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

Presently, there are 20 individual drugs that have been
approved to treat HIV-1 infection. However, each of those 20

2004; Hendrix, 2004; Little et al., 2005; Reynes et al., 2002)
and suggested for a fourth (virion maturation) (Martin et al.,
2005). Whilst this is encouraging, the long-term clinical
safety and efficacy of these agents remains to be determined.
In addition, drug resistance will most likely remain a recurrent
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approaches. Alternatively, protease inhibitors (PIs), next gen-
eration NNRTIs, CCR5 antagonists, and integrase inhibitors
were identified by structure-based drug design, receptor phar-

re,
gies
ts.
us
es
y.

0
tor
1.
ss-
t
om-
ed

(T-20, enfuvirtide, Fuzeon (Lalezari et al., 2003; Lazzarin
et al., 2003)) or have demonstrated clinical proof of concept in
Phase 2 studies [e.g., AMD3100 (Hendrix, 2004), maraviroc
(UK-427,857) (Fätkenheuer et al., 2004) and BMS-488043
(Hanna et al., 2004)], underwriting the importance of this
s ven-
t have
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i cture
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roblem in chronic antiviral therapy. Therefore, the con
ed discovery and development of new HIV-1 inhibitors
ill be effective in future antiretroviral regimens is critica
Multiple screening approaches are currently avail

or HIV-1 drug discovery, and several different approac
ave been used successfully to identify new HI

nhibitors. For example, nucleoside analog reverse
criptase inhibitors (NRTIs), the first non-nucleoside rev
ranscriptase inhibitors (NNRTIs), and several recent n
tage of the virus life cycle for targeted therapeutic inter
ion. Key scientific breakthroughs since the mid 1990s
elped dissect more precisely the molecular events o
ntry process, raising the possibility of more targeted sc

ng. Notable advances are the solving of the gp120 stru
Kwong et al., 1998; Rizzuto et al., 1998), identification o
he chemokine receptors as HIV-1 entry co-receptors (Dragic
t al., 1996; Feng et al., 1996; Liu et al., 1996), and under
tanding how rearrangement of the two heptad repeats w
drugs target one of only three steps in the HIV-1 replication
cycle (HIV-1 fusion, reverse transcriptase, or protease). Given
that viral variants resistant to one drug of a particular class
often exhibit some level of cross-resistance to other drugs
within the same class, therapeutic options are often limited
in treatment experienced patients. To address this problem,
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
wild-type and drug-resistant HIV-1 variants. These efforts
have resulted in the progression of compounds that either
act via an established mechanism but have a novel resistance
profile (next generation inhibitors) or that act through new
mechanisms. Recently, proof-of-concept regarding clinical
efficacy has been demonstrated for three new targets in the
HIV-1 replication cycle (HIV-1 coreceptors, HIV-1 gp120
and HIV-1 integrase) (Hanna et al., 2004; F̈atkenheuer et al.,

macology or biochemical screening approaches. Therefo
historical precedent suggests that diverse screening strate
should be employed for the discovery of new HIV-1 agen
In the sections below, we present a brief overview of vario
HIV-1 screening strategies and highlight novel approach
and/or significant advances in HIV-1 screening technolog

2. HIV-1 Entry

HIV-1 Entry can be divided into three steps: (1) gp12
attachment to CD4; (2) gp120 engagement with a co-recep
(either CCR5 or CXCR4); and (3) fusion mediated by gp4
As discussed below, HIV-1 replication screens have succe
fully identified compounds with antiviral activity that act a
each of these three steps. Some of the more promising c
pounds in the entry inhibitor class have either been launch

TM
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the gp41 extra-cellular domain promotes the fusion of virus
and cell membranes (Weissenhorn et al., 1997). This section
will focus on screening approaches targeted to these events
of the virus life cycle.

2.1. Chemokine screens

The HIV-1 co-receptors, CCR5 and CXCR4, are
chemokine receptors and members of the 7-transmembrane
G-protein coupled receptor (7-TM GPCR) superfamily.
7-TM GPCRs have proved highly lucrative drug targets
(Gurrath, 2001) and HTS technologies designed to identify
compounds that inhibit binding of natural ligands to their cog-
nate GPCR have been used successfully by the pharmaceu-
tical industry for many years. Radioligand-binding assays,
using [125I] labeled beta-chemokines RANTES, MIP-1alpha
or MIP-1beta, were used successfully by Takeda, Merck,
Schering, ONO and Pfizer to identify leads for their CCR5
antagonist programs (Baba et al., 1999; Shiraishi et al., 2000;
Strizki et al., 2001; Castonguay et al., 2003; Maeda et al.,
2004; Dorr et al., in press). Many of these programs are still
active and lead compounds have reached late stage clinical
development, underscoring the value of this screening strat-
egy. The disadvantage of this approach is the dependence
upon a radiolabeled ligand, which is of high cost and signif-
icant environmental concern when screening large chemical
l nd
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through the cells. The assay was sensitive to the natural
chemokine ligands, SDF-1alpha (CXCR4) and MIP-1alpha
(CCR5). The advantage of this system is that the detection
of a response is simple (light transmittance through a well);
however, the cells must be transiently transfected leading to
the inevitable problem of ensuring assay reliability over a
large screening campaign.

A final observation is that, although the HIV-1 envelope
and the CCR5-specific beta-chemokines bind the same recep-
tor, sub-micromolar lead matter from chemokine-specific
screens will not necessarily display antiviral activity. It is
therefore important to use a suitable antiviral screen during
further optimization of any lead matter identified from this
approach.

2.2. Cell–cell fusion screens

The envelope glycoprotein (gp120) exists in its native form
as a homopolymeric trimer, held on the outer surface of the
virion by non-covalent interactions with a fusion glycoprotein
(gp41) trimer. Immortalized cell lines, transfected with the
HIV-1 Env gene, express gp120/gp41 on their surface and can
fuse to cells co-expressing CD4 and either CCR5 or CXCR4.
Screens based on this approach have been described by a
number of laboratories.

A key hurdle in developing fusion assays as screens, is
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ibraries. It is therefore not likely that radiolabeled liga
inding assays will be widely used in the future.

Assays have more recently been developed which
ify compounds that inhibit receptor function rather th
igand binding (and thus avoid the need for radio-lab
hemokines). A fluorometric Imaging Plate Reader (FLI
as been evaluated for its use in identifying CXCR4 an
nists (Princen et al., 2003). Princen and co-workers fir

oaded a variety of primary and immortalized cell lines w
fluorescent dye, Fluo-3, which acts as an intracellular

ium ion indicator. Cells were then pre-incubated with c
ounds before being stimulated with the CXCR4-spe
hemokine, SDF-1alpha. Compounds acting as CX
ntagonists were thus identified as those that inhibite
DF-1alpha mediated calcium mobilization and fluo
ence. The authors validated the assay using the CX
ntagonist AMD3100, and obtained dose responses of s
otency to those described previously for other methods
ame group has validated the use of a cell line co-expre
D4, CXCR4 and CCR5 in calcium mobilization assays

dentifying antagonists of either chemokine receptor (Princen
t al., 2004).

A different approach has been described byChen et al
2000). They transiently transfected CCR5 or CXCR4
embers of a panel of GPCR under evaluation) intoXeno-
us laevismelanophores. Over-expression of some GP

n melanophores leads to agonist-independent consti
eceptor activity. Chen and colleagues found that o
xpression of CCR5 or CXCR4 resulted in dispersion

ntracellular melanin and an increase in light transmitta
btaining cell surface expression of gp120/41. A num
f groups have developed assays where the gp120/gp

ransiently expressed.Holland et al. (2004)have validate
n alpha-complementation fusion assay in which they

ransiently transfected Env genes from a range of CC
ropic and CXCR4-tropic HIV-1 strains. One batch of 29
ells was transiently transfected with HIV-1 Env, Rev and
lpha-fragment of beta-galactosidase (beta-Gal), whils
ther was transfected to express CD4, an HIV co-rece
nd the omega-fragment of beta-Gal. Fusion events led

ormation of enzymatically active beta-Gal complexes
ould be assayed using a luminescent based output. The
as performed in 96-well plates and fusion events coul
etected after only 30 min incubation. In addition, the for
ieldedZ′-values of 0.58–0.71, suggesting that the assay
f sufficient quality for compound screening (Zhang et al.
999). The disadvantage is that transient transfection sys
re not ideal for large screening campaigns.

Litwin et al. (1996)successfully transfected HeLa cells
tably express gp120/gp41 derived from the HIV-1 LAI st
CXCR4-tropic) or the HIV-1 JRFL strain (CCR5-tropi
hey showed that these transfected HeLa cells would
ith the PM1 cell line, a clonal derivative of the HUT78
ell line that naturally expresses low levels of CD4, CCR5
XCR4. The cell membranes of the HeLa and PM1 cells w
rst loaded with high concentrations of lipophilic fluoresc
yes, F18 (fluorescein octadecyl ester) and R18 (octa
hodamine). Labeled cells were then co-cultured in the p
nce or absence of inhibitors and fusion was detecte

ater by measuring the fluorescence resonance energy
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fer (FRET) between F18 and R18 molecules co-localized on
membranes of fused cells. Advantages of this method are: it
requires no gene expression during the assay, it can be run
in 96-well format, and its homogeneous nature requires no
post incubation addition/wash steps. Furthermore, this assay
was used successfully to identify CCR5 specific monoclonal
antibodies with antiviral activity (Olson et al., 1999). One
of these, PRO140, is now in clinical development for HIV-1
infection (Trkola et al., 2001).

Other methods have been described that detect fusion
between a cell line stably transfected with gp120/gp41
and an indicator cell line expressing CD4 and one of the
co-receptors. Screening assays have been validated that
use either beta-Gal (Chiba et al., 2001a,b) or luciferase
(Sakamoto et al., 2003) as reporters. These assays were
performed in 96-well plates and involve multiple reagent
addition steps; thus, neither is ideally formatted for high
throughput screening (HTS) of large chemical libraries.
Despite this drawback, the approach has been used to
identify a compound from a natural product screen, acti-
nohivin, with anti-HIV-1 activity in the 100 nM range
(Chiba et al., 2001a,b). More recently,Bradley et al. (2004)
described development of a 384-well format HTS to identify
inhibitors of cell fusion between the Chinese Hamster Ovary
(CHO)-Tat10 and HeLaP4 cell lines. The CHO-Tat10 cell
line was engineered to constitutively express gp120/gp41,
d Tat
t sses

CD4 and CCR5, and was additionally transfected with
beta-Gal whose expression was under the control of the
HIV-1 long terminal repeat (LTR). Fusion between the two
cell types resulted in transactivation by Tat of the HIV-1 LTR
and expression of beta-Gal (Fig. 1). The assay was validated
using a proprietary CCR5 antagonist that demonstrated
similar low nanomolar potency in this assay as compared to
a MIP-1alpha/CCR5 radioligand binding assay. Since this
assay requires gene expression to produce its readout, its run
time is longer than Litwin’s FRET assay (20 h versus 4 h). By
automating the assay in 384-well plates, Bradley screened
∼650,000 compounds and identified 3004 confirmed actives
at 10 microM (Bradley et al., 2004).

BacMan baculovirus technologies have also been used
to develop an HTS screen for CCR5/CD4-mediated,
gp120/gp41 fusion (Jenkinson et al., 2003). The BacMan
viral constructs enable transient transduction of HEK293
cells with gp120/gp41, Tat and Rev. These cells are incubated
with human osteosarcoma (HOS) cells stably transfected
with CD4, CCR5 and an LTR-luciferase reporter, in 96-well
plates for 20–24 h. Jenkinson and colleagues validated the
assay using the potent CCR5-specific antagonists, Schering-
C (Strizki et al., 2001) and TAK-779 (Baba et al., 1999), and
further showed a significant correlation between inhibition
of cell–cell fusion and antiviral activity in an HIV-1 repli-
cation assay for a larger panel of eight CCR5 antagonists
( ion
a seen

F ey et al /gp41
( lls co-e sion is und
t
t
d

erived from the JR-FL (CCR5-tropic) strain, and the
rans-activator protein. The HeLaP4 cell line co-expre

ig. 1. Schematic representation of the cell–cell fusion assay used byBradl
derived from the CCR5-tropic HIV-1 strain, JR-FL) and Tat. HeLaP4 ce

he control of the HIV-1 LTR promoter. When CHO-Tat10 and HeLaP4 cells
ransactivates expression of beta-Gal from the LacZ gene. The enzyme ac
erived from the substrate 4-methylumbelliferyl-galactoside.
r2 = 0.87). This correlation between activity in cell fus
ssays and inhibition of virus replication has also been

. (2004). CHO-Tat10 cells were stably transfected to co-express gp120
xpress CD4 and CCR5 and also contain the LacZ gene whose expreser

are mixed they fuse to form syncytia, and the Tat expressed in the CHO-Tat10
tivity is quantified via detection of a fluorescent product 4-methylumbelliferone
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for the assay described by Bradley (personal communica-
tion), and highlights a key advantage for this approach over
ligand-binding screens for identifying lead co-receptor antag-
onist molecules with antiviral activity. It should be noted
however, that the efficiencies of gp160-mediated cell–cell
fusion and whole virus infection are differentially influenced
by virus and host cell factors. For example, the fusion between
virus and cell membranes is driven by structural determi-
nants within gp160 as well as cell surface densities of CD4
and CCR5/CXCR4 (Kuhmann et al., 2000; Platt et al., 2005).
Multiple gp160/CD4-coreceptor interactions are required for
productive infection, but it appears that CCR5-tropic viruses
can efficiently infect cells expressing low levels of CCR5
as long as the same cells co-express CD4 to a high density.
Viruses are more sensitive to changes in these parameters
than are gp160-mediated fusion (syncytia) assays (Kuhmann
et al., 2000), indicating that the activity of any chemical leads
from a cell fusion assay should be confirmed in virus repli-
cation systems.

2.3. Soluble gp120 screens

Enzyme-linked immunosorbent assays (ELISA) have long
been proposed as suitable screens for identifying inhibitors of
the gp120:CD4 interaction (Moore, 1990; Gilbert et al.,1991;
Chams et al., 1992; Gilbert et al.,1993). Soluble recombi-
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to screen >50,000 natural product extracts and several hits
were identified that were reported to have antiviral activity.
The same group recently executed a similar HTS using the
glycosylated gp41 ectodomain (Beutler et al., 2002). In this
instance, primary screening of over 107,000 natural product
extracts in the assay yielded 347 confirmed hits.

2.4. gp41 Assays

Following CD4 attachment and co-receptor engagement,
the virus accomplishes fusion with the cell membrane by
a complex rearrangement of the extracellular domains of
gp41 trimer complexes. The licensed HIV-1 entry inhibitor,
enfuvirtide (T-20, FuzeonTM) is an inhibitor of this process,
validating it as a drug target. The gp41 amino acid sequence
predicts the existence of two heptad repeat (HR) domains.
Fusion involves the homo-trimerization of the HR-1 domains
and binding of the HR-2 alpha-helices into grooves on the
HR-1 trimer to form a six-helix bundle (Weissenhorn et al.,
1997). Cell fusion assays, such as those described above, will
identify inhibitors of this process. In addition, screens that
specifically target the rearrangement of gp41 into a six heli-
cal bundle have been described (reviewed byLiu and Jiang,
2004). Initial formats were Sandwich ELISA in which pep-
tides derived from the HR-1 and HR-2 domains were mixed,
and the formation of six-helix bundles was monitored using
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A high throughput assay suitable for identifying sm
olecule inhibitors of soluble gp120 binding to CCR5
een reported (Dobbs et al., 2001; Rickett et al., 2003). Solu-
le recombinant gp120 derived from a variety of CCR5-tro
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y single-step affinity purification. This crude gp120 pre
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eing added to CCR5-expressing HEK-293 cells in the p
nce or absence of inhibitors. Binding of the gp120:C
omplexes to CCR5 was quantified using a Europium-lab
nti-gp120 monoclonal antibody, followed by time resol
uorescence. The assay was run in 96 well format and
led 3600 data-points in a single run, making it suitable

argeted screening of small chemical libraries.
The antiviral properties of the natural product, cyanov
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escence (TRF) assay based on the interaction of euro
abeled CV-N with recombinant soluble gp120 to sup
dentification of small-molecule mimetics of CV-N that mig
e developed as antiviral drug leads. This assay was
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monoclonal antibody that specifically recognizes the
elix conformation (Jiang et al., 1999). Jiang et al. (2004
creened∼33,000 compounds from a chemical library us
similar method and identified N-substituted pyrrole der

ives with weak in vitro antiviral activity. These compoun
ppear to bind into a small hydrophobic pocket within the
homotrimer and inhibit binding of HR-2 domains to fo

he six-helix bundle, suggesting the utility of such screen
dentifying small molecular lead matter. Whether these c
ounds can be optimised into clinical leads remains t
hown. The same group has also validated a fluoresc
abeled version of the screen suitable for automation in
nd 384-well formats to improve throughput (Liu et al.,
003). All gp41 screens described to date, however, inv
ultiple steps that limit throughput and increase cost.

herefore most likely that these types of assays will find t
reatest utility in elucidating the mechanism of action of l
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. HIV-1 enzyme targets

HIV-1 encodes three enzymes required for replicat
IV-1 reverse transcriptase (RT), HIV-1 integrase (
nd HIV-1 protease (PR). A number of assays have
eveloped for screening test compounds against
ell-known targets for drug discovery. Biochemical ass

ypically require purified recombinant enzymes (wild-ty
r mutant forms) and are most often used in stopped end
eterminations, although some are amenable to time c
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measurements. In addition, engineered cell lines have been
created for use in reporter cell assays. The majority of the
assays described in this section are amenable for automation
using standard microplates and may be readily miniaturized
into 384- or 1536-well plates, while a few are based on capture
membranes for detection. Utilization of RT or PR enzymes
that contain drug resistant mutations in screening campaigns
represents a common strategy to identify next generation
HIV-1 inhibitors against these precedented targets.

3.1. HIV-1 reverse transcriptase

RT inhibitors were the first HIV-1 drugs marketed and cur-
rently serve as the backbone of most frontline HIV combina-
tion therapies. Given the clinical success seen with inhibitors
of this target, next generation RT inhibitors will most cer-
tainly remain critical components of future drug regimens.
The functional RT enzyme is a heterodimer consisting of
66 kDa and 51 kDa polypeptides with separate DNA poly-
merase and ribonuclease H (RNase H) domains in the 66 kDa
polypeptide. Both the DNA polymerase and RNase H activ-
ities of RT are required for viral replication. In the infected
cell, HIV-1 RT ultimately transcribes a single-stranded viral
RNA template into double-stranded DNA (dsDNA) through a
multi-step process: (1) RNA-dependent DNA polymerization
to produce a (−) DNA copy, with (2) concomitant cleav-
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2003). Reagents are immobilized onto agorose matri-
ces, and DNA polymerization takes place on biotinylated
DNA primer/RNA template substrates with [33P]-labeled
nucleotides. Products are transferred onto a streptavidin-
coated membrane, which is then washed and imaged. This
assay was used to screen 8640 compounds spotted onto a
high-density array for RT inhibition.

Non-isotopic assays for measuring DNA polymerase
activity have also been reported, although they are not as
widely used. These include enzyme immunoassays (EIAs),
which are non-homogeneous in nature due to the number of
reagent addition steps and multiple wash steps involved. In
a typical procedure, DNA synthesis takes place with modi-
fied nucleotides, such as dUTP labeled with either fluorescein
or biotin, and a DNA primer/RNA template duplex bound to
coated microplate wells (Brennan et al., 2002; Odawara et al.,
2002). Once the polymerization reaction is complete, the
DNA products are quantified by the addition of a secondary
enzyme conjugate (e.g. alkaline phosphatase conjugated to
anti-fluorescein antibodies or streptavidin, respectively) and
colorimetric or chemiluminescent substrates for detection.
A homogeneous, non-isotopic assay was reported bySeville
et al. (1996)that uses a fluorogenic dsDNA stain for measur-
ing DNA polymerization on a DNA primer/DNA template.
However, use of this assay in HTS is limited by a relatively
low dynamic range.
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er inhibitors (Fig. 2), which they used to screen 175,0
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Fig. 2. HIV-1 RT DNA strand transfer SPA assay developed byGabbara et al. (1999). The 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 incorporating dATP,
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 labeled dGTP.
The products containing [3H] 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. The
assay mixture also contains a DNA acceptor strand containing
a stretch of 15 Cs at the 5′-end and nucleotides. The reactions
are initiated by the addition of HIV-1 RT, which catalyzes
DNA synthesis along with concomitant RNase H cleavage
to produce the (−) DNA. The extended primer then forms
a duplex with the acceptor strand in situ, which acts as sec-
ond template for further DNA synthesis with [3H] dGTP. The
final extended DNA products are detected by adding strepta-
vidin coated SPA beads and scintillation counting. Note that
test compounds that inhibit DNA polymerase and RNase H
activities may also be identified as inhibitors in the HIV-1 RT
strand transfer assay.

3.2. HIV-1 integrase

HIV-1 IN has received considerable attention of late. Much
of this is due to the clinical validation of HIV-1 IN as a thera-
peutic target by Merck and collaborators (Little et al., 2005).
The primary role of HIV-1 IN is to catalyze the insertion of
the newly transcribed HIV-1 cDNA into the host cell genome,
a step that is required for HIV-1 gene expression and viral
replication. Mechanistically, this occurs via a two step pro-
cess: the removal of two nucleotides from the 3′-end of viral
donor DNA (3′-processing) followed by formation of phos-
phodiester linkages to join the viral and host DNAs (strand

transfer). As well, HIV-1 IN catalyzes the reverse process
of strand transfer in vitro (i.e., disintegration). However, the
in vivo relevance of the disintegration reaction has not been
established.

Most currently used assays for HIV-1 IN target the strand
transfer process and follow a similar premise. HIV IN is com-
bined with donor dsDNA, which has been immobilized onto a
solid support, to form an enzyme/DNA complex. The reaction
is then initiated by the addition of target dsDNA labeled in
some manner, and after an incubation period, the ligated prod-
ucts are quantified. Three such assays have been described.
In the first,Hazuda et al. (1994, 1997)measured the inte-
gration of biotin labeled host dsDNA into donor dsDNA
immobilized onto microplate wells. Ligated products were
quantified by EIA using an alkaline phosphatase/avidin con-
jugate and a colorimetric substrate. Such an approach was
used byHazuda et al. (2000)to identify the first inhibitor
that targeted HIV-1 IN in infected cells. A second protocol
utilizes �ARCS technology, where HIV-1 IN is complexed
with biotinylated donor dsDNA bound to streptavidin coated
membranes. Target dsDNA labeled with fluorescein is then
added followed by EIA quantitation (David et al., 2002). The
�ARCS assay was used to screen a library of 250,000 com-
pounds for IN activity. A third protocol, more compatible
with HTS using robotics, involves SPA technology (Hu et al.,
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
streptavidin coated SPA beads. HIV-1 IN-dependent incor-
poration of [3H] dTTP labeled host DNA is then measured by
scintillation counting.Hu et al. (2004)used the SPA strand
transfer assay in an HTS against >1 million compounds to
identify a novel class of HIV-1 IN inhibitors.

A different SPA assay focuses on the disintegration steps
catalyzed by HIV-1 IN (Downes et al., 1994). It uses a sub-
strate consisting of two DNA oligomers that are annealed
to form a partial duplex and two hairpin loops. One strand
is labeled with biotin while the other contains radiolabeled
nucleotides. In this assay, HIV-1 IN cleaves and ligates the
strands together to form a single stranded disintegration prod-
uct, which is quantified after the addition of streptavidin
coated SPA beads. However, as mentioned above disinte-
gration may not be relevant to HIV-1 IN function in the
infected cell. Thus, test compounds that inhibit the disin-
tegration assay may not be active in antiviral assays.

In addition to recombinant enzyme screens, biochemical
assays have been developed that measure HIV-1 IN activity
in the context of the preintegration complex (PIC) (Miller
et al., 1997). The HIV PIC is a large nucleoprotein complex
containing the viral cDNA and IN, as well as viral matrix,
Vpr, RT and a number of host proteins including HMGI(Y),
histones, and members of the non-homologous end joining
(NHEJ) pathway (Fouchier and Malim, 1999; Li et al., 2001).
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an expanded set of targets and yield more biologically rele-
vant compounds. A PCR-based assay for integration has been
reported that employs HIV-1 PICs derived from cells infected
with single-cycle HIV-1 reporter viruses (Fig. 3). The PICs
are reacted with double-stranded DNA targets immobilized
on 96-well plates, after which the reactants are washed and
eluted from the plate. The level of integration in each well is
determined by TaqMan quantitative PCR amplification using
a primer-probe set specific to an internal vector sequence
(Hansen et al., 1999).

3.3. HIV-1 protease

HIV-1 Gag and Pol polypeptide precursors are cleaved by
the viral encoded aspartyl protease to form the mature struc-
tural and enzymatic gene products. The active form of HIV-1
PR is a 22 kDa homodimer with each 11 kDa monomer con-
tributing one of the two conserved aspartates to the active site.
HIV-1 PR activity is critical for viral replication, and potent
antiviral activity has been demonstrated for HIV-1 PIs in the
clinic. As a result, drug discovery efforts continue to focus
on the identification of new inhibitors against this validated
target that are active against HIV-1 variants resistant to the
currently available HIV-1 PIs. In line with these efforts, the
assays described here may be conducted with wild-type pro-
tein or variants that contain mutations conferring resistance
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nds into a target DNA strand (Miller et al., 1997). Recom
inant HIV-1 IN on the other hand, catalyzes strand tran
f single LTR ends only, illustrating the importance of

ull PIC complex to infection. It is possible that screening
IC activity, analogous to that in a true infection, may o

ig. 3. Schematic representation of the HIV PIC integration assay. Pla
ration complexes (PICs). Concerted integration results in immobiliza
′-ends of the provirus remain unligated. A wash step removes uninte
nd quantified by real-time quantitative PCR (Hansen et al., 1999).
o current HIV-1 PIs.
Although an SPA assay for HIV-1 PR has been descr

Cook et al., 1991), FRET assays are more commonly us
ynthetic peptide substrates typically consist of a clea
equence flanked with fluorescent donor and acceptor
Wang et al., 1990; Matayoshi et al., 1990). The fluorescenc
ignal is low in the intact peptide because the dono

obilized, double-stranded target DNA is reacted with vector-derived HIV preinte-
the viral DNA; however, due to the lack of host cell DNA repair mechams, the
viral DNA. Finally, the integrated viral DNA is eluted from the well w
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quenched by the nearby acceptor. Once the substrate is
cleaved by HIV-1 PR, the FRET interaction is removed and
the fluorescence increases. FRET assays are widely used in
HTS because they are homogeneous, non-isotopic, require
no additional reagents, and are suitable for kinetic and
endpoint measurements. Furthermore, peptide substrates
may be synthesized using a wide variety of FRET label
pairs. An HIV-1 PR substrate, Arg-Glu(EDANS)-Ser-Gln-
Asn-Tyr-Pro-Ile-Val-Gln-Lys(Dabcyl)-Arg, is commercially
available; however, many test compounds may interfere with
the wavelength for EDANS emission at 490 nm. As a result,
fluorescent donors having longer excitation and emission
wavelengths, such as CyDyes (George et al., 2003) and
rhodamine dyes (Grant and Sklar, 2002), are often preferred.
Other labels, such as europium chelates in homogeneous
time-resolved fluorescence (HTRF) assays (Karvinen et al.,
2002; Pŕeaudat et al., 2002) or AlphaScreen (Perkin Elmer,
AlphaScreen Technical Manual), may be adapted for measur-
ing HIV-1 PR activity by designing the appropriate substrates.

Fluorescence polarization (FP) is another fluorescence-
based homogenous assay technology that is well suited for
testing compounds against HIV-1 PR (Jolley, 1996). In FP
assays, two fluorescence measurements are taken using plane
polarized light, and a ratiometric value is calculated. This
polarization value is dependent on the size of the labeled
material, and a large mass difference between the cleaved
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PR with a reporter construct encoding luciferase adjacent
to GFP, separated by a protease cleavage sequence. When
expressed in HeLa cells, the intact form of this construct
has low basal activity, however cleavage results in elevated
levels of luciferase activity such that an effective protease
inhibitor will suppress luciferase activity in the assay (Gillim
et al., 2001). Finally, a bacterially expressed construct was
reported, which is comprised of HIV-1 PR and a beta-Gal
gene. The latter is modified to contain a PR cleavage site
such that active PR will prevent reporter activity. This assay
was carried out inEscherichia coli, in which effective PR
inhibitors result in recovery of beta-Gal activity (Cheng et al.,
2004).

4. Other target specific assays

Most pharmaceutical drug discovery efforts are focused
on clinically validated HIV-1 entry and enzyme targets. How-
ever, for the discovery of novel mechanism HIV-1 inhibitors
other HIV-1 targets must be considered. The recent disclosure
of potential clinical efficacy with a novel virion maturation
inhibitor (Martin et al., 2005) may spark interest in pursuing
additional non-traditional targets. In this section, we discuss
assay approaches for HIV-1 genes that may not be viewed
as druggable targets in the current industry paradigm but
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olarization values. A typical PR peptide substrate for
easurements contains a fluorophore and a biotin flan

he cleavage site (Levine et al., 1997). After the PR reactio
as taken place, avidin is added to the wells to bind the b
oieties. The intact substrate and one of the cleaved
ents are detectable due to their fluorescent tags; how

he mass of the uncleaved peptide is much greater due
ound avidin resulting in a larger polarization value.

A colorimetric HIV-1 PR assay using unlabeled p
ide substrates has been reported byStebbins and Debouc
1997). In this assay, the PR reaction is stopped by the a
ion of carbamylation reagent, which reacts with the ne
ormed amino terminus. A subsequent carbamido-dia
ondensation reaction results in a green product, which
e quantified spectroscopically.

In addition to enzyme assays, a number of cell-b
ssays have been reported for HIV-1 PR. A green
escent protein (GFP)-PR chimera was developed tha
e expressed in mammalian cells, causing minimal to

ty until autocatalytic cleavage occurs. In the assay, effe
nhibition of PR cleavage from GFP results in increased
rescence, while lack of inhibition causes cytotoxicity
ddition to lack of signal (Lindsten et al., 2001). While this
ssay may be amenable to screening, one practical var

ncrease throughput may be the use of an enzymatic rep
hat can be easily read in HTS systems. Another cell-b
creen has been reported based on coexpression of
erhaps should be re-considered in the hunt for novel
peutics. The majority of assays reported below has e
een applied to HTS or designed to be readily adapte
creening. In addition, all of the targets below remain u
loited in the clinic.

.1. Tat/Tar function

Transcription of integrated HIV-1 proviral DNA is high
ependent on the binding of the viral transactivator pro
Tat) to the nascent viral RNA early in the process.
pecific site of interaction is at the Tat responsive elem
AR RNA, which forms a distinct hairpin structural mo
reviewed byKarn, 1999). A number of assays have be
eported that monitor HIV-1 Tat-dependent transcriptio
ell as the specific binding event between Tat and the
NA. It is worth noting that most of the protein-RNA bindi
ssay formats for Tat can also be applied to observe int

ions of Rev and Rev response element (RRE) (see be
here is significant overlap in the in vitro technologies
ave been applied to these two targets, and included i
ev section below is a merged screen for both targets.
Cell-based assays can be used to probe for inhibitor

ffect Tat-dependent transcription from the HIV-1 LTR p
oter. One such assay employs co-expression of HIV-
nd an HIV-1 LTR-GFP construct in HeLa cells (Daeleman
t al., 2001). Because expression of the GFP reporter is
ependent on the Tat construct, inhibition of GFP expres
hould correspond to inhibition of Tat-dependent trans
ion. The same group has reported a variant of this a
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differing only in the use of an enzymatic endpoint after
coexpressing an LTR-LacZ construct rather than LTR-GFP
(Daelemans et al., 1997), a readout that is likely more adapt-
able to HTS. A potential disadvantage of this assay is that
it observes only LTR driven transcripts, thus compounds
with more general effects on transcriptional machinery in the
cell will not be distinguished. An alternate cell-based assay
has been proposed to internally filter out compounds hav-
ing general effects on transcription. This positive selection
transcription assay utilizes a “collision” reporter construct
that consists of a CMV promoter driven reporter (alkaline
phosphatase) followed by an HIV-1 LTR promoter in the
opposite orientation. When coexpressed with HIV-1 Tat,
enhanced LTR promoter activity will downregulate CMV
driven reporter expression. Thus, a Tat-specific inhibitor will
prevent physical suppression of the CMV driven transcript,
resulting in increased expression of the reporter (Del Rosario
et al., 1996).

Several biochemical assays have been reported, aimed at
directly monitoring Tat-TAR RNA interactions by various
means. A filter binding assay has been used to detect bind-
ing of recombinant HIV-1 Tat to radiolabeled TAR RNA
where Tat adheres to the membrane, retaining any bound
RNA and attached signal. Both the membrane and filtrate
can be counted to determine bound and free fractions of RNA
respectively (Mei et al., 1997). The same group reported an
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aging of viral RNA into newly formed particles (Pollard and
Malim, 1998; Ptak, 2002).

Cell based assays for HIV-1 Rev have been designed to
monitor Rev mediated nuclear export of RNA transcripts.
In one of the reported HTS-compatible assays, HIV-1 Rev
is coexpressed in mammalian cells with a Rev-dependent
secreted alkaline phosphatase (SEAP) reporter construct.
Inhibition of Rev-RRE interactions in these cells results
in decreased alkaline phosphatase signal (Tang and Su,
1997). Another mammalian cell-based approach relies on the
expression of a replication-deficient HIV-1 construct in which
the Nef open reading frame has been substituted with beta-
Gal. Since Nef is an early gene relying on full splicing of the
RNA, Rev inhibition in this system causes increased reporter
signal (Arrigo, 2000). A bacterial antitermination assay has
been described to screen specifically for peptide sequences
that bind to the Rev RRE motif. In this assay the peptide
library, fused to the N-protein, is coexpressed with a reporter
plasmid in which the RRE is upstream of a transcription ter-
mination sequence. Binding of the peptide-N-protein fusion
causes antitermination of reporter expression and resulting
kanamycin resistance to mark peptides of interest (Peled-
Zehavi et al., 2003).

A high throughput SPA assay has been used to screen over
500,000 compounds for potential Rev inhibitors (Chapman
et al., 2002). Recombinant HIV-1 Rev was biotinylated and
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f compounds. Here, TAR RNA is immobilized on the sc

illation beads and incubated with a radiolabeled synth
eptide representing a sequence from Tat that include
asic domain (Tat 49–57) responsible for TAR RNA bi

ng (Mei et al., 1997). This is a simple homogeneous as
hat is well suited for HTS systems. Synthetic Tat pept
ave also been employed in a FRET assay in which th
rescent donor and acceptor are placed at each end
eptide (Matsumoto et al., 2000). The unbound conform

ion of the Tat peptide places the two fluorophores in c
roximity, resulting in energy transfer and thus quenchin

he reporter. Binding to TAR RNA extends the peptide s
hat energy transfer is lost and the reporter signal incre
n effective competitor for TAR RNA binding would effe
decrease in reporter signal by occluding the Tat peptid

orcing a folded (quenching) conformation (Matsumoto et al
000). As with other FRET assays described earlier, intri
ally fluorescent compounds encountered in small mole
ibraries may interfere with the assay endpoint.

.2. Rev/RRE function

Interaction of the HIV-1 regulatory protein Rev with t
RE viral RNA motif is a critical step in viral replicatio
inding of Rev to the RRE motif allows nuclear export

ully unspliced or partially spliced viral mRNAs throu
ecruitment of the host Crm1 nuclear export pathway. T
nspliced forms must be exported in order for expressio

he majority of HIV-1 gene products and subsequent p
ncubated with radiolabeled RRE prior to the addition
treptavidin coated SPA beads and scintillaton coun
here inhibition of Rev-RRE binding causes a decrea

he signal. A filter-binding assay has also been describe
ev in which recombinant HIV-1 Rev is incubated with
itro transcribed radiolabeled RRE RNA motif. The as
rotocol, which has been used to screen a natural pr

ibrary (Qian-Cutrone et al., 1996), is analogous to thos
escribed for the Tat filter-binding assay (above). Final
inding assay has been described that is aimed at simu
us screening of Tat and Rev inhibitors. A plate-immobili
eptoid with apparent binding affinity toward both relev
NA motifs was used to screen compounds for their a

ty to prevent peptoid-RNA binding. The RNA motifs we
abeled with unique fluorescent tags such that a dual re
he same plate could determine Tat or Rev specificity o
its (Hamy et al., 2001).

.3. Vpr

The HIV-1 accessory protein Vpr appears to serve
ral functions in viral replication. Among them are G2
ycle arrest of the infected cell, enhanced nuclear impo
he preintegration complex, and several effects on surro
ng cells, both infected and uninfected (reviewed bySherman
t al., 2002). However, if inhibited, none of these attribu
epresent a clear block to viral replication. As such, Vpr
ot generally been viewed as an attractive therapeutic
et. Little has been reported on screening assays for H
pr activity, however one group has screened for and id
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fied compounds that inhibit the cell cycle arrest properties of
Vpr. In this assay, recombinant Vpr expression was induced
in yeast in the presence of test compounds and subsequent
measurement of cell growth was monitored by optical density
(Sankovich et al., 1998).

4.4. Vif

Since the identification of the host cell factor that makes
HIV-1 Vif an absolute requirement for viral replication in
non-permissive producer cells (Sheehy et al., 2002), there
has been a significant increase in research activity devoted
to Vif. The Vif accessory protein binds to the host antivi-
ral factor APOBEC3G, targeting it for degradation by the
26S proteasome. This process prevents incorporation of the
host factor into viral particles, which otherwise renders those
virions non-infectious (reviewed byRose et al., 2004). With
this knowledge, screening assays have been proposed that
monitor HIV-1 Vif-dependent degradation of APOBEC3G.
Coexpression of Vif and APOBEC3G can result in degra-
dation of APOBEC3G to nearly undetectable levels (Marin
et al., 2003; Sheehy et al., 2003). If HIV-1 Vif is coexpressed
in a permissive cell line with an APOBEC3G-reporter fusion,
then inhibitors of Vif dependent degradation will result in
recovery of the reporter signal. Cell based assays of this gen-
eral format have been proposed in which the reporter may be
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host cell activation, downregulation of CD4 from the cell sur-
face, and interactions have been identified between Nef and
several host proteins involved in cell signaling and protein
trafficking (Baur, 2004). However, the relevance of any of
these interactions to a required function in viral pathogene-
sis has yet to be determined (reviewed byGeyer et al., 2001).
Thus, there has been reluctance to invest in significant screen-
ing efforts for Nef. In the hope that HIV-1 interactions with
the Hck kinase (via an SH3 domain) might be responsible for
Nef dependent pathogenesis, a SPA assay has been reported
that monitors recombinant radiolabeled Hck protein binding
to bead-immobilized HIV-1 Nef (Jones et al., 1998). A recent
report providing additional evidence that CD4 downregula-
tion may be sufficient to inhibit replication (Pham et al., 2004)
may generate new interest in HIV-1 Nef as a therapeutic tar-
get.

4.6. Nucleocapsid

HIV-1 nucleocapsid (NC) serves several functions through
various stages of viral replication (reviewed byFreed, 1998).
During particle formation and maturation, NC facilitates
packaging of the viral RNA genome and after cleavage, coats
the RNA non-specifically. NC plays a crucial role in reverse
transcription as it is required for annealing of tRNALys-3 to
the primer binding site, and it appears to increase RT poly-
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uciferase, other enzymatic reporters (e.g. beta-Gal or
xidase), green fluorescent protein, or an immunologica
Fig. 4) (Kabat et al., 2004; Greene et al., 2005).

.5. Nef

Although HIV-1 Nef is required for viral replication an
isease pathogenesis in primate models, precisely ho
rotein mediates this effect remains largely unknown. M

unctions have been attributed to Nef, such as inductio

ig. 4. General assay scheme for cell-based detection of HIV Vif inhib
IV Vif and an APOBEC3G/reporter gene fusion protein are st
xpressed in a Vif-permissive cell line. Inhibition of Vif function will allo
or the accumulation of the APOBEC3G/reporter fusion, which would o
ise be targeted for proteasome-mediated degradation. The reporter
ill dictate the exact assay endpoint (Kabat et al., 2004; Greene et al., 200).
erization efficiency. Recent studies have also demons
hat NC is responsible for recruiting APOBEC3G into
irion (Zennou et al., 2004), although this is an attribute th

n fact works against productive infection. An ELISA-ba
creening assay has been used to screen∼2000 potentia

nhibitors of NC-RNA binding from an optimized library
he National Cancer Institute (Stephen et al., 2003). In the
ssay, NC was immobilized onto 96-well plates and incub
ith a biotinylated oligonucleotide substrate. After wash
ound oligonucleotide was detected using a streptav
orseradish peroxidase conjugate (Stephen et al., 2002).

.7. Vpu

HIV Vpu is an integral membrane protein with two d
inct activities (Schubert et al., 1996a). The first is induction
f CD4 degradation, which is a function of the cytoplas
omain of Vpu (Margottin et al., 1998). The second activ

ty is enhancement of virus release from the producer
embrane, which is a function of the N-terminal transm
rane (TM) domain of Vpu. The TM domain of Vpu h

he ability to form homo-oligomers that exhibit ion cha
el activity in vitro and mutations that abrogate this ac

ty also result in loss of ability to enhance particle rele
Schubert et al., 1996b). However, a direct link betwee
on channel activity and particle release has not yet
learly elucidated. Recent studies indicate that Vpu func
y inactivating a host cell ion channel, TASK-1, that oth
ise inhibits viral release (Varthakavi et al., 2003; Hsu et a
004).
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While one class of compounds has been reported to inhibit
both Vpu ion channel activity and viral replication (Ewart
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.
No high throughput screening assays for Vpu have been
reported, however as the mechanism of action becomes more
evident, assays for specific protein-protein interactions may
be tailored to this target. In addition, recent advances in high
throughput screening of potassium channels (Weaver et al.,
2004) may be applicable to monitor the K+ channel activity
of TASK-1 and/or Vpu when coexpressed in mammalian
cells.

5. HIV-1 replication screens

Although biochemical HTS and structure-based drug
design approaches are currently preferred over holistic
approaches, HIV-1 replication screens have historically been
used to identify antiviral compounds (Jones, 1998). For
example, NRTIs were developed using HIV-1 replication
screens (Squires, 2001). HIV-1 viral-based screens have been
particularly effective for identifying novel target inhibitors.
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and virus replication is quantified by measuring the expres-
sion of the virally encoded reporter gene (Adelson et al.,
2003; Blair and Spicer, 2001; Page et al., 1997; Peteropoulos
et al., 2000). For reporter 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 in the infected target cells
(Aguilar-Cordova et al., 1994; Akrigg et al., 1991; Axelrod
and Honigman, 1999; Blair et al., 2005; Borkow et al., 2004;
Dorsky and Harrington, 1999; Dorsky et al., 1996; Gervaix
et al., 1997; Kimpton and Emerman, 1992; Miyake et al.,
2003; Pirounaki et al., 2000; Rocancourt et al., 1990; Spenle-
hauer et al., 2001). In cell protection assays, cytopathic effects
resulting form virus replication are measured by determin-
ing cell viability using a dye reduction method (Boyd, 1988;
Weislow et al., 1989).

5.1. HIV-1 reporter virus assays

The concept of using HIV-1 reporter viruses to monitor
HIV-1 replication was first introduced using a replication
competent HIV-1 reporter virus containing the chlorampheni-
col acetyltransferase (CAT) gene in place of HIV-1 Nef
sequences (Terwilliger et al., 1989). Since then, there have
been many incarnations of replication competent and repli-
cation defective HIV-1 reporter viruses disclosed in the liter-
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IV-1 NNRTIs were initially discovered using an HIV
eplication screen (Pauwels et al., 1990). Prior to the identifi
ation of CXCR4 as an HIV-1 receptor, CXCR4 inhibit
e.g., AMD3100) were identified in antiviral screens (De
lercq et al., 1992, 1994). The concept of HIV-1 fusion as a
ntiviral target was first demonstrated for T-20 and its de

ives in HIV-1 syncytium formation (chronically infecte
ells) and replication assays (Wild et al., 1992, 1994). In addi-
ion, two novel target HIV-1 compounds that recently ente
linical development (BMS-488043 and PA-457) were o
nally identified using antiviral screens (Fujioka et al., 1994
ashiwada et al., 1996; Lin et al., 2003; Wang et al., 20).
IV-1 replication assays offer the advantage of screenin
ultiple targets in the context of a natural infection.
Several different HIV-1 replication assays have b

escribed that could be adapted for medium-to-high thro
ut screening (Adelson et al., 2003; Aguilar-Cordova et a
994; Akrigg et al., 1991; Axelrod and Honigman, 19
lair et al., 2005; Blair and Spicer, 2001; Borkow et
004; Boyd, 1988; Chen et al., 1994; Dorsky and Harr

on, 1999; Dorsky et al., 1996; Gervaix et al., 1997; Kimp
nd Emerman, 1992; Miyake et al., 2003; Page et al., 1
eteropoulos et al., 2000; Pirounaki et al., 2000; Rocan
t al., 1990; Spenlehauer et al., 2001; Weislow et al., 19).
uch assays can generally be subdivided into one of
ategories: reporter virus assays, reporter cell assays,
rotection assays. In reporter virus assays, a reporter g

ntroduced into the virus genome, usually in place of a v
ene not required for replication in the target cells of inte
ells are then infected with the recombinant reporter v
l

ture. Some of the more recent HIV-1 reporter virus as
ere designed with HTS in mind. Single-cycle infecti
IV-1 reporter virus assays have been used succes

n industrial compound screening operations (Blair et al.,
005; Peteropoulos et al., 2000). Single-cycle infectiou
iruses encode a reporter gene and contain a mutati
iral sequences required for replication (e.g., envelope).
esult, such viruses initiate a single round infection in ta
ells but do not propagate in the culture. High-titer sin
ycle infectious virus stocks can be generated from prod
ells expressing viral proteins that complement the rep
ion defect in trans. This is particularly the case when ce
eterologous envelopes (e.g., envelope proteins derived
SV or MuLV) are used to complement envelope defec
IV-1 reporter viruses (Chen et al., 1994; Bartz and Vodick
997; Peteropoulos et al., 2000). By selecting the appropria
eporter gene (e.g., luciferase), HIV-1 single-cycle repo
irus assays are compatible with HTS formats (Blair et al.,
005), and significantly reduce the safety risk encount
ith replication-competent HIV-1 (Adelson et al., 2003).
A novel variation of the HIV-1 single-cycle reporter vir

ssay that could in principle be used to screen for H
nhibitors was recently reported (Adelson et al., 2003). Adel-
on and co-workers describe a stable HIV-1 producer cel
hat contains a transducing vector encoding the GFP rep
nd two separate packaging vectors, each encoding a dif
ortion of the HIV-1 genome (Fig. 5). Gene expression fro

he packaging vectors is under the control of an ecdys
nducible promoter to minimize any cytotoxic effects t

ay result from expression of the viral gene products
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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 transfected with four
separate vectors to generate the HIV producer cell line. Vector 1 expresses the ecdysone (Ec) receptor, which controls activation of vectors 2 and 3. Vector 2
expresses the HIV-1 envelope (Env) under the control of the ecdysone promoter (PEc). Env 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, Vif, Vpr, Vpu,Tat,
and Rev) under the control of the ecdysone promoter (PEc). Vector 4 is the transduction vector and contains the HIV-1 LTR promoter and packaging sequence
(�) and the GFP reporter. Induction of the system with Ec results in the production of single-cycle infectious HIV-1 virions encoding the GFP reporter gene.

ing cell growth and maintenance. Viral vector titers of∼104

infectious units per ml were produced using this system 4
days after induction with ponasterone A (an ecdysone homo-
logue). The authors demonstrate that the system is sensitive
to early stage inhibitors (e.g., NRTIs or NNRTIs) when com-
pounds are added at the time of target cell infection and late
stage inhibitors (e.g., PIs) when compounds are added during
virus production. Logistically, screens for early versus late
stage inhibitors would likely be conducted separately, which
could be an advantage or disadvantage depending on the goals
of the screening program. Nonetheless, the utilization of a sin-
gle stable cell line containing a tripartite vector system both
simplifies virus production and reduces the potential safety
risk encountered in an HTS.

Recently, another advance in HIV-1 screening tech-
nology, the HIV-1 dual reporter assay, was disclosed that
measures both antiviral activity and cytotoxicity in an HTS
format (Blair et al., 2005). HIV-1 replication screens are
often plagued by high hit rates due in a large part to the
presence of large numbers of non-specific inhibitors or
cytotoxic compounds that appear to exhibit antiviral activity.
In fact, in one pilot screen, >60% of the primary screen
hits were determined to be non-specific or cytotoxic (Blair
et al., 2005). The HIV-1 dual reporter assay combines
the principle of a reporter gene based cytotoxicity assay
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for screens to be conducted at higher compound concen-
trations to maximize the potential for identifying novel
inhibitors.

Although replication defective HIV-1 reporter screens
are preferred in some cases due to safety concerns, fully
replication-competent HIV-1 reporter virus screens have
also been reported (Blair and Spicer, 2001). Replication-
competent reporter viruses are typically generated by intro-
ducing the reporter in place of HIV-1 Nef sequences, leaving
the remainder of the genome intact (Chen et al., 1994; Blair
and Spicer, 2001; Page et al., 1997). However, it should be
noted that some reporters, such as the firefly luciferase gene,
might affect viral replication when inserted in the HIV-1
genome (Blair et al., 2001). Assay conditions are then estab-
lished so that the majority of reporter gene expression is
dependent on multiple rounds of virus replication. There-
fore, fully replication-competent reporter virus screens offer
the advantage of including an expanded target set (i.e., all of
the steps in the HIV-1 replication cycle), which increases the
likelihood of identifying novel target inhibitors.

5.2. HIV-1 reporter cell assays

Reporter cell assays have been used for some time to mon-
itor HIV-1 infection (Akrigg et al., 1991; Aguilar-Cordova et
a 96;
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ith the use of a single-cycle infectious HIV-1 repor
irus. The authors show that the HIV-1 dual repo
ssay effectively distinguishes antiviral compounds f
on-specific or cytotoxic compounds in a primary scr
his results in lower hit rates and higher hit confirma
ates for antiviral compounds (i.e., a better return on reso
nvestment). In addition, the dual reporter method all
l., 1994; Dorsky and Harrington, 1999; Dorsky et al., 19
elber and Pavlakis, 1988; Gervaix et al., 1997; Kimp
nd Emerman, 1992; Rocancourt et al., 1990) and measur

he activity of HIV-1 inhibitors (Rocancourt et al., 1990).
ypically, expression of the reporter contained in the ta
ell is under the control of the HIV-1 LTR promoter, which
ctivated after HIV-1 infection and/or Tat expression. M
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recently, reporter cell assays have been adapted to allow anal-
ysis of CCR5 as well as CXCR4 tropic HIV-1 strains (Miyake
et al., 2003; Pirounaki et al., 2000; Spenlehauer et al., 2001).
In addition, one reporter cell technology contains two differ-
ent reporter genes (beta-Gal and firefly luciferase) under the
control of the HIV-1 LTR promoter to allow assay endpoint
flexibility (Wei et al., 2002). The fact that a variety of HIV-1
strains can be evaluated in reporter cell assays without mod-
ification of the virus is an advantage not offered by reporter
virus assays. However, conventional reporter cell assays are
dependent on the construction of reporter cell lines, which
often requires significant time and resources and is limited
to stable cell lines that can be easily manipulated and prop-
agated. Therefore, the rapid analysis of multiple target cell
lines, particularly primary cells or other cell lines not easily
manipulated, is not practical using this approach.

A variation on the approach was devised to circumvent
the limitations of conventional reporter cell assays. Adenovi-
ral vectors that contain reporter genes under the control of
the HIV-1 LTR have been used to transiently introduce the
reporters into different target cell lines (i.e., by viral trans-
duction) (Axelrod and Honigman, 1999; Borkow et al., 2004;
Richman et al., 2002). HIV-1 replication is then measured
by monitoring Tat-mediated induction of the reporter gene
contained on the adenoviral vector. Tat-dependent reporter
activation from an adenoviral vector has been demonstrated
i es
( 93

and HeLa cells), as well as primary cells (macrophages).
One report shows that the adenoviral-based reporter sys-
tem can be used to measure the antiviral activity of known
HIV-1 inhibitors after a short infection period (48 h) and
suggests the potential utility of the system for high through-
put antiviral screens (Borkow et al., 2004). However, it
remains to be determined if the viral transduction method
would impact false positive/negative rates in an antiviral
HTS.

Another recent adaptation of the reporter cell format (HIV-
1 Rep assay) was designed to expand the flexibility of the
reporter cell approach and increase the likelihood of identi-
fying novel target inhibitors (Cao et al., in press). HIV-1 Rep
is an HIV-1 full-replication HTS that incorporates all of the
HIV-1 targets required for replication in culture, including
the HIV-1 Vif gene. In the HIV-1 Rep assay, T-cells that are
Vif non-permissive and support high levels of virus replica-
tion are infected with HIV-1 and then the infected T-cells
are co-cultured with HeLa CD4 LTR/beta-Gal indictor cells
(Fig. 6). The assay conditions are such that virus replication
occurs rapidly in the highly permissive T-cell lines, resulting
in infection of the indicator cells and a significant induction
of reporter signal. The HIV-1 Rep assay was designed to
exhibit optimal sensitivity to late stage as well as early stage
inhibitors. In addition, the flexibility of the HIV-1 Rep assay
allows for the rapid evaluation of antiviral compounds against
d ifi-
c tility
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of the HIV-1 Rep assay was recently demonstrated with the
execution of an antiviral HTS of >1 million compounds (Cao
et al., in press).

5.3. HIV-1 cell protection assays

HIV-1 cell protection assays represent a more conven-
tional approach to antiviral screening and have been used
successfully to execute antiviral screens and identify new
HIV-1 inhibitors (Boyd, 1988; Sausville and Shoemaker,
2000; Weislow et al., 1989). Cell protection assays are typi-
cally limited to virus strain/target cell combinations that result
in highly cytopathic infections. Virus replication is measured
indirectly by monitoring cell viability using one of a number
of dye reduction methods. Typically, XTT (Weislow et al.,
1989) or MTT (Pauwels et al., 1988) have been used for this
purpose. However, in theory similar assays could be estab-
lished with other more recent methods for measuring cell
viability, including Alamar blue (USBiological, Swampscott,
MA), WST-1 (Roche-Applied Science, Indianapolis, IN), or
CellTiter-glo® (Promega, Madison, WI). Although cell pro-
tection assay formats have been available for some time, they
remain cornerstone assays for many HIV-1 drug discovery
programs.

One modification of the cell protection format was aimed
a
T nd
R gen-
e Rev
p IIB
m a-
t ional
c ner-
a ays)
i ges,
i d in
d

A

g
F for
p ted
a f the
N

R

A eltz,
-cell-
uman
47,

A ont,
-1

inhibitors, and T cell activation effects. AIDS Res. Hum. Retroviruses
10, 295–301.

Akrigg, A., Wilkinson, 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-
tion. US Patent 6,057,095.

Axelrod, J.H., Honigman, A., 1999. A sensitive and versatile biolumi-
nescence bioassay for HIV type 1 based on adenoviral vectors. AIDS
Res. Hum. Retroviruses 15, 759–767.

Baba, M., Nishimura, O., Kanzaki, N., Okamoto, M., Sawada, H., Iizawa,
Y., Shiraishi, M., Aramaki, Y., Okonogi, K., Ogawa, Y., Meguro, K.,
Fujino, M., 1999. A small-molecule, nonpeptide CCR5 antagonist
with highly potent and selective anti-HIV-1 activity. Proc. Natl. Acad.
Sci. U.S.A. 96, 5698–5703.

Bartz, S.R., Vodicka, M.A., 1997. Production of high-titer human immun-
odeficiency virus type 1 pseudotyped with vesicular stomatitis virus
glycoprotein. Methods 12, 337–342.

Baur, A., 2004. Functions of the HIV-1 Nef protein. Curr. Drug Targets
Immune Endocr. Metabol. Disord. 4, 309–313.

Beutler, J.A., McMahon, J.B., Johnson, T.R., O’Keefe, B.R., Buzzell,
R.A., Robbins, D., Gardella, R., Wilson, J., Boyd, M.R., 2002. High
throughput screening for cyanovirin-N mimetics binding to HIV-1
gp41. J. Biomol. Screen. 7, 105–110.

Blair, W.S., Isaacson, J.S., Li, X., Cao, J.Q., Peng, Q., Kong, G.F.Z.,
Patick, A.K., 2005. A novel HIV-1 antiviral high throughput screening
approach for the discovery of HIV-1 inhibitors. Antiviral Res. 65,
107–116.

Blair, W.S., Spicer, T.P., 2001. Reporter viruses and their use in assaying
anti-viral compounds. WO0196610 A1.

Bolmstedt, A.J., O’Keefe, B.R., Shenoy, S.R., McMahon, J.B., Boyd,
M.R., 2001. Cyanovirin-N defines a new class of antiviral agent tar-

ecific

B A.,
iolu-
ion of

B r the
and
tion.
gy,

, pp.

B ter,
ella,
ma-
of
16–

B ed
reen-
–

C IV-1
get.

C ald-
ills,
ind-
ted
uta-
44–

C ssay
nod-
D4.
t reducing the safety risk of the assay (Kiser et al., 1996).
o achieve this, an HIV-1 IIIB variant defective for Tat a
ev expression was constructed. T-cell lines were then
rated that continuously expressed the HIV-1 Tat and
roteins and could support replication of the HIV-1 I
utant.Kiser et al. (1996)demonstrated that virus replic

ion in the modified assay was comparable to a convent
ell protection assay and that wild-type virus was not ge
ted (by recombination) after an extended period (42 d

n culture. Although this approach offers safety advanta
t is not clear how extensively this format has been use
rug discovery screening.

cknowledgement

We would like to thank Christine Williams for contributin
ig. 1. We would also like to thank Dr. Robert Shoemaker
roviding information on HIV screening efforts conduc
s part of the Developmental Therapeutics Program o
ational Cancer Institute.

eferences

delson, M.E., Pacchia, A.L., Kaul, M., Rando, R.F., Ron, Y., P
S.W., Dougherty, J.P., 2003. Toward the development of a virus
based assay for the discovery of novel compounds against h
immunodeficiency virus type 1. Antimicrob. Agents Chemother.
501–508.

guilar-Cordova, E., Chinen, J., Donehower, L., Lewis, D.E., Belm
J.W., 1994. A sensitive reporter cell line for HIV-1 Tat activity, HIV
geting N-linked, high-mannose glycans in an oligosaccharide-sp
manner. Mol. Pharmacol. 59, 949–954.

orkow, G., Lara, H.H., Ayash-Rashkovsky, M., Tavor, E., Lapidot,
Bentwich, Z., Honigman, A., 2004. Adenovirus expressing a b
minescence reporter gene and cMAGI cell assay for the detect
HIV-1. Virus Genes 29, 257–265.

oyd, M.R., 1988. Strategies for the identification of new agents fo
treatment of AIDS: a national program to facilitate the discovery
preclinical development of new drug candidates for clinical evalua
In: DeVita, V.T., Hellman, S., Rosenberg, S.A. (Eds.), AIDS Etiolo
Diagnosis, Treatment and Prevention. Lippincott, Philadelphia
305–317.

radley, J., Gill, J., Bertelli, F., Letafat, S., Corbau, R., Hay
P., Harrison, P., Tee, A., Keighley, W., Perros, M., Ciaram
G., Sewing, A., Williams, C., 2004. Development and auto
tion of a 384-well cell fusion assay to identify inhibitors
CCR5/CD4-mediated HIV virus entry. J. Biomol. Screen. 9, 5
524.
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