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Abstract

The identification of novel HIV-1 inhibitors is facilitated by screening campaigns that combine the right screening strategy with a large
diverse collection of drug-like compounds. Cell-based screening approaches offer some advantages in the quest for novel inhibitors because
they can include multiple targets in a single screen and in some cases reveal targets and/or structures not captured in biochemical assays
However, follow-up activities for cell-based screens are often more complicated and resource intensive when compared to biochemical screens.
Alternatively, biochemical screens usually offer the advantage of focusing on a single target with a well-defined set of follow-up assays. In
this review we cover multiple cell-based and biochemical assay formats, many of which were designed to identify inhibitors that act through
new mechanisms. Some of the assays discussed have been utilized in antiviral screens while others might be formatted for HTS or utilized
as secondary assays in a screening campaign. As drug discovery efforts in the pharmaceutical industry shift away from traditional strategies,
new approaches such as those presented here are likely to play a significant role in the identification of next generation HIV-1 inhibitors.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction targetinhibitors were discovered using virus-based screening

approaches. Alternatively, protease inhibitors (Pls), next gen-

Presently, there are 20 individual drugs that have beeneration NNRTIs, CCR5 antagonists, and integrase inhibitors
approved to treat HIV-1 infection. However, each of those 20 were identified by structure-based drug design, receptor phar-
drugs target one of only three steps in the HIV-1 replication macology or biochemical screening approaches. Therefore,
cycle (HIV-1fusion, reverse transcriptase, or protease). Given historical precedent suggests that diverse screening strategies
that viral variants resistant to one drug of a particular class should be employed for the discovery of new HIV-1 agents.
often exhibit some level of cross-resistance to other drugs In the sections below, we present a brief overview of various
within the same class, therapeutic options are often limited HIV-1 screening strategies and highlight novel approaches
in treatment experienced patients. To address this problem,and/or significant advances in HIV-1 screening technology.
HIV researchers in the pharmaceutical industry have con-
centrated their efforts in recent years on discovery programs
designed to identify antiviral agents effective against both 2. HIV-1 Entry
wild-type and drug-resistant HIV-1 variants. These efforts
have resulted in the progression of compounds that either HIV-1 Entry can be divided into three steps: (1) gp120
act via an established mechanism but have a novel resistancattachment to CD4; (2) gp120 engagement with a co-receptor
profile (next generation inhibitors) or that act through new (either CCR5 or CXCR4); and (3) fusion mediated by gp41.
mechanisms. Recently, proof-of-concept regarding clinical As discussed below, HIV-1 replication screens have success-
efficacy has been demonstrated for three new targets in thefully identified compounds with antiviral activity that act at
HIV-1 replication cycle (HIV-1 coreceptors, HIV-1 gpl120 each of these three steps. Some of the more promising com-

and HIV-1 integrase)H{anna et al., 2004;d&kenheuer etal.,  pounds in the entry inhibitor class have either been launched
2004; Hendrix, 2004; Little et al., 2005; Reynes et al., 2002 (T-20, enfuvirtide, Fuzed (Lalezari et al., 2003; Lazzarin
and suggested for a fourth (virion maturatiolattin et al., etal., 2003) or have demonstrated clinical proof of conceptin

20095. Whilst this is encouraging, the long-term clinical Phase 2 studies [e.g., AMD3108éndrix, 2004, maraviroc
safety and efficacy of these agents remains to be determined(UK-427,857) Fatkenheuer et al., 20p4nd BMS-488043
Inaddition, drug resistance willmostlikely remain arecurrent (Hanna et al., 2004, underwriting the importance of this
problem in chronic antiviral therapy. Therefore, the contin- stage of the virus life cycle for targeted therapeutic interven-
ued discovery and development of new HIV-1 inhibitors that tion. Key scientific breakthroughs since the mid 1990s have
will be effective in future antiretroviral regimens is critical.  helped dissect more precisely the molecular events of the
Multiple screening approaches are currently available entry process, raising the possibility of more targeted screen-
for HIV-1 drug discovery, and several different approaches ing. Notable advances are the solving of the gp120 structure
have been used successfully to identify new HIV-1 (Kwong et al., 1998; Rizzuto et al., 1998dentification of
inhibitors. For example, nucleoside analog reverse tran- the chemokine receptors as HIV-1 entry co-receptdragic
scriptase inhibitors (NRTIs), the first non-nucleoside reverse et al., 1996; Feng et al., 1996; Liu et al., 1998nd under-
transcriptase inhibitors (NNRTIs), and several recent novel standing how rearrangement of the two heptad repeats within
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the gp41 extra-cellular domain promotes the fusion of virus through the cells. The assay was sensitive to the natural
and cell membraned\eissenhorn et al., 1997This section chemokine ligands, SDF-1alpha (CXCR4) and MIP-lalpha
will focus on screening approaches targeted to these event§CCRb5). The advantage of this system is that the detection

of the virus life cycle. of a response is simple (light transmittance through a well);
however, the cells must be transiently transfected leading to
2.1. Chemokine screens the inevitable problem of ensuring assay reliability over a

large screening campaign.

The HIV-1 co-receptors, CCR5 and CXCR4, are A final observation is that, although the HIV-1 envelope
chemokine receptors and members of the 7-transmembranand the CCR5-specific beta-chemokines bind the same recep-
G-protein coupled receptor (7-TM GPCR) superfamily. tor, sub-micromolar lead matter from chemokine-specific
7-TM GPCRs have proved highly lucrative drug targets screens will not necessarily display antiviral activity. It is
(Gurrath, 200 1and HTS technologies designed to identify therefore important to use a suitable antiviral screen during
compounds thatinhibit binding of natural ligands to their cog- further optimization of any lead matter identified from this
nate GPCR have been used successfully by the pharmaceuapproach.
tical industry for many years. Radioligand-binding assays,
using [2°I] labeled beta-chemokines RANTES, MIP-1alpha 2.2. Cell—cell fusion screens
or MIP-1beta, were used successfully by Takeda, Merck,

Schering, ONO and Pfizer to identify leads for their CCR5 The envelope glycoprotein (gp120) exists inits native form
antagonist program®8@ba et al., 1999; Shiraishi etal., 2000; as a homopolymeric trimer, held on the outer surface of the
Strizki et al., 2001; Castonguay et al., 2003; Maeda et al., virion by non-covalentinteractions with a fusion glycoprotein
2004; Dorr et al., in pre3sMany of these programs are still  (gp41) trimer. Immortalized cell lines, transfected with the
active and lead compounds have reached late stage clinicaHIV-1 Env gene, express gp120/gp41 on their surface and can
development, underscoring the value of this screening strat-fuse to cells co-expressing CD4 and either CCR5 or CXCRA4.
egy. The disadvantage of this approach is the dependencescreens based on this approach have been described by a
upon a radiolabeled ligand, which is of high cost and signif- number of laboratories.

icant environmental concern when screening large chemical A key hurdle in developing fusion assays as screens, is
libraries. It is therefore not likely that radiolabeled ligand obtaining cell surface expression of gp120/41. A number
binding assays will be widely used in the future. of groups have developed assays where the gp120/gp41l is

Assays have more recently been developed which iden-transiently expressedHolland et al. (2004have validated
tify compounds that inhibit receptor function rather than an alpha-complementation fusion assay in which they have
ligand binding (and thus avoid the need for radio-labeled transiently transfected Env genes from a range of CCR5-
chemokines). A fluorometric Imaging Plate Reader (FLIPR) tropic and CXCR4-tropic HIV-1 strains. One batch of 293T
has been evaluated for its use in identifying CXCR4 antag- cells was transiently transfected with HIV-1 Env, Rev and the
onists Princen et al., 2003 Princen and co-workers first  alpha-fragment of beta-galactosidase (beta-Gal), whilst the
loaded a variety of primary and immortalized cell lines with other was transfected to express CD4, an HIV co-receptor
a fluorescent dye, Fluo-3, which acts as an intracellular cal- and the omega-fragment of beta-Gal. Fusion events led to the
cium ion indicator. Cells were then pre-incubated with com- formation of enzymatically active beta-Gal complexes that
pounds before being stimulated with the CXCRA4-specific could be assayed using aluminescent based output. The assay
chemokine, SDF-lalpha. Compounds acting as CXCR4 was performed in 96-well plates and fusion events could be
antagonists were thus identified as those that inhibited thedetected after only 30 min incubation. In addition, the format
SDF-lalpha mediated calcium mobilization and fluores- yieldedZ’-values of 0.58—0.71, suggesting that the assay was
cence. The authors validated the assay using the CXCR4of sufficient quality for compound screeningh@ang et al.,
antagonist AMD3100, and obtained dose responses of similar1999. The disadvantage is that transient transfection systems
potency to those described previously for other methods. Theare not ideal for large screening campaigns.
same group has validated the use of a cell line co-expressing Litwin et al. (1996)successfully transfected HeLa cells to
CD4, CXCR4 and CCRS5 in calcium mobilization assays for stably express gp120/gp41 derived from the HIV-1 LAl strain
identifying antagonists of either chemokine recepRuir{cen (CXCRA4-tropic) or the HIV-1 JRFL strain (CCR5-tropic).
etal., 2004 They showed that these transfected HelLa cells would fuse

A different approach has been described@iyen et al. with the PM1 cell line, a clonal derivative of the HUT78 T
(2000) They transiently transfected CCR5 or CXCR4 (as cellline that naturally expresses low levels of CD4, CCR5 and
members of a panel of GPCR under evaluation) Kémo- CXCRA4. The cellmembranes ofthe HeLaand PM1 cells were
pus laevismelanophores. Over-expression of some GPCRs first loaded with high concentrations of lipophilic fluorescent
in melanophores leads to agonist-independent constitutivedyes, F18 (fluorescein octadecyl ester) and R18 (octadecyl
receptor activity. Chen and colleagues found that over- rhodamine). Labeled cells were then co-cultured in the pres-
expression of CCR5 or CXCR4 resulted in dispersion of ence or absence of inhibitors and fusion was detected 4 h
intracellular melanin and an increase in light transmittance later by measuring the fluorescence resonance energy trans-
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fer (FRET) between F18 and R18 molecules co-localized on CD4 and CCR5, and was additionally transfected with
membranes of fused cells. Advantages of this method are: itbeta-Gal whose expression was under the control of the
requires no gene expression during the assay, it can be rurHIV-1 long terminal repeat (LTR). Fusion between the two
in 96-well format, and its homogeneous nature requires no cell types resulted in transactivation by Tat of the HIV-1 LTR
post incubation addition/wash steps. Furthermore, this assayand expression of beta-G&lig. 1). The assay was validated
was used successfully to identify CCR5 specific monoclonal using a proprietary CCR5 antagonist that demonstrated
antibodies with antiviral activity @Ison et al., 1999 One similar low nanomolar potency in this assay as compared to
of these, PRO140, is now in clinical development for HIV-1 a MIP-1alpha/CCR5 radioligand binding assay. Since this
infection (Trkola et al., 2001 assay requires gene expression to produce its readout, its run
Other methods have been described that detect fusiontime is longer than Litwin's FRET assay (20 h versus 4 h). By
between a cell line stably transfected with gp120/gp41 automating the assay in 384-well plates, Bradley screened
and an indicator cell line expressing CD4 and one of the ~650,000 compounds and identified 3004 confirmed actives
co-receptors. Screening assays have been validated thaat 10 microM Bradley et al., 2004
use either beta-GalChiba et al., 2001a)bor luciferase BacMan baculovirus technologies have also been used
(Sakamoto et al., 2003as reporters. These assays were to develop an HTS screen for CCRS5/CD4-mediated,
performed in 96-well plates and involve multiple reagent gp120/gp41 fusionJenkinson et al., 2003The BacMan
addition steps; thus, neither is ideally formatted for high viral constructs enable transient transduction of HEK293
throughput screening (HTS) of large chemical libraries. cellswith gp120/gp41, Tatand Rev. These cells are incubated
Despite this drawback, the approach has been used towith human osteosarcoma (HOS) cells stably transfected
identify a compound from a natural product screen, acti- with CD4, CCR5 and an LTR-luciferase reporter, in 96-well
nohivin, with anti-HIV-1 activity in the 100nM range plates for 20-24 h. Jenkinson and colleagues validated the
(Chiba et al., 2001a)bMore recentlyBradley et al. (2004)  assay using the potent CCR5-specific antagonists, Schering-
described development of a 384-well format HTS to identify C (Strizki et al., 200)land TAK-779 Baba et al., 1999 and
inhibitors of cell fusion between the Chinese Hamster Ovary further showed a significant correlation between inhibition
(CHO)-Tat10 and HeLaP4 cell lines. The CHO-Tat10 cell of cell-cell fusion and antiviral activity in an HIV-1 repli-
line was engineered to constitutively express gp120/gp41, cation assay for a larger panel of eight CCR5 antagonists
derived from the JR-FL (CCR5-tropic) strain, and the Tat (r=0.87). This correlation between activity in cell fusion
trans-activator protein. The HeLaP4 cell line co-expressesassays and inhibition of virus replication has also been seen

HelLaP4

HIV LTR promoter

=
Cell-cell fusionl
B-Galactosidase production
.‘ MUG substrate
. a ﬂ_ Non fluorescent
B-Galactosidase cleavage
@

Tat regulation of Lac Z gene ij{> DL}&‘

4-MU product
Fluorescent

Fig. 1. Schematic representation of the cell—cell fusion assay usBchiojey et al. (2004)CHO-Tat10 cells were stably transfected to co-express gp120/gp41
(derived from the CCR5-tropic HIV-1 strain, JR-FL) and Tat. HeLaP4 cells co-express CD4 and CCR5 and also contain the LacZ gene whose expression is und
the control of the HIV-1 LTR promoter. When CHO-Tat10 and HeLaP4 cells are mixed they fuse to form syncytia, and the Tat expressed in the CHO-Tat10
transactivates expression of beta-Gal from the LacZ gene. The enzyme activity is quantified via detection of a fluorescent product 4-methghenbellife
derived from the substrate 4-methylumbelliferyl-galactoside.
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for the assay described by Bradley (personal communica-to screen >50,000 natural product extracts and several hits
tion), and highlights a key advantage for this approach over were identified that were reported to have antiviral activity.
ligand-binding screens for identifying lead co-receptor antag- The same group recently executed a similar HTS using the
onist molecules with antiviral activity. It should be noted glycosylated gp41 ectodomaiBéutler et al., 2008 In this
however, that the efficiencies of gp160-mediated cell-cell instance, primary screening of over 107,000 natural product
fusion and whole virus infection are differentially influenced extracts in the assay yielded 347 confirmed hits.

by virus and host cell factors. For example, the fusion between

virus and cell membranes is driven by structural determi- 2.4. gp41 Assays

nants within gp160 as well as cell surface densities of CD4

and CCR5/CXCR4Kuhmann et al., 2000; Platt et al., 2005 Following CD4 attachment and co-receptor engagement,
Multiple gp160/CD4-coreceptor interactions are required for the virus accomplishes fusion with the cell membrane by
productive infection, but it appears that CCR5-tropic viruses a complex rearrangement of the extracellular domains of
can efficiently infect cells expressing low levels of CCR5 gp41 trimer complexes. The licensed HIV-1 entry inhibitor,
as long as the same cells co-express CD4 to a high densityenfuvirtide (T-20, Fuzeori) is an inhibitor of this process,
Viruses are more sensitive to changes in these parametersalidating it as a drug target. The gp41 amino acid sequence
than are gp160-mediated fusion (syncytia) assiysiann predicts the existence of two heptad repeat (HR) domains.
etal., 2000, indicating that the activity of any chemical leads Fusion involves the homo-trimerization of the HR-1 domains
from a cell fusion assay should be confirmed in virus repli- and binding of the HR-2 alpha-helices into grooves on the

cation systems. HR-1 trimer to form a six-helix bundlé/Neissenhorn et al.,
1997. Cell fusion assays, such as those described above, will
2.3. Soluble gp120 screens identify inhibitors of this process. In addition, screens that

specifically target the rearrangement of gp41 into a six heli-

Enzyme-linkedimmunosorbent assays (ELISA) have long cal bundle have been described (reviewed.lwand Jiang,
been proposed as suitable screens for identifying inhibitors of 2004). Initial formats were Sandwich ELISA in which pep-
the gp120:CD4 interactiodMoore, 1990; Gilbertetal.,1991; tides derived from the HR-1 and HR-2 domains were mixed,
Chams et al., 1992; Gilbert et al.,199%oluble recombi-  and the formation of six-helix bundles was monitored using
nant gp120/gp160 and soluble recombinant CD4 will form a monoclonal antibody that specifically recognizes the six-
complexes in vitro, which can be prevented with specific helix conformation Jiang et al., 1990 Jiang et al. (2004)
monoclonal antibodies or gp120-specific small molecules. screened-33,000 compounds from a chemical library using
However, there is a high cost of synthesizing large amounts of a similar method and identified N-substituted pyrrole deriva-
biologically active recombinant gp120. Consequently, these tives with weak in vitro antiviral activity. These compounds
assays are most useful for characterizing lead matter fromappearto bind into a small hydrophobic pocket withinthe HR-
holistic screening approaches rather than as a primary screenl homotrimer and inhibit binding of HR-2 domains to form

A high throughput assay suitable for identifying small the six-helix bundle, suggesting the utility of such screens in
molecule inhibitors of soluble gp120 binding to CCR5 has identifying small molecular lead matter. Whether these com-
been reportedjobbs et al., 2001; Rickett et al., 200Solu- pounds can be optimised into clinical leads remains to be
ble recombinantgp120 derived from a variety of CCR5-tropic shown. The same group has also validated a fluorescently-
HIV-1 strains was harvested from Env-transfected CHO cells labeled version of the screen suitable for automation in 96-
by single-step affinity purification. This crude gp120 prepa- and 384-well formats to improve throughputiyf et al.,
ration was incubated with soluble recombinant CD4 before 2003. All gp41 screens described to date, however, involve
being added to CCR5-expressing HEK-293 cells in the pres- multiple steps that limit throughput and increase cost. It is
ence or absence of inhibitors. Binding of the gp120:CD4 therefore most likely that these types of assays will find their
complexes to CCR5 was quantified using a Europium-labeled greatest utility in elucidating the mechanism of action of lead
anti-gp120 monoclonal antibody, followed by time resolved compounds identified in cell-based or virus-based screens.
fluorescence. The assay was run in 96 well format and han-
dled 3600 data-points in a single run, making it suitable for

targeted screening of small chemical libraries. 3. HIV-1 enzyme targets

The antiviral properties of the natural product, cyanovirin-
N (CV-N), specifically its interactions with the oligosac- HIV-1 encodes three enzymes required for replication:
charide groups on gpl120/gp4Bdimstedt et al., 2001 HIV-1 reverse transcriptase (RT), HIV-1 integrase (IN)
have been exploited for screening purposésiMahon et al. and HIV-1 protease (PR). A number of assays have been

(2000) designed a 96-well plate-based, time-resolved fluo- developed for screening test compounds against these
rescence (TRF) assay based on the interaction of europium-well-known targets for drug discovery. Biochemical assays
labeled CV-N with recombinant soluble gp120 to support typically require purified recombinant enzymes (wild-type
identification of small-molecule mimetics of CV-N thatmight  or mutant forms) and are most often used in stopped endpoint
be developed as antiviral drug leads. This assay was usedieterminations, although some are amenable to time course
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measurements. In addition, engineered cell lines have beer2003. Reagents are immobilized onto agorose matri-
created for use in reporter cell assays. The majority of the ces, and DNA polymerization takes place on biotinylated
assays described in this section are amenable for automatiodNA primer/RNA template substrates witi33p]-labeled
using standard microplates and may be readily miniaturized nucleotides. Products are transferred onto a streptavidin-
into 384- or 1536-well plates, while a few are based on capture coated membrane, which is then washed and imaged. This
membranes for detection. Utilization of RT or PR enzymes assay was used to screen 8640 compounds spotted onto a
that contain drug resistant mutations in screening campaignshigh-density array for RT inhibition.

represents a common strategy to identify next generation Non-isotopic assays for measuring DNA polymerase

HIV-1 inhibitors against these precedented targets. activity have also been reported, although they are not as
widely used. These include enzyme immunoassays (EIAS),
3.1. HIV-1 reverse transcriptase which are non-homogeneous in nature due to the number of

reagent addition steps and multiple wash steps involved. In

RT inhibitors were the first HIV-1 drugs marketed and cur- a typical procedure, DNA synthesis takes place with modi-
rently serve as the backbone of most frontline HIV combina- fied nucleotides, such as dUTP labeled with either fluorescein
tion therapies. Given the clinical success seen with inhibitors or biotin, and a DNA primer/RNA template duplex bound to
of this target, next generation RT inhibitors will most cer- coated microplate well8fennan etal., 2002; Odawaraetal.,
tainly remain critical components of future drug regimens. 2002. Once the polymerization reaction is complete, the
The functional RT enzyme is a heterodimer consisting of DNA products are quantified by the addition of a secondary
66 kDa and 51 kDa polypeptides with separate DNA poly- enzyme conjugate (e.g. alkaline phosphatase conjugated to
merase and ribonuclease H (RNase H) domains in the 66 kDaanti-fluorescein antibodies or streptavidin, respectively) and
polypeptide. Both the DNA polymerase and RNase H activ- colorimetric or chemiluminescent substrates for detection.
ities of RT are required for viral replication. In the infected A homogeneous, non-isotopic assay was reporteSdwile
cell, HIV-1 RT ultimately transcribes a single-stranded viral et al. (1996}hat uses a fluorogenic dsDNA stain for measur-
RNA template into double-stranded DNA (dsDNA) througha ing DNA polymerization on a DNA primer/DNA template.
multi-step process: (1) RNA-dependent DNA polymerization However, use of this assay in HTS is limited by a relatively
to produce a{) DNA copy, with (2) concomitant cleav- low dynamic range.
age of the RNA strand of the heteroduplex by RNase H, Inhibiting reverse transcription by targeting the RNase H
and (3) DNA-dependent DNA polymerization to yield the activity of HIV-1 RT is another approach of interest, since
dsDNA product. During this process, template switching by mutations in the NNRTI allosteric domain or the RT active
the newly synthesized+) DNA takes place at least twice. site are not expected to affect inhibitors that bind to the
Although currently marketed agents inhibit the DNA poly- RNase H domain. Although RNase H mediated cleavage of
merase activity of HIV-1 RT, inhibition of any of the stepsin a hybrid RNA/DNA duplex occurs either concurrently with
the reverse transcription process would result in inhibition of DNA polymerization or independently, most RNase H assays
viral replication. Therefore, various assays suitable for test- target the latter. Two protocols use a duplex substrate labeled
ing compounds in an HTS format have been described for with biotin and digoxigenin on separate strands and are con-
measuring the DNA polymerase, RNase H, and DNA strand ducted in streptavidin-coated microplates. The digoxigenin
transfer activities of HIV-1 RT. moiety serves as a ligand for EIA quantitation involving an

HTS-compatible isotopic assays that use Scintillation anti-digoxigenin antibody/secondary enzyme conjugate and
Proximity Assay (SPA) technology remain in widespread colorimetric reagents for detectioRychetsky et al., 1996;
use for identifying DNA polymerase inhibitors due to the McLellanetal., 2002 Recently,ahomogeneous FRET assay
high quality, homogeneous nature, availability in kit form for measuring RNase H activity was described Rarniak
and low cost of the technology (Amersham Biosciences, SPA et al. (2003) The duplex substrate contains a fluorescein label
Handbook). SPA assays are based on the use of microscopion the 3-end of the RNA strand, which is quenched by a Dab-
beads embedded with a scintillant that are stimulated only cyl label on the 5end of the DNA strand. When the substrate
when bound with radiolabeled reagents. The light emitted is cleaved by RNase H, the FRET interaction between the flu-
upon stimulation can be detected by scintillation counting. orescein and Dabcyl is removed, resulting in an increase in
No washing steps are required to separate products, whichthe fluorescence signal. Unlike the EIA protocols, this FRET
makes this technology ideal for HTS. Typical SPA protocols assay may be conducted as either a kinetics time course or
for measuring DNA polymerase activity utilize substrates a stopped endpoint measuremédrdrniak et al. (2003)sed
comprised of poly rA templates annealed with sevefal 5 the RNaseH FRET assay to screen >106,000 compounds in
biotinylated oligo dT primersiiemaitre et al., 1992 Tritium a 384-well microplate HTS.
labeled TTP is used for DNA synthesis, and the total amount  Although template switching by the-j DNA being syn-
of [*H] TTP incorporated may be quantified with the addition thesized is not an enzymatic proceSsbbara et al. (1999)
of SPA beads coated with streptavidin. Another isotopic assaydeveloped an SPA assay for identifying DNA strand trans-
for measuring DNA polymerase activity entails Microar- fer inhibitors Fig. 2), which they used to screen 175,000
ray Compound Screening technologyARCS) (Xuei et al., compounds. A biotinylated DNA primer annealed to an RNA
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DNA primer: 3’-GTTTAAACGCTCGGGGTCTACG-biotin
RNA template: 5’-AGGUGAGUGAGAUGAUAACAAAUUUGCGAGCCCCAGAUGC-3’

+
DNA acceptor: 5’-CCCCCCCCCCCCCCCAGGTGAGTGAGATGATAACA ;-3

.|..

dATP, dCTP, *H AGTP, dTTP

Add HIV-1 RT
DNA polymerization and RNase H cleavage

3’-TCCACTCACTCTACTATTGTTTAAACGCTCGGGGTCTACG-biotin
+ RNA fragments

l DNA strand transfer

3’-TCCACTCACTCTACTATTGTTTAAACGCTCGGGGTCTACG-biotin
5’-cCcCCCCCCCCCCCCCAGGTGAGTGAGATGATAACA -3

l, DNA polymerization

(¥8]

’-GBGGGEEEEEGEEEGETCCACTCACTCTACTATTGTTTAAACGCTCGGGGTCTACG-biotin
5’-CCCCCCCCCCCCCCCAGGTGAGTGAGATGATAACA -3

Stop reaction,
Add streptavidin coated SPA beads

Scintillation counting

Fig. 2. HIV-1 RT DNA strand transfer SPA assay developediaypbara et al. (1999The assay mixture contains biotinylated DNA primer annealed to RNA
template, DNA acceptor, and nucleotides, and the reaction is initiated with the addition of HIV-1 RT. DNA polymerization takes place by ingptgdmatin

dCTP and dTTP complementary to the RNA template, along with concomitant RNase H mediated cleavage. When the reaction reaches the end of the template,
the extended DNA primer switches onto the DNA acceptor strand, which serves as a template for further DNA synthesis, this time with tritium léReled dGT
The products containingH] dGTP are quantified by the addition of streptavidin coated SPA beads and scintillation counting. Inhibiting any of these processes
associated with HIV-1 RT will result in a descrease in the SPA signal.

template serves as the initial substrate for DNA synthesis. Thetransfer). As well, HIV-1 IN catalyzes the reverse process
assay mixture also contains a DNA acceptor strand containingof strand transfer in vitro (i.e., disintegration). However, the

a stretch of 15 Cs at thé-8nd and nucleotides. The reactions in vivo relevance of the disintegration reaction has not been
are initiated by the addition of HIV-1 RT, which catalyzes established.

DNA synthesis along with concomitant RNase H cleavage  Most currently used assays for HIV-1 IN target the strand
to produce the{) DNA. The extended primer then forms transfer process and follow a similar premise. HIV IN is com-
a duplex with the acceptor strand in situ, which acts as sec-bined with donor dsDNA, which has been immaobilized onto a
ond template for further DNA synthesis wittH] dGTP. The solid support, to form an enzyme/DNA complex. The reaction
final extended DNA products are detected by adding strepta-is then initiated by the addition of target dsDNA labeled in
vidin coated SPA beads and scintillation counting. Note that some manner, and after anincubation period, the ligated prod-
test compounds that inhibit DNA polymerase and RNase H ucts are quantified. Three such assays have been described.
activities may also be identified as inhibitors in the HIV-1 RT In the first,Hazuda et al. (1994, 199Theasured the inte-

strand transfer assay. gration of biotin labeled host dsDNA into donor dsDNA
immobilized onto microplate wells. Ligated products were
3.2. HIV-1integrase quantified by EIA using an alkaline phosphatase/avidin con-

jugate and a colorimetric substrate. Such an approach was

HIV-1IN has received considerable attention of late. Much used byHazuda et al. (2000§o identify the first inhibitor
of this is due to the clinical validation of HIV-1 IN as athera- that targeted HIV-1 IN in infected cells. A second protocol
peutic target by Merck and collaboratotst{le et al., 200%. utilizes nARCS technology, where HIV-1 IN is complexed
The primary role of HIV-1 IN is to catalyze the insertion of  with biotinylated donor dsDNA bound to streptavidin coated
the newly transcribed HIV-1 cDNA into the host cellgenome, membranes. Target dsDNA labeled with fluorescein is then
a step that is required for HIV-1 gene expression and viral added followed by EIA quantitatiob@avid et al., 2002 The
replication. Mechanistically, this occurs via a two step pro- wARCS assay was used to screen a library of 250,000 com-
cess: the removal of two nucleotides from the8d of viral pounds for IN activity. A third protocol, more compatible
donor DNA (3-processing) followed by formation of phos-  with HTS using robotics, involves SPA technoloddu(et al.,
phodiester linkages to join the viral and host DNAs (strand 2004). In the SPA strand transfer assay, a complex is formed
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between HIV-1 IN and biotinylated donor DNA bound to an expanded set of targets and yield more biologically rele-
streptavidin coated SPA beads. HIV-1 IN-dependent incor- vant compounds. A PCR-based assay for integration has been
poration of H] dTTP labeled host DNA is then measured by reported that employs HIV-1 PICs derived from cells infected
scintillation countingHu et al. (2004)used the SPA strand  with single-cycle HIV-1 reporter viruse§ig. 3). The PICs
transfer assay in an HTS against >1 million compounds to are reacted with double-stranded DNA targets immobilized
identify a novel class of HIV-1 IN inhibitors. on 96-well plates, after which the reactants are washed and
A different SPA assay focuses on the disintegration stepseluted from the plate. The level of integration in each well is
catalyzed by HIV-1 IN Downes et al., 19941t uses a sub-  determined by TagMan quantitative PCR amplification using
strate consisting of two DNA oligomers that are annealed a primer-probe set specific to an internal vector sequence
to form a partial duplex and two hairpin loops. One strand (Hansen et al., 1999
is labeled with biotin while the other contains radiolabeled
nucleotides. In this assay, HIV-1 IN cleaves and ligates the 3.3. HIV-1 protease
strands together to form a single stranded disintegration prod-
uct, which is quantified after the addition of streptavidin HIV-1 Gag and Pol polypeptide precursors are cleaved by
coated SPA beads. However, as mentioned above disintethe viral encoded aspartyl protease to form the mature struc-
gration may not be relevant to HIV-1 IN function in the tural and enzymatic gene products. The active form of HIV-1
infected cell. Thus, test compounds that inhibit the disin- PR is a 22 kDa homodimer with each 11 kDa monomer con-
tegration assay may not be active in antiviral assays. tributing one of the two conserved aspartates to the active site.
In addition to recombinant enzyme screens, biochemical HIV-1 PR activity is critical for viral replication, and potent
assays have been developed that measure HIV-1 IN activityantiviral activity has been demonstrated for HIV-1 Pls in the
in the context of the preintegration complex (PI®Jil{er clinic. As a result, drug discovery efforts continue to focus
et al., 1997. The HIV PIC is a large nucleoprotein complex on the identification of new inhibitors against this validated
containing the viral cDNA and IN, as well as viral matrix, target that are active against HIV-1 variants resistant to the
Vpr, RT and a number of host proteins including HMGI(Y), currently available HIV-1 Pls. In line with these efforts, the
histones, and members of the non-homologous end joiningassays described here may be conducted with wild-type pro-
(NHEJ) pathwayftouchier and Malim, 1999; Lietal.,20p1  tein or variants that contain mutations conferring resistance
HIV-1 PICs can be isolated from freshly infected cells and to current HIV-1 Pls.
are able to carry out concerted integration of both viral cDNA  Although an SPA assay for HIV-1 PR has been described
ends into a target DNA strandlfller et al., 1997. Recom- (Cook et al., 199), FRET assays are more commonly used.
binant HIV-1 IN on the other hand, catalyzes strand transfer Synthetic peptide substrates typically consist of a cleavage
of single LTR ends only, illustrating the importance of the sequence flanked with fluorescent donor and acceptor labels
full PIC complex to infection. It is possible that screening for (Wang et al., 1990; Matayoshi et al., 1990he fluorescence
PIC activity, analogous to that in a true infection, may offer signal is low in the intact peptide because the donor is

PIC

N

+ | il
i —_— Quantitative
PCR of viral
DNA in the
eluate

Plate-immobilized Wash NaOH elution
Target DNA

Fig. 3. Schematic representation of the HIV PIC integration assay. Plate-immobilized, double-stranded target DNA is reacted with vectoivierdneteH

gration complexes (PICs). Concerted integration results in immobilization of the viral DNA; however, due to the lack of host cell DNA repair medienis
5'-ends of the provirus remain unligated. A wash step removes unintegrated viral DNA. Finally, the integrated viral DNA is eluted from the well with NaOH
and quantified by real-time quantitative PQRafisen et al., 1999
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quenched by the nearby acceptor. Once the substrate iPR with a reporter construct encoding luciferase adjacent
cleaved by HIV-1 PR, the FRET interaction is removed and to GFP, separated by a protease cleavage sequence. When
the fluorescence increases. FRET assays are widely used iexpressed in HelLa cells, the intact form of this construct
HTS because they are homogeneous, non-isotopic, requirehas low basal activity, however cleavage results in elevated
no additional reagents, and are suitable for kinetic and levels of luciferase activity such that an effective protease
endpoint measurements. Furthermore, peptide substrateinhibitor will suppress luciferase activity in the ass&ijl{im
may be synthesized using a wide variety of FRET label et al., 200}. Finally, a bacterially expressed construct was
pairs. An HIV-1 PR substrate, Arg-Glu(EDANS)-Ser-GIn- reported, which is comprised of HIV-1 PR and a beta-Gal
Asn-Tyr-Pro-lle-Val-Gln-Lys(Dabcyl)-Arg, is commercially  gene. The latter is modified to contain a PR cleavage site
available; however, many test compounds may interfere with such that active PR will prevent reporter activity. This assay
the wavelength for EDANS emission at 490 nm. As a result, was carried out irEscherichia coli in which effective PR
fluorescent donors having longer excitation and emission inhibitors resultin recovery of beta-Gal activii@ljeng et al.,
wavelengths, such as CyDye&dorge et al., 2003and 2004).
rhodamine dyesGrant and Sklar, 20Q2are often preferred.
Other labels, such as europium chelates in homogeneous
time-resolved fluorescence (HTRF) assayarginen et al., 4. Other target specific assays
2002; Peaudat et al., 20Q2r AlphaScreen (Perkin Elmer,
AlphaScreen Technical Manual), may be adapted for measur- Most pharmaceutical drug discovery efforts are focused
ing HIV-1 PR activity by designing the appropriate substrates. on clinically validated HIV-1 entry and enzyme targets. How-
Fluorescence polarization (FP) is another fluorescence-ever, for the discovery of novel mechanism HIV-1 inhibitors
based homogenous assay technology that is well suited forother HIV-1 targets must be considered. The recent disclosure
testing compounds against HIV-1 PBo{ley, 1996. In FP of potential clinical efficacy with a novel virion maturation
assays, two fluorescence measurements are taken using plariehibitor (Martin et al., 2005 may spark interest in pursuing
polarized light, and a ratiometric value is calculated. This additional non-traditional targets. In this section, we discuss
polarization value is dependent on the size of the labeled assay approaches for HIV-1 genes that may not be viewed
material, and a large mass difference between the cleavedas druggable targets in the current industry paradigm but
and uncleaved substances is required for sufficient differenti- perhaps should be re-considered in the hunt for novel ther-
ation. FP assays are inherently less sensitive to test compounapeutics. The majority of assays reported below has either
interference due to the ratiometric nature of the calculated been applied to HTS or designed to be readily adapted for
polarization values. A typical PR peptide substrate for FP screening. In addition, all of the targets below remain unex-
measurements contains a fluorophore and a biotin flankingploited in the clinic.
the cleavage sitd_gvine et al., 199¥. After the PR reaction
has taken place, avidin is added to the wells to bind the biotin 4.1. Tat/Tar function
moieties. The intact substrate and one of the cleaved frag-
ments are detectable due to their fluorescent tags; however, Transcription of integrated HIV-1 proviral DNA is highly
the mass of the uncleaved peptide is much greater due to thelependent on the binding of the viral transactivator protein
bound avidin resulting in a larger polarization value. (Tat) to the nascent viral RNA early in the process. The
A colorimetric HIV-1 PR assay using unlabeled pep- specific site of interaction is at the Tat responsive element,
tide substrates has been reported3bgbbins and Debouck  TAR RNA, which forms a distinct hairpin structural motif.
(1997) In this assay, the PR reaction is stopped by the addi- (reviewed byKarn, 1999. A number of assays have been
tion of carbamylation reagent, which reacts with the newly reported that monitor HIV-1 Tat-dependent transcription as
formed amino terminus. A subsequent carbamido-diacetyl well as the specific binding event between Tat and the TAR
condensation reaction results in a green product, which mayRNA. Itis worth noting that most of the protein-RNA binding
be quantified spectroscopically. assay formats for Tat can also be applied to observe interac-
In addition to enzyme assays, a number of cell-based tions of Rev and Rev response element (RRE) (see below).
assays have been reported for HIV-1 PR. A green fluo- There is significant overlap in the in vitro technologies that
rescent protein (GFP)-PR chimera was developed that canhave been applied to these two targets, and included in the
be expressed in mammalian cells, causing minimal toxic- Rev section below is a merged screen for both targets.
ity until autocatalytic cleavage occurs. In the assay, effective  Cell-based assays can be used to probe for inhibitors that
inhibition of PR cleavage from GFP results in increased flu- affect Tat-dependent transcription from the HIV-1 LTR pro-
orescence, while lack of inhibition causes cytotoxicity in moter. One such assay employs co-expression of HIV-1 Tat
addition to lack of signall{indsten et al., 2001 While this and an HIV-1 LTR-GFP construct in HeLa celBdelemans
assay may be amenable to screening, one practical variant teet al., 200}. Because expression of the GFP reporter is fully
increase throughput may be the use of an enzymatic reporterdependent on the Tat construct, inhibition of GFP expression
that can be easily read in HTS systems. Another cell-basedshould correspond to inhibition of Tat-dependent transcrip-
screen has been reported based on coexpression of HIV-ltion. The same group has reported a variant of this assay,
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differing only in the use of an enzymatic endpoint after aging of viral RNA into newly formed particle$6llard and
coexpressing an LTR-LacZ construct rather than LTR-GFP Malim, 1998; Ptak, 2002
(Daelemans et al., 199 7a readout that is likely more adapt- Cell based assays for HIV-1 Rev have been designed to
able to HTS. A potential disadvantage of this assay is that monitor Rev mediated nuclear export of RNA transcripts.
it observes only LTR driven transcripts, thus compounds In one of the reported HTS-compatible assays, HIV-1 Rev
with more general effects on transcriptional machinery in the is coexpressed in mammalian cells with a Rev-dependent
cell will not be distinguished. An alternate cell-based assay secreted alkaline phosphatase (SEAP) reporter construct.
has been proposed to internally filter out compounds hav- Inhibition of Rev-RRE interactions in these cells results
ing general effects on transcription. This positive selection in decreased alkaline phosphatase sigii@ng and Su,
transcription assay utilizes a “collision” reporter construct 1997. Another mammalian cell-based approach relies on the
that consists of a CMV promoter driven reporter (alkaline expression ofareplication-deficient HIV-1 constructinwhich
phosphatase) followed by an HIV-1 LTR promoter in the the Nef open reading frame has been substituted with beta-
opposite orientation. When coexpressed with HIV-1 Tat, Gal. Since Nefis an early gene relying on full splicing of the
enhanced LTR promoter activity will downregulate CMV RNA, Rev inhibition in this system causes increased reporter
driven reporter expression. Thus, a Tat-specific inhibitor will signal @rrigo, 2000Q. A bacterial antitermination assay has
prevent physical suppression of the CMV driven transcript, been described to screen specifically for peptide sequences
resulting in increased expression of the repoiex Rosario that bind to the Rev RRE motif. In this assay the peptide
etal., 199§. library, fused to the N-protein, is coexpressed with a reporter
Several biochemical assays have been reported, aimed aplasmid in which the RRE is upstream of a transcription ter-
directly monitoring Tat-TAR RNA interactions by various mination sequence. Binding of the peptide-N-protein fusion
means. A filter binding assay has been used to detect bind-causes antitermination of reporter expression and resulting
ing of recombinant HIV-1 Tat to radiolabeled TAR RNA kanamycin resistance to mark peptides of inter@sled-
where Tat adheres to the membrane, retaining any boundZehavi et al., 2008
RNA and attached signal. Both the membrane and filtrate A high throughput SPA assay has been used to screen over
can be counted to determine bound and free fractions of RNA 500,000 compounds for potential Rev inhibito@hgpman
respectively ilei et al., 1997. The same group reported an et al., 2002. Recombinant HIV-1 Rev was biotinylated and
SPA assay, likely to support considerably higher throughput incubated with radiolabeled RRE prior to the addition of
of compounds. Here, TAR RNA is immobilized on the scin- streptavidin coated SPA beads and scintillaton counting,
tillation beads and incubated with a radiolabeled synthetic where inhibition of Rev-RRE binding causes a decrease in
peptide representing a sequence from Tat that included thethe signal. A filter-binding assay has also been described for
basic domain (Tat 49-57) responsible for TAR RNA bind- Rev in which recombinant HIV-1 Rev is incubated with in
ing (Mei et al., 1997. This is a simple homogeneous assay Vvitro transcribed radiolabeled RRE RNA motif. The assay
that is well suited for HTS systems. Synthetic Tat peptides protocol, which has been used to screen a natural product
have also been employed in a FRET assay in which the flu- library (Qian-Cutrone et al., 1996is analogous to those
orescent donor and acceptor are placed at each end of thelescribed for the Tat filter-binding assay (above). Finally, a
peptide Matsumoto et al., 2000 The unbound conforma-  binding assay has been described that is aimed at simultane-
tion of the Tat peptide places the two fluorophores in close ous screening of Tat and Rev inhibitors. A plate-immobilized
proximity, resulting in energy transfer and thus quenching of peptoid with apparent binding affinity toward both relevant
the reporter. Binding to TAR RNA extends the peptide such RNA motifs was used to screen compounds for their abil-
that energy transfer is lost and the reporter signal increasesity to prevent peptoid-RNA binding. The RNA motifs were
An effective competitor for TAR RNA binding would effect  labeled with unique fluorescent tags such that a dual read of
a decrease in reporter signal by occluding the Tat peptide andthe same plate could determine Tat or Rev specificity of the
forcing afolded (quenching) conformatiaétsumoto et al., hits (Hamy et al., 2001
2000. As with other FRET assays described earlier, intrinsi-
cally fluorescent compounds encountered in small molecule4.3. Vpr
libraries may interfere with the assay endpoint.
The HIV-1 accessory protein Vpr appears to serve sev-
4.2. Rev/RRE function eral functions in viral replication. Among them are G2 cell
cycle arrest of the infected cell, enhanced nuclear import of
Interaction of the HIV-1 regulatory protein Rev with the the preintegration complex, and several effects on surround-
RRE viral RNA motif is a critical step in viral replication. ing cells, both infected and uninfected (reviewedherman
Binding of Rev to the RRE motif allows nuclear export of et al., 2002. However, if inhibited, none of these attributes
fully unspliced or partially spliced viral mRNAs through represent a clear block to viral replication. As such, Vpr has
recruitment of the host Crm1 nuclear export pathway. These not generally been viewed as an attractive therapeutic tar-
unspliced forms must be exported in order for expression of get. Little has been reported on screening assays for HIV-1
the majority of HIV-1 gene products and subsequent pack- Vpr activity, however one group has screened for and identi-
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fied compounds that inhibit the cell cycle arrest properties of host cell activation, downregulation of CD4 from the cell sur-
Vpr. In this assay, recombinant Vpr expression was induced face, and interactions have been identified between Nef and
in yeast in the presence of test compounds and subsequengeveral host proteins involved in cell signaling and protein
measurement of cell growth was monitored by optical density trafficking (Baur, 2004. However, the relevance of any of

(Sankovich et al., 1998 these interactions to a required function in viral pathogene-
sis has yet to be determined (reviewed3syer et al., 2001
4.4. Vif Thus, there has been reluctance to investin significant screen-

ing efforts for Nef. In the hope that HIV-1 interactions with

Since the identification of the host cell factor that makes the Hck kinase (via an SH3 domain) might be responsible for
HIV-1 Vif an absolute requirement for viral replication in  Nef dependent pathogenesis, a SPA assay has been reported
non-permissive producer cellSiieehy et al., 20Q2there that monitors recombinant radiolabeled Hck protein binding
has been a significant increase in research activity devotedto bead-immobilized HIV-1 Neflones et al., 1998A recent
to Vif. The Vif accessory protein binds to the host antivi- report providing additional evidence that CD4 downregula-
ral factor APOBEC3G, targeting it for degradation by the tion may be sufficientto inhibitreplicatioPfiam etal., 2004
26S proteasome. This process prevents incorporation of themay generate new interest in HIV-1 Nef as a therapeutic tar-
host factor into viral particles, which otherwise renders those get.
virions non-infectious (reviewed ose et al., 2004 With
this knowledge, screening assays have been proposed that.6. Nucleocapsid
monitor HIV-1 Vif-dependent degradation of APOBEC3G.
Coexpression of Vif and APOBEC3G can result in degra-  HIV-1 nucleocapsid (NC) serves several functions through
dation of APOBEC3G to nearly undetectable levélg(in various stages of viral replication (reviewedfneed, 1998
etal., 2003; Sheehy et al., 2008 HIV-1 Vif is coexpressed During particle formation and maturation, NC facilitates
in a permissive cell line with an APOBEC3G-reporter fusion, packaging of the viral RNA genome and after cleavage, coats
then inhibitors of Vif dependent degradation will result in the RNA non-specifically. NC plays a crucial role in reverse
recovery of the reporter signal. Cell based assays of this gen-transcription as it is required for annealing of tRNS to
eral format have been proposed in which the reporter may bethe primer binding site, and it appears to increase RT poly-
luciferase, other enzymatic reporters (e.g. beta-Gal or per-merization efficiency. Recent studies have also demonstrated
oxidase), green fluorescent protein, or an immunological tag that NC is responsible for recruiting APOBEC3G into the

(Fig. 4 (Kabat et al., 2004; Greene et al., 2005 virion (Zennou et al., 2004 although this is an attribute that
in fact works against productive infection. An ELISA-based
4.5, Nef screening assay has been used to scre2000 potential

inhibitors of NC-RNA binding from an optimized library at
Although HIV-1 Nef is required for viral replication and  the National Cancer Instituté&Stephen et al., 2003In the
disease pathogenesis in primate models, precisely how theassay, NC wasimmobilized onto 96-well plates and incubated
protein mediates this effect remains largely unknown. Many with a biotinylated oligonucleotide substrate. After washing,
functions have been attributed to Nef, such as induction of bound oligonucleotide was detected using a streptavidin-
horseradish peroxidase conjuga®ephen et al., 2002

4.7. Vpu

%
.,
4, HIV Vpu is an integral membrane protein with two dis-
. APOBEC3G - R . P o .
7 tinct activities Schubert et al., 199§aThe first is induction

of CD4 degradation, which is a function of the cytoplasmic

Inh\{t')fitor Vif domain of Vpu Margottin et al., 1998 The second activ-
ity is enhancement of virus release from the producer cell
membrane, which is a function of the N-terminal transmem-

Y brane .("I'M) domain of Vpu.. The T™M domain .of. Vpu has

556, Bretoacnme the ability to form homo-oligomers that exhibit ion chan-

nel activity in vitro and mutations that abrogate this activ-
Reporter Signal No Signal ity also result in loss of ability to enhance particle release

(Schubert et al., 1996bHowever, a direct link between
Fig. 4. General assay scheme for cell-based detection of HIV Vifinhibitors. jon channel activity and particle release has not yet been
HIV Vif and an APOBECS3G/reporter gene fusion protein are stably c|aayly elucidated. Recent studies indicate that Vpu functions

expressed in a Vif-permissive cell line. Inhibition of Vif function will allow . L .
for the accumulation of the APOBEC3G/reporter fusion, which would other- by inactivating a host cell ion channel, TASK-1, that other-

wise be targeted for proteasome-mediated degradation. The reporter choseNViS€ inhibits viral releaseMarthakavi et al., 2003; Hsu et al.,
will dictate the exact assay endpoiKigpat et al., 2004; Greene et al., 2005 2004).
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While one class of compounds has been reported to inhibit and virus replication is quantified by measuring the expres-

both Vpu ion channel activity and viral replicatioBwart

et al., 2004, Vpu has not drawn significant attention as a
potential therapeutic target for HIV, in part since deletion
of Vpu altogether does not fully inhibit HIV replication.
Thus it is difficult to predict likely efficacy in the clinic of
an inhibitor of either one or both Vpu-associated activities.

sion of the virally encoded reporter gen&dglson et al.,
2003; Blair and Spicer, 2001; Page et al., 1997; Peteropoulos
etal., 2000. Forreporter cell assays, the target cells of interest
are engineered to contain a reporter gene, which is activated
upon viral infection. Virus replication is measured by moni-
toring induction of the reporter gene inthe infected target cells

No high throughput screening assays for Vpu have been(Aguilar-Cordova et al., 1994; Akrigg et al., 1991; Axelrod
reported, however as the mechanism of action becomes moreand Honigman, 1999; Blair et al., 2005; Borkow et al., 2004;
evident, assays for specific protein-protein interactions may Dorsky and Harrington, 1999; Dorsky et al., 1996; Gervaix
be tailored to this target. In addition, recent advances in high et al., 1997; Kimpton and Emerman, 1992; Miyake et al.,

throughput screening of potassium chann®éedver et al.,
2004 may be applicable to monitor the'kchannel activity

of TASK-1 and/or Vpu when coexpressed in mammalian
cells.

5. HIV-1 replication screens

Although biochemical HTS and structure-based drug

2003; Pirounaki et al., 2000; Rocancourt et al., 1990; Spenle-
hauer etal., 2001In cell protection assays, cytopathic effects
resulting form virus replication are measured by determin-
ing cell viability using a dye reduction methoBdyd, 1988;
Weislow et al., 1989

5.1. HIV-1 reporter virus assays

The concept of using HIV-1 reporter viruses to monitor

design approaches are currently preferred over holistic HIV-1 replication was first introduced using a replication
approaches, HIV-1 replication screens have historically beencompetent HIV-1 reporter virus containing the chlorampheni-

used to identify antiviral compoundsidnes, 1998 For
example, NRTIs were developed using HIV-1 replication
screens$quires, 2001l HIV-1 viral-based screens have been
particularly effective for identifying novel target inhibitors.
HIV-1 NNRTIs were initially discovered using an HIV-1
replication screerRauwels et al., 1990Prior to the identifi-
cation of CXCR4 as an HIV-1 receptor, CXCR4 inhibitors
(e.g., AMD3100) were identified in antiviral screer3e(
Clercqetal., 1992, 1994The concept of HIV-1 fusion as an
antiviral target was first demonstrated for T-20 and its deriva-
tives in HIV-1 syncytium formation (chronically infected
cells) and replication assay&/{d etal., 1992, 1994 In addi-
tion, two novel target HIV-1 compounds that recently entered
clinical development (BMS-488043 and PA-457) were orig-
inally identified using antiviral screenB\jioka et al., 1994;
Kashiwada et al., 1996; Lin et al., 2003; Wang et al., 2003

col acetyltransferase (CAT) gene in place of HIV-1 Nef
sequencesTerwilliger et al., 198%. Since then, there have
been many incarnations of replication competent and repli-
cation defective HIV-1 reporter viruses disclosed in the liter-
ature. Some of the more recent HIV-1 reporter virus assays
were designed with HTS in mind. Single-cycle infectious
HIV-1 reporter virus assays have been used successfully
in industrial compound screening operatiofafr et al.,
2005; Peteropoulos et al., 2000Bingle-cycle infectious
viruses encode a reporter gene and contain a mutation in
viral sequences required for replication (e.g., envelope). As a
result, such viruses initiate a single round infection in target
cells but do not propagate in the culture. High-titer single-
cycle infectious virus stocks can be generated from producer
cells expressing viral proteins that complement the replica-
tion defect in trans. This is particularly the case when certain

HIV-1 replication assays offer the advantage of screening for heterologous envelopes (e.g., envelope proteins derived from

multiple targets in the context of a natural infection.
Several different HIV-1 replication assays have been

described that could be adapted for medium-to-high through-

put screeningAdelson et al., 2003; Aguilar-Cordova et al.,

1994; Akrigg et al., 1991; Axelrod and Honigman, 1999;
Blair et al., 2005; Blair and Spicer, 2001; Borkow et al.,
2004; Boyd, 1988; Chen et al., 1994; Dorsky and Harring-
ton, 1999; Dorsky et al., 1996; Gervaix et al., 1997; Kimpton

VSV or MuLV) are used to complement envelope defective
HIV-1 reporter virusesGhen et al., 1994; Bartz and Vodicka,
1997; Peteropoulos et al., 2008y selecting the appropriate
reporter gene (e.g., luciferase), HIV-1 single-cycle reporter
virus assays are compatible with HTS formagafr et al.,
2005, and significantly reduce the safety risk encountered
with replication-competent HIV-1Xdelson et al., 2003

A novel variation of the HIV-1 single-cycle reporter virus

and Emerman, 1992; Miyake et al., 2003; Page et al., 1997;assay that could in principle be used to screen for HIV-1
Peteropoulos et al., 2000; Pirounaki et al., 2000; Rocancourtinhibitors was recently reporteédelson et al., 2003 Adel-

et al., 1990; Spenlehauer et al., 2001; Weislow et al., 1989 son and co-workers describe a stable HIV-1 producer cell line
Such assays can generally be subdivided into one of threethat contains a transducing vector encoding the GFP reporter
categories: reporter virus assays, reporter cell assays, or celand two separate packaging vectors, each encoding a different
protection assays. In reporter virus assays, a reporter gene iportion of the HIV-1 genomeH(g. 5). Gene expression from
introduced into the virus genome, usually in place of a viral the packaging vectors is under the control of an ecdysone-
gene not required for replication in the target cells of interest. inducible promoter to minimize any cytotoxic effects that
Cells are then infected with the recombinant reporter virus may result from expression of the viral gene products dur-
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Fig. 5. Expression plasmids and retroviral transducing vector used to establish a stable HIV-1 producer cell line. HEK 293T cells were trattsfeated wi
separate vectors to generate the HIV producer cell line. Vector 1 expresses the ecdysone (Ec) receptor, which controls activation of vectoestdradd 3. V
expresses the HIV-1 envelope (Env) under the control of the ecdysone promgjeE({#/ expression from vector 2 is enhanced by the interaction of the HIV
Rev protein with the Rev response element (RRE) contained on the vector. Vector 3 expresses the remaining HIV-1 gene products (Gag, Pol, Vifaypr, Vpu,
and Rev) under the control of the ecdysone promoteg)(Rfector 4 is the transduction vector and contains the HIV-1 LTR promoter and packaging sequence
(V) and the GFP reporter. Induction of the system with Ec results in the production of single-cycle infectious HIV-1 virions encoding the GFP mporter ge

ing cell growth and maintenance. Viral vector titers-af0* for screens to be conducted at higher compound concen-
infectious units per ml were produced using this system 4 trations to maximize the potential for identifying novel
days after induction with ponasterone A (an ecdysone homo-inhibitors.
logue). The authors demonstrate that the system is sensitive Although replication defective HIV-1 reporter screens
to early stage inhibitors (e.g., NRTIs or NNRTIs) when com- are preferred in some cases due to safety concerns, fully
pounds are added at the time of target cell infection and latereplication-competent HIV-1 reporter virus screens have
stage inhibitors (e.g., Pls) when compounds are added during2/so been reportedB{air and Spicer, 2001 Replication-
virus production. Logistically, screens for early versus late competent reporter viruses are typically generated by intro-
stage inhibitors would likely be conducted separately, which ducing the reporter in place of HIV-1 Nef sequences, leaving
could be an advantage or disadvantage depending on the goalhe remainder of the genome inta€thien et al., 1994; Blair
ofthe screening program. Nonetheless, the utilization of a sin- and Spicer, 2001; Page et al., 199owever, it should be
gle stable cell line containing a tripartite vector system both noted that some reporters, such as the firefly luciferase gene,
simplifies virus production and reduces the potential safety might affect viral replication when inserted in the HIV-1
risk encountered in an HTS. genome (Blair et al., 2001). Assay conditions are then estab-
Recently, another advance in HIV-1 screening tech- lished so that the majority of reporter gene expression is
nology, the HIV-1 dual reporter assay, was disclosed that dependent on multiple rounds of virus replication. There-
measures both antiviral activity and cytotoxicity in an HTS fore, fully replication-competent reporter virus screens offer
format @lair et al., 2005. HIV-1 replication screens are the advantage of including an expanded target set (i.e., all of
often plagued by high hit rates due in a large part to the the steps in the HIV-1 replication cycle), which increases the
presence of large numbers of non-specific inhibitors or likelihood of identifying novel target inhibitors.
cytotoxic compounds that appear to exhibit antiviral activity.
In fact, in one pilot screen, >60% of the primary screen 5.2. HIV-1 reporter cell assays
hits were determined to be non-specific or cytotoBtair
et al.,, 200%. The HIV-1 dual reporter assay combines Reporter cell assays have been used for some time to mon-
the principle of a reporter gene based cytotoxicity assay itor HIV-1 infection (Akrigg et al., 1991; Aguilar-Cordova et
with the use of a single-cycle infectious HIV-1 reporter al., 1994; Dorsky and Harrington, 1999; Dorsky et al., 1996;
virus. The authors show that the HIV-1 dual reporter Felber and Pavlakis, 1988; Gervaix et al., 1997; Kimpton
assay effectively distinguishes antiviral compounds from and Emerman, 1992; Rocancourt et al., 1)980d measure
non-specific or cytotoxic compounds in a primary screen. the activity of HIV-1 inhibitors Rocancourt et al., 1990
This results in lower hit rates and higher hit confirmation Typically, expression of the reporter contained in the target
rates for antiviral compounds (i.e., a better return on resourcecell is under the control of the HIV-1 LTR promoter, which is
investment). In addition, the dual reporter method allows activated after HIV-1 infection and/or Tat expression. More
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recently, reporter cell assays have been adapted to allow analand HelLa cells), as well as primary cells (macrophages).
ysis of CCR5 as well as CXCR4 tropic HIV-1 straidigake One report shows that the adenoviral-based reporter sys-
etal., 2003; Pirounaki et al., 2000; Spenlehauer et al., 2001 tem can be used to measure the antiviral activity of known
In addition, one reporter cell technology contains two differ- HIV-1 inhibitors after a short infection period (48 h) and
ent reporter genes (beta-Gal and firefly luciferase) under thesuggests the potential utility of the system for high through-
control of the HIV-1 LTR promoter to allow assay endpoint put antiviral screensBorkow et al., 2004 However, it
flexibility (Wei et al., 2002 The fact that a variety of HIV-1 ~ remains to be determined if the viral transduction method
strains can be evaluated in reporter cell assays without mod-would impact false positive/negative rates in an antiviral
ification of the virus is an advantage not offered by reporter HTS.
virus assays. However, conventional reporter cell assays are Another recent adaptation of the reporter cell format (HIV-
dependent on the construction of reporter cell lines, which 1 Rep assay) was designed to expand the flexibility of the
often requires significant time and resources and is limited reporter cell approach and increase the likelihood of identi-
to stable cell lines that can be easily manipulated and prop-fying novel target inhibitorsGao et al., in pregsHIV-1 Rep
agated. Therefore, the rapid analysis of multiple target cell is an HIV-1 full-replication HTS that incorporates all of the
lines, particularly primary cells or other cell lines not easily HIV-1 targets required for replication in culture, including
manipulated, is not practical using this approach. the HIV-1 Vif gene. In the HIV-1 Rep assay, T-cells that are
A variation on the approach was devised to circumvent Vif non-permissive and support high levels of virus replica-
the limitations of conventional reporter cell assays. Adenovi- tion are infected with HIV-1 and then the infected T-cells
ral vectors that contain reporter genes under the control of are co-cultured with HeLa CD4 LTR/beta-Gal indictor cells
the HIV-1 LTR have been used to transiently introduce the (Fig. 6). The assay conditions are such that virus replication
reporters into different target cell lines (i.e., by viral trans- occurs rapidly in the highly permissive T-cell lines, resulting
duction) Axelrod and Honigman, 1999; Borkow et al., 2004; in infection of the indicator cells and a significant induction
Richman et al., 2002 HIV-1 replication is then measured of reporter signal. The HIV-1 Rep assay was designed to
by monitoring Tat-mediated induction of the reporter gene exhibit optimal sensitivity to late stage as well as early stage
contained on the adenoviral vector. Tat-dependent reporterinhibitors. In addition, the flexibility of the HIV-1 Rep assay
activation from an adenoviral vector has been demonstratedallows for the rapid evaluation of antiviral compounds against
in a number of cell lines, including human T-cell lines different virus strains in different T-cell lines without signifi-
(CEM, HUT-78, and Jurkat), human fibroblasts (HEK293 cant modification of the assay reagents or format. The utility

LT B-Gal) |ndicator cell (IC)

}

n

@ @ Replication

+

Virus transfer

Compound |
— Reporter induction

Fig. 6. HIV-1 Rep assay design. T-cells (TC) are infected with virus and then added to microtiter plates containing a separate indicator céd.tineHe#Ch
CDA4/LTR beta-Gal cell lines) in the presence or absence of compound. Four days after infection, virus replication in the infected T-cells (I@iCatand in
cells is measured by quantifying Tat-mediated reporter gene induction in the indicator cell line.
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of the HIV-1 Rep assay was recently demonstrated with the inhibitors, and T cell activation effects. AIDS Res. Hum. Retroviruses

execution of an antiviral HTS of >1 million compound34o 10, 295-301. ,
etal., in presp Akr!gg_, A, W||k|n_son, G.W.,, Angliss, S., Greenaway, P.J., 1991. HIV-1
indicator cell lines. AIDS 5, 153-158.
. Arrigo, S.J., 2000. Screening procedure for inhibitors of HIV Rev func-
5.3. HIV-1 cell protection assays tion. US Patent 6,057,095.

Axelrod, J.H., Honigman, A., 1999. A sensitive and versatile biolumi-

HIV-1 cell protection assays represent a more conven- nescence bioassay for HIV type 1 based on adenoviral vectors. AIDS
: o ; Res. Hum. Retroviruses 15, 759-767.
tional approach to antiviral ,S(,:reenmg and hav? be,en usedBaba, M., Nishimura, O., Kanzaki, N., Okamoto, M., Sawada, H., lizawa,
successfully to execute antiviral screens and identify new v - spjraishi, M., Aramaki, Y., Okonogi, K., Ogawa, Y., Meguro, K.,
HIV-1 inhibitors (Boyd, 1988; Sausville and Shoemaker, Fujino, M., 1999. A small-molecule, nonpeptide CCR5 antagonist
2000; Weislow et al., 1989Cell protection assays are typi- with highly potent and selective anti-HIV-1 activity. Proc. Natl. Acad.
cally limited to virus strain/target cell combinations thatresult _ S¢i- U-S.A. 96, 5698-5703.

in highly cytopathic infections. Virus replication is measured 532 S:R., Vodicka, M.A., 1997. Production of high-titer human immun-
odeficiency virus type 1 pseudotyped with vesicular stomatitis virus

indirectly by monitoring cell viapility using one of a number glycoprotein. Methods 12, 337-342.
of dye reduction methods. Typically, XTWeislow et al., Baur, A., 2004. Functions of the HIV-1 Nef protein. Curr. Drug Targets
1989 or MTT (Pauwels et al., 199$have been used for this Immune Endocr. Metabol. Disord. 4, 309-313.

purpose. However, in theory similar assays could be estab-Beutler, J.A., McMahon, J.B., Johnson, TR., O'Keefe, B.R., Buzzell,

lished with other more recent methods for measuring cell ~ A+ Robbins, D., Gardella, R., Wilson, J., Boyd, M.R., 2002. High
throughput screening for cyanovirin-N mimetics binding to HIV-1

viability, including Alamar blue (USBiological, Swampscott, gp4l. J. Biomol. Screen. 7, 105-110.
MA), WST-1 (Roche-Applied Science, Indianapolis, IN), or  Blair, W.S., Isaacson, J.S., Li, X., Cao, J.Q., Peng, Q., Kong, G.F.Z.,
CellTiter-gld® (Promega, Madison, WI). Although cell pro- Patick, A.K., 2005. A novel HIV-1 antiviral high throughput screening
tection assay formats have been available for some time, they i‘ggfolalceh for the discovery of HIV-1 inhibitors. Antiviral Res. 65,
remain cornerstone assays for many HIV-1 drug discovery Blair, W.S., Spicer, T.P., 2001. Reporter viruses and their use in assaying
programs. anti-viral compounds. WO0196610 Al.

One modification of the cell protection format was aimed Boimstedt, A.J., O'Keefe, B.R., Shenoy, S.R., McMahon, J.B., Boyd,
at reducing the safety risk of the assdiser et al., 199% M.R., 2001. Cyanovirin-N defines a new class of antiviral agent tar-
To achieve this, an HIV-1 llIB variant defective for Tat and geting N-linked, high-mannose glycans in an oligosaccharide-specific

. . manner. Mol. Pharmacol. 59, 949-954.
Rev expression was constructed. T-cell lines were then gen—BorkOW’ G.. Lara, H.H., Ayash-Rashkovsky, M., Tavor, E., Lapidot, A.

erate_d that continuously eXpreSS_ed .the HIV-1 Tat and Rev Bentwich, Z., Honigman, A., 2004. Adenovirus expressing a biolu-

proteins and could support replication of the HIV-1 1lIB minescence reporter gene and cMAGI cell assay for the detection of
mutant.Kiser et al. (1996demonstrated that virus replica- HIV-1. Virus Genes 29, 257-265.

tion in the modified assay was comparable to a conventional Boyd, M.R., 1988. Strategies for the identification of new agents for the

cell protection assay and that wild-type virus was not gener- treatmgnt of AIDS: a national program to' facilitate th.e'dlscovery gnd
preclinical development of new drug candidates for clinical evaluation.

ated (by recombination) after an extended period (42 days) . DeVita, V.T., Hellman, S., Rosenberg, S.A. (Eds.), AIDS Etiology,

in culture. Although this approach offers safety advantages, Diagnosis, Treatment and Prevention. Lippincott, Philadelphia, pp.

it is not clear how extensively this format has been used in ~ 305-317.

drug discovery screening. Bradley, J., Gill, J., Bertelli, F., Letafat, S., Corbau, R., Hayter,
P., Harrison, P., Tee, A., Keighley, W., Perros, M., Ciaramella,
G., Sewing, A., Wiliams, C., 2004. Development and automa-
tion of a 384-well cell fusion assay to identify inhibitors of

Acknowledgement CCR5/CD4-mediated HIV virus entry. J. Biomol. Screen. 9, 516—
524.

We would like to thank Christine Williams for contributing ~ Brennan, LE., Seé, C., Klimkait, T. 2002. A neutravidin-based

: . assay for reverse transcriptase suitable for high throughput screen-
Fig. 1 We would also like to thank Dr. Robert Shoemaker for ing of retroviral activity. J. Biochem. Mol. Biol. 35, 262—

providing information on HIV screening efforts conducted 266.
as part of the Developmental Therapeutics Program of thecao, J., Isaacson, J., Patick, A.K., Blair, W.S. A high throughput HIV-1
National Cancer Institute. Full replication assay that includes HIV-1 Vif as an antiviral target.
Antimicrob. Agents Chemother., in press.
Castonguay, L.A., Weng, Y., Adolfsen, W., Di Salvo, J., Kilburn, R., Cald-
well, C.G., Daugherty, B.L., Finke, P.E., Hale, J.J., Lynch, C.L., Mills,

References S.G., MacCoss, M., Springer, M.S., DeMartino, J.A., 2003. Bind-
ing of 2-aryl-4-(piperidin-1-yl)butanamines and 1,3,4-trisubstituted

Adelson, M.E., Pacchia, A.L., Kaul, M., Rando, R.F., Ron, Y., Peltz, pyrrolidines to human CCR5: a molecular modeling-guided muta-
S.W., Dougherty, J.P., 2003. Toward the development of a virus-cell- genesis study of the binding pocket. Biochemistry 42, 1544-—

based assay for the discovery of novel compounds against human  1550.

immunodeficiency virus type 1. Antimicrob. Agents Chemother. 47, Chams, V., ldziorek, T., Maddon, P.J., Klatzmann, D., 1992. Simple assay

501-508. to screen for inhibitors of interaction between the human immunod-
Aguilar-Cordova, E., Chinen, J., Donehower, L., Lewis, D.E., Belmont, eficiency virus envelope glycoprotein and its cellular receptor, CD4.

J.W., 1994. A sensitive reporter cell line for HIV-1 Tat activity, HIV-1 Antimicrob. Agents Chemother. 36, 267-272.



136

Chapman, R.L., Stanley, T.B., Hazen, R., Garvey, E.P., 2002. Small
molecule modulators of HIV Rev/Rev response element interaction
identified by random screening. Antiviral Res. 54, 149-162.

Chen, B.K., Saksela, K., Andino, R., Baltimore, D., 1994. Distinct modes
of human immunodeficiency virus type 1 proviral latency revealed by
superinfection of nonproductively infected cell lines with recombinant
luciferase-encoding viruses. J. Virol. 68, 654—-660.

Chen, G., Way, J., Armour, S., Watson, C., Queen, K., Jayawickreme,
C.K., Chen, W.J., Kenakin, T., 2000. Use of constitutive G protein-
coupled receptor activity for drug discovery. Mol. Pharmacol. 57,
125-134.

Cheng, T.-J., Brik, A., Wong, C.-H., Kan, C.-C., 2004. Model system for
high-throughput screening of novel human immunodeficiency virus
protease inhibitors inEscherichia coli Antimicrob. Agents Chem.
48, 2437-2447.

Chiba, H., Asanuma, S., Okamoto, M., Inokoshi, J., Tanaka, H., Fujita,
K., Omura, S., 2001a. A simple screening system for anti-HIV drugs:
syncytium formation assay using T-cell line tropic and macrophage
tropic HIV env expressing cell lines—establishment and validation. J.
Antibiot. (Tokyo) 54, 818-826.

Chiba, H., Inokoshi, J., Okamoto, M., Asanuma, S., Matsuzaki, K.,
lwama, M., Mizumoto, K., Tanaka, H., Oheda, M., Fujita, K.,
Nakashima, H., Shinose, M., Takahashi, Y., Omura, S., 2001b. Acti-
nohivin, a novel anti-HIV protein from an actinomycete that inhibits
syncytium formation: isolation, characterization, and biological activ-
ities. Biochem. Biophys. Res. Commun. 282, 595-601.

Cook, N.D., Jessop, R.A., Robinson, P.S., Richards, A.D., Kay, J., 1991.
Scintillation proximity enzyme assay: a rapid and novel assay tech-
niques applied to HIV proteinase. Adv. Exp. Med. Biol. 306, 525-528.

David, C.A., Middleton, T., Montgomery, D., Lim, H.B., Kati, W., Molla,
A., Xuei, X., Warrior, U., Kofron, J.L., Burns, D.J., 2002. Microarray
compound screeningt@RCS) to identify inhibitors of HIV integrase.

J. Biomol. Screen. 7, 259-266.

Daelemans, D., Este, J.A., Witvrouw, M., Pannecouque, C., Jonckheere,

H., Aquaro, S., Perno, C.F., Clercq, E.D., Vandamme, A.M., 1997.
S-Adenosylhomocysteine hydrolase inhibitors interfere with the repli-
cation of human immunodeficiency virus type 1 through inhibition of
the LTR transactivation. Mol. Pharmacol. 52, 1157-1163.

Daelemans, D., De Clercq, E., Vandamme, A.M., 2001. A quantitative
GFP-based bioassay for the detection of HIV-1 Tat transactivation
inhibitors. J. Virol. Methods 96, 183-188.

De Clercq, E., Yamamoto, N., Pauwels, R., Baba, M., Schols, D.,
Nakashima, H., Balzarini, J., Debyser, Z., Murrer, B.A., Schwartz,
D., Thornton, D., Bridger, G., Fricker, S., Henson, G., Abrams, M.,
Picker, D., 1992. Potent and selective inhibition of human immunod-
eficiency virus (HIV)-1 and HIV-2 replication by a class of bicyclams
interacting with a viral uncoating event. Proc. Natl. Acad. Sci. U.S.A.
89, 5286-5290.

De Clercq, E., Yamamoto, N., Pauwels, R., Balzarini, J., Witvrouw, M.,
De Vreese, K., Debyser, Z., Rosenwirth, B., Peichl, P., Datema, R.,
Thornton, D., Skerlj, R., Gaul, F., Padmanabhan, S., Bridger, G., Hen-
son, G., Abrams, M., 1994. Highly potent and selective inhibition of
human immunodeficiency virus by the bicyclam derivative JM3100.
Antimicrob. Agents Chemother. 38, 668-674.

M. Westby et al. / Antiviral Research 67 (2005) 121-140

Dorsky, D.l., Harrington, R.D., 1999. An indicator cell assay for T-
cell tropic, macrophage-tropic, and primary isolates of HIV-1 based
on green fluorescent protein. J. Acquir. Immune. Defic. Syndr. 22,
213-220.

Dorsky, D.l., Wells, M., Harrington, R.D., 1996. Detection of HIV-1
infection with a green fluorescent protein reporter system. J. Acquir.
Immun. Defic. Syndr. Hum. Retrovirol. 13, 308-313.

Downes, M.J., Ismail, R., Holler, T.P., Cook, N.D., 1994. Use of a dis-
integration format for screening potential HIV integrase inhibitors by
scintillation proximity assay (SPA). International Forum on Advances
in Screening Technology and Data Management (Abstract no. 4).

Dragic, T., Litwin, V., Allaway, G.P., Martin, S.R., Huang, Y., Nagashima,
K.A., Cayanan, C., Maddon, P.J., Koup, R.A., Moore, J.P., Pax-
ton, W.A., 1996. HIV-1 entry into CD4+ cells is mediated by the
chemokine receptor CC-CKR-5. Nature 381, 667-673.

Ewart, G.D., Nasr, N., Naif, H., Cox, G.B., Cunningham, A.L., Gage,
P.W., 2004. Potential new anti-human immunodeficiency virus type 1
compounds depress virus replication in cultured human macrophages.
Antimicrob. Agents Chemother. 48, 2325-2330.

Fatkenheuer, G., Pozniak, A.L., Johnson, M., Plettenberg, M.A.,
Staszewski, S., Hoepelman, |. M., Saag, M., Goebel, F.,, Rock-
stroh, J., Dezube, B., Jenkins, T.M., Medhurst, C., Sullivan, J.F.,
Ridgway, C., Abel, S., Youle, M., van der Ryst, E., 2004. Evalu-
ation of dosing frequency and food effect on viral load reduction
during short-term monotherapy with UK-427,857: a novel CCR5
antagonist. Fifteenth International AIDS Conference (Abstract no.
TuPeB4489).

Feng, Y., Broder, C.C., Kennedy, P.E., Berger, E.A., 1996. HIV-1 entry
cofactor: functional cDNA cloning of a seven-transmembrane, G
protein-coupled receptor. Science 272, 872-877.

Felber, B.K., Pavlakis, G.N., 1988. A quantitative bioassay for HIV-1
based on trans-activation. Science 239, 184-187.

Fouchier, R.A., Malim, M.H., 1999. Nuclear import of human immunod-
eficiency virus type-1 preintegration complexes. Adv. Virus Res. 52,
275-299.

Freed, E.O., 1998. HIV-1 Gag proteins—diverse functions in the virus
life cycle. Virology 251, 1-15.

Fujioka, T., Kashiwada, Y., Kilkuskie, R.E., Cosentino, L.M., Ballas,
L.M., Jiang, J.B., Janzen, W.P., Chen, |.S., Lee, K.H., 1994. Anti-
AIDS agents, 11. Betulinic acid and platanic acid as anti-HIV prin-
ciples from Syzigium claviflorum, and the anti-HIV activity of struc-
turally related triterpenoids. J. Nat. Prod. 57, 243-247.

Gabbara, S., Davis, W.R., Hupe, L., Hupe, D., Peliska, J.A., 1999.
Inhibitors of DNA strand transfer reactions catalyzed by HIV-1 reverse
transcriptase. Biochemistry 38, 13070-13076.

George, J., Teear, M.L., Norey, C.G., 2003. Evaluation of an imaging
platform during the development of a FRET protease assay. J. Biomol.
Screen. 8, 72-80.

Gervaix, A., West, D., Leoni, L.M., Richman, D.D., Wong-Staal, F., Cor-
beil, J., 1997. A new reporter cell line to monitor HIV infection
and drug susceptibility in vitro. Proc. Natl. Acad. Sci. U.S.A. 94,
4653-4658.

Geyer, M., Fackler, O.T., Peterlin, B.M., 2001. Structure—function rela-
tionships in HIV-1 Nef. EMBO Rep. 2, 580-585.

Del Rosario, M., Stephans, J.C., Zakel, J., Escobedo, J., Giese, K., 1996.Gilbert, M., Kirihara, J., Mills, J., 1991. Enzyme-linked immunoassay for

Positive selection system to screen for inhibitors of human immunod-
eficiency virus-1 transcription. Nat. Biotechnol. 14, 1592-1596 [see
comment].

Dobbs, S., Perros, M., Rickett, G.A., 2001. An assay method for deter-
mining whether an agent is capable of modulating the interaction of
CCR5 with gp120. EP1118858.

Dorr, P.K., Westby, M., Dobbs, S., Griffin, P., Irvine, R., Macartney,
M., Mori, J., Rickett, G., Smith-Burchnell, C., Napier, C., Webster,
R., Armour, D., Price, D., Stammen, B., Wood, A., Perros, M. UK-
427,857: a potent, orally bioavailable and selective small molecule
inhibitor of the chemokine receptor CCR5 with broad-spectrum anti-
HIV activity. Antimicrob. Agents Chemother., in press.

human immunodeficiency virus type 1 envelope glycoprotein 120. J.
Clin. Microbiol. 29, 142-147.

Gilbert, M., Brigido, L., Muller, W.E., Hansen, J.E., Ezekowitz, R.A.,
Mills, J., 1993. Screening for inhibitors of HIV gp120-CD4 binding
using an enzyme-linked immunoabsorbent assay. J. Virol. Methods
42, 1-12.

Gillim, L., Gusella, G.L., Vargas, J., Marras, D., Klotman, M.E., Cara,
A., 2001. Development of a novel screen for protease inhibitors. Clin.
Diagn. Lab. Immunol. 8, 437-440.

Grant, S.K., Sklar, J.G., 2002. Development of novel assays for proteolytic
enzymes using rhodamine-based fluorgenic substrates. J. Biomol.
Screen. 7, 531-540.



M. Westby et al. / Antiviral Research 67 (2005) 121-140

Greene, W.C., Stopak, K.S., deNoronha, C.M.C., Chiu, Y.-L., Soros, V.B.,
Yonemoto, W.M., 2005. Methods for treating lentivirus infections.
US20050053977 Al.

Gurrath, M., 2001. Peptide-binding G protein-coupled receptors: new
opportunities for drug design. Curr. Med. Chem. 8, 1605-
1648.

Hamy, F., Felder, E., Lipson, K., Klimkait, T., 2001. Merged screening
for human immunodeficiency virus Tat and Rev inhibitors. J. Biomol.
Screen. 6, 179-187.

Hanna, G., Lalezari, J., Hellinger, J., Wohl D., Masterson, T., Fiske,
W., Kadow, J., Lin, P., Giordano, M, Colonno, R., Grasela, D.,
2004. Antiviral activity, safety, and tolerability of a novel, oral
small-molecule HIV-1 attachment inhibitor, BMS-488043, in HIV-1-
infected subjects. Eleventh Conf. Retrovir. Oppor. Infect. (Abstract no.
141).

Hansen, M.S.T., Smith, G.J., Kafri, T., Molteni, V., Siegel, J.S., Bushman,
F.D., 1999. Integration complexes derived from HIV vectors for rapid
assays in vitro. Nat. Biotechnol. 17, 578-582.

Hazuda, D.J., Hastings, J.C., Wolfe, A.L., Emini, E.A., 1994. A novel
assay for the DNA strand-transfer reaction of HIV-1 integrase. Nucleic
Acids Res. 22, 1121-1122.

Hazuda, D.J., Felock, J.C., Hastings, J.C., Pramanik, B., Wolfe, A.L.,
1997. Differential divalent cation requirements uncouple the assem-
bly and catalytic reactions of human immunodeficiency virus type 1
integrase. J. Virol. 71, 7005-7011.

Hazuda, D.J., Felock, P., Witmer, M., Wolfe, A., Stillmock, K., Grobler,
J.A., Espeseth, A., Gabryelski, L., Schleif, W., Blau, C., Miller, M.D.,
2000. Inhibitors of strand transfer that prevent integration and inhibit
HIV-1 replication in cells. Science 287, 646—650.

Hendrix, C., 2004. Safety, Phamacokinetics and antiviral activity of
AMD3100, a selective CXCR4 receptor inhibitor, in HIV-1 infection.
J. Acquir. Immune Defic. Syndr. 37, 1253-1262.

Holland, A.U., Munk, C., Lucero, G.R., Nguyen, L.D., Landau, N.R.,
2004. alpha-Complementation assay for HIV envelope glycoprotein-
mediated fusion. Virology 319, 343-352.

Hsu, K., Seharaseyon, J., Dong, P., Bour, S., Marban, E., 2004. Mutual
functional destruction of HIV-1 Vpu and Host TASK-1 Channel. Mol.
Cell 14, 259-267.

Hu, Q., Kuki, A., Nowlin, D.M., Plewe, M.B., Wang, H., Zhang, J., 2004.
HIV-integrase inhibitors, pharmaceutical compositions, and methods
for their use. WO 2004/039803 A2.

Jenkinson, S., McCoy, D.C., Kerner, S.A., Ferris, R.G., Lawrence,
WK., Clay, W.C., Condreay, J.P., Smith, C.D., 2003. Develop-
ment of a novel high-throughput surrogate assay to measure HIV
envelope/CCR5/CD4-mediated viral/cell fusion using BacMam bac-
ulovirus technology. J. Biomol. Screen. 8, 463-470.

Jiang, S., Lin, K., Zhang, L., Debnath, A.K., 1999. A screening assay for
antiviral compounds targeted to the HIV-1 gp41l core structure using
a conformation-specific monoclonal antibody. J. Virol. Methods 80,
85-96.

Jiang, S., Lu, H., Liu, S., Zhao, Q., He, Y., Debnath, A.K., 2004. N-
substituted pyrrole derivatives as novel human immunodeficiency virus
type 1 entry inhibitors that interfere with the gp41 six-helix bundle
formation and block virus fusion. Antimicrob. Agents Chemother. 48,
4349-4359.

Jolley, M.E., 1996. Fluorescence polarization assays for the detec-
tion of proteases and their inhibitors. J. Biomol. Screen. 1, 33—
38.

Jones, A.E., Saksela, K., Game, S.M., Obeirne, G., Cook, N.D., 1998.
Screening assay for the detection of the protein—protein interaction
between HIV-1 Nef protein and the SH3 domain of Hck. J. Biomol.
Screen. 3, 37-41.

Jones, P.S., 1998. Strategies for antiviral drug discovery. Antivir. Chem.
Chemother. 9, 283-302.

Kabat, D., Marin, M., Kozak, S.L., Rose, K.M., 2004. Methods for iden-
tifying inhibitors. US20040234956 Al.

Karn, J., 1999. Tackling Tat. J. Mol. Biol. 293, 235-254.

137

Karvinen, J., Hurskainen, P., Gopalakrishnan, S., Burns, D., Warrior, U.,
Hemmila, I., 2002. Homogeneous time-resolved fluorescence quench-
ing assay (LANCE) for Caspase-3. J. Biomol. Screen. 7, 223-
231.

Kashiwada, Y., Hashimoto, F., Cosentino, L.M., Chen, C.H., Garrett, P.E.,
Lee, K.H., 1996. Betulinic acid and dihydrobetulinic acid derivatives
as potent anti-HIV agents. J. Med. Chem. 39, 1016-1017.

Kimpton, J., Emerman, M., 1992. Detection of replication-competent and
pseudotyped human immunodeficiency virus with a sensitive cell line
on the basis of activation of an integrated beta-galactosidase gene. J.
Virol. 66, 2232-2239.

Kiser, R., Makovsky, S., Terpening, S.J., Laing, N., Clanton, D.J., 1996.
Assessment of a cytoprotection assay for the discovery and evalu-
ation of anti-human immunodeficiency virus compounds utilizing a
genetically-impaired virus. J. Virol. Methods 58, 99-109.

Kuhmann, S.E., Platt, E.J., Kozak, S.L., Kabat, D., 2000. Cooperation
of multiple CCR5 coreceptors is required for infections by human
immunodeficiency virus type 1. J. Virol. 74, 7005-7015.

Kwong, P.D., Wyatt, R., Robinson, J., Sweet, R.W., Sodroski, J., Hen-
drickson, W.A., 1998. Structure of an HIV gp120 envelope glyco-
protein in complex with the CD4 receptor and a neutralizing human
antibody. Nature 393, 648—659.

Lalezari, J.P., Henry, K., O'Hearn, M., Montaner, J.S., Piliero, P.J., Trot-
tier, B., Walmsley, S., Cohen, C., Kuritzkes, D.R., Eron Jr., J.J.,
Chung, J., DeMasi, R., Donatacci, L., Drobnes, C., Delehanty, J.,
Salgo, M., 2003. Enfuvirtide, an HIV-1 fusion inhibitor, for drug-
resistant HIV infection in North and South America. N. Engl. J. Med.
348, 2175-2185.

Lazzarin, A., Clotet, B., Cooper, D., Reynes, J., Arasteh, K., Nelson, M.,
Katlama, C., Stellbrink, H.J., Delfraissy, J.F., Lange, J., Huson, L.,
DeMasi, R., Wat, C., Delehanty, J., Drobnes, C., Salgo, M., 2003.
Efficacy of enfuvirtide in patients infected with drug-resistant HIV-1
in Europe and Australia. N. Engl. J. Med. 348, 2186-2195.

Lemaitre, M., Phan, T., Downes, M.J., Williams, K.B., Cook, N.D., 1992.
Poly r(A) reverse transcriptase (3H) SPA, a new enzyme assay system.
Antiviral Res. 17 (Supp. 1), 48.

Levine, L.M., Michener, M.L., Toth, M.V., Holwerda, B.C., 1997. Mea-
surement of specific protease activity utilizing fluorescence polariza-
tion. Anal. Biochem. 247, 83-88.

Li, L., Olvera, J.M., Yoder, K.E., Mitchell, R.S., Butler, S.L., Lieber,
M., Martin, S.L., Bushman, F.D., 2001. Role of the non-homologous
DNA end joining pathway in the early steps of retroviral infection.
EMBO J. 20, 3272-3281.

Lin, P.F.,, Blair, W., Wang, T., Spicer, T., Guo, Q., Zhou, N., Gong, Y.F.,
Wang, H.G., Rose, R., Yamanaka, G., Robinson, B., Li, C.B., Fridell,
R., Deminie, C., Demers, G., Yang, Z., Zadjura, L., Meanwell, N.,
Colonno, R., 2003. A small molecule HIV-1 inhibitor that targets the
HIV-1 envelope and inhibits CD4 receptor binding. Proc. Natl. Acad.
Sci. U.S.A. 100, 11013-11018.

Lindsten, K., Uhlikova, T., Konvalinka, J., Masucci, M.G., Dantuma,
N.P., 2001. Cell-based fluorescence assay for human immunodefi-
ciency virus type 1 protease activity. Antimicrob. Agents Chemother.
45, 2616-2622.

Little S., Drusano, G., Schooley, R., Haas, H., Kumar, P., Hammer, S.,
McMahon, D., Squires, K., Asfour, R., Richman, D., Chen, J., Saah,
A., Leavitt, R., Hazuda, D., Nguyen, B.Y., Protocol 004 Study Team,
2005. Antiretroviral effect of L-000870810, a Novel HIV-1 integrase
inhibitor, in HIV-1-infected Patients. Twelfth Conf. Retrovir. Oppor.
Infect. (Abstract no. 161).

Litwin, V., Nagashima, K.A., Ryder, A.M., Chang, C.H., Carver, J.M.,
Olson, W.C., Alizon, M., Hasel, K.W., Maddon, P.J., Allaway, G.P.,
1996. Human immunodeficiency virus type 1 membrane fusion medi-
ated by a laboratory-adapted strain and a primary isolate analyzed by
resonance energy transfer. J. Virol. 70, 6437-6441.

Liu, R., Paxton, W.A., Choe, S., Ceradini, D., Martin, S.R., Horuk,
R., MacDonald, M.E., Stuhlmann, H., Koup, R.A., Landau, N.R.,
1996. Homozygous defect in HIV-1 coreceptor accounts for resis-



138 M. Westby et al. / Antiviral Research 67 (2005) 121-140

tance of some multiply-exposed individuals to HIV-1 infection. Cell of human immunodeficiency virus type 1 fusion, gp120 binding, and

86, 367-377. CC-chemokine activity by monoclonal antibodies to CCR5. J. Virol.
Liu, S., Boyer-Chatenet, L., Lu, H., Jiang, S., 2003. Rapid and automated 73, 4145-4155.

fluorescence-linked immunosorbent assay for high-throughput screen- Page, K.A., Liegler, T., Feinberg, M.B., 1997. Use of a green

ing of HIV-1 fusion inhibitors targeting gp41. J. Biomol. Screen. 8, fluorescent protein as a marker for human immunodeficiency

685-693. virus type 1 infection. AIDS Res. Hum. Retroviruses 13, 1077—
Liu, S., Jiang, S., 2004. High throughput screening and characterization of =~ 1081.

HIV-1 entry inhibitors targeting gp41: theories and techniques. Curr. Parniak, M.A., Min, K.-L., Budihas, S.R., Le Grice, S.F.J., Beutle,

Pharm. Des. 10, 1827-1843. J.A.,, 2003. A fluorescence based high throughput screening
Maeda, K., Nakata, H., Koh, Y., Miyakawa, T., Ogata, H., Takaoka, Y., assay for inhibitors of human immunodeficiency virus-1 reverse
Shibayama, S., Sagawa, K., Fukushima, D., Moravek, J., Koyanagi, transcriptase-associated ribonuclease H activity. Anal. Biochem. 322,

Y., Mitsuya, H., 2004. Spirodiketopiperazine-based CCR5 inhibitor 33-39.

which preserves CC-chemokine/CCRS5 interactions and exerts potent Pauwels, R., Andries, K., Desmyter, J., Schols, D., Kukla, M.J., Breslin,

activity against R5 human immunodeficiency virus Type 1 in vitro. J. H.J., Raeymaeckers, A., Van Gelder, J., Woestenborghs, R., Heykants,

Virol. 78, 8654-8662. J., Schellekens, K., Janssen, M.A.C., De Clercq, E., Janssen, P.A.J.,
Margottin, F., Bour, S.P., Durand, H., Selig, L., Benichou, S., Richard, 1990. Potent and selective inhibition of HIV-1 replication in vitro by

V., Thomas, D., Strebel, K., Benarous, R., 1998. A novel human WD a novel series of TIBO derivatives. Nature 343, 470-474.

protein, h-beta TrCp, that interacts with HIV-1 Vpu connects CD4 to Pauwels, R., Balzarini, J., Baba, M., Snoeck, R., Schols, D., Herdewijn, P.,

the ER degradation pathway through an F-box motif. Mol. Cell. 1, Desmyter, J., De Clercq, E., 1988. Rapid and automated tetrazolium-

565-574. based colorimetric assay for the detection of anti-HIV compounds. J.
Marin, M., Rose, K.M., Kozak, S.L., Kabat, D., 2003. HIV-1 Vif protein Virol. Methods 20, 309-321.

binds the editing enzyme APOBEC3G and induces its degradation. Peled-Zehavi, H., Horiya, S., Das, C., Harada, K., Frankel, A.D., 2003.

Nat. Med. 9, 1398-1403. Selection of RRE RNA binding peptides using a kanamycin antiter-

Martin, D., Jacobson, J., Schurmann, D., Osswald, E., Doto, J., Wild, mination assay. RNA 9, 252-261.
C., Allaway, G., 2005. PA-457, the first-in-class maturation inhibitor, Peteropoulos, C.J., Parkin, N.T., Limoli, K.L., Lie, Y.S., Wrin, T., Huang,

exhibits antiviral activity following a single oral dose in HIV-1- W., Tian, H., Smith, D., Winslow, G.A., Capon, D.J., Whitcomb,

infected patients. Twelfth Conf. Retrovir. Oppor. Infect. (Abstract no. J.W., 2000. A novel phenotypic drug susceptibility assay for human

159). immunodeficiency virus type 1. Antimicrob. Agents Chemother. 44,
Matayoshi, E.D., Wang, G.T., Krafft, G.A., Erickson, J., 1990. Novel 920-928.

fluorogenic substrates for assaying retroviral proteases by resonancePham, H.M., Arganaraz, E.R., Groschel, B., Trono, D., Lama, J.,

energy transfer. Science 247, 954-958. 2004. Lentiviral vectors interfering with virus-induced CD4 down-
Matsumoto, C., Hamasaki, K., Mihara, H., Ueno, A., 2000. A high- modulation potently block human immunodeficiency virus type 1

throughput screening utilizing intramolecular fluorescence resonance replication in primary lymphocytes. J. Virol. 78, 13072—-13081.
energy transfer for the discovery of the molecules that bind HIV-1 Pirounaki, M., Heyden, N.A., Arens, M., Ratner, L., 2000. Rapid phe-

TAR RNA specifically. Bioorg. Med. Chem. Lett. 10, 1857-1861. notypic drug susceptibility assay for HIV-1 with a CCR5 expressing
McLellan, N., Wei, X., Marchand, B., Wainberg, M.A.,dBe, M., 2002. indicator cell line. J Virol. Methods 85, 151-161.

Nonradioactive detection of retroviral-associated RNase H activity Platt, E.J., Durnin, J.P., Kabat, D., 2005. Kinetic factors control effi-

in a microplate-based, high-throughput format. Biotechniques 33, ciencies of cell entry, efficacies of entry inhibitors, and mechanisms

424-429. of adaptation of human immunodeficiency virus. J. Virol. 79, 4347—
McMahon, J.B., Beutler, J.A., O’Keefe, B.R., Goodrum, C.B., Myers, 4356.

M.A., Boyd, M.R., 2000. Development of a cyanovirin-N-HIV-1 Pollard, V.W., Malim, M.H., 1998. The HIV-1 Rev protein. Ann. Rev.

gp120 binding assay for high throughput screening of natural product Microbiol. 52, 491-532.

extracts by time-resolved fluorescence. J. Biomol. Screen. 5, 169-176. Preaudat, M., Oulet-Diaf, J., Allpha-Bazin, G., Mathis, G., Mitsugi, T.,
Mei, H.Y., Mack, D.P., Galan, A.A., Halim, N.S., Heldsinger, A., Loo, Aono, Y., Takahashi, K., Takemoto, H., 2002. A homogeneous Cas-

J.A., Moreland, D.W., Sannes-Lowery, K.A., Sharmeen, L., Truong, pase(3) activity assay using HTRRechnology. J. Biomol. Screen.

H.N., Czarnik, A.W., 1997. Discovery of selective, small-molecule 7, 267-274.

inhibitors of RNA complexes-I. The Tat protein/TAR RNA complexes  Princen, K., Hatse, S., Vermeire, K., De Clercq, E., Schols, D., 2003.

required for HIV-1 transcription. Bioorg. Med. Chem. 5, 1173-1184. Evaluation of SDF-1/CXCR4-induced &asignaling by fluorometric
Miller, M.D., Farnet, C.M., Bushman, F.D., 1997. Human immunodefi- imaging plate reader (FLIPR) and flow cytometry. Cytometry A 51,

ciency virus type 1 preintegration complexes—studies of organization 35-45.

and composition. J. Virol. 71, 5382-5390. Princen, K., Hatse, S., Vermeire, K., De Clercq, E., Schols, D., 2004.
Miyake, H., lizawa, Y., Baba, M., 2003. Novel reporter T-cell line highly Establishment of a novel CCR5 and CXCR4 expressing CD4+ cell

susceptible to both CCR5- and CXCR4-using human immunodefi- line which is highly sensitive to HIV and suitable for high-throughput

ciency virus type 1 and its application to drug susceptibility tests. J. evaluation of CCR5 and CXCR4 antagonists. Retrovirology 1, 2.

Clin. Microbiol. 41, 2515-2521. Ptak, R.G., 2002. HIV-1 regulatory proteins: targets for novel drug devel-
Moore, J.P., 1990. Simple methods for monitoring HIV-1 and HIV-2 opment. Expert Opin. Invest. Drugs 11, 1099-1115.

gp120 binding to soluble CD4 by enzyme-linked immunosorbent Qian-Cutrone, J., Huang, S., Trimble, J., Li, H., Lin, P.F., Alam, M.,

assay: HIV-2 has a 25-fold lower affinity than HIV-1 for soluble Klohr, S.E., Kadow, K.F., 1996. Niruriside, a new HIV REV/RRE

CD4. AIDS 4, 297-305. binding inhibitor from Phyllanthus niruri. J. Nat. Prod. 59, 196—
Odawara, F., Abe, H., Kohno, T., Nagai-Fujii, Y., Arai, K., Imamura, S., 199.

Misaki, H., Azuma, H., lkebuchi, K., Ikeda, H., Mohan, S., Sano, Reynes, J., Rouzier, R., Kanouni, T., Baillat, V., Baroudy, B., Keung, A.,
K., 2002. A highly sensitive chemiluminescent reverse transcriptase Hogan, C., Markowitz, M., Laughlin, M., 2002. SCH C: Safety and

assay for human immunodeficiency virus. J. Virol. Methods 106, 115— Antiviral Effects of a CCR5 Receptor Antagonist in HIV-1-Infected

124. Subjects. Ninth Conf. Retrovir. Oppor. Infect. (Abstract no. 1).
Olson, W.C., Rabut, G.E., Nagashima, K.A., Tran, D.N., Anselma, D.J., Richman, L., Pascal, R.A.,, Meylan, P.R., Munoz, M., Pinaud, S.,

Monard, S.P., Segal, J.P., Thompson, D.A., Kajumo, F., Guo, Y., Mirkovitch, J., 2002. An adenovirus-based fluorescent reporter vector

Moore, J.P., Maddon, P.J., Dragic, T., 1999. Differential inhibition to identify and isolate HIV-infected cells. J. Virol. Methods 99, 9-21.



M. Westby et al. / Antiviral Research 67 (2005) 121-140

Rickett, G., Dobbs, S., Griffin, P., Williamson, K., Dorr, P., Hitchcock, C.,
Perros, M., 2003. Development of a high throughput time resolved
fluorescent immunoassay to support discovery of potent HIV-1 cell
entry inhibitors. 43rd ICAAC (abstract F-1461).

Rizzuto, C.D., Wyatt, R., Hernandez-Ramos, N., Sun, Y., Kwong, P.D.,
Hendrickson, W.A., Sodroski, J., 1998. A conserved HIV gp120 gly-
coprotein structure involved in chemokine receptor binding. Science
280, 1949-1953.

Rocancourt, D., Bonnerot, C., Jouin, H., Emerman, M., Nicolas, J.F.,
1990. Activation of a beta-galactosidase recombinant provirus: appli-
cation to titration of human immunodeficiency virus (HIV) and HIV-
infected cells. J. Virol. 64, 2660-2668.

Rose, K.M., Marin, M., Kozak, S.L., Kabat, D., 2004. The viral infec-
tivity factor (Vif) of HIV-1 unveiled. Trends Mol. Med. 10, 291—
297.

Rychetsky, P., Hostomska, Z., Hostomsky, Z., Strop, P., 1996. Develop-
ment of a nonradioactive ribonuclease H assay. Anal. Biochem. 239,
113-115.

Sakamoto, T., Ushijima, H., Okitsu, S., Suzuki, E., Sakai, K., Morikawa,
S., Muller, W.E., 2003. Establishment of an HIV cell-cell fusion assay
by using two genetically modified HeLa cell lines and reporter gene.
J. Virol. Methods 114, 159-166.

Sankovich, S.E., Koleski, D., Baell, J., Matthews, B., Azad, AA,
Macreadie, 1.G., 1998. Design and assay of inhibitors of HIV-1 Vpr
cell killing and growth arrest activity using microbial assay systems.
J. Biomol. Screen. 3, 299-304.

Sausville, E.A., Shoemaker, R.H., 2000. Role of the National Cancer
Institute in AIDS-related drug discovery. J. Natl. Cancer Inst. Monogr.
28, 55-57.

Seville, M., West, A.B., Cull, M.G., McHenry, C.S., 1996. Fluorometric

assay for DNA polymerases and reverse transcriptase. BioTechniques

21, 664-672.

Sheehy, A.M., Gaddis, N.C., Choi, J.D., Malim, M.H., 2002. Isolation of
a human gene that inhibits HIV-1 infection and is suppressed by the
viral Vif protein. Nature 418, 646—650.

Sheehy, A.M., Gaddis, N.C., Malim, M.H., 2003. The antiretroviral

enzyme APOBEC3G is degraded by the proteasome in response to

HIV-1 Vif. Nat. Med. 9, 1404-1407.

Sherman, M.P., De Noronha, C.M.C., Williams, S.A., Greene, W.C.,
2002. Insights into the biology of HIV-1 viral protein R. DNA Cell
Biol. 21, 679-688.

Shiraishi, M., Aramaki, Y., Seto, M., Imoto, H., Nishikawa, Y., Kanzaki,
N., Okamoto, M., Sawada, H., Nishimura, O., Baba, M., Fujino, M.,
2000. Discovery of novel, potent, and selective small-molecule CCR5
antagonists as anti-HIV-1 agents: synthesis and biological evaluation

139

son, L., Rein, A., Covell, D.G., Currens, M., Shoemaker, R.H., Fisher,
R.J., 2002. Identification of HIV-1 nucleocapsid protein: nucleic acid
antagonists with cellular anti-HIV activity. Biochem. Biophys. Res.
Commun. 296, 1228-1237.

Stephen, A.G., Rein, A., Fisher, R.J., Shoemaker, R.H., 2003. The nucleo-
capsid protein as a target for novel anti-HIV drugs. Curr. Drug Discov.
3, 33-36.

Strizki, J.M., Xu, S., Wagner, N.E., Wojcik, L., Liu, J., Hou, Y., Endres,
M., Palani, A., Shapiro, S., Clader, J.W., Greenlee, W.J., Tagat,
J.R., McCombie, S., Cox, K., Fawzi, A.B., Chou, C.C., Pugliese-
Sivo, C., Davies, L., Moreno, M.E., Ho, D.D., Trkola, A., Stoddart,
C.A., Moore, J.P., Reyes, G.R., Baroudy, B.M., 2001. SCH-C (SCH
351125), an orally bioavailable, small molecule antagonist of the
chemokine receptor CCR5, is a potent inhibitor of HIV-1 infec-
tion in vitro and in vivo. Proc. Natl. Acad. Sci. U.S.A. 98, 12718—
12723.

Tang, R.Y., Su, Y. 1997. Construction of a cell-based high-flux
assay for the rev protein of HIV-1. J. Virol. Methods 65, 153—
158.

Terwilliger, E.F., Godin, B., Sodroski, J.G., Haseltine, W.A., 1989.
Construction and use of a replication-competent human immunod-
eficiency virus (HIV-1) that expresses the chloramphenicol acetyl-
transferase enzyme. Proc. Natl. Acad. Sci. U.S.A. 86, 3857-
3861.

Trkola, A., Ketas, T.J., Nagashima, K.A., Zhao, L., Cilliers, T., Mor-
ris, L., Moore, J.P., Maddon, P.J., Olson, W.C., 2001. Potent,
broad-spectrum inhibition of human immunodeficiency virus type 1
by the CCR5 monoclonal antibody PRO 140. J. Virol. 75, 579—
588.

Varthakavi, V., Smith, R.M., Bour, S.P., Strebel, K., Spearman, P.,
2003. Viral protein U counteracts a human host cell restriction that
inhibits HIV-1 particle production. Proc. Natl. Acad. Sci. U.S.A. 100,
15154-15159.

Wang, G.T., Matayoshi, E., Huffaker, H.J., Krafft, G.A., 1990.
Design and synthesis of new fluorogenic HIV protease sub-
strates based on resonance energy transfer. Tet. Lett. 31, 6493—
6496.

Wang, T., Zhang, Z., Wallace, O.B., Deshpande, M., Fang, H., Yang,
Z., Zadjura, L.M., Tweedie, D.L., Huang, S., Zhao, F., Ranadive, S.,
Robinson, B.S., Gong, Y.F., Ricarrdi, K., Spicer, T.P., Deminie, C.,
Rose, R., Wang, H.G., Blair, W.S., Shi, P.Y., Lin, P.F., Colonno, R.J.,
Meanwell, N.A., 2003. Discovery of 4-benzoyl-1-[(4-methoxy-1H-
pyrrolo[2,3-b]pyridin-3-yl)oxoacetyl]-2-(R)-methylpiperazine (BMS-
378806): a novel HIV-1 attachment inhibitor that interferes with
CD4-gp120 interactions. J. Med. Chem. 46, 4236-4239.

of anilide derivatives with a quaternary ammonium moiety. J. Med. Weaver, D.C., Harden, D., Dworetzky, S.I., Robertson, B., Knox, R.J.,

Chem. 43, 2049-2063.

Schubert, U., Bour, S., Ferrer-Montiel, A.V., Montal, M., Mandarelli, F.,
Strebel, K., 1996a. The two biological activities of human immun-
odeficiency virus type 1 Vpu protein involve two seperable structural
domains. J. Virol. 70, 809-819.

Schubert, U., Ferrer-Montiel, A.V., Oblatt-Montal, M., Henklein, P.,
Strebel, K., Montal, M., 1996b. Identification of an ion channel activ-
ity of the Vpu transmembrane domain and its involvement in the
regulation of virus release from HIV infected cells. FEBS Lett. 398,
12-18.

Spenlehauer, C., Gordon, C.A., Trkola, A., Moore, J.P., 2001. A
luciferase-reporter gene-expressing T-cell line facilitates neutraliza-
tion and drug-sensitivity assays that use either R5 or X4 strains
of human immunodeficiency virus type 1. Virology 280, 292-
300.

Squires, K.E., 2001. An introduction to nucleoside and nucleotide ana-
logues. Antiviral Ther. 6 (Suppl. 3), 1-14.

Stebbins, J., Debouck, C., 1997. A microtiter colorimetric assay for the
HIV-1 protease. Anal. Biochem. 248, 246-250.

Stephen, A.G., Worthy, K.M., Towler, E., Mikovits, J.A., Sei, S., Roberts,
P., Yang, Q.E., Akee, R.K., Klausmeyer, P., McCloud, T.G., Hender-

2004. A thallium-sensitive, fluorescence based assay for detecting and
characterizing potassium channel modulators in mammalian cells. J.
Biomol. Screen. 9, 671-677.

Wei, X., Decker, J.M., Liu, H., Zhang, Z., Arani, R.B., Kilby, J.M.,

Saag, M.S., Wu, X., Shaw, G.M., Kappes, J.C., 2002. Emergence of
resistant human immunodeficiency virus type 1 in patients receiving
fusion inhibitor (T-20) monotherapy. Antimicrob. Agents Chemother.
46, 1896-1905.

Weislow, O.S., Kiser, R., Fine, D.L., Bader, J., Shoemaker, R.H., Boyd,

M.R., 1989. New soluble-formazan assay for HIV-1 cytopathic effects:
application to high-flux screening of synthetic and natural prod-
ucts for AIDS-antiviral activity. J. Natl. Cancer Inst. 81, 577—
586.

Wild, C., Dubay, J.W., Greenwell, T., Baird Jr., T., Oas, T.G., McDanal,

C., Hunter, E., Matthews, T., 1994. Propensity for a leucine zipper-
like domain of human immunodeficiency virus type 1 gp41l to form
oligomers correlates with a role in virus-induced fusion rather than
assembly of the glycoprotein complex. Proc. Natl. Acad. Sci. U.S.A.
91, 12676-12680.

wild, C., Oas, T., McDanal, C., Bolognesi, D., Matthews, T., 1992. A

synthetic peptide inhibitor of human immunodeficiency virus replica-



140 M. Westby et al. / Antiviral Research 67 (2005) 121-140
tion: correlation between solution structure and viral inhibition. Proc. screening RARCS) format for nucleic acid polymerization assays.
Natl. Acad. Sci. U.S.A. 89, 10537-10541. J. Biomol. Screen. 8, 273-282.
Weissenhorn, W., Dessen, A., Harrison, S.C., Skehel, J.J., Wiley, D.C., Zennou, W., Perez-Caballero, D., Gottlinger, H., Bieniasz, P.D., 2004
1997. Atomic structure of the ectodomain from HIV-1 gp41. Nature APOBECS3G incorporation into human immunodeficiency virus type
1 particles. J. Virol. 78, 12058-12061.
Zhang, J.-H., Chung, T.D.Y., Oldenburg, K.R., 1999. A simple statistical

parameter for use in evaluation and validation of high throughput

387, 426-430.
Lim, B., Pithawalla, R.,
screening assays. J. Biomol. Screen. 4, 67-73.

Xuei, X., David, C.A., Middleton, T.R.,
Chen, C.-M., Tripathi, R.L., Burns, D.J., Warrior, U., 2003. Use

of SAM2® biotin capture membrane in microarrayed compound



	Cell-based and biochemical screening approaches for the discovery of novel HIV-1 inhibitors
	Introduction
	HIV-1 Entry
	Chemokine screens
	Cell-cell fusion screens
	Soluble gp120 screens
	gp41 Assays

	HIV-1 enzyme targets
	HIV-1 reverse transcriptase
	HIV-1 integrase
	HIV-1 protease

	Other target specific assays
	Tat/Tar function
	Rev/RRE function
	Vpr
	Vif
	Nef
	Nucleocapsid
	Vpu

	HIV-1 replication screens
	HIV-1 reporter virus assays
	HIV-1 reporter cell assays
	HIV-1 cell protection assays

	Acknowledgement
	References


