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Abstract

Antiviral high throughput screens remain a viable option for identifying novel target inhibitors. However, few antiviral screens have been
reduced to practice on an industrial scale. In this study, we describe an HIV-1 dual reporter assay that allows for the simultaneous evaluation of
the potential antiviral activities and cytotoxicities of compounds in a high throughput screen (HTS) format. We validate the assay with known
HIV-1 inhibitors and show that the antiviral and cytotoxic activities of compounds are reproducibly measured under screening conditions.
In addition, we show that the assay exhibits parameters (e.g., signal-to-background rafoseefficients) suitable for high throughout
screening. In a pilot screen, we demonstrate that non-specific or cytotoxic compounds represent a significant fraction of the hits identified in
an antiviral screen and that these false positives are identified and deprioritized by the HIV-1 dual reporter assay at the primary screening step.
We propose that the HIV-1 dual reporter assay represents a novel approach to HIV-1 antiviral screening that allows for the effective execution
of industrial scale HTS campaigns with significantly greater returns on resource investment when compared to previous methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction hibit some level of cross-resistance to other dugs within the
same class. To address this, several antiviral agents effective

Currently there are 24 drugs or combinations of drugs against HIV-1 variants resistant to the current drug classes are
approved for the treatment of HIV-1 infection that fall into under evaluation. In addition, antiviral compounds that target
one of four therapeutic classes: the nucleoside reverse tranother mechanisms, including HIV-1 integrase (IN) inhibitors
scriptase inhibitors (NRTIs), the non-nucleoside reverse tran- (Billich, 2003; Pais and Burke, 2092 gp120/CD4 inhibitor
scriptase inhibitors (NNRTIS), protease inhibitors (PIs), and (Hanna et al., 2004and a virion maturation inhibito#{ild
fusion inhibitors. Although clinically effective when used etal., 2003, are in early clinical development. However, the
in combination, none of the currently available drugs rep- clinical utility of many of these agents remains to be deter-
resent ideal therapies, due to drug-related side effects, incon-mined, particularly the agents that target new mechanisms.
venient dosing requirements, and/or the emergence of drugTherefore, there still exists a pressing need for the identifi-
resistant virus (reviewed iMeni et al., 2002 The issue of cation and development of new HIV-1 inhibitors that exhibit
drug resistance is particularly problematic given that viral improved safety and resistance profiles or inhibitors that act
variants resistant to one drug of a particular class often ex- against novel HIV-1 targets.

Historically, holistic approaches (i.e., cell-based antiviral
screening approaches) were employed to identify antiviral in-
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were discovered based on inhibition of virus replication in tis- suffer from high false positive rates and low hit confirmation
sue culture Jones, 1998 However, with the advent of high  rates. In addition, significant resources are usually required
throughput biochemical screening and structure-based drugto eliminate false positives (i.e., cytotoxic compounds) in
design, reductionist approaches to drug discovery have beerfollow-up assays or counter screens. This can greatly impact
favored over holistic approaches. High throughput biochemi- the throughput of the overall screening effort and lower the re-
cal screens or substrate-based design methods have been usagn on resource investment. To address this issue and others
successfully to discover both HIV-1 RT inhibitors and HIV-1 mentioned above, we have developed an HIV dual reporter
Pls Jones, 1998 Despite the success of biochemical screen- assay that combines the principle of a reporter gene-based
ing methods, holistic approaches are still highly valuable. cytotoxicity assay with the use of a replication-defective
Cell-based antiviral screens have the potential to identify in- HIV-1 reporter virus. The resultis a high throughput antiviral
hibitors that target activities and/or structures that are not assay that measures the antiviral activities and cytotoxicities
revealed in biochemical screens. Both BMS-48808&:if of compounds in the same well of a microtiter plate. We
et al., 2002; Hanna et al., 2004; Lin et al.,, 2003; Wang demonstrate the utility of this assay for distinguishing
et al., 2003 and PA-457 Eujioka et al., 1994; Kashiwada specific antiviral compounds from non-specific inhibitors or
et al., 1998, two novel target HIV-1 inhibitors that recently  cytotoxic compounds in a high throughput antiviral screen
entered clinical development, were originally identified using format. In addition, we show that the assay system allows
antiviral screens. for a rapid and highly quantitative evaluation of the antiviral
Currently, multiple infection assay formats exist for eval- activities and cytoxicities of inhibitors in dose-response
uating the antiviral activities of putative HIV-1 inhibitors. assays.
Despite this, few HIV-1 replication-based high throughput
screens have been successfully reduced to practice on an in-
dustrial scale (i.e., for screeningl®® compounds). Many 2. Materials and methods
traditional HIV-1 antiviral assay methods (e.g., HIV-1 p24 or
RT assays) are cumbersome and difficult to format for high 2-1. Cells and virus

throughput screening. In addition, several practical issues _
must be resolved prior to initiating an antiviral HTS effort, in- HeLa, CEM-SS and HEK 293 cells were obtained through

cluding large-scale reagent generation (i.e., virus production) the National Institutes of Health AIDS Research and Refer-

and the incorporation of biosafety level 2/3 procedures into €nce Reagent Program (Bethesda, MD). HeLa and HEK 293

the screen. Some of these issues can be addressed by intrg€lls were propagated in Dulbecco’s Modified Eagle Medium

ducing replication-defective HIV-1 reporter virus technolo- (DMEM; Life Technologies, Gaithersburg, MD) containing

gies into the screening strategyen etal., 1994; Peteropou- 10% fetal bovine serum (FBS; HyClone, Logan, UT). CEM-

los et al., 2000; Adelson et al., 200Replication-defective ~ SS cells were propagated in RPMI medium (Life Technolo-

HIV-1 reporter virus assays typically utilize single-cycle in- gies) containing 10% fetal bovine serum (FBS; HyClone).

fectious viruses that encode a reporter gene and contain dieLa HRLuc cells (see below) were propagated in DMEM

mutation in a viral gene required for replication (e.g., enve- (Life Technologies) containing 10% FBS (HyClone) and

lope). High-titer stocks of the single-cycle infectious virus 1mg/ml Geneticin (Life Technologies). The HIV-RF virus

can be generated from producer cells expressing viral pro- and the pNL4'3 HIV-1 infectious molecular clone were also

teins that Comp|ement the rep”cation defect in trans. By se- obtained through the National Institutes of Health AIDS Re-

lecting the appropriate reporter gene (e.g., luciferase), HIv-1 search and Reference Reagent Program.

reporter virus assays may be amenable to HTS formats. In

addition, the single-cycle infectious viruses used in HIV-1 2.2. Compounds

reporter virus assays significantly reduce the safety risk en-

countered with replication-competent HIV-Adelson et al., Nevirapine (NVP), delavirdine (DLV), efavirenz (EFV),

2003. lamivudine (3TC), stavudine (d4T), were kindly pro-
Another issue that should be considered prior to initiating vided by Boehringer Ingelheim Pharmaceuticals (Ridge-

an antiviral HTS is compound-mediated cytotoxicity, the field, CT), Pharmacia and Upjohn (Kalamazoo, MI),

measurement of which is paramount for accurately deter- DuPont Merck Pharmaceutical Company (Wilmington, DE),

mining antiviral activity. Cytotoxicity measurements when Glaxo Wellcome (Research Triangle Park, NC), or Bristol-

combined with antiviral data allow for the distinction of ~Myers Squibb (Wallingford, CT), respectively-8zido-3-

specific antiviral activity from non-specific inhibitor effects ~deoxythymidine (AZT), and didanosine (ddI) were purchased

or cytotoxicity. Typically compound-mediated cytotoxic from Sigma-Aldrich (St. Louis, MO).

effects are measured using a separate assay; therefore,

antiviral screens using current HIV-1 reporter assay formats 2.3. HIV-1 reporter virus (VSV/HIVLuc)

must include a separate counter screen to evaluate inhibitor

cytotoxicity. Antiviral screening approaches that ignore An HIV-1 single-cycle infectious reporter virus was con-

compound-mediated cytotoxicity in the primary screen often structed based on a design previously publish&kkina



W.S. Blair et al. / Antiviral Research 65 (2005) 107-116 109

et al., 199%. A two-nucleotide insertion was introduced in clone was selected for use in the experiments described
the envelope coding region of pNL4-3 (nucleotide position here.

6401) using polymerase chain reaction (PCR)-based muta-

genesis, which resulted in a frame shift mutation in envelope 2.5. Susceptibility assays

sequences of pNL4-3 (pNL4AENv). The SV-40 origin of

DNA replication was then introduced into pNLAEnv at Half-log dilutions of test compounds were added to HelLa
the unique Nco | restriction enzyme site (pNL4-3 nucleotide HRLuc target cells, seeded in 96-well plates at a cell den-
position 10568). The firefly luciferase gene was subsequentlySity of 1x 10* cells per well in DMEM (Life Technolo-
inserted in place of Nef coding sequences between the uniquedies) containing 10% FBS (HyClone). Compound-treated

Xhd site in pNL4-3 (nucleotide position 8887) and iitul or compound-free HeLa HRLuc target cells were then in-
site introduced by site directed mutagenesis at nucleotidefected with VSV/HIVLuc at an moi of 0.03. Seventy-two
position 9008, resulting in the construction of pNIA®nv. hours after infection, the activities of firefly luciferase (the

To generate single-cycle infectious virus (VSV/HIVLuc), Viral encoded reporter) and Renilla luciferase (the target cell
pNLucAenv was co-transfected with a vesicular stomati- €ncoded reporter) were measured in the infected cells us-
tis virus (VSV) envelope expression vector (obtained from ing the Dual-Luciferase Reporter Assay System according
Stratagene) into HEK 293 cells using LipofectAMINE Plus to the manufacturer’s protocol (Promega). Data from the re-
according to the manufacturer’s protocol (Life Technolo- Porter gene measurements were expressed as the percent of
gies). Forty-eight to seventy-two hours after transfection, reporter gene activity ininfected compound-treated cells rela-
single-cycle infectious HIV reporter virus was harvested from tive to that of infected, compound-free cells. ThesgGalue

the supernatants of transfected cells. Briefly, the supernatantgvas calculated as the concentration of compound that af-
oftransfected cells were harvested, clarified by centrifugation fected a decrease in the percentage of the virally encoded
(500x g), and filtered through a 0.46m membrane (Corn-  reporter gene activity in infected, compound-treated cells to
ing, Acton, MA). Titers (TCIQ) of the resulting viral stocks ~ 50% of that produced in infected, compound-free cells. Al-
were determined after infecting HeLa HRLuc target cell lines ternatively, the Cgp value was calculated as the concentra-
with serial dilutions of the viral stockslohnson and Barring ~ tion of compound that effected a decrease in the percent-
ton, 1990 and measuring firefly luciferase activity 72h af- age of the target cell encoded reporter gene activity in in-
ter infection using a firefly reporter gene assay kit (Promega, fected, compound-treated cells to 50% of that produced in

Madison, WI). infected, compound-free cells. In experiments where XTT-
dye reduction was used as the assay endpbiiglow et
2.4. Construction of HeLa HRLuc target cell lines al., 1989, SUbjeCt cells were infected with HIV-1 RF virus at

an moi of 0.025-0.819 or mock infected with medium only

HeLa target cells were constructed that constitutively ex- and added at 2 10* cells per well into 96-well plates con-
press a Renilla luciferase gene codon optimized for high- taining half-log dilutions of test compounds. Six days later,

level expression in mammalian cells (HRLudBl4ir et S0l of XTT (1 mg/mi XTT tetrazolium, 0.02 nM phenazine
al., 2004 Sequences Corresponding to the HRLuc reporter methosulfate) was added to the wells and the pIate was rein-
gene were removed from pHRLuB]@W et al., 2004 us- cubated for 4 h. VIabI'Ity, as determined by the amount of

ing theXba andXhd restriction endonucleases (New Eng- XTT formazan produced, was quantified spectrophotometri-
land BioLabs, Beverly, MA) and ligated to the pcDNA cally by absorbance at 450 nm. Data from CPE assays were
3.1 (Life Technologies) expression vector digested with the expressed as the percent of formazan produced in compound-
Nhd andXhad restriction endonucleases. The resulting con- treated cells compared to formazan produced in wells of unin-
struct pcDNA3.1/HRLuc encodes the HRLuc reporter gene fected, compound-free cells. The 50% effective concentration
under the control of the CMV immediate early promoter (ECso) was calculated as the concentration of compound that
as well as the neomycin resistant gene under the Contro|eﬁeCtEd anincrease inthe percentage of formazan production
of the SV-40 promoter. HeLa cells were transfected with in infected, compound-treated cells to 50% of that produced
pcDNA3.1/HRLuc using LipofectAMINE Plus accordingto Py uninfected, compound-free cells. The 50% cytotoxicity
the manufacturer’s protocol (Life Technologies). Three days concentration (C€p) was calculated as the concentration of
after transfection, selection was initiated by adding G418 compound that decreased the percentage of formazan pro-
(Geneticin; Life Technologies) to the tissue culture media duced in uninfected, compound-treated cells to 50% of that
at a final concentration of 1 mg/ml. Two weeks after growth Produced in uninfected, compound-free cells. For XTT-based
in selection, G418 resistant cells were harvested, and cellcytotoxicity assays in HeLa HRLuc cells, compounds were
clones were isolated by limiting dilution. Individual clones incubated with the HeLa HRLuc target cells in microtiter
were propagated and tested for Renilla luciferase expressiorplates at a final concentration of fubA for 72 h. Following
using the Dual-Luciferase Reporter Assay System accord-the incubation, compound cytotoxicity was determined using
ing to the manufacturer’s protocol (Promega). HeLa HRLuc an XTT-dye reduction assay and expressed as percent inhi-
clones that exhibited high levels of Renilla luciferase activ- bition of the XTT endpoint in compound containing wells
ity were characterized further and a single HeLa HRLuc relative to the no compound control wells.
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2.6. High throughput assays positive control}- (3 x S.D. negative control)/(mean posi-
tive control- mean negative control)Zhang et al., 1999
Test compound was added to HeLa HRLuc target cells, To determine minimum percent inhibition values for defin-

seeded in 96-well plates at a cell density ok 10* cells ing a hit, 180 randomly selected screening plates were ana-
per well in DMEM (Life Technologies) containing 10% FBS  lyzed using robust statistical method&ugmic et al., 2001
(HyClone), at a final compound concentration of LI\ Median percent inhibition values were determined for the

and final dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. antiviral and cytotoxicity endpoints as well as the median ab-
Louis, MO) concentration of 1%. Compound or DMSO- solute deviations from the median (MAD). Percent inhibition
treated HeLa HRLuc target cells were then infected with thresholds for each endpoint were then defined by the equa-
VSV/HIVLuc at an moi of 0.03. Seventy-two hours after in- tion: median + 3x MAD. For hit confirmation assays, com-
fection, the activities of firefly luciferase (the viral encoded pounds were tested in the HIV-1 dual reporter assay at a final
reporter) and Renilla luciferase (the target cell encoded re- concentration of 1Q.M in duplicate. Percent inhibition val-
porter) were measured in the infected cells using the Dual- ues were determined in the same manner as described above
Luciferase Reporter Assay System according to the manu-and mean percent inhibition values were then determined for
facturer’s protocol (Promega). Data from the reporter gene the duplicate samples.

measurements were expressed as the percent inhibition of

reporter gene activity in infected compound-treated cells rel-

ative to that of infected compound-free cells. The mean max- 3. Results

imum reporter gene signal (max.) observed for the antivi-

ral and cytotoxicity endpoints were determined from the no 3.1. The HIV-1 dual reporter assay accurately measures
compound control wells of 3 randomly selected compound the antiviral activities and cytotoxicities of HIV-1

screen plates. The mean minimum signal (min.) measured forinhibitors

the antiviral or cytotoxicity endpoints were determined from

the control wells of 3 randomly selected compound screen  To establish an assay for rapidly analyzing specific an-
plates either in the absence of virus (antiviral min) or the tiviral activities and cytotoxicities of HIV-1 inhibitors, an
presence of a cytotoxic control compound at concentrationsHIV-1 dual reporter assay was developédg( 1). The as-

greater than the compound’s ggoncentration (cytotoxi-  say components include a VSV/HIVLuc single-cycle infec-
city min.). Signal-to-background ratios were determined by tious reporter virus and a HelLa cytotoxicity control cell line.
dividing the max. by the min. for each endpoiit.coeffi- The HIV-1 reporter virus encodes the firefly luciferase re-

cients were calculated for the antiviral and cytotoxicity end- porter gene (FLuc) and is packaged with the heterologous
points from the no drug control wells of 3 randomly selected VSV-G envelope protein. For the cytotoxicity component of
compound screen plates using the equationf(3 x S.D. the assay, Hela target cells were constructed that constitu-

1. Virus Production

™ VSV-G
i TSF Virus
FLuc —r
HIVAET—
|

I1. Compound Screen

Reporter Activity
& LS Viral Cell
+ :

Antiviral - +
Qr?’ Cytotoxic = &
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(Cytotoxicity Control) pletidcss i &

Fig. 1. The HIV-1 dual reporter assay. The assay components include a VSV/HIVLuc single-cycle infectious reporter virus and a HelLa cytotoricity cont
cell line. The HIV-1 reporter virus is based on the proviral clone pNL4-3 and contains the firefly luciferase reporter gene (FLuc) in place of Nefadiwha mut

in viral envelope sequences. Single-cycle infectious virus is generated from virus producer cells after co-transfection of the reporter vand eDNA

envelope (VSV-G) expression vector. For the cytotoxicity component of the assay, Hela target cells were constructed that constitutively exjifieds a m
Renilla luciferase gene (HRLuc) under the control of the CMV immediate early promoter. To evaluate the activities of compounds, the HeLa HRLuc target
cells are infected with VSV/HIVLuc in the presence or absence of compound. The assay includes HIV-1 RT, HIV-1 IN, and HIV-1 Tat as the primary targets.
The expected profiles of reporter gene expression (eporter activity) for antiviral agents, cytotoxic agents, and agents that exhibit no activity (no effect) are
shown.
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Table 1

The antiviral activities of HIV-1 inhibitors in the dual reporter and HIV-1 RF cell protection adsays

Class Drug Dual reporter as$ay HIV-1 RF CP assdy

ECso (M) CCso (M) ECso (1M) CCsp (1M)

NNRTI NVP 0.027, 0.035 >10, >32 0.0320.014 (10) >1 (10)
DLV 0.024, 0.015 >100, 228 0.0170.010 (4) 129, 90
EFV 0.0004, 0.0012 73,71 0.00%70.001 (13) 44,57

NRTI AZT 0.034, 0.025 >320 0.018 0.006 (12) >320 (3)
3TC 0.21+0.10 (3) >32 0.08&0.038 (11) >10 (4)
daTt 0.50,0.74 >32, >320 1.2,0.51 >10, >32
ddl 0.91,0.27 63, 56 94549 (3) >32 (3)

NNRTI: non-nucleoside reverse transcriptase inhibitors; NRTI; nucleoside reverse transcriptase inhibitors.
2 Antiviral activities and cytotoxicities of known HIV-1 inhibitors. Results represent the meatandard deviations (3—13 experiments) or individual values

(2 experiments). The number of independent experiments used to derive each value is indicated in parentheses for experiments performed rioresthan two
b Antiviral activity and cytotoxicity determined using the dual reporter assg&h after VSV/HIVLuc infection of HeLa HRLuc cells as described in Section

2.
¢ Antiviral activity and cytotoxicity determined by measuring XTT-dye reduction 6 days after infection of CEM-SS cells with HIV-1 RF infectiorrib@desc

in Section2.

tively express a modified Renilla luciferase gene (HRLuc) toxicities of HIV-1 inhibitors that act during the early stages
under the control of the CMV immediate early promoter. of replication subsequent to entry.
To evaluate the activities of compounds, the HeLa HRLuc
target cells are infected with VSV/HIVLuc in the presence 3.2. The HIV-1 dual reporter assay exhibits
or absence of compound. Expression of the viral-encodedcharacteristics suitable for high throughput screening
reporter is dependent on infection mediated by the VSV-G
envelope protein, as well as reverse transcription, integra- In addition to rapidly determining the antiviral activi-
tion of the viral cDNA into the host genomic DNA, and ties and cytotoxicities of known HIV-1 inhibitors, the dual
HIV Tat-dependent gene expression. Therefore, infection by assay could be used to identify new inhibitors in an HTS
the VSV/HIVLuc reporter virus is sensitive to HIV-1 in-  format. As an initial demonstration of assay suitability for
hibitors that target HIV-1 RT, IN, or Tat-dependent gene ex- high throughput screening, signal-to-background ratios and
pression. As illustrated iffrig. 1, expression of the firefly  screening window coefficientsZ( value) were calculated
luciferase and Renilla luciferase reporters serve as indica-from the control wells of screening plates as described in
tors of viral infection and compound-mediated cytotoxicity, Section2. TheZ’ value is reflective of the dynamic range as
respectively. well as the variation of the assay and is a useful tool for assay
To evaluate the antiviral activities and cytotoxicities of comparisons and assay quality determinatiaisaqg et al.,
HIV-1 RT inhibitors in the HIV-1 dual reporter assay system, 1999. Typically aZ’ value of >0.5 is considered favorable
HelLa HRLuc target cells were infected with VSV/HIVLuc  for high throughput screening. The antiviral and cytotoxicity
in 96-well plates containing half-log dilutions of test com- components of the assay exhibited signal-to-background ra-
pounds or no compound. Seventy-two hours after infection, tios of 117 and 328, respectively, aAtvalues of 0.84 and
data from the viral encoded and target cell encoded reporterQ.78, respectivelyTable 2. In addition, the reporter signal in
gene measurements were used to determing B CGo the HeLa HRLuc target cell line was stable for >18 passages
values for each compound as described in Sedidn ad- (i.e.,>1.5 months). Therefore, the high signal-to-background
dition, the antiviral activities and cytotoxicities (i.e., BEC  ratios and favorabl@ values (>0.5) suggest that the HIV-
and C(g values) of the same inhibitors were determined in 1 dual reporter assay is suitable for use in high throughput
cell protection assays using the HIV-1 RF strain and CEM- screening.
SS cells. As shown ifable 1, the EGg and CGg values of
NNRTIs (NVP, DLV and EFV) and NRTIs (AZT, 3TC, d4T 3.3, Antiviral and cytotoxic compounds are consistently
and ddl) determined in the HIV-1 dual reporter assay were jgentified as hits in the HIV-1 dual reporter assay
similar to those values determined in a standard cell protec-
tion assay using HIV-1 RF and CEM-SS cells. In addition,  To demonstrate HIV-1 dual reporter screen reproducibil-
the antiviral activities of HIV-1 IN inhibitors were similar in ity, twenty-two 96-well microtiter plates containing 1936 ran-
both assays (data not shown). Alternatively, HIV-1 protease dom compounds were evaluated in the HIV-1 dual reporter
and entry inhibitors were not active in the assay (data not assay in two separate experiments. Three of the compounds
shown), which was expected given that protease and entryincluded in the assay were identified as HIV-1 inhibitors in a
are not included as targets in the assay (see above). Thesgrevious screen. Data from the reporter gene measurements
data demonstrate that the HIV-1 dual reporter assay is a validwere expressed for each test well as the percent inhibition
assay for rapidly measuring the antiviral activities and cyto- of reporter gene activity in infected compound-treated cells
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Table 2 100
HIV-1 dual reporter assay paramefers 90
Antiviral endpoint Cytotoxicity endpoint 2 gg
Max? 38,335 1,119,868 §_ 60
Min.© 329 3417 &2 50
Signal/backgrourft 117 328 2 40
ze 0.84 0.78 fo 30
2 Reporter gene activity was measured using a Perkin-Elmer MicroBeta - 20
luminometer 72 h after VSV/HIVLuc infection of HeLa HRLuc cells and 10
is presented as counts per minute (cpm). The antiviral endpoint was mea- 0
sured by monitoring the activity of the firefly luciferase gene encoded by the Antiviral hits Cytotox hits

VSV/HIVLuc reporter virus and the cytotoxicity endpoint was measured
by monitoring the activity of the human codon optimized renllia luciferase  Fig. 2. Antiviral and cytotoxic compounds are consistently identified as hits
(HRLuc) reporter gene constitutively expressed by the HeLa HRLuc target in the HIV-1 dual reporter assay. Twenty-two 96-well microtiter plates con-

ctte)lls. taining 1936 random compounds were evaluated in the HIV-1 dual reporter
Max., the maximum reporter signal observed for the antiviral and cyto-  assay in two separate experiments as described in Secfiére percentage
toxicity endpoints in the absence of compound. of antiviral inhibitors (antiviral hits) or cytotoxic compounds (cytotox hits)

¢ Min., the minimum signal measured for the antiviral or cytotoxicity end-  identified in the first set of 1936 compounds screened that were also identi-
points either in the absence of virus (antiviral min) or the presence of a fied as inhibitors or cytotoxic compounds in the duplicate set are presented
cytotoxic control compound at concentrations greater than the compound’s (% hits repeated). For the purposes of this analysis, an antiviral inhibitor or

CCo con_centration (cytotoxicity r_nin.). o cytotoxic compound was defined as any compound that effects a reduction
d The signal-to-background ratio was calculated by dividing the max. by in the activity of either the antiviral or cytotoxicity endpoint to levels that
the min. are <40% of that observed for the no compound control wells (2€0%

€ Z coefficient was calculated from the no drug control wells using inhibition).
the equation: % [(3 x S.D. positive control}- (3 x S.D. negative con-

trol)/(mean positive contret mean negative control)Zhang et al., 1999 compounds in a screen format, 880 random compounds were
evaluated in the HIV-1 dual reporter assay (as described
relative to that of infected compound-free cells. For the pur- above) and in an XTT-based cytotoxicity assay in parallel
poses of this analysis, an antiviral inhibitor or cytotoxic com- (see Sectio). Compounds showing cytotoxicity in the XTT
pound was defined as any compound that effects a reductionanalysis were subdivided into two groups based on the level
in the activity of either the antiviral or cytotoxicity endpoint  of cytotoxicity observed in the assay (i.e., percent inhibition
to levels that are40% of that observed for the no compound  of the XTT endpoint) and the number of compounds in each
control wells (i.e.>60% inhibition). In this experiment, we  group that were also identified as cytotxic in the HIV-1 dual
directly addressed the reproducibility of inhibitor identifica- reporter assay (i.e., >50% inhibition of the cytotoxicity end-
tion for both the antiviral and cytotoxicity endpoints in an point) was determined. The results showed that 31% of the
HTS format. In the case of the antiviral measurement, 80% compounds that inhibited the XTT endpoint by greater than
of the inhibitors identified after screening 1936 random com- 40% and less than 70% relative to the no compound con-
pounds were identified as inhibitors in a duplicate experiment trol were identified as cytotoxic in the HIV-1 dual reporter
(Fig. 2. In addition, all three compounds, which previously assay Fig. 3). Alternatively, 85% of the compounds that ex-
demonstrated antiviral activity against HIV-1, were repro- hibited >70% inhibition of XTT endpoint relative to the no
ducibly identified as antiviral inhibitors in this experiment compound control were identified as cytotoxic in the HIV-1
(datanotshown). Inthe case of the cytotoxicity measurement, dual reporter assayig. 3). These data demonstrate that the
85% of the cytotoxic compounds identified after screening cytotoxic endpoint in the HIV-1 dual reporter assay is an ef-
1936 random compounds were identified as cytotoxic com- fective tool for identifying cytotoxic compounds in an HTS
pounds in a duplicate experimefig. 2). These datademon-  format, particularly those compounds showing higher levels
strate the highly reproducible identification of antiviraland/or - of cytotoxicity (i.e., >70% inhibition of the XTT endpoint).
cytotoxic compounds in an HTS format and strongly suggest
the potential for high hit confirmation rates. Consistent with 3.5, The HIV-1 dual reporter assay distinguishes
this, we demonstrated in a separate experiment that the anantiviral compounds from non-specific or cytotoxic
tiviral activities and cytotoxicities of known inhibitors were  compounds in an authentic HTS environment
reproducibly measured in the HIV-1 dual reporter assay under

screen conditions (data not shown). To demonstrate the utility of the HIV-1 dual reporter assay
inan authentic HTS environment, one hundred and eighty 96-
3.4. Compounds showing significant cytotoxicity in an well plates (i.e., 16,200 compounds) from the Pfizer archive
XTT-dye reduction assay were identified as cytotoxic in were evaluated in the HIV-1 dual reporter assay at a final
the HIV-1 dual reporter assay concentration of 1Q.M. The percent inhibition values de-

termined for the antiviral endpoint for each well were plot-
To demonstrate that the cytotoxicity component of the ted versus the percent inhibition values determined for the
HIV-1 dual reporter assay successfully identifies cytotoxic cytotoxicity endpoint inFig. 4. A small percentage of the
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points as well as median absolute deviations (MAD). Min-
imum hit thresholds were then established by determining
percent inhibition values that represented 3 MADs from the
median for each endpoint. Based on these criteria, inhibi-
tion of the antiviral and cytotoxicity endpoints y54% and
>47%, respectively, were considered significant. Therefore,
wells showing>54% inhibition of the antiviral endpoint and
>47% of the cytotoxicity endpoint were distinguished by dif-
40-70 >70 ferent symbols and colors iRig. 4 (seeFig. 4 legend). As
Cytotoxicity Category shown inFig. 4, we identified 128 compounds that showed
specific inhibition £54%) of the antiviral endpoint, while
Fig. 3. Compounds showing significant cytotoxicity in an XTT-dye reduc- 53 compounds inhibited both endpoints. Interestingly, 396

tion assay were identified as cytotoxic in the HIV-1 dual reporter screen. d ificallv inhibited th totoxicit dooint
Eight hundred and eighty random compounds were evaluated in the HIV-1 compounds speciically Inhibite € cytotoxicity endpoin

dual reporter assay and in an XTT-based cytotoxicity assay in parallel at a (Fig- 4). These compounds may represent specific inhibitors
final concentration of 1AM. Compounds showing cytotoxicity in the XTT ~ of HRLuc reporter gene expression in the target cells or spe-
analysis were then subdivided into two groups based on the level of cytotoxi- cific inhibitors of HRLuc enzyme activity. In addition, this

city observed in the assay. The first group exhibited 40—70% inhibition of the class of compounds may include cytostatic compounds that

XTT endpoint relative to the no compound control wells. The second group . . .
exhibited >70% inhibition of the XTT endpoint relative to the no compound do not adversely affect HIV-1 infection and viral encoded

control wells. The number of compounds in each group that exhibis&®6 reporter gene expression. Alternatively, the majority of com-
inhibition of the cytotoxicity endpoint in the HIV-1 dual reporter assay was pounds (15,347) did not significantly inhibit either endpoint
determined and plotted as a percentage of the total number of compounds inyith a distribution of percent inhibition values centered near
each group. zero fFig. 4). These data show a fairly normal distribution of
well activities, which is consistent with a high-quality HTS
wells (0.78%) showed percent inhibition values of less than assay.
—200 and were not included on the scatter plot to maintain  The data from the 16,200 compound pilot screen were ana-
areasonable scale. To establish minimum percent inhibition lyzed further to demonstrate the utility of the assay system for
thresholds for defining a hit, median percent inhibition val- distinguishing specific antiviral inhibitors from non-specific
ues were determined for the antiviral and cytotoxicity end- inhibitors or cytotoxic compounds in an authentic HTS envi-
ronment. For the purposes of this analysis, compounds were
100 — e divided into five hit categories based on inhibition of the
: 2 o dhS R e J antiviral endpoint {able 3, and the number of hits was de-
%: termined and hit rates calculated for each category based on
r ¥y, inhibition of the antiviral endpoint alone (total AV hits). The
subset of antiviral hits in each category that also inhibited
the cytotoxicity endpoint by>=47% when compared to the
control wells were then flagged as non-specific or cytotoxic
and subtracted from the total number of antiviral hits to deter-
mine the number of specific antiviral hits (specific AV hits).
The hit rate for specific antiviral hits was then calculated for
each category as well as the percent of the total hits identified
that were non-specific or cytotoxic (%cytotoxic). As shown
in Table 3andFig. 4, after screening 16,200 compounds at
a final concentration of 1@M, we identified 331 total hits
that exhibited>54% inhibition of the antiviral endpoint (i.e.,
total antiviral hits), resulting in a total hit rate of 2% for hit
category 5. Of the 331 total antiviral hits, 203 (61%) were de-
Fig. 4. Distribution of well activities in an HIV-1 dual reporter pilot screen.  termined to be non-specific or cytotoxic based on the criteria
One hundred and eighty 96-We|l plates from the Pfizer archive (;6,200 €OM- mentioned above, while the remaining 128 compounds exhib-
pounds) were evaluated in the HIV-1 dual reporter assay at a final concen-. e . . .
tration of 10uM. The percent inhibition values determined for the antiviral ited SpeCITIC an_t|V|raI activity In _the p'f'r_“arY as_sgy. Theref(_)re’
endpoint (AV %inhibition) for each well were plotted versus the percent the resulting hit rate for specific antiviral inhibitors showing
inhibition values determined for the cytotoxicity endpoint (CYT %inhibi-  >54% inhibition of the antiviral endpoint and <47% inhi-
tion). Symbols represent data from each well, which were subdivided into hijtion of the cytotoxicity endpoint in this experiment was
four categories: (1) inactive wells (blue open diamonds), (2) wells showing 0.79%. A similar analysis was performed for each of the re-

>54% inhibition of the antiviral endpoint (red triangles), (3) wells showing . . .
>47% inhibition of the cytotoxicity endpoint (green triangles), or (4) wells maining hit categories shown ifable 3 The data showed

showing>54% inhibition of the antiviral endpoint aneg47% inhibition of that hit categories defined by higher percent inhibition val-
the cytotoxicity endpoint (gray diamonds). ues contained a higher proportion of non-specific or cytotoxic
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-50

-100
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=200 : .
-200 -150 -100 -50 0 50 100
AV % Inhibition



114 W.S. Blair et al. / Antiviral Research 65 (2005) 107-116

Table 3

HIV-1 dual reporter screen hit rate analysis

Category AV %inhibition Total AV hit8 Specific AV hit§ %Cytotoxid
Hit # Hit rate (%) Hit # Hit rate (%)

1 >90 136 0.84 20 0.11 87

2 >80 177 11 34 0.19 83

3 >70 218 14 61 0.33 75

4 >60 281 1.7 92 0.57 67

5 >54 331 2.0 128 0.79 61

a An analysis of the number of hits identified after the evaluation 16,200 random compounds in the HIV cell-based dual reporter screen. Hits aa subdivid
into five categories based on percent inhibition of the antiviral endpoint (AV %inhibition).

b Total AV hits, hits identified based on inhibition of the antiviral endpoint only.

¢ Specific AV hits, subset of total AV hits showing <47% inhibition of the cytotoxicity endpoint.

d Percent of total antiviral hits that were determined to be cytotoxic or non-specific.

hits. The proportion of compounds identified as non-specific similar to values reported in the literature for the compounds
or cytotoxic in hit categories defined by antiviral inhibition tested Mitsuya et al., 1985; Mitsuya and Broder, 1986; Lin
values of>60, >70, >80, or>90% was 67, 75, 83, or 87%, et al., 1987; Merluzzi et al., 1990; Romero et al., 1993;
respectively. These data clearly show the potential for a large Soudeyns et al., 1991; Young et al., 199%hese results
number of non-specific or cytotoxic hits (i.e., false positives) strongly suggest that the dual reporter assay exhibits suf-
in a cell-based antiviral screen, particularly in hit categories ficient sensitivity to identify new HIV-1 inhibitors acting on
defined by the higher levels of inhibition. In addition, these targets exposed inthe assay. In addition, we demonstrated that
data demonstrate the utility of the cytotoxicity control em- the assay parameters (i.e., signal-to-backgroun@aradue)
ployed by HIV-1 dual reporter assay system for deprioritizing were suitable for high throughput screening and showed that
non-specific or cytotoxic compounds in the primary screen. the antiviral and cytotoxic activities of compounds were re-
To determine actual hit confirmation rates for the HIV-1 producibly measured in an HTS format. Furthermore, we
dual reporter screen, specific antiviral hits showit&D% in- showed that the cytotoxicity component of the HIV-1 dual
hibition of the antiviral endpoint and <47% inhibition of the reporter assay was effective at identifying compounds shown
cytotoxicity endpoint (hit category 4) were evaluated in a hit to be cytotoxic by a separate assay endpoint. In a pilot HTS,
confirmation assay as described in SecfoflVe tested the  we demonstrated the utility of the HIV dual reporter assay by
92 compounds identified as specific antiviral hits in the pilot showing that the assay identified a significant proportion of
screen Table 3 in hit confirmation assays, and the results the total hits in the primary screen as non-specific inhibitors
showed that 54 of the 92 hits tested (59%) were confirmed or cytotoxic compounds that could be eliminated from fur-
as antiviral compounds (data not shown). Without the cy- ther analysis. Such a utility is a valuable tool for significantly
totoxicity component of the HIV dual reporter assay in the reducing the number of false positives identified as hits in a
primary screen, we estimate that the confirmation rate for spe-cell-based screen and maintaining manageable hit rates.
cific antiviral compounds in this experiment would have been ~ The accurate detection of cytotoxic compounds is an im-
~20%, assuming that the non-specific and cytotoxic com- portant component in identifying specific antiviral inhibitors
pounds would have been eliminated by separate secondaryn an HTS using the HIV-1 dual reporter assay. In this study,
assays during the hit confirmation process. Therefore, thesewe demonstrate that the novel cytotoxicity component of the
data directly demonstrate that the HIV-1 dual reporter assaysassay is an effective filter for removing cytotoxic compounds
yields high hit confirmation rates (i.e., 59%) under actual atthe primary screening step, particularly those compounds
HTS conditions. In addition, the data illustrate that utiliza- shown to be highly cytotoxic by a separate endpoint (i.e.,
tion of the cytotoxicity filter in the HIV-1 dual reporter assay >70% inhibition of the XTT endpoint). Moderately cytotoxic
significantly improves the antiviral hit confirmation rate. compounds may or may not sufficiently inhibit the antiviral
endpoint to score as hits in a primary screen. Alternatively,
highly cytotoxic compounds will likely affect the antiviral
4. Discussion endpoint and score as false positives in an antiviral screen.
Therefore, it is a significant finding the HIV-1 dual reporter
In this study, we describe an HIV-1 dual reporter assay assay was most effective at recognizing the highly cytotoxic
that can be used to distinguish specific antiviral compounds compound class.
from non-specific inhibitors or cytotoxic compounds in a Several antiviral assay systems have been described that
high throughput antiviral screen. We validated the assay by couldin principle be used to establish high throughput screens
demonstrating that the Egand CGg values measured for ~ (Adelson et al., 2003; Blair and Spicer, 2001; Boyd, 1988,;
known HIV-1 inhibitors were similar to that observed in a Chenetal., 1994; Dorsky and Harrington, 1999; Kimpton and
standard HIV-1 antiviral assay. It should be noted that the Emerman, 1992; Miyake et al., 2003; Page et al., 1997; Pe-
ECso and CGg values measured in both assays were also teropoulos et al., 2000; Pirounaki et al., 2000; Spenlehauer
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et al., 200). However, the majority of the assay systems protection assaysis typically lessthanthatincurredin dual re-
previously described do not address a fundamental issue enporter assays ($0.10 per well versus $0.40 per well). Despite
countered by cell-based antiviral HTS approaches. Antiviral the higher cost, we believe that the HIV-1 dual reporter assay
HTS approaches are often plagued by high hit rates due inis a more attractive screening approach. The HIV-1 dual re-
a large part to the presence of large numbers of non-specificporter assay generates accurate antiviral and cytotoxicity data
inhibitors or cytotoxic compounds that appear to exhibit an- for each compound screened in a single well format, which
tiviral activity. As aresult, the resources required to follow-up  significantly reduces the resources required for hit follow-
hits from such screens can be overwhelming. To deal with the up. Alternatively, parallel assays (with and without the addi-
issue of high hit rates in a random antiviral screen, investi- tion of virus) must be run to generate accurate antiviral and
gators can either (1) increase the percent inhibition criteria cytotoxicity data in cell protection assay formats, which ef-
for defining a hit, (2) screen at lower compound concentra- fectively doubles the number of test wells run in a screen.
tions, or (3) run counter screens on large numbers of hits In addition, the use of single-cycle reporter viruses or atten-
from the primary screen to eliminate non-specific or cyto- uated replication-competent reporter viruses at low relative
toxic compounds. Increasing the percent inhibition criteria amounts in the dual reporter assay offers a significant safety
for defining a hit may be problematic. Our data showed in advantage over cell protection assays, which would require
a pilot screen that a larger proportion of the hits exhibit- large amounts of fully replication-competent virus for indus-
ing higher percent inhibition values for the antiviral endpoint trial scale screens. Finally, the shorter duration of the HIV-1
were non-specific or cytotoxic compounds. A similar trend dual reporter assay (2—3 days as opposed to the 5-6 days
was observed with other larger compound sets screened irrequired for cell protection assays) allows for higher screen
the HIV dual reporter assay (data not shown). Although this throughput and reduces the risk of screen failure due to bac-
trend may not necessarily be the case for all antiviral screensterial or fungal contamination issues. Therefore, we propose
or all compound libraries, increasing the percent inhibition thatthe HIV-1dual reporter assay represents a novel approach
criteria for defining a hit will likely result in a lower returnon  to HIV-1 antiviral screening that allows for the effective ex-
resource investment. In addition, many potentially interest- ecution of industrial scale HTS campaigns with significantly
ing inhibitors that exhibit lower percentinhibition values may greater returns on resource investment when compared to
be overlooked. Lowering the compound concentration in an previous methods.

antiviral screen to reduce hit rates may be a less than ideal

approach as well. As with the previous approach, this sec-
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