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bstract

Several polyanionic compounds with potential for use as topically applied microbicides to prevent HIV-1 sexual transmission, such as PRO
000, are currently in phase III clinical efficacy trials. Microbicidal formulations may well comprise combinations of inhibitors to increase potency,
educe dose and minimize problems of HIV-1 resistance. We have therefore evaluated in vitro, the anti-HIV-1 activity of two leading polyanionic
icrobicides combined with other antiretroviral agents with microbicidal potential. Dextran sulfate (DS) and PRO 2000 were combined with the

eutralizing antibody IgG1b12, the peptide-based fusion inhibitor T20, the CCR5 antagonist TAK779 and the cyanobacterial protein cyanovirin-N.
nti-HIV-1 activity was assessed in a single cycle replication assay using pseudoviruses carrying a luciferase reporter gene and the envelope
lycoproteins from HIV-1 isolates JR-FL (R5) and HxB2 (X4), against both immortalized and primary CD4+ cell targets. The data were analyzed

or synergy using CalcusynTM software. Results indicate that PRO 2000 and DS can act synergistically with most inhibitors tested, although the
egree of synergy depends on inhibitor concentration and combination. These data provide a rational basis for testing of microbicide combinations
n vivo.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The HIV-1 epidemic continues to grow at an alarming rate
ith an estimated 40 million people living with HIV/AIDS

AIDS, 2004). Heterosexual transmission is responsible for
pproximately 80% of new HIV-1 infections (AIDS, 2004).
lobally, women now account for 50% of those infected with
IV-1 and in sub-Saharan Africa, where 95% of HIV-1 transmis-

ion is through heterosexual contact, and 60% of new infections
ccur in women (AIDS, 2004). With the development of an
ffective vaccine likely to be many years away there is a pressing
eed to develop female controlled methods of HIV-1 prevention
uch as topical application microbicides (Lederman et al., 2006;
tone, 2002; Turpin, 2002; Weber et al., 2005).
Many of the lead microbicide candidates target the process
f HIV-1 attachment and entry into the target cell (Lederman et
l., 2006; Stone, 2002; Turpin, 2002; Weber et al., 2005). Viral

∗ Corresponding author. Tel.: +44 1865275511; fax: +44 1865275511.
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ntry is mediated by the envelope glycoprotein (Env), which is
omposed of trimers of heterodimers of the surface glycoprotein
p120, non-covalently associated with the transmembrane pro-
ein gp41 (Wyatt and Sodroski, 1998). Receptor engagement on
he target cell is mediated by the surface glycoprotein, gp120,
hich interacts sequentially with CD4 and a coreceptor (Wyatt

nd Sodroski, 1998). HIV-1 tropism is classified on the basis
f coreceptor usage: CXCR4 (X4) tropic, CCR5 (R5) tropic or
ual (R5/X4) tropic (Berger et al., 1998). HIV-1 transmission
ppears to be limited almost exclusively to R5 viruses, whereas
4 viruses are associated with increased pathogenicity and pro-
ression to AIDS in approximately 50% of individuals (Moore
t al., 2004).

Polyanionic compounds represent some of the most promis-
ng microbicide candidates, with PRO 2000, cellulose sulfate
CS (UshercellTM)) and carrageenan (CarraguardTM) cur-
ently in Phase III clinical trials (Anderson et al., 2002;

ttp://www.microbicides.org; Lederman et al., 2006; Mayer et
l., 2003; Stone, 2002; Turpin, 2002; Van Damme et al., 2000;
eber et al., 2005). Inhibition of HIV-1 attachment by sol-

ble polyanions is thought to be mediated via electrostatic

mailto:Quentin.sattentau@path.ox.ac.uk
http://www.microbicides.org/
dx.doi.org/10.1016/j.antiviral.2007.03.004
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nteractions between the negatively charged groups on the
olyanion and basic residues present within the gp120
hemokine receptor binding surface, comprised of the V3 loop
nd CD4-induced (CD4i) site (Bagasra and Lischner, 1988;
allahan et al., 1991; de Parseval et al., 2005; Harrop et al.,
994; Harrop and Rider, 1998; McClure et al., 1992; Moulard
t al., 2000; Vives et al., 2005). Despite the importance of R5
irus in HIV-1 transmission, most studies on in vitro polyanion
nhibition of HIV-1 infection (Baba et al., 1988a,b; Bagasra and
ischner, 1988; Dezzutti et al., 2004; Konlee, 1998; McClure et
l., 1992; Neurath et al., 2002a,b; Rusconi et al., 1996; Shaunak
t al., 1994, 2003) and transmission in the macaque model
Weber et al., 2001) have been carried out using X4 or R5X4
dual tropic) viruses. Only a few studies have analyzed polyanion
nhibition of R5 isolates (Neurath et al., 2001, 2002b; Scordi-
ello et al., 2005; Shaunak et al., 2003). Concerns have been

aised with respect to the possibility that polyanions will be less
ffective against R5 viruses as a consequence of the reduced
ositive charge on the V3 loop (Shattock and Doms, 2002).

The advent of highly active antiretroviral therapy (HAART)
as demonstrated the need to combine different types of
ntiretroviral drugs when combating HIV-1 infection, and this
pproach has had a major impact on the life expectancy of HIV-
infected individuals in the developed world (Palella et al.,

998). Although therapeutic intervention with HAART differs
rom prophylactic intervention with microbicides in that prophy-
axis applies no selective pressure on pre-existing viral infection
ithin a host, the risk remains that incoming virus may already

ontain mutations rendering it resistant. Indeed, in vitro escape
utants of HIV-1 to polyanions have been described (Bobardt

t al., 2004; Esté et al., 1997). To combat the risk of encounter-
ng resistant HIV-1 isolates, and with the potential to reduce the
ose of agents that have synergistic antiviral activity, the princi-
le of combining two (or more) compounds that target separate
iral structures or functions is applicable to microbicide formu-
ation. Finally, the outcome of recent studies using the SHIV

acaque model indicating that combinations of antiviral com-
ounds found to work in synergy in vitro are also likely to display
ynergistic activity in vivo (Veazey et al., 2005), highlights the
eed to characterize the in vitro ability of lead microbicide com-
ounds to work in combination with other known inhibitors of
IV-1 infection.
In the work presented here, PRO 2000 and DS were tested

n combination with the following inhibitors: IgG1b12, a HIV-1
eutralizing antibody with in vivo microbicidal activity (Burton
t al., 1994; Veazey et al., 2003b); T20 (EnfuvirtideTM), a gp41-
erived, peptide-based fusion inhibitor (Furuta et al., 1998;
atthews et al., 2004); the CCR5 antagonist TAK779 (Baba et

l., 1999; Dragic et al., 2000) and the bacterial lectin cyanovirin-
(CV-N) (Bolmstedt et al., 2001; Boyd et al., 1997; Dey et

l., 2000; Esser et al., 1999; Mori and Boyd, 2001; Tsai et al.,
003). All of these anti-HIV-1 agents, with the exception of
AK779 which only inhibits R5 tropic viruses, interfere with

he infectivity of a broad spectrum of R5 and X4 viral iso-
ates and are generally active in the nanomolar range. To study
he antiviral effects of these combinations, we used a previ-
usly described luciferase reporter pseudovirus system (Chen
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t al., 1994; Connor et al., 1995). This system allows analysis
f multiple Env glycoproteins in the context of a single proviral
ackbone. Moreover, since these pseudoviruses are limited to
single replication cycle, analysis of inhibition is more precise
ecause the instantaneous inhibition factor of a drug is measured
ather than its cumulative effect (Ferguson et al., 2001). This is
articularly important for the analysis of data from drug com-
inations because assays which measure the cumulative effects
f inhibitors over multiple cycles can substantially overestimate
ynergy (Ferguson et al., 2001). Since an effective microbicide
ill need to inhibit infection by R5 viruses, our studies were

arried out principally using pseudoviruses carrying Env from
he primary isolate (PI) R5 HIV-1JR-FL isolate. All combina-
ions were performed using U87.CD4.CCR5/CXCR4 as target
ells. Combinations that were found to be strongly synergistic in
his system were then re-tested using activated peripheral blood
ononuclear cells (PBMC) as more physiologically relevant

argets for inhibition of HIV-1 infection.

. Materials and methods

.1. Cells and inhibitors

U87.CD4.CCR5/CXCR4 cells (Centre for AIDS Reagents
CFAR), NIBSC, Potters Bar, UK) were maintained in Dul-
ecco’s Modified Eagle’s Medium (DMEM) (GIBCO plc)
upplemented with 10% heat inactivated fetal calf serum (HI-
CS), 100 U penicillin, 100 �g/ml streptomycin (pen/strep),
00 �g/ml G418 and 2 �g/ml puromycin. The 293T cells
ATCC) were maintained in DMEM supplemented with 10%
I-FCS and 100 U pen/strep. PBMCs were isolated from buffy

oats by Ficoll-Hypaque (Sigma–Aldrich, UK) gradient cen-
rifugation. PBMCs were activated by incubation in growth

edium (GM) consisting of RPMI 1640 containing 15% HI-
CS, 100 U pen/strep, and supplemented with interleukin-2
IL-2, from CFAR, UK) and 1 �g/ml phytohemagglutinin (PHA,
rom CFAR, UK) for 3–4 days before removal of PHA and
ulture in GM containing 10 U/ml recombinant IL-2. PRO
000 and DS were obtained from Indevus Pharmaceuticals
nc., Lexington, MA and ML Laboratories Plc., UK, respec-
ively. Other antiretroviral agents used in this study were
gG1b12 (D. Burton, Scripps Institute, La Jolla, CA), the
p41 peptide fusion inhibitor T20 (EnfuvirtideTM, from T.
atthews, Duke University, Durham, NC), the small molecule
CR5 antagonist TAK779 (NIH Repository), and the bacte-

ial lectin CV-N (M. Boyd, USA Cancer Research Institute,
niversity of South Alabama, Mobile, AL). In all experi-
ents molar concentrations were calculated for the inhibitors:

n the case of DS and PRO 2000, which contain a mixture of
olymers with different molecular weights, average molecu-
ar weights of 20 and 5 kDa, respectively, were used in these
alculations.
.2. Pseudovirus production

Pseudovirus was produced by co-transfecting the pNL4-3
nv (−) Luc (+) vector (Dr N. Landau, Gladstone Research
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nstitute, Stanford, CA), containing the proviral backbone but
acking env and with a luciferase reporter gene inserted into
ef (Chen et al., 1994; Connor et al., 1995), by calcium phos-
hate transfection (Promega) into 293T cells along with a
cDNA3.1/Zeo(+) plasmid (Invitrogen) containing a 3 kb env
ene insert for HIV-1JR-FL or HIV-1HxB2 (NIH AIDS reagent
rogram). Recombinant virus was harvested from the super-
atant on Day 4, aliquoted and stored at −80 ◦C. Viral titre
as determined using both U87.CD4.CCR5/CXCR4 and acti-
ated PBMCs. U87.CD4.CCR5/CXCR4 cells were seeded at
density of 2 × 105 ml−1 in 96 well plates and incubated

vernight at 37 ◦C. The following day recombinant virus was
ve-fold serially diluted in quadruplicate and added to the
87.CD4 cells bearing the appropriate coreceptor. PBMC cul-

ures were used 7–10 days after initiation of mitogen activation.
BMCs were seeded in 96 well �-titre plates at a density
f 1 × 106 cells/well in 50 �l of HIV-1JR-FL pseudovirus stock
hat was either undiluted, or diluted 1:2, 1:3, 1:4 or 1:5
nto IL-2 supplemented GM. After 3–5 days incubation at
7 ◦C all supernatants were removed, the cells washed in PBS
nd lysed with cell lysis buffer (Promega) and a luciferase
ssay was performed according to the Manufacturer’s protocol
Promega). Light emission was measured using an Anthos Lucy
microplate luminometer (Jencons Ltd.). Results are expressed

s Cell Culture Infectious Dose50/ml (CCID50) for each
irus.

.3. Pseudovirus neutralization assays using a single
nhibitor

Initial neutralization assays in which pseudoviruses were
hallenged with a single inhibitor were used to define the
0% and 90% inhibitory doses (ID50 and ID90) of each indi-
idual inhibitory agent. The results of these assays were
ater used to determine the optimum starting concentrations
f each agent for experiments in which PRO 2000 and DS
ere combined with one of the following: IgG1b12, TAK779,
20 or CV-N. All neutralization experiments were first per-

ormed using U87.CD4.CCR5/CXCR4 target cells. In these
eutralization experiments each agent was serially diluted
rom a starting concentration of 20 �M for PRO 2000 and
S and 667 nM, 22 �M, 100 nM and 1 �M for IgG1b12,
20, TAK779 and CV-N, respectively, and then added to 100
CID50 of each pseudovirus for 1 h at 37 ◦C. After this pre-

ncubation step the virus/inhibitor mixture was added to the
87 cells prepared as above. Infection without inhibitor and
cell only control were also set up. The cells were incu-

ated for 3–5 days at 37 ◦C, without removal of either virus
r inhibitor, after which a luciferase assay was performed on
ell lysates as described above. In experiments where acti-
ated PBMCs were used as target cells, starting concentrations
ere 100 �M for PRO 2000 and TAK779, and 667 nM for

gG1b12. Inhibitors were serially diluted as above and then

dded to an equal volume of pseudoviral stock for 1 h at 37 ◦C
o give a 1:2 dilution of pseudovirus. Controls were also set up
s above. After this pre-incubation step 1 × 106 PBMCs/well
n a 96 well �-titre plate were resuspended in the pseu-

A
t
3
u

search 75 (2007) 188–197

ovirus/inhibitor mixture. PBMCs were then incubated for
days without removal of either virus or inhibitor, and a

uciferase assay was performed on the cell lysates as described
bove.

.4. Pseudovirus neutralization by PRO 2000 or DS in
ombination with other antiretroviral agents

After defining the optimum starting concentrations for each
nhibitor we went on to study PRO 2000 and DS in combination
ith IgG1b12, T20, TAK779 and CV-N. Inhibition assays were

et up as described above using both U87.CD4.CCR5/CXCR4
nd PBMCs as target cells. In all assays inhibitors were two-fold
erially diluted as a mixture so as to maintain a constant ratio
etween them, the appropriate method for synergy measure-
ent. The initial concentrations of each inhibitor were chosen

o as to ensure a minimum of three datum points between 20%
nd 80% inhibition. The assay was then performed as described
bove.

.5. Analysis of synergy

Assays were performed in triplicate for U87.CD4.CCR5/
XCR4 cells and sextuplicate for PBMCs. The percentage

nhibition for each concentration of each drug was calculated
ccording to the formula: (relative light units test well − cell
ontrol)/(relative light units no inhibitor control − cell con-
rol) × 100. ID50 and ID90 values were determined using the
alcusynTM software. Results of combination studies were pro-
essed using the CalcusynTM software package (Chou, 1976;
hou and Talalay, 1981) that uses the multiple-drug effect anal-
sis of Chou to analyze the effects of drug combinations. Using
he median effect equation this programme plots dose-effect
urves for each drug and combinations of drugs. The x inter-
ept of the median effect equation gives the ID50 for each drug;
he median effect plot also gives information on the slope of the
ose-effect curve. Together this information is used to calculate
he combination index (CI): a CI of <0.9 represents synergy, a
I of 0.9–1.1 represents additive effects, whilst a CI of >1.1

epresents antagonism.

.6. Analysis of cellular toxicity

U87.CD4.CCR5, U87.CD4.CXCR4 and PBMCs were
xposed to PRO 2000, DS, IgG1b12, T20, TAK779 and CV-

singly for 5 days. All compounds were tested at the highest
tarting concentrations used in the initial individual antiviral
ctivity assays, as detailed in Sections 2.3 and 3.1. After 5
ays the cytotoxicity of each compound was measured using
he tetrazolium assay (CellTiter96, Promega). Alternatively, the
ame cell types were exposed to PRO 2000 and DS in com-
ll compounds were tested at the highest starting concen-
rations used in the combination assays detailed in Section
.2. The assay was run as for the compounds tested individ-
ally.
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Table 1
ID50 and DRI values for inhibitors in combination with PRO 2000

ID50
a ID50

b DRIc

JR-FL
PRO 2000d 78.7 24.03 3.3
+IgG1b12 1.04 0.4 2.6

PRO 2000 1221.0 ± 1142.4 92.5 ± 5.2 12.6 ± 11.7
+T20 427.0 ± 287.0 154.4 ± 8.7 2.9 ± 2.0

PRO 2000 230.4 ± 123.9 88.9 ± 53.6 2.8 ± 0.3
+TAK779 0.24 ± 0.2 0.04 ± 0.02 6.9 ± 1.1

PRO 2000 242.8 ± 125.4 92.3 ± 30.4 3.5 ± 2.5
+CV-N 25.3 ± 4.94 11.5 ± 3.8 2.6 ± 1.3

HxB2
PRO 2000d 86.1 6.8 12.6
+IgG1b12 0.2 0.2 0.9

PRO 2000 89.7 ± 3.5 6.8 ± 2.0 14.3 ± 3.7
+T20 19.7 ± 16.3 7.6 ± 2.2 2.2 ± 1.5

PRO 2000 52.5. ± 36.6 13.5 ± 3.5 3.4 ± 1.8
+CV-N 3.5 ± 1.8 3.4 ± 0.9 1.0 ± 0.3

All values calculated by CalcusynTM from the combined data sets of at least two
independent experiments performed in triplicate.

a ID50 (nM) for each inhibitor when used individually.
b ID50 (nM) for each inhibitor in a respective combination.
c The dose reduction index for each inhibitor in a respective combination.
d Data represent the values calculated by CalcusynTM from a single represen-

tative experiment performed in triplicate.

Table 2
ID90 and DRI values for inhibitors in combination with PRO 2000

ID90
a ID90

b DRIc

JR-FL
PRO 2000d 1313.2 170.2 7.7
+IgG1b12 8.6 2.8 3.2

PRO 2000 2710.91 ± 1397.8 497.6 ± 63.4 5.9 ± 3.6
+T20 6895.1 ± 5759.3 831.0 ± 105.9 10.2 ± 7.2

PRO 2000 3116.6 ± 1580.9 594.7 ± 364.7 5.8 ± 0.89
+TAK779 2.85 ± 1.25 0.2 ± 0.1 14.2 ± 3.2

PRO 2000 7151.5 ± 2380.5 424.3 ± 123.7 16.6 ± 0.8
+CV-N 1834.8 ± 1140.2 53.0 ± 15.5 31.0 ± 12.5

HxB2
PRO 2000d 974.5 35.2 27.7
+IgG1b12 2.2 1.2 1.9

PRO 2000 1276.3 ± 301.8 88.0 ± 5.8 14.2 ± 2.6
+T20 265.5 ± 88.0 98.1 ± 6.5 2.8 ± 1.1

PRO 2000 196.8. ± 127.7 214.9 ± 101.2 0.8 ± 0.2
+CV-N 76.5 ± 32.6 53.7 ± 25.3 1.5 ± 0.1

All values calculated by CalcusynTM from the combined data sets of at least two
independent experiments performed in triplicate.
K.E. Gantlett et al. / Antivir

. Results

.1. Inhibition of HIV-1 infection by individual
ntiretroviral agents

To obtain reliable data for synergy analysis we defined the
tarting concentration for each drug yielding the largest number
f datum points between 80% and 20% inhibition of pseu-
oviral infection. The two inhibitors under investigation were
hen combined over this predetermined range of concentrations
o allow analysis of the data using the CalcusynTM software
Chou, 1976; Chou and Talalay, 1981). Thus, HIV-1 inhibi-
ion assays were initially performed with each agent used alone
gainst either HIV-1JR-FL or HIV-1HxB2. Since R5 viruses are
he dominant transmitted phenotype most experiments were car-
ied out using HIV-1JR-FL, but we also analyzed HIV-1HxB2
o investigate potential differences between viruses of differ-
nt coreceptor tropism. We chose to introduce the inhibitors in
ith the infected cells prior to mixing with target cells: in other

tudies we have pre-mixed the inhibitors with the target cells
rst then added the infected cells, or added inhibitor, target and

nfected cells together. Since there was no statistically signif-
cant difference between these different protocols (results not
hown), we decided to continue with the method used here.

Because DS did not inhibit infection of U87.CD4.CCR5 cells
y HIV-1JR-FL by more than 70% in any experiment (data not
hown), only the ID50 values are shown for this inhibitor. By con-
rast, PRO 2000 inhibited up to 100% on both viruses, and so both
D50 and ID90 results for PRO 2000 combinations on both HIV-
JR-FL and HIV-1HxB2 are given. Dose-reduction index (DRI)
alues represent the reduction in concentration of one inhibitor
n the presence of the second inhibitor, as compared to each used
lone, to achieve the same level of inhibition. As can be seen in
ables 1–3, all compounds were inhibitory in the low nanomolar

o low micromolar range against both HIV-1JR-FL and HIV-1HxB2
seudoviruses, with TAK779 being the most potent inhibitor
gainst the HIV-1JR-FL pseudovirus at both the ID50 and ID90.
he inhibitors generally had lower ID50 and ID90 values against
IV-1HXB2 than against HIV-1JR-FL: for example, ID90 values

or IgG1b12, T20, CV-N and PRO 2000 were approximately 4-,
6-, 24- and 4-fold lower, respectively, against HIV-1HxB2 than
gainst HIV-1JR-FL (Table 2). It is evident from Tables 1 and 2
hat there is substantial variation in the ID90 and ID50 values
or PRO 2000 and DS, respectively, when used singly. As the
ata presented in these tables are the combined results of at
east two independent experiments for each inhibitor alone or
n combination (with the exceptions indicated in the table leg-
nds), this variation is therefore indicative of an expected degree
f inter-assay variability.

.2. Inhibition of HIV-1 infection by PRO 2000 and DS in
ombination with other antiretroviral agents
Having defined the starting concentration for each agent when
sed alone, we went on to study the effect of combining PRO
000 and DS with one of IgG1b12, T20, TAK779 or CV-N.
n these assays, each chosen combination of inhibitors was

a ID90 (nM) for each inhibitor when used individually.
b ID90 (nM) for each inhibitor in a respective combination.
c The dose reduction index for each inhibitor in a respective combination.
d Data represent the values calculated by CalcusynTM from a single represen-

tative experiment performed in triplicate.
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Table 3
ID50 and DRI values for inhibitors in combination with DS

ID50
a ID50

b DRIc

JR-FL
DS 2.3 ± 1.2 0.3 ± 0.1 12.5 ± 9.5
+IgG1b12 1.0 ± 0.3 0.6 ± 0.2 1.7 ± 0.2

DS 7.0 ± 5.8 6.3 ± 6.1 2.8 ± 1.7
+T20 5438.2 ± 5351.8 1318.9 ± 1264.3 2.9 ± 1.3

DS 5.32 ± 0.8 1.0 ± 0.4 5.7 ± 1.4
+TAK779 365.1 ± 56.5 50.1 ± 19.1 9.0 ± 4.6

DS 3.8 ± 0.4 0.6 ± 0.2 6.1 ± 0.8
+CV-N 25.3 ± 4.9 10.0 ± 2.3 2.8 ± 1.1

All values calculated by CalcusynTM from the combined data sets of at least two
independent experiments performed in triplicate.
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a The ID50 (nM) for each inhibitor when used individually.
b ID50 (nM) for each inhibitor in a respective combination.
c The dose reduction index for each inhibitor in a respective combination.

iluted as a mixture so as to maintain a constant ratio between
hem, which allowed subsequent analysis of synergy. A sum-

ary of the synergy analysis of the combination studies using
87.CD4.CCR5/CXCR4 target cells is presented in Table 4,
ith the ID50 and ID90 concentration for drugs in combina-

ion with PRO 2000 shown in Tables 1 and 2, respectively,
nd the ID50 concentrations for inhibitors in combination with
S in Table 3. Table 4 illustrates that in general the inhibitor

ombinations synergize against both HIV-1JR-FL and HIV-1HxB2
seudoviruses, with some exceptions. PRO 2000 with CV-N
gainst HIV-1HxB2 was antagonistic at all concentrations tested,

RO 2000 with IgG1b12 against HIV-1HxB2 was antagonistic at

he IC50, PRO 2000 with T20 and CV-N were weakly antagonis-
ic or additive for HIV-1JR-FL infection at the IC50 and DS with
20 was antagonistic at the IC50 and additive at other concen-

able 4
I values for PRO 2000 and DS in combination with other inhibitors

nhibitors CI

50% 75% 90%

R-FL
PRO2000:IgG1b12 0.59 ± 0.11a 0.54 ± 0.03 0.50 ± 0.04
PRO2000:T20 1.26 ± 0.06 0.75 ± 0.06 0.46 ± 0.02
PRO2000:TAK779 0.52 ± 0.02 0.36 ± 0.04 0.26 ± 0.05
PRO2000:CV-N 1.11 ± 0.69 0.32 ± 0.14 0.10 ± 0.02
DS:IgG1b12 0.78 ± 0.22 0.39 ± 0.11 0.20 ± 0.06
DS:T20 3.9 ± 3.1 0.7 ± 0.48 0.93 ± 0.83
DS:TAK779 0.34 ± 0.12 0.11 ± 0.00 0.05 ± 0.02
DS: CV-N 0.60 ± 0.20 0.33 ± 0.15 0.22 ± 0.13

xB2

PRO2000:IgG1b12 1.38 ± 0.19 0.97 ± 0.15 0.69 ± 0.12
PRO2000:T20 0.98 ± 0.61 0.56 ± 0.14 0.47 ± 0.13
PRO2000:CV-N 1.56 ± 0.55 1.60 ± 0.40 2.00 ± 0.30
DS:IgG1b12 NDb ND ND
DS:T20 ND ND ND
DS:CV-N ND ND ND

a Combination index (CI) < 0.9 indicates synergy; CI 0.9–1.1 indicates addi-
ion; CI > 1.1 indicates antagonism. Values show the mean of at least two
ndependent experiments performed in triplicate ± S.E.M.

b ND represents not done.
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rations (Table 4). With many combinations there was a trend
or increasing synergy with increasing dose. At the ID90, the
trongest synergy with PRO 2000 was seen with CV-N (CI = 0.1)
nd TAK779 (CI = 0.26). At the theoretical ID90 for DS, the
trongest synergy was seen with TAK779 (CI = 0.05), IgG1b12
CI = 0.2) and CV-N (CI = 0.22)

Tables 1–3 also show the dose reduction index (DRI) for
ach drug in a given combination. The DRI is the ratio of drug
nhibition alone:drug inhibition in combination. Thus a DRI of
1 indicates a decrease in the concentration of drug required

o achieve the same level of inhibition as that achieved when
sed alone. From the ID90 DRI values in Table 2 it can be seen
hat the most successful combinations against HIV-1JR-FL for
RO 2000 were CV-N and IgG1b12, yielding 31- and 7.7-fold
eductions respectively for PRO 2000. Similarly, the DRI for
S at the ID50 was 12.5, 6.1 and 5.7 for IgG1b12, CV-N and
AK779, respectively (Table 3). Thus there was good concor-
ance between strong synergy and strong dose reduction for PRO
000 with CV-N, and for DS with TAK779, IgG1b12 and CV-
. When these experiments were repeated using the HIV-1HxB2
seudovirus, the greatest DRI values at ID90 for PRO 2000 were
chieved when PRO 2000 was combined with IgG1b12 (27.7)
nd T20 (14.2).

.3. Inhibition of HIV-1 infection of activated PBMCs by
RO 2000 in combination with other antiretroviral agents

Having demonstrated that PRO 2000 and DS could work in
ynergy with other antiretroviral agents to inhibit infection of
87.CD4.CCR5/CXCR4 target cells by HIV-1 pseudoviruses,

t was important to investigate synergy in a more physiologically
elevant target cell. For this reason we went on to develop a com-
ination assay in which activated PBMCs were the target cells
or infection by HIV-1JR-FL pseudovirus, and performed exper-
ments where PRO 2000 was combined with either IgG1b12 or
AK779. These two combinations were chosen as they yielded
he strongest and most reproducible synergy across the con-
entrations tested in U87.CD4.CCR5. PBMC were activated for
–10 days prior to infection to maximize CCR5 expression (data
ot shown). As above, ID90 values and therefore initial start-
ng concentrations of each drug for combination studies were
efined by carrying out inhibition assays in which each agent was
sed individually. The results of these experiments are shown in
ables 5 (ID50) and 6 (ID90), and reveal that for all inhibitors

here was a significant decrease in potency in PBMC, an effect
ost marked for TAK779.
Having established optimum starting concentrations for

ach drug, combination assays were set up in exactly the
ame manner as described previously and the resulting data
ere analyzed (Tables 6 and 7), and CI values calculated

Table 7) using CalcusynTM. Consistent with experiments in
hich U87.CD4.CCR5 target cells were used, PRO 2000 syn-

rgized with TAK779 in this primary cell system and showed

trend for increasing synergy with increasing dose, with CI

nd DRI values that were similar to those achieved in the
87.CD4.CCR5 system (Tables 5 and 6). However, as previ-
usly noted there was a marked decrease in the potency of both
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Table 5
ID50 concentrations and DRI values for inhibitors in combination with PRO
2000 against HIV-1JR-FL infection of PBMC cultures

ID50
a ID50

b DRIc

PRO 2000 2011.0 ± 1395.8 496.9 ± 240.6 3.5 ± 1.1
+IgG1b12 8.9 ± 3.9 3.5 ± 3.1 8.3 ± 6.4

PRO 2000 2282.7 ± 1124.1 686.7 ± 403.3 3.6 ± 0.5
+TAK-799 870.0 ± 711.8 228.9 ± 134.4 3.0 ± 1.3

All values calculated by CalcusynTM from the combined data sets of at least two
independent experiments performed in triplicate.

a ID50 (nM) for each inhibitor when used individually.
b ID50 (nM) for each inhibitor in a respective combination.
c The dose reduction index for each inhibitor in a respective combination.

Table 6
ID90 concentrations and DRI values for inhibitors in combination with PRO
2000 against HIV-1JR-FL infection of PBMC cultures

ID90
a ID90

b DRIc

PRO 2000 9352.5 ± 5957.6 5758.1 ± 738.5 1.8 ± 1.3
+IgG1b12 69.2 ± 14.2 26.7 ± 18.0 5.4 ± 4.2

PRO 2000 10585.0 ± 4722.7 1535.3 ± 872.8 7.6 ± 1.2
+TAK-799 8796.0 ± 795.1 511.8 ± 290.9 26.7 ± 16.7

All values calculated by CalcusynTM from the combined data sets of at least two
independent experiments performed in triplicate.
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Table 8
Metabolic activity of cells exposed to individual inhibitors for 5 days

U87.CD4.R5 U87.CD4.X4 PBMC

PRO2000 71.3 ± 5.0a 87.1 ± 5.2 97.4 ± 28.9
DS 81.8 ± 7.1 104.5 ± 2.5 NA
IgG1b12 116.2 ± 11.6 111.0 ± 8.1 122.5 ± 11.5
T20 74.3 ± 2.6 103.0 ± 5.1 NA
TAK779 84.0 ± 5.1 NAb 87.5 ± 1.5
CV-N 47.4 ± 14.4 41.9 ± 11.9 NA

a Cell viability is represented as a % of the value for cells not treated with
inhibitor. Results represent the mean of triplicate wells ± 1 S.D.

b Not applicable.

Table 9
Metabolic activity of cells exposed to combinations of inhibitors for 5 days

U87.CD4.R5 U87.CD4.X4 PBMC

PRO2000:IgG1b12 107.8 ± 6.2a 109.3 ± 5.5 90.3 ± 14.6
PRO2000:T20 96.2 ± 2.1 111.7 ± 3.6 NAb

PRO2000:TAK779 78.3 ± 2.3 NA 94.9 ± 7.5
PRO2000:CV-N 78.3 ± 8.8 85.5 ± 9.7 NA
DS:IgG1b12 114.8 ± 19.9 NA NA
DS:T20 106.7 ± 5.2 NA NA
DS:TAK779 77.2 ± 0.5 NA NA
DS:CV-N 47.4 ± 14.4 NA NA
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a ID90 (nM) for each inhibitor when used individually.
b ID90 (nM) for each inhibitor in a respective combination.
c The dose reduction index for each inhibitor in a respective combination.

gents when used in primary cells. Thus although the CI values
or the two target cell systems are very similar, the absolute con-
entrations of both agents in combination needed to inhibit 90%
f infection by HIV-1JR-FL in PBMC are higher (Tables 5 and 6).

When PRO 2000 was combined with IgG1b12, moderate
ynergy was seen at low concentrations of both drugs (CI at
D50 = 0.607). However, unlike the results obtained in U87 cells,
ntagonism was seen at higher concentrations of both agents (CI
t ID90 = 1.579). Consistent with experiments using this combi-
ation in the U87 system, potency was lower against HIV-1JR-FL
nfection in PBMC, showing ∼34- and ∼10-fold reductions in
D90 values for PRO 2000 and IgG1b12, respectively (Table 6).
.4. Toxicity of the inhibitors

All of the inhibitors used here have been tested for toxicity in
itro or for safety in vivo singly, or in limited combinations,

able 7
I values for PRO 2000 in combination with IgG1b12 and TAK-799 against
IV-1JR-FL infection of PBMCs

nhibitors CI

50% 75% 90%

RO 2000:IgG1b12 0.61 ± 0.17a 0.94 ± 0.05 1.58 ± 0.62
RO 2000:TAK-799 0.69 ± 0.21 0.33 ± 0.07 0.20 ± 0.09

a Combination index (CI) < 0.9 indicates synergy; CI 0.9–1.1 indicates addi-
ion; CI > 1.1 indicates antagonism. Values show the mean of at least two
ndependent experiments performed in triplicate ± 1 S.D.
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a Cell viability is represented as a % of the value for cells not treated with
nhibitor. Results represent the mean of triplicate wells ± 1 S.D.

b Not applicable.

n previous studies (Boyd et al., 1997; Veazey et al., 2005;
ederman et al., 2006; Mauck et al., 2001; Mayer et al., 2003;
tone, 2002; Turpin, 2002; Van Damme et al., 2000, 2002; Weber
t al., 2001, 2005; Weber and Lacey, 2001). Nevertheless, to
xclude the possibility of toxicity in the tissue culture systems
sed here, and to analyze toxicity in combinations, we tested the
nhibitors for their effect on cell metabolism in U87 and activated
BMC. Inhibitors were tested at the highest concentrations used

n the inhibition studies above, whether used singly (Table 8) or
n combinations (Table 9), and were left on the cells for 5 days,
he maximum time used in any of the assays. Although there was
ome expected small variation, this stringent test nevertheless
ailed to demonstrate any significant reduction in cell metabolic
unction under any conditions as demonstrated by ANOVA: no
roup of test samples was significantly different from the con-
rol sample without inhibitor (P values all >0.05). We therefore
onfirm that under the conditions of the studies carried out here,
oxicity is probably not influencing the outcome of the observed
nhibitory effects.

. Discussion

Our results demonstrate that combinations of the candidate
icrobicides PRO 2000 and DS synergize with several other

nown inhibitors of HIV-1 in vitro, providing a rationale for
urther development of combination microbicide formulations

sing these agents. We chose to study PRO 2000 and DS, as
olyanionic compounds represent two of the most clinically
dvanced candidate microbicides that are relatively cheap and
asy to manufacture, highly stable, and non-toxic (Lederman et
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l., 2006; Mauck et al., 2001; Mayer et al., 2003; Stone, 2002;
urpin, 2002; Van Damme et al., 2000, 2002; Weber et al., 2001,
005; Weber and Lacey, 2001). IgG1b12 and CV-N are antiviral
hen used singly, as shown by the partial or complete protection
f macaques from SHIV challenge after topical administration
Tachibana et al., 1998; Tsai et al., 2003, 2004; Veazey et al.,
003b). The concept of using small molecule inhibitors tar-
eted to the CCR5 receptor (such as TAK779) as microbicides,
as been demonstrated in macaque challenge experiments using
he RANTES analogue PSC-RANTES and CMPD167, another
mall molecule CCR5 antagonist (Lederman et al., 2004; Veazey
t al., 2003a, 2005). Although these inhibitors were non-toxic,
hey were used at very high concentrations; between 103- and
06-fold higher than the ID50 concentration in vitro. The recent
emonstration that combinations of HIV-1 entry inhibitors found
o be synergistic in vitro, also appear to work in synergy in
ivo, suggests that it may be possible to achieve substantial
ose reductions through the combination of synergistic agents
Veazey et al., 2005). CV-N has good potential as far as use
s a potential microbicide: it interacts directly with the virus,
an be synthesized relatively cheaply as a recombinant pro-
ein in E. coli, in Lactobacillus spp and in transgenic plants
Colleluori et al., 2005; Pusch et al., 2005; Sexton et al., 2006),
s non-toxic at relatively high concentrations and is very stable
Boyd et al., 1997). However, although not statistically signif-
cant in our analysis, there was a clear trend towards toxicity
ith CV-N, suggesting that caution should be exercised when
sing this compound at high concentrations. By contrast with the
bove-mentioned agents, IgG1b12, TAK779 and other CCR5
nhibitors are relatively expensive to produce; therefore, reduc-
ng the amount of either compound by using them in synergistic
ombinations would be advantageous when considering their
se as microbicides. However, our data showing that the greatest
ynergy is obtained at the highest doses of each agent used (with
he exceptions of PRO 2000 + CV-N against HxB2 in Table 4 and
RO 2000 + IgG1b12 against JR-FL in Table 7), imply that the
ighest feasible doses of each inhibitor should be tested in vivo.

Our data showing that the inhibitors used singly inhibit both
n R5 PI and an X4 T cell line adapted (TCLA) pseudovirus in
he picomolar to nanomolar range are in accord with previous
ork using infectious virus in multicycle assays and syncytium

nhibition assays (Baba et al., 1999; Boyd et al., 1997; Burton
t al., 1994; Dragic et al., 2000; Rusconi et al., 1996; Scordi-
ello et al., 2005; Shaunak et al., 1994, 2003; Wild et al., 1994).
his validates our use of a single cycle assay for these studies
ith its inherent advantages for studying inhibition and synergy

Ferguson et al., 2001). We demonstrate that all of the inhibitors
with the exception of TAK779 that was not tested on HIV-
HXB2) are more active against HIV-1HXB2 than HIV-1JR-FL.
his is in accord with several studies demonstrating that X4 T
ell line adapted (TCLA) viruses are more sensitive to polyan-
ons (Moulard et al., 2000), to neutralizing antibodies (Moore
nd Ho, 1995), and to T20 (Derdeyn et al., 2000, 2001). Greater

nhibition by polyanions of X4 TCLA viruses compared to R5
iruses is most likely due to the greater positive charge of X4
p120, allowing stronger binding to polyanions (Moulard et al.,
000). Although not fully elucidated, neutralizing antibodies are

c
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p
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search 75 (2007) 188–197

ikely to be more active against TCLA viruses because the epi-
opes are better exposed on the Env trimer (Sattentau and Moore,
995). To date, the greater sensitivity of X4 TCLA viruses to T20
s not understood, but may result from greater accessibility of the
gent to sites on gp41. However, in the context of topical micro-
icide use, X4 virus sensitivity is somewhat academic as, with
ery rare exceptions, R5 viruses are the transmitted phenotype
Moore et al., 2004; Shattock and Doms, 2002).

One concern with the use of CCR5 inhibitors such as TAK779
s microbicides is that ex vivo studies have found that while
CR5 inhibitors prevent localized infection of cervical explants,

hey are not capable of preventing the uptake of HIV-1 by den-
ritic cells (DCs) and their subsequent migration out of the
issue (Hu et al., 2004). The administration of synergistic mix-
ures of CCR5 antagonists with agents such as PRO 2000 that
ind virus directly and inhibit gp120 interacting with molecules
uch as DC-SIGN on the surface of DCs may be a strategy
o overcome these limitations. Finally, the synergy observed
etween the polyanions and IgG1b12 suggests the idea that
nionic microbicides might synergize with neutralizing antibod-
es raised actively by immunization.

It is presently unclear what the molecular mechanisms are that
etermine the synergy that we have observed. However, a gen-
ral mechanism may be that the binding of polyanions to the Env
pike alters its conformation, potentially increasing exposure of
inding sites for IgG1b12, CV-N and possibly, although less
ikely, T20. In support of this concept, dextran sulfate induces the
hedding of gp120 from HIV-1 virions (Bugelski et al., 1991 and
ur unpublished results), confirming that polyanions can induce
onformational changes in Env. Moreover polyanions have been
hown to alter gp120 V2 loop conformation (Jagodzinski et al.,
999), potentially increasing exposure of the CD4 binding sur-
ace. Alternatively, the polymeric polyanions might interact with
oth Env and the other inhibitors, forming a ‘bridge’ between
hem that would increase access of the inhibitors to the Env
urface. A further possibility that we cannot exclude is that the
olyanions act directly on the other inhibitors to increase their
nti-HIV-1 activity, perhaps by altering their conformation or by
ultimerizing them.
On a more specific level, the synergy between PRO 2000/DS

nd TAK779 against HIV-1JR-FL appears to have a greater effect
n TAK779 (reducing the ID90 or ID50 values by 19.2- and 4-
old, respectively) than on the polyanions. We have previously
hown that dextran sulfate interferes with the Env-chemokine
eceptor interaction (Moulard et al., 2000). Thus the binding of
RO 2000 or DS to HIV-1 Env may render gp120 less able to
ind CCR5, which would lead to a reduction in the ID50 val-
es for TAK779. Synergy between a CCR5 antagonist (SCH-C)
nd T20 in vitro was demonstrated previously, with a therapeu-
ic rather than prophylactic objective (Tremblay et al., 2002).
hey proposed similarly that synergy might be explained by the
CR5 antagonist interfering with Env-coreceptor-induced con-

ormational changes thus allowing greater access of T20 to its

omplementary binding surface on gp41. Such an explanation
ay also apply to the synergy observed here in combinations of

olyanions and T20. Although beyond the scope of the present
tudy, such hypotheses can and should be tested experimentally
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o gain further insight into the molecular mechanisms underlying
ynergy between candidate HIV-1 microbicides.
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