1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Antiviral Res. Author manuscript; available in PMC 2022 April 04.

-, HHS Public Access
«

Published in final edited form as:
Antiviral Res. 2021 April ; 188: 105035. doi:10.1016/j.antiviral.2021.105035.

Susceptibility of widely diverse influenza a viruses to PB2
polymerase inhibitor pimodivir

Mira C. Patel®, Anton Chesnokov?, Joyce Jones?, Vasiliy P. Mishin?, Juan A. De La Cruz?,

Ha T. Nguyen?b, Natosha Zanders2P, David E. Wentworth?, Todd C. Davis?, Larisa V.
Gubareva®”

8Influenza Division, National Center for Immunization and Respiratory Diseases, Centers for
Disease Control and Prevention, Atlanta, GA, USA

bGeneral Dynamics Information Technology, Atlanta, GA, USA

Abstract

Pimodivir exerts an antiviral effect on the early stages of influenza A virus replication by
inhibiting the cap-binding function of polymerase basic protein 2 (PB2). In this study, we used
a combination of sequence analysis and phenotypic methods to evaluate pimodivir susceptibility
of influenza A viruses collected from humans and other hosts. Screening PB2 sequences for
substitutions previously associated with reduced pimodivir susceptibility revealed a very low
frequency among seasonal viruses circulating in the U.S. during 2015-2020 (<0.03%; 3/11,934)
and among non-seasonal viruses collected in various countries during the same period (0.2%;
18/8971). Pimodivir potently inhibited virus replication in two assays, a single-cycle HINT and
a multi-cycle FRA, with ICsq values in a nanomolar range. Median ICgq values determined by
HINT were similar for both subtypes of seasonal viruses, A(HIN1)pdm09 and A(H3N2), across

three seasons. Human seasonal viruses with PB2 substitutions S324C, S324R, or N510K displayed

a 27-317-fold reduced pimodivir susceptibility by HINT. In addition, pimodivir was effective at
inhibiting replication of a diverse group of animal-origin viruses that have pandemic potential,
including avian viruses of A(H5N6) and A(H7N9) subtypes. A rare PB2 substitution H357N
was identified in an A(H4N2) subtype poultry virus that displayed >100-fold reduced pimodivir
susceptibility. Our findings demonstrate a broad inhibitory activity of pimodivir and expand the
existing knowledge of amino acid substitutions that can reduce susceptibility to this investigational
antiviral.
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Introduction

Influenza A viruses are respiratory pathogens of major economic and public health
importance, because of their ability to cause high morbidity and mortality. Two subtypes

of seasonal influenza A viruses, A(HLN1) and A(H3N2), have been causing recurrent
epidemics of variable severity for several decades. Moreover, a vast natural reservoir for
influenza A viruses of diverse subtypes exists in wild birds. Avian viruses are known to
cause outbreaks with varying severity in humans and can also trigger a pandemic. Zoonotic
infections with avian viruses of A (H5Nx), A(H7N9), A(H9N2) have been reported in
recent years and pose a serious public health threat (Uyeki et al., 2017). The first influenza
pandemic of the 21st century was caused by a swine-origin virus of A (HLN1) subtype,
A(H1N1)pdmO09, that suddenly emerged in North America in 2009 (Garten et al., 2009). In
2012, swine-origin A(H3N2) viruses caused a multi-state outbreak in the U.S. (Jhung et al.,
2013). Swine-origin viruses recovered from humans are named “variant” (e.g., A(H3N2)v)
to distinguish them from seasonal viruses. Furthermore, recently reported Eurasian avian-
like swine A(H1N1) viruses with the A (HLN1)pdm09 M gene (i.e., genotype 4) also pose a
threat to human health as they are antigenically distinct from previously circulating seasonal
viruses and were reported to cause infections in humans in China at an increasing rate (Sun
et al., 2020).

Vaccination is the principal tool to mitigate the burden of influenza. However, vaccine
effectiveness can be reduced due to antigenic drift, or vaccines may not be available at the
early stages of a pandemic. In such circumstances, antivirals can play an important role

in controlling the impact of influenza, especially in populations that are at high-risk of
developing complications.

Three classes of antiviral drugs — M2 blockers, neuraminidase (NA) inhibitors, and
polymerase acidic (PA) inhibitor — are approved in numerous countries to control influenza
A infections. However, M2 blockers are not recommended for use due to widespread
resistance in contemporary seasonal influenza viruses. Although the M2 blocker amantadine
has been used since 1970s, widespread resistance has occurred only after 2003 (Bright et al.,
2005). The increased use of M2 blockers driven by the threat of bird flu and SARS-CoV

in South East Asia during that time, was likely to contribute to the surge in M2 resistance

in A(H3N2) viruses. Conversely, A(HIN1)pdmO09 virus was already M2-resistant when it
entered the human population, as it acquired the resistance-conferring M gene segment

via reassortment with Eurasian swine influenza viruses (Garten et al., 2009). Since then,

the oral NA inhibitor oseltamivir has been the most widely prescribed influenza antiviral.

In 2007-2009, oseltamivir-resistant viruses of A(H1N1) subtype emerged and circulated
globally until being displaced by the NA inhibitor-sensitive A(HLN1)pdmO9 viruses (Hurt,
2014). The frequency of oseltamivir resistance in A(HLN1)pdmO09 viruses has remained
low, but transmission of such viruses in communities has been reported, indicating the
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need for continuous monitoring (McKimm-Breschkin, 2013; Takashita et al., 2020). The PA
polymerase inhibitor, baloxavir entered the global market in 2018 and became a welcomed
addition to the sparse toolbox of anti-influenza medications. However, baloxavir showed a
low barrier to resistance emergence, with an especially high rate of resistance in young
children (Hirotsu et al., 2019). In clinical studies, resistant influenza viruses emerged

in ~2-20% of baloxavir-recipients (Hayden et al., 2018; Hirotsu et al., 2019). Baloxavir-
resistant viruses have also been reported to efficiently transmit within close household
settings (Imai et al., 2020; Takashita et al., 2019). In addition, reports on the detection of
baloxavir-resistant viruses in children not treated with this antiviral, raises further public
health concerns (Imai et al., 2020; Takashita et al., 2019; Yano et al., 2020). The ongoing
concerns over resistance to available antivirals highlight the need for new therapeutics,
preferably with different mechanisms of action.

Pimodivir (VX-787) is an orally administered inhibitor of the polymerase basic protein

2 (PB2). It prevents binding of PB2 to the 7-methyl GTP (m’ GTP) cap structures of

host mMRNA and inhibits early stages of viral transcription (Clark et al., 2014). Pimodivir
occupies the central cap-binding domain of PB2 and interacts in a similar fashion to m’
GTP guanine base (Byrn et al., 2015). Analysis of X-ray crystallography structure revealed
that multiple amino acid residues in cap- and mid-linker binding regions of PB2 extensively
interact with pimodivir (Byrn et al., 2015; Ma et al., 2017). Due to structural differences in
the PB2 cap-binding pocket of influenza A and B viruses, pimodivir is only active against
influenza A viruses. Pimodivir was shown to be effective at inhibiting replication of seasonal
influenza A and avian A(H5N1) viruses (Byrn et al., 2015; Clark et al., 2014). Pimodivir
was advanced to late phase clinical development and was granted the fast track designation
by the U.S. Food and Drug Administration (FDA) (Finberg et al., 2019; O’Neil et al., 2020;
Trevejo et al., 2018).

A few studies have described limited information on amino acid substitutions associated
with reduced susceptibility to pimodivir. A number of substitutions in PB2 protein have
been reported to emerge readily under drug pressure /in7 vitro (Byrn et al., 2015). In

clinical studies, ~7-10% of pimodivir-recipients shed virus with substitutions in PB2 protein
(Finberg et al., 2019; Trevejo et al., 2018). Previously reported amino acid substitutions
occurred at nine residues positioned in mid, cap-binding, and RNA binding/linker regions
of PB2 protein, with the majority residing in the cap-binding region (Byrn et al., 2015;
Finberg et al., 2019; Trevejo et al., 2018) (Table 1). Notably, five amino acid substitutions
were detected at a single residue, S324; some of them were seen in clinical trials. Multiple
substitutions at two other residues, K376 and M431, were reported in pimodivir-treated
patients. The emergence of viruses with substitutions at N510, which resides in the RNA-
binding/linker region, were observed both in cell culture and clinical settings. The degree
of pimodivir resistance varied depending on the substitution (Table 1). At this time, detailed
phenotypic analysis describing impact of many of the amino acid substitutions detected in
clinical trials was not reported.

In recent years, influenza antiviral susceptibility surveillance conducted by CDC has been
primarily based on next generation sequencing (NGS) analysis, which is supplemented with
phenotypic testing (Jester et al., 2018). In this study, we aimed to establish a methodology
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that is suitable for monitoring PB2 inhibitor resistance as part of virological surveillance
conducted on seasonal and non-seasonal viruses.

2. Materials and methods

2.1. Viruses

Influenza viruses were submitted to the World Health Organization (WHQO) Collaborating
Center for Surveillance, Epidemiology and Control of Influenza at CDC by laboratories
participating in the WHO Global Influenza Surveillance and Response System (GISRS).
Viruses were propagated in Madin-Darby canine kidney (MDCK) cells (ATCC, Manassas,
VA), MDCK-SIAT1 cells, or fertilized chicken eggs, depending on subtype and origin. All
the procedures involving swine and low pathogenicity avian influenza viruses collected

in the U.S. were conducted at biosafety level 2 enhanced containment, while other non-
seasonal viruses were handled at biosafety level 3 enhanced containment.

2.2. Next generation sequencing analysis

Illumina MiSeq platform was utilized for codon-complete genome sequencing of influenza
viruses and sequence analysis was performed as described (Shepard et al., 2016). Sequences
have been made public through the Global Initiative on Sharing All Influenza Data
(GISAID) and the NCBI influenza virus resource. Sequences of non-seasonal viruses were
deposited to GISAID, after approval from the country of origin. Duplicative PB2 sequences
for the same virus were removed before analysis.

2.3. Pimodivir susceptibility testing

Pimodivir was purchased from a commercial source (MedChemEXxpress), dissolved in
DMSO as a 10 mM stock, aliquoted and stored at =80 °C. Viruses were tested by

either focus reduction assay (FRA) or high-content imaging neutralization assay (HINT)

as previously described (Gubareva et al., 2019; Marjuki et al., 2016). Both assays were
carried out using MDCK-SIAT1 cells and serially diluted pimodivir (0.05-1000 nM). For
FRA, cell monolayers prepared in a 24-well plate were inoculated with virus (30-60 foci per
well) and incubated for 1 h at 37 °C. After removal of virus inoculum, 0.25% Avicel RC-591
overlay (FMC Biopolymer) in EMEM supplemented with pimodivir and TPCK-trypsin was
added to the monolayers and plates were incubated at 37 °C and 5% CO, for 18-24 h. For
HINT assay, single-cell suspension was added to wells of a 96-well microplate containing

a mixture of pimodivir and virus (~1000 infectious units) and microplates were incubated

at 37 °C and 5% CO, for 16-18 h; a single-cycle replication was achieved by omitting
TPCK-trypsin from virus growth media.

Visualization of virus infected cells in both assays was done by immunostaining

with mouse anti-viral nucleoprotein (NP) antibody (International Reagent Resource),
followed by incubation with goat anti-mouse IgG antibody conjugated to Alexa Fluor-555
(ThermoFisher Scientific), and Hoechst 33,258 dye (AnaSpec Inc.) was used to stain cellular
DNA. For FRA, the number of foci formed by virus-infected cells was counted under

a fluorescence microscope; while for HINT, infected cell population was detected and
quantified using either Celllnsight CX5 (ThermoFisher Scientific) or Celigo (Nexcelom
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Bioscience) image cytometers. Pimodivir 50% inhibitory concentration (ICgp) values were
calculated by curve-fitting analysis.

Currently, there is no established criteria available for the definition of pimodivir resistance
or reduced susceptibility. Therefore, we used the arbitrary criteria based on 1Cs fold
increase compared with the sequence matched control (wild-type) viruses from the same
subtype. The arbitrary criteria define influenza virus inhibition as normal (<3-fold increase)
or reduced (>3-fold increase).

3. Results

3.1. PB2 sequence analysis of seasonal influenza A viruses, U.S., 2015-2020

3.2.

In this study, NGS-generated PB2 sequences of 11,934 influenza A viruses were analyzed,
which included 10,555 viruses collected by the U.S. virological surveillance during

five recent seasons (October 1, 2015-April 17, 2020) and 1379 viruses collected for
vaccine effectiveness studies during 2015-2017 seasons. Most (~61%) of the sequences
belonged to the A(H3N2) subtype. Interrogation of PB2 sequences at nine residues of
interest (Table 1) revealed an exceptionally low frequency of naturally occurring pimodivir
resistance. Only three viruses (3/11,934, <0.03%) were identified to contain any of the PB2
substitutions (Table 2). Of these three, two A(H1N1)pdmQ9 viruses (A/Texas/70/2016 and
A/Minnesota/11/2017) had S324C and N510K, respectively; while one A(H3N2) virus (A/
Pennsylvania/242/2017) contained S324R. These substitutions were detected in both clinical
specimens and respective virus isolates.

Phenotypic testing

To evaluate the effect of the identified PB2 substitutions on drug phenotype, the three
flagged viruses were tested in cell culture with pimodivir. In addition, viruses with matching
PB2 sequences, except the respective substitutions, were tested to calculate a fold increase in
pimodivir ICsq value. In the multi-cycle replication-based FRA assay, S324C, N510K, and
S324R conferred a 20-, 283-, and 688-fold reduction in pimodivir susceptibility, respectively
(Table 2). Next, the same viruses were tested using a single-cycle replication-based assay,
HINT, since this assay has been used to monitor susceptibility to PA inhibitor baloxavir
(Gubareva et al., 2019). The HINT-generated pimodivir 1Csq values were noticeably higher
than those generated using FRA, however, the fold changes were similar (27-, 273-, and
317-fold reduction, respectively) (Table 2).

As HINT offers an improved throughput, it was used to establish a pimodivir susceptibility
baseline for viruses circulating in the U.S. during three recent seasons. As an internal quality
control, a pair of A (H3N2) viruses was included in each test; their genomes were nearly
identical, except substitution 138M in PA protein (Gubareva et al., 2019). Both control
viruses showed consistent pimodivir 1Cgq values within and across multiple tests (Fig. 1A).
However, the median pimodivir ICgq for the PA-138M control virus was somewhat lower
(5.77 vs 7.11 nM, p < 0.0001). As this mutation was shown to slow virus replication

in MDCK-SIAT1 cells (Chesnokov et al., 2020), it might indirectly affect pimodivir ICsg
values.
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A total of 206 viruses representing A(HLN1)pdmO09 (n = 110) and A (H3N2) (n =

96) subtypes collected during 2016-2019 were tested using HINT. The median subtype-
specific 1Cgq values were similar, 4.46 nM vs 5.22 nM, respectively. It is worth noting

that A(HLN21)pdmO09 viruses displayed a somewhat broader ICsq range, 0.85-12.31 nM
(~15-fold difference between the minimum and maximum), compared to A(H3N2) viruses
(~5-fold range). Nevertheless, as shown in the scatter plots, subtype-specific I1Csg values
remained consistent between seasons (Fig. 1B).

Pimodivir susceptibility of non-seasonal influenza A viruses

We next interrogated 8971 PB2 sequences of non-seasonal viruses collected from human
and non-human hosts between October 1, 2014-April 20, 2020 (accessed from GISAID

on September 23, 2020). A total of 18 viruses carrying PB2 substitutions of concern were
detected, indicating a low (18/8971; 0.20%) frequency of naturally occurring resistance to
pimodivir. These substitutions were as follows: F325L (n = 1), S337P (n = 1), K376R (n =
3), T378S (n = 3), M431L (n = 3), and N510K (n = 7) (Supplementary Table 1). They were
mainly found in avian viruses of A(H5Nx), A(H6N6), A(H7N3), and A(HIN2) subtypes.
None of these viruses were available for phenotypic assessment.

Next, a panel of 23 ‘variant’ viruses of A(HIN1)v (n = 3), A(HLN2)v (n = 8), and
A(H3N2)v (n = 12) subtypes was assembled for phenotypic testing using HINT. It
comprised of viruses collected during outbreaks that took place in the U.S. during 2008—
2018. All “variant’ viruses tested were resistant to M2 inhibitors due to the presence

of V27T or S31N substitutions in M2 protein. The panel was complemented by classic
swine influenza A(HLN1) viruses (n = 3). HINT pimodivir ICgq values ranged 1.12—

27.77 nM (~25-fold range) with a median of 8.03 nM (Supplementary Table 2); A/swine/
Tennessee/1/75 A(H1N1) displayed the lowest 1Csq, while A/Michigan/84/2016 A(H3N2)v
had the highest. Notably, viruses from the same zoonotic outbreak showed similar 1Cgq
values. For example, pimodivir 1C5q range was much narrower, 5.40-10.10 nM, for five
A(H1N2)v viruses collected during the 2018 zoonotic outbreak in California and Michigan.
In addition, FRA was used to test a subset of viruses, including three A(H1N1)v collected in
the U. S., Europe, and China (Supplementary Table 2). All tested viruses were sensitive to
pimodivir (median ICgq 0.57 nM); similar to HINT results, the range by FRA was also broad
(~35-fold range). The significant genetic heterogeneity of the viruses in the panel may be the
underlining reason for the broad ranges of 1C5q observed in both assays.

To assess pimodivir susceptibility of avian-origin viruses, we assembled a panel containing
three subtypes of major epidemiological relevance: A(H7N9), A(H5N6), and A(HIN2)
(Table 3). As highly pathogenic avian viruses do not require trypsin for replication

in MDCK-SIAT1 cells, this panel was tested using FRA. Pimodivir potently inhibited
replication of all the viruses tested at sub-nanomolar to low nanomolar concentrations; their
genetic heterogeneity manifested in a wide range of 1Cgq values (~46-fold range) (Table 3).

Pimodivir effectively inhibited replication of a broad variety of swine and avian-origin
influenza A viruses in cell culture.
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3.4. Activity of pimodivir against viruses resistant to FDA-approved antivirals

Based on published data (Byrn et al., 2015) and the present study (Table 3, Supplementary
Table 2), M2 blocker-resistant viruses are susceptible to pimodivir. We expanded this
examination by assessing pimodivir activity against a panel of viruses displaying reduced
susceptibility to one or more other approved antivirals, NA and PA inhibitors. Viruses of
various subtypes carrying amino acid substitutions in NA and/or PA were selected from
the CDC repository (n = 13) and tested using HINT. Their replication was inhibited by
pimodivir at low nanomolar concentrations, 2.77-28.59 nM (Table 4), except one NA
inhibitor-resistant virus, A/turkey/Minnesota/833/80 (H4N2) carrying NA-R292K mutation
(ty/MN/80-NA-R292K) (Gubareva et al., 1996), which displayed highly elevated average
pimodivir ICsq, 644.17 nM. Notably, it’s NA inhibitor-sensitive counterpart (wild-type
ty/MN/80-NA-R292) showed similarly high elevated average pimodivir ICgg, 468.43 nM
(data not shown).

3.5. Identification of a novel marker of pimodivir resistance

To elucidate the molecular basis for the observed pimodivir resistance of NA inhibitor-
sensitive and -resistant ty/MN/80 viruses, their PB2 sequences were analyzed. None of the
previously reported PB2 substitutions (Table 1) were found. However, two substitutions,
H357N and L464M, residing in the cap-binding domain of the PB2, raised our interest.
Histidine at position 357 was shown to participate in the stacking of pimodivir’s aromatic
rings and making water-mediated interaction with a carboxylic acid of pimodivir (Clark et
al., 2014; Byrn et al., 2015). Histidine is an aromatic amino acid, while asparagine is a
polar amino acid with a positively charged side chain. Therefore, it is reasonable to assume
that the substitution H357N may affect pimodivir susceptibility. PB2 sequences of 94,288
viruses (accessed from GISAID on September 23, 2020), including 63,923 (68%) viruses
collected from humans, were analyzed for the presence of H357N. Notably, histidine at

357 was highly conserved (99.60%), and asparagine was present in only 22 viruses (20 of
animal origin; 0.02%) (Supplementary Table 3). None of the H375N carrying viruses were
available for testing. However, we were able to obtain and test two A(H1N1)pdmO039 viruses,
A/Manitoba/RV0444/2018 and A/Kuwait/3812/2017, that carry the second substitution of
interest - L464M. Because their pimodivir 1Csq values were low, average 3.48 nM, we
concluded that H357N alone conferred the observed pimodivir resistance of ty/MN/80 virus.

4. Discussion

The PB2 inhibitor pimodivir showed significant anti-influenza efficacy in early clinical trials
(Finberg et al., 2019; O’Neil et al., 2020; Trevejo et al., 2018). However, in the phase 3
study, pimodivir given in combination with the Standard-of-Care (influenza antivirals and/or
supportive care only) did not show added benefits to hospitalized patients with influenza

A infection (clinical trial identifier no. NCT03376321). The drug development program

for pimodivir has been discontinued by the commercial developer (https://www.clinical-
trialsarena.com/news/janssen-pimodivir-development/). Nonetheless, RNA-dependent RNA-
polymerase remains an attractive target for antiviral development due to its critical roles in
virus replication and the high degree of sequence conservation (Stevaert and Naesens, 2016).
Therefore, the search for new polymerase inhibitors is likely to continue, including those
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targeting the cap-binding domain of PB2 (Chen et al., 2020; Tian et al., 2020). Our study
reinforced the notion that naturally occurring resistance to pimodivir is rare in both seasonal
and non-seasonal influenza A viruses. Insights into the molecular mechanisms of resistance
to pimodivir may facilitate the development of PB2 inhibitors with improved efficacy.

The strength of this study is the use of a combination of sequence-based and phenotypic
approaches, as well as testing genetically diverse influenza A viruses, including those

with pandemic potential. 1Csq values generated here using FRA were in agreement with

a previous study (Byrn et al., 2015) also utilizing a multi-cycle based assay. Similar to
neutralizing antibodies and baloxavir, pimodivir inhibits virus replication at an early stage.
This trait allowed us to apply a single-cycle assay, HINT, to assess pimodivir susceptibility.
HINT offers a stream-lined procedure by omitting the need for preparing/washing cell
monolayer prior to infection and adding/removing semi-solid overlay; it has been used for
monitoring antigenic drift and susceptibility to baloxavir (Jorquera et al., 2019; Gubareva
et al., 2019). As was seen with baloxavir (Mishin et al., 2019), pimodivir ICsq values
determined using HINT were higher compared to those generated using FRA. This is
expected as it is more challenging to impede synthesis of viral NP protein under conditions
of a single-cycle compared to multi-cycle infection. Despite these differences, fold changes
in 1Cgq conferred by PB2 substitutions were similar between the two assays, making HINT a
suitable method for detecting viruses displaying decreased pimodivir susceptibility.

Zoonotic infections with swine- and avian-origin viruses are concerning due to their
pandemic potential. Swine-origin ‘variant’ viruses have caused multi-state outbreaks during
the last two decades (Jhung et al., 2013) and are classified as a nationally notifiable
infectious disease. The M gene of A(HLN1)pdmO9 virus is now present in many swine
viruses and this may increase the probability of them crossing the interspecies barrier
(Lindstrom et al., 2012). The diversity of swine viruses has increased due to multiple
reassortment events and this may explain the wide range of pimodivir ICsq observed in

this study. Notably, pimodivir ICsq range for A(H3N2)v viruses is higher (2.10-27.77 nM)
than other variant subtypes. However, not equal number of viruses were tested for each
subtype. Moreover, for A(H1N2)v, out of eight viruses tested, five viruses were collected
from same zoonatic outbreak. While in case of A(H3N2)v, we tested 12 viruses collected
during different outbreaks in the U.S. from 2013 to 2017. Interestingly, two A(H3N2)v
viruses (A/Ohio/27/2016 and A/Ohio/28/2016) collected from same outbreak, showed very
similar pimodivir I1Cgq values (within ~2-fold range). As pimodivir impedes virus replication
at an early stage, efficiency of virus internalization into cells may affect the ICsq values.
Therefore, it is tempting to speculate that this range may reflect the difference in replicative
fitness or internalization efficiency of these variant viruses in MDCK-SIAT1 cells, a cell
line optimized for propagation of human viruses, which would require further experiments
and would be focus of our future investigation. Consistent with this notion, seasonal
A(H1IN1)pdmO9 viruses, which originated from swine, also displayed a broader range of
ICsq values compared to A(H3N2) viruses. Moreover, it is noteworthy to mention that the
PB2 gene segment of A (HIN1)pdmO09 virus was derived from avian-origin viruses through
reassortment (Garten et al., 2009).

Antiviral Res. Author manuscript; available in PMC 2022 April 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 9

While HINT has its advantages, FRA is better suited for testing highly pathogenic avian
viruses and showed pimadivir to be highly potent. Interestingly, sequence analysis revealed
that substitutions associated with pimodivir resistance were more likely to be found in
viruses isolated from wild birds and poultry rather than seasonal viruses. In addition,
characterization of viral replicative fitness due to PB2 amino acid substitutions associated
with reduced drug susceptibility would be beneficial. However, reports on replicative fitness
of pimodivir-resistant viruses remain sparse. In the phase 2a clinical trial of pimodivir,
variant virus containing M4311 was reported to display 12.5-fold reduced /n vitro replication
capacity compared to wild-type virus (Trevejo et al., 2018). One limitation of our study

is that we did not analyze replicative fitness of pimodivir-resistant viruses in comparison

to their wild-type controls, which would require further investigation. A potential role of
H357N in pimodivir resistance was previously suggested, but no supporting phenotypic
data was presented (Finberg et al., 2019). Our study showed that H357N, found in PB2

of ty/MN/80 viruses, indeed conferred a high level of pimodivir-resistance. Information

on how H357N may affect viral fitness and pathogenicity is limited. Ty/MN/80 replicated
efficiently in cell cultures (Gubareva et al., 1996). Zhu and colleagues demonstrated the
role of H357N, which was originally found in a mouse adapted A(H1N1)pdmO039 virus,

on /n vitro replicative fitness and pathogenicity in mice (Zhu et al., 2012). Engineered

virus with H357N demonstrated replicative fitness comparable to a wild-type virus in
human A549 cells, while its growth was elevated in porcine PK15 and murine LA-4 cells.
Additionally, H357N enhanced polymerase activity in a mini-genome replication assay.
Moreover, the engineered virus displayed markedly higher replication in mice lungs and
mortality compared to wild-type virus. Even though amino acid polymorphism is rare at
PB2 residues implicated in pimodivir resistance, existence of such viruses warrants the need
for further investigations into their properties.

In summary, this study demonstrates the high potency of pimodivir as an inhibitor of
influenza A virus replication in cell culture, including viruses with pandemic potential.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Pimodivir susceptibility of seasonal influenza A viruses circulating in the U.S. during
2016-2019 seasons. Viruses were tested by a single-cycle replication-based assay HINT

in MDCK-SIAT1 cells and scatter plot of I1Cgq values are shown. (A) A(H3N2) viruses (A/
Louisiana/50/2017-PA-138 and A/Louisiana/49/2017-PA-138M) were included in each test
as internal controls. 1Csq values of both viruses were plotted for 35 different tests, and their
respective median values are shown. (B) Virus isolates of A (HIN1)pdm0Q9 and A(H3N2)
subtypes were tested to calculate median ICsq values across different seasons. Number of
viruses tested and median values for each subtype in different seasons are shown. A single
test result for each virus was used to compile ICsq results for each subtype. Few of the
viruses giving 1Csq in the outlier range, were re-tested to confirm the results.
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Table 3

Assessment of pimodivir susceptibility of avian-origin influenza A viruses using FRA.

Page 16

Subtype Virus name mgrbkgc;eugsr;srtoatrelgzﬁ Et?rf] ggpe accession Pimadivir 1Cs nmd
H5N6 AlSichuan/26221/2014b None EP1533585 0.20; 0.20
A/Yunnan/l4563/2015b S3IN EP1587618 0.39; 0.48
Alchicken/Vietnam/NCVD-17A505/2017  None EP11815500 0.12;0.11
Alduck/Bangladesh/19D770/2017 None EP11330540 0.04; 0.05
H7N9 (wave 1)  A/Shanghai/2/2013 S31IN EPI439495 1.48; 1.50
H7N9 (wave 2)  A/Hong Kong/5942/2013 S3IN EP1490879 1.09; 0.77
A/Hong Kong/2212982/2014 S31IN EP1502370 0.31; 0.41
A/Hong Kong/734/2014 S3IN EP1498797 0.74; 1.07
H7N9 (wave 3)  A/Hong Kong/56/2015 S3IN EP11489674 0.34; 0.26
A/British Columbia/1/2015 S31IN EP1560395 0.29; 0.34
H7N9 (wave 4)  A/Hong Kong/793/2016 S31IN EP11815507 1.83;1.80
H7N9 (wave 5)  A/Hong Kong/125/2017 S3IN EP1977392 0.57; 0.65
A/Hong Kong/214/2017 S31IN EP1884219 0.17;0.23
HIN2 Alchicken/Vietnam/NCVD-LS14/2016 S3IN EP11815492 0.31; 0.16

FRA: focus reduction assay; 1C50: 50% inhibitory concentration; PB2: polymerase basic protein 2.

All procedures involving avian-origin viruses were conducted in biosafety level 3 enhanced containment. FRA was carried out using MDCK-SIAT1

cells.

a .
Replicate results.

bHigth pathogenic avian influenza virus.
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