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1. Introduction

The use of high-throughput screening (HTS) technology for
antiviral discovery is a fairly recent endeavor, first undertaken
exclusively by the pharmaceutical industry and now also per-
formed by academic scientists. The development of HTS has been
driven by increasing advances in automation and the ability to
handle large datasets. It has also expanded the types of target that
can be explored and consequently assay development, particularly
of cell-based assays, is a major part of all antiviral HTS campaigns.

As a small RNA virus, influenza virus encodes a limited number
of proteins and thus there are only a few viral functions that are
considered to be tractable drug targets by traditional standards.
This essentially means that the target must have a function that
is amenable to inhibition by a small molecule. The current two
classes of approved antivirals for influenza target either the ion
channel function of the M2 protein or the neuraminidase function
of the NA protein. The neuraminidase inhibitors (NAI) were devel-
oped through the rational design of small molecules that mimic
sialic acid and bind with high affinity to the active site of NA
(Gubareva et al., 2000). The adamantanes are an interesting exam-
ple of an antiviral whose approval preceded knowledge of the tar-
get (M2) or the function of the target as an ion channel. Moreover,
the precise mechanism of action is still under debate following
publication of structures showing different placement of the drug
relative to M2 (Cady and Hong, 2008; Cady et al., 2010; Pielak
and Chou, 2010; Stouffer et al., 2008). Other well-characterized vir-
al functions that should be druggable are the RNA-dependent RNA
polymerase activity of PB1 and the endonuclease function of PA.
Apart from the fact that the description of PA endonuclease activity
was only made in 2009 (Dias et al., 2009; Yuan et al., 2009), the
major reason that these targets have not been explored fully is
the inability to produce purified, full-length and active polymerase
proteins, which severely limits the development of biochemical
screening assays.

The examples above refer to viral functions that are considered
to be validated targets, as it is known a priori that they are essential
for influenza virus growth, and biochemical assays can (or could)
be developed to screen for specific inhibitors of that function.
Alternatively, one can cast a wider net by not requiring knowledge
of the target or function upfront and instead using a phenotypic
readout such as virus replication. This approach requires a cell-
based assay and it is in this area that we have seen most develop-
ment in the influenza virus HTS field. The advantages are: (i) that it
potentially allows one to capture all stages of the virus life-cycle in
one assay, (ii) it detects inhibitors of cellular functions that are re-
quired for virus replication, and (iii) it may reveal unknown func-
tions of viral proteins that are susceptible to small molecule
inhibition. This review will focus on the new tools that have been
developed for influenza antiviral drug discovery, with an emphasis
on the use of fluorescent or luminescent reporters and the develop-
ment of novel cell-based assays.

2. Suitable HTS assays for influenza antiviral discovery

The type of assay chosen for a screen depends on the question
being asked and what tools are available. If the purpose is to iden-
tify inhibitors of as many different steps of the influenza virus life-
cycle as possible, then an assay involving virus infection of cells
must be used, preferably under conditions of multi-cycle replica-
tion (see Section 3.1). The readout for this type of assay can vary
from antibody-based detection of viral proteins, to expression of
reporter genes encoded by the virus (see Section 3.2), to indirect
measurements such as cytopathic effect (see Section 3.4). Cell-
based assays with reporter readouts can also be used to assess

specific stages of the virus life-cycle (e.g. entry or replication
phases, see Section 3.3), whereas if the purpose of the screen is
to find inhibitors of a specific protein it is preferable to analyze this
target in isolation using a biochemical assay that provides a read-
out of the protein function (see Section 4.1). In cases where a crys-
tal structure of the protein target is available it may be possible to
use an in silico approach where large libraries of small molecules
are computationally docked onto the structure to identify those
with potential binding properties (see Section 4.2). These predicted
hits can then be validated in a functional assay, either biochemical
or cell-based. The design of such assays obviously requires exten-
sive prior knowledge of the functional properties of the protein tar-
get and of how this property affects virus replication, as well as the
availability of appropriate tools e.g. purified protein. In many cases
this information or the tools (or both) are lacking and increasingly
antiviral screens are being conducted using cell-based assays with-
out any knowledge of a specified target. Rather, the objective is to
identify small molecules that have an overall phenotypic effect on
virus replication and to then employ secondary assays to charac-
terize the mechanism of action and identify the target protein. In-
creased accessibility to the required automation and to small
molecule libraries for those outside the pharmaceutical industry
has facilitated the design of new tools for use in cell-based virus as-
says for HTS.

A successful HTS assay must be robust, have an easy and quan-
tifiable readout and be amenable to miniaturization and the use of
robotic machinery. At a very minimum, the assay should function
in 96-well format but in most cases further miniaturization to
384-well format is required for compatibility with library plates
and pin tools. The smaller, 1536-well format is sometimes used,
but it can be more challenging to maintain the assay quality in this
format, especially with cell-based assays. The advantage of the
smaller format is speed (more compounds screened per day) and
reduced costs due to the lower volumes, which can be an impor-
tant factor if an expensive reagent is required. The assay must be
highly reproducible with a large window between the positive
and negative controls. A statistical measurement of this is provided
by the Z-factor (Z' =1-3(STDpos + STDpeg)/(MEANpos—MEAN )
and a robust assay that is suitable for use in a screen should have
a Z'-factor >0.5 (Zhang et al., 1999). To achieve this, the number of
manipulations during the course of the assay should be minimized
and it is a common rule that nothing is ever removed from the
plate, only added, which helps to reduce variability. If available,
reference compounds with known mechanisms of action should
be examined in the assay to ascertain assay sensitivity and one
should also be aware of possible false positives that may arise from
the screen. Another factor to consider is DMSO compatibility as the
library compounds will be delivered in 100% DMSO. In general the
assay should be able to withstand a range of 0.1-1% DMSO. Finally,
in an optimal assay the distribution of signal across the plate will
be even with no evidence of edge effects (often due to evaporation
from the outside wells) or drifting signal from left-to-right or top-
to-bottom.

3. Cell-based assays for measuring influenza virus infection
3.1. Single versus multi-cycle viral replication assays

When designing an assay to monitor influenza virus replication
it is important to understand the concept of single cycle vs. multi-
cycle replication as this affects the stages of the virus life-cycle that
can be captured by the assay. In a single cycle assay, 100% of cells
are infected in the first round and thus this type of assay is per-
formed with a high multiplicity of infection (MOI). If the assay
readout is viral gene expression, this assay will capture all steps
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from virus attachment through to gene expression, but inhibitors
that act at subsequent steps will not be detected because there
are no more uninfected cells in the culture (Fig. 1A, Table 1). Thus
a neuramindase inhibitor such as oseltamivir, which targets virus
release, will not have any effect in a single cycle assay. In contrast
if the assay is performed with low MOI conditions this allows for
multi-cycle virus growth. For example, an MOI of 0.05 will theoret-
ically result in 5% of cells infected in the first round. In the presence
of oseltamivir there will be no effect on viral gene expression in
these cells but the drug will prevent the release of new virus par-
ticles and thus limit secondary rounds of infection which will be
seen as an overall decrease in signal compared to the untreated
control (Fig. 1B and C). In this sense, oseltamivir is a particularly
useful control as the ability of the assay to detect inhibition by
oseltamivir implies that the assay is operating under multi-cycle
conditions and that every step of the influenza virus life-cycle is
being captured. Another tool that can be used in this regard is tryp-
sin, which is usually included in post-infection media. Trypsin is
required to cleave the hemagglutinin (HA) proteins of most influ-
enza viruses (those that have a monobasic cleavage site) such that
the newly-made virus particles are capable of entering cells in the
second round of infection. In the absence of trypsin the infection
will stall after the first round. An exception to this is the WSN influ-

A Single-cycle assay

Infection
high MOI
_— >

Infection
low MOI

—

Infection low MOI +
entry-to-replication
inhibitors

(e.g.
adamantanes)

Infection low MOI +
post-replication-to-
egress inhibitors
e >
(e.g. oseltamivir,
lack of trypsin)

enza virus strain, which can replicate in tissue culture indepen-
dently of trypsin (Appleyard and Maber, 1974). In fact, this can
be an advantage as too much trypsin can obviously be detrimental
to cell attachment and must be titrated carefully (Table 1). For as-
says that use imaging as a readout (i.e. high-content screens), con-
ditions that maintain optimal cell morphology may be preferable.

It is estimated that influenza virus has an eight-hour life-cycle,
so three cycles of infection are possible within 24 h. Therefore the
MOI and the time of the assay readout are two important parame-
ters that need to be optimized during assay development. The
drawback with low MOI infections and longer times for assay read-
out is that they are often associated with increased error and there-
fore there can be a trade-off between the degree of multi-cycle
replication and assay quality (Table 1). For the same reason there
is a limit to how far a multi-cycle replication assay can be minia-
turized. In 96-well format an MOI of 0.01 would require approxi-
mately 320 virus particles per well, whereas in 384-well or
1536-well this would require 80 or 20 virus particles, respectively
to achieve the same MOI. The ability to transfer 20 virus particles
into each well is prone to error, so one would either use a higher
MOI in the 1536 well format or switch to a larger plate format to
maintain a robust assay.

Infection high MOI + Inhibitor
entry-to-replication
inhibitors effect
(e.g. detected
adamantanes)
Infection high MOI +
post-replication-to- Inhibitor
egress inhibitors
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+TPCK

5
g
Inhibitor 2
effect NP+DAPI
detected

+TPCK
+ OSELTAMIVIR

Fig. 1. Schematic overview of single- and multi-cycle replication assays. (A) Single-cycle replication assay. Cell monolayers are infected at a high multiplicity of infection
(MOI) and viral gene expression is detected in the majority of cells (left). Inhibitors acting on viral entry or replication stages are detected, while inhibitors affecting
subsequent stages such as viral egress are not detected, as no uninfected cells remain in the culture. (B) Multi-cycle replication assay. Cell monolayers are infected at a low
MOI to allow newly generated virions to infect neighboring cells over several cycles, increasing the signal for viral gene expression over time. This type of assay allows
detection of antiviral effects affecting any step of the virus life-cycle. (C) A multi-cycle replication assay on A549 cell monolayers. Cells were infected with an influenza A/PR/
8/34 reporter virus encoding a fusion NS1-mCherry protein (MOI of 0.01). In the presence of trypsin (TPCK) most of the culture has been infected by 48 h post-infection. In the
absence of exogenous trypsin newly generated viruses are fusion incompetent and the reporter signal is limited to the cells infected in the first round. A similar result can be
observed when the cells are treated with the NA inhibitor oseltamivir carboxylate, which prevents the release of virions from infected cells.
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Table 1
Challenges encountered with influenza virus HTS assays.

HTS assay Challenges

Cell-based assay (Section 3) Time consuming
Constrained by cytotoxicity

Prone to variability

Choice of virus strain or cell type may bias the hit profile

Single vs. multi-cycle assays
(Section 3.1)

Single cycle misses late steps in life-cycle because no second round of infection takes place

Multi-cycle requires longer time (which can lead to increased error) and makes miniaturization more difficult
Trypsin may be required to achieve multi-cycle virus growth

Virus reporter assays (Section 3.2)
First generation (Section 3.2.1)

Needs high MOI to achieve reliable reporter activation

Misses late steps in life cycle thus cumbersome two-step protocols are needed to capture all stages
Requires generation of a stable cell line or choice of cells with a high transfection efficiency

Second generation

(Section 3.2.2) transferrable to other virus strains

Reporter virus generation requires an efficient reverse genetics system and knowledge of packaging signals, thus not easily

Requires a complementing cell line for missing viral function if a multi-cycle assay is desired

Third generation (Section 3.2.3)
transferrable to other virus strains

Reporter virus generation requires an efficient reverse genetics system and knowledge of packaging signals, thus not easily

Size of reporter gene is limited which constrains the choice of reporter

Reporter virus may be attenuated
Assays for specific viral stages
(Section 3.3)
Indirect readouts (Section 3.4)

Measures effect on only one aspect of the viral life-cycle, so will miss hits which act at a different stage

More likely to produce false positives as the readout is an indirect effect of virus replication

Restrictions on cell types that are amenable to the readout

Cell-free assay (Section 4)
Biochemical assays (Section 4.1)
May require highly purified proteins
Highly specific for the chosen target

Hits require validation in a cell-based assay
Requires structural information on the target

In silico assays (Section 4.2)
Highly specific for the chosen target

Hits require validation in a cell-based assay

Requires extensive prior knowledge of the role of the target in virus growth

3.2. Development of reporter assays for direct measurements of
influenza virus infection

The majority of cell-based high-throughput screens that assess
influenza virus replication have used cytopathic effect (CPE) as the
readout, which is essentially a measure of virus-induced cell death.
This indirect measurement of virus growth will be discussed in
more detail in Section 3.4, but assays that provide a direct mea-
surement of a viral product are easier to interpret and less likely
to yield false positives or false negatives. The measurement of
neuraminidase activity in the supernatant of infected cells has
been used successfully as a screen assay and is amenable to multi-
ple subtypes of influenza A virus as well as influenza B virus
(Eichelberger et al., 2008; Gerritz et al., 2011). Immunostaining
for viral antigens followed by high-content imaging is another di-
rect approach that has been employed in RNAI screens for influ-
enza, using antibodies either for HA or NP (Brass et al., 2009;
Chin and Brass, 2013; Karlas et al., 2010; Prusty et al., 2011). The
downside to this method is the expense of reagents and the extra
time needed for the staining procedure. Where possible, the latest
screening assays are trying to take advantage of the ease and speed
of luminescent and fluorescent reporters and the next sections will
focus on these developments in the influenza field.

3.2.1. First generation: influenza virus-activated reporter

This reporter assay is based on the established mini-genome
system for influenza virus, which is used to monitor the transcrip-
tion and replication steps of the viral life-cycle (Luytjes et al., 1989;
Seong and Brownlee, 1992). A reporter gene such as firefly lucifer-
ase is cloned in the reverse orientation and complementary sense
between the 5 and 3’ non-coding regions of one of the viral RNA
segments. This cassette is inserted into a plasmid between a hu-
man RNA pol I promoter and either a pol I terminator sequence
or a hepatitis delta ribozyme sequence (Fig. 2A). When transfected

into human cells the cellular RNA pol I produces a transcript off the
plasmid that is unmodified on both 5’ and 3’ ends, thus faithfully
mimicking a viral RNA segment. The incoming viral polymerase
machinery (PB1, PB2, PA and NP) delivered by influenza virus
infection recognizes the non-coding regions on the reporter tran-
script and initiates both replication and mRNA transcription,
resulting in expression of the reporter protein. Luciferase activity
can be measured in cell lysates using commercial substrates and
the resulting signal is detected and quantified on a luminometer.
Fluorescent reporters, such as green fluorescent protein (GFP),
are also amenable to easy detection by fluorescence microscopy
or FACS analysis. Stable cell lines that carry the influenza reporter
have been generated successfully and the assay has been shown to
provide a rapid and sensitive measurement of virus replication that
is capable of detecting the inhibitory effects of antiviral com-
pounds and antibodies (Lutz et al., 2005). As such, the assay has
been used in high-throughput screens for the purposes of identify-
ing small molecules with antiviral activity (Hoffmann et al., 2011,
2008; Zhang et al., 2012) and also for identifying critical host genes
in RNAi screens (Karlas et al., 2010; Prusty et al., 2011; Shapira
et al., 2009).

When the reporter is activated by the incoming polymerase fol-
lowing virus infection it allows for the capture of all steps from the
point of virus attachment through to viral gene (or reporter)
expression. Due to the fact that a high MOI is usually necessary
to activate the reporter in a reproducible manner, the HTS assay
is run under single-cycle conditions and will therefore be biased
for inhibitors of viral entry and replication steps (Table 1). How-
ever, in the case of the RNAIi screens the assay has been used to
quantify the production of virus from cells impacted by the RNAI,
i.e. in lieu of an infectivity assay (Karlas et al., 2010; Prusty et al.,
2011; Shapira et al., 2009). Briefly, target cells are treated with siR-
NAs and infected with influenza virus. The supernatants from these
cells, containing progeny virus, are transferred to cells containing
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WILD TYPE
HELPER VIRUS

PPOLI reporter
plasmid

REPORTER-ENCODING
VIRUS

packaging packaging
signal signal

RECOMBINANT SEGMENT 4
(substitutes HA)

REPLICATION-COMPETENT
REPORTER-ENCODING
VIRUS

packaging splice site

RECOMBINANT SEGMENT 8
(chimeric NS1-reporter)

packaging
signal ‘mutated 28 signal

Fig. 2. Three generations of HTS reporter assays for influenza virus infections. (A) Influenza virus-activated reporter. Cells are transfected with a plasmid that will generate a
virus-like RNA, which encodes a reporter gene under control of the viral polymerase regulatory sequences. Infection with a helper, wild-type influenza virus delivers the viral
polymerase, which drives expression of the reporter. As the reporter plasmid will not spread together with the helper virus, this system can only be used for single-cycle
assays (unless using modified procedures as discussed in Section 3.2.1). (B) Reporter-encoding influenza virus. A recombinant virus in which the HA coding region has been
substituted with a reporter gene while maintaining the required packaging signals for the HA segment. This virus cannot undergo multi-cycle replication unless HA is
supplied in trans (e.g. using an HA-expressing cell line that pseudotypes the viral particle, as depicted in red on the virus schematic). Therefore wild-type cells can support
single-cycle replication of this virus, but a HA-complementing cell line is required for multi-cycle assays. (C) Replication-competent reporter-encoding influenza virus. This
virus contains an NS segment that has been engineered to express a reporter while maintaining expression of the viral products, NS1 and NEP. The wild-type splicing
mechanism has been disrupted to allow for bicistronic expression of a chimeric, functional NS1-reporter fusion protein and a full length, wild-type NEP protein. This third
generation of reporter influenza virus, with their full set of genes, is replication competent and can be used for multi-cycle assays without the need of for specialized cells.

the influenza reporter gene and activation of the reporter is reflec-
tive of the amount (or infectivity) of the progeny virus produced in
the presence of each siRNA. When used in this context, all steps of
the influenza life-cycle are captured but the two-step process is
obviously more cumbersome (Table 1).

3.2.2. Second generation: reporter-encoding influenza virus

The generation of an influenza virus that encodes a reporter
gene is preferable to virus activation of an exogenous reporter as
the assay is less sensitive to non-specific signals. For a long time
this development was hindered by the segmented nature of the
genome and the inability to stably incorporate additional open
reading frames (ORFs) into the influenza virus genome. The realiza-
tion that each viral segment possesses unique signals on its 5" and
3’ ends that ensure specific packaging of that segment into progeny
virions opened the door to the generation of reporter viruses
(Marsh et al., 2007; Watanabe et al., 2003). By incorporating these
packaging signals onto the ends of the reporter construct it is pos-
sible to retain the recombinant segment over multiple virus pas-

sages. However, one problem remains in that packaging of the
reporter segment will compete with packaging of the viral segment
that contains the same packaging sequences. And as all eight viral
segments are necessary to make an infectious influenza virus, a
strategy must be used that allows for complementation of the
missing viral function. Such an approach has been used for two
influenza RNAi screens. In Hao et al. (2008)) the authors replaced
the NA coding region with that of Renilla luciferase and retained
the NA packaging signals. They also replaced the HA ORF with that
of the G-protein of vesicular stomatitis virus (VSV), while retaining
the HA packaging signals. The presence of VSV-G allows the recom-
binant virus to infect Drosophila cells, which was their model sys-
tem for the RNAI screen, and because this virus no longer relies on
the HA-sialic acid interaction for attachment, it does not require
the neuraminidase activity of NA. Clearly there are disadvantages
to this system as the recombinant influenza virus now lacks both
major glycoproteins, yet it is the first report of a luciferase-express-
ing virus that is suitable for use in HTS assays. Konig et al. used an-
other variation of this approach for their RNAi screen assay (Konig
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et al.,, 2010). They generated a recombinant influenza virus where
the HA ORF was replaced with Renilla luciferase but retained the
HA packaging signals on the ends (Fig. 2B). The virus must be
grown in a cell-line that stably expresses HA to complement the
loss of the viral segment encoding HA. In these cells, the virus
can undergo multi-cycle replication and this assay has been used
to screen small-molecule libraries for identification of influenza
antiviral compounds (Bottini et al., 2012). If the screen assay in-
volves infection of non-HA expressing cells, as was done for the
RNAI screen (Konig et al., 2010), only single-cycle replication is
possible (Fig. 2B). Thus the need to engineer specialized cells in or-
der to recapitulate the full influenza virus replication cycle is a
restriction when using this recombinant virus (Table 1).

A related approach that requires complementation of two por-
tions of GFP to reconstitute fluorescence has also been described
and may be adaptable to a high-throughput screen assay. In this
split GFP system, the PB2 ORF is fused to residues 215-230 of
GFP, followed by the 5’ PB2 packaging signal (Avilov et al., 2012).
This recombinant PB2-GFP11 virus grows to similar titers as
wild-type virus. When it is used to infect cells expressing the
remaining portion of GFP (residues 1-214), GFP fluorescence can
be visualized and corresponds with the expression and localization
of the PB2 protein, thereby providing a means to easily monitor
viral gene expression.

3.2.3. Third generation: replication-competent reporter-encoding
influenza virus

The hurdle in developing influenza reporter viruses has been
the generation of a virus that does not require engineered cells
to achieve multi-cycle growth and therefore more accurately mim-
ics a wild-type influenza virus. Two recent approaches have suc-
ceeded in this regard. The first strategy involves the re-
engineering of segment 8 of influenza A virus which normally ex-
presses the NS1 protein from an unspliced transcript and the NEP
protein from an overlapping spliced transcript. The GFP ORF was
fused to the C-terminus of NS1 and, to maintain expression of
NEP, the splice acceptor site was removed and the NEP ORF was
duplicated after GFP (Manicassamy et al., 2010; Perez et al.,
2013) (Fig. 2C). The sequence encoding the 19-residue self-cleaving
2A peptide from porcine teschovirus-1 was inserted between the
GFP and NEP ORFs in order to separate NEP from NS1-GFP. The
resultant PR8/NS1-GFP virus shows slightly attenuated growth
properties compared to wild-type PR8 virus under multi-cycle con-
ditions (possibly due to the longer segment 8) but it stably incor-
porates the recombinant segment and the NS1-GFP fusion
protein is fully functional (Manicassamy et al., 2010). Most impor-
tantly, it does not require any specialized cells for growth. Further-
more, the PR8/NS1-GFP virus retains the ability to infect mice and
the GFP signal allows for easy visualization of virus infection in vivo
(Manicassamy et al., 2010).

In the second strategy an influenza virus encoding Gaussia lucif-
erase (GLuc) on its PB2 segment was generated (Heaton et al.,
2013). The GLuc ORF was inserted after the PB2 ORF, which con-
tained a mutated packaging signal on its 3’ end. A functional PB2
packaging signal was then repeated on the 3’ end of the GLuc
ORF. The self-cleaving 2A peptide from foot and mouth disease
virus was inserted between PB2 and GLuc so that they would be
co-translationally cleaved into separate proteins. Normally GLuc
is a secreted protein, which may not be ideal for certain applica-
tions, so the authors also added an ER retention signal (KDEL) at
the C-terminus of GLuc. Cells infected with the PR8-GLuc virus ex-
press GLuc intracellularly and the signal is shown to increase over
time with a low multiplicity infection, indicative of multi-cycle
replication (Heaton et al., 2013). Thus, GLuc activity in cell lysates
can be used as an easy readout of viral gene expression in any cell
susceptible to influenza virus infection. As with the PR8/NS1-GFP

virus, the PR8-GLuc virus can also be used to monitor influenza
virus infection in an animal model (Heaton et al., 2013), with the
advantage that whole animal bioluminescent imaging is more sen-
sitive than fluorescent imaging and allows for non-invasive, real-
time visualization of the course of virus infection in individual
animals.

Through better knowledge and understanding of the constraints
of the influenza virus genome, most importantly the identification
of packaging signals, it has become possible to engineer replica-
tion-competent influenza viruses that stably incorporate a reporter
gene. While there are still limitations to the size of reporter that
can be accommodated (Table 1), the two examples above demon-
strate feasibility and the numerous potential applications, includ-
ing their use in cell-based HTS assays for antiviral discovery.

3.3. Cell-based HTS assays for specific stages of the influenza virus life-
cycle

The influenza virus life-cycle can be divided into three distinct
stages, each of which can be targeted by small molecule inhibitors:
entry (attachment and fusion), replication (transcription, transla-
tion, and replication), and egress (virion formation, budding and
release) (Fig. 3). In addition to assays that cover either the first half
of the life-cycle or the entire life-cycle (as described in Section 3.2)
(Fig. 3), there are several cell-based assays that focus on the spe-
cific stages of entry, replication and egress. Cell-based assays, while
relatively time consuming and constrained by cytotoxicity (Ta-
ble 1), do offer advantages in selecting for small molecules that
are membrane permeable, stable, and functional in a cellular envi-
ronment. Assays specific to certain stages have value as secondary
assays for characterization of hits from primary screens (which tar-
get viral replication more broadly), however they may also be used
as primary screen assays if inhibitors of a specific step are being
sought (Table 1). For the latter, the advantage of a more focused
screen is that downstream efforts to determine mechanism of ac-
tion are more efficient and this ultimately decreases the time from
hit identification to drug development phase.

3.3.1. Viral entry

Two excellent cell-based assays have been established for the
study of influenza entry and are adaptable for high-throughput
screening. The first is a replication deficient HIV-based pseudo-
typed particle assay, which mimics influenza virus entry mediated
by the HA glycoprotein. These particles are generated by transfec-
tion of producer cells with plasmids encoding: (i) a replication
deficient HIV provirus expressing a reporter gene, (ii) HIV Gag-
Pol, (iii) influenza virus HA, and (iv) influenza virus NA. The M2
protein can be included for maximal downstream transduction of
target cells. Infection of target cells with these pseudo-typed parti-
cles occurs through HA-mediated attachment and fusion and re-
sults in the delivery of the provirus and replication machinery,
which drives expression of the reporter gene. Various reporters
such as GFP, beta-Gal (Ao et al., 2008), or luciferase (Wang et al.,
2009) can be used and all are amenable to high-throughput screen-
ing. A second option available for screening entry inhibitors is an
influenza virus-like particle (VLP) assay (Tscherne and Garcia-Sas-
tre, 2011). Typically, expression of the HA, NA, and M1 matrix pro-
tein alone are sufficient for the budding of VLPs from producer
cells. Because these VLPs do not contain any genetic material, the
matrix protein was fused to a beta-lactamase (Bla) reporter protein
as a readout with sufficient sensitivity for screening. Upon HA-
mediated entry into the cytoplasm of a target cell, this M1-Bla re-
porter is released from the VLP into the cytoplasm. The beta-lacta-
mase activity of the released M1-Bla can then be detected by the
commercially available FRET substrate CCF2. Cleavage of the sub-
strate by M1-Bla leads to a shift in emission fluorescence from
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Fig. 3. Three stages of the influenza virus life-cycle and their detection by different reporter assays. First-, second- and third-generation reporters can all detect viral entry and
replication stages within the infected cell. The final stage, viral egress, can only be detected in the context of multi-cycle assays by using replication competent viruses; either
second-generation reporter viruses used together with complementing cell lines or the third-generation of replication competent reporter viruses.

520 nM to 447 nM, easily detectable on a fluorometric plate reader.
These two systems offer simple, robust assays for detecting inhib-
itors of the membrane binding and fusion steps of influenza virus
entry in a high-throughput manner, with each offering distinct
advantages. The HIV pseudo-typed system uses a less expensive
and more sensitive readout (e.g. luciferase), while the M1-Bla VLPs
do not rely on gene expression and so do not suffer from potential
false positives arising from inhibition of the replication machinery.

3.3.2. Viral replication

Viral replication is a critically important stage of the influenza
life-cycle for which there are no currently approved antiviral drugs.
The influenza mini-genome assay has been the gold standard for
the study of viral replication for many years and has recently been
employed in secondary screening (Su et al., 2010). The mini-gen-
ome assay functions through a luciferase reporter gene as de-
scribed in Section 3.2.1, but rather than having the polymerase
machinery provided by viral infection, PB1, PB2, PA and NP expres-
sion plasmids are co-transfected to drive the reporter. Therefore,
only the transcription/replication process is reconstituted in this
mini-genome assay and an inhibitor of entry will not be detected,
as is the case when viral infection drives the system. Additionally, a
new cell line has been generated which stably expresses VRNA-
GFP, PB1, PB2, PA, and NP to constitutively express a reporter VRNP
complex, which removes the need for transfection (Ozawa et al.,
2013). This should improve the efficiency and reproducibility of fu-
ture screens using the influenza mini-genome system.

A more targeted approach for discovery of replication inhibitors
would be to screen for small molecules that interrupt protein-pro-
tein interactions which are critical to viral transcription/replication
(Ghanem et al., 2007). Two assays have been developed, based on
similar split-reporter systems, for detection of inhibitors of specific
viral protein-protein interactions. Firstly, Bimolecular Fluores-
cence Complementation (BiFC) has been established as a technique
for detection of protein interactions within cells and has recently
been used to characterize the PA-PB2 interaction in influenza virus
infection (Hemerka et al., 2009). BiFC is based on the principle that,
when split into two halves, fluorescent proteins (GFP or one of its
derivatives) will lose their fluorescent properties. If these two
halves are brought within close proximity via a set of conjugated
interacting proteins, fluorescence is restored. A screen for inhibi-
tors would then detect the disruption of this interaction and sub-
sequent decrease in fluorescence. BiFC has the added benefit of
being able to track the localization of an interaction within live
cells, which can be visualized in a high-throughput manner using
a high-content imager. Using similar principles, a new split-Renilla
luciferase reporter system has been developed in the study of the
PA-PB1 interaction (Deng et al., 2011). In this case, the paired
interacting proteins reinstate luciferase activity and any inhibitors
of the PA-PB1 interaction would be detected as a reduction in
luciferase signal. Although the Renilla luciferase system cannot be
used for localization studies as described for BiFC, luciferase does
generally offer a more sensitive readout and therefore should pro-
duce a more robust screen in a high-throughput environment. It
should also be noted that these split-reporter systems are not
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limited to the two viral protein interactions discussed here, and
relevant viral-cellular or cellular-cellular protein interactions
should be considered as viable screening targets.

3.3.3. Viral egress

Although influenza virus egress is the primary target of the ap-
proved neuraminidase inhibitors, there are no current cell-based
assays specifically designed to detect inhibitors of this process in
a HTS format. Despite this, there are several assays available as
candidates to be repurposed for HTS viral egress assays. A well-
known requirement for virion formation is RNP export from the
nucleus (where replication occurs) to the cytoplasm (reviewed in
(Palese and Shaw, 2007)). Therefore a screen could be developed
that would track the translocation of NP by visualizing a NP-GFP
fusion construct (Ketha and Atreya, 2008) transfected in the pres-
ence or absence of viral infection. An inhibitor that causes aberrant
localization could then be detected using a high-content imager.
An alternative approach would be to track endogenous NP during
infection by immunostaining with a fluorescent-labeled antibody
at time points corresponding to the nuclear and cytoplasmic
phases of NP localization and then quantifying the ratio of nuclear:
cytoplasmic NP (Alamares-Sapuay et al., 2013).

Similarly, a less influenza specific assay is available utilizing a
construct containing GFP fused to a generic Nuclear Localization
Signal (NLS) and Nuclear Export Signal (NES) (Abkallo et al.,
2011). Although this could be employed as described, one could
envision altering this construct to contain the NLS of influenza
virus NP and the NES of the Nuclear Export Protein (NEP) for great-
er specificity. Another candidate for a HTS to study late-stage viral
egress would be a VLP budding assay. In this case the HA, NA, and
M1 proteins can be expressed in human cells for efficient budding
of VLPs containing the viral glycoproteins. Inhibitors such as osel-
tamivir have already been proven to block the release of a similar
pseudo-typed particle system expressing HA and NA (Ao et al,,
2008). HTS-appropriate readouts for such an assay include testing
the supernatant with a commercial neuraminidase activity kit (NA-
Star) (Eichelberger et al., 2008) or, if using Bla-M1 VLPs as dis-
cussed in the viral entry section, quantifying beta-lactamase
activity.

3.4. Indirect measurements of influenza virus infection

Some cell-based assays rely on measuring the effects of virus
replication on the cell, rather than direct detection of virus. The
advantage to such assays is that wild-type virus can be used, so
there is more flexibility in the choice of virus strain, however these
readouts are more likely to yield false positives (hits unrelated to
virus growth) and there may be restrictions on the cell types that
are amenable to the readout (Table 1).

3.4.1. Cytopathic effect

Cytopathic effect (CPE) can be used as a measure of influenza
virus infection and was in fact considered the gold standard in
influenza virus antiviral screens before the development of the di-
rect methods described above. In its simplest form the cell mono-
layer is stained with crystal violet or neutral red (Sidwell and
Smee, 2000) and lack of staining is indicative of virus-induced
CPE or cell death. Some stains can more selectively differentiate
between viable and non-viable cells through dye exclusion at the
cell membrane (Propidium iodide, Evans blue, trypan blue or Ethi-
dium homodimers) while others rely on enzymatic functions of
viable cells (fluorescein diacetate, resazurin or MTT and XTT) (Kepp
et al., 2011). Of these, MTT-based assays in particular have been
used to screen for influenza virus inhibitors (Hsu et al., 2012;
Kao et al., 2010). Many of these stains are particularly well suited
to flow cytometry which can be scaled for high-throughput

applications, making screening of beyond 100,000 samples per
day possible (Kuckuck et al., 2001). Advances in computational im-
age processing make it possible to track the fate of individual cells
using fluorescence microscopy and common stains such as Hoechst
33342 and DAPL In these systems, nuclear counts are used as a
readout for cell viability and the method is easily amenable to
high-throughput purposes (Kepp et al., 2011).

Cellular metabolism is also used as a measure of viability, with
the most obvious example being the detection of cellular ATP using
a luminescence-based assay. CellTiter-Glo® from Promega is a
well-established commercial solution that has been widely used
for influenza HTS assays (Maddry et al., 2011; Noah et al., 2007;
Severson et al., 2008) and other cell biology applications. A visible
measure of CPE is the rounding up and detachment of cells in cul-
ture and this too can be used to measure cell death. Microelec-
trodes that measure surface impedance across the well surface
are used to track cell viability in real time. This method is simpler
as it does not employ stains or dyes, however it is sensitive to
changes in cell morphology and loses sensitivity when the cells be-
come confluent. The technique allows real-time measurements to
be taken, facilitating temporal tracking of cell death (Solly et al,,
2004).

3.4.2. Interferon induction

A classic indirect readout for viral infection of a host cell is type-
I(a/B) interferon (IFN) production. IFN-o/B is induced by all viruses
and has broad and potent antiviral activity through induction of
the PKR and RNase L pathways, as well as many other Interferon
Stimulated Genes (ISGs) (reviewed in (Takaoka and Yanai, 2006)).
These properties have led to recombinant IFN being used as an
antiviral treatment for decades (reviewed in (George et al,
2012)). There have also been attempts to use synthetic IFN-induc-
ers, such as poly I:C, as antiviral therapy (Field et al., 1971). More
recently, small-molecule screens have been performed to identify
compounds that stimulate either IFN production or ISG expression
(Bedard et al., 2012; Martinez-Gil et al., 2012; Patel et al., 2012).
For monitoring IFN production, the assay used a cell line stably
transfected with a firefly luciferase reporter driven by the IFN-beta
promoter, and hits were selected based on an increase in luciferase
signal (Martinez-Gil et al., 2012). A general induction of IFN in this
manner may lead to undesirable side effects similar to those expe-
rienced with exogenous IFN treatments. One strategy for avoiding
this issue is to screen for compounds that specifically stimulate I[FN
only in infected cells to limit widespread IFN toxicity. Influenza
virus infection typically does not induce a strong IFN-o/B response
due to the actions of its NS1 protein (reviewed in (Ehrhardt et al.,
2010)), therefore if an inhibitor increases IFN production in the
presence of influenza virus it can be indicative of dysregulation
of viral anti-IFN functions. Successful screens and subsequent sec-
ondary characterization from this laboratory have shown that
induction of IFN by a small molecule in a virus dependent manner
is possible and that NS1 does not need to be the direct target of the
inhibitor to show this effect ((Ortigoza et al., 2012) and K. White,
unpublished). It should also be noted that the IFN induction from
these compounds may not be the primary cause of viral inhibition
in vitro, but may augment the antiviral effect in an in vivo context.

4. Cell-free assays for viral proteins
4.1. Biochemical assays

Cell-free biochemical assays for drug discovery come with the
benefits of shorter duration, the absence of toxicity issues, simpler
experimental conditions (there is no need for sterile technique, for
example) and amenability to HTS and automation. For these
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reasons cell-free systems have often been the starting point in
drug-screening projects, however not all biological activities can
be studied in this way.

4.1.1. Assays for enzymatic viral functions

Studying enzymatic function in a cell-free biochemical format is
generally the simplest approach. The biochemical measurement of
any particular viral enzymatic function often correlates with viral
fitness. Influenza virus has eight single-stranded, negative sense
RNA segments, which each encode one, two or three viral proteins.
Of these viral proteins, only PB1, PA, NA and M2 have a confirmed
enzymatic function. However, other influenza virus proteins, for
example HA, PB2 and NS1, have specific binding activities that
are also subject to inhibition.

When the current M2 inhibitors (amantadine and rimantadine)
were discovered, their mode of action was unknown. Due to the
emergence of resistance, the CDC no longer recommends these
drugs for clinical use and thus the need for novel drugs in this class
has grown and new M2 inhibitors are being sought. The patch-
clamp technique is the gold standard for assessing ion channel
activity, however the technique is labor intensive, slow and expen-
sive and has thus had limited use in screening assays. Novel solid-
supported membrane (SSM) technologies have simplified the tech-
nique, and have subsequently allowed for suitable scaling to a HTS
platform for influenza A virus M2 inhibitors (Balannik et al., 2010);
SSM was shown to be efficient and reliable when compared to con-
ventional methods. It has been observed that expression of M2 in
yeast is toxic, resulting in decreased growth kinetics. Furthermore,
this effect is rescued by the addition of amantadine. These findings
were exploited in an assay for novel M2 inhibitors, which uses the
rescue of yeast growth by an M2 inhibitor as a readout for the effi-
cacy of that inhibitor (Kurtz et al., 1995; Stevens et al., 2006b).

The existing neuraminidase inhibitors (NAls) were developed
using a combination of rational drug design and in silico optimiza-
tion. Numerous assays for measuring the activity of NAIs exist and
are amenable to HTS. There are chemiluminescent and fluores-
cence based assays available, which use either a 1,2-dioxetane
derivative or methyl umbelliferone N-acetyl neuraminic acid
(MUNANA) as substrates (Buxton et al., 2000; Potier et al., 1979),
and several commercial systems are available (QFlu™ from Cellex
and the NA-Fluor Influenza NA Assay and NA-Star® Influenza NA
Inhibitor Resistance Detection Kits from Applied Biosystems).
While these have typically been used to screen clinical samples
for NAI resistance, a 96-well format has been developed for drug
screening, which uses recombinant baculovirus-expressed NA
(Kongkamnerd et al., 2012). Lawn based methods have potential
for massive scale-up, as the platform makes use of continuous bio-
logical test matrices (such as agarose gel) onto which the enzyme
under study (NA) is attached. The compound array is imposed
through the action of compound delivery (for example, on coated
beads), then a substrate gel (using the chemiluminescent or fluo-
rescent technologies described) is overlaid and the resulting reac-
tion is recorded using an imager (Marron and Jayawickreme, 2003).

The polymerase complex, consisting of PB1, PB2 and PA, has
been studied extensively in order to elucidate the functions of
the various subunits. The PB1 subunit is responsible for the RNA
replicase functionality, PB2 has cap-binding activity and so func-
tions to recruit the cellular mRNA primer used in viral transcrip-
tion, and the endonuclease activity of PA serves to cleave the
RNA primer from host mRNA. Furthermore, non-covalent interac-
tions between these subunits are crucial for polymerase activity.
Lastly, the binding of the polymerase complex with NP and the
nascent VRNA segments plays a role in nuclear export, cellular traf-
ficking and viral packaging of the segments. These many and varied
functions present a suite of potential targets for drug development,

however a lack of reagents (specifically the lack of full length re-
combinant proteins) and methods has been a barrier to progress.

An assay to measure the enzymatic activity of influenza poly-
merase using purified RNP complexes has been developed (Hooker
et al., 2001), although examples of its use in drug discovery could
not be found. Purified polymerase complexes expressed in insect
cells using baculovirus expression vectors have been shown to syn-
thesize short stretches of VRNA and cRNA in vitro (Newcomb et al.,
2009) and this could be extended to a scintillation proximity assay
(SPA) (Glickman et al., 2008; Sidwell and Smee, 2000) to examine
replication initiation, which is suitable for high-throughput screen-
ing. An HTS-ready fluorescence polarization assay was developed
using the purified recombinant N-terminal of PA to screen for
endonuclease inhibitors, although this assay only detects inhibi-
tors that prevent pre-mRNA from binding in the active site of PA,
not cleavage of the pre-mRNA (Baughman et al., 2012; Kepp
et al.,, 2011). Noble et al. (2012)) developed a FRET assay using
full-length PA purified from insect cells, which they suggest will
be more biologically relevant for the endonuclease function of
PA. This system has been used to characterize the substrate
requirements of PA endonuclease and has been proposed as a po-
tential drug-screening tool. A radiometric cap-dependent endonu-
clease activity assay (Dias et al., 2009; Kuckuck et al., 2001) and an
electrophoretic endonuclease assay (Iwai et al., 2010; Solly et al.,
2004) have also been described, however these are more suitable
for characterization rather than screening. At this point, there are
no systems in place to probe cap recognition and binding or RNA
extension.

There are crystal structures for fragments of the polymerase
complex (reviewed in (Kepp et al., 2011; Resa-Infante et al.,
2011; Ruigrok et al., 2010)), however it remains unclear how these
subunits form the functional polymerase and interact with host
proteins. Recent findings have elucidated more on the macro struc-
ture of the RNP complex involving the NP protein (Arranz et al.,
2012; Balannik et al., 2010; Moeller et al., 2012). However more
detailed structure and function information on the polymerase
complex itself would significantly advance the search for polymer-
ase inhibitors.

4.1.2. Assays for non-enzymatic viral functions

Several influenza virus proteins bear no enzymatic function but
are still vital components of the viral life-cycle. Many of these act
through protein-protein interactions, either with components of
the virus or host machinery. HA, NS1 and NP are such proteins.

The HA protein on the viral surface is responsible for cell-sur-
face receptor binding and (in a distinct step) viral fusion. Glycan
microarrays have been used to define receptor specificity and
may be employed to screen for binding inhibitors (Kurtz et al.,
1995; Stevens et al., 2006a,b). The first use of fluorescence polari-
zation to study HA came in 1992 and used a fluorescent a-sialoside
that could bind to HA. Molecules that could out-compete o-sialo-
side for binding to HA at the glycan-binding site would change
the fluorescence intensity or polarization of emitted light (Kong-
kamnerd et al., 2012; Weinhold and Knowles, 1992). However
the affinity of HA for these sialosides is low and presented a hurdle
in the application of these assays. In a recent advancement, novel
fluorescent nanoparticles consisting of quantum dots with sialylat-
ed N-glycan chains present a feasible option for the screening of
influenza attachment inhibitors in FP-type high-throughput assays
(Marron and Jayawickreme, 2003; Okamatsu et al., 2013). Surface
plasmon resonance (SPR) has been shown to be amenable to HTS
(Piliarik et al., 2005) and in 1996, SPR was used to probe the inter-
action between HA and its receptor (Palese and Shaw, 2007;
Takemoto et al., 1996), while more recently it has been used to
screen for RNA aptamers that bind HA (Hooker et al., 2001; Misono
and Kumar, 2005). The fusion process is mediated by a pH
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dependent conformational change in HA, and this process also
serves as a potential drug target in the viral life-cycle. Calorimetry
has been employed to monitor specific events of viral fusion (Nebel
et al,, 1995) however this assay does not seem amenable to HTS.

The NS1 protein has several functions, most crucial of which is
modulation of the host innate immune response in which double
stranded RNA (dsRNA) binding by NS1 plays a major role (Hale
et al., 2008). The key residues involved in RNA binding (Donelan
et al,, 2003; Pan et al., 2011) have been identified, and several con-
served sites that could serve as drug targets to block this effect
have been identified (Darapaneni et al., 2009). The RNA-binding
domain has been affinity-purified from bacteria for use in HTS. A
radioisotope FlashPlate® assay has been developed to measure
NS1-RNA binding, wherein the amount of radiolabelled RNA
bound to recombinant NS1 (which is fixed to the plate) is mea-
sured (Maroto et al., 2008). A FP assay for NS1-RNA binding has
also been used (You et al., 2011). Based on the finding that NS1
expression in yeast is toxic and that this effect can be mapped to
the C-terminal NLS and the N-terminal RNA binding domain (Ward
et al., 1994), the Engel group devised an assay to screen for NS1
inhibitors wherein yeast cells would recover their normal growth
characteristic if NS1 activity was inhibited (Basu et al., 2009).

The NP protein is an important viral structural protein that
binds non-specifically to viral RNA forming the viral ribonucleo-
protein (RNP) complex (Portela and Digard, 2002). Photo-cross-
linked chemical arrays have been used with some success to detect
NP inhibitors. A library of small molecules is cross-linked to a glass
slide and a solution of red fluorescent protein (RFP)-fused NP is
used to probe for binding ability. Following washing, prospective
hits are detected by fluorescent imaging and software analysis.
One of the reports describing the antiviral activity of nucleozin
used this assay (Hagiwara et al., 2010). This approach is not specific
for NP and can be adapted to screen for inhibitors against various
proteins so long as a readout is possible (i.e. a fluorescent fusion
protein or perhaps immunofluorescence based detection) (Kanoh
et al., 2006). In another assay to screen for NP inhibitors, the inher-
ent fluorescence of the tryptophan residues in NP is quenched
upon drug binding (Hung et al., 2012), which holds potential as a
high-throughput screen for novel NP inhibitors.

4.1.3. Assays for host proteins involved in the influenza life-cycle

While there are no drugs currently targeting influenza virus
host factors, one can presume that as these factors are elucidated
and validated the need for assays to screen for small molecules
to inhibit these interactions will emerge. TMPRSS, a serine prote-
ase, was found to be crucial for influenza replication (Bottcher
et al.,, 2006) and Meyer et al. (2013) developed an in vitro assay
to screen for inhibitors of recombinant TMPRSS using fluorogenic
and chromogenic substrates. Several putative inhibitors were
found, and some of these were confirmed in viral replication as-
says, so this study provides proof of concept that targeting host
factors may lead to the discovery of novel small molecules that in-
hibit influenza virus.

4.2. In silico studies

In silico refers to scientific discoveries that are made using com-
puter simulation instead of biological studies. As computer tech-
nology and processing power have increased in recent years, the
scale at which these types of projects can be applied has also in-
creased massively. A distinct advantage of in silico study is the low-
er cost, however hits still require biological validation before they
are fully accepted. In silico experiments generally go hand-in-hand
with advances in structural biology because without accurate

structural information for the influenza virus proteins there could
be no such study (Table 1).

In a drug development context, in silico studies can be used to (i)
screen a library for compounds using molecular docking tech-
niques (virtual screening), (ii) rationally design novel drugs and
analogues of existing drugs based on knowledge of protein interac-
tions or their active sites, and (iii) investigate the mode of action of
a drug or study drug-resistant mutants.

There is extensive structural knowledge for full-length HA, NA
(reviewed in (Gamblin and Skehel, 2010)) and NP (Ng et al,,
2008; Ye et al., 2006), while structural information for the remain-
ing influenza proteins is more limited. The structure of the trans-
membrane region of the M2 protein is well understood, however
the external region has not been resolved (Pielak and Chou,
2011). The drug-binding sites of M2 are in this transmembrane re-
gion, and provide models for the mechanisms of drug activity and
resistance (Cross et al., 2012). Similarly, only structures of select
domains of other influenza proteins are know: the N- and C-ter-
mini of PB1, the cap-binding site of PB2, the N- and C-termini of
PA (reviewed in (Resa-Infante et al., 2011; Ruigrok et al., 2010))
and the N-terminal region of M1 (Arzt et al., 2001; Harris et al,,
2001; Sha and Luo, 1997). There is a single full structure of NS1
(Bornholdt and Prasad, 2008), with many complementary struc-
tures of the N-terminal RNA-binding domain and the effector do-
main (reviewed by (Hale et al., 2008)). There are no structures
available for PB1-F2 at present. Complementing some of these par-
tial structures, 3D structures of the polymerase holoenzyme (Colo-
ma et al., 2009; Martin-Benito et al., 2001) and the viral RNP have
been generated by electron microscopy (Area et al., 2004; Moeller
et al., 2012; Torreira et al., 2007). Virtual screening of a library of
compounds has been carried out for HA (Li et al., 2011; Tang
et al., 2010), NA (Durrant and McCammon, 2010), M2 (Li et al.,
2011; Lin et al, 2011), NP (Fedichev et al., 2011; Shen et al,,
2011) and the PB1-PA interaction (Muratore et al., 2012).

Rational drug design was perhaps most successfully employed
in the case of NA inhibitors zanamivir and oseltamivir. It was
known that sialic acid derivatives could bind and inhibit NA,
although their efficacy was too low. When the structure of the
NA protein became available, a rational approach was used to gen-
erate sialic acid derivatives, which resulted in the eventual devel-
opment of these two drugs (reviewed in (von Itzstein, 2007)).
This has been tried for the other influenza proteins too, such as dis-
ruption of the NP-NP interaction by a rationally designed peptide
that binds at the protein-protein interface (Shen et al., 2011), or
the rational design of small molecules against the RNA-binding
groove of NP (Fedichev et al., 2011). Examples exist for other influ-
enza proteins as well (reviewed in (Du et al., 2012)). The residues
lining the pore of the M2 protein have been shown to be critical
for pH dependent proton shuttling (Sharma et al., 2010), and thus
these residues present an attractive target for rational drug design
that has not yet been explored.

Structural information about protein-protein or protein-small
molecule interactions may also lead to rational design strategies
for inhibitors. A co-crystal structure of the inhibitor TBHQ and
the HA protein found the binding site to be in a pre-fusion trimeric
interface of HA, which stabilizes the pre-fusion conformation and
thus inhibits viral fusion (Russell et al., 2008). This opens the door
to rational design of other fusion inhibitors that may target this re-
gion. Another example is that of the PB1-PA interaction, in which
partial structures of PA reveal a “dragon-like head” with a mouth
into which the N-terminal of PB1 inserts (He et al., 2008; Obayashi
et al., 2008). This structure was used as the basis for an in silico
screen to identify small molecules that potentially disrupt the
PB1-PA interaction (Muratore et al., 2012).
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5. Summary

As described above, there have been significant advances in the
development of tools for influenza virus HTS assays in recent years.
In particular, the generation of recombinant, reporter-expressing
viruses that are replication competent allows for the design of
cell-based assays that capture all stages of the virus life-cycle. With
these viruses there is greater flexibility in the choice of cells for the
assay, so together this provides increased potential for identifying
inhibitors of both viral and cellular functions that are critical for
optimal virus replication. A screen performed with this type of as-
say must be supported by secondary assays (some of which may
also be HTS-compatible) that assist in categorizing the primary
screen hits. This may involve cell-based assays such as those de-
scribed in Section 3.3, which can be used to identify the stage of
the virus life-cycle that is being affected by the inhibitor. Once
the target is known, more specific assays such as those described
in Section 4 can be employed to investigate the precise mechanism
of action and to explore options for optimizing the compound-tar-
get interaction.

It is also advisable to determine the breadth of antiviral activity
across multiple influenza viruses (or even non-influenza viruses) at
an early stage. It is not uncommon for small molecules to show
specificity for the virus strain used in the primary screen, which
is perhaps less interesting from a drug-development perspective,
and can be due to a single amino acid difference. Currently, the
majority of influenza screens tend to use common laboratory
strains due to the availability of reagents and established reverse
genetics systems for these viruses. The generation of reporter
viruses in backgrounds covering different influenza virus subtypes
or viruses more representative of recent human strains, such that
broader spectrum inhibitors can be quickly identified, is definitely
an area to explore in the future. Also, we may begin to perform as-
says that have more than one readout. For example, an assay with a
direct readout of viral gene expression could be combined with an
assay using an indirect readout (CPE or interferon induction). In
this way we may be able to capture small molecules whose actions
probe the relationship between virus replication and the cellular
response. As more tools are developed, the options for exploring
the influenza virus-host relationship under HTS settings will likely
expand and we can expect this to support new discoveries in the
basic research arena as well as drug discovery efforts.
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