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A cell-based luminescence assay is effective for high-throughput
screening of potential influenza antivirals
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bstract

The spread of highly pathogenic avian influenza across geographical and species barriers underscores the increasing need for novel antivirals
o compliment vaccination and existing antiviral therapies. Identification of new antiviral lead compounds depends on robust primary assays for
igh-throughput screening (HTS) of large compound libraries. We have developed a cell-based screen for potential influenza antivirals that measures
he cytopathic effect (CPE) induced by influenza virus (A/Udorn/72, H3N2) infection in Madin Darby canine kidney (MDCK) cells using the
uminescent-based CellTiter Glo system. This 72 h assay is validated for HTS in 384-well plates and performs more consistently and reliably than

ethods using neutral red, with Z values > 0.8, signal-to-background > 30 and signal-to-noise > 10. In a blinded pilot screen (n = 10,781) at 10 �M

oncentration, four compounds (with previously demonstrated efficacy against influenza) inhibited viral-induced CPE by >50%, with EC50/CC50

alues comparable to those determined by other cell-based assays, thereby validating this assay accuracy and ability to simultaneously evaluate
ompound cellular availability and/or toxicity. This assay is translatable for screening against other influenza strains, such as avian flu, and may
acilitate identification of antivirals for other viruses that induce CPE, such as West Nile or Dengue.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Influenza (Orthomyxoviridae) viruses cause acute respiratory
istress commonly known as “flu”. Influenza A and B subtype
iruses infect humans, resulting in approximately 36,000 deaths
n the United States annually (Ford and Grabenstein, 2006), the
ast majority of which occur in individuals who are over the age
f 65 and/or have underlying heart, lung, or kidney disease,
r diseases that result in immuno-suppression. These annual
pidemics have a large economic impact, costing more than
billion dollars in direct costs, and 11 billion dollars includ-

ng indirect costs, per year in the United States alone (Cinti,
005). Influenza A viruses, which also infect a wide number
f avian and mammalian species, are responsible for periodic

idespread epidemics and pandemics, the most devastating of
hich occurred in 1918 and caused an estimated 20–40 million
eaths worldwide, with a substantial number of deaths in ages

∗ Corresponding author. Tel.: +1 205 581 2804; fax: +1 205 581 2627.
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0–40 (Oxford et al., 2003). Because of the emergence in 1997 of
vian influenza viruses that are directly transmittable to humans,
reparations are being made for an potential epidemic, with a
redicted 3–7-fold increase in the hospitalization and mortality
ate and at least a 20-fold increase in economic impact in the
nited States alone (Cinti, 2005). Should a pandemic occur, the

ffect would be many times more devastating in regions of the
orld where the health care system is not comparably advanced

Cinti, 2005).
Vaccination remains the principle means for controlling

nfluenza, but prophylactic and therapeutic antiviral drugs for
nfluenza are widely available. However, their overwhelming
se coupled with the recombination potential of the influenza
enome has resulted in virus strains with high levels of resis-
ance to some of these (amantadine and derivatives), making
hem unsuitable for continued use (Bright et al., 2006). Oth-
rs (oseltamivir, zanamivir) are currently effective (Mungall et

l., 2003) but more frequent use of these has the potential to
apidly promote resistance in new virus strains (Kiso et al., 2004;
egoes and Bonhoeffer, 2006) (an increasingly disturbing sce-
ario observed in the case of avian influenza (de Jong et al.,

mailto:j.noah@sri.org
dx.doi.org/10.1016/j.antiviral.2006.07.006
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005; Gupta and Nguyen-Van-Tam, 2006)). In silico screen-
ng has proven effective in identifying compounds with specific
ntiviral properties (Fornabaio et al., 2003; von Itzstein et al.,
993), and many secondary (mechanistic) assays have been pro-
osed for influenza antiviral screening, including in vitro assays
or M2 ion channel function (Giffin et al., 1995), cap recognition
Hooker et al., 2003), polymerase endonucleolytic (Tomassini et
l., 1994) and transcription activities (Lee et al., 2003), and neu-
aminidase activity (Tai et al., 1998). However, these are limited
n large-scale screening efforts because of the difficulty of assay
daptation for high-throughput screening (HTS), the narrowness
f target specificity, and the lack of inherent toxicity indicators.
he identification rate of novel, effective antiviral drugs for use
s influenza prophylactics and therapies would be increased by
he development of primary HTS assays able to test broad classes
f compounds against multiple targets simultaneously.

A key experimental advantage of a cell-based primary screen-
ng antiviral assay is the ability to simultaneously screen broad
lasses of compounds against the functions of multiple viral
argets, as well as for toxicity (Westby et al., 2005) in HTS for-
at. The growing use of cell-based HTS assays is balanced by

he technical challenges in developing robust, large-scale sys-
ems, i.e., the labor intensive production of large quantities of
ells and the inherent variability of assay performance due to
ifferences in cell passage number and handling (Digan et al.,
005). Nonetheless, cell-based reporter assays against specific
argets have been frequently used as screening tools for drug dis-
overy and compound library evaluation, in combination with
igh-throughput formats designed to acquire maximum data
n minimal time (Digan et al., 2005). Cell-based systems are
lso routinely used to determine viral titer, virulence, and more
ecently, for generation of recombinant viruses (Noah et al.,
003). A cell-based system that involves multiple viral infec-
ion and replication cycles is ideal for identifying compounds
hat affect each stage of the virus life cycle provided that reli-
ble assay endpoint procedures are established. Cell death, or
he cytopathic effect (CPE) induced by viral infection, is a
ell-documented and frequently exploited determinant for viral
ropagation in lytic viruses, but one which requires a reliable
ethod for measuring CPE (McCoy and Wang, 2005).
Here, we describe a high-throughput cell-based assay that

easures the influenza virus-induced CPE in Madin Darby
anine kidney (MDCK) cells using luminescence measured
y CellTiter Glo® Luminescent Cell Viability Kit (Promega)
Schwarz et al., 2004). This 72 h assay is adapted to 384-
ell plates and exhibits high Z and Z′ values (the Z value is
statistical parameter used in HTS screening to evaluate and

alidate performance and robustness of assays (Zhang et al.,
999)), and high signal-to-background (S/B) and signal-to-noise
S/N) ratios. It was validated by screening 10,781 compounds
or efficacy against influenza infection, and previously reported
nfluenza inhibitors were blindly identified in duplicate screens
nd confirmed by secondary dose–response and toxicity assays.

s an in vitro primary screen, this assay can identify promising

ead compounds affecting any of the crucial influenza viral tar-
ets while simultaneously determining global issues that may
ffect compound efficacy (e.g. compound exclusion from the
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ell and/or toxicity). The method is also applicable for other
nfluenza strains, such as avian flu, and is a simple, highly effec-
ive, and timely addition to the tools for investigating influenza
train susceptibility and virulence. It may also be used in assays
o explore other viruses that induce CPE, such as West Nile,
engue, and HIV.

. Materials and methods

.1. Influenza virus culture

Influenza strain A/Udorn/72 was generated using a reverse
enetics system (Noah et al., 2003; Takeda et al., 2002). The
upernatant from transfected MDCK cells was used to infect

fresh MDCK cell field, and a single plaque was selected
nd resuspended in serum-free Dulbecco’s modified Eagle’s
edium (DMEM, Invitrogen, Carlsbad, CA) containing 1%

ovine serum albumin (BSA, Invitrogen 15260-037, Fraction
) (Noah et al., 2003). The plaque-purified virus was used

o innoculate 10-day embryonated chicken eggs (SPF grade,
harles River Laboratories, Wilmington, MA) (Noah et al.,
003). After inoculation, infected eggs were incubated for an
dditional 2 days and then placed at 4 ◦C overnight to terminate
he embryo. The following day the egg allantoic fluid was recov-
red (5–10 ml/egg), solid debris was removed by centrifugation,
nd the fluid was aliquoted and stored below −70 ◦C for use in
ssay development and validation.

.2. Cell culture

Madin Darby canine kidney (MDCK) cells were obtained
rom American Type Culture Collection (Manassas, VA, CCL-
4, passage 55) and cultured in Eagle minimum essential
edium (MEM, Invitrogen) with 2 mM l-glutamine and Earle’s
SS adjusted to contain 1.5 g/l sodium bicarbonate, 0.1 mM
on-essential amino acids, and 1.0 mM sodium pyruvate, with
0% fetal bovine serum. Cells used for the assay develop-
ent and validation were not used past passage 72. The cells
ere grown to 90% confluency, trypsinized, and recovered. The

rypsin was neutralized with cell culture media (above). The cells
ere centrifuged, washed twice with phosphate-buffered saline

PBS), then resuspended at 3 × 105 cells/ml in assay media
DMEM, without phenol red) containing 4.5 g/l glucose, supple-
ented with 4 mM l-glutamine, 100 U/ml penicillin, 100 �g/ml

treptomycin, 1% BSA, which was used for all subsequent assay
evelopment and validation. The acid and base forms of phenol
ed absorb at 440 and 560 nm, respectively (Otto et al., 2005),
hich can potentially interfere with neutral red absorbance
uantitation (540/405 nm), and was therefore omitted during
ssay development. Finally, cells were plated by automation
Matrix WellMate, Hudson, NH) and incubated at 37 ◦/5.0%
O2 for 24 h prior to compound and/or virus addition.
.3. Plaque assays

Viral titer and multiplicity of infection (MOI) values were
stablished by plaque assays (performed as per (Noah et al.,
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003)). Briefly, 60 mm dishes containing confluent MDCK cell
onolayers were infected with serially diluted egg allantoic fluid

irus stock culture (prepared as in Section 2.1), incubated for 1 h
o allow for virus adsorption, washed, rinsed once with PBS, then
verlaid with 1× DMEM containing N-acetyl trypsin (Sigma,
t. Louis, MA, 2.5 �g/ml) and 1% agarose. The cultures were

ncubated at 37 ◦C/5% CO2 for 72 h, after which the agarose
as removed, the cells were fixed with 4% paraformaldehyde

nd stained with crystal violet. Plaques were counted to estab-
ish plaque-forming units/ml (PFU/ml) in the virus stock egg
llantoic fluid.

.4. Establishment of cultured influenza virus TCID50

The TCID50 (50% tissue culture infectious dose, the virus
tock dilution that induces CPE in 50% of the cells at endpoint)
as established by serially diluting the allantoic fluid stock virus
y 1/2 log dilutions onto cells in 96-well microplates, using a
odified procedure adapted from (McCown and Pekosz, 2005).
ells were plated as above (3 × 105 cells/ml, 50 �l of cells/well).
4 h after plating, 50 �l of N-acetyl trypsin (5 �g/ml, diluted in
ssay media) were added to each plate well. Amplified influenza
irus in egg allantoic fluid was diluted 100-fold in assay media
ontaining 2.5 �g/ml N-acetyl trypsin, then added to the first
olumn of the plate and successively serially diluted across the
emaining plate columns. Fresh pipette tips were used for each
ilution to avoid virus carry over to subsequent columns, and the
ells in the last plate column were left uninfected as controls. The
lates were incubated at 37 ◦C/5.0% CO2 for 72 h. Afterward,
ach plate was equilibrated to room temperature (∼25 ◦C) for
0 min, followed by addition of 100 �l of CellTiter Glo (Schwarz
t al., 2004) reagent (Promega, Madison, WI) to each well. Plates
ere gently shaken on a plate shaker for 2 min, incubated for an

dditional 10 min at room temperature, then immediately ana-
yzed in an Envision plate reader (Perkin-Elmer, Wellesley, MA)
ith a luminescence mirror (#2100-4040) and filter (#2100-
180). Alternatively, plates were analyzed by using neutral red,
s per (Smee et al., 2002), and absorbance at 540 and 405 nm
as determined on the Envision reader. Three replicate plates
ere analyzed; individual plates were averaged, following by

veraging values of the three replicates to establish the TCID50.
he TCID50 corresponded to a 106-fold dilution of the allantoic
uid virus stock. To induce CPE in 99% of the plated cells, a
irus dose of 100 TCID50s was used in all subsequent experi-
ents (corresponding to a 1:10,000 dilution of virus stock), and

his dilution was adjusted linearly from the 100 �l volume in a
6-well plate well to a 30 �l volume in a 384-well plate well.
he same virus stock was used throughout the assay develop-
ent and validation.

.5. Compound handling

A proprietary 10,781 compound library (Southern Research

nstitute, Birmingham, AL) was used for HTS assay validation.
ompounds (stored in 100% dimethyl sulfoxide (DMSO)) were
iluted into assay media (prepared as above) by automation and
dded to the plates in 5 �l volumes using a Biomek FX liquid

(
t
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andler (Beckman Coulter, Fullerton, CA). The final compound
oncentration used in primary screening was 10 �M, with a final
MSO concentration of 0.5%.

.6. Assay conditions

Cells (3 × 105 cells/ml, 20 �l/well) were plated in 384-well
lates (as above) and incubated at 37 ◦C/5.0% CO2 for 24 h prior
o drug addition to allow the cells to adhere to and form a mono-
ayer on the bottom of the well. Five microliters of each test
ompound (diluted in assay media for a final plate well concen-
ration of 10 �M) were added to the plates (one compound per
ell), for a final plate well DMSO concentration of 0.5%. Within
0 min of compound addition, 5 �l of diluted virus (100 TCID50
oses, diluted from amplified virus stock in egg allantoic fluid
nto assay media containing 15 �g/ml of N-acetyl trypsin, for a
nal virus stock dilution of 1:10,000 and a final N-acetyl trypsin
oncentration of 2.5 �g/ml) were added by automation (Matrix
ellMate) to the required plate wells, which corresponds to

n MOI of 0.005 PFU/cell (based on initial cell plating density
f 6000 cells/well). The final assay volume was 30 �l/well in
384-well plate. Plates were incubated at 37 ◦C/5.0% CO2 for
2 h then allowed to equilibrate to room temperature for 30 min.
fterward, 30 �l of CellTiter Glo reagent was added to each
late well, and the plates were incubated at room temperature
or 10–30 min before being read by luminescence detection as
bove (Envision, Perkin-Elmer, Wellesley, MA). The stability
f relative luminescence values was determined as >3 h.

.7. Influenza inhibitors

Ribavirin (#196066, MP Biomedicals, Solon, OH) and
seltamivir carboxylate (synthesized at Southern Research Insti-
ute) were tested as influenza inhibitors. Cells (3 × 105 cells/ml,
0 �l/well) were plated in 384-well plates (as above) and
ncubated at 37 ◦C/5.0% CO2 for 24 h prior to drug addition.
he drugs were two-fold serially diluted in assay media, with
nal well concentrations ranging from 0.8 to 420 �M (0.1

o 100 �g/ml, ribavirin) or 0.1 to 20 �M (0.03 to 6 �g/�l,
seltamivir carboxylate). Five microliters of each drug serial
ilution were added by automation (Biomek FX) to the cells
n designated plate wells, with a final DMSO concentration in
ach well of 0.5%. Immediately following drug addition, 5 �l
f virus (100 TCID50s in assay media containing 15 �g/ml N-
cetyl trypsin) was added to each well (by Matrix Wellmate),
or a final virus stock dilution of 1:10,000 and a final N-acetyl
rypsin concentration of 2.5 �g/ml. The EC50 value (the effec-
ive drug concentration which reduces viral-induced CPE by
0%) for each inhibitor was determined at 24, 48, and 72 h post-
nfection. Sixteen replicates were performed on each plate, and
riplicate plates were assayed for each timepoint.

.8. Secondary confirmation assays
Dose–response (with virus) and compound toxicity assays
without virus) were performed on identified hits for confirma-
ion of compound efficacy against influenza virus-induced CPE
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stored in DMSO, which at higher concentrations (>1%) has
been shown to dramatically affect both membrane permeability
(Irvine et al., 1999) and influenza virus budding (Hui and Nayak,

Fig. 1. Determination of endpoint reagent range of detection and assay range.
Increasing amounts of MDCK cells (in a constant volume of 30 �l/well) were
plated in a 384-well microtiter plate, and an equal volume of the endpoint
reagent CellTiter Glo (Schwarz et al., 2004) was added to the cells immedi-
ately post-plating to determine the linear range of detection for cell viability
determination. The line graph shows that the linear range of detection extends
J.W. Noah et al. / Antivir

nd for EC50 and CC50 (drug concentration that is cytotoxic
o 50% of the cells) establishment. The assay was done simi-
arly to the primary assay conditions detailed above in Section
.6, with the following exceptions: for dose–response assays
he compound drugs were added to assay media by two-fold
erial dilutions, and then added to the plate wells for a final well
ompound concentration ranging from 60 to 0.1 �M and a final
MSO concentration ≤1%.

.9. Data acquisition and analysis

Raw data was imported to Activity Base Data Manage-
ent software (IDBS, Alameda, CA) for determination of
, Z′, S/B, S/N, and percent inhibition for assayed com-
ounds. Compounds showing greater than 30% inhibition of
iral-induced CPE were considered “hits” and tested in sec-
ndary confirmation assays (as above). Statistical calculations
ere made as follows: Z = 1 − ((3σc + 3σv)/|μc − μv|), where
c is the mean cell control signal, σc the standard deviation
f the cell control signal, μv the mean virus control signal,
nd σv is the standard deviation of the virus control signal.
′ = 1 − ((3σd + 3σv)/|μd − μv|), where μd is the mean ribavirin
ontrol signal, σd is the standard deviation of the ribavirin con-
rol signal. Signal-to-background (S/B, fold increase) = μc/μv.
ignal-to-noise (S/N) = (μc − μv)/((σc)2 + (σv)2)1/2 (Ghosh et
l., 2005; Zhang et al., 1999). Each assay validation step was per-
ormed in triplicate with the exception of the validation screens
f 10,781 compounds, and dose–response and toxicity screens,
hich were performed in duplicate.

. Results

.1. Assay development

We developed and validated an in vitro cell-based assay for
igh-throughput screening of diverse compound libraries for
fficacy against influenza virus. During assay development, we
efined optimum endpoint (CPE) detection method, optimum
lating density, assay DMSO tolerance, optimum MOI, equiv-
lency to other established CPE detection methods (neutral red
ptake assay) and positive control drug choice. HTS validation
ncluded establishment of the coefficient of variation (CV) and
values, S/B, S/N, edge and liquid handling effects, and reagent

nd read stability, and was completed by duplicate screening of
10,781 compound library. Each development step was per-

ormed in triplicate, and validation steps were performed in
uplicate unless otherwise noted.

To measure viability of influenza-infected cells in cell cul-
ure, we employed the commercially available CellTiter-Glo
uminescent Cell Viability Kit. Determination of cell viabil-

ty is based on quantitation of adenosine triphosphate (ATP)
s an indicator of metabolically active cells. The procedure
nvolves adding the single reagent (a combination of detergent

nd luciferase-based enzyme) directly to previously cultured
ells, resulting in cell lysis and the production of a biolumines-
ent signal proportional to the amount of ATP present (Schwarz
t al., 2004), with the caveat that compounds that inhibit both

b
e
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t
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uciferase and influenza replication will inherently give a nega-
ive signal. Initially, we determined the range of detection using

DCK cells in a 384-well plate well (assayed immediately
ost-plating) by assaying increasing amounts of MDCK cells
o 384-plate wells in a constant volume (30 �l), followed by
ddition of an equal volume of CellTiter Glo reagent. Fig. 1
line graph) shows that the range of detection from 600 up
o 20,000 cells/well is linear, in good agreement with previ-
us reports (Larson et al., 2004). Based on this, we chose an
lating cell density of 6000 cells/well, then subsequently deter-
ined whether uninfected MDCK cells plated at this density

ontinue to grow in assay media (containing 2.5 �g/ml N-acetyl
rypsin) and if so, whether the maximum luminescence signal at
6 h post-plating (which corresponds to 72 h post-infection, the
xpected HTS assay endpoint time) was within established linear
ange of detection. Fig. 1 (gray shading) also shows the assay
ange of luminescence signal (corresponding to increase cell
iability) assayed at 0–96 h post-plating in assay media. Max-
mum luminescence signal was observed at 72 h post-plating
data not shown), at which time the cells were visually confirmed
o be >95% confluent in the well. Only a moderate increase in
ignal (5–7%) was observed beyond this time. These findings
ndicate that although MDCK cells still grow in assay media
with a doubling time ∼48 h, which is likely due to the substitu-
ion of fractionated bovine serum albumin (BSA) for fetal calf
erum during the assay), the maximum cell density and resulting
uminescent (viability) signal at assay endpoint falls within the
xperimental linear range of detection.

For large-scale screening, compound libraries are generally
eyond 20,000 cells/well. Error bars indicate the range of values from triplicate
xperiments. Gray shading indicates the assay range by determining the lumi-
escent signal (and relative cell viability) immediately post-plating (0 h, plated
t 6000 cells/well), and at 96 h post-plating (72 h post-infection, assay endpoint
ime). Assay conditions are within the linear range of detection.
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001) in MDCK cells. To determine the effects of DMSO on
ell viability and virus-induced CPE, we added DMSO to cells
n increasing 0.1% increments, from 0 to 3% final DMSO con-
entration. After 72 h, the cells tolerated DMSO concentrations
p to 2% without significant decline in total luminescence signal
data not shown). Virus-induced CPE was moderately affected,
ith ∼4% cell viability observed below 1% DMSO versus ∼8%

ell viability above 1% DMSO, for virus-infected cells (data not
hown). Based on these data, subsequent assay conditions were
esigned to keep the DMSO concentration below 0.5% during
rimary screening and below 1% during dose–response confir-
ation to prevent solvent toxicity.
It was essential for optimum assay sensitivity to establish

he multiplicity of infection (MOI) required for >99% CPE in
he MDCK cells at endpoint (72 h post-infection). A low MOI
or multiple cycles of viral replication has been previously used
or influenza-CPE assays (Smee et al., 2002) and is required to
dentify compounds that inhibit any stage of the virus life cycle.
ypical MOI values for multiple-cycle replication assays range
rom 0.001 to 0.005 (Noah et al., 2003), with maximum virus
roduction between 24 and 48 h, after which the detachment and
resumed death of the remaining cells causes a slight decline in
irus titer (Noah et al., 2003). We initially used serial dilutions
f the allantoic fluid virus stock in plaque assays to establish the
umber of plaque-forming units/ml (PFU/ml), and established
he viral titer in the stock (∼107 PFU/ml, data not shown). Sub-
equently, we determined by two different methods (neutral red
bsorbance and CellTiter Glo luminescence) the amount of virus
tock needed to reduce cell viability by 50% (tissue culture infec-
ious dose 50%, or TCID50) at 72 h post-infection in 96-well
lates. Fig. 2A shows the TCID50 plot of cell viability versus
ncreasing concentration of added viral stock determined both
y neutral red assay and CellTiter Glo assay. By both deter-
inations the TCID50 corresponded to a 106-fold dilution of

irus stock allantoic fluid, indicating that, in this assay system,

ellTiter Glo reagent is as accurate for MDCK cell CPE determi-
ations as neutral red. By correlating this value with the results of
he plaque assay, the TCID50 equaled 0.3 PFU/6000 cells (based
n initial cell plating density), for an MOI of 5 × 10−5 PFU/cell.

t
t
4
p

ig. 2. Influenza strain A/Udorn/72 TCID50 and detection window vs. time. Panel A s
oint) of the cultured virus stock (influenza virus strain A/Udorn/72 in egg allantoic fl
eutral red uptake (squares) and CellTiter Glo (diamonds). The corresponding virus
irus stock. In panel A, CC indicates the uninfected cell control. Panel B shows %
etermined by neutral red uptake (white bars) and CellTiter Glo (gray bars). One hun
.005 PFU/cell. S/B values determined by each assay method are indicated for each t
search 73 (2007) 50–59

o ensure CPE in 99% of the plated cells, a virus dose of 100
CID50s was used in all subsequent experiments (100 TCID50s,
OI = 0.005 PFU/cell, which corresponding to a 1:10,000 dilu-

ion of virus stock), and this dose was adjusted linearly from
he 100 �l volume in a 96-well plate well to a 30 �l volume
n a 384-well plate well. Using this virus MOI, we determined
he assay window of detection (S/B) using both neutral red and
ellTiter Glo. Fig. 2B shows the progression of viral-induced
PE in MDCK cells determined at 24 h intervals, and lists the
alculated S/B corresponding to each endpoint method and time
oint. Using CellTiter Glo, we observed the greatest increase in
PE between 24 h (cell viability = 88%) and 48 h (cell viabil-

ty = 14%) post-infection. At 72 h post-infection, cell viability
as determined to be 0.9%. The neutral red endpoint method
etermined similar 24 h (cell viability = 96%), 48 h (cell viabil-
ty = 21%), and 72 h (cell viability = 1.1%) values. These find-
ngs indicate both the equivalency to and the greater ease of use
f the CellTiter Glo detection method over neutral red.

.2. Positive control drug EC50 values

Next, we assessed positive inhibition control drugs for assay
erformance by establishing the EC50 values for two docu-
ented influenza antivirals: ribavirin (Sidwell et al., 2005) and

seltamivir carboxylate (Tai et al., 1998). Compounds were two-
old serially diluted in assay media then added to the plated
ells, followed by immediate addition of influenza virus. At
4 h intervals, triplicate 384-well plates for each drug were
ssayed with CellTiter Glo and luminescence values were read.
ig. 3A and B show the dose–response curves versus influenza
or ribavirin and oseltamivir carboxylate, respectively, at 24,
8, and 72 h post-infection, in which the % infected cell viabil-
ty values were compared to those of uninfected cells and each
ime point was graphed against drug concentration. Twenty-four
ours post-infection, EC50 values were indeterminate due to

he lack of viral-induced CPE. Forty-eight hours post-infection,
he EC50 values of ribavirin and oseltamivir carboxylate were
1 �M (10 �g/ml) and 1 �M (0.3 �g/ml), respectively and 72 h
ost-infection, those values were 66 �M (16 �g/ml) and 4 �M

hows that a ∼106-fold dilution (intersection of curves and the 50% cell viability
uid) caused CPE in 50% of cells when determined 72 h post-infection by both

titer of the stock was 107 PFU/ml, determined by plaque assays of the cultured
cell viability vs. time for influenza-infected MDCK cells in assay media, as

dred TCID50’s were added to each plate well, which corresponds to an MOI of
imepoint. In panel B, error bars indicate the range from triplicate experiments.
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Fig. 3. Dose–response of positive control drugs. Two drugs effective against H3N2 influenza strains (Sidwell et al., 2005; Tai et al., 1998) were evaluated in
dose–response experiments for EC50 stability, and cell toxicity. Increasing concentrations of ribavirin (0.8–420 �M; 0.2–100 �g/ml) (A) and oseltamivir carboxylate
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averaged control well values from each plate, and B shows the
hit correlation of duplicate screens, plotted using compounds in
either screen that inhibited CPE by more than 30%. Overall, we
observed an average 0.14–0.19% hit rate for compounds that

Table 1
Summary of the influenza antiviral HTS assay validation

Screen 1 Screen 2

n 10781 10781
Za,b 0.80 ± 0.06 0.66 ± 0.07
Z′a,b 0.61 ± 0.02 0.69 ± 0.01
S/Ba,b 36 ± 6.5 42 ± 9.4
S/Na,b 19 ± 5.3 9.9 ± 1.9
Primary screen ≥30% hit ratea,c 0.14% (n = 15) 0.19% (n = 20)
≥30% hit rate correlation coefficientd 0.60 P = <0.005
Primary screen ≥50% hit ratea,c 0.07% (n = 8) 0.07% (n = 8)
≥50% hit rate correlation coefficientd 0.88 P = <0.005

Dose–response confirmation of ≥50% hit rate 88%.
a Values for Z, Z′, S/B, S/N, and primary screen hit rates are averaged from

duplicate screens of thirty-eight 384-well plates each. Standard deviations are
given as ± values.
0.05–20 �M; 0.03–6 �g/ml) (B) were added to MDCK cells, followed by vir
squares), and 72 h (triangles) post-infection. The EC50 is determined as the po
ach panel, error bars indicate the range from triplicate plates.

1.2 �g/ml). Previously reported EC50 values for oseltamivir car-
oxylate (Smee et al., 2001) and ribavirin (Sidwell et al., 2005)
assayed with neutral red and an H3N2 influenza virus strain)
ange from 0.01 to 0.5 �M for oseltamivir carboxylate and 2.7
o 5.5 �g/ml (11 to 23 �M) for ribavirin. Both ranges are within
hree-fold of values reported here, with the difference most
ikely due to virus strain-dependent variation in drug suscepti-
ility. However, ribavirin also showed toxicity above ∼100 �M
25 �g/ml). Again, for the significant observed increase in S/B
t 48 h versus 72 h post-infection, we standardized the assay
ndpoint time at 72 h. Toxicity notwithstanding and combined
ith the advantages of commercial availability and economy,
e also chose ribavirin as the positive control drug for primary

creening, at a concentration of 164 �M (40 �g/ml).

.3. HTS adaptation and validation

After assay optimization at the bench level, our next steps
ere adaptation to an HTS format, appraisal of the robustness,

nd final validation by screening a 10,781 compound library.
nitial strategies focused on developing and validating auto-
ated liquid handling methods for the reproduction of the bench

evel methods. This was followed by monitoring the intra- and
nter-run variability of the assay (determined by the Z-factor
Zhang et al., 1999)) by running three Z-plates on three sepa-
ate days, for a total of nine plates. In a separate experiment,
e verified reagent stability (virus stability in assay media was
6 h) by running three Z-plates on the same day (estimated 6 h,
atch size), measured at 1 h intervals (data not shown). Simul-
aneously, we evaluated the read stability of the CellTiter Glo
eagent (tested as >3 h) by reading the same set of plates at hour
ntervals (data not shown). Additional HTS variables included

onitoring plate coefficient of variations (average CV of posi-
ive cell controls <10%), S/B (>30) and S/N (>10) values, and

oderating-edge effects due to evaporation (<10% variation in

uminescence values in edge wells). Continued assay quality
ssessment included well-to-well, plate-to-plate and day-to-day
eproducibility, as evaluated by the historical mean-of-signal
cells only) and mean-of-background (cells + virus) values (see

C

t

ition (100 TCID50s). CellTiter Glo reagent was added 24 h (diamonds), 48 h
which the drug titration curve intersects with the 50% cell viability mark. In

ig. 4A). The HTS influenza assay was validated by duplicate
creening of a proprietary library containing 10,781 compounds
n single-dose format, followed by dose–response confirmation
f compounds that reduced CPE by >50% in the single-dose
creen.

Table 1 shows the hit rate and dose–response confirmation
ate for duplicate screens of the 10,781 compound library. Z,
′, S/B, S/N, hit rates for compounds that inhibited CPE above
0% and 50%, and the correlation of hits from duplicate screens
re listed. A Pearson product moment correlation run on the
uplicate screens gave a correlation coefficient of 0.699 with
P value <0.005. The noise level for the screen, defined as

hree times the standard deviation of the % inhibition of all
he compounds, was 9.0%. Fig. 4A graphically illustrates the
eproducibility and signal window robustness derived from the
b Calculations for Z, Z′, S/B, and S/N are detailed in Section 2.9.
c Hit rate is based on the number of compounds that reduced viral-induced
PE by ≥30% or ≥50%, respectively, in a single screen.
d Correlation of compounds that reduced CPE by ≥30% or ≥50%, respec-

ively, in both screens.
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Fig. 4. Validation of primary screening and hit correlation. A library of 10,781 compounds was screened in duplicate to validate performance of the influenza HTS
assay. Panel A shows the averaged values (relative luminescence) for control wells in the 76 plates of the duplicate validation screens (plates 1–38 of the first replicate
screen are unshaded, and 39–76 of the second replicate screen are shaded). Points on the graph are indicated as wells containing MDCK cells only (diamonds cells),
wells containing cells infected with influenza virus (squares virus), and wells containing cells infected with influenza virus in the presence of 40 �g/ml ribavirin
(triangles drug). Statistical information for the duplicate screens can be found in Table 1. Panel B shows the abbreviated hit results for compound screening. The
scatter plot shows the % CPE inhibition of screened compounds observed in screen 1 plotted against that observed for the same compounds in screen 2. Compounds
that inhibited CPE by >30% in either replicate screen are shown as dots on the scatter plot. Hollow dots indicate compounds that were not confirmed by subsequent
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ose–response (DR) experiments. Gray dots indicate compounds that were confi
arge black dots indicate compounds that were confirmed in dose–response w
alue) for the entire compound set are indicated in Table 1.

nhibited CPE by >30%, with 62% correlation of hits between
eplicates. The hit rate for compounds that inhibited CPE by
50% (Fig. 4B, black dots) was 0.08%, with an 88% confir-
ation of hits by dose–response. Of the six unique compounds

n this category, one was oseltamivir carboxylate (as a double-

linded control), one was unconfirmed by dose–response, one
as carbocyclic cytidine, two were 6-azauridine derivatives, and
ne was a substituted pyrazine compound (T-705). These latter
our compounds have all previously been reported as effective

f
(
a
s

ig. 5. Dose–response confirmation of identified influenza inhibitors. A blind screen
our of these were confirmed by dose–response (circles), and were recognized as p
C50 values are shown for carbocyclic cytodine (Shannon et al., 1981) pyrrolo-(2,3)-

n parallel experiments, CC50 values (triangles) and selective indices (SI = CC50/EC5

rror bars indicate the range from triplicate experiments.
by dose–response but also exhibited cellular toxicity at higher concentrations.
inimal cellular toxicity. Correlation coefficients and statistical significance (P

nhibitors of influenza replication (Furuta et al., 2005; Shannon
t al., 1981; Smee et al., 2002), and their dose–response con-
rmation further validates the influenza assay sensitivity and
erformance. Fig. 5 shows the EC50, CC50 and calculated SI val-
es for these four antivirals. The previously reported EC50 values

or carbocyclic cytidine (2.5 �g/ml, or 11 �M), 6-azauridine
3.1 �M) and T-705 (1.0 �M) by neutral red absorbance assay
re in close agreement with the values reported using this assay
ystem, with exception of that of carbocyclic cytodine, which

of 10,781 compounds identified several that inhibited influenza-induced CPE.
reviously characterized inhibitors of influenza replication in cell culture. The
6-azauridine, 6-azauridine (Smee et al., 2002), and T-705 (Furuta et al., 2005).

0) were also determined, and are indicated for each compound. In each panel,
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as previously assayed by visual scoring of CPE (Shannon et al.,
981). Close examination of the curves shows that only T-705
Fig. 5) achieves an EC90 value (the effective drug concentration
hich prevents viral-induced CPE in 90% of the cells) rang-

ng from 7 to 35 �M in duplicate screens, while the other three
ompounds never reach the 90% effective range, most likely due
o the observed cellular toxicity of these compounds at higher
oncentrations. These results indicate that the HTS assay is com-
etent at accurately identifying both the efficacy and potential
oxicity of compounds.

. Discussion

This CPE-based HTS assay design was evaluated on three
ogistical criteria: (1) robustness with a high degree of repro-
ucibility and low deviation; (2) high sensitivity, low back-
round, and capable of evaluating a broad range of compounds;
3) adaptability for screening large compound libraries. The
reatest contribution to sensitivity and low background is the
ellTiter Glo endpoint reagent as a measure of cell viability.
his CPE determination method has a great advantage over the
eutral red uptake assay in that the single reagent addition pro-
ocol is easily adaptable to HTS. The choices of cell type and
irus strain were also critical considerations for assay robust-
ess accuracy, and reproducibility. Madin Darby canine kidney
MDCK) cells have been routinely used to culture influenza
or virulence testing, and their reaction to influenza infection,
ncluding their rapid and near complete cell death as a result,
as been well characterized not only in context as a viable
ost of influenza infection (Noah et al., 2003), but also as a
ommon model for studying cell growth regulation, metabolism
Horster and Stopp, 1986), and membrane permeability (Irvine
t al., 1999). In a 384-well format, MDCK cells have a reduced
rowth rate in assay media (doubling time ∼48 h), which may
ontribute to assay stability by decreasing artifacts induced by
apidly metabolizing cells (e.g. plating time windows and % con-
uency) (Fursov et al., 2005) and have been shown to be viable
or extended periods of time (>72 h) in serum-containing media
n up to 1% DMSO (Irvine et al., 1999). Higher DMSO concen-
rations (>1%) have been shown to specifically affect budding
f influenza virus by modulating membrane permeability (Hui
nd Nayak, 2001), thereby decreasing viral-induced CPE. We
bserved a high tolerance to DMSO in assay media, and the
ells survived in up to 2% DMSO for >72 h with only a two-fold
ecrease in viral-induced CPE at the same DMSO concentration.
his high MDCK cell DMSO tolerance provides an advantage
uring dose–response confirmation by allowing higher screen-
ng concentrations of compounds (and corresponding DMSO
olvent).

An appropriate influenza viral strain was another crucial
ssay component. To promote assay robustness and repro-
ucibility, strain A/Udorn/72 (H3N2) was chosen. Like MDCK
ells, this strain is also well characterized and has been exten-

ively used as a model for studying the functions of individual
iral components in cell culture (Takeda et al., 2002), and the
fficacy of vaccines in animals models (Ozaki et al., 2005).
ecause H3N2 strains have previously shown a higher drug

i
e
c
S

search 73 (2007) 50–59 57

ensitivity compared to H1N1 strains (Sidwell and Smee, 2000;
mee et al., 2001), their use may increase the chance of iden-

ifying inhibitors which may be less effective (and therefore
nrecognized) by other influenza strains. Also, the use of a
aboratory-adapted strain minimizes safety concerns when deal-
ng with the possibility of an HTS instrument malfunction, which

ay result in equipment contamination and require decontam-
nation. This combination of cell type and virus strain resulted
n a high degree of reproducibility and low deviation, while still

aintaining sensitivity (determined by sensitivity to both con-
rol drugs and identified inhibitors).

Two antivirals, oseltamivir carboxylate and ribavirin, were
valuated based on availability and assay performance, and
ibavirin was chosen as the assay positive inhibition control.
seltamivir carboxylate blocks the active site of the viral neu-

aminidase surface enzyme, thereby inhibiting both the cleavage
f sialic acid residues from oligosaccharide chains of cell sur-
ace receptors and the cleavage of these same residues from
iral proteins, which promotes virus aggregation and prevents
he release of virus progeny from infected cells (Tai et al., 1998).
ibavirin is a broad-spectrum antiviral compound reported to be
ctive in vivo against respiratory syncytial virus (RSV), human
mmuno-deficiency virus (HIV), hepatitis C virus (HCV), and
ther infectious agents, as well as during in vitro influenza infec-
ions (Sidwell et al., 2005), and is approved for human use as
n influenza antiviral therapy in Europe (Leophonte, 2005) and
s an HCV antiviral combination therapy in the United States
Bartlett, 2005). Its metabolite, ribavirin 5′-phosphate, inhibits
nosine monophosphate dehydrogenase (Markland et al., 2000),
hich may account for cytotoxicity at higher concentrations. It
as also been shown to act as a potent RNA virus mutagen in
oliovirus-infected cells (Crotty et al., 2000) and causes error
atastrophe in hantavirus (Severson et al., 2003), and has specif-
cally been shown to inhibit influenza virus RNA polymerase
Eriksson et al., 1977), possibly through a similar mechanism.
lthough oseltamivir carboxylate inhibited viral-induced CPE

>95%) and showed no toxicity at high concentrations, ribavirin
s also effective at non-toxic concentrations (80% CPE inhibition
t 164 �M (40 �g/ml)), inexpensive and commercially available,
he latter which are significant factors in large-scale screening
ndeavors.

Several points can be drawn from the validation screening of
he 10,781 compound library. Statistical values for assay perfor-

ance (Table 1) indicate that the assay is sufficiently robust and
eproducible for an HTS platform. Typically, a S/B value greater
han 5 is an adequate detection window, and the Z and Z′-factors
etween 0.5 and 1.0 are considered robust enough for an HTS
ssay (Zhang et al., 1999). This assay functions well as a primary
creen and also as a secondary method for investigating the tox-
city, biological availability, or metabolic interference of com-
ounds identified through influenza biochemical target-oriented
ssays. It is extremely stringent in its identification of influenza
nhibitors, as shown from the hit rate (0.08%) of compounds that

nhibited CPE by >50% (Table 1), but also extremely accurate,
videnced by the corresponding hit correlation, dose–response
onfirmation rates (100%), and evaluation of known antivirals.
everal assay modifications can be suggested (depending on
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he types of compounds screened) that may increase the hit
ate, including dosing at a higher compound concentration (i.e.
10 �M) and/or reducing the assay length from 72 to 48 h. The
ormer modification runs the risk of complications due to com-
ound toxicity while the latter significantly decreases the assay
indow of detection (by >5-fold, see Fig. 2B). An alteration in

he time of compound addition (pre- or post-virus addition) may
lso be valuable to determine whether compounds are effec-
ive against viral replication or prevention of viral entry into
ells. Finally, this assay is a timely addition to the arsenal of
ools available for screening against human influenza and avian
nfluenza strains in bio-containment. Using it, we have screened
500,000 compounds against human influenza and are continu-

ng at a rate ∼90,000 compounds/week. The assay can be readily
dapted for screening similar numbers of compounds against
ther influenza viruses, which requires re-establishment of the
CID50 for the corresponding MOI determination, optimal time
f endpoint determination, and measurement of control drug sus-
eptibility. For H5N1 viruses, an additional assay modification
ncludes the omission of N-acetyl trypsin from the assay media,
ue to the ability of exogenous proteases to cleave the hemagglu-
inin polypeptide. These methods are also directly adaptable for
ssays that test vaccine efficacy (microneutralization), or against
ther CPE-inducing viruses.

Here, a high-throughput, cell-based assay was developed, val-
dated and employed to screen for compounds effective against
nfluenza A virus in cell culture, using cell viability as the
ndpoint as determined by CellTiter Glo. The influenza strain
/Udorn/72 (H3N2) was used to induce CPE in MDCK cells

Noah et al., 2003), and ribavirin and oseltamivir carboxylate
ere evaluated as positive control inhibition drugs based on

ssay performance, cost, and commercial availability. EC50 val-
es for both drugs were similar to those established by different
ssay methods in previous reports (Sidwell et al., 2005; Tai et al.,
998). The HTS adapted assay performed consistently and accu-
ately, with a high secondary confirmation rate of primary screen
its. Four known inhibitors of influenza were blindly identified
nd verified by dose–response/toxicity secondary screening, and
TS assay established EC50 values were similar to those pre-
iously reported using other assay systems (Furuta et al., 2005;
hannon et al., 1981; Smee et al., 2002), therefore validating

his assay. This in vitro primary HTS assay, combined with
dditional secondary dose–response and follow-up biochemi-
al target assays, forms a comprehensive screening program for
dentifying virus strain and virus target susceptibility to novel,
otential influenza and avian influenza antivirals.
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