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VX-787 is a novel inhibitor of influenza virus replication that blocks the PB2 cap-snatching activity of the influenza viral poly-
merase complex. Viral genetics and X-ray crystallography studies provide support for the idea that VX-787 occupies the
7-methyl GTP (m’GTP) cap-binding site of PB2. VX-787 binds the cap-binding domain of the PB2 subunit with a K}, (dissocia-
tion constant) of 24 nM as determined by isothermal titration calorimetry (ITC). The cell-based EC;, (the concentration of com-
pound that ensures 50% cell viability of an uninfected control) for VX-787 is 1.6 nM in a cytopathic effect (CPE) assay, with a
similar ECs, in a viral RNA replication assay. VX-787 is active against a diverse panel of influenza A virus strains, including
HIN1pdm09 and H5N1 strains, as well as strains with reduced susceptibility to neuraminidase inhibitors (NAIs). VX-787 was
highly efficacious in both prophylaxis and treatment models of mouse influenza and was superior to the neuraminidase inhibi-
tor, oseltamivir, including in delayed-start-to-treat experiments, with 100% survival at up to 96 h postinfection and partial sur-
vival in groups where the initiation of therapy was delayed up to 120 h postinfection. At different doses, VX-787 showed a 1-log
to >5-log reduction in viral load (relative to vehicle controls) in mouse lungs. Overall, these favorable findings validate the PB2

subunit of the viral polymerase as a drug target for influenza therapy and support the continued development of VX-787 as a

novel antiviral agent for the treatment of influenza infection.

Inﬂuenza is a potentially deadly infectious disease that has im-
posed a substantial burden in terms of morbidity and mortality
on human populations (1). Recent statistics suggest that, each year
in the United States, 5% to 20% of the population becomes in-
fected with influenza virus, with more than 200,000 hospitaliza-
tions for respiratory and heart-related complications and an an-
nual mortality rate ranging from ~3,000 to 49,000 deaths (2, 3).

Vaccination has become the mainstay of efforts to minimize
the impact of seasonal influenza (4, 5), and while generally effec-
tive in healthy adults, it is often less effective in elderly individuals,
and there have been recent examples where predictions of which
viral strains to include have been inadequate (6, 7). Further, the
2009 HIN1 pandemic demonstrated that the logistics required to
rapidly isolate and identify the correct strain and to produce
enough vaccine worldwide was quite challenging (8-10). The con-
tinued incidence of human infection by avian influenza virus
strains, namely, either the highly pathogenic H5N1 or H7N7 sub-
types or the recently emerging low pathogenic H7N9 and H10N9
strains, represents an additional challenge for vaccine develop-
ment strategies (11-15)

Antiviral agents may be used for the prophylaxis of influenza
virus infection (mainly in high-risk settings) or in a treatment
modality for the reduction of illness duration. They may also pro-
vide an option for rapid deployment during a pandemic situation
(16). The current standard of care is treatment using the neur-
aminidase inhibitors oseltamivir and zanamivir. It is recom-
mended that treatment begin as early as possible after the onset of
illness, ideally within 48 h. The benefit of these agents has recently
received considerable scrutiny, with several observational studies
reporting reduced mortality in treated individuals during the re-
cent HIN1pdmo09 pandemic (17-19) whereas other reviews have
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questioned this observation (20, 21). In addition to the limited
treatment window, another concern for this class of antivirals is
the possibility of neuraminidase inhibitor resistance, as occurred
during the 2008 to 2009 season when oseltamivir-resistant HIN1
was prevalent (22, 23). This highlights the need for new classes of
antiviral agents with novel mechanisms of action (24-27).

In order to provide alternative therapeutic options for patients
with influenza infection, we initiated a phenotypic-assay-based
drug discovery effort. Subsequently, the molecular target of a se-
ries of azaindole hits resulting from these screening efforts was
determined to be the PB2 cap-binding domain of the influenza
viral polymerase complex (28). The viral polymerase contains
three subunits, PB1, PB2, and PA, that are responsible for replica-
tion and transcription of the viral RNA (vVRNA) genome in the
nuclei of infected cells. The heterotrimeric viral polymerase syn-
thesizes viral mRNAs via a cap-snatching mechanism wherein the
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virus utilizes host pre-mRNA as a primer for transcription. The
PB2 subunit contains a cap-binding domain for 7-methyl GTP
(m’GTP) on the 5’ end of the host pre-mRNA. Once bound to
PB2, the PA endonuclease subunit cleaves the host RNA strand,
leaving a 10-to-13-nucleotide primer. The PB1 subunit contains
the conserved polymerase domain and utilizes the primer for RNA
elongation (29-31).

In this report, we describe the preclinical characterization of
VX-787, a novel PB2 inhibitor for influenza A virus that resulted
from extensive lead optimization (28) of hits that emerged from
the aforementioned phenotypic screen.

MATERIALS AND METHODS

Viruses, cell culture, and viral infection. All experiments involving in-
fectious virus were performed under appropriate, i.e., animal biosafety
level 2 (ABSL2) or ABSL3 conditions. Madin Darby canine kidney
(MDCK) cells, HEK293T cells, and influenza virus strains A/Puerto Rico/
8/34 (HIN1), A/WS/33 (HIN1), A/Hong Kong/8/68 (H3N2), and A/Vic-
toria/3/75 (H3N2) were purchased from the America Type Culture Col-
lection (ATCC). A/California/07/2009 (H1N1pdm09) was obtained
through the Influenza Reagent Resource (Influenza Division, World
Health Organization, Collaborating Center for Surveillance, Epidemiol-
ogy and Control of Influenza, Centers for Disease Control and Pre-
vention, Atlanta, GA). A/Georgia/17/2006 (HIN1), A/Georgia/20/2006
(HIN1), A/Nebraska/1/2006 (H3N2), A/Texas/12/2007 (H3N2), and
A/Texas/48/2009 (HIN1) were acquired from the Virus Surveillance and
Diagnosis Branch, Influenza Division, National Center for Immunization
and Respiratory Diseases (NCIRD)/Coordinating Center for Infectious
Diseases (CCID) (Centers of Disease Control and Prevention, Atlanta,
GA). All studies were performed with low-passage-number MDCK cells
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with L-glutamine (Invitrogen), penicillin-
streptomycin (Invitrogen), and HEPES (Invitrogen), referred to here as
c¢DMEM, with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis,
MO, or Invitrogen). Influenza virus stocks were propagated in MDCK
cells using standard methods (26) and stocks frozen at —80°C. MDCK
cells were infected with influenza virus in cDMEM-1 pg/ml TPCK (N-
tosyl-L-phenylalanine chloromethyl ketone)-treated trypsin (USB Corpo-
ration/Affymetrix, Santa Clara, CA) (viral growth media [VGM]).

Chemicals. VX-787 was synthesized at Vertex Pharmaceuticals Incor-
porated (28), and 10 mM stock solutions were prepared in dimethyl sul-
foxide (DMSO). Zanamivir hydrate (Sequoia Research Products, Pang-
bourne, United Kingdom) was dissolved in DMEM at a concentration of
10 mM. For in vitro experiments, the ethyl ester prodrug of oseltamivir
(Focus Synthesis, San Diego, CA, USA) was hydrolyzed by base catalysis of
the ethyl ester, releasing the active form, oseltamivir carboxylate, and
dissolved at 10 mM in DMSO. For in vivo experiments with oseltamivir,
the oral suspension was used. Favipiravir (T-705) was synthesized at Syn-
com, based on published methods (32). Amantadine was obtained from
Sigma-Aldrich Chemicals.

MDCXK cell protection and cytotoxicity assays. Compound antiviral
activity and cytotoxicity were evaluated in MDCK cells using a modifica-
tion of standard methods (33, 34); cell viability was determined by mea-
surement of ATP levels (CellTiter-Glo; Promega, Madison, WI). MDCK
cells were plated into black, clear-bottom, 384-well plates at a density of
2 X 10* cells per well in 50 1 of cDMEM. Cells were incubated at 37°C and
5% CO, with saturated humidity to allow cells to adhere and form a
monolayer. After 5 h, 40 .l of cDMEM was removed, and 25 pl of VGM
containing diluted drug (final DMSO concentration of 0.5%) and 15 .l of
influenza virus at a concentration of 100 50% tissue culture infective doses
(TCID,,)/well were added. The cytotoxic effect of compounds was simi-
larly determined, in the absence of virus. Internal controls consisted of
wells containing cells only or untreated cells infected with virus. Plates
were incubated for 72 h, followed by addition of 20 .l of CellTiter-Glo
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and incubation at room temperature for 10 min. Luminescence was mea-
sured using an EnVision Multilabel Reader (PerkinElmer, Waltham,
MA). The ECs, (the concentration of compound that ensures 50% cell
viability of an uninfected control) and CCs,, (the concentration of com-
pound that reduces cell viability by 50% compared to an untreated con-
trol) were calculated by fitting the compound dose versus the response
data (4-parameter curve-fitting method employing a Levenburg Mar-
quardt algorithm) (Condoseo software; Genedata, Basel, Switzerland).
Viral titers were determined by preparation of 10-fold serial dilutions of
the sample into VGM, followed by a 4-day cytopathic effect (CPE) assay,
and are expressed as TCID, values (35). For evaluation of lung titers,
lungs were homogenized in a total volume of 1 ml DMEM using a 1-min
burst of a Mini-16 bead beater. The homogenates were clarified by cen-
trifugation at 900 X g for 10 min; supernatants were diluted as described
above.

MDCK cell plaque assay. MDCK cells were plated in a 6-well plate at
a density of 5 X 10 cells per well and incubated at 37°C and 5% CO, with
saturated humidity overnight. On the day of infection, cells were washed
once with DMEM and then infected with virus in 1 ml VGM for 60 min.
Virus-containing media were aspirated, and the cell monolayer was over-
laid with 3 ml of 0.8% low-melting agarose (SeaPlaque; Lonza Inc., Rock-
land, ME) at 37°C in VGM. Plates were left at room temperature for 15
min to allow the agarose to solidify and were then incubated at 37°C and
5% CO, with saturated humidity for 48 to 72 h. Following incubation, the
agarose plug was removed and the cell monolayer fixed with 2 ml of 10%
formaldehyde for 1 h. The cell monolayer was then rinsed once with water
and stained with 2.5% Coomassie blue (Sigma-Aldrich) for 5 min to vi-
sualize the plaque.

bDNA assay. Compound activity was determined by measuring
A/Puerto Rico/8/34 hemagglutinin negative-strand [HA(—)] RNA syn-
thesis (36) in infected MDCK cells using custom branched DNA (bDNA)
QuantiGene with influenza virus A HA(—) oligonucleotide probe sets
(Affymetrix). In clear, tissue-culture-treated 96-well plates, MDCK cells
were seeded at 4 X 10* cells per well in duplicate plates, in 100 pl of VGM.
Cells were incubated 5 h to allow cells to adhere and form a monolayer. A
90-p.l volume of media was removed, and 50 pl of VGM containing di-
luted drug (final DMSO concentration of 0.5%) and 40 pl of A/Puerto
Rico/8/34 virus ata concentration of 8 X 10> TCID5,/well at a multiplicity
of infection (MOI) of 0.2 were added to duplicate plates. Internal controls
consisted of wells containing cells only or virus-infected cells. Plates were
incubated at 37°C and 5% CO, with saturated humidity for 22 h. Cells
were lysed with the addition of 140 .l of lysis buffer/well and incubated at
53°C for 1 h. Following incubation, 20 pl of lysate was transferred to
bDNA capture plates and combined with 80 pl of lysis buffer containing
HA(—) probes. Plates were incubated overnight at 53°C to allow hybrid-
ization of RNA to the probe. After aspiration of the lysate, plates were
sequentially washed and incubated for 1 h at 45°C with 100 pl of a 1:1,000
dilution of amplifier solution followed by 100 pl of a 1:1,000 dilution of
signal probe. After a final round of aspiration and washing, 100 .l of 2.0
substrate solution was added to each plate and luminescence was quanti-
tated using a Wallac Victor 1420 multilabel counter (PerkinElmer, Wal-
tham, MA). Curves were fitted to data points using nonlinear regression
analysis, and EC,,s were interpolated from the resulting curve using
GraphPad Prism software, version 5.0 (GraphPad Software Inc., San Di-
ego, CA), and SoftMax Pro 5.2 (Molecular Devices, Sunnyvale, CA).

Sequencing of the influenza A virus polymerase complex genes from
viral stocks or infected MDCK cells. Sequence analysis of influenza A
virus utilized reverse transcriptase PCR (RT-PCR) amplification of ap-
proximately 3-kb RNA fragments for the PB2, PB1, and PA coding re-
gions. Viral RNA was extracted from 100 pl of viral stock or from 2 X 10°
infected MDCK cells in 300 pl of lysis buffer under denaturing conditions.
Viral RNA was isolated using either the RNeasy Plus Mini method (Qia-
gen, Valencia, CA, USA) or the QIAamp Virus RNA Mini method (Qia-
gen). cDNA was synthesized from vVRNA in a 50-pl reaction mixture
containing 2.5 wM Universal 12 primer (AGCRAAAGCAGG), 400 U of
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Superscript III reverse transcriptase (Invitrogen), 40 U of RNase OUT
(Invitrogen), PC2 reaction buffer (50 mM Tris-HCI [pH 9.1], 16 mM
ammonium sulfate, 3.5 mM MgCl,, 150 pg/ml bovine serum albumin
[BSA]) (AB Peptides, St. Louis, MO, USA), 500 uM deoxynucleoside
triphosphates (ANTPs) (Clontech, Mountain View, CA, USA), and 5 mM
dithiothreitol (DTT) (Invitrogen). The mixture was incubated for 5 min
at 65°C followed by ramping extension temperatures (25°C for 10 min,
42°C for 10 min, 50°C for 20 min, 55°C for 10 min, and 70°C for 15 min).
Amplification of cDNA was performed on 5 pl of the completed RT re-
action mixture with PC2 reaction buffer, 200 wM (each) dNTPs, 1.5 M
betaine (Sigma-Aldrich), 3.2 U Klentaqg DNA polymerase (AB Peptides),
1.6 U Pfu DNA polymerase (Stratagene, La Jolla, CA, USA), and a 400 u.M
concentration of each primer for a final reaction volume of 50 pl (for
the PA segment, 5'-CGTCTCNGGGAGCGAAAGCAGGTACTGATCCA
AAAT [Forward] and 5'-CGTCTCNTATTAGTAGAAACAAGGTACTT
TTTTGGA [Reverse]; for the PB1 segment, 5'-CGTCTCNGGGAGCGA
AAGCAGGCAAACCATTTGAA [Forward] and 5'-CGTCTCNTATTAG
TAGGAACAAGGCATTTTTTCATG [Reverse]; for the PB2 segment, 5'-
CGTCTCNGGGAGCGAAAGCAGGTCAATTATATTCAA  [Forward]
and 5-CGTCTCNTATTAGTAGAAACAAGGTCGTTTTTAAAC [Re-
verse]). The reaction mixture was incubated at 94°C for 2 min, followed
by 40 cycles of 94°C for 15 s, 68°C to 0.4°C/cycle (“touchdown” PCR) for
20 s, and 68°C for 3.5 min, followed by incubation at 68°C for 7 min. The
PCR product was purified using a QIAquick 96 PCR purification kit (Qia-
gen), and an aliquot was analyzed by 1% agarose gel electrophoresis for
quality. Purified DNA was sequenced using Sanger sequencing.

Construction of plasmids for reverse genetics. Plasmid constructs
encoding viral genome segments were created as described previously
(37). Influenza A/Puerto Rico/8/34 cDNA virus was amplified using oli-
gonucleotides containing terminal BsmB1 restriction endonuclease sites,
and the amplified product was cloned into pCR-XL-TOPO shuttle vector
using a TOPO XL PCR cloning kit (Invitrogen). The cDNA-containing
TOPO vectors were digested with BsmB1 and insertions ligated into
pHH21 RNA polymerase I-driven expression vector (38). Plasmids were
sequenced to confirm proper integration of the cDNA fragment and the
absence of unwanted mutations.

Mutations encoding amino acid changes identified from resistance
selection experiments were cloned into the corresponding pHH21-A/
Puerto Rico/8/34 plasmid using a QuikChange II XL site-directed mu-
tagenesis kit (Agilent Technologies, Inc., Wilmington, DE, USA) follow-
ing the manufacturer’s protocol. Briefly, 10 ng of wild-type plasmid and
150 ng of each forward- and reverse-mutation-containing primer were
combined with 5 ul 10X reaction buffer, 1 wl ANTP mix, 3 pl Quik-
Solution, and 2.5 U of PfuUltra high-fidelity (HF) DNA polymerase in
PCR-grade water to reach 50 pl, and mutations were introduced by PCR.
Thermal cycling was performed with an initial denaturation at 95°C for 1
min, 18 cycles of 95°C for 50 s, 60°C for 50 s, and 68°C for 5 min, and a
final extension for 7 min at 68°C. Residual wild-type plasmid was digested
with Dpnl restriction enzyme, and mutation-containing plasmid was
transformed into bacteria and plasmid was isolated using a Qiagen Plas-
mid Midi kit (Qiagen). Incorporation of point mutations into the plasmid
was confirmed by Sanger sequencing.

Generation of recombinant viruses. Recombinant viruses were gen-
erated by transient transfection of HEK293T cells with a plasmid mixture
containing 1.25 pg of the pHH21 mutation-containing plasmid, each of
the seven remaining pHH21 wild-type plasmids, and the four RNP com-
plex expression plasmids (38) using TransIT-LT1 transfection reagent
(MirusBio, Madison, WI, USA). Briefly, a 1:2 (wt/vol) mixture of the
plasmid mixture and transfection reagent was incubated in 1.5 ml of Opti-
MEM I media (Invitrogen) at room temperature for 15 min. The trans-
fection mixture was then added to T-75 flasks containing HEK293T cells
at 50% confluence maintained in 15 ml cDMEM supplemented with 10%
FBS. Cells were incubated at 37°C in 5% CO, at saturated humidity for 24
h, washed once with cDMEM, and incubated for an additional 48 h in 20
ml VGM. Following incubation, the supernatant was harvested and cen-
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trifuged at 650 X g for 10 min to remove cell debris and virus was further
expanded in MDCK cells infected at a low MOJI, after which viral stocks
were harvested and titers were determined as previously described.

Neuraminidase assays. Virus sensitivity to neuraminidase inhibitors
was determined by the chemiluminescent neuraminidase inhibitor assay
using an NA-XTD kit (Applied Biosystems, Foster City, CA, USA) per the
manufacturer’s recommendations. Viruses were diluted in NA-XTD as-
say buffer (26 mM morpholineethanesulfonic acid, 4 mM CaCl, [pH 6.0])
such that the signal-to-noise ratio was greater than 40:1. Resistance was
defined as determination of a 50% inhibitory concentration greater than
10-fold the mean for the type/subtype (39).

ITC and surface plasmon resonance (SPR). Isothermal titration cal-
orimetry (ITC) experiments were carried out using an Auto iTC200 cal-
orimeter (GE Healthcare, Piscataway, NJ). The protein solution (50 M)
in the calorimetric cell was titrated at 25°C with ligand dissolved in the
same buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 5% DMSO) at a
concentration of 500 wM in the injection syringe. The heat released after
each injection was determined by integrating the calorimetric signal. The
heat due to the binding reaction between the inhibitor and the protein was
determined as the difference between the heat of the reaction and the
corresponding heat of the dilution.

SPR data from VX-787 binding with the PB2 cap-binding domain
were determined by immobilizing the protein to ~1,000 response units
(RUs) via amine coupling (20 pg/ml in acetate buffer, pH 5.5) on a car-
boxymethylated dextran surface using a Biacore T200 instrument (GE
Healthcare, Piscataway, NJ). VX-787 was titrated at 3.1 to 100 nM and
25°C in 10 mM HEPES (pH 7.4)-150 mM NaCl-0.05% surfactant
P20-5% DMSO, and the data were corrected for the DMSO concentra-
tion. Data were fitted using either kinetic (1:1) or steady-state analysis to
obtain the binding parameters.

Synergy/antagonism experiments. VX-787 was tested in a 3-day
MDCK cell CPE-based assay in which cells were infected with A/Puerto
Rico/8/34 atan MOI 0f 0.01 in combination experiments with oseltamivir
carboxylate, zanamivir, or favipiravir (40). For Bliss independence exper-
iments, decreasing concentrations of each inhibitor were combined in a
full factorial combination, and the results were analyzed using Macsyn-
ergy II software (41). For Loewe additivity experiments, a fixed ratio of
combined inhibitors was serially diluted and the combination index (C.1.)
calculated using the median-effect approach (42) (Calcusyn software,
Biosoft, Cambridge, United Kingdom). Experiments were also performed
using combinations of VX-787 with itself as a control, confirming addi-
tivity. Cell viability was determined using CellTiter-Glo.

Mouse infection experiments. All mouse studies used male 5-to-7-
week-old BALB/c mice (Charles River Laboratories, Wilmington, MA).
All mouse studies utilizing A/Puerto Rico/8/34 were conducted at Vertex
Pharmaceuticals Incorporated under an approved Institutional Animal
Care and Use protocol. For all studies utilizing A/Puerto Rico/8/34, mice
were housed in groups of four animals per cage. Eight mice were enrolled
per study group. Mice were anesthetized with ketamine/xylazine, and vi-
rus was introduced intranasally at 25 wl/nostril for a final challenge dose
of 5 X 10 TCIDs,/mouse. Mice were weighed and observed for signs of
morbidity daily for 21 days postinfection. Any mouse that scored positive
for four of the following observations (>35% body weight [BW] loss,
ruffled fur, hunched posture, respiratory distress, reduced mobility, or
hypothermia) was deemed moribund, euthanized, and scored as a death
in accordance with guidelines established with the Vertex Institutional
Animal Care and Use Committee.

Mouse studies with HIN1pdm09 or influenza A/Vietnam/1203/2004
(H5N1) virus were performed in ABSL3 facilities at the Institute for
Antiviral Research, Utah State University, Logan, UT, under an approved
Institutional Animal Care and Use protocol. Intranasal challenge doses
were 3 X 10* and 2 X 10* TCID,/mouse for A/California/04/2009 and
A/Vietnam/1203/2004, respectively. Mouse-adapted A/California/07/
2009 was obtained from Elena Govorkova, St. Jude’s Children’s Research
Hospital, Memphis, TN (43), and A/Vietnam/1203/2004 was obtained
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FIG 1 Chemical structure of m’GTP and VX-787.
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from Jackie Katz of the Centers for Disease Control, Atlanta, Georgia. Ten
to 20 mice were enrolled per group. The mice were observed daily for
morbidity and weighed every other day to assess weight changes. All of the
described experiments utilized either a prophylactic dosing regimen
where compound treatment was started 2 h prior to infection or thera-
peutic dosing regimens where treatment was initiated 24 to 96 h postin-
fection. Survival data were analyzed using the Kaplan Meier method, and
BW was analyzed using two-way analysis of variance (ANOVA) and a
Bonferroni posttest to compare groups. P values of less than 0.05 were
considered significant.

Lung viral titer determinations. Five or six mice were enrolled per
study group. Treatment with VX-787, oseltamivir, or vehicle was initiated
2 h prior or 24 h postinfection and continued until study day 6. On study
day 6, cohorts of mice were euthanized and lungs collected and homoge-
nized. Lung homogenates were serially diluted and added to MDCK cells
to establish the lung viral burden, expressed as TCID;,/lung. Data were
analyzed using a two-way ANOVA and a Bonferroni posttest to compare
groups. P values of <0.05 were considered significant.

RESULTS

Binding of VX-787 to the PB2 domain. Binding of VX-787 (Fig.
1) to PB2 was analyzed using ITC and SPR (Fig. 2). The K, for
VX-787 is approximately 60-fold lower than that of m’GTP (Fig.
1), the natural ligand for PB2 (see Table S1 in the supplemental
material). ITC (Fig. 2A; see also Table S1) and SPR (Fig. 2B; see
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also Table S1) data for VX-787 confirm tight binding of VX-787 to
the PB2 domain.

X-ray crystal structures of the complex of m’GTP and VX-
787 with PB2. The X-ray crystal structures of m’GTP and VX-787
provide further evidence of VX-787 binding to the central cap-
binding domain of PB2 (Fig. 3) (28).The structure of the PB2
cap-binding fragment was consistent with that previously de-
scribed for complexes with m’GTP (29). These structures revealed
that VX-787 occupies the m’GTP binding site and produces in-
teractions with the PB2 fragment similar to those seen with the
m’GTP guanine base (Fig. 3). Both m’GTP and VX-787 form
hydrogen bonds to the side chains of Glu361 and Lys376. The
azaindole ring of VX-787 is sandwiched between the aromatic side
chains of His357 and Phe404, while the pyrimidine ring forms an
attractive aromatic pi-stacking interaction with the phenyl ring of
Phe323. The carboxylic acid of VX-787 shows water-mediated
interactions with the epsilon nitrogen of His357 and with GIn406,
as well as with the main chain carbonyl of Arg355.

In vitro antiviral activity and mechanistic studies with VX-
787. Key in vitro antiviral activities of VX-787 are summarized
(Table 1), including inhibition of production of influenza virus-
specific RNAs. Further, VX-787 showed no cytotoxicity when in-
cubated with cells in the absence of virus. VX-787 showed potent
activity against all influenza A virus strains tested, with an ECs,
range of 0.13 to 3.2 nM (Table 2). The tested strains includes
HIN1 and H3N2 reference strains from 1933 to 2009, including
the pandemic 2009 HIN1 A/California/07/2009 and A/Texas/48/
2009 strains and the highly pathogenic avian H5N1 A/Viet Nam/
1203/2004 strain. VX-787 was equally effective against all strains,
including those that were resistant to amantadine and neuramin-
idase inhibitors. The activity appears to be specific for influenza A
viruses, as negligible activity against influenza B virus was ob-
served (see Table S5 in the supplemental material).

Invitro selection of variants resistant to VX-787. Preliminary
in vitro selection experiments were performed using VX-787 and
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FIG 2 Binding data for VX-787 to PB2 cap-binding domain. (A) Isothermal titration calorimetric data: the upper panel shows raw ITC data, and the lower panel
shows integrated ITC data fitted to a single-binding-site model. (B) Surface plasmon resonance (SPR) binding data and kinetic/steady-state analysis for VX-787

with the PB2 cap-binding domain.
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FIG 3 X-ray structure of PB2 cap-binding domain. (A) Contact residues with
m’GTP (left) or VX-787 (right). (B) Ribbon diagram and surface depicting
cap-binding domain of PB2 bound to VX-787 (PyMOL Molecular Graphics
System, version 1.7; Schrédinger, LLC).

the influenza A/Puerto Rico/8/34 virus strain, with the goal of this
experiment having mainly been mechanism of action/target con-
firmation and not a detailed analysis of resistance. Variants were
selected using a range of concentrations of inhibitor, and the ef-
fects of any observed amino acid substitutions in the PA, PB1, or
PB2 genes were evaluated in the reverse-genetics system. Variants
conferring reduced sensitivity to VX-787 were restricted to the
PB2 gene, and none were observed in PA or PB1. Six PB2 variants,
Q306H, S3241, S324N, S324R, F404Y, and N510T, were identified
in two or more independent cultures and showed a greater than
10-fold change in VX-787 sensitivity (Table 3). The observed PB2
sequence variants are rarely observed in naturally occurring hu-
man isolates (Table 3). These isolates maintained wild-type sensi-
tivity to the neuraminidase inhibitors oseltamivir and zanamivir.

Time-of-addition experiments with VX-787. Time course ex-
periments were performed to demonstrate the effects of VX-787
on viral RNA production in infected cells (Fig. 4). We analyzed the
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intracellular viral positive [(+)]-strand and negative [(—)]-
strand RNA to monitor the impact of VX-787 on viral mRNA and
genomic RNA synthesis. Under normal conditions, viral (+)-
strand RNA levels were observed to increase rapidly starting
around 5 h postinfection, reaching a peak at 6 to 8 h postinfection.
The (—)-strand RNA appeared 6 to 7 h postinfection, and levels
continued to increase to 11 h postinfection (the last time point
sampled). When VX-787 was present at the initiation of infection,
no measureable viral (+)-strand or (—)-strand RNA was ob-
served. When VX-787 was added 6 h postinfection, the produc-
tion of (+)-strand viral RNA was immediately arrested, and the
rate of production of (—)-strand viral RNA was reduced. This
result clearly indicates that VX-787 directly impacts mRNA and
genomic RNA synthesis. Neither oseltamivir nor zanamivir had a
significant effect on (+)-strand or (—)-strand viral RNA produc-
tion, either when added at the initiation of infection or when
added 6 h postinfection. Favipiravir demonstrated effects on in-
fluenza viral (+)-strand RNA and early (—)-strand RNA synthesis
similar to those of VX-787 although to a lower extent under these
conditions. When treatment was initiated at 6 h postinfection,
favipiravir no longer had an effect on (—)-strand synthesis.

Effect of VX-787 on influenza cytopathic effect. MDCK cells,
plated in a 96-well plate, were infected with A/Puerto Rico/8/34
virus at an MOI of 2 in the presence or absence of inhibitors.
Viability of the cultures was monitored by measuring ATP content
at different times after infection (Fig. 5A). Virus-infected control
wells showed loss of viability beginning approximately 24 h after
infection, and CPE progressed to >95% by 48 h after infection.
The wells treated with VX-787 maintained viability over a period
of up to 72 h, showing no significant difference from uninfected
control wells. Cells treated with favipiravir provided protection
similar to the VX-787 results. Neuraminidase inhibitor-treated
wells showed no protection and lost viability at the same rate as
control infected wells. Similarly, control wells containing MDCK
cells infected at an MOI of 2 in a plaque assay format showed loss
of viability at 48 h and at 72 h but remained viable when incubated
in the presence of VX-787 or favipiravir. Neuraminidase inhibi-
tor-treated wells showed a CPE and became negative for Coomas-
sie blue staining in a manner similar to that seen with control
infected wells (Fig. 5B).

Effect of MOI on antiviral activity of VX-787. Infection exper-
iments were performed with MDCK cells and A/Puerto Rico/8/34
virus using an MOI range of 0.001 to 10. VX-787 was effective at
maintaining the viability of the cells for 3 days at all MOl tested,
with only a small shift in the dose-response curve (Fig. 6). This is

TABLE 1 Summary of key in vitro activities of VX-787 with influenza
virus type A reference strain A/Puerto Rico/8/34"

Assay

CPE (ATP) (VX-787 EC.,)

Viral RNA (bDNA) (VX-787 EC.,)
Viral RNA (bDNA) (VX-787 EC,,)
Cytotoxicity (ATP) (VX-787 CCs,)

@ Data shown represent means * standard deviations of the results of # independent
experiments. ECs,, effective concentration at which the ATP or viral RNA level is half
the maximum; bDNA, branched DNA; EC,,, effective concentration at which the viral
RNA level is 99% maximum; CCs,, concentration at which the cytopathic effect, as
measured by ATP levels, is half the maximum in the 3-day CPE-based assay; ND, not
determined.

Mean assay result (nM), no. of expts

1.6 £ 0.77,n = 16

2.6 £0.88,n=11

11 £92,n=10
=10,000 = ND,n =6
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TABLE 2 In vitro activity of VX-787 against influenza virus type A strains that are susceptible or resistant to oseltamivir carboxylate or amantadine

Phenotype
Virus Type/subtype Oseltamivir carboxylate” Amantadine” Mean VX-787 ECs, (nM), no. of expts*
A/WS/33 A/HIN1 N R 32*x43,n=4
A/Hong Kong/8/68 A/H3N2 S S 0.60 £0.11,n=3
A/Victoria/3/75 A/H3N2 S S 1.3+0.63,n=5
A/Georgia/17/2006 A/HIN1 N S 0.13 £0.048,n =3
A/Georgia/20/2006 A/HIN1 R S 26*38n=4
A/Nebraska/1/2006 A/H3N2 S R 21*13,n=4
A/Texas/12/2007 A/H3N2 R R 0.65*022,n=4
A/California/07/2009 A/HIN1pdm09 S R 1.8 *x1.6,n=7
A/Texas/48/2009 A/HIN1pdm09 R R 28*32,n=6
A/Viet Nam/1203/2004 A/H5N1 S R <15 n=14

“Ror S, neuraminidase inhibitor resistant or susceptible, respectively, as determined by enzymatic assay and publicly available sequences.
R or S, amantadine resistant (M2 31N mutation) or susceptible, respectively, as determined by analysis of publicly available sequences.
¢ Data shown represent means * standard deviations of the results of 7 independent experiments.

@ The experiment was performed at Southern Research Institute.

in marked contrast to the loss in viral susceptibility to oseltamivir
above an MOI of 0.1.

Combination experiments with VX-787 and oseltamivir,
zanamivir, or favipiravir. Combination experiments were per-
formed with VX-787 and the neuraminidase inhibitor oseltamivir
carboxylate or zanamivir, or the polymerase inhibitor favipiravir,
using both the Bliss independence method (MacSynergy) and the
Loewe additivity method (median effect). The Bliss independence
method resulted in synergy volumes of 312 and 268 for oseltami-
vir carboxylate and zanamivir, respectively (Fig. 7). A synergy vol-
ume of 317 was obtained for favipiravir (results not shown). The
Loewe additivity method produced C.I. (combination index) val-
ues of 0.58, 0.64, and 0.89 at the 50% effect level for oseltamivir,
zanamivir, and favipiravir, respectively. These data indicate that
VX-787 is synergistic with these influenza inhibitors, which work
through different mechanisms of action.

Efficacy experiments with VX-787 in the mouse influenza A
virus infection model. Multiple laboratory mouse strains can be
experimentally infected with influenza virus. BALB/c mice repre-
sent the most commonly used mouse strain for the preclinical
evaluation of small-molecule influenza virus therapeutics (re-
viewed in reference 33). Oseltamivir is often used as a control,
with doses of 10 mg/kg of body weight in mice resulting in an area
under the plasma concentration-time curve (AUC) equivalent to
that of the human clinical dose of 75 mg twice a day (BID) (results
not shown). VX-787 has favorable mouse pharmacokinetic prop-

erties following a single oral administration of 10 mg/kg: AUC
from 0 h to infinity (AUC,_..), 4.98 g - h/ml; maximum concen-
tration of drug in serum (C,,,,), 2.37 pg/ml; time to maximum
concentration of drug in serum (T,,,,,), 0.25 h; half-life (¢,,,), 6.7 h
(28).

A dose-response study in the mouse prophylactic model was
performed using A/Puerto Rico/8/34. Dosing with vehicle, oselta-
mivir, or VX-787 was initiated 2 h prior to infection and contin-
ued twice daily for 10 days (Fig. 8A). The dosing duration of 10
days was determined from pilot studies using oseltamivir regi-
mens of from 5 to 12 days; the optimum efficacy for oseltamivir
was observed after treatment for 7 to 10 days (data not shown). All
of the mice that received vehicle alone succumbed to the infection
by study day 9 and had lost, on average, ~32% of their BW. While
VX-787 administered at 1, 3, or 10 mg/kg BID provided complete
survival, there was a dose-dependent reduction in BW loss (Fig.
8A; see also Table S2 in the supplemental material). In separate
experiments, the minimal effective dose was 0.3 mg/kg BID,
which provided 25% survival and significantly greater BW loss
(see Table S2).

The extent to which VX-787 administration could be delayed
and still provide effectiveness in this model was investigated by
challenging mice with influenza A virus and dosing with vehicle,
oseltamivir, or VX-787 starting at 24, 48, 72, 96, or 120 h postin-
fection, with continued BID dosing for 10 days (Fig. 8B to F). All
vehicle control mice succumbed to disease by study day 8 or 9.

TABLE 3 VX-787-selected PB2 variant viruses maintain susceptibility to neuraminidase inhibitors in vitro

Fold shift
VX-787 ECs, (WM), no. of Oseltamivir Frequency of variant in human

Influenza virus variant expts” VX-787 ECy," carboxylate IC,,° Zanamivir ICg° data set
WT 0.0030 £ 0.0018,n = 18 1.0 1.0 1.0

PB2-Q306H 0.56 £ 0.71,n=9 186 <2 <2 0/8,919
PB2-53241 0.47 +0.071,n =3 157 <2 <2 0/8,942
PB2-S324N 0.38 = 0.68,n =5 127 <2 <2 1/8,942
PB2-S324R 0.19 £0.23,n =12 63 <2 <2 0/8,942
PB2-F404Y 0.77 £ 0.50,n = 8 257 <2 <2 3/8,912
PB2-N510T 0.40 = 0.050, n = 3 133 <2 <2 1/8,926

“ Data shown represent means * standard deviations of the results of # independent experiments.

b ECy, determined using 3-day CPE assay.
¢1Cs, determined using enzymatic neuraminidase assay.
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FIG 4 Time-of-addition experiment. MDCK cells were infected with influenza A/Puerto Rico/8/34 virus at an MOI of 2. Arrows indicate times at which test
compounds were added, at 45 min (left) or 6 h (right) postinfection. The concentrations and compounds tested were 0.04 wM VX-787, 50 wM favipiravir, 22 M
oseltamivir carboxylate, and 1 wM zanamivir, each approximately 25-fold the EC;, in a 3-day CPE assay. Additionally, the concentrations of oseltamivir
carboxylate and zanamivir chosen were >1,000-fold the enzymatic IC,, for these compounds. Samples were harvested every 2 or 3 h posttreatment to monitor

the levels of viral (+)-strand RNA and viral (—

VX-787 administered at 1, 3, or 10 mg/kg BID provided complete
protection from death and reduced BW loss when dosing was
initiated at up to 96 h postinfection compared with vehicle control
results. Dosing of oseltamivir at 10 mg/kg BID provided complete
protection only when dosing was initiated at 24 h postinfection or
earlier.

Activity of VX-787 in the mouse infection model using
HIN1pdmo09 or avian/highly pathogenic influenza virus. The
efficacy of VX-787 was studied in mice infected with the 2009
pandemic A/California/04/2009 (H1N1pdmO09) strain. This strain
is distinct from A/Puerto Rico/8/34 in that it has not been exten-
sively adapted for growth in mice. Prophylactic treatment (2 h
prior to infection) with VX-787 at 1, 3, or 10 mg/kg, dosed orally
BID, provided complete protection from mortality at all doses

N
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Uninfected, DMSO
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Infected, Zanamivir
Infected, DMSO
Infected, Favipiravir

)-strand RNA using a bDNA assay.

and minimal BW loss at 3 or 10 mg/kg (see Fig. S1 and Table S3
in the supplemental material). In contrast, in the group treated
with vehicle alone, initial deaths were observed at study day 7,
and by study day 12, 18/20 mice succumbed to the disease and
the survivors had greater than 35% BW loss on day 9. Oselta-
mivir at 10 mg/kg also provided protection from mortality, but
the mice had BW loss (~20% on study day 9) that was more
severe than that seen with all the VX-787 dose groups, while
there was ~10% BW loss for the group administered the lowest
VX-787 dose.

The efficacy of VX-787 was further explored in mice infected
with highly pathogenic avian influenza A/Vietnam/1203/2004
(H5N1) virus. All mice treated with vehicle alone succumbed to
the disease by study day 11, with 3/10 succumbing on day 7 and

B.
'/

- J

N

48 hr P.1. 72 hrP.L

FIG 5 Evaluation of VX-787 cytopathic effect. MDCK cells were infected with influenza A/Puerto Rico/8/34 virus at an MOI of 2 in the presence of inhibitor. The
infected cells were harvested at different times postinfection to determine cell viability by analysis of ATP content using the CPE assay (A) or stained with
Coomassie blue in a plaque assay (B). Viability is graphed as percent means * standard deviations of the results of three independent experiments.
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FIG 6 Antiviral activity of VX-787 (left panel) and oseltamivir carboxylate (right panel) against influenza A/Puerto Rico/8/34 virus in MDCK cells was
determined across a range of MOIs. MDCK cells in 384-well plates were infected with the indicated range of virus and incubated with 3-fold dilutions of VX-787
ranging from 0.00015 to 1 wM or with oseltamivir carboxylate at from 0.0076 to 50 WM. After incubation at 37°C in 5% CO, for 3 days, the antiviral activity was
investigated by analysis of ATP levels of infected cells. Results are presented as the mean percentage values normalized to noninfected controls, obtained from

quadruplicate wells in the same experiment.

6/10 by day 9. Prophylactic treatment (2 h prior to infection) with
VX-787 at 1, 3, or 10 mg/kg dosed orally BID (Fig. 9A; see also
Table S4 in the supplemental material) provided complete protec-
tion from mortality and minimal BW loss. Oseltamivir at 10
mg/kg also provided protection from mortality.

The effective delay-to-treat window of VX-787 for a H5N1
strain was investigated in experiments where dosing was started 24
to 96 h after infection with A/Vietnam/1203/2004(H5N1) (Fig. 9B
and C; see also Table S4 in the supplemental material). Oseltami-
vir at 10 mg/kg BID for 10 days was ineffective at protecting mice
from mortality. Doses of 3 or 10 mg/kg VX-787 BID for 10 days
were effective at providing a survival and BW benefit when admin-
istered 24 to 96 h postinfection. VX-787 administered at 3 or 10
mg/kg BID still provided partial protection from death as well as a
dose-dependent reduction in BW loss when administered 120 h
postinfection (see Table S4). The results of this experiment indi-
cate that VX-787 is highly effective in preventing mortality in mice
due to infection with influenza A/Vietnam/1203/2004 (H5N1)
virus.

Effect of VX-787 on lung viral titers in the mouse influenza A
virus infection model. The effectiveness of VX-787 in reducing
lung viral titers was investigated in three independent experi-
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ments. Mice were infected with influenza A/California/04/2009
(HIN1pdm09) or A/Vietnam/1203/2004 (H5N1) virus, and VX-
787 at 10 mg/kg or oseltamivir at 10 mg/kg was administered BID,
beginning 2 h before infection. Additionally, mice were infected
with A/Puerto Rico/8/34 and VX-787 or oseltamivir was admin-
istered BID beginning 24 h after infection. In all cases, the lungs
were harvested on day 6 postinfection and the level of infectious
virus was determined (Table 4).

All the VX-787 treatment groups showed significant reduc-
tions in lung viral titers, with log reductions compared to vehicle
control of >5.3, 2,95, and 1.0 for the A/California/04/2009
(HIN1pdm09), A/Vietnam/1203/2004 (H5N1), and A/Puerto
Rico/8/34 virus strains, respectively. These reductions in lung viral
titer were significantly greater than that observed with oseltamivir
in every case.

DISCUSSION

New anti-influenza drugs are needed due to the limitations of
approved agents, primarily, the variable emergence of neuramin-
idase inhibitor resistance and the limited time window after infec-
tion (48 h) within which these agents are active (44, 45).

PB2 is an attractive target for antiviral development because it
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for VX-787 and Zanamivir
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FIG 7 Invitro antiviral combination studies with VX-787 and oseltamivir carboxylate or zanamivir. Inhibitor pairs were tested in full factorial combination, and
the expected additive antiviral effect of each combination was calculated according to the Bliss independence method. Data shown were assessed at the 95%
confidence level. The simple additivity result is indicated by the zero plane, on the vertical axis. Synergy is indicated by values above the additivity plane and
antagonism by values below the plane.
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FIG 8 Prophylactic or delayed-start-to-treat effectiveness of VX-787 in the mouse influenza A virus infection model. Male BALB/c mice (8/group) were infected
with a lethal challenge of influenza virus (A/Puerto Rico/8/34; 3 X 10° TCIDs,/mouse) followed by administration of vehicle, oseltamivir, or VX-787 at the
indicated doses and start times. The 21-day survival rate and percent BW loss (means * standard errors of the means [SEM]) are shown. The shaded area
represents the treatment period. Oseltamivir was not included in studies beyond 48 h postinfection.
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FIG 9 Prophylactic or delayed-start-to-treat effectiveness of VX-787 in the mouse influenza A/Viet Nam/1203/2004 (H5N1) virus infection model. Male BALB/c
mice (8/group) were infected with a lethal challenge of influenza virus followed by administration of vehicle, oseltamivir, or VX-787 at the indicated doses and
start times. The 21-day survival rate and percent BW loss (means = SEM) are shown. The shaded area represents the treatment period.

shows less annual variation (46) than hemagglutinin and neur-
aminidase, which are the principal components of the host im-
mune response targeted by vaccines. Other investigators have ex-
amined PB2 as a target (47, 48), but no cellular or animal antiviral
activity was reported to our knowledge. We initiated a search for
new anti-influenza agents using a phenotypic-based approach
(28), aware that this represented a high bar for screening because
influenza produces a rapid and clear CPE followed by cell death in
vitro (49-53). As the screen employed measured protection from
cell death, compounds that were directly cytotoxic were elimi-
nated. The approach could have identified either a host target
protein or a viral target (54-56). In this report, we describe VX-
787, a small-molecule inhibitor that binds the purified central
domain of PB2, occupies the cap-binding site as defined by X-ray
crystallography, and blocks cap-dependent (+)-strand viral RNA
production in time course experiments.
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VX-787 shows consistent activity against all influenza A virus
strains tested, and we show its activity against the HIN1pdmO09
strain and a highly pathogenic avian influenza virus A/Viet Nam/
1203/2004 strain in this report. PB2 has been reported to play a
significant role in host restriction (57, 58), with a K627E substitu-
tion observed in avian strains relative to human-derived strains.
VX-787 is equally effective against strains containing this K627E
variant, which is outside the PB2 cap-binding site (data not
shown). Targeting PB2 instead of neuraminidase in the influenza
virus replication cycle provides several unique opportunities. At
any point during the course of disease in vivo, there are both in-
fected cells that need to be controlled and as-yet-uninfected cells
that need to be protected; VX-787 has the potential to perform
both functions. The means by which VX-787 blocks CPE in in-
fected cells could simply be inhibition of (+)-strand viral RNA
synthesis, but it is possible that other mechanisms, such as inter-
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TABLE 4 Summary of lung viral titer experiments in influenza virus-infected mice treated with VX-787 or oseltamivir

Treatment start time relative

Dose (mg/kg; BID)

Day 6 log viral titer/lung Log,, reduction

Strain to infection time (h) VX-787 Oseltamivir (mean * SD)* vs vehicle
A/California/04/2009 (HlNlpdm09)l’ -2 10 <2.60 >5.3
10 7.90 = 0.20 0.00
0 7.90 = 0.40 NAY
A/Viet Nam/1203/2004 (HSNl)b -2 10 1.60 = 0.50%** 2.95
10 3.80 £ 0.62 0.85
0 4.65 * 1.22 NA
A/Puerto Rico/8/34 (HIN1)® +24 10 5.20 £ 0.53*%** 1.00
10 6.05 = 0.44 0.15
0 6.20 = 0.31 NA

@ Data represent the results of two-way ANOVA with a Bonferroni posttest. ***, P < 0.001.
¥ The experiments were performed at Utah State University.

¢ The experiments were performed at Vertex Pharmaceuticals Inc.

4 NA, not applicable.

ference with influenza virus-induced host cell shutoff, are in-
volved (59, 60). Many details of the function of PB2 remain to be
elucidated. Hopefully, the availability of a highly efficacious inhib-
itor such as VX-787 will help further our understanding.

In vitro selection experiments identified influenza virus vari-
ants with reduced susceptibility to VX-787 and provided further
support for data regarding the mechanism and target of this com-
pound. These variants had amino acid substitutions in the PB2
gene, but not in other influenza virus polymerase complex genes,
and these substitutions were rare in the database of naturally oc-
curring human isolates. The issue of resistance to a direct-acting
antiviral agent such as VX-787 is expected to some degree and can
be managed in a treatment setting by proper dose selection and/or
possibly by the combination of VX-787 with drugs in another class
of antiviral agent such as the neuraminidase inhibitors (61). We
observed in vitro synergy between VX-787 and oseltamivir, zana-
mivir, or favipiravir in this study. Further, we did not observe any
patterns suggestive of emergence of resistance in our mouse effi-
cacy experiments.

Though no structural information is available for influenza B
virus PB2, the amino acid sequence shows several differences from
influenza A virus among m’GTP contact residues F323Q, R355G,
H357W, S337G, N429S, and H432Y. These differences could ex-
plain the lack of activity of VX-787 against influenza B virus. There
is significant amino acid divergence between influenza A virus
PB2 and the other characterized eukaryotic host cell cap-binding
proteins elF4E, nuclear cap-binding complex protein CBC, or
vaccinia virus VP39 (47), reducing the likelihood of undesired
effects in uninfected host cells.

Mouse pharmacology studies employing oseltamivir typically
report doses of 10 to 20 mg/kg/day (33, 62-72). The lower end of
this range is equivalent to the human dose based upon AUC
matching (data not shown). This dose of oseltamivir has demon-
strated a survival benefit in numerous studies, though it is accom-
panied with severe weight loss, usually peaking at approximately
20% to 30% by day 8. Interestingly, studies of the effect of oselta-
mivir on lung viral loads have been inconsistent, with TCIDs,
values of as low as 0.5 logs being reported (33, 63, 67, 68, 73). In
contrast to these studies, VX-787 demonstrated a significant sur-
vival benefit in prophylactic studies, with 100% survival observed
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at 1 mg/kg BID and as little as 2.8% BW loss at the 10 mg/kg BID
dose. Importantly, VX-787 showed effectiveness in delayed-start-
to-treat experiments, with 100% survival at up to day 4 postinfec-
tion and partial protection at up to day 5 postinfection. This result
exceeds any obtained with the neuraminidase inhibitors and ex-
ceeds results reported to date for favipiravir, the RNA polymerase
inhibitor (73).

The effect of VX-787 on lung viral loads in mice is superior to
that observed with oseltamivir. At several different doses, VX-787
showed a 1 to >5 log viral load reduction relative to vehicle con-
trols, in contrast to the 0.15 to 0.85 log viral load reduction ob-
served with oseltamivir. Consistent with previously published
studies and our own unpublished observations, oseltamivir (10
mg/kg BID) did not provide a significant reduction in lung viral
titers at day 6 or at any other time points examined (results not
shown). Administration of VX-787 provides a rapid reduction in
the amount of influenza A virus in the lungs of infected mice and
suggests a direct effect on viral replication. This result is consistent
with the observed MOl independence of VX-787; initially infected
lung cells may create a local high-MOI environment that would
remain under antiviral suppression by VX-787 but not be sup-
pressed by oseltamivir. The results from this series of studies rep-
resent the first evidence that a pharmacologic inhibitor of influ-
enza A virus PB2 effectively inhibits viral replication in vivo and
successfully abrogates or attenuates influenza virus infection in
mouse models of the disease.

In summary, VX-787 is a highly efficacious influenza A virus
PB2 inhibitor that represents a distinct and novel class of antiviral
agent. The properties of this inhibitor, as represented by both the
in vitro and in vivo data, indicate that VX-787 is an exciting can-
didate for further evaluation in the clinic with several potential
advantages over current antiviral agents used to treat influenza
virus infection.
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