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ABSTRACT
HIV-1 initiates infection by merging its envelope membrane with

the target cell membrane, a process that is mediated by the viral

Env glycoprotein following its sequential binding to CD4 and

coreceptors, CXCR4 or CCR5. Although HIV-1 fusion has been a

target for antiviral therapy, the virus has developed resistance to

drugs blocking the CCR5 binding or Env refolding steps of this

process. This highlights the need for novel inhibitors. Here, we

adapted and optimized an enzymatic HIV–cell fusion assay,

which reports the transfer of virus-encapsulated b-lactamase

into the cytoplasm, to high-throughput screening (HTS) with a

384-well format. The assay was robustly performed in HTS for-

mat and was validated by the pilot screen of a small library of

pharmacologically active compounds. Several hits identified by

screening included a prominent cluster of purinergic receptor

antagonists. Functional studies demonstrated that P2X1 receptor

antagonists selectively inhibited HIV-1 fusion without affecting

the fusion activity of an unrelated virus that enters cells through

an endocytic route. The inhibition of HIV–cell fusion by P2X1

antagonists was not through downmodulation of the cell surface

expression of CD4 or coreceptors, thus implicating P2X1 receptor

in the HIV-1 fusion step. The ability of these antagonists to

inhibit viruses regardless of their coreceptor (CXCR4 or CCR5)

preference indicates that fusion is blocked at a late step

downstream of coreceptor binding. A future large-scale screen-

ing campaign for HIV-1 fusion inhibitors, using the above

functional readout, will likely reveal novel classes of inhibitors

and suggest potential targets for antiviral therapy.

INTRODUCTION

T
he HIV-1 Env induces fusion between the viral and

the host cell membranes through a multistep process

that is initiated upon sequential engagement of CD4

and its coreceptors, CXCR4 or CCR5.1–4 The forma-

tion of ternary complexes between the gp120 subunit of

Env, CD4, and coreceptors triggers the refolding of the

transmembrane gp41 subunit, which promotes membrane

merger.5,6 This refolding progresses through prehairpin in-

termediates, characterized by the formation/exposure of the

N-proximal heptad repeat (HR1) regions and the membrane-

proximal heptad repeat (HR2) regions (reviewed in Ref.7). In

the final 6-helix bundle structure (6HB), three HR1 and three

HR2 coalesce forming a highly stable antiparallel helical

bundle. A number of small-molecule inhibitors of HIV-1

fusion that interfere with CD4-induced conformational

changes in gp120,8,9 coreceptor binding,10–12 and the gp41

6HB formation13–24 have been identified by high-throughput

screening (HTS). Currently, only two HIV-1 fusion inhibitors

(enfuvirtide and maraviroc) have been approved for clinical

use.25 The ease with which the virus develops resistance to

these inhibitors highlights the need for novel therapeutic

targets that could be blocked by small molecules.

The emergence of drug-resistant viruses has prompted a

paradigm shift for prevention and therapy from targeting the

HIV-1 proteins to much more conserved cellular proteins.26–35

Multiple screens for HIV-1 inhibitors relied on in vitro assays,

which used viral proteins or their fragments, or on HIV-1

infections/replication as a readout. In vitro screening has

identified competitive inhibitors of assembly of the gp41 HR1-

and HR2-derived peptides into the 6HB.13–24 HTS for small-

molecule inhibitors competing with the chemokine (RANTES)

binding to CCR5 has led to the identification of identified

coreceptor antagonists that effectively blocked fusion of

CCR5-tropic viruses: maraviroc, Sch-C, and TAK-779.10–12

These narrowly focused readouts provide a powerful means to

identify specific inhibitors of a given step of the virus entry,

but exclude all other targets for inhibition of HIV-1 fusion.
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Infectivity-based HTS for fusion inhibitors identified BMS-

806 that interferes with CD4-induced conformational changes

in gp1208,9 as well as several postfusion inhibitors.36 An im-

portant caveat of infectivity-based screens when searching for

viral fusion inhibitors is that they produce a large number of

hits targeting postfusion steps of HIV-1 entry, thus compli-

cating data analysis and hit validation.

Thus far, only one HTS campaign utilized an HIV Env-

mediated cell–cell fusion assay.37 This screen identified new

inhibitors of HIV-1 fusion, including the 18A compound (1-

(2,1,3-benzothiadiazol-4-yl)-3-[(E)-(4-hydroxyphenyl)methy-

leneamino]urea), which blocks fusion of diverse HIV-1 isolates

by interfering with CD4-induced conformational changes in

Env glycoprotein.38 However, a cell–cell fusion-based screen

should not detect inhibitors of virus endocytosis/trafficking

steps of entry or virucidal compounds that selectively damaged

the virus.39,40 These considerations warrant the implementa-

tion of virus–cell fusion assay for HTS, which appears partic-

ularly important in the light of our finding that HIV-1 enters

cells through endocytosis and fusion with endosomal com-

partments.41,42 The results of such screen should reveal new

targets for intervention—cellular factors involved in endocy-

tosis and vesicular trafficking. Toward this goal, we adapted a

direct virus–cell fusion assay42,43 for HTS and validated it by

screening a small library of pharmacologically active com-

pounds (LOPAC). The screen reveals promising hits that inhibit

HIV-1 fusion without affecting cell viability, including several

purinergic receptor antagonists. Functional characterization of

these hits demonstrated that P2X1 receptor antagonists inter-

fere with HIV-1 fusion by a yet unknown mechanism.

MATERIALS AND METHODS

Cells and Reagents
HeLa-derived TZM-bl cells expressing CD4, CXCR4, and

CCR5 (donated by Drs. J.C. Kappes and X. Wu, Ref.44) were

obtained from the NIH AIDS Research and Reference Reagent

Program. Human embryonic kidney HEK293T/17 cells were

obtained from the ATCC (Manassas, VA). HeLa-ADA cells

stably expressing Env and Tat from the HIV-1 ADA strain

were a gift from Dr. Marc Alizon (Pasteur Institute, Paris,

France).45 TZM-bl and HeLa-ADA cells were grown in

Dulbecco’s modified Eagle’s medium (DMEM; Mediatech,

Manassas, VA) supplemented with 10% fetal bovine serum

(FBS; Sigma-Aldrich, St. Louis, MO) and 100 U penicillin–

streptomycin (Gemini Bio-Products, Sacramento, CA). HEK

293T/17 cells were maintained in DMEM supplemented with

10% FBS, 100 U penicillin/streptomycin, and 0.5 mg/mL G418

sulfate (Mediatech). Inhibitors NF279, NF449, NF340, A740003,

MRS2500, PSB1114, and PPADS were purchased from Tocris

Bioscience (Ellisville, MO). Bright-Glo� Luciferase and CCF4-

AM were obtained from Promega (Madison, WI) and In-

vitrogen (Carlsbad, CA), respectively. The C52L recombinant

peptide derived from the HIV-1 gp41 glycoprotein46 was a gift

from Dr. Min Lu (University of New Jersey, New Brunswick,

NJ). The LOPAC was obtained from Sigma-Aldrich.

Virus Production
HIV-1 pseudoviruses bearing HXB2, Bal26, and R3A en-

velope glycoproteins and the b-lactamase-Vpr chimera

(BlaM-Vpr) were produced by cotransfecting HEK293T/17

cells with the HIV-based pR8DEnv packaging vector,

pMM310 plasmid expressing BlaM-Vpr,47 pcRev,48 and the

vector encoding HXB2 Env49 or Bal26 (a gift from P. Clapham,

University of Massachusetts, Worchester, MA) or R3A (a gift

from Dr. J. Hoxie, University of Pennsylvania, Philadelphia,

PA), using the jetPRIME� transfection reagent (VWR, Radnor,

PA). The transfection medium was replaced with fresh DMEM/

10% FBS after 12 h and cells were cultured for 36 h, after

which time the virus-containing culture medium was col-

lected, passed through a 0.45-mm filter, aliquoted, and

stored at - 80�C. Infectious titers were determined by a b-Gal

assay,50 using TZM-bl cells.

Development of Virus–Cell Fusion Assay
in a 384-Well HTS Format

HIV-1 fusion with target cells was measured using the BlaM

assay,42,43 which measures the activity of b-lactamase in-

corporated into virions using the b-lactamase Vpr chimera.

We optimized this assay for a 384-well format compatible

with HTS (Table 1). Briefly, the day before the experiment,

TZM-bl cells (2 · 104 cells/well in 25 mL culture medium) were

seeded into a 384-well, flat, clear-bottom black wall plate (Cat.

No. 3712; Corning, Corning, NY) using a 16-channel pipette.

HIV-1 pseudoviruses (5 mL/well) were added to cells at mul-

tiplicity of infection (MOI) 1.0 and centrifuged at 2,095 g at

4�C for 30 min to facilitate virus binding to cells. Virus–cell

fusion was initiated by incubating the plates at 37�C for

90 min in a cell culture incubator. The medium was then re-

moved and 25 mL/well of 1.8 mM CCF4-AM BlaM substrate was

added. The plates were incubated at 12�C overnight to allow

for CCF4-AM cleavage by BlaM. The fluorescence intensity

was measured using the Synergy HT fluorescence plate reader

(Bio-Tek Instr., Bad Friedrichshall, Germany) with excitation

at 400 nm and emissions at 460 and 528 nm for the blue and

green signals of the substrate, respectively. The fusion signal

was calculated and expressed as a ratio of blue over green

signals after subtracting the blank fluorescence signal from

wells with substrate but without virus, using the following
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equation: Fusion = (F460 - F460 blank)/(F520 - F520 blank). The

performance of the virus–cell fusion assay for HTS was

evaluated using Z0 and the signal-to-background (S/B) ratio,

which were calculated using the following equations: Z0 = 1 -
(3$SDvirus + 3$SDno-virus)/(Fusionvirus - Fusionno-virus) and S/B =
Fusionvirus/Fusionno-virus, where SD is standard deviation.

Pilot Screening in a 384-Well HTS Format
Pilot screening of the LOPAC library (Sigma-Aldrich) was

carried out to validate the virus–cell fusion assay for HTS

using a robotic platform. Twenty-five microliters of CD4- and

CXCR4-expressing indicator TZM-bl cells (2 · 104/well) was

dispensed into a 384-well cell culture plate, using Multidrop�
Combi (Thermo-Fisher Scientific, Waltham, MA), and cultured

for 24h. Concentrated suspension of HXB2 pseudoviruses

(4 · 104 cfu/well, MOI = 1) bearing BlaM-Vpr was dispensed

into wells, and the plates were centrifuged at 2,095 g, 4�C for

30 min to facilitate virus binding. Next, 0.1mL/well of 3 mM

library compound dissolved in dimethyl sulfoxide (DMSO) was

added to cells using the Beckman NX liquid handler with in-

tegrated Pintool. The final compound

concentration in wells was 10mM.

Vehicle control wells in each plate

received an equal volume of DMSO

(final concentration 0.3% v/v) or

1mM of the inhibitory gp41 HR2-de-

rived peptide, C52L (positive con-

trol).46 Plates were incubated at 37�C,

5% CO2 for 90min, after which time,

the medium was removed using a

BioTek plate washer, and the CCF4-

AM substrate (25mL/well) was dis-

pensed into the wells. The resulting

BlaM signal was measured after an

overnight incubation at 12�C. Vali-

dation of selected hits was done

manually, using TZM-bl cells (1 ·
105/well) cultured in 96-well black

clear-bottom plates (Corning).

Miniaturization of the Virus–Cell
Fusion Assay to 384-Half-Well
Plates

We further miniaturized the BlaM

assay to reduce the consumption of

the expensive CCF4-AM substrate and

thereby minimize the cost of large-

scale screening. Three thousand cells

in 10mL of culture medium were see-

ded into 384-half-well tissue culture plates (#3542; Corning),

using the Multidrop Combi dispenser. After overnight incuba-

tion, 10mL of virus was dispensed into the wells. The BlaM assay

was performed, as described above, except that only 5mL/well of

the BlaM substrate was used. After incubating at 12�C for

overnight, the fusion signal was measured using the EnVision

Multilabel plate reader (PerkinElmer, Waltham, MA) with ex-

citation at 400 nm and emissions at 460 and 520 nm with a dual

mirror D425/D490 (in a bottom-reading mode). The dose–re-

sponse curve was obtained, and IC50 was calculated using

GraphPad Prism software.

Cell Viability Assay
After reading the BlaM signal and removing the CCF4-AM

substrate, the MTS substrate (CellTiter Aqueous One; Prome-

ga) was added to wells. Plates were incubated for 90 min at

37�C, 5% CO2, and cell viability was measured by absorbance

at 490 nm (Synergy HT plate reader). The MTS assay is highly

reproducible and has excellent S/B ratio and Z0 values (data

not shown). The effect of the compound on cell viability was

Table 1. Protocol for Virus–Cell Fusion High-Throughput Screening Assay
in Regular 384-Well Cell Culture Plate

Step Parameter Value Description

1 Plate cells 25 mL 20,000 TZM-bl cells

2 Incubation time 24 h 37�C, 5% CO2

3 Add virus 5 mL HIV-1 pseudoviruses at MOI 1.0

4 Centrifuge 30 min 2,095 g at 4�C

5 Library compound 0.1mL The final compound concentration is 10mM

6 Add positive control 0.5mL Positive control C52L peptide diluted in medium

added at final concentration of 1mM

7 Incubation time 90 min 37�C, 5% CO2

8 Add CCF4-AM substrate 25 mL Remove the medium before adding substrate

9 Incubation time 16 h Overnight incubation at 12�C

10 Assay readout Excitation at

400 nm, emissions

at 460 nm and 520 nm

EnVision Multilabel plate reader

Step Notes
1. Black wall clear-bottom cell culture plate was used. Cells were dispensed to all wells.

3. Virus was added from column 2 to 24. Equal volume of medium was added to column 1 as no virus control. MOI

is multiplicity of infection.

5. Pintool was used for compound transfer.

6. Positive control C52L was added to column 24.

8. Follow manufacturer’s instruction for preparing substrate. Substrate was added from column 3 to column 24.

10. Bottom read module was used for reading plate.
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normalized to vehicle (DMSO) control and expressed as % of

Control. Overnight incubation of cells at 12�C did not reduce

their viability or dampen their responses to cytotoxic com-

pounds (Supplementary Fig. S1; Supplementary Data are

available online at www.liebertpub.com/adt).

Flow Cytometry
TZM-bl cells (1 · 106 cells) were incubated in the presence

or absence of NF279 in complete media for 90 min at 37�C and

detached with a nonenzymatic solution (Cellstripper� solu-

tion; Mediatech). Harvested cells were washed thrice with cold

phosphate-buffered saline (PBS) and incubated for 2 h at 4�C
with antibodies diluted in PBS supplemented with 2% FBS.

Cells were washed thrice with PBS before analysis. Cell surface

CD4 and CXCR4 were detected using a 1/100 dilution of the

mouse anti-hCD4 APC-conjugated SK3 clone antibody and

the anti-CXCR4 APC-conjugated 12G5 antibody (both from

eBioscience, San Diego, CA), respectively. CCR5 was detected

using a mouse anti-CCR5 (BD Pharmingen,

San Jose, CA) diluted to 1/200 and a sheep

anti-mouse FITC-labeled secondary antibody

(1/1,000 dilution; Sigma-Aldrich). Cells were

analyzed using a BD LSR II FACS analyzer (BD

Biosciences, San Jose, CA).

Cell–Cell Fusion Assay
Fusion between the indicator TZM-bl cells

and HeLa-ADA cells expressing HIV-1 ADA

Env and Tat was measured, as described in

Miyauchi et al.42 Briefly, 0.5 · 105 TZM-bl

cells were dispensed into each well of a 96-

well Stripwell culture plate (Corning) and

cultured for 24 h. HeLa-ADA cells were de-

tached from culture dishes using a Cellstripper

solution, and 0.5 · 105 cells per well were

overlaid onto TZM-bl cells in the presence or

absence of fusion inhibitors. Cell fusion was

allowed to proceed for 60min at 37�C, 5% CO2

and stopped by adding 5mM of C52L. Cells

were further incubated in the presence of C52L

for 24h at 37�C, 5% CO2. The extent of fusion

was evaluated based upon the Tat-driven lu-

ciferase expression in TZM-bl cells, using

Bright-Glo system (Promega).

Data Analysis
Screening results were analyzed using

Cambridge Bioassay software (Cambridge,

MA). Z0 and S/B were calculated for each plate

to evaluate the performance and reproducibility of the assay.

The effect of a compound on HIV-1 fusion was expressed as %

Fusion = 100 · (Fcompound - Fbackground)/(Fcontrol - Fbackground)],

where Fcontrol is the average fusion signal from wells con-

taining virus and DMSO, Fcompound is the signal from wells

with a compound, and Fbackground is the average signal from

wells without virus.

RESULTS

Direct Measurements of HIV-1 Fusion with Target
Cells by the BlaM Assay

The BlaM assay is widely used to assess the extent and the

kinetics of HIV-1 fusion with target cells.42,51,52 The principle

of this assay is illustrated in Figure 1. HIV-1 pseudoviruses

containing b-lactamase fused to the N-terminus of the HIV-1

Vpr (BlaM-Vpr) are produced by coexpressing the BlaM-Vpr

and HIV-1 backbone in producer cells, as described in

Miyauchi et al.42 HIV-1 Vpr is required to direct BlaM-Vpr

Fig. 1. Principle of the b-lactamase assay for quantifying virus–cell fusion. (A) A dia-
gram of the Förster resonance energy transfer (FRET)-based BlaM assay. (B) Images of
cells loaded with the CCF4-AM BlaM substrate (left panel) and loaded cells after
inoculation with HXB2 pseudoviruses bearing the BlaM-Vpr chimera (right).
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incorporation into the viral core.53 The

release of BlaM-Vpr into the cytoplasm

as a result of virus–cell fusion (Fig. 1) is

detected and quantified based on the

extent of cleavage of a fluorescent

BlaM substrate loaded into cells. The

BlaM substrate consists of the fluores-

cence donor (coumarin, blue emission)

and acceptor (fluorescein, green emis-

sion) moieties joined by the cephalo-

sporin linker. Due to Förster resonance

energy transfer (FRET) between the

donor and acceptor, uncleaved sub-

strate excited at 400 nm (to excite

coumarin) emits primarily in green

(528 nm). Cleavage of the cephalospo-

rin linker by BlaM-Vpr released from

the viral cores results in the loss of

FRET and a blue shift (460 nm) in the

emission spectrum (Fig. 1). The extent

of fusion is thus readily measured as

the ratio of fluorescence intensities at

460 nm over 528 nm, using a micro-

plate reader or a flow cytometer.

Implementation of the BlaM Assay
in a 384-Well HTS Format

We have previously measured HIV–

cell fusion by the BlaM assay in 96-well

plates.41,42 Briefly, pseudoviruses con-

taining the BlaM-Vpr chimera were

prebound to target cells in the cold to

prevent endocytosis and fusion, and virus

entry/fusion was synchronously initiated by

shifting to 37�C. Following the virus–cell

incubation at 37�C, cells were loaded with a

fluorescent BlaM substrate and incubated

overnight at reduced temperature to allow for

the substrate cleavage. Substrate cleavage by

BlaM-Vpr is manifested in a blue shift in cell

fluorescence.

To adapt the BlaM assay for HTS,

we modified it to a 384-well format (Table 1).

After extensive optimization against a set

of parameters such as cell number, the or-

der of reagents addition, incubation time,

and reader settings, we have simplified the

assay to fewer steps for later automation

Fig. 2. Assay development for a 384-well high-throughput screening (HTS) format. Fusion of
HXB2.BlaM-Vpr pseudoviruses with TZM-bl cells cultured in 384-well plates. (A) The BlaM
assay yields robust values for signal-to-background (S/B) and Z0 with minimal day-to-day
variations. (B) The specificity of the BlaM signal was tested using a known inhibitor of HIV-1
fusion, C52L, added at 1mM. The data are mean with standard deviation (SD) of four replicates.

Fig. 3. Pilot screening to validate the BlaM assay for HTS. The BlaM virus–cell fusion assay in a
384-well format was validated for HTS, using the library of pharmacologically active compounds
(LOPAC). (A) The fusion signal and the inhibitory effect of C52L on the fusion signal across four
screening plates. The data shown are average with SD from 16 replicates. (B) S/B ratio (upper
panel) and Z0 for four testing plates. (C) Scatter plot of pilot screening of 1,280 compounds using
% Fusion (X-axis) against the % of Control (viability, Y-axis). The potential positives (rectangular
region) are compounds with % Fusion < 30 and % of Control (viability) > 80.

HIGH-THROUGHPUT ASSAY FOR HIV FUSION INHIBITORS

ª MARY ANN LIEBERT, INC. � VOL. 13 NO. 3 � APRIL 2015 ASSAY and Drug Development Technologies 159



adaptation. We evaluated the assay’s performance parameters,

Z0 and S/B ratio, to determine its compatibility with HTS. In

general, a Z0 value of 0.5 or above (maximum = 1) signifies an

assay suitable for HTS,54 which requires a large dynamic

signal range and low signal variability. As shown in Figure

2A, the BlaM assay performed in a 384-well format yielded

an S/B ratio greater than 10 and Z0 above 0.6. The assay also

exhibited minimal day-to-day variations. To determine the

sensitivity and specificity of the virus–cell fusion assay in a

384-well format, we tested the effect of a known peptide

inhibitor, C52L, derived from the HIV-1 gp41 glycoprotein.46

As shown in Figure 2B, the fusion signal was potently in-

hibited by C52L to the levels similar to the fusion signal from

wells that did not receive the virus. These results demonstrate

that the 384-well-based BlaM assay is compatible with

screening for HIV-1 fusion inhibitors.

Assay Validation for Small-Molecule Fusion Inhibitors
Through Pilot Screening of LOPAC Library

The virus–cell fusion assay was validated for use in a 384-

well HTS format by a pilot screen of LOPAC library, which

contains 1,280 pharmacologically active compounds fre-

quently used for HTS assay validation.55 As shown in

Figure 2, high fusion signals from LOPAC screening plates

were observed for control virus-containing wells, with a

minimal background signal in the absence of virus (Fig.

3A). The inhibitory effect of the C52L peptide on HIV-1

fusion was consistent across plates and similar with that

Table 2. Positive Hits from Library of Pharmacologically Active Compounds Screen

Target query of the PubChem Databaseb

BlaM

(% fusion)

MTS (% of

control)

Hit

No.

PubChem

SID Compound name Targeta

No. active

flags

No. total

bioassays % Activec

- 1.1 100.2 1 17404637 N-arachidonoyl glycine FAAH 40 581 6.9

0.5 100.6 2 17405836 Aurintricarboxylic acid TopoII 133 501 26.5

0.7 105.7 3 17405738 Suramin hexasodium P2X, P2Y 48 253 19.0

0.7 94 4 17405427 NF449 octasodium salt Gs-alpha 33 180 18.3

2.8 87.7 5 17405495 PPNDS tetrasodium P2X1 26 169 15.4

3.9 101.2 6 17405842 Reactive Blue 2 P2Y 33 111 29.7

7.2 99.6 7 17404937 (2S,10S,20S)-2-(carboxycyclopropyl)glycine mGluR2 54 301 17.9

12.8 107 8 17405664 Sanguinarine chloride Na + /K + ATPase 36 131 27.5

13.9 98.6 9 17405423 Methoctramine tetrahydrochloride M2 24 54 44.4

15.5 97.3 10 17405371 NF023 P2X1 22 176 12.5

19.7 102.5 11 17405743 Theobromine A1 > A2 0 240 0.0

20.3 104 12 17405590 Phorbol 12-myristate 13-acetate PKC 12 152 7.9

23.5 107.4 13 17405668 Rotenone Mitochondria 209 2035 10.3

20.7 94.5 14 17404966 Dephostatin CD45 Tyrosine Kinase 52 278 18.7

22.1 98.5 15 17405531 Protoporphyrin IX disodium Guanylyl cyclase 137 822 16.7

23.2 95.7 16 17404822 Cefsulodin sodium salt hydrate Cell wall synthesis 11 106 10.4

25.0 99.9 17 17404842 Cephapirin sodium Cell wall synthesis 19 168 11.3

aTarget reported in LOPAC supporting information.
bBased on the PubChem data from Emory, NCGC, and ChEMBL.
c%Active was calculated from (No. of active flags/No. of total bioassays) · 100.

LOPAC, library of pharmacologically active compounds.
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observed in the assay validation experiment (Fig. 2). The S/

B ratios were above 8 and Z0 above 0.5 across the four

screening plates (Fig. 3B). These data further support the

utility of our 384-well fusion assay for HTS for HIV-1 entry

inhibitors.

To eliminate HTS false positives due to a cytotoxic effect,

we coupled the primary BlaM assay with a standard MTS cell

viability assay, similar to that described in Ref.41 The pairing

of BlaM and MTS assays allows early identification and

elimination of cytotoxic compounds in the primary screen

format. The obtained screening results were plotted as the

effect of compounds on HIV-1 fusion (expressed as % Fusion,

Fig. 3C [X-axis]) against the effect on cell viability (% of

Control [Y-axis]). Our screen identified 17 compounds as

positive hits exhibiting more than 70% reduction of the HIV-1

fusion signal without significantly effecting cell viability (%

of Control > 80). The corresponding hit rate is 1.3%, which is

within the expected range.

Positive Hits from the Pilot Screen
Seventeen compounds identified as positive hits with %

Fusion < 30% and cell viability > 80% are shown in Figure 3

and Table 2. Two of these hits, cefsulodin and cephapirin, were

false positive, since these compounds inhibit the enzymatic

activity of b-lactamase.56,57 These two hits thus exemplify the

compounds that interfere with the primary assay. Another hit,

phorbol 12-myristate 13-acetate (PMA), likely inhibited HIV-

1 fusion due to its ability to

downregulate CD4 and CXCR4

expression.58,59 Interestingly, our

screen identified a cluster of

purinergic receptor inhibitors,

suramin, NF023, NF449, PPNDS,

and reactive blue 2 (Table 2).

Suramin is a nonselective P2

purinergic antagonist60 and

NF023 is a suramin analog that

specifically antagonizes the

P2X1 receptor activity.61 NF449

and PPNDS are also potent and

selective P2X1 receptor inhibi-

tors,62,63 whereas reactive blue 2

antagonizes the P2Y receptor

activity.64 Other positive hits in-

cluded cellular signaling and

mitochondrial electron transport

inhibitors, as well as antagonists

of glutamate receptors (Table 2).

As shown in Figure 3C, a number

of components enhanced HIV-1 fusion with cells, perhaps by

targeting cellular factors that restrict virus entry.

We have performed target query of PubChem database for

promiscuous compounds for all 17 hits (Table 2). Compounds

with a higher ratio of % active flags across the bioassays might

be frequently revealed promiscuous compounds. For example,

the percentage of active for aurintricarboxylic acid (hit No. 2)

is 26.5%. This compound is actually a confirmed hit in the

screening of inhibitors for AmpC b-lactamase (PubChem:AID

485341) and therefore might be a false positive in our assay.

Assay Miniaturization for 384-Half-Well Plates
To reduce the cost of consumables for the future large-scale

HTS campaign, we further optimized and miniaturized the

BlaM assay for 384-half-well plates. The minimal volume for

a 384-half-well is 5 mL, which is five times smaller than the

minimal volume for a regular 384-well. After extensive op-

timization, we have obtained a robust signal for HTS in 384-

half-well plates, as demonstrated by Z0 of 0.7 and an S/B ratio

of 16 (Fig. 4A). The greater Z0 value compared to the standard

384-well format (Fig. 3B) could be due to the use of gas-

permeable plate sealers to prevent medium evaporation in the

miniaturized assay. To validate the miniaturized assay for

HTS, we evaluated the effect of the highly selective P2X1

receptor inhibitor, NF279,65 on HIV-1 fusion. NF279 was

chosen over NF023 and NF449 identified by our screen be-

cause of its greater potency (see section ‘‘Inhibitors of P2X1

Fig. 4. Miniaturization of the BlaM assay for HTS. The BlaM assay was miniaturized and optimized
for 384-half-well plates to achieve a fourfold reduction in the amount of CCF4-AM substrate re-
quired for the HTS campaign. (A) Performance of the miniaturized BlaM assay in 384-half-well plate
format, using R3A Env-pseudotyped viruses. Robust fusion signal with S/B ratio of 15 and Z0 of 0.7
was obtained, indicating a high-quality assay for HTS. (B) Validation of the miniaturized BlaM assay
for R3A Env-pseudotyped viruses, using an active compound, NF279, similar to those identified by a
pilot screen. The effect of NF279 is expressed as % of control and the data shown are average and
SD from triplicate samples. The IC50 was determined using GraphPad Prism.
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Receptor Interfere with HIV-1 Fusion’’ below). NF279 in-

hibited the BlaM signal resulting from the fusion activity of

the dual-tropic R3A Env,66 which can use either CXCR4 or

CCR5 as a coreceptor (Fig. 4B). Inhibition occurred in a dose-

dependent manner with IC50 at 1.9 mM. The above results

validate the miniaturized BlaM assay format for screening

inhibitors of HIV-1 entry/fusion.

Inhibitors of P2X1 Receptor Interfere with HIV-1 Fusion
Because several purinergic receptor inhibitors were among

the hits (Table 2), we further investigated the role of these

compounds in HIV-1 fusion. Purinergic receptors have been

previously reported to play a role in HIV-1 fusion and infec-

tion in macrophages and CD4 + T

cells.67,68 The authors proposed

that purinergic receptors are in-

volved in a signaling cascade

that leads to elevation of the cy-

tosolic calcium, which in turn

promotes HIV-1 fusion through

an unknown mechanism. To de-

termine the types of purinergic

receptors required for HIV-1 fu-

sion with target cells, we used a

panel of specific inhibitors of

P2X and P2Y receptors. When

fusion experiments were per-

formed in the presence of varied

concentrations of these inhibi-

tors, only P2X1 receptor antag-

onists, NF449 identified by the

pilot screen and an additional

compound NF279, diminished

HIV-1 fusion (Fig. 5A). NF279

was more potent than NF449

(IC50 1.2 and 3.3 mM, respective-

ly). Neither of these compounds

affected cell viability within a

concentration range tested (Fig.

5B). By contrast, the P2X7 an-

tagonist A740003,69 a nonselec-

tive P2 inhibitor PPADS,70 and a

panel of P2Y antagonists target-

ing P2Y1 (MRS250071), P2Y2

(PSB111472), and P2Y11 (NF34073)

were without effect (Fig. 5D).

Viral fusion was inhibited only

by a very high concentration

(100 mM) of NF340. Since this

effect was not due to reduced cell viability (data not shown), it

is possible that the P2Y11 receptor can also play a role in

HIV-1 fusion.

NF449 also inhibited fusion mediated by the CCR5-tropic

HIV-1 BaL26 Env, although less efficiently than fusion of

HXB2 particles (Fig. 5A). As shown above (Fig. 4A), this

compound also interfered with fusion mediated by the dual-

tropic R3A Env. To check for selectivity of the observed in-

hibition of HIV-1 fusion by purinergic receptor antagonists,

we assessed their effects on low pH-dependent fusion medi-

ated by the VSV G glycoprotein.74 This glycoprotein directs

viral entry and fusion through an endosomal pathway. Fusion

of pseudoviruses bearing VSV G (referred to as VSVpp) was

Fig. 5. The effects of P2 receptor inhibitors on HIV–cell fusion. Pseudoviruses encoding BlaM-Vpr
(multiplicity of infection [MOI] = 1) were bound to TZM-bl cells at 4�C. Viral fusion was initiated by
shifting to 37�C for 90 min and measured by the BlaM assay in a 96-well format. (A) Fusion of HIV-1
pseudoviruses HXB2pp (CXCR4-tropic, filled symbols) or Bal26pp (CCR5-tropic, open diamond) with
TZM-bl cells in the presence or absence of P2X receptor inhibitors: a nonselective P2 receptor
inhibitor PPADS (:), P2X1 inhibitors NF279 (C) and NF449 (A and >), and P2X7 inhibitor
A740003 (-). (B) Effects of P2 receptor inhibitors on TZM-bl cell viability measured by the MTS
assay. Cells infected with HXB2pp and BaL26pp were incubated with 10 and 25mM of indicated
inhibitors, respectively. (C) P2 receptor inhibitors do not considerably affect VSV-G pseudovirus
(VSVpp) fusion (the symbol legend is the same as in A). (D) Effects of P2Y inhibitors MRS2500 (B),
PSB1114 (,), and NF340 (D) on HXB2pp fusion with TZM-bl cells. The extent of fusion in the
presence of 1 mM C52L (C) is shown for comparison. Data points are mean and SEM of combined
triplicate measurements from three independent experiments.
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largely unaffected by purinergic inhibitors, except for a

modest (ca. 25%) reduction in the extent of fusion caused by

NF279 and PPADS (Fig. 5C). In control experiments per-

formed in the presence of NH4Cl, which raises endosomal pH,

VSVpp fusion was nearly completely blocked (data not

shown). These results demonstrate that the inhibitory effect of

P2X1 antagonists is specific to HIV-1 Env-mediated fusion.

The inhibition of HIV-1 fusion by NF279 was not due to the

diminished CD4 or coreceptor levels on the cell surface, as

revealed by the flow cytometry experiments (Table 3). We also

tested the possibility that this compound prevented viral fu-

sion by blocking HIV-1 endocytosis. We and others have

shown that inhibition of HIV-1 uptake by cells inhibits viral

fusion and infection.42,52 Our functional studies imply that

HIV-1 enters permissive cells through endocytosis and fusion

with intracellular compartments.41,42 We indirectly tested the

notion that NF279 can interfere with HIV-1 endocytosis and

not with the downstream fusion step by measuring the effect

of this drug on fusion between HIV-1 Env-expressing and

target cells. Similar to virus–cell fusion, 10 mM NF279 effec-

tively inhibited HIV-1 Env-mediated cell–cell fusion (Fig. 6A)

to an extent similar to that observed in virus–cell fusion ex-

periments (Fig. 5A). This result implies that NF279 targets the

viral fusion step and not HIV-1 endocytosis.

DISCUSSION
In this study, we adapted and optimized for HTS an en-

zymatic assay that directly measures the HIV-1 pseudovirus

fusion with target cells. This assay performed robustly in

regular 384-well and 384-half-well formats and was vali-

dated by screening a small library of bioactive compounds.

The primary screen for HIV-1 fusion inhibitors combines the

virus–cell fusion assay with a cell viability assay, thus

helping to eliminate false-positive hits due to cell toxicity.

The relatively low fraction of cytotoxic compounds in the

LOPAC library indicates that cell viability assessment may

not be necessary for the large-scale HTS campaign. Several

hits that strongly inhibited HIV-1 fusion without affect-

ing cell viability were identified. The results of the pilot

screen strongly support the feasibility of a large-scale HTS

campaign.

Unlike the cell–cell fusion-based HTS assay for screening

for HIV-1 fusion inhibitors,37 our assay may identify en-

dosomal trafficking factors involved in HIV-1 entry.41,42,75

This could be important, since several lines of evidence imply

that productive HIV-1 entry into cells occurs through an

endocytic route.41,42,52,76–79 Furthermore, cell fusion-based

assays are generally not sensitive to inhibitors that inacti-

vate diverse enveloped viruses through disrupting their

membrane, while having no adverse effect on cell mem-

branes.39,40

Our observation that P2X1 receptor antagonists inhibit

HIV-1 fusion is in agreement with the literature. Published

studies implicate the P2X1 receptor in HIV-1 entry/fusion and

in cell–cell transmission.67,68,80 However, the mechanism by

which these channels modulate HIV-1 fusion remains unclear.

Purinergic receptors are widely distributed in the central

nervous system and in many peripheral tissues and are clas-

sified into two main classes, P1 receptors that bind adeno-

sine, and P2 receptors that are responsive to phosphorylated

nucleosides, such as ATP, ADP, and related nucleotides.81–83

P2 receptors are further classified into two subfamilies,

Table 3. Expression of CD4 and Coreceptors
on TZM-bl Cells Measured by Flow Cytometry

MFI

(untreated)

MFI

(50 lM NF279a) Fold-change

CD4 63.6 59.9 0.94

CXCR4 66.0 67.7 1.03

CCR5 192.2 180.2 0.94

aThis high concentration of NF279, which exceeds its fully inhibitory

concentration for HXB2pp fusion by *5-fold, was selected to better illustrate

the lack of effect on CD4 and coreceptor expression.

MFI, mean fluorescence intensity.

Fig. 6. P2X1 receptor inhibitor blocks cell–cell fusion mediated by
HIV-1 Env glycoprotein. HeLa cells constitutively expressing HIV-1
ADA Env and Tat were overlaid onto the indicator TZM-bl cells in
the presence or absence of inhibitors, and cell–cell fusion was
triggered by shifting to 37�C. The extent of cell–cell fusion was
measured by the Tat-dependent luciferase expression in TZM-bl
cells. Both NF279 (10 mM) and the fusion inhibitor C52L (1 mM)
blocked HIV-1 Env-mediated fusion. The data are mean and SD
from one experiment performed in triplicate.
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ionotropic P2X and metabotropic P2Y receptors. Metabo-

tropic receptors are coupled to the intracellular signaling

pathways through heterotrimeric G proteins, whereas iono-

tropic P2X receptors are ion channels that open upon ATP

binding and allow Ca2 + influx. Seven members of the P2X

family receptors (P2X1–7) and eight P2Y receptors (P2Y1,

P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14) have

been identified. Upon activation, these receptors modulate

diverse cellular functions, such as the plasma membrane

permeabilization, elevation of intracellular calcium, cell

death, as well as innate and/or adaptive immune responses

against pathogens.82,83

Our results show that P2X1 receptor antagonists, NF279

and NF449, prevent HIV–cell and Env-mediated cell–cell fu-

sion through a mechanism that does not involve down-

regulation of CD4 or coreceptors. This apparent requirement

for P2X1 receptors is specific to HIV-1, since P2X1 antago-

nists do not interfere with VSV fusion. Our findings are thus

consistent with the conclusion that purinergic antagonists

inhibited HIV-1 fusion at a step downstream of CD4 engage-

ment and virological synapse formation.80 The apparent re-

liance of the HIV-1 fusion process on P2X1 function indicates

that these receptors can be targeted for antiviral therapy.

Future validation of hits other than P2 receptor antagonists

may reveal additional cellular targets that are essential for

HIV-1 entry and fusion.
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Abbreviations Used

BlaM¼b-lactamase

C52L¼HIV-1 gp41-derived recombinant peptide

DMEM¼Dulbecco’s modified Eagle’s medium

DMSO¼ dimethyl sulfoxide

FBS¼ fetal bovine serum

FRET¼ Förster resonance energy transfer

6HB¼ six-helix bundle structure

HR1 and HR2¼HIV-1 gp41 heptad repeat 1 and 2 domains

HTS¼ high-throughput screening

LOPAC¼ library of pharmacologically active compounds

MOI¼multiplicity of infection

PBS¼ phosphate-buffered saline

S/B¼ signal/background

SD¼ standard deviation

TZM-bl¼HIV-1 indicator cell line
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