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a b s t r a c t

JNJ-63623872 (formally known as VX-787; referred to here as JNJ872) is an orally bioavailable com-
pound, which is in phase II clinical trials for the treatment of influenza A virus (IAV) infections. Here we
show that JNJ872 inhibits at nanomolar concentrations the transcription of viral RNA in IAV-infected
human macrophages by targeting a highly conserved site on the cap-snatching domain of influenza
polymerase basic 2 protein (PB2). Furthermore, even lower concentrations of JNJ872 protected macro-
phages from IAV-mediated death when given in combination with 100 nM gemcitabine, which also
attenuated transcription and replication of viral RNA. Importantly, treating human macrophages with
JNJ872 allowed expression of many immune-related and other genes, involved in antiviral responses,
such as indoleamine 2,3-dioxygenase 1 (IDO), and cytosolic 5'-nucleotidase 3A (NT5C3A). Moreover, our
targeted metabolomics analysis indicate that treatment with JNJ782 did not interfere with metabolic
responses to infection, which further supported our transcriptomics results. Thus, VX-737 alone or in
combination with other drugs could be beneficial for treating IAV infected patients, because it would
allow the development of antiviral responses and, thereby, protect individuals from current and future
infections with closely related IAV strains.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Influenza A viruses (IAVs) mutate rapidly. Rapid evolution al-
lows emerging viruses to overcome the prevailing immunity in the
human population and to cause global epidemics and pandemics
(Belanov et al., 2015). In order to combat influenza outbreaks
several antiviral drugs have been developed (Edinger et al., 2014;
Loregian et al., 2014). In particular, amantadine, rimantadine,
oseltamivir, zanamivir, laninamivir, peramivir and favipiravir (T-
705) were approved in USA for treatment of IAV infections. How-
ever, almost all IAV strains became resistant to amantadine and
rimantadine, due to mutations in viral M2 protein (http://www.
influenzareport.com/ir/drugs/amanta.htm). Oseltamivir is widely
used for treating seasonal IAV infections; however, oseltamivir-
ov).
resistant IAV strains emerge and reduce the efficacy of the treat-
ment due to mutations in viral NA protein (Li et al., 2015). There-
fore, there is an unmet medical need for newer antivirals to treat
influenza.

JNJ872 is an investigational drug, which was designed to target
viral PB2. Virus-directed JNJ872 has progressed to phase II clinical
trials as an anti-influenza drug candidate (www.clinicaltrials.gov,
NCT02342249 and NCT02532283) (Byrn et al., 2015; Clark et al.,
2014). Here, we show that JNJ872 not only efficiently inhibited
IAV infection of human macrophages, but also allowed the devel-
opment of innate immune responses, and thus might have minimal
side effects in vivo.
2. Materials and methods

2.1. Antiviral agents and other reagents

JNJ872 and gemcitabine were from Janssen and Selleck
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Chemicals, USA, respectively. Compounds were dissolved in 100%
dimethyl sulfoxide (Sigma-Aldrich) to obtain 10 mM stock
solutions.

All the metabolite standards, ammonium formate, ammonium
acetate and ammonium hydroxide were obtained from Sigma-
Aldrich (Helsinki, Finland). Formic acid (FA), 2-proponol, acetoni-
trile (ACN), and methanol (all HiPerSolv CHROMANORM, HPLC
grade, BDH Prolabo) were purchased from VWR International
(Helsinki, Finland). Isotopically labeled internal standards were
obtained from Cambridge Isotope Laboratory Inc., USA (Ordered
from Euroiso-Top, France). DeionizedMilliq water up to a resistivity
of 18 MU was purified with a purification system (Barnstead
Fig. 1. JNJ872 targets a highly conserved site on the viral PB2 cap-binding domain (CBD). (A
residues are shown as sticks. PB2 CBD is shown in grey and JNJ872 in orange. (B) Sequences
Similarity rates for each amino acid in PB2 CBD were calculated and plotted against relevan
colored according amino acid similarity rates: dark blue e 100%, light blue e 100e99,9%, gre
according to similarity rates.
EASYpure RoDi ultrapure water purification system, Thermo Sci-
entific, Ohio, USA).

2.2. Cells and viruses

Human primarymacrophages were derived from leukocyte-rich
buffy coats from healthy blood donors (Finnish Red Cross Blood
Transfusion Service, Helsinki, Finland). Monocytes were isolated
and differentiated into macrophages as described previously
(Pirhonen et al., 1999). Monocytes were seeded in 96- or 6-well
plates and cultured in serum free macrophage media (Gibco) sup-
plemented with 10 ng/ml granulocyte macrophage colony
)The X-ray structure of PB2-protein bound to JNJ872 (PDB ID: 4P1U). JNJ872 interacting
of PB2 proteins of human influenza A(H1N1)pdm09 and A(H3N2) viruses were aligned.
t amino acid positions. JNJ872 interacting residues are indicated with dots, which were
en e 99,9e99.0%, yellow e 99.0e90.0%, red e <90.0%. (C) Structure of PB2 CBD colored



Fig. 2. JNJ872 rescues human primary macrophages at nanomolar concentrations from IAV-mediated cell death. (A) Macrophages were treated with three-fold increasing con-
centrations of JNJ872 and mock- or IAV- (A/WSN/1933(H1N1) or A/Udorn/1972(H3N2)) infected (MOI, 3). The cell viability was determined with the CTG assay 24 hpi. The data
points are mean values and the number of observations used to derive the values was 3. The error bars represent the SD. (B) The EC50 and CC50 for JNJ872 were determined and the
respective SI values were calculated. The data points are mean values and the number of observations used to derive the values was 3.
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stimulating factor (GM-CSF; Biosource International) and 50 U/mL
penicillinestreptomycin (Lonza) at 37 �C and 5% CO2 for 7 days,
polarizing the monocytes into macrophages of the acute pro-
inflammatory M1-phenotype. Before stimulation, the media was
replaced with fresh GM-CSF free macrophage media and macro-
phages were infected with IAVs.

Human influenza A/WSN/33(H1N1) virus was generated using
the eight-plasmid-based reverse genetics system in HEK293T and
Vero cells as described previously (Anastasina et al., 2015;
Hoffmann et al., 2000).

Human pathogenic influenza A/Udorn/307/1972 (H3N2), pro-
vided by the National Institute for Health andWelfare, was cultured
in embryonated hen eggs and the virus stock, with a titer of 256
hemagglutination U/ml, was stored at �80 �C. A virus dose of 2.56
hemagglutination U/ml was used in the infection experiments
unless stated otherwise. The virus experiments were carried out
under BSL-2 conditions and in compliance with regulations of the
University of Helsinki (permit No 21/M/09). Viruses were titered in
MDCK cells using a plaque assay as described previously (Denisova
et al., 2012).
2.3. Cell viability assay

The compound cytotoxicity and efficacy testing was performed
in 96-well plates with macrophages at 95% confluence. The com-
pounds were added to the medium, and 30 min later, the cells were
infected with virus or non-infected (mock). The cell viability was
analyzed with the Cell Titer Glo assay (CTG; Promega) at 24 hpi. The
luminescence was read with a PHERAstar FS plate reader (BMG
Labtech).

The 50% cytotoxic concentration (CC50) of JNJ872 treatment was
determined with the CTG assay in macrophages treated with
different concentrations of the compounds (0e1000 nM) for 24 h.
The antiviral effect of JNJ872, the half maximal effective concen-
tration (EC50), i.e. the ability of the compound to reduce the virus
production to 50%, was calculated bymeasuring the titers of viruses
grown in cells (initial moi 0.1) for 24 h in the presence of
0e1000 nM JNJ872 as described (Denisova et al., 2014). The selec-
tivity index (SI) was defined as the CC50/EC50 ratio.

In the drug combination experiment, macrophages were treated
with a constant concentration of one drug (EC10) and increasing
concentrations of another. Viability of mock and IAV infected cells
was measured by using the CTG assay. The minimal concentrations
of JNJ872 which in combination with 100 nM gemcitabine effi-
ciently rescued 50% of infected cells were calculated.
2.4. Reverse-transcription quantitative polymerase chain reaction
(RT-qPCR)

RT-qPCR was performed with the ABI PRISM 7500 Sequence
Detection System (Applied Biosystems) using Fast SYBR Green
Master Mix (Applied Biosystems). IAV M1 (forward primer: 50-
GACCRATCCTGTCACCTCTGAC-30 and reverse primer: 50-AGGG-
CATTYTGGACAAAKCGTCTA-30, Sigma Aldrich) (http://www.who.
int/csr/resources/publications/swineflu/realtimeptpcr/en/index.
html) and cellular GAPDH (forward primer: 50-
GGCTGGGGCTCCATTTGCAGGG-30 and reverse primer: 50-
TGACCTTGGCCAGGGGTGCT-30 from Oligomer Oy) were analyzed.
The relative gene expression differences were calculated as
described before (Ohman et al., 2010) and the results are repre-
sented as relative units (RU). Technical triplicates of each sample
were performed on the same qPCR plate and non-templates and
non-reverse transcriptase samples were analyzed as negative
controls. Statistical significance (p < 0.05) of the quantitation re-
sults was evaluated with Student t-test.
2.5. Gene expression profiling

RNAwas extracted from IAV- or mock-infected macrophages 8 h
post infection using RNeasy Plus mini kit (Qiagen). Gene expression
profiling was performed as described previously (Denisova et al.,
2014) using expression microarrays (Illumina HumanHT-12 V4.0).
The data was analyzed and deposited to the GEO database (acces-
sion number: GSE79854).

All data analysis was performed using R (version 3.2.2) and R
studio (Version 0.99.486). Raw Illumina transcriptomics data was
normalized using quantile normalization (provided by normalize
quantiles function from Bioconductor's preprocessCore package
[Bolstad BM. preprocessCore: A collection of pre-processing functions.
R package version 1.32.0.]) and was log2 transformed. Differential
expression analysis of the normalized data was performed using
the LIMMA package implemented in Bioconductor by employing an
empirical Bayes t-test (Ritchie et al., 2015). Treatments with JNJ872,
and infection with Udorn, or WSN were indicated in the design
matrix for the linear fitting. The BenjaminieHochberg method was
used to adjust p-values for multiple hypothesis testing. Heatmap
for transcriptomics data was generated using the pheatmap pack-
age (http://rpackages.ianhowson.com/cran/pheatmap/) based on
log transformed expression data and hierarchical clustering of
genes and samples in the heatmap was generated using the
complete-linkage clustering method and Euclidian distances.
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Fig. 3. JNJ872 inhibits the transcription of viral but not cellular genes. (A) Macrophages were treated with 100 nM JNJ872 or remained non-treated, and infected with A/WSN/
1933(H1N1), A/Udorn/1972(H3N2) or mock. Eight h after infection the cells were collected and total RNA was extracted. The RNA was subjected to RT-qPCRs to detect viral M1
mRNA levels. The points are mean values, the number of observations used to derive the values is 6 and error bars represent the standard deviation. Due to off-target effect, the
range of M1 RNA concentration expressed in relative units (RU) is shown in Log10 scale. (B) Macrophages were treated and infected as for panel A. Total RNAwas extracted and gene
expression profiling was carried out. A heatmap of the 100 most variable genes affected by IAV infection is shown. Rows represent gene symbols, columns represent samples. Each
cell is colored according to the average of the log2-transformed and quantile-normalized expression values of the duplicated samples with the average of Mock controls subtracted.
Complete-linkage hierarchical clustering based on Euclidian distances was used for clustering of genes and samples.



Fig. 4. Profile of 36 cytokines in the media from IAV- or mock-infected, non- or drug-treated macrophages. (A) Macrophages were treated with 100 nM JNJ872 or remained non-
treated, and infected with A/WSN/1933(H1N1), A/Udorn/1972(H3N2) or mock. After 24 h cell culture supernatants were collected and cytokine levels were determined using
human cytokine array panel A. Scanned array membranes are shown. (B) A key for human cytokine array panel A analysis is also shown. (C) A heat map of selected cytokines is
shown. Rows represent cytokines, columns represent samples. Each cell is colored according to the average of log2-transformed profiling values of the duplicated samples with the
average of mock subtracted. Complete-linkage hierarchica clustering based on Euclidian distances was used for clustering of cytokines and samples.
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2.6. Cytokine profiling

The medium from IAV- or mock-infected non- or drug-treated
macrophages was collected at 24 h post infection and clarified by
centrifugation for 5 min at 14,000 rpm. Cytokines were analyzed
using Proteome Profiler Human Cytokine Array panel A kit or
Proteome Profiler Human Cytokine Array Kit (R&D Systems) ac-
cording to manufacturer's instructions. The results were analyzed
using ImageJ software. Proteins with at least 2-fold difference in
expression between mock and IAV-infected, JNJ872-treated or IAV-
infected/JNJ872-treated samples were considered differentially
expressed.
2.7. Metabolomics

Ten microliters of labeled internal standard mixture was added
to 100 mL of cell culture supernatant samples. Metabolites were
extracted by adding 4 parts (1:4, sample:extraction solvent) of the
100% acetonitrile þ 1% formic acid solvent. The collected extracts
were dispensed in OstroTM 96-well plate (Waters Corporation,
Milford, USA) and filtered by applying vacuum at a delta pressure of
300e400 mbar for 2.5 min on robot's vacuum station. Sample
analysis was performed on an Acquity UPLC- system coupled to a
triple quadrupole mass spectrometer (Waters Corporation, Milford,
MA, USA). A detailed protocol and instrument parameters and list
of measured metabolites were given elsewhere (Nikkanen et al.,
2016; Roman-Garcia et al., 2014). Metabolomics data was log2
transformed for linear modeling and empirical-Bayes-moderated t-
tests using the LIMMA package (Smyth, 2004). To analyses the
differences caused by the treatment of VX-787, a linear model was
fit to each metabolite; treatments with JNJ872, and IAVs were
indicated in the design matrix for this fit. The Benjamini-Hochberg



Fig. 5. Profile of 70 polar metabolites in the media of IAV- or mock-infected, non- or
drug-treated macrophages. (A) Macrophages were treated with 100 nM JNJ872 or
remained non-treated, and infected with A/WSN/1933(H1N1), A/Udorn/1972(H3N2) or
mock. After 24 h cell culture, supernatants were collected and metabolite levels were
determined using mass spectrometry. A heat map of selected metabolites is shown.
Rows represent metabolites, columns represent samples. Each cell is colored according
to the average of log2-transferred profiling values of the duplicated samples with the
average of Mock-infected, non-treated controls (i.e., the first column) subtracted.
Metabolites are ranked based on the adjusted p-value.
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method was used to correct for multiple testing. The significant
metabolites were determined at a Benjamini-Hochberg false dis-
covery rate (FDR) controlled at 10%. The heatmap for all the me-
tabolites was generated using the pheatmap package [Raivo Kolde
(2015). pheatmap: Pretty Heatmaps. R package version 1.0.8.] based
on log transformed profiling data.

2.8. Primary and tertiary PB2 sequence analysis

Sequences of PB2 proteins of human influenza A(H1N1)pdm09
and A(H3N2) viruses were downloaded from Influenza Virus
Resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html)
and from Global Initiative on Sharing Avian Influenza Data (http://
platform.gisaid.org/) databases. In total, we downloaded 4983 se-
quences of influenza A(H1N1)pdm09 and 6385 sequences of
influenza A(H3N2) viruses. Protein sequences were aligned using
Muscle v3.8 and analyzed using Geneious 9 software (Edgar, 2004;
Kearse et al., 2012). Similarity rates for each amino acid in align-
ments were calculated using Python 2.7 scripts. Structure of
influenza PB2 cap-binding domain bound to JNJ872 was used for
mapping JNJ872-interacting residues (Clark et al., 2014). Pymol was
used for structure visualization (www.pymol.org).

3. Results

JNJ872 binds the cap-binding domain (CBD) of PB2. The X-ray
structure of JNJ872 bound to the CBD of PB2 was solved (Clark et al.,
2014). It revealed key interacting residues of PB2 (Fig. 1A). Our
evolutionary analysis of PB2 sequences of 4987 influenza A(H1N1)
pdm09 and 6385 A(H3N2) strains revealed that the JNJ872 inter-
acting residues are highly conserved (Fig. 1B and C). This suggests
that JNJ872 binds to a highly conserved site on the IAV PB2 protein.

The antiviral activity of JNJ872 was originally tested in MDCK
cells against a broad range of IAV strains, including oseltamivir- and
amantadine-resistant isolates as well as pandemic H1N1 and
potentially-pandemic H5N1 strains (Byrn et al., 2015; Clark et al.,
2014). We analyzed the cytotoxicity and antiviral activity of
JNJ872 in human PBMC-derived macrophages infected with clas-
sical influenza A/WSN/1933(H1N1) or A/Udorn/307/1972 (H3N2)
strains. First, we tested the effects of JNJ872 on the viability of non-
infected and IAV-infected macrophages (multiplicity of infection
(MOI 3); Fig. 2A). JNJ872 rescued macrophages from virus-
mediated death at non-cytotoxic concentrations 24 hpi. Second,
we determined the EC50 for JNJ872. For this we pre-treated mac-
rophages with increasing compound concentrations, infected them
with the A(H1N1) or A(H3N2) strain (at MOI 0.1), collected the
media 24 hpi and tittered viruses. The EC50 value for JNJ872 were 8
and 12 nM for A(H1N1) and A(H3N2) strains, respectively, whereas
the CC50 values were >1 mM, giving selectivity indexes (SI) > 125
and > 83 for A(H1N1) and A(H3N2) strains, respectively (Fig. 2B).
However, the EC50 and SI values varied depending on the macro-
phage preparation.

Next, we characterized the effect of JNJ872 on IAV-infected
human macrophages in more detail. RT-qPCR analysis demon-
strated that JNJ872 significantly attenuated the transcription of
viral M1 RNA in macrophages, which were infected with A(H1N1)
or A(H3N2) strains for 8 h (Fig. 3A). Transcriptomics analysis
showed that JNJ872 allowed the expression of cellular type I and III
IFNs and IFN-stimulated genes, such as C-C motif chemokine 2
(CCL2), CCL4, interleukine-8 (IL8), and C-X-C motif chemokine 10
(CXCL10) in IAV-infected macrophages (Fig. 3B). However, it did not
allow the activation of IAV-mediated expression of CCL3, tumor
necrosis factor (TNF) and several other genes to the same extent as
observed in non-treated IAV-infected macrophages. In order to
confirm our transcriptomics results, we analyzed a panel of pro-
inflammatory cytokines in cell culture supernatants from IAV-
infected human macrophages collected 24 hpi. In line with the
transcriptomics results, the IAV-stimulated expression of CCL2,
CCL4, IL8, MIF and CXCL10 by contrast to CCL3 and TNFa, was un-
affected by JNJ872 treatment (Fig. 4).

Our transcriptomics experiment also demonstrated that JNJ872
allowed some activation of IAV-mediated expression of several
cellular genes, which are involved in tryptophan and nucleotide
metabolism (such as indoleamine 2,3-dioxygenase 1 (IDO) and
cytosolic 5'-nucleotidase 3A (NT5C3A)) (Fox et al., 2015; Meunier
et al., 2016; Saha et al., 2010; Santos et al., 2014; Wang et al.,
2016; Hu et al., 2011; Krapp et al., 2016; Pan et al., 2012; Schmidt
et al., 2014; Wang et al., 2016; Zhu et al., 2013). To confirm this,
we analyzed a panel of 110 polar metabolites in cell culture su-
pernatants 24 hpi. We detected 70 metabolites (Fig. 5). The level of
tryptophan was decreased and the level of its oxidation product L-
kynurenin was elevated in both IAV-infected and IAV-infected/
JNJ872-treated macrophages, suggesting that JNJ872 did not affect
the activity of IDO, an enzyme which catalyzes this reaction.
Similarly, the level of adenosine was decreased, whereas the level
of its catabolic products (adenine, inosine, inositol monophosphate
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(IMP), and xanthine) were increased in both IAV-infected and IAV-
infected/JNJ872 treated macrophages, suggesting that JNJ872 did
not affect the activity of enzymes that catalyzed ribonucleotide
degradation. Thus, JNJ872 possessed excellent anti-IAV but not
immuno/metabolo-modulating effect.

It was shown that similarly to JNJ872, gemcitabine inhibits the
transcription of IAV RNA, and allows the activation of cellular innate
immune responses in infected macrophages (Soderholm et al.,
2016). However, in contrast to JNJ872, gemcitabine targets
cellular factors (Denisova et al., 2012). We tested whether the
combination of virus-directed JNJ872 and cell-directed gemcitabine
protects cells from IAV-mediated death at lower concentrations
than that of the compounds alone. We found that a substantially
lower JNJ872 concentration is needed to protect macrophages from
IAV-mediated death when given with 100 nM gemcitabine (Fig. 6).
Thus, JNJ872 could be given in combination with non-cytotoxic
concentration of gemcitabine to inhibit IAV infection.
4. Discussion

Oseltamivir, zanamivir, laninamivir, peramivir, amantadine,
rimantadine, arbidol, and favipiravir (T-705) are approved for
treatment of IAV infection in humans, whereas JNJ872, gemcitabine
and many other IAV- and host-directed agents are under pre-
clinical or clinical investigations (Loregian et al., 2014; Muller
et al., 2012; Vanderlinden et al., 2014; Zumla et al., 2016). In the
present study we demonstrated that JNJ872 targeted an evolu-
tionary conserved site on the viral PB2 protein and efficiently
attenuated influenza A(H1N1) and A(H3N2) infections with mini-
mal impairment of host antiviral responses.

Mechanistically, treatment with JNJ872 inhibited the tran-
scription of viral RNA in the nucleus of infected cells (Fig. S1).
Meanwhile, the antiviral cascades were initiated by pattern
recognition receptors (PRRs) in these cells. PRRs, such as TLR3,
TLR7, MDA5, and RIG-I, recognized viral RNA in the cytoplasm and
endosomes of infected cells and triggered NFkB- and IRF3-
mediated transcription of type I and III IFNs, which initiated
expression of IFN-stimulated genes (ISGs), which encode cytokines
and several enzymes (IDO, GBP1, GBP4, GBP5, NT5C3, CH25H,
HERC5). It was shown that these enzymes mediated inflammation
and restricted viral replication in infected cells (Fox et al., 2015;
Gold et al., 2014; Kim et al., 2011; Nordmann et al., 2012; Tang
et al., 2010; Wang et al., 2016). In particular, GBP1, GBP4, and
GBP5, could play an active role in antiviral responses and inflam-
masome activation (Finethy et al., 2015; Friedman et al., 2016;
Nordmann et al., 2012; Shenoy et al., 2012). In addition, these
Fig. 6. Effect of the JNJ872 and gemcitabine combination on the viability of IAV-infected m
centrations of JNJ872 with or without 100 nM gemcitabine. Cells were infected with influenz
using a CTG assay 24 h after infection. All error bars, s.d. (n ¼ 3).
genes together with NT5C3A could catabolize ribonucleotides and,
therefore, limit viral RNA transcription and replication (Fig. S1) (Fox
et al., 2015; Meunier et al., 2016; Saha et al., 2010; Santos et al.,
2014; Wang et al., 2016). IDO could also regulate inflammation
and immune response since it catalyzes the production of L-
kynurenine from tryptophan (Nguyen et al., 2010; Wang et al.,
2010).

Our gene-expression results were supported by metabolomics
analysis which also indicated that tryptophan and purinemetabolic
pathways were altered in response to IAV infection, and that JNJ872
treatment only slightly impaired them. These results indicated that
JNJ872 treatment could limit viral replication and allowed the
development of antiviral responses in IAV infected cells.

We also tested virus-directed JNJ872 in combination with cell-
directed gemcitabine. Gemcitabine is a nucleoside, ranking
among the most prescribed anticancer drugs worldwide (Ciccolini
et al., 2016). This nucleoside is converted into active triphos-
phorylated nucleotides interfering with DNA/RNA synthesis. In
addition, gemcitabine possesses antiviral activity: it inhibits tran-
scription and replication of IAV RNA, without impairment of anti-
viral responses (Denisova et al., 2012; Soderholm et al., 2016). We
showed that the combination of JNJ872 and gemcitabine protected
human macrophages from IAV-mediated death at substantially
lower concentrations than that of the compounds alone.

We noticed that the EC50 values for JNJ872 varied depending on
the macrophage preparations. The variabilities in EC50 values be-
tween macrophages derived from different blood donors could be
associated with individual responses to infection. One can expect
that certain variants in host genomic DNA or epigenetic modifica-
tions could affect antiviral responses and thereby facilitate or
attenuate IAV replication, and, therefore, lead to different (indi-
vidual) EC50 values for JNJ872 and its combinations with other
drugs. Our results warrant further studies of JNJ872 and its com-
binations in cell cultures and animals, where these variations could
be minimized. Moreover, studies in animal models could demon-
strate not only the effect of these treatments on innate immune
responses but also on adaptive responses. Therefore, JNJ872 alone
or in combination with gemcitabine might mount resistance to
infection with closely related IAV strains.

Altogether, our studies indicate that inhibiting the transcription
and replication of viral RNA and perhaps later, but not earlier stages
of IAV replication, could allow the development of efficient antiviral
responses by infected cells. Such therapeutics could allow devel-
opment of innate and acquired immunity, which would protect
patients from re-infections with closely related IAV strains. How-
ever, the question remains whether severe IAV infections, which
acrophages. (A, B) Human macrophages were treated with two-fold increasing con-
a A/WSN/1933(H1N1) or A/Udorn/1972(H3N2) strains, and cell viability was measured
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are associated with cytokine storm, could be treated with such
agents (Liu et al., 2016).

5. Conclusion

JNJ872 targets an evolutionary conserved site on influenza po-
lymerase subunit PB2 and inhibits the transcription of viral genes.
Moreover, a treatment with JNJ872 allowed the transcription of a
set of cellular antiviral genes, and translation of cytokines and other
antiviral proteins involved in the tryptophan or nucleotide meta-
bolism. Furthermore, the combination of JNJ872 with gemcitabine
protected human macrophages from IAV-mediated death at sub-
stantially lower concentrations than that of the compounds alone.
VX-737 alone or in combinationwith other drugs, which inhibit IAV
but allow development of antiviral responses, could be beneficial
for treating IAV infected patients, because it would mount resis-
tance to reinfections.
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