch to
use alternate cellular factor/isoform (Hopcraft and Evans
2015; Kumar et al. 2020). Based on the amino acid sequence
similarity, p38 is divided into two distinct subsets; the first
group consists of p38-a and p38-B, while the other p38-Y
and p386. p38 inhibitors such as SB203580, SB202190 and
SB239063 can inhibit p38-a. and p38-B, however p38-Y
and p38-6 remain completely unaffected (Cuenda et al.
1997; Kumar et al. 1997; Kuma et al. 2005; Cuenda and
Rousseau 2007). In order to evaluate whether
BPXV-P60-SB239063 has switched to use alternate host fac-
tor (p38-0/p38-f to p38-Y/p38-6), we first generated
p38-a and p38-Y KO cells by clustered regularly inter-
spaced short palindromic repeats/CRISPR associated pro-
tein 9 (CRIPSR/Cas9)-mediated genome editing wherein
sgRNAs targeting the genes encoding p38-a. and p38-Y
were cloned into pL.CRISPR.EFS.GFP and transfected to
Vero cells. The GFP expressing cells were sorted by fluores-
cence activated cell sorter (FACS) and cultured in 96-well
tissue culture plates by limiting dilution assay. After cultur-
ing for 1-2 weeks, the wells with a single clone (n=11)
were selected (microscopy) for further propagation. To
evaluate the gene editing, three to four clones were se-
lected for polymerase chain reaction (PCR) amplification
out of the 11 clones that were selected for propagation.
As expected, wild type (WT) Vero cells resulted in an amp-
lification of 441 nt long PCR fragment but the three p38-a
KO clones (a3, a6, and a10) that were selected for evalu-
ation had shortened length (260-328 nucleotides) of PCR
products (Fig. 2A). This deletion was further confirmed
by nucleotide sequencing (data not shown, sequences
will be available on request). Finally, the clone 3 (a3) which
had a deletion of 113 nucleotides (nt 496-608) (Fig. 2B) and
replicated slightly slower during initial passages was se-
lected for further work. After four to five passages, the
doubling times of a3 clones were comparable with WT
Vero cells (data not shown).

Four p38-Y clones that were selected for propagation had
similar length of PCR products as was observed in WT Vero
cells (869 nt), except in clone Y'-2, which exhibited two frag-
ments (Fig. 2C). Upon nucleotide sequencing, except
in cloneY-4 which had a deletion of four nucleotides


https://doi.org/10.1093/molbev/msac177

Resistance Evolution against Host-directed Antiviral Agents - https://doi.org/10.1093/molbev/msac177

MBE

Cytotoxicit Antiviral efficacy Virucidal activity
A1 SB239063 B1 SB239063 1
c SB239063
7 * kk *kk ‘5= 6 NS NS NS
2 £
g = E6 P 23
£ Q= S =
© = a 5 B S 5
>
= ~ 58239063 >0 W SB239063 £ M SB239063
o = 24 02 O DMSO
° (CCyg = 57.6 pgimi) e o 2, @ DMSO Cood!
= o X
0+ T T 1 5 K] %
0 200 400 600 1.66 15.00 3 p -
SB239063 (ug/ml) $B239063 (ug/mi) SB239063 (ug/mi)
A2 SB203580 B2 SB203580 C2 SB203580
150
= = { E __E .
5 100 gE6 z8
g 55 Bob
z — SB203580 = & 0 mse20%80 £% W SB203580
; (CCyp = 16.2 pg/ml) ; %4 @ DMSO g ; % @ DMSO
’ = DMSO 93 T x
0 T T 1 2 & % 3
0 200400 600 022 2.00 220 660 20.00

SB203580 (pg/ml)

$B203580 (ug/mi)

SB203580 (ug/ml)

Fic. 1. p38 inhibition suppresses BPXV replication. (A) Determination of the cytotoxicity (MTT assay). Indicated concentrations of SB239063,
SB203580 or equivalent volumes of DMSO, in triplicates, were incubated with cultured Vero cells for 96 h and percentage of the cell viability was
measured by MTT assay. CCs, was determined by Reed-Muench method. (B) In vitro antiviral efficacy. Vero cells, in triplicates, were infected
with BPXV at MOI of 0.1 in the presence of indicated concentrations of SB239063, SB203580 or equivalent volumes of DMSO. At 48 hpi, infec-
tious virus particles released in the infected cell culture supernatants were quantified by plaque assay. (C) Virucidal activity. Indicated concen-
trations of the SB239063, SB203580 or equivalent volumes of DMSQ, in triplicates, were mixed with BPXV (10° PFU) and incubated for 90 min at
37 °C after which the virus was diluted (1/1000) and the residual viral infectivity was determined by plaque assay.

(1311-1314) and was kept for further studies, others were
identical to WT Vero cells and hence discontinued (Fig. 2D).

The disruption of p38-a. and p38-Y in KO cells was fur-
ther confirmed by Western blot analysis. Both p38-a. and
p38-Y were detectable in WT Vero (Fig. 2E and 2F) cells,
but not in the respective KO cells (Fig. 2E and 2F).
Furthermore, p38-Y and p38-a were detectable in p38-a
KO and p38-Y KO cells respectively (Fig. 2E and 2F) which
confirmed that p38-Yis intact in p38-a KO cells and p38-a
is intact in p38-Y KO cells.

p38 MAPK Supports BPXV replication

In order to further ascertain that the inhibitory effect of
SB239063 on BPXV replication is due to p38-a inhibition
and not due to the “off target” effects, we measured the
yields of BPXV in WT- and p38-a knockout Vero cells.
Lower yield of BPXV in p38-a knockout Vero cells as com-
pared to the WT Vero cells (Fig. 3) suggested that p38
serves as a host-dependency factor for BPXV.

p38 Inhibition Impairs BPXV Replication at Post-entry
Steps

In order to examine which specific step(s) of BPXV life cycle
could be affected by SB239063, initially, a time-of-addition as-
say was performed in the setting of one-step growth curve.
Vero cells were infected with BPXV, and the SB239063- or
DMSO were applied at a timely interval from 1 hour

post-infection (hpi) to 30 hpi. The yields of infectious virus
in the infected cell culture supernatant were quantified
when one full cycle of the BPXV was likely to be completed,
i.e, at 36—48 hpi (Khandelwal et al. 2017). The application of
SB239063 resulted in almost similar levels of BPXV inhibition,
either applied before infection (pre-treatment) or at 1 hpi
and 6 hpi (supplementary fig. S1, Supplementary Material
online), suggesting that SB239063 does not inhibit early steps
of BPXV life cycle (i.e, entry and attachment). The addition of
inhibitor at later time points exhibited low (18hpi) or no in-
hibition (30 hpi), suggesting that SB239063 has no significant
effect on the late stages of the BPXV life cycle (i.e, assembly/
release of viruses). However, the addition of SB239063 be-
tween 6 and 18 hpi resulted in a significant reduction in
the virus yield, thereby suggesting that SB239063 may target
the post-entry but pre-budding stages of BPXV life cycle.

In order to determine the effect of SB239063 on the attach-
ment of the BPXV to host cells, virus infection was carried out
at 4 °G; it allowed attachment of the virus to the host cells but
restricted viral entry. As indicated in supplementary fig. S2A,
Supplementary Material online, viral titres were comparable
in both DMSO-treated and SB239063-treated cells, implying
that SB239063 does not affect BPXV attachment to the
host cells. Besides, in order to evaluate the effect of
SB239063 upon BPXV entry, the virus was first allowed to at-
tach at 4 °C in the absence of inhibitor followed by incubation
of the cells at 37 °C for 1.5 h (it allowed viral entry) in the pres-
ence of inhibitor. Viral titres after completion of one full
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Fic. 2. Generation of p38-0- and p38-Y" knockout Vero cells. sgRNAs targeting (at least four sgRNAs per target gene) p38-o (MAPK14) or p38-Y
(MAPK12) were cloned in pL-CRISPR.EFS.GFP and sequenced. Vero cells were transfected with the constructs expressing sgRNAs. At 48 h post
transfection, cells were trypsinized and subjected to sort the GFP expressing cells by FACS. The GFP expressing cells were cultured in 96 well
plates by limiting dilution assay. Wells with a single clone were identified and further cultured (11 clones of each gene). To validate editing,
three to four clones were subjected to PCR amplification and nucleotide sequencing of the target gene, besides evaluating the expression levels
of the target protein by Western blot analysis. (A) Amplification of p38-o. (MAPK14) gene from three (0-3, 0-6, and a-10) selected clones of
p38-a. KO cells. (B) Nucleotide sequencing depicting deletion of 113 bp in clone a-3. (C) Amplification of p38-Y (MAPK12) gene from four
(Y-1, Y-2 Y-3 and Y*-4) selected clones of p38-Y" KO cells. (D) Nucleotide sequences depicting deletion of 4 bp in clone Y-4. (E). Expression
of p38-a in WT, p38-Y KO, and p38-a KO cells by Western blot analysis. (F) Expression of p38-Y" in WT, p38-a. KO, and p38-Y KO cells by

Western blot analysis.
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Fic. 3. p38 supports BPXV replication. Confluent monolayers of WT
and p38-a KO Vero cells, in triplicates, were infected with BPXV at
MOI of 0.1. The virus particles released in the infected cell culture
supernatants at 48 hpi were quantified by plaque assay. Error bars
indicate SD. Pair-wise statistical comparisons were performed using
Student’s t-test. (*** =P < 0.001). Values are means = SD and repre-
sentative of the result of at least 3 independent experiments.
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cycle (~36 hpi), were comparable in both DMSO-treated
and SB239063-treated cells (supplementary fig. S2B,
Supplementary Material online), suggesting that p38 inhibitor
does not affect BPXV entry into the target cells. In the virus
release assay, the inhibitor was applied at the time when early
(attachment/entry) and middle stages (genome and protein
synthesis) of the viral life cycle had occurred and when the
virus presumably started to release from the infected cells
(~at 36 hpi). Viral titres were comparable in both
DMSO-treated and SB239063-treated cells (supplementary
fig. S2C, Supplementary Material online), suggesting that
p38 inhibitor does not affect BPXV release from the infected
cells.

p38 Inhibition Suppresses Levels of Viral Proteins and
DNA in the Infected Cells

In order to determine the effect of SB239063 on the syn-
thesis of viral proteins, Vero cells were infected with
BPXV at a multiplicity of infection (MOQI) of 5 and the
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inhibitor was applied at 4 hpi, a time point wherein early
steps of the viral replication cycles (attachment/entry)
were expected to have occurred. As shown in Fig. 4A1
and A2, addition of SB239063 resulted in reduced BPXV
protein synthesis without affecting the housekeeping con-
trol proteins. The reduced protein levels (viral polymer-
ase), in turn, could impair BPXV DNA synthesis as well.
Indeed, SB239063 was also shown to significantly decrease
(~60%) viral DNA levels in the infected cells (Fig. 4B).

BPXV Induces Biphasic Activation of p38in Vero Cells
In order to examine whether BPXV induces activation of
p38, cell lysates collected at various times post-infection,
were probed for phosphorylated p38 (p-p38). The levels
of total p38 and housekeeping control protein B-actin
were static during the course of BPXV life cycle
(Fig. 5A1) but those of p-p38 were found to be signifi-
cantly higher at 2—4 hpi and 20-24 hpi (Fig. 5A71 and
5A2) as compared to the other time points examined.
This suggested that BPXV induces biphasic activation
of p38.

p38 Inhibition Suppresses BPXV Replication by
Targeting p38—-MNK1—-elF4E Signaling Pathway
Like in several other viruses, BPXV also exploits the cap-
dependent mechanism of protein translation (Kumar
et al. 2018a; Khandelwal et al. 2020). This involves phos-
phorylation of eukaryotic translation initiation factor 4E

Al

W

BPXYV protein level BPXV DNA level

5}
™ Qo
_150
8 g g %k k
— D €9
5 £ Q 2 2100
£35 3 °F
(] <O
BPXV 23 5 W SB239063
X
° &1 DMSO
= B
=5
E 0 3]
S 0
S =
L 0
oM
A2 »

BPXV Protein

o
=]

Hokok

=

SB239063 DMSO

o
=1

o
t=]

Relative BPXV protein level

FiG. 4. p38 inhibitor impairs BPXV genome and protein synthesis.
Confluent monolayers of Vero cells were infected with BPXV at an
MOI of 5. The inhibitor or DMSO was applied at 3 hpi and the cells
were scrapped at 24 hpi to examine the levels of viral proteins (A1).
The blots were quantified by densitometry (ImageJ) and the data are
presented as mean with SD. Histogram A2 shows band intensities of
BPXV protein in inhibitor-treated and untreated cells. The levels of
viral DNA is also shown (B). Pair-wise statistical comparisons were
performed using Student’s t-test. ***=P < 0.001. Values are means
+ SD and representative of the result of at least tree-independent
experiments.

(p-elF4E) which binds with the 5’ cap of viral mRNA to fa-
cilitate initiation of translation. Several upstream kinases
including p38 may activate elF4E (Nagaleekar et al.
2011); therefore, we evaluated the levels of p-elF4E in
BPXV infected cells. The kinetics of elF4E activation over-
lapped with p38 activation kinetics, as peak levels of
p-elF4E were also observed at 2-4 hpi and 20-24 hpi
(Fig. 5A1 and 5A3). The treatment of SB239063 not only
resulted in the reduction of p-p38 levels (Fig. 5B7 and
5B2) but also p-elF4E (Fig. 5B1 and 5B3).

Phosphorylation of elF4E by p38 MAPK is mediated via
MNKT1 which is a highly conserved mechanism in most cell
types (Shveygert et al. 2010; Pashenkov et al. 2017; Mihail
et al. 2019; Chander et al. 2021). Like p38 inhibition, a non-
cytotoxic concentration of CGP57380 (MNK1 inhibitor)
and 4EGI-1 (elF4E inhibitor) also resulted in the reduction
of BPXV yield in Vero cells (Fig. 6A and 6B) which suggests
that BPXV exploits p38-MNK1-elF4E signaling axis to ef-
fectively replicate in the target cells.

p38 Inhibition Suppresses Binding of BPXV mRNA
with elF4E

In order to evaluate the interaction between elF4E and
BPXV mRNA, which is essential for translation of BPXV
proteins, we conducted a chromatin immunoprecipitation
(CHIP) assay. As shown in Fig. 6C, the amount of viral
mRNA immunoprecipitated by a-pelF4E was significantly
lower in cells treated with SB239063 or 4EGI-1, as com-
pared to the DMSO-treated cells. Since there was no de-
tectable viral mRNA immunoprecipitated by «o-ERK
(nonreactive antibody) and beads control (Fig. 6C), it
was concluded that a-pelF4E specifically binds to BPXV
mRNA. Taken together, it was concluded that BPXV in-
duces p38 cell signaling pathway and that this enhanced
cell signaling activity is exploited by the virus to effectively
synthesize viral proteins.

Selection of Potential SB239063-resistant Mutants on
Long-term in vitro Culture

In order to evaluate the development of drug-resistant BPXV
variants, BPXV was serially passaged (P) 60 times in the pres-
ence of SB239063 or DMSO. No significant resistance was ob-
served up to P30 but P40 virus showed significant resistance
(Fig. 7A). However, a complete resistance could not be seen
even up to P60 (Fig. 7A). At P60, BPXV-P60-SB239063 and
BPXV-P60-Control, together with the original virus (BPXV-
P0) were evaluated for their sensitivity to SB239063. The mag-
nitude of the suppression of virus yield in SB239063-treated
cells was lesser (~ 6-fold) in BPXV-P60-5B239063 infected as
compared to BPXV-P0O or BPXV-P60-Control infected cells
(~100-fold), suggesting the selection of resistant mutants
by SB239063 (Fig. 7B). Similarly, as compared to BPXV-P0O
and BPXV-P60-Control, BPXV-P60-SB239063 virus also
replicated at higher titres in p38-a. KO cells (Fig. 7C), which
further indicated the development of resistant mutations in
BPXV-P60-5B239063.
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Fic. 5. (A) BPXV infection induces phosphorylation of p38 and elF4E. Confluent monolayers of Vero cells were mock-infected (uninfected) or
infected with BPXV at an MOI of 5. Cells were scraped at indicated time points. The levels of indicated cellular proteins as determined by
Western blot analysis (A7) are shown. The blots were quantified by densitometry (Image)) and the data are presented as mean with SD. The
histograms A2 and A3 show band intensity of p-p38a and p-elF4E levels, respectively (normalized with B-actin). n = 3 independent experiments.
(B). SB239063 blocks p38/elF4E signaling. Confluent monolayers of Vero cells were infected with BPXV at an MOI of 5. Inhibitor or DMSO was
applied at 3 hpi. Cells were scraped at 24 hpi and levels of the total- and phosphorylated form of p38 and elF4E were determined by Western blot
analysis (B). The blots were quantified by densitometry (ImageJ) and the data are presented as mean with SD. The histograms B2 and B3 show
band intensities of p-p38a and p-elF4E in inhibitor-treated and untreated cells respectively. n =3 independent experiments.

Resistant Virus Preferentially Utilize p38-Y

In order to examine whether BPXV-P60-SB239063 switches to
use alternate cellular factor under long-term restricted avail-
ability of p38-0, we compared the growth of PO,
P60-SB239063 and P60-Control viruses in WT, p38-o KO
and p38-YKO cells (Fig. 8A). PO virus replicated at ~50-fold
lower titres in p38-a. KO cells whereas marginal inhibition
(~ 3-fold) was seen in p38-Y" KO cells as compared to the
WT cells, which suggests that WT BPXV is highly dependent
on p38-a with a very low requirement of p38-Y (Fig. 8B).
Likewise, P60-Control virus also replicated at ~75-fold lower
titres in p38-0 KO cells but had a marginal inhibition
(~5-fold) in p38-Y" KO cells (Fig. 8C). However, resistant virus
(P60-SB239063) replicated more efficiently in the presence of
p38-Y as compared to p38-0. because virus yields were
~4-fold lower in p38-a KO and ~20-fold lower in p38-Y
KO cells (Fig. 8D). Thus, it was concluded that WT BPXV
(PO) is dependent on p38-a, which under long-term selective
pressure of p38 inhibitor generates mutants (P60-SB239063)
that preferentially use p38-Y instead of p38-a.

Analysis of Resistance-associated Mutations in the
Viral Genome

Nucleotide sequences of the wild type virus (BPXV P0) were
previously deposited by our team in the NCBI GenBank
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with an Accession Number MW883892.1. Whole genome
sequences of BPXV-P60-SB239063 and BPXV-P60-Control
viruses are deposited in NCBI GenBank with Accession
Numbers of ON974728 and ON974727, respectively. In
order to identify resistance-associated (SB239063-resist-
ant) mutations, we compared the genome of BPXV-
P60-SB239063 and BPXV-P60-Control viruses. Two unique
mutations, one non-synonymous mutation (C201Y) in the
coding region of Ribonucleoside-diphosphate reductase
(Fig. 9A and 9B) and one point mutation (C-A) in the pro-
moter region of Ser/Thr kinase (Fig. 9C) were identified in
BPXV-P60-SB239063 as compared to BPXV-P60-Control.
These mutations were not found in other sequences
available in the public domain (supplementary table S1,
Supplementary Material online).

Seven frameshifts, one deletion, and one point muta-
tion were present in both BPXV-P60-SB239063 and
BPXV-P60-Control as compared to PO virus. These could
be potentially associated with the adaptation of the
virus in the cell culture due to high sequential passage
(Fig. 9A). One non-synonymous mutation (H159N) in
Poly A polymerase catalytic subunit was exclusively
present in BPXV-P60-Control virus as compared to
PO or P60-SB239063 virus (supplementary table ST,
Supplementary Material online).
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Fic. 6. p38 mediates BPXV mRNA translation by regulating p38—MNK1-elF4E signaling axis. (A/B) MNKT and elF4E inhibition suppresses BPXV rep-
lication. Vero cells, in triplicates, were infected with BPXV at MOI of 0.1 in the presence of 1 pg/mL of CGP57380 (MNK1 inhibitor), 2 pg/mL 4EGI-1
(elF4E inhibitor) or equivalent volumes of DMSO. At 48 hpi, infectious virus particles released in the infected cell culture supernatants were quantified
by plaque assay. Reduction in viral yields in the presence of CGP57380 (A) and 4EGI-1 (B) is shown. (C) p38 inhibition blocks binding of the viral mRNA
with elF4E (CHIP assay): Vero cells were infected with BPXV at MOI of 5. At 6 hpi, the cells were treated with SB239063, CGP57380 (MNK1 inhibitor)
or DMSO. At 16 hpi, cell lysates were prepared as per the procedure described for CHIP assay (materials and method section). The clarified cell lysates
were incubated with a-elF4E (reactive antibody), a-ERK (nonreactive antibody) or equivalent volume of IP buffer (Beads control), followed by incu-
bation with Protein A Sepharose slurry. The beads were then washed five times in IP buffer. To reverse the cross-linking, the complexes were then
incubated with Proteinase K. Finally, the reaction mixtures were centrifuged and the supernatant was subjected to cDNA preparation and quanti-
tation of BPXV RNA (M gene) by gRT-PCR. Error bars indicate SD. Pair-wise statistical comparisons were performed using Student’s t-test (** =P <
0.01). Values are means + SD and representative of the result of at least 3 independent experiments.

Antiviral Efficacy of SB239063 in Providing Protection Chaudhary et al. 2015). MAPKs play key roles in several cel-
to Embryonated Chicken Eggs Against Lethal BPXV lular processes such as cell proliferation, differentiation,
infection transformation and apoptosis. Mammals express at least
four distinctly regulated groups of MAPKs which include

Members of the family Poxviridae can infect chicken em- X ) X .
ERK-1/2, p38 proteins, Jun amino-terminal kinases (JNK1/

bryos and cause distinctly visible lesions (pocks) on chorio- ' ! VNP
allantoic membrane (CAM) of the embryonated chicken 2/3) and ERKS. A<.:t|v.ated p38 further induces ‘actlvatl‘on
eggs (Baxby 1969; Marennikova et al. 1973). We exploited of several transcription factors/effector proteins which
this model to evaluate the in-ovo efficacy of SB239063 eventually regulate several cellular processes such as cell cy-
against BPXV. Mortality of the embryos was observed at cle, apoptosis, cytoskeleton remodeling as well as inflam-
SB239063 concentration >20 pig/egg, but not at 4 ug/egg matory and immune responses (Han et al. 2020; Chander

(Fig. 10A). The LDs, was determined to be 29.90 pg/egg. et al. 2021). A wide variety of viruses are known to directly
For evaluation of anti-BPXV efficacy of SB239063, eggs interact with different isoforms of p38 or their substrates
were infected with BPXV at 100 EIDs, along with three dif- during replication (Marchant et al. 2009; Mikkelsen et al.

ferent concentrations (10 pg/egg 5 pg/egg and 2.5 pig/egg) 2009; Peng et al. 2(.)14'; Su et al. 2017; Nay;?k et al. 2019;
of SB239063. SB239063 provided protection from the Datta et al. 2021; Higgins et aI..2021; Mudallar. et al. 2921;
BPXV-associated mortality in a dose-dependent manner Sugastl-Sglazar et al. 2021). While some of the interactions
(Fig. 10B). The ECs, was determined to be 4.20 pg/egg. As are pro-viral (Zachos et .aI. 1999; Adamson et al. 2000;
compared to the DMSO (control), no obvious pock lesions Marchant et al. 2009; Mikkelsen et al. 2009; Skaug and
could be observed in SB239063 inoculated eggs (protected Chen 2010; Nagaleekar et al. 2011; Peng et al. 2014; Su
groups) (Fig. 10C). Taken together, it was concluded that et al. 2017; Kur.nar et al. 2018b; Nayak et al. 2019; Datta
SB239063 prevents the development of BPXV-induced et al. 2021; Higgins et al. 2021; Mudaliar et al. 2021;

pock lesions on CAM, as well as the associated mortality. Sugasti-Salazar et al. 2021), others suppress virus yield
(Penrose et al. 2004; Schuck et al. 2013; Wei et al. 2013).

Some viruses may subvert p38 functions to effectively rep-

Discussion licate inside cells (Halfmann et al. 2011; Chen et al. 2017).
Viruses rapidly develop drug-resistant variants, therefore, In order to examine the role of p38 signaling in BPXV
developing antiviral therapeutics is a major challenge infections, initially p38-specific inhibitors (SB239063 and
(Kumar et al. 2011b; Pawlotsky 2012; Kumar et al. 2014; SB203580) were employed. The reduction in the virus yield
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Fic. 7. Selection of potential SB239063-resistant mutants. (A) Long-term in vitro culture of BPXV in the presence of SB239063. BPXV was sequen-
tially passaged in Vero cells in the presence of 5 pug/mL SB239063 or equivalent volume of DMSO. At each passage, the 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 in >50% 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 P2. Virus at PO, P10, P20, P30, P40, P50 and P60 was evaluated for its sensitivity to SB239063. (B) Relative growth
of BPXV-P0, BPXV-P60-SB239063 and BPXV-P60-Control in p38-depleted cells. Confluent monolayers of WT or p38-a KO Vero cells were in-
fected with the indicated viral variants at MOI of 0.1 for 1 h. Following washing, WT Vero cells were treated with either SB239063 (10 pg/
mL) or equivalent volume of DMSO. The yields of infectious progeny virus particles at 48 hpi were determined by plaque assay. Relative growth
of mutant viruses in p38-depleted cells (inhibitor-treated and p38-a KO cells) is also shown in the right panel. Error bars indicate SD. Pair-wise
statistical comparisons were performed using Student’s t-test. (*** = P < 0.001). Values are means + SD and representative of the result of at least
three independent experiments.

in p38 inhibitor (SB239063 and SB203580)-treated and
p38a-knockout Vero cells suggested that p38 MAPK sig-
naling is a prerequisite for BPXV replication. Further, we
also demonstrated that SB239063 inhibitor-mediated sup-
pression of BPXV replication is primarily due to the re-
duced levels of viral proteins and moderately due to low
levels of DNA but without any significant effect on viral at-
tachment, entry, and budding. Our findings are in agree-
ment with previous studies on other viruses wherein p38
has been shown to facilitate the synthesis of viral proteins
(Banerjee et al. 2002; Cook 2016; Su et al. 2017; Zhan
et al. 2020; Higgins et al. 2021; Mudaliar et al. 20271;
Sugasti-Salazar et al. 2021). However, p38 also supports
RNA synthesis [respiratory syncytial virus (RSV) and
influenza A virus (Choi et al. 2016)] and viral assembly
[HCV (Cheng et al. 2020)] which seems to be due to the
involvement of different downstream molecules
(Cuadrado and Nebreda 2010; Chander et al. 2021).
Upon activation, p38 may regulate activity of several ef-
fector proteins (transcription factors) which eventually
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modulate several viral and cellular events including trans-
lation of viral proteins (Chander et al. 2021). Like several
other viruses, BPXV also exploits the cap-dependent
mechanism of protein translation (Kumar et al. 20183;
Khandelwal et al. 2020). This involves phosphorylation of
elF4E (p-elF4E) which binds with the 5 cap of viral
mRNA to facilitate initiation of protein translation
(Kumar et al. 2018a; Khandelwal et al. 2020). We observed
that BPXV induces biphasic activation (phosphorylation)
of p38-a. The kinetics of p38-a phosphorylation over-
lapped with elF4E phosphorylation. In addition, both
p38-a and elF4E activation could be blocked by
SB239063. This tempted us to speculate that low levels
of BPXV proteins in SB239063-treated cell could be the re-
sult of the inhibition of viral protein synthesis.

p38 may be activated by several upstream kinases
(Chander et al. 2021). In most instances, p38 MAPK is tar-
geted by MKK3 and MKK6 (Stramucci et al. 2018). MKK3
preferentially targets the p38-a and p38-3, whereas MKK6
can activate all p38 isoforms (Yang et al. 2010). Activated
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Fic. 8. Resistant virus switches its preference to utilize p38-Y'. p38-a KO, p38-Y KO or WT Vero cells, in triplicates, were infected with BPXV PO,
BPXV-P60-5B239063 or BPXV-P60-Control viruses at an MOI of 0.1. Infectious progeny virus particles released at 48 hpi were quantified by pla-
que assay (A). The viral titers were further analyzed to determine fold-suppression in KO cells (p38-0. KO or p38-Y KO) as compared to the WT
Vero cells. Fold suppression of PO (B), P60-Control (C) and P60-SB239063 (D) virus is shown. Error bars indicate SD. Pair-wise statistical compar-
isons were performed using Student’s t-test. (*** =P < 0.001). Values are means = SD and representative of the result of at least three independ-

ent experiments.

p38 MAPK phosphorylates MNK1 which in turn leads to
the phosphorylation of elF4E. This is the most conserved
mechanism of elF4E phosphorylation in most cell types
(Shveygert et al. 2010; Pashenkov et al. 2017; Mihail et al.
2019; Chander et al. 2021). We demonstrated that similar
to p38, MNK1 and elF4E-inhibition also results in the re-
duction of BPXV yield in Vero cells, which suggests that
BPXV exploits the p38-MNK1-elF4E signaling axis to effect-
ively replicate in the target cells. Inhibition of viral mRNA
and elF4E interaction by both SB239063 and 4EGI-1 in
CHIP assay further confirmed that p38-MNK1-elF4E signal-
ing is a prerequisite for translation of viral proteins
(Fig. 11).

Whereas direct virus-acting antiviral agents are well
known to rapidly induce drug-resistant phenotype
(Kumar et al. 2011b), host-directed antiviral agents are
less prone to induce the selection of drug-resistant pheno-
types (Kumar et al. 2008; Kumar et al. 2011a; Chaudhary
et al. 2015; Kumar et al. 2018a; Kumar et al. 2018b;
Kumar et al. 2019; Kumar et al. 2020; Xu et al. 2020) be-
cause viruses cannot easily regain the missing cellular fac-
tors by mutation (Kumar et al. 2018b; Kumar et al. 2020).
However, emerging evidence suggests that resistance to
host-directed antiviral agents can indeed occur at a rela-
tively low level upon long-term restricted availability of
the targeted cellular factor (Hopcraft and Evans 2015).
In order to select SB239063-resistant virus variants,
BPXV was serially passaged 60 times in the presence or ab-
sence of SB239063. As compared to the P60-Contol,
P60-SB239063 virus replicated at significantly higher titres
in SB239063-treated cells, suggesting the emergence of
SB239063-resistant BPXV mutants. After HIV-1 resistance
against Maraviroc (CCR5 antagonist) (Ratcliff et al.

2013), this is a rare evidence wherein a virus was shown
to develop drug resistance against a host-directed antiviral
agent.

On the basis of amino-acid sequence identity, p38
MAPK subfamily is divided into two distinct subsets. The
first group consists of p38-a and p38-f, while the other
p38-Y' and p38-0. p38 inhibitors such as SB203580,
SB202190 and SB239063 can inhibit p38-a and p38-f but
p38-Y" and p38-6 remain completely unaffected (Cuenda
et al. 1997; Kumar et al. 1997; Kuma et al. 2005; Cuenda
and Rousseau 2007). Although not yet fully understood,
there are examples wherein the virus can either switch
to use alternate host factor(s) (Hopcraft and Evans 2015)
or alter its affinity towards the HDF(s) to become resistant
(van der Linden et al. 2015; Bauer et al. 2017; Kumar et al.
2020). In order to evaluate whether BPXV switches to use
an alternate host factor/analog/isoform, we generated
p38-a and p38-Y KO cells by CRISPR/Cas9-mediated gen-
ome editing. It was demonstrated that unlike the original
virus (P0) and P60-Contol virus which were highly depend-
ent on p38-a with a very low requirement of p38-Y, the
resistant virus (P60-SB239063) was highly dependent on
the p38-Y" with a limited requirement of p38-a (Fig. 12),
suggesting that the resistant virus has switched over to
use alternate host factor. It appears that while p38-Y
serves as a major cellular factor, p38-a/p38-B/p38-3 may
have some accessory function in the life cycle of resistant
BPXV. This is a rare evidence wherein virus was shown to
bypass the dependency on a critical cellular factor under
selective pressure of a drug, although, in a knockout cell
model, long-term propagation of the HCV in CLDN1 (tight
junction protein claudin-1) knockout cells was shown to
generate viral mutants that were dependent on the
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Fic. 9. Mutational analysis in BPXV-P60-SB239063 and BPXV-P60-Control viruses. Whole genome sequences of BPXV-P60-SB239063 and
BPXV-P60-Control viruses were compared with BPXV PO virus to identify the mutations in the passaged viruses (A). Resistance-associated
(SB239063-resistant) mutations were identified by comparing the genome of BPXV-P60-5B239063 and BPXV-P60-Control. Two unique muta-
tions, one nonsynonymous mutation (C201Y) in the coding region of Ribonucleoside-diphosphate reductase (B) and one point mutation (C-A)
in the promoter region of Ser/Thr kinase (C) were identified in BPXV-P60-SB239063 as compared to BPXV-P60-Control.

CLDNG6/CLDNY, rather than CLDN1 (Hopcraft and Evans
2015).

Generating a resistant virus that is completely depend-
ent on p38-Y along with studying the role(s) of other p38
isoform(s) in the life cycle of WT and resistant BPXV is es-
sential and needs further investigation.

It was observed that both P60-Contol and P60-5B239063
viruses grow ~10-fold faster than PO virus (Fig. 7). We identi-
fied seven frameshifts, one deletion, and one point mutations
in both BPXV-P60-SB239063 and BPXV-P60-Control as com-
pared to PO virus. These mutations could be associated with
their high fitness, although there is a need for further inves-
tigation. We also mapped at least two resistance-associated
mutations in BPXV P60-SB239063 genome, a non-
synonymous mutation (C201Y) in the coding region of
Ribonucleoside-diphosphate reductase and a point mutation
(C-A) in the promoter region of Ser/Thy kinase. Introducing
these resistance-associated mutations in the backbone of WT
BPXV with the help of reverse genetics system is essential to
precisely understand the role of these mutations in acquiring
viral resistance against SB239063, which is however beyond
the scope of this study.

SB239063 also provided a significant therapeutic effect
against lethal infection with BPXV in embryonated chicken
eggs, suggesting its in vivo potential as an antiviral agent
against poxvirus infections. Since host-directed agents
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interfere with the host cell metabolism, their use is always
associated with a risk of cytotoxicity. For example, PI4Kf3 in-
hibitors are known to exert potent antiviral activity against
enteroviruses, but they may prove to be lethal in mice, pre-
venting their further development as antiviral drugs
(Lamarche et al. 2012). Therefore, further validation and
in vivo efficacy of SB239063 are essential before actually
introducing it from the research into the clinical settings.

In conclusion, p38-a serves as a critical cellular factor for
the synthesis of BPXV proteins, and may serve as a novel
target for antiviral drug development against buffalopox.
BPXV does not easily select SB239063-resistant mutant.
However, long-term selective pressure of SB239063 allows
the virus to switch over to use p38-Y, so as to become re-
sistant against the p38-a inhibitor.

Materials and Methods

Chemicals

SB239063 (supplementary fig. S1a, Supplementary Material on-
line) and SB203580 (supplementary fig. S1b, Supplementary
Material online) (structurally related p38 o/f MAPK inhibi-
tors), CGP57380 (MNK1 inhibitor), and 4EGI-1 (elF4E inhibitor)
were procured from Sigma (Steinheim, Germany). These inhi-
bitors were dissolved in Dimethyl sulfoxide (DMSO), thereby
DMSO was used as a vehicle control in the experiments.
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serial dilutions of SB239063 (concentration ranging from 100 to 0.16 pg/egg) in 10 days old embryonated SPF eggs, in a total of 100 pl volumes
via CAM. Eggs were examined for the viability of the embryos up to five days post-inoculation to determine the LDs, by the Reed-Muench
method. (B) In ovo antiviral efficacy (ECso) of SB239063. SPF embryonated chicken eggs, in triplicates, were inoculated with 2-fold dilutions
(10 to 2.5 pg/egg) of SB239063 or DMSO via CAM route, followed by infection with BPXV at 100 EIDs,. At 5 days post-infection, eggs were
examined for pock lesions and/or death of the embryos. ECs, was determined by the Reed-Muench method. The values are means + SD
and representative of the result of at least three independent experiments.

Cell Culture

African green monkey kidney (Vero) cells were available at
National Centre for Veterinary Type Cultures (NCVTC),
Hisar. Cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 5-10% fetal calf ser-
um (FBS) (Sigma, St. Louis, USA) and antibiotics solution
(Penicillin-Streptomycin).

Virus

Vero cell adapted BPXV (Accession Number, VTCC-
AVA90) was available at NCVTC Hisar. It was amplified
and quantitated by plaque assay in Vero cells, as described
previously (Khandelwal et al. 2017). The viral titers were
determined as plaque forming units/mL (PFUs/mL).

Antibodies

Mouse elF4E monoclonal antibody (5D11), Rabbit
anti-B-Tubulin primary antibody and Phospho-elF4E
(Ser209) polyclonal antibody were received from
Invitrogen (South San Francisco, CA, USA). Rabbit
p38 MAPK Antibody and rabbit p38-Y MAPK
Antibody, were procured from Cell Signaling Technology
(Massachusetts, USA). Mouse anti-f} actin primary anti-
body, Anti-Mouse 1gG (whole molecule)-Alkaline
Phosphatase antibody (produced in goat) and
Anti-Rabbit 1gG (whole molecule)-Peroxidase antibody
(produced in goat) were received from Sigma-Aldrich
(St. Louis, USA). Hyperimmune serum that reacts with
15 KDa and 35 KDa BPXV proteins was raised in rabbits

and has been described earlier by our group (Khandelwal
et al. 2017).

Cytotoxicity and Virucidal Activity

For determination of the cytotoxicity, three-fold serial di-
lutions of SB239063, SB203580, or equivalent volumes of
DMSO were incubated with Vero cells for 96 h and the cy-
toxicity was determined by MTT assay as described previ-
ously (Kumar et al. 2008). Sub-cytotoxic concentration of
CGP57380 (1 pg/mL) and 4EGI-1 (2 pg/mL) has been de-
scribed elsewhere by our group (Kumar et al. 20183;
Khandelwal et al. 2020). For determination of the virucidal
activity, aliquots of BPXV (~10° PFU each) were incubated
with 3-fold serial dilutions of the inhibitor for 90 min.
Thereafter, residual viral infectivity was determined by pla-
que assay (Kumar et al. 2011b).

Time-of-addition Assay

Confluent monolayers of Vero cells, in triplicates were in-
fected with BPXV at MOI of 5, followed by addition of
SB239063 (10 pg/mL) or equivalent volume of DMSO at
1hpi, 6hpi, 12hpi, 18hpi, 24hpi and 30 hpi.
Supernatants from the infected cells were collected at
48 hpi and quantified by plaque assay.

Attachment Assay

Confluent monolayers of Vero cells, in triplicates, were pre-
incubated with 10 ug/mL of SB239063 or 0.05% DMSO for
30 min followed by BPXV infection at MOl of 5 for 2 h at 4 °
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@ SB239063 (p38 inhibitor)

Viral mMRNA

Viral Protein

Ribosome

#CGPS?SBO (MNK1 inhibitor)

Fic. 11. p38-MNK1-elF4E sig-
naling axis regulates translation
of BPXV proteins. BPXV in-
duces phosphorylation of p38
MAPK. Activated p38 induces
phosphorylation of MNK1
which eventually phosphoryl-
ate elF4E.  Phosphorylated
elF4E, in association with other
translation initiation factors,
interacts with the viral mRNA
to initiate the translation of vir-
al proteins. Disruption of p38/
MNKT1/elF4E  signaling by
chemical inhibitors results in
reduced synthesis of viral pro-
teins, and thereby may serve
as a target for antiviral drug
development.

Fic. 12. BPXV switches to use p38-Y" under long-term selective pressure of p38-a inhibitor. p38-a MAPK is a critical cellular factor that positively
regulates BPXV replication. Long-term sequential passage (P> 40) of BPXV in Vero cells in the presence of p38-a inhibitor (SB239063) induces
generation of viral mutants that preferentially utilize p38-Y instead of p38-a, thereby becoming resistant against the targeting agent (SB239063).

C. The cells were then washed 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.

Entry Assay

Confluent monolayers of Vero cells, in triplicates, were pre-
chilled at 4 °C and infected with BPXV at MOI of 5 in
SB239063-free medium for 1.5 h at 4 °C, which allowed
the virus attachment to the host cells but restricted viral
entry. Thereafter, the cells were washed with PBS and incu-
bated with fresh MEM containing 10 ug/mL of SB239063
or 0.05% DMSO. To permit viral entry, cells were incubated
at 37 °C for 1 h. The cells were then washed with PBS and
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grown in fresh DMEM without any drug. Virus yield in the
infected cell culture supernatants was determined by pla-
que assay at 48 hpi.

Virus Release Assay

Confluent monolayers of Vero cells, in triplicates, were in-
fected with BPXV at MOI of 5 for 1 h. Thereafter, cells were
washed with PBS and fresh DMEM was added. At 36 hpi,
cells were washed 5 times with chilled PBS followed by
addition of fresh DMEM containing 10 ug/mL SB239063
or equivalent volume of DMSO. Virus yield in the infected
cell culture supernatant was quantified by plaque assay at
0.5 h and 2 h post-drug treatment.
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gRT-PCR

The amount of viral DNA/mRNA (cDNA) in infected cells
was measured by quantitative real-time PCR (qRT-PCR).
Confluent monolayers of Vero cells, in triplicates, were in-
fected with BPXV (MOI of 5) for 1 h followed by washing
with PBS and addition of fresh DMEM. SB239063 (10 pg/
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 (B-actin) by qRT-PCR as previously
described (Khandelwal et al. 2017). The levels of viral
DNA, expressed as threshold cycle (Ct) values, were nor-
malized with B-actin housekeeping control gene. Relative
fold-change in viral DNA copy number was determined
by AA Ct method (Livak and Schmittgen 2001).

Effect on the Synthesis of Viral Proteins

Confluent monolayers of Vero cells were infected with
BPXV at MOI of 5. Inhibitors or DMSO were added at
6 hpi. Cells were scraped at 36 hpi to analyze the levels
of viral-and house-keeping control protein glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) in Western
blot analysis. Anti-BPXV serum was available at NCVTC
Hisar which has been described elsewhere (Khandelwal
et al. 2017).

Selection of Potential SB239063-resistant Virus
Variants

Vero cells were infected with BPXV at MOI of 0.1 in me-
dium containing 0.05% DMSO or 2 ug/mL SB239063. At
48-72 hpi, supernatant was collected from the virus in-
fected cells (named passage 1 [P1]) and quantified by pla-
que assay. Sixty such sequential passages were carried out.
The original virus stock (P0), P60-SB239063 and
P60-control viruses were used to infect Vero cells at an
MOI of 0.1 with either 10 pg/mL SB239063 or 0.05%
DMSO. At 48 hpi, viral titers in the infected cell culture
supernatant were quantified by plaque assay.

Determination of Egg Lethal Dose 50 (LDs)

Specific pathogen free (SPF) embryonated chicken eggs
were procured from Indovax Pvt. Ltd. Hisar, India. LDs,
of CGP57380 was determined by inoculating 5-fold serial
dilutions of SB239063 (concentration ranging from 50 to
0.0.02 pg/egg) or equivalent volumes of DMSO, in 10
days old embryonated SPF eggs, in a total of 100 pL vo-
lumes CAM route. Eggs were examined for the viability
of the embryos by candling for up to five days post-
inoculation to determine the LDsy by the Reed-Muench
method.

In ovo Antiviral Efficacy (ECs)

SPF embryonated chicken eggs, in triplicates, were inocu-
lated with five-fold serial dilutions (25 to 0.1 pg/egg) of
SB239063 or equal volumes of DMSO via the CAM route,
followed by infection with BPXV at 100EIDs,. At 5-7 dpi,
eggs were examined for pock lesions and/or death of the

embryos. ECso was determined by the Reed-Muench
method.

Generation of Plasmid Constructs Expressing sgRNA/
Cas9 Complex

The mRNA sequences of p38-a (MAPK14) (GenBank
Accession Number: XM_007972807.1 to XM_007972815.1,
eight transcript variants), and p38-Y (MAPK12) (GenBank
Accession Number: XM_007976194.1 to XM_007976202.1,
nine transcript variants) from African green monkey
(Chlorocebus sabaeus) were retrieved from the GenBank
and aligned using Clustal Omega to identify conserved re-
gions among different transcript variants. For each target
gene, at least four sgRNAs were designed by using an online
program (https://portals.broadinstitute.org/gpp/public/
analysis-tools/gRNA-design). Twenty nucleotide long
sgRNAs-encoding sequences (supplementary table S2,
Supplementary Material online) were cloned into
pL.CRISPR.EFS.GFP at BsmBl site.

Transfection

Vero cells were simultaneously transfected with 3 pg of
each of the four plasmids in a 25 cm” cell culture flask
using Lipofectamine 3000 (Thermo Fisher Scientific,
Waltham, MA, USA).

Sorting (FACS)

At 48 h following transfection, GFP expressing cells were
sorted by FACS at Translational and Health Science
Technology Institute (THSTI), Faridabad, India. The sorted
cells were cultured in 96 well cell culture plates by limiting
dilution assay. Wells with a single clone were selected for
further propagation (scale up). Eleven clones from each
of p38-a KO and p38-Y" KO cells were selected. After
achieving sufficient number (usually a confluent 25 cm”
flask), cells were analyzed for editing of the targeted gene.

Validation of Gene Editing

For initial confirmation, out of the 11 clones each of the
p38-a KO and p38-Y KO propagated, 3 clones of p38-a
and 4 clones of p38-Y" were subjected to total RNA extrac-
tion, cDNA synthesis and amplification of the target gene
by PCR. Primers used to amplify the flanking regions in the
target gene are depicted in supplementary table S3,
Supplementary Material online. To further confirm, se-
lected clones were also subjected to nucleotide sequen-
cing. Finally, the clones were evaluated for disruption of
the target gene by expression of the target protein
(p38-a. orp38-Y') in Western blot analysis.

CHIP Assay

CHIP assay was carried out to evaluate the interaction of
viral mRNA with elF4E as per the previously described
method (Kumar et al. 2021). Briefly, Vero cells, in tripli-
cates, were infected with BPXV at MOI of 5. At 10 hpi,
the cells were treated with 1% formaldehyde for 10 min
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to covalently cross-link interacting proteins and nucleic
acid. Thereafter, the cross-linking reaction was stopped
by addition of 125 mM glycine (final concentration) and
the cells were washed with ice-cold PBS. The cell lysates
were prepared in immunoprecipitation (IP) buffer
(150 mM NaCl, 50 mM Tris-HCI [pH 7.5], 5 mM EDTA,
0.5% NP-40, 1% Triton X-100 plus protease and phosphat-
ase inhibitor cocktail) and sonicated in a Qsonica
Sonicator Q500 (Qsonica, Newtown, CT, USA) (6 pulse
of 15sec at amplitude of 40%). The cell lysates were
then centrifuged for 10 min at 12,000 g. The clarified cell
lysates were mixed with 10 units of RiboLock RNase
Inhibitor (Thermo Scientific, USA) and then incubated
with the a-pelF4E (reactive antibody), a-pERK (nonreac-
tive antibody) or equivalent volume of IP buffer (beads
control) for 45 min at room temperature. Thereafter,
40 pL (5 ng/uL) of Protein A Sepharose® slurry, prepared
as per the instructions of the manufacturer (Abcam,
USA) was added into each reaction and incubated over-
night at 4 °C on a rotary platform. The beads were then
washed 5 times in IP buffer (without protease inhibitors).
To reverse the cross-linking, the complexes were then in-
cubated with Proteinase K (20 mg/mL final concentration)
at 56 °C for 40 minutes. Finally, the reaction mixtures were
centrifuged at 12,000 g for 1 min and the supernatant was
subjected to RNA isolation. The RNA was converted into
cDNA and thereafter the levels of BPXV M gene was quan-
tified by qRT-PCR.

Whole Genome Sequencing of BPXV-P60-5B239063
and BPXV-P60-Control Viruses

BPXV-P60-5B239063 and BPXV-P60-Control grow at a titer
of ~10” PFU/mL. BPXV. These viruses were further con-
centrated (10-times) by ultracentrifugation and subjected
to DNA isolation by DNeasy Blood & Tissue Kit (Qiagen,
USA). Libraries were prepared using Illumina® DNA Prep,
(M) Tagmentation kit (lllumina Inc, USA) and checked
on Bionalyzer 2100 (Agilent, CA, USA) using DNA High
Sensitivity Assay kit (Agilent, CA, USA). For library quanti-
fication, we used Qubit Fluorometer v4.0 and Qubit 1x
dsDNA assay kit (Thermo Fisher Scientificc, MA, USA).
Sequencing was performed on lllumina MiSeq system
using MiSeq reagents kit V2 500 cycles (2X250)
paired-end chemistry. Low quality data were trimmed
and filtered using PRINSEQ (Schmieder and Edwards
2011) with the following parameters; dynamic trimming
to remove bad quality ends with an average quality of 25
within 10 bp sliding window and reads with minimum
length of 150 bases were discarded. Data were then im-
ported into the CLC Genomics Workbench Version
22.0.1 with the in-house pipeline (supplementary fig. S4,
Supplementary Material online) where we used realign-
ment algorithm of CLC genomics workbench to correct
read mappings over INDELs with guided track with initial
variant calling tracks. Reference based consensus were
called using the variant table generated to extract the gen-
ome sequence of the respective samples. To visualize and
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compare each variant called by the CLC genomics work-
bench we used IGV version 2.4.14.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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