
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY,
0066-4804/97/$04.0010

May 1997, p. 965–971 Vol. 41, No. 5

Copyright © 1997, American Society for Microbiology

Antiviral Properties of Palinavir, a Potent Inhibitor of the
Human Immunodeficiency Virus Type 1 Protease

D. LAMARRE,1,2* G. CROTEAU,1 E. WARDROP,1 L. BOURGON,1 D. THIBEAULT,1 C. CLOUETTE,1

M. VAILLANCOURT,2 E. COHEN,2 C. PARGELLIS,3 C. YOAKIM,4 AND P. C. ANDERSON4
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Palinavir is a potent inhibitor of the human immunodeficiency virus type 1 (HIV-1) and type 2 (HIV-2)
proteases. Replication of laboratory strains (HIV-1, HIV-2, and simian immunodeficiency virus) and HIV-1
clinical isolates is inhibited by palinavir with 50% effective concentrations ranging from 0.5 to 30 nM. The
average cytotoxic concentration of palinavir (35 mM) in the various target cells indicates a favorable thera-
peutic index. Potent antiviral activity is retained with increased doses of virus and with clinical isolates
resistant to zidovudine (AZT), didanosine (ddI), or nevirapine. Combinations of palinavir with either AZT,
ddI, or nevirapine demonstrate synergy or additivity in the inhibition of HIV-1 replication. Palinavir retains
anti-HIV-1 activity when administered postinfection until times subsequent to the reverse transcription step.
In chronically infected CR-10 cells, palinavir blocks Gag precursor polyprotein processing completely, reduc-
ing greater than 99% of infectious particle production. The results indicate that the antiviral activity of
palinavir is specific to inhibition of the viral protease and occurs at a late stage in the replicative cycle of HIV-1.
On the basis of the potent in vitro activity, low-level cytotoxicity, and other data, palinavir was selected for
in-depth preclinical evaluation.

Human immunodeficiency virus type 1 (HIV-1) is the etio-
logic agent of AIDS. The high replication rate of HIV-1 in
seropositive patients has stressed the need for effective antivi-
ral agents. Clinical benefits are expected from anti-HIV-1
agents that demonstrate a sustained activity preventing disease
progression. Antiviral strategies against HIV-1 have concen-
trated on inhibiting the reverse transcriptase (RT) enzyme,
leading to the first class of drugs approved for the treatment of
AIDS. However, the clinical use of nucleoside analog RT in-
hibitors is limited by toxic effects and the emergence of viral
resistance (23). Another critical enzyme required for HIV-1
replication is the protease (15). The virus-encoded aspartyl
protease mediates the cleavage of Gag and Gag-Pol precursor
polyproteins into mature proteins found in infectious virions.
The maturation of precursor polyproteins is carried out in the
latter stages of the virus life cycle. Protease activity is essential
for HIV-1 replication as shown by the production of defective
particles from cells with integrated proviral DNA containing a
mutation at codon 25 of the protease (29). The viral protease
is an obvious therapeutic target (15, 16) as is evident from the
numerous inhibitors reaching clinical trials for the treatment of
HIV-1 infection. Recently, HIV-1 protease inhibitors have re-
ceived regulatory approval for use in monotherapy and/or in
combination with approved nucleoside analogs in individuals
with advanced HIV disease. These new drugs as a class will
complement RT inhibitors and create new treatment options
for HIV-1-infected patients.

The protease inhibitors are mainly substrate-based nonhy-
drolyzable peptide mimetics (15). The characterization of the
cleavage sites and the three-dimensional structure of inhibitor-

enzyme complexes have facilitated the design of inhibitors
(52). Numerous inhibitors of HIV-1 protease exhibit powerful
in vitro antiviral activity at low nanomolar levels (3, 7–9, 19, 27,
30, 47, 50). However, antiviral potency must be coupled with
acceptable oral bioavailability and proper pharmacokinetic
properties. Two HIV-1 protease inhibitors, indinavir (Crixivan;
MK-639) and ritonavir (Norvir; ABT-538), were recently re-
ported to have high oral bioavailability in humans (27, 50). The
protease inhibitor saquinavir (Invirase; Ro 31-8959), however,
showed poor oral bioavailability in humans and thus required
a high dosage to maintain therapeutic levels in plasma (28).

Clinical trials with protease inhibitors in monotherapy have
demonstrated profound declines in plasma viral RNA levels
and concomitant increases in CD4 cells (14, 24, 28, 33, 51). A
reduction in virus titer by as much as 104-fold was reported
within 2 to 4 weeks of initiating drug therapy (51). The com-
pounds used in vivo are generally well tolerated, although
interactions with hepatic enzymes (P-450 isozymes) may lead
to restrictive contraindicated medication, which may result in
potentially serious adverse events or in decreased concentra-
tions of the drugs in plasma (13, 26, 31, 38, 40). The efficacy of
these compounds, however, seems limited due to the develop-
ment of drug resistance by the virus. Patients exposed to pro-
longed treatment yielded viral variants with genotypic changes
in the protease and diminishing inhibitor susceptibility in vitro
(11, 25, 34). Upon in vivo development of resistance to indi-
navir, cross-resistance toward other protease inhibitors was
observed (11). With higher dosages, ritonavir sustained antivi-
ral activity for a longer duration (34), suggesting that higher
suppressive drug concentrations may be critical in delaying the
emergence of resistance. A more effective therapy is expected
from antiviral drug combination. Combination therapy with
saquinavir and zidovudine (AZT) resulted in a significant in-
crease in sustained responders after 1 year compared to mono-
therapy (25). Combining protease inhibitors with no cross-
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istry, Bio-Méga Research Division of Boehringer Ingelheim (Canada)
Ltd., 2100 Cunard St., Laval, Quebec, Canada H7S 2G5. Phone: (514)
682-4640. Fax: (514) 682-8434.

965



resistance in vitro may offer a therapy with substantial benefit.
However, the emergence of in vivo resistance to protease in-
hibitors will necessitate further studies to determine resistance
profiles and effective combinations.

In this report, results of in vitro studies with a novel protease
inhibitor, palinavir (formerly BILA 2011 BS), are presented.
Protease inhibition leading to antiviral activity against various
clinical isolates and laboratory strains is described. The activity
of palinavir was investigated in combination with either AZT,
didanosine (ddI), or nevirapine and with increasing doses of
HIV-1. Finally, the mode of action of palinavir was confirmed
by time-addition experiments and by its ability to block Gag
precursor polyprotein processing.

MATERIALS AND METHODS

Antiviral agents. The chemical name for palinavir is N-{1(S)-[[[3-[2(S)-{[(1,1-
dimethylethyl)amino] carbonyl}-4(R)-[(4-pyridinylmethyl)oxy]-1-piperidinyl]-
2(R)-hydroxy-1(S)-(phenylmethyl)propyl]amino] carbonyl]-2-methylpropyl}-2-
quinolinecarboxamide. Palinavir was synthesized at Bio-Méga Research Division
of Boehringer Ingelheim (Canada) Ltd. Nevirapine was obtained from Boehr-
inger Ingelheim Pharmaceuticals Inc. (Ridgefield, Conn.). AZT was graciously
donated by Glaxo Wellcome (Montréal, Québec, Canada), and ddI was pur-
chased from ICN (catalog no. 150881).

Viruses and cells. Wg3522 and Wg3523 are HIV-1 clinical isolates (Montréal)
obtained from M. Wainberg. VR949 (Haitian) and VR1372 (Zaire) are foreign
HIV-1 clinical isolates obtained from the Laboratoire de Santé Publique du
Québec. UHC-1 virus, produced by U937 cells chronically infected with HIV-1
IIIB, and ddI-resistant virus were obtained from M. Wainberg. The following
reagents were obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, National Institute of Allergy and Infectious Dis-
eases: HIV-1 IIIB from R. Gallo (43–45); HXB2 from B. Hahn and G. M. Shaw
(48); HIV-2 ROD and SIVmac251 from R. Desrosiers (13, 39); AZT-resistant
HIV-1 strain (AO18 G 910-6), predrug strain (AO18 H 112-2), and nevirapine-
resistant strain (no. 1392) from D. Richman (32, 46); HIV-1 ADA (no. 416) from
H. Gendelman (21, 22); and the U1 cell line from T. Folks (18). The chronically
infected CR-10 cell line was produced at Bio-Méga Research Division of Boehr-
inger Ingelheim (Canada) Ltd. through persistent infection with HIV-1 IIIB and
isolation of clonal HIV-1-positive cells. Peripheral blood mononuclear cells
(PBMCs) were obtained from a healthy male donor who tested negative for HIV,
cytomegalovirus, and Epstein-Barr virus. The PBMCs were separated by leuko-
phoresis performed at the Maisonneuve-Rosemont Hospital (Montréal, Cana-
da). The monocyte/macrophage (M/M) preparation was isolated from PBMCs by
an adherence separation protocol (20). H9 cells were obtained from R. Gallo
(American Type Culture Collection [ATCC] no. HTB176), CEMx174 cells were
obtained from P. Cresswell (ATCC no. 274), U937 cells were from C. Sundstrom
and K. Nilsson (ATCC no. 1593), and CR-10 cells were from D. J. Volsky
(ATCC no. 391). The C8166 cell line was obtained from J. Sullivan. All cells were
maintained in RPMI 1640 medium with 10 or 20% fetal calf serum (FCS), 2 mM
L-glutamine, 10 mg of gentamicin per ml, and 10 mM b-mercaptoethanol (com-
plete medium).

Inhibition of proteases and Ki determination. Recombinant HIV-1 and HIV-2
proteases were expressed from Escherichia coli and purified as previously de-
scribed (41, 42). Inhibition of HIV-1 and HIV-2 proteases was evaluated by a
high-pressure liquid chromatography-based peptide substrate cleavage assay (4).
A nonlinear curve fit with the Hill model was applied to the inhibition-concen-
tration data, and the 50% effective concentration (EC50) was calculated by the
use of SAS software (Statistical Software System; SAS Institute, Inc., Cary, N.C.).
Inhibition constants (Kis) were determined by a steady-state velocity method (36)
and a novel paired progress curve method (41). Briefly, enzyme activity was
determined by monitoring the fluorescence change (excitation at 320 nm and
emission at 417 nm) associated with the cleavage of the fluorogenic substrate
2-aminobenzoyl-Thr-Ile-Nle-Phe(p-NO2)-Gln-Arg-NH2 (Bachem, Torrance,
Calif.). Reactions were performed at 23°C in assay buffer (100 mM Na acetate,
4 mM EDTA, 0.025% NaN3, 0.1% bovine serum albumin, 1% dimethyl sulfox-
ide, 1.5 M NaCl, pH 5.5) containing 1 nM HIV-1 protease or 20 nM HIV-2
protease and 10 mM substrate. The onset of inhibition was determined by varying
the inhibitor concentration from 0.25 to 25 nM. The steady-state velocity was
estimated by fitting the data to the integrated rate equation describing compet-
itive binding. The apparent Ki [Ki(app)] was obtained by fitting steady-state ve-
locity and inhibitor concentrations to the quadratic equation describing tight-
binding inhibition (35). Under similar assay conditions, the Michaelis-Menten
constant (Km) was determined for HIV-1 protease (0.58 mM) and for HIV-2
protease (15.6 mM). Ki was obtained by the given equation Ki(app) 5 Ki [1 1
(S)/Km] for a competitive mode of inhibition. For Ki determination by the paired
progress curve method, reactions were performed as described above and
progress curves for the association and dissociation of the enzyme-inhibitor
complex were generated at a single concentration of inhibitor. Data were col-

lected and analyzed for the determination of the association and dissociation
constants for the binding of palinavir to HIV-1 protease.

Virus production and titration. Virus production and infectivity assays were
performed based on standard protocols (1). Clinical isolates Wg3522, Wg3523,
VR949, and VR1372 were produced with PBMCs stimulated with 5 mg of
phytohemagglutinin per ml and 10% interleukin-2-conditioned medium. The
monocytotropic ADA strain was produced with adherent M/M preparation.
Laboratory strains, UHC-1, and resistant isolates (AZTr, ddIr, and Nevr) were
produced with the appropriate cell lines. Viruses were sedimented by ultracen-
trifugation at 40,000 3 g for 2 h at 4°C. Virus pellets were resuspended in RPMI
1640 medium–50% FCS and kept at 280°C until used. The 50% tissue culture
infective dose (TCID50) of viral stocks was determined by monitoring the mac-
roscopic formation of syncytia by using the C8166 cell line. Titers were usually
between 106 and 108 TCID50/ml. A multiplicity of infection (MOI) of 1 was
defined as 1 TCID50 per cell.

Inhibition of virus replication. The extracellular core protein level, deter-
mined by enzyme-linked immunosorbent assay with the HIV-1 p24 antigen (Ag)
or simian immunodeficiency virus (SIV) p27 Ag Coulter kit, was used to monitor
the replication of clinical isolates and laboratory strains. Cells were infected at an
MOI of 0.001 or 0.01 in complete medium. In experiments using increased virus
dosages, C8166 and H9 cells were infected at an MOI of 0.001 to 1.0 with HIV-1
IIIB. Before infection, PBMCs were incubated for 3 days in complete medium
containing 5 mg of phytohemagglutinin per ml. Infected cells were incubated with
serial dilutions of inhibitors for periods of 3 days (C8166), 7 days (H9,
CEMx174), or 14 days (PBMCs). For the 7- and 14-day incubation periods, half
of the medium was replaced every 2 to 3 days with complete medium containing
the corresponding dilution of inhibitor. The percentage of inhibition was ob-
tained by the core Ag levels from supernatant pools (eight replicas). A nonlinear
curve fit with the Hill model was applied to the inhibition-concentration data,
and 50% (EC50) or 90% (EC90) concentrations were obtained through the use of
the SAS software.

Cytotoxicity assay. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide] metabolic assay (37) was used to determine the cytotoxicity in
the various target cells. CC50 corresponds to the concentration of inhibitor that
decreased the percentage of formazan production by 50% of that produced by
untreated cells after 4 days of incubation. MTT was added, and cells were
incubated for 3 h. The formazan product was solubilized with 10% Triton X-100
in 0.01 N HCl and quantitated by measuring the optical density at 570 nm. For
PBMCs, cell viability was also determined by the trypan blue dye exclusion
method at day 14. For the 14-day incubation period, half of the medium was
replaced every 3 days with complete medium containing the corresponding
dilution of inhibitor.

Antiviral synergy analysis. C8166 cells infected at an MOI of 0.001 with HIV-1
IIIB were incubated for 3 days with serial dilutions of palinavir, AZT, ddI, and
nevirapine and fixed-ratio combinations of inhibitors. Inhibition of viral replica-
tion was determined by extracellular p24 Ag levels from supernatant pools (four
replicas). Antiviral activities of the various fixed-ratio combinations of inhibitors
were analyzed. The degree of synergy was evaluated by the median-effect prin-
ciple with the combination index (CI) calculation and the mutually nonexclusive
drug interaction condition (10). A computer program based on the median-effect
plot and the CI equation were used for data analysis (Elsevier-Biosoft, Cam-
bridge, England, 1987). CIs at both 50 and 90% inhibition were obtained from
the program. CIs of ,1, 1, and .1 are indicative of synergy, additivity, and
antagonism, respectively. MTT metabolic assays were performed with combina-
tions of inhibitors with the C8166 cells.

Time-addition experiments. C8166 cells infected at an MOI of 1.0 with HIV-1
IIIB were incubated with 10 mM AZT, nevirapine, and palinavir added at various
times from 0 to 22 h postinfection. After 24 h of incubation, the extracellular p24
Ag levels were determined from supernatant pools (eight replicates). The per-
centage of p24 Ag inhibition was expressed relative to a 100% inhibition control
in which inhibitor was added immediately after virus absorption.

Inhibition of virus replication in chronically infected cells. The extracellular
p24 Ag level was used to monitor the virus maturation in chronically infected
cells. CR-10 and U1 cells, chronically infected with HIV-1 IIIB and LAV,
respectively, were washed and incubated with serial dilutions of inhibitors for
48 h. U1 cells were cultured in the presence of 50 nM phorbol 12-myristate
13-acetate. Levels of extracellular p24 Ag were determined from supernatant
pools (four replicates). Infectious particle numbers were determined by viral
titration of the supernatant of inhibitor-treated CR-10 cells. A nonlinear curve fit
with the Hill model was applied to the inhibition-concentration data, and EC50s
were obtained through the use of the SAS software. Gag precursor polyprotein
processing was analyzed by Western blotting in CR-10 cells treated with 0.1 and
1 mM palinavir. After 48 h of incubation, cells and cell-free virions pelleted by
high-speed centrifugation (40,000 3 g) for 120 min were solubilized in Laemmli
buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis.
Viral proteins, after transfer to nitrocellulose, were visualized with anti-HIV-1
p17 (NEN Dupont no. 9282) or anti-HIV-1 p24 (NEN Dupont no. 9283) mono-
clonal antibodies and 125I-labelled goat anti-mouse antibodies (Amersham).
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RESULTS

Inhibition of HIV-1 and HIV-2 proteases by palinavir and
activity against human aspartyl proteases. Palinavir was se-
lected from a collection of hydroxyethylamine-based HIV pro-
tease inhibitors containing a substituted pipecolinic amide
moiety (Fig. 1). The bound conformation of palinavir com-
plexed with HIV-2 ROD protease was previously described
(49). In a peptide substrate high-pressure liquid chromatogra-
phy-based assay, palinavir inhibits the proteases of HIV-1 IIIB
and HIV-2 ROD with mean EC50s of 4 and 10 nM, respectively
(Table 1). Ki was determined with both proteases by a steady-
state velocity method (Table 1). Preliminary experiments have
demonstrated a competitive mechanism for this class of inhib-
itors. Mean Kis of 31 and 134 pM were obtained with HIV-1
and HIV-2 proteases, respectively. Paired progress curves were
generated at a single concentration of inhibitor and analyzed
simultaneously to determine the kinetic rate constants for the
binding of palinavir to HIV-1 protease. Palinavir exhibited an
association constant of 1.1 3 108 M21 s21 and a dissociation
constant of 6.5 3 1024 s21, corresponding to a Ki of 6 pM. The
specificity of palinavir was assessed by evaluating its ability to
inhibit a variety of human aspartyl proteases, including renin,
cathepsin D, pepsin, and gastricsin (Table 1). In the different
enzymatic assays, palinavir showed a weak affinity to all aspar-
tyl proteases tested as indicated by EC50s greater than 33 mM.

Inhibition of virus replication and cytotoxicity of palinavir.
The antiviral activity of palinavir was determined with labora-
tory strains and clinical isolates by using cell lines, activated
PBMCs, or M/M preparations (Table 2). Palinavir is a potent
inhibitor of the replication of different HIV-1 strains (lympho-
tropic and monocytotropic) and HIV-1 clinical isolates from
several geographic locations. Mean EC50s and EC90s varied
from 0.5 to 28 nM and from 5 to 91 nM, respectively. Palinavir
is also a potent inhibitor of the replication of HIV-2 and SIV,
with EC50s and EC90s ranging from 4 to 30 nM and from 14 to
158 nM, respectively. The antiviral activity of palinavir was
further demonstrated with HIV-1 clinical isolates resistant to
AZT, ddI, and nevirapine. Mean EC50s and EC90s of 3.6 to 71
nM and 26 to 235 nM, respectively, were obtained with in-
fected PBMCs. Similar potency was observed upon infection of

cell lines with resistant isolates. The cytotoxicity of palinavir
was also evaluated in the different cell lines and PBMCs (Table
2). CC50s of palinavir ranged from 30 to 45 mM as determined
by the MTT assay and the trypan blue exclusion method. With
mean EC50s from 0.5 to 30 nM for the inhibition of HIV, the
therapeutic index of palinavir exceeds 1,000.

The potency of palinavir was also assessed and compared to
that of AZT by increasing doses of HIV-1 in acutely infected
cells (Table 3). The antiviral activities of palinavir and AZT
were retained when the MOI was increased from 0.01 to 1.0 in
H9 cells. EC50s of 6 to 12 nM and 5 to 10 nM were obtained for
palinavir and AZT, respectively. Increasing the MOI from
0.001 to 1.0 in C8166 cells resulted in a loss of antiviral activity
for both inhibitors. However, a more dramatic loss of activity
was seen with AZT as EC50s increased from 5 to 270 nM for
palinavir and from 8 to 10,000 nM for AZT.

Previous studies indicated that the addition of human serum
alpha-1 acid glycoprotein (AAG) to the medium markedly
increased the concentration of protease inhibitor required to

FIG. 1. Chemical structure of the protease inhibitor palinavir.

TABLE 1. Inhibition of HIV-1 and HIV-2 proteases by palinavir
and activity against human aspartyl proteases

Aspartyl protease EC50 (nM)

HIV-1 .................................................................................... 4 (0.031a)
HIV-2................................................................................... 10 (0.134a)
Renin.......................................................................... .50,000
Cathepsin D................................................................ 100,000
Pepsin ............................................................................ 33,000
Gastricsin ...................................................................... 45,000

a Ki was determined by a steady-state velocity method.

TABLE 2. Inhibition of virus replication and cytotoxicity
of palinavir

Virus Strain or isolatea Cell type Cytotoxicityb

(CC50 [mM])
EC50
(nM)

EC90
(nM)

HIV-1 IIIB C8166 32 5 25
HXB2 C8166 0.5 5
IIIB H9 30 2 9
HXB2 H9 1 14
Wg3522 PBMCs 33 15 50
Wg3523 PBMCs 24 91
VR949 PBMCs 11 25
VR1372 PBMCs 4 14
UHC-1 PBMCs 4 31
ADA M/M 4 12
AZTr postdrug PBMCs 71 235
AZTr predrug PBMCs 28 55
AZTr C8166 15 75
ddIr PBMCs 5.0 29
ddIr C8166 6.2 34
Nevr PBMCs 3.6 26
Nevr C8166 1.4 29

HIV-2 ROD PBMCs 8 158
ROD C8166 30 152
ROD CEMx174 30 4 14

SIV MAC251 CEMx174 4 14

a Wg3522 and Wg3523 (Montréal), VR949 (Haitian), and VR1372 (Zaire) are
HIV-1 clinical isolates. ADA is a characterized HIV-1 monocytotropic strain.
EC50s of 1.1, 9, and 1 mM were determined for AZT, ddI, and nevirapine and
with AZTr, ddIr, and Nevr isolates, respectively.

b CC50 of 45 mM was obtained for palinavir with the CR-10 and U937 cell
lines.

TABLE 3. Antiviral activity of palinavir and AZT with increasing
doses of HIV-1 IIIB in H9 and C8166 cells

Cell line and
drug

EC50 (nM) at MOI:

1.0 0.5 0.1 0.05 0.01 0.001

H9
Palinavir 7 9 12 6 10 NDa

AZT 7 6 6 5 10 ND

C8166
Palinavir 270 117 60 35 8 5
AZT 10,000 10,000 300 141 13 8

a ND, not determined.
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limit infection in vitro (5, 6). Therefore, the effect of AAG on
the antiviral activity of palinavir was evaluated in acutely in-
fected C8166 cells (Fig. 2). Cells were incubated for 3 days with
serial dilutions of palinavir in RPMI–10% FCS containing
physiologically relevant concentrations of AAG. In the pres-
ence of AAG, at concentrations of 0.5 to 1.5 mg/ml, a three- to
fivefold reduction in the antiviral activity of palinavir was ob-
served. This was indicated by the increase in EC50s and EC90s
from 5.5 to 27 nM and from 23 to 70 nM, respectively.

Antiviral activity of palinavir in combination with AZT, ddI,
or nevirapine. Several studies assessing in vitro interactions
between protease inhibitors and RT inhibitors have demon-
strated additive and synergistic antiviral interactions (38, 40).
The antiviral activity of palinavir in two-drug combinations
with the RT inhibitors AZT, ddI, and nevirapine was investi-
gated for possible synergy in acutely infected C8166 cells (Ta-
ble 4). For all fixed-ratio combinations of inhibitors, analysis of
the antiviral activity gave CIs predominantly of #1, at both 50
and 90% inhibition, indicative of synergy or additivity. The
combination of AZT and palinavir demonstrated synergy at
ratios of 10:1, 3:1, and 1:1 at both 50 and 90% inhibition of
HIV-1 replication, despite variation in CIs from independent

experiments. Ratios of AZT to palinavir of 1:3 and 1:10 exhib-
ited predominantly additive effects with CIs of ;1. The anti-
viral activity of palinavir in combination with nevirapine dem-
onstrated synergy or additivity at the various ratios. The
combination of ddI and palinavir at ratios of 30:1 and 10:1
showed synergy at 90% inhibition as illustrated by the CIs of
0.4 and 0.3, respectively. All fixed-ratio combinations of drugs
showed no cytotoxicity when tested at the highest concentra-
tion in the MTT metabolic assay (data not shown).

Antiviral activity of HIV-1 inhibitors added at various times
postinfection. The viral protease is believed to play its major
role at a late stage in the virus life cycle subsequent to the
reverse transcription. The antiviral effect of palinavir, AZT,
and nevirapine was investigated when inhibitors were added at
various times between 2 and 22 h postinfection (Fig. 3). Con-
ditions that favor a synchronous and unique HIV-1 replication
cycle were used in these time-addition experiments, that is,
C8166 cells, highly permissive for HIV-1 infection, an MOI of
1.0, and a 24-h incubation period. In these cells, antiviral ac-
tivity of palinavir was retained for a longer period after infec-
tion than that of RT inhibitors. Delaying the addition of pali-
navir from 0 to 8 h postinfection did not affect its activity. A
50% inhibition in extracellular p24 Ag level was observed with
addition of palinavir at 20 h postinfection. Significant activity
(25% inhibition of p24 Ag) was still retained at 22 h postin-
fection. AZT and nevirapine demonstrated a more rapid loss
of activity. Delaying the addition of AZT and nevirapine for 4
and 6 h postinfection, respectively, resulted in a 50% inhibition
of the p24 Ag level. At 8 h postinfection, AZT had already lost
all of its activity whereas palinavir retained complete activity at
this same time. The addition of nevirapine at 14 h postinfection
resulted in a complete loss of antiviral activity.

Inhibition of virus replication in chronically infected cell
lines. The virus maturation was assayed by the p24 Ag levels of
chronically infected CR-10 and U1 cell lines after inhibitor
treatment for 48 h (data not shown). The levels of extracellular
p24 Ag are inhibited by palinavir in both cell lines. EC50s of
130 and 90 nM were obtained for the CR-10 and U1 cell lines,
respectively. Incubation with AZT, however, had no effect on

FIG. 2. Effect of human AAG on antiviral activity of palinavir for C8166 cells
acutely infected with HIV-1 IIIB (MOI of 0.001). Cells were incubated for 3 days
with serial dilutions of palinavir in 10% FCS and various concentrations of AAG
(Sigma G-9885) from 0.5 to 1.5 mg/ml. The percent inhibition was determined by
measuring extracellular p24 antigen, and EC50s and EC90s were obtained
through the use of the SAS software. In the absence and the presence of 1.5 mg
of AAG per ml, EC50s and EC90s of 5.5 and 23 nM and 27 and 70 nM,
respectively, were obtained.

FIG. 3. Effect of postinfection additions of palinavir, AZT, and nevirapine to
C8166 cells acutely infected with HIV-1 IIIB. Cells were infected at an MOI of
1.0 and incubated for 24 h with HIV-1 inhibitors (10 mM) added at various times
postinfection. The effects of inhibitors added from 0 to 8 h and from 14 to 24 h
were obtained from independent infections. The percent inhibition of p24 Ag,
from a representative experiment, is expressed relative to a 100% inhibition
control in which inhibitor was added immediately after virus absorption.

TABLE 4. CIs for two-drug combinations with RT inhibitors AZT,
ddI, nevirapine and palinavir

Drug combination Molar
ratio

CI at the following
levels of HIV

inhibition (%)a Overall
result

50 90

AZT-palinavir 10:1 0.4–0.9 0.5–0.8 Synergy
3:1 0.2–1.0 0.2–1.0 Synergy
1:1 0.7–1.4 0.3–0.9 Synergy
1:3 1.0–1.3 0.4–1.6 Additive
1:10 1.0–1.6 1.3–1.5 Additive

Nevirapine-palinavir 10:1 0.7–1.2 0.6–1.0 Synergy
3:1 0.4–1.0 0.6–1.1 Synergy
1:1 0.9 1.1 Synergy
1:3 0.2–1.0 0.2–0.8 Synergy
1:10 1.2 0.8 Synergy

ddI-palinavir 30:1 1.3 0.4 Synergy
10:1 0.8 0.3 Synergy

a The range in CIs from independent experiments is illustrated. CIs of ,1, 1,
and .1 are indicative of synergy, additivity, and antagonism, respectively. EC50s
for palinavir, AZT, nevirapine, and ddI were 5, 10, 10, and 580 nM, respectively.
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the extracellular p24 Ag levels from CR-10 and U1 cell lines.
Treatment of CR-10 cells with 1 to 10 mM palinavir showed a
99 to 99.5% reduction of infectious particle numbers, as de-
termined by virus titration. The virus maturation was also as-
sessed by Western blot analysis of pelleted virions from pali-
navir-treated CR-10 cells (Fig. 4). The incubation of cells with
0.1 and 1 mM palinavir resulted in partial to almost complete
blockage of processing as demonstrated by the presence of
intermediate and/or Gag precursor polyproteins in virions.
Proteins of similar molecular weight were not detected in viri-
ons from untreated cells. An almost complete disappearance
of mature p24 and p17 proteins is also observed for the virions
with 1 mM palinavir treatment.

DISCUSSION

Palinavir is a potent inhibitor of HIV-1 and HIV-2 pro-
teases, leading to inhibition of viral replication in cell culture.
On the basis of potency and oral bioavailability in various
animal models (2, 26), palinavir was isolated from a collection
of hydroxyethylamine-based inhibitors containing a substituted
pipecolinic amide. By using two different methods for Ki de-
termination, values in the low picomolar range were obtained

for palinavir (Table 1). The inhibited enzyme has a half-life of
approximately 18 min when given a dissociation constant of
6.5 3 1024 s21 in the assay condition used. Palinavir has a
weaker affinity for the HIV-2 ROD protease as demonstrated
by the increase in the Ki (134 pM). The specificity of palinavir
was demonstrated by its lack of significant inhibitory activity
against a variety of human aspartyl proteases including renin,
cathepsin D, pepsin, and gastricsin. The present data also il-
lustrate the potent antiviral activity of the compound in cell
culture. Palinavir inhibits the replication of various divergent
HIV-1 clinical isolates and laboratory strains (HIV-1, HIV-2,
SIV, and HIV-1 monocytotropic strain) at concentrations in
the low nanomolar range with primary cultures and cell lines.
As high plasma protein binding can adversely affect drug ac-
tivity (5, 6), the effect of AAG on the activity of palinavir was
investigated. Potent antiviral activity was maintained with only
a threefold reduction in EC90 under physiological concentra-
tions of AAG. Palinavir is also active against the replication of
AZT-, ddI-, and nevirapine-resistant isolates. This supports its
potential use as a therapeutic alternative to nucleoside or non-
nucleoside RT inhibitors.

Palinavir retained its potency with increased doses of HIV-1
in H9 cells. There was, however, a reduction in the antiviral
activity of palinavir and other protease inhibitors tested (data
not shown) at high MOIs in C8166 cells. A 50-fold increase in
the EC50 (270 versus 5 nM) was observed with palinavir com-
pared to a 1,250-fold increase in EC50 with AZT (10,000 versus
8 nM). The reduced antiviral activity of palinavir and AZT
could be due to superinfection (higher levels of intracellular
viral enzyme) as a consequence of multiple HIV-1 replication
cycles in C8166 cells. After 24 h of incubation in C8166 cells,
however, 10 mM AZT added immediately after infection was
shown to inhibit p24 Ag to an undetectable level (Fig. 3). This
time period corresponds to approximately one HIV-1 replica-
tion cycle in C8166 cells (see below). With the high replication
rate of HIV-1 in infected patients, these results may be rele-
vant to setting therapeutically effective levels of HIV-1 inhib-
itors in plasma. Two-drug combinations of palinavir with either
AZT, ddI, or nevirapine displayed synergy or additivity in the
inhibition of HIV-1 replication of acutely infected cells. There
was no antagonism observed in HIV-1-infected C8166 cells or
H9 cells and HIV-2-infected C8166 cells (Table 4 and data not
shown). Additive or synergistic antiviral interactions observed
between various protease inhibitors and RT inhibitors, without
increasing toxicity, suggested that many protease inhibitors
may be useful partners in combination regimens. In addition,
significant three-way synergy which includes protease inhibi-
tors and other agents in selected three-drug combinations has
been described elsewhere (38). In vitro interactions between
palinavir and the RT inhibitors tested, all approved for HIV
disease, also indicate a potential for combination therapy in
vivo.

Palinavir inhibits the replication of HIV-1 subsequent to the
reverse transcription step. This is consistent with its expected
mode of action at a late stage in the virus life cycle. Antiviral
activity was retained with the addition of palinavir at 14 h
postinfection while similar time-addition of RT inhibitors
showed a complete loss of activity in C8166 cells. These results
indicate that the reverse transcription step is completed within
14 h in these infected cells, not accounting for the time needed
for the RT inhibitor to access the intracellular viral enzyme.
The earlier loss of activity for AZT compared to nevirapine
possibly reflects the metabolism required for AZT and/or a cell
penetration difference. The loss of antiviral activity of palinavir
(25% inhibition of p24 Ag) observed at 22 h postinfection also
indicates that the HIV-1 replication cycle is approximately 22 h

FIG. 4. Western blot analysis of pelleted virions from palinavir-treated
CR-10 cells. Cells were incubated for 48 h with 0.1 and 1 mM palinavir. Viral
proteins were transferred to nitrocellulose following sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and visualized with anti-HIV-1 p17 (A) and
anti-HIV-1 p24 (B) monoclonal antibodies and labelled goat anti-mouse anti-
bodies. Viral proteins from untreated cells are shown in the control lanes (Ctr).
The positions of Gag precursor polyproteins (p55), matrix proteins (p17), and
core proteins (p24) are indicated.
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in the majority of C8166 cells. Finally, the antiviral activity of
palinavir due to protease inhibition was demonstrated in
chronically infected cells. This is first suggested by the dose-
dependent reduction of extracellular p24 Ag levels with pali-
navir treatment in both CR-10 and U1 cell lines. A 48-h incu-
bation with 10 mM palinavir resulted in undetectable levels of
p24 Ag in supernatants of both cell lines. This is associated
with a 99.5% reduction in infectious particle numbers observed
with 10 mM palinavir-treated CR-10 cells. In contrast, p24 Ag
levels were not affected by AZT treatment in both cell lines,
demonstrating that virus production is due mainly to inte-
grated proviral DNA and not to reinfection cycles. The mode
of action of palinavir was confirmed by its ability to block Gag
precursor polyprotein processing. Western blot analysis of pel-
leted virions and cell extracts (data not shown) from 1 mM
palinavir-treated cells showed a complete disappearance of
p24 and p17 mature proteins. Treatment of chronically in-
fected CR-10 cells with palinavir reduced p24 Ag levels and the
number of infectious particles but generated immature parti-
cles containing mainly Gag precursor polyproteins (Fig. 4).
The antiviral activity of palinavir is thus mediated by the inhi-
bition of the viral protease.

The clinical emergence of drug-resistant viruses has limited
the long-term effectiveness of antiviral drugs, a phenomenon
that is exacerbated in HIV infection. In order to evaluate the
potential of palinavir to develop resistance, HIV-1 variants
with reduced susceptibility to palinavir were generated in vitro
by sequential passages of the virus in the presence of the drug
for up to 6 months (31). HIV-1 variants recovered at various
passages showed moderate to high-level resistance to palinavir
which was associated with a stepwise accumulation of muta-
tions in the protease locus (active-site mutations V32I and
I84A) and in the protease substrate (Gag precursor p1/p6).
Sets of protease mutations required for high-level resistance to
palinavir, when engineered into HIV-1 clones, conferred a
significant growth reduction of these clones in peripheral blood
lymphocytes and T-cell lines. The second-locus cleavage site
mutations were previously described as compensatory muta-
tions in highly resistant viruses with impaired viral fitness (12,
17). The requirement for a stepwise accumulation of mutations
in HIV and the impaired viral fitness of HIV variants showing
high-levels of resistance to palinavir highlighted its potential to
delay the emergence of resistance in vivo.

In summary, these results demonstrate that palinavir is a
selective and potent inhibitor of HIV-1 protease with antiviral
activity against laboratory strains, clinical isolates, and RT in-
hibitor-resistant isolates. Palinavir retains potent antiviral ac-
tivity with increasing doses of virus. The antiviral activity of
palinavir in combination with either AZT, nevirapine, or ddI
results in synergy or additivity in the inhibition of HIV-1 in-
fection. Palinavir inhibits the replication of HIV-1 subsequent
to the reverse transcription step, consistent with its expected
mode of action at a late stage in the infectious cycle. In chron-
ically infected cells treated with palinavir, the reduction of
extracellular p24 Ag levels and infectious particle numbers is
associated with the inhibitor-mediated prevention of the virus
maturation. Palinavir has good oral bioavailability in rats (2),
dogs, and chimpanzees, with a positive deviation from dose
proportionality (26). In view of the potent antiviral activity in
vitro, low-level cytotoxicity, and excellent pharmacokinetic
data in animal models, palinavir was considered to be a com-
petitive compound and was selected for in-depth preclinical
evaluation.
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