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Abstract: Human influenza A viruses (IAVs) cause global pandemics and epidemics, which remain
serious threats to public health because of the shortage of effective means of control. To combat the
surge of viral outbreaks, new treatments are urgently needed. Developing new virus control
modalities requires better understanding of virus-host interactions. Here we describe how 1AV
infection triggers cellular apoptosis, and how this process can be exploited towards development of
new therapeutics, which might be more effective than the currently available anti-influenza drugs.
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1. Introduction

Influenza A and B viruses cause seasonal epidemics and are culprits of 3-5 million annual cases
of hospitalization and 250 000 — 500 000 deaths [1, 2]. Influenza infections could show mild symptoms
like cough, sore throat, runny nose, fever, headache, and muscle pain [3].

Influenza A viruses also cause global pandemics. The pandemics occur when a novel subtype of
IAV emerges, typically from an animal origin [4]. In the 20th century alone, four pandemics were
recorded. The most severe pandemic “Spanish Flu” swept the continents in 1918-1919, affected
estimated 500 million people and caused over 40 million deaths [5]. The most recent pandemic in
2009 emerged when the swine-origin virus started to infect humans [6]. So called “Swine Flu”, it is
an ongoing threat that would result in devastating consequences if not controlled.

Oseltamivir, zanamivir and peramivir are amongst commonly used drugs to treat influenza [7].
However, certain amino acid changes in the viral neuraminidase (NA) protein have been reported to
give a rise of drug-resistant IAV strains to reduce the efficacy of current treatment [8, 9]. Therefore
the critical question remains: what will be the next generation of anti-influenza drugs that is less
likely to result in resistant-related evolution of IAV?

In the light of discoveries on virus-host interactions, we attempt to summarize our knowledge
on IAV replication and cellular antiviral responses with a particular focus on apoptosis. We
demonstrate how this information could be used to identify potential antiviral agents not only against
influenza virus but also other viral diseases.

© 2017 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. IAV replication cycle and cellular antiviral responses. (A) The viral replication cycle starts
when the HA proteins recognize surface receptors of the host. IAV particles are taken up by
endocytosis. In the late endosomes viral and endosomal membranes fuse together to expose viral
vRNPs, which then become uncoated from the lipid envelope and matrix protein M1 shell. The
VRNPs are imported to the nucleus, where the viral genes direct the production of new viral
components. Newly synthesized viral genomes and proteins assemble into new virus particles on
the plasma membrane before budding and being released from the cell to infect other cells. (B) Anti-
IAV interferon response. When IAV enters the cells, PRRs sense VRNA and initiate the transcription
of IFN genes. Once transcribed, IFNs mediate the expression of interferon stimulated genes (ISGs) in
self and neighboring non-infected cells. ISGs encode different antiviral proteins including RNases,
which degrade vRNA in infected cells. ISGs also encode interleukins (ILs), chemokines (CXCLs and
CCLs) and other cytokines to recruit immune cells to the site of infection. (C) IAV NSI1 protein can
hinder the cellular IFN-ISG response by binding with viral RNA, cellular DNA or other cellular
factors. The viral replication cycle resumes. (D) Apoptosis in IAV-infected cell. Cell initiate apoptosis
in response to a large amount of VRNA. PRRs recognize vVRNA and transduce signals to anti-
apoptotic Bcl-2 proteins. Bcl2 proteins release pro-apoptotic proteins to initiate MOMP, ATP
degradation and caspase 3 activation. This results in cell death.

2. TAV structure and replication cycle

IAV is an enveloped virus which belongs to the Orthomyxoviridae family [10]. The genome is
comprised of eight single-stranded RNA segments to encode total 10-13 proteins depending on the
virus strain. Among these, nucleoprotein (NP) and three viral polymerase subunits (PA, PB1 and
PB2) bind viral RNA (VRNA) to make viral ribonucleoproteins (vRNPs). The vRNPs are surrounded
by lipid membrane embedded with hemagglutinin (HA), NA, the ion channel M2 and the matrix
protein M1. Some proteins are only expressed in the infected cells and not present in virion, for
example nonstructural protein 1 (NS1), PB1-F2, PA-X and N40. Two gene segments are alternatively
spliced to produce NS1/NEP and M1/M2proteins [10].

IAVs are divided into subtypes based on the structure of virus surface glycoproteins HA and
NA. Currently, there are 18 known subtypes of HA (H1-18) and 11 of NA (N1-11) [11]. Only a limited
number of IAV subtypes including HIN1 and H3N2 are capable of infecting humans.

IAV replication cycle begins when the HA proteins bind to sialic acid on the surface of epithelial
cells of respiratory tract, dendritic cells, type II pneumocytes, alveolar macrophages or retinal
epithelial cells (Fig. 1A) [12].

After binding, virus particles are internalized by endocytosis [13]. Following the internalization,
IAVs are transported to late endosomes where the acidic environment facilitates HA-mediated fusion
of the viral and endosomal membrane, followed by the dissociation and degradation of M1 from
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vRNPs [14, 15]. The vRNPs enter the nucleus through nuclear pore complexes [16]. In the nucleus
viral genomic RNA is transcribed into positive-sense mRNA using viral polymerase [17, 18]. The
polymerase snatches 5" Caps from cellular RNA, performs RNA-dependent RNA polymerization and
3’ RNA polyadenylation to make viral pre-mRNA. Two of the eight viral pre-mRNAs are then spliced
by cellular machinery. The viral proteins are translated from mRNA in the cytoplasm by host cell
ribosomes, some of which imported to the nucleus to initiate replication of vVRNA. The replication of
VRNA occurs in two steps: the synthesis of cRNA (the positive-sense RNA strand) that is
complementary to the full-length vRNA; and the copying of cRNA into new negative-sense vVRNAs.
Newly assembled vRNPs and viral proteins are transported to the lipid domains on the apical side
of the cell plasma membrane, where virions are assembled and budded by NA [19].

Approximately 0.18%-0.21% of the amino acids in IAVs proteins mutate every year due to the
error-prone nature of viral RNA-polymerase [20]. Some of these mutations cause antigenic drift,
which allows emerging viruses to evade host immunity developed from previous IAV
infections/vaccinations or drug treatment. The viruses can also undergo reassortment of genetic
segments to generate even greater variations and sometimes antigenic shift. These genetic variations
are potential causes of epidemic and pandemic [10].

3. Early anti-viral response: cellular interferon and viral counteract

When IAV enters the cells, stimulus-specific signals are transduced along the interferon
signaling pathway in order to activate antiviral mechanisms (Fig. 1B) [21]. Pattern recognition
receptors (PRRs) play a pivotal role in detecting invading virus and subsequent activation of innate
response [22]. In particular, Toll-like receptors 3 and 7 (TLR-3 and -7) are specialized in recognizing
VRNA to activate transcription of interferon genes IFNB1, IL28A, IL29, IL28B, IFNG, IFNA1, IFNA2
and IFNWI. Interferons (IFNs), thereafter, mediate the expression of interferon stimulated genes
(ISGs). When secreted extracellularly, IFNs can also stimulate transcription of ISGs in neighboring
non-infected cells to protect these cells from potential viral invasion [23-25]. ISGs encode various
proteins with antiviral properties: ribonucleases (OASL, OAS1, 1SG20) to degrade viral RNA, E3-
ligases and ubiquitin-like molecules (HERCS5, Trim25, and ISG15) to destroy viral proteins, metabolic
enzymes (COX2, IDO and 25HC) to catalyze the production of immuno- and neuro-modulators
(prostaglandin H2, kynurenine and oxysterol 25-hydroxycholesterol), as well as cytokine-processing
factors (GBP1, GBP4, GBP5, MX1 and MX2) and cytokines (IL1B, IL8, IL6, CXCL10, CCL5) to activate
and recruit immune cells to the site of infection [26-31]. As a result, ISG products can inhibit viral
replication in infected cells, alert non-infected cells for potential infections, attract immune cells and
alarm central nervous system (CNS) about ongoing infection.

In counter-response to cellular IFNs, however, IAVs have evolved to utilize non-structural
protein NS1 (Fig. 1C) [32]. Synthesized from the ribosomes within few hours of infection,
multifunctional NSI1 can circumvent antiviral responses [33]. For example, NS1 can interact with
vRNA and its replication intermediates to prevent recognition by cellular PRRs and RNAses [34-37].
By directly binding with cellular DNA, NS1 can block the transcription of innate antiviral genes [38].
It can also bind TRIM25, ISG15, GBP1 and other ISG products to inhibit their functions at
transcriptional, post-transcriptional, translational and post-translational [39].

The manifestation of IAV infection depends on cellular IFN responses versus viral counter-
responses. Efficient activation of IFN responses and timely activation of viral counter-responses
might influence the severity of infection; hence, it is critical to consider timing of both aspects when
developing antiviral drugs.

4. Apoptosis in IAV-infected cells

When the IFN responses fail to control IAV replication, cells may activate a secondary antiviral
response via programmed death called apoptosis (Fig. 1D). During this process, PRRs including RIG-
I, MDAS, PKR (encoded by ISGs: IFIH1, DDX58 and EIF2AK2) recognize accumulating vVRNA and
activate pro-apoptotic apoptotic machinery that direct the fate of IAV-infected cells [40]. The anti-
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apoptotic (Bcl-2, Bcl-xL, and Bcl-w) and pro-apoptotic (Bax, Bak, Bad, Bim, Bid, Puma, and Noxa) Bcl-
2 proteins dissociate/associate to start a cascade of reactions leading to mitochondria membrane
permeabilization (MOMP), followed by cytochrome C release, apoptosome activation, ATP
degradation and eventually cell death [41-44]. As the initial trigger of this process, concentration of
VvRNA is therefore a critical rate-limiting factor in apoptosis. Alternatively, if the viral load is high,
apoptosis can be initiated during virus entry.

All Bcl-2 proteins contain Bcl2-homology 3 (BH3) domains, which are essential for protein-
protein interactions and functions [45]. Other cellular proteins including UACA, PAWR, FLIJ,
Trim21, IMMT, 14-3-3, EFHD2, DHX9, DDX3, NLRP3 and LRRFIP2 as well as viral factors M2, PB1-
F2,NS1, HA and NP may play important roles in Bcl-2-dependent apoptosis by stabilizing or altering
the interactions of BH3-domain proteins in infected cells [44, 46-48]. However, further studies are
required to verify their specific functions in apoptosis.

5. Bcl-2 inhibitors as antiviral compounds

Bcl-2 dependent apoptosis represents an excellent target for antiviral drug development. First
Bcl-2 inhibitor (Bcl2i) ABT-737 was engineered for cancer treatment based on the structure of Bad
bound to Bcl-xL in order to mimic Bad BH3-peptide [49, 50]. Several derivatives have been developed
to have enhanced pro-apoptotic effect as well as pharmacokinetic properties, and the resulting
products ABT-263 and ABT-199 are orally bioavailable [51, 52]. Another group of Bcl2i was
discovered using high-throughput screening [53]. This includes WEHI-539 and its derivatives, A-
1331852 and A-1155463. ABT-263 is currently in clinical trials as an anticancer drug candidate, ABT-
199 is approved to treat multiple lymphoid malignancies, while others are in preclinical
development [45, 54].

These compounds (ABT-737, ABT-263, ABT-199, WEHI-539, A-1331852, A-1155463) have
different affinities for Bcl-2 proteins [40], but all can universally induce premature death of IAV-
infected cells at concentrations not toxic for non-infected cells [44] (Bulanova et al., unpublished).
However, only ABT-263, A-1331852 and A-1155463 could effectively limit viral replication and
spread. The most likely explanation for the effects is the high affinity of these compounds to Bcl-xL
and their ability to alter its structure and interactions with other Bcl-2 proteins. ABT-263, unlike A-
1155463, causes irreversible thrombocytopenia [55, 56], which makes A-1155463 a better candidate
for antiviral testing in animals. Moreover, A-1155463 has half-maximum efficacy concentration
(ECs0) less than 10 nM, whereas the value of ABT-263 is 80 nM. In addition, half-maximum cytotoxic
concentration (CCso) value of A-1155463 is higher than that of A-1331852, whereas EC50 of both are
below 10 nM. Thus, A-1155463 could represent an antiviral lead candidate, which would reinforce
the necessary therapeutic arsenal for the treatment of influenza and perhaps other viral diseases.
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Figure 2. Schematic diagram showing how chemical inhibitors of Bcl2 proteins induce premature
death of cells containing viral nucleic acids. PRRs recognize intracellular viral NAs and send signals
to anti-apoptotic Bcl-2 proteins. Bcl2 proteins release pro-apoptotic proteins to initiate mitochondria
membrane permeabilization (MOMP), ATP degradation and caspase 3 activation. This results in cell
death. Bcl2i act synergistically with viral NA and thereby facilitate the cell death.

6. Conclusions
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Cellular antiviral responses including IFN response and apoptosis are employed in order to
inhibit virus replication and spread. IAVs have evolved to gain mechanisms to disconcert these
responses to ensure viral replication and spread. The knowledge of host-virus interaction can be
exploited in development of pharmacological interventions to control and treat IAV infections. In
particular, novel antiviral drugs inducing premature apoptosis of infected cells without affecting
non-infected cells may be developed.

A-1155463 could serve as a lead compound in this process. Treatment of IAV infections with A-
1155463 or its analogues may reduce the use of NA-directed drugs, and thus slow down evolutional
selection of drug-resistant viral strains. Timely treatment with A-1155463 may also reduce the use of
antibiotics, which are utilized for treatment of secondary bacterial infections. This will limit the
development of emerging antibiotic-resistant bacteria. Thus, further development of A-1155463 may
warrant emergence of better drugs for treatment/prevention of influenza and perhaps other viral
diseases.
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