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1. Introduction

Human immunodeficiency virus (HIV), the
causative agent of AIDS, is a member of retro-
virus family, Retroviridae. Upon encountering a
T-lymphocyte, the virus binds to the CD4 recep-
tor via the envelope gpl120. We now know that
secondary binding to a chemokine receptor on the
cell surface is necessary for fusion. Following
fusion, the contents of the virion enter into the
cytoplasm, where the first of three virus-specific
enzymatic processes occurs, that is reverse tran-
scription (RT). The proviral DNA thus produced
migrates to the nucleus, and in a second virus-spe-
cific step, is integrated into the host cell genome
by the viral enzyme integrase. Upon cell activa-
tion, proviral DNA transcription is unregulated,
and the RNA thus produced serves two purposes.
First, it becomes the genetic material for new
virus particles, and second, it serves as a template
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for translation into the various viral proteins. The
structural and enzymatic proteins of HIV are
encoded as a single gag or gag-pol polyprotein.
The polyproteins are myristylated and aggregate
at the cell surface, where they bind viral RNA and
form the core of a nascent viral particle. As
virions bud from the cell, the gag (Pr55%¢) and
gag-pol (Pr160%%7°Y) polyproteins are cleaved by
the third viral enzyme, HIV protease to generate
gag matrix (pl7), capsid (p24), and nucleocapsid
(p15) proteins, the pol RT and integrase enzymes,
and other viral proteins. The nucleocapsid protein
is further processed into the smaller proteins p2,
p7, pl and p6. This process is essential for normal
viral maturation and the generation of infective
viral particles. Inhibition of this cleavage process
by either specific inhibitors or by mutation of the
active site aspartic acid residue leads to the accu-
mulation of noninfectious, immature virus parti-
cles and impairs the spread of virus infection in
cell culture (Kohl et al., 1988; Dubouck, 1992).
Therefore, HIV protease is an attractive therapeu-
tic target.

0166-3542/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.

PIT S0166-3542(98)00011-4



2 A. Molla et al. / Antiviral Research 39 (1998) 1-23

HIV-1 protease is a member of the aspartic
protease group of enzymes typified by the human
enzymes renin, pepsin and cathepsins D and E,
and by several fungal proteases. Among aspartic
proteases, HIV and other retroviral proteases are
unique in that they exist in active form as an
obligatory homodimer stabilized only by nonco-
valent interactions (Navia et al., 1989; Wlodawer
et al., 1989). Both subunits are required to form
the composite active site, with each subunit con-
tributing one of two conserved triads (Asp-Thr-
Gly) containing the catalytically active aspartate
residue. These aspartates are located at the center
of a hydrophobic cavern of sufficient length to
encase six amino acids of the substrate in an
extended conformation. To date, numerous pepti-
domimetic inhibitors of HIV protease with diverse
structural features have been reported, many of
which display high potency and selectivity in bio-
chemical assays and in tissue culture. Moreover,
unlike RT inhibitors, which only block HIV repli-
cation in acutely infected cells, protease inhibitors
also inhibit production of infectious virus from
chronically infected cells (Lambert et al., 1992).
Currently licensed protease inhibitors include
saquinavir (Ro 31-8959, Roche), ritonavir (ABT-
538, Abbott), indinavir (MK-639, Merck), and
more recently nelfinavir (AG 1343, Agouron). A
number of other compounds such as amprenavir
(141W94 or VX-478, Glaxo Wellcome), ABT-378
(Abbott), PNU-140690 (Pharmacia-Upjohn),
DMP-450 (Triangle), and DMP-851 (DuPont
Merck) are in clinical development.

HIV protease inhibitors have served as impor-
tant tools to investigate important aspects of viral
replication in HIV-infected individuals. Recent
studies of HIV replication dynamics suggest vari-
able, but finite half-lives for elimination of HIV
from various cell populations if mutant virus out-
growth can be completely suppressed by protease
inhibitors. The genotypic and phenotypic patterns
that emerge in those patients on protease inhibitor
therapy in whom suppression of HIV replication
is incomplete are being characterized. A clear
understanding of the mechanism of viral resis-
tance can aid in the formulation of successful
treatment strategies employing protease in-
hibitors. Furthermore, there is a need for the

identification and development of agents that
target resistant HIV. This review (1) describes the
genotypic patterns observed in HIV in response to
selective pressure by current protease inhibitors,
in vitro and in vivo, (2) discusses the mechanisms
by which mutations confer phenotypic resistance
to the inhibitors, (3) describes the pharmacologi-
cal and metabolic characteristics of protease in-
hibitors that impact the development of rational
strategies for combination therapies, and (4) sur-
veys new protease inhibitors currently in
development.

2. In vitro anti-HIV activity

All of the current available HIV protease in-
hibitors show potent inhibition of HIV replication
in vitro (Table 1). HIV protease inhibitors are
hydrophobic and often highly bound to human
serum proteins. Both o-acid glycoprotein and
albumin are involved in the serum binding of
these agents, and the fraction unbound and avail-
able to partition into infected lymphocytes and
macrophages is under 3% for all agents except
indinavir. In the presence of 50% human serum
the activity of ritonavir, saquinavir and nelfinavir
shows a substantial drop in potency while indi-
navir, which has very low protein binding, only
loses about one half of its potency. Amprenavir is
moderately influenced by serum proteins (Table
1). These values represent realistic levels above
which plasma concentrations must be maintained
for a potent antiviral effect in vivo.

Table 1
Antiviral activity of protease inhibitors against wild-type HIV-
1 (pNL4-3) in the presence or absence of human serum?®

Drug ECs, (nM) virus

0% human serum 50% human serum

Saquinavir 21 +7 678 + 168
Ritonavir 76 + 24 1663 4+ 288
Indinavir 5348 101 +42

Nelfinavir 37+ 16 1338 + 276
Amprenavir 101 +20 975 +238

Determined at Abbott Laboratories, mean value of three
experiments.
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3. Resistance
3.1. In vitro resistance

In the light of the resistance problems encoun-
tered with nucleoside RT inhibitors (NRTIs) and
non-nucleoside RT inhibitors (NNRTIs) as well
as protease inhibitors in vivo, it is important to
identify mutations in the protease gene during
drug development. The common method em-
ployed to select mutants in vitro is by passage of
virus in tissue culture in the presence of increasing
concentrations of drugs. These experiments have
resulted in a variety of mutant viruses with re-
duced sensitivity to a number of HIV protease
inhibitors. In the following sections in vitro resis-
tance of most advanced protease inhibitors are
outlined.

3.1.1. Saquinavir

In vitro studies have shown that reduced sensi-
tivity to saquinavir arises slowly during extended
selection in tissue culture. This reduction in sus-
ceptibility appears to be the result of two distinct
mutations at position 48 (G48V) and position 90
(L90M) (Eberle et al., 1995). Both mutations to-
gether cause a greater change in antiviral suscepti-
bility than either mutation alone (Jacobsen et al.,
1995a,b). Selection of mutations at codon 54, 71
and 84 in vitro have also been reported (Eberle et
al., 1995). The sequences of intermediate passaged
viruses suggested a contribution from positions
12, 36, 57, and 63 in the early steps of resistance
development. The selected virus containing both
G48V and L90OM displayed a 40-fold change in
susceptibility to saquinavir. Growth kinetics of
resistant virus were comparable to wild-type virus
and the resistant genotype proved to be stable in
the absence of inhibitor.

3.1.2. Ritonavir

HIV-1 variants with diminished susceptibility to
ritonavir were derived by passaging HIV in MT4
cells in the presence of escalating, subinhibitory
concentrations of ritonavir (Markowitz et al.,
1995a). Measurable resistance was not observed
until passage 19, after which point the concentra-
tion of ritonavir was raised further from 0.8 to 2.0

uM at passage 22. The viral population selected
at passage 19 exhibited a 5-6-fold decrease in
sensitivity compared to the wild-type HIV. A
further 2—4-fold decrease in sensitivity was ob-
served with the passage 22 virus population. Two
mutations (I84V and M46l) were predominantly
observed from passage 19. In addition, one of 13
clones from passage 19 contained the alteration of
V82F. This mutation persisted through passage
22, where it, along with M461 and 184V, were
observed in all of the clones sequenced. Seven out
of ten clones from passage 22 also contained an
L63P or A71V substitution. Of all the cloned
viruses with single mutations, only those contain-
ing V82F or 184V exhibited measurable resistance
to ritonavir. The growth kinetics of A71V and
V82F mutant viruses were slightly slower; how-
ever, the double mutant (V82F/I84V) and the
triple mutant (L63P/V82F/184V) displayed signifi-
cantly impaired growth properties (Markowitz et
al., 1995a).

3.1.3. Nelfinavir

In vitro serial passage of HIV-1 in the presence
of increasing concentrations of nelfinavir pro-
duced HIV variants with a 30-fold reduction in
susceptibility to nelfinavir after 28 passages (Pat-
ick et al, 1996). Molecular analysis of the
protease gene from this variant identified double
mutations at residues 46 (M461) and 84 (I84V/A).
Other changes in the protease gene were also
observed such as L63P, A71V. D30N was found
after passage 22, but was not detected from pas-
sage 28 (Patick et al., 1996).

3.1.4. Amprenavir

DNA sequence analyses of the protease gene
after serial passage of HIV in the presence of
increasing concentrations of amprenavir revealed,
after seven passages, the initial mutations 184V
and L10F (Partaledis et al., 1995). As the concen-
tration was increased, the L10F, I84V mutant
virus populations were replaced by variants with a
mutation at I50V, suggesting a possible growth
advantage over HIV-1 isolates with a mutation at
position 84 at higher drug concentrations. When
these substitutions were introduced as a single
mutation into an infectious HIV clone, only the
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I50V mutant showed reduced sensitivity (2—3-
fold). However, an infectious HIV clone carrying
three mutations at positions 46, 47, and 50
showed a 14-20-fold change in ECs, The pas-
saged viruses showed no cross-resistance to
saquinavir but six-fold resistance to indinavir.

3.1.5. Combination of two or more protease
inhibitors

Combination passage of amprenavir with indi-
navir or saquinavir resulted in a delay in selection
of resistant variants compared to passage with the
individual inhibitors (Tisdale et al., 1995). Dually
resistant variants were isolated in combination
passage with amprenavir and ritonavir (16E, 32I,
461, 821, and 84V) or nelfinavir (321, 461, 54M
and 71V). Resistant mutants were also isolated
after selection with the combination of indinavir
and saquinavir (10F, 48V, 54S, 71V, 771 and
90M) (Tisdale et al., 1995, 1996). Selection using
the combination of each of the possible pairs of
the three protease inhibitors indinavir, saquinavir
and ritonavir has recently produced virus popula-
tions with eight or more mutations in the protease
gene (Smith and Swanstrom, 1996). Notably,
there was a significant overlap in the pattern of
mutations observed with each of the three pairs of
inhibitors. The presence of greater number of
mutations in the cultures selected with pairs of
inhibitors suggests that the genetic barrier to resis-
tance to two protease inhibitors simultaneously
may be greater than a single protease inhibitor.
However, data from in vitro studies do not com-
pletely predict the pattern of amino acid changes
actually seen in patients receiving protease
inhibitors.

3.2. In vivo resistance

The replication of retroviruses is accompanied
by a high error rate due to the infidelity of the
retroviral RT and the lack of proof reading mech-
anism (Holland et al., 1992). Mansky and Temin
(1995) recently assayed the replication fidelity in
HIV and estimated a mutation rate of 3 x 103
mutations per base pair per cycle. The availability
of sensitive viral load assays, as well as a variety
of highly potent drugs, has provided the means to

quantitatively assess the dynamics of HIV infec-
tion in humans. Initial estimates of virus produc-
tion, obtained by modeling changes in viral load
response to anti-HIV drugs, suggested a very high
rate of virus turnover with a minimum production
of 108-10° virions per day on average per infected
individual (Ho et al., 1995; Wei et al., 1995).
More recently, Perelson et al. (1996) raised that
estimate to 10.3 x 10° virions per day per infected
individual, based on viral load data obtained dur-
ing a clinical trial with ritonavir. With this level of
virus production, the number of HIV mutants
that can potentially exist within the quasispecies is
vast. Given the size of the HIV genome (10*
nucleotides), the error rate of RT, and the kinetics
of wviral replication, every point mutation can
theoretically occur 10*-10° times per day in an
untreated, infected individual (Coffin, 1995).
Thus, the degree of suppression of viral replica-
tion in vivo required to prevent the selection and
outgrowth of mutant HIV in the face of drug
pressure is very high.

A median reduction in plasma viral load of
more than two logs in HIV infected patients
treated with protease inhibitors has been reported
(Danner et al., 1995; Markowitz et al., 1995b;
Stein et al., 1996; Gulick et al., 1997). A clear
relation was observed between increasing drug
doses and the duration of response. The plasma
viral RNA in most patients initially falls below
detection limit. However, due to a variety of
factors, e.g. pharmacokinetic variability, inade-
quate dosing or poor adherence, the viral load in
many patients may rebound during continued
drug therapy, accompanied by the emergence of
viral variants with reduced susceptibility to the
inhibitor. Early interest in HIV protease as a
therapeutic target was bolstered by the hope that
minimal resistance would develop against
protease inhibitors because of the enzyme’s need
to recognize and process at least nine distinct
polyprotein sequences. In spite of this require-
ment, over 24 distinct mutations in the 99 amino
acid protease sequence have been identified as
emerging under selective pressure with protease
inhibitors (Schinazi et al., 1996). The most com-
plete studies of resistance emergence in vivo have
documented the response to protease inhibitor
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monotherapy, which produces a higher rate of
treatment failure and viral rebound than do com-
bination regimens. These data, along with those
collected during combination therapy, allow a
comparative assessment of the genotypic and phe-
notypic changes occuring over time as the virus
progresses from a quasispecies that is susceptible
to the concentrations of drug achieved in patients
to variants that display partial or high-level resis-
tance. This information is vital for devising opti-
mal treatment regimens with current agents, as
well as in developing novel therapies. In the fol-
lowing sections, the in vivo resistance patterns of
currently available protease inhibitors are out-
lined. Because of more extensive clinical
experience, documentation of the genotypic
response to ritonavir and indinavir therapy
is most complete. Characterization of in vivo
resistance to saquinavir has been hampered by
the low drug concentrations (and con-
sequent modest levels of viral suppression and
selective pressure) observed with that agent. Fi-
nally, the reported genotypic response to ampre-
navir in vivo is based on treatment for a short
duration.

3.2.1. Saquinavir

Analysis of protease sequences isolated at base-
line and during saquinavir therapy showed that
the predominant change occurring in patients on
monotherapy to be the L90M mutation. The
G48V mutation seen in vitro is uncommon and
the double mutation such as L9OM + G48V was
even rarer. The L90M mutation had little effect
on viral replication, while the double mutation
appeared to reduce the replication rate and hence
the viability of virus. Mutations at codons 48
and 90 in proviral PBMC DNA also develo-
ped concurrently with plasma viral RNA re-
bound (Schapiro et al., 1996b). Analysis
of plasma sequences with high dose saqui-
navir suggested a possible supplemental role
for mutations at codons 63 and 71, since both
were seen with increasing frequency following
therapy (Schapiro et al., 1996a). In addition, the
mutations G48V and L10I tended to appear to-
gether.

3.2.2. Ritonavir

Mutations selected during treatment with riton-
avir appeared in a step-wise fashion (Fig. 1 and
Molla et al., 1996), with almost uniform primary
appearance of a change at position 82 (V82 to A,
F or T). Following the initial mutation, the
changes most commonly observed were at
residues 154, A71, or M36. Subsequent mutations
appeared at several other positions, but were lim-
ited to a small set of amino acid positions (Molla
et al., 1996; Schmit et al., 1996). Fig. 1 demon-
strates the response of four representative patients
to ritonavir therapy. The first patient received 400
mg bid and experienced only a transient response
followed by initial rebound in viral RNA coinci-
dence with the emergence of a virus population
carrying an alanine mutation at position 82. As
the population expanded, additional mutations at
position 54 and 71 were observed. Over time, this
triple mutant gave rise to fourth and fifth muta-
tions at 36 and 20. The second and third patients,
who received 500 mg bid, had a similar pattern of
mutations, beginning at position 82 and followed
by 54 and 71, but the mutations appeared signifi-
cantly later. The fourth patient, who received 600
mg bid, remained suppressed below the limit of
detection of the first generation bDNA assay and
did not develop mutations. Viral isolates with
multiple mutations conferring high level resistant
to ritonavir exhibited cross-resistance to indinavir
and nelfinavir but remained sensitive to
saquinavir and amprenavir in vitro (Molla et al.,
1996)

3.2.3. Indinavir

Resistance to indinavir has been shown to re-
quire an accumulation of three or more muta-
tions. The mutations that were reported to occur
with highest frequency were L10, M46, L63, A71,
V82 and 184. The development of substitutions at
82 was observed in the majority of the patients
who received indinavir and whose viral load re-
bounded on therapy (Condra et al., 1995). V82A/
F appeared as early as 6 weeks after the start of
the therapy and persisted throughout the course
of the study (48 weeks) (Vasudevachari et al.,
1996). Double mutants such as V82A/F, LO90OM
were seen at lower frequency and appeared later
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Fig. 1. Correlation of virological and immunological response

to mutation patterns for individual patients. Solid lines: plasma RNA

(measured using the branched DNA assay), dashed lines: CD4 levels. HIV protease sequences that varied from the pretreatment,
baseline sequence at the consensus residues defined in Fig. 1 are listed: (a) patient 124 (400 mg bid), (b) patient 235 (500 mg bid),
(c) patient 226 (500 mg bid), (d) patient 203 (600 mg bid). Wild-type sequences were defined as the absence of consensus resistance

mutations that did not preexist in the baseline sequence. Sam
the plasma RNA quantitation protocol. The dose of ritonavir
Reproduced from Molla et al. (1996) with the permission of

than the change at position 82. In addition to
these changes, M46L/I, G48V and 154V muta-
tions were also observed (Vasudevachari et al.,
1996). Sequence analyses of the protease gene
during indinavir therapy revealed that there was a
sequential appearance of protease mutations at
amino acids M46L/I, V82A/F, 154V, A71V/T,
L89IM/P and L9OM (Zhang et al., 1997). M46
and/or V82 mutations arose first, followed by
154V or A71A/T, L89M/P and L9OM. Amino
acid substitutions at positions 10, 24 and 63 have
also been observed in drug-resistant virus isolates.
Molecular clones containing M46L/I and V82A

ples labeled PCR negative refer to the sequencing procedure, not to
in patients 235 and 226 was escalated to 600 mg bid where indicated.
Nature Medicine.

mutations did not display significantly reduced
susceptibility to indinavir. However, the addition
of a third mutation, 154V to a background of
M46L and V82A produced a significant increase
in the ECs, (8-fold) (Vasudevachari et al., 1996).
Indinavir-resistant viral exhibited various patterns
of cross-resistance to a diverse panel of HIV-1
protease inhibitors (Condra et al., 1995; Miller et
al., 1997).

3.2.4. Nelfinavir
DNA sequence analysis of the protease gene
from nelfinavir treated patients indicated that
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Fig. 2. In vivo resistance patterns of HIV protease inhibitors. Thick bars, primary mutations; medium bars, secondary mutations
common to several protease inhibitors; thin bars, other secondary mutations or (as is the case for the mutation at position 84) other
active site mutations not clearly identified as a primary mutation for a given inhibitor.

D30N is the primary mutation in the protease
gene. The appearance of D30N was associated
with the emergence of other changes including
E35D, M361, M46l, A71T/V, V771, N88D/S and
L90M. In phenotypic assays, HIV clinical isolates
with significant resistance to nelfinavir were sus-
ceptible to indinavir, saquinavir, ritonavir and
amprenavir (Patick et al,, 1997). In the other
studies, the majority of isolates with nelfinavir
resistance demonstrated cross-resistance with
other protease inhibitors (Hertogs et al., 1998).

3.2.5. Amprenavir

Viral rebound during amprenavir monotherapy
produced two distinct patterns of mutations. In
the first, the 150V mutation, which was observed
in vitro, was found in conjunction with secondary
mutations at several sites, including positions 36,
46, 47, 54, 63, 84 and the pl/p6 gag substrate
cleavage site. The IS0V mutation was not present
in the second pattern, instead, changes at posi-
tions 10, 20, 54, 82 and 84, commonly selected
with indinavir or ritonavir were observed (De
Pasquale et al., 1998).

3.3. Primary and secondary mutations in HIV
protease

Fig. 2 shows a list of the mutations selected in
patients by protease inhibitors in vivo. The gen-

eral classification of mutations at individual
residues within HIV protease as either primary
mutations or secondary mutations (also called
ancillary, accessory or compensatory) is useful for
understanding the mechanism of resistance devel-
opment and the possible responses of patients
with resistant HIV to a subsequent regimen con-
taining a second protease inhibitor. Ritonavir and
indinavir both select the position 82 mutation
most frequently and, at least with ritonavir, as the
initial mutation. Saquinavir causes initial muta-
tion at residues 90 or 48, and nelfinavir has been
reported to select the 30 as the first mutation.
Residues 82, 30, 50, 48 and 90, can be classified as
primary mutations for their respective inhibitor
because they tend to appear first and, with the
exception of the 90 mutation, they lie within the
active site. Because of their direct contact with the
inhibitor, primary mutations generally contribute
to phenotypic resistance by directly reducing the
binding affinity of the drug to HIV protease (Gul-
nik et al., 1995). Moreover, because of the differ-
ent structures of each inhibitor, primary
mutations are, with the exception of the 82 muta-
tion for ritonavir and indinavir, distinct for a
given inhibitor. In contrast, secondary mutations,
such as those at residues 10, 20, 71, 63, 36, 46,
and 54 are common to other protease inhibitor
and occur outside of the active site toward the
surface of the enzyme and are usually found in
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Fig. 3. Plasma HIV RNA curve for a patient who received 600 mg bid of ritonavir combined with 200 mg #id of AZT.

vivo after the initial appearance of a primary
mutation. Both a primary mutation and several
secondary mutations are generally required for
high level phenotypic resistance in vitro; however,
in the absence of a primary mutation, viruses with
multiple secondary mutations have been reported
to be sensitive to the inhibitors (Condra et al.,
1995; Markowitz et al., 1995a; Molla et al., 1996).
Consequently, many secondary mutations appear
to contribute to phenotypic resistance by increas-
ing the fitness of the initial (primary) mutant virus
rather than (or in addition to) by decreasing drug
binding. Several studies have shown that molecu-
lar clones containing a single active site mutation
grow more slowly in vitro than viruses containing
the primary mutation plus one or more sec-
ondary, non-active site mutations (Ho et al.,
1994). Furthermore, the presence of two sec-
ondary (L63P, M461) mutations increased the cat-
alytic efficiency of either wild-type HIV protease
or the protease containing two active site (V82A,
184V) mutations (Schock et al., 1996). This more
general mechanism may operate regardless of the
identity of the primary mutation and is consistent
with the observation that, in contrast to primary
mutations, many secondary mutations appear in
response to all protease inhibitors as a class.
The generic nature of secondary mutations may
have implications for the ease by which mutant
virus selected by one protease inhibitor may de-

velop cross-resistance to a subsequent protease
inhibitor in vivo. Virus selected by one inhibitor,
containing the primary mutation for that inhibitor
plus several secondary mutations, is often pheno-
typically sensitive to other inhibitors that select a
different primary mutation (Molla et al., 1996;
Patick et al., 1996; Jacobsen et al., 1995a,b;
Schapiro et al., 1996a,b). However, the number of
additional mutations required to confer cross-re-
sistance to a second protease inhibitor might be
expected to vary considerably. At one extreme, a
different primary mutation and several new sec-
ondary mutations might be required for resistance
to the second drug regimen and accompanying
virological failure. At the other extreme, virus
selected by one protease inhibitor need to add
only the primary mutation specific for the second
inhibitor to become highly cross-resistant, even if
phenotype at the time change of therapy was
sensitive. The possible consequences of selection
of multiple, common secondary mutations follow-
ing failure of any protease inhibitor-based regi-
men are illustrated in Fig. 3 for a patient, who
instituted therapy with ritonavir plus AZT. At
baseline, the viral population within this patient
contained three secondary mutations associated
with ritonavir resistance (residues 71, 36 and 20).
The population was phenotypically sensitive to
ritonavir, as judged by the initial two-log decline
in viral RNA. However, in spite of high drug
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levels of ritonavir, within weeks the viral load
began to increase and ultimately rebounded to
baseline with only the addition of a mutation at
position 82, the primary mutation for ritonavir. In
this extreme example, the response to protease
inhibitor therapy was similar to that observed
with monotherapy with nevirapine, the activity of
which is completely overcome with a single muta-
tion in RT (Richman et al., 1994). The selection
of secondary mutations during and after virologi-
cal rebound on therapy with any protease in-
hibitor regimen is therefore likely to compromise
the durability and, in some cases, even the initial
response to a subsequent regimen containing an-
other protease inhibitor. Preliminary clinical stud-
ies using protease inhibitor regimens as
subsequent therapy in patients who have experi-
enced rebound following initial therapy with any
of the currently licensed inhibitors support this
prediction (Deeks et al., 1997; Kaufmann et al.,
1997; Sampson et al., 1997). Thus, protease in-
hibitors exert their greatest efficacy in patients
who are naive to the protease inhibitor class. Two
important therapeutic strategies arise from these
considerations. First, the most powerful combina-
tion regimens should be used at the initiation of
antiretroviral therapy in order to block viral repli-
cation and thus delay or possible completely pre-
vent resistance development in the greatest
number of patients. Second, a delay in a change
of regimen following virological rebound on
protease inhibitor therapy is likely to allow for the
selection of a greater number of secondary muta-
tions, thus increasing the risk that salvage therapy
will be ineffective.

3.4. Kinetics of in vivo resistance emergence

The emergence of resistant HIV in vivo is gen-
erally temporally associated with the rebound in
plasma RNA toward baseline, pretreatment levels
during continued therapy. This association reflects
the mechanistic requirement for both viral replica-
tion, which produces mutations in the HIV
genome, and drug selection, which inhibits the
majority of the HIV quasispecies and allows out-
growth of minor species with greater fitness in the
presence of drug. The mutant virus that emerges

will be the most fit under the particular circum-
stances, which may include, among others, the
plasma and tissue concentrations of drug, the
immune status of the patient, and the preexisting
viral heterogeneity prior to treatment. The rate of
emergence of resistance for a given drug or com-
bination of drugs will be a function of both the
genetic barrier (i.e. the number of new mutations
required to overcome the inhibition by the drug)
and the pharmacokinetic barrier (the degree of
suppression of viral replication by particular
plasma concentrations of inhibitors) exhibited by
the drug regimen. In general, the genetic barrier
to protease inhibitor resistance is relatively high,
requiring several mutations. In contrast, a single
mutation may produce high-level resistance to
NNRTIs. The relationship of viral replication
(and thus resistance development) and pharma-
cokinetic profile of protease inhibitors is a conse-
quence of the mechanism of action (competitive
inhibition) and mode of transport into cells (pas-
sive) of these agents. Thus, in contrast to NRTIs,
which accumulate in cells as their respective active
triphosphates, protease inhibitors may diffuse out
of infected cells if plasma concentrations decline
to low levels.

The rate at which mutations in HIV protease
accumulated during monotherapy with ritonavir
inversely correlated with the measured trough
concentrations in the plasma of patients (Fig. 4).
Thus, the HIV protease sequence in those patients
with higher sustained drug concentrations exhib-
ited a lower in vivo selection rate (defined as the
number of new resistance-associated mutations
per time on therapy) than in those with lower
drug levels, regardless of dose (Molla et al., 1996).
More powerful combination regimens produce a
more prolonged plasma RNA response prior to
rebound; however, little has been documented
regarding the rate at which mutations accumulate
between the nadir and the point at which viral
RNA reaches baseline. In a related study (Kempf
et al., 1998), the duration of suppression of viral
RNA in patients on protease inhibitor therapy
prior to viral rebound with resistance was shown
to depend primarily on the absolute HIV RNA
value at the nadir, rather than on the baseline
RNA value of the initial decline in RNA. Both of
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Fig. 4. Relationship of in vivo selection rate and total ritonavir
exposure. Each dot represents one patient. Triangles: 400 mg
bid; squares: 500 mg bid; circles: 600 mg bid. Reproduced from
Molla et al. (1996) with the permission of Nature Medicine.

these studies support the hypothesis that resis-
tance arises because viral replication is incom-
pletely suppressed in the plasma or tissues during
a periods of time between doses when drug con-
centrations are the lowest (Fig. 5, panel 1). Be-

DRUG LEVEL

Periodic inaequat
drug levels

Muant seleted -
with reduced

cause of the inherent high error rate of RT, low
level replication allows the outgrowth of mutants
with slightly increased fitness in the presence of
drug. As more mutations accumulate, viral fitness
continues to increase either through decreasing
the binding of the drug and/or by increasing the
kinetics of proteolytic processing by HIV protease
(panel 2). Ultimately, a sufficient number of mu-
tations are present to overcome the suppression of
the drug (panel 3), with viral RNA often return-
ing to pretherapy levels. Therefore, therapeutic
strategies which produce higher, more sustained
plasma and tissue concentrations between doses
would be expected to delay or prevent the emer-
gence of resistance in a greater proportion of
patients. The use of therapeutic drug level moni-
toring to guide dose adjustments of indinavir and
produce more consistent trough levels is being
investigated (Acosta et al., 1997). Moreover, the
use of positive drug—drug interactions between
ritonavir and other protease inhibitors to enhance
plasma levels has provided the basis for powerful,
dual protease inhibitor therapy (see below).

3.5. Protease cleavage site mutations

HIV protease recognizes and cleaves nine sites
in gag and gag-pol precursor polyprotein. The

Rebound with

highly resistant

susceptibility virus

Fig. 5. Model for resistance development to protease inhibitors. Black line, plasma levels of drug; light grey, period of complete
suppression of replication; dark grey, period of production of infectious virus; white line, drug concentration above which low level
viral replication occurs; circles, representation of electron micrographs of mature, infectious particles following proteolytic
processing by HIV protease (circles with dense, dark cores) or immature, noninfectious viral particles with incompletely processed

structural proteins (opaque circles).
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proper processing of each of these sites is required
by either wild-type or mutant HIV protease to
produce mature, infectious viral progeny. Studies
using peptides corresponding to the natural cleav-
age sites have shown that the p2/p7 and trans-
frame protein/protease (TF/PR) cleavage sites are
processed most rapidly, while the p7/pl and pl/p6
are most slowly cleaved (Darke et al., 1988;
Tozser et al., 1991). If cleavage of the latter sites
is rate-limiting for virion maturation, changes in
substrate sequence at those sites might provide a
mechanism for upregulating the fitness of variants
containing mutations in HIV protease that other-
wise might be lethal to viral replication. Recently,
Doyon et al. (1996) identified changes in the
HIV-1 gag p7/pl and pl/p6 proteolytic cleavage
sites during in vitro selection with the pipecolinic
acid based inhibitors BILA 1906 BS and BILA
2185 BS. These second locus cleavage site muta-
tions were shown not to contribute directly to the
drug resistance but, rather, improve polyprotein
processing and outgrowth of protease mutants.
Thus, removal of cleavage site mutations from
corresponding resistant clones led to a decrease or
even an absence of viral growth. Similar muta-
tions were observed during serial passage of HIV
in the presence of increasing concentrations of the
new protease inhibitor ABT-378 (Carrillo et al.,
1997). Recently, a change in the gag p7/pl cleav-
age site was observed in vivo, following rebound
in plasma HIV RNA levels in patients on indi-
navir therapy (Zhang et al., 1997). A second
mutation at the gag pl/p6 cleavage site was also
observed in one patient. Gag cleavage site muta-
tion P1/P6 (Leucine to phenylalanine) together
with protease mutations was also observed during
amprenavir therapy (De Pasquale et al., 1998).
Studies with infectious clones containing a similar
series of mutations indicated that a mutation in
both the protease gene and substrate cleavage site
led to the most replication-competent viruses.
These studies indicate that, in addition to com-
pensatory mutations in HIV protease that may
increase the proteolytic efficiency of mutant
protease, mutations in substrates can provide a
second mechanism to increase the overall fitness
of mutant HIV in the presence of a protease
inhibitor.

4. Pharmacokinetics and metabolism

All of the HIV protease inhibitors are exten-
sively metabolized by cytochrome P-450 (CYP)
enzymes which are present predominantly in liver,
but also in other tissues, notably gastrointestinal
enterocytes. The principal metabolism for all
protease inhibitors is mediated by CYP3A, the
major CYP isoform in human liver. In addition to
CYP3A, there is evidence that some of the
protease inhibitors (nelfinavir and ritonavir) are
partially metabolized by CYP2D6, which usually
accommodates basic, lipophilic substrates. Direct
O- and N-glucuronidation has been confirmed as
a minor route in the clearance of nelfinavir and
indinavir, respectively. Most protease inhibitors
appear to have distributional phases after oral
administration; thus, comparison of terminal-
phase half-lives may be misleading because the
inferred intradose fluctuation is smaller than the
observed C,,,./Cimin Tatio, which ranges up to 50:1
for indinavir. The terminal-phase half-lives of the
agents range from 1.8 h for saquinavir to 7.8 h for
ritonavir, with tid dosage intervals recommended
for all agents except ritonavir which is adminis-
tered twice daily. Except for saquinavir, these
regimens maintain trough concentrations above
the ECs, against wild-type HIV in tissue culture.
In the following sections, the pharmacokinetics,
metabolism and interactions of the protease in-
hibitors are outlined. Key pharmacokinetic and
metabolic information is provided in Table 2.

4.1. Saquinavir

Saquinavir has the highest apparent clearance
of all marketed protease inhibitors primarily due
to extensive first-pass gastrointestinal and hepatic
clearance, primarily by CYP3A4 isoform of cy-
tochrome P-450. For single 600 mg doses, the
absolute bioavailability averaged 4%, apparently
as a result of first pass metabolism and possibly
incomplete absorption. The clearance appears to
decrease with multiple oral dosing. In a study
evaluating 3600 and 7200 mg/day regimens,
AUCs of 2.23 and 9.74 ug h/ml, respectively were
obtained (Schapiro et al., 1996a). Saquinavir is
highly sensitive to metabolic inhibition by riton-
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Table 2
Comparison of HIV protease inhibitor pharmacokinetics

Standard regi- Saquinavir* FORTO-  Ritonavir Indinavir CRIXI- Nelfinavir VIRA-  Amprenavir 141W94;
men VASE 1200 mg gq8h NORVIR VAN 800 mg q8h CEPT 750 mg q8h  VX-478 1200 mg ql12h
600 mg ql12h

Coin (ug/ml® 0.2 3.7 0.15 ~2 0.35

Copax (1g/ml)® 2.5 11.2 7.7 3.5 9.5

CL/F (I/h)° 166 9 43 37 42

Plasma unbound 2 1-2 40 <2 ~10
fraction (%)

Unchanged re- <3 35 9-12 1-2 <2
nally

AUC, effect of 570 high fat 14, capsule —77 100-200 minor
food (%)

AUC, with Ri- —80 HG -35 -92 —82 —81
fampin (%)

AUC, with Ke- 200 HG 18 62 35 32
toconazole (%)

CL/F, increasing Decreases Decreases Decreases Increases NA
dose

Major CYP3A4 CYP3A4 CYP3A4 CYP3A4 (~50%) CYP3A4
Metabolism?

Minor None CYP2D6 GT® GTe, CYP2C, NA
Metabolism? CYP2D6

Active Metabo- No No No Yes NA
lites

In vivo Inhibi- CYP3A CYP3A CYP3A CYP3A CYP3A
fond
tion » CYP2D6

Effect on NA Increase 20X Increase 6X SG Increase 513X Ongoing
Saquinavir SG HG
AUC

In vivo Induc- No CYP3A, No GTe No
tiond CYP1A2, GT®

* Refer to current soft-get formulation (SG), unless otherwise specified for original hard gel formulation (HG);

b
Cmin and Cmax

are reported average steady-state minima and maxima;

¢ CL/F is the reported or imputed (CL/F = dose/AUC) steady-state apparent oral clearance;

4 CYP refers to human cytochrome P-450 isoforms;
¢ GT is glucuronosyl transferase; NA, results not available.

avir (Kempf et al., 1997). As expected, no interac-
tions were found between saquinavir and ddC and
AZT. Both inductive and inhibitory effects on
saquinavir metabolism have been reported. The
NNRTI nevirapine, which demonstrates autoin-
duction, appears to slightly reduce (27%)
saquinavir concentrations. A new soft gel capsule
formulation of saquinavir (Fortovase™) with im-
proved oral bioavailability has recently been li-
censed. As a 1200 mg tid regimen, it produces a
mean AUC of 7.25 ug h/ml over an 8 h dosing
interval (Buss, 1998).

4.2. Ritonavir

Ritonavir has the lowest apparent clearance,
approximately 9 1/h at steady state, of the cur-
rently marketed protease inhibitors. The pharma-
cokinetics of ritonavir are being investigated in
children, and preliminary results indicate that in
children greater than 2 years old doses of 250-
400 mg/m? are tolerated and confer antiviral ac-
tivity (Mueller et al.,, 1997). It has been
demonstrated that the human metabolism of ri-
tonavir is principally mediated by CYP3A4, with
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a minor contribution from CYP2D6 (Kumar et
al., 1996). Other CYP isoforms and glucuronsoyl
transferase do not appear to be important in the
human metabolism. Ritonavir coadministration is
associated with decreases in the AUC of AZT
(—25%) and has little effect on the AUC of ddI
(—13%). However, ritonavir potently inhibits
CYP3A4 and, to a lessor extent, CYP2D6. Conse-
quently, ritonavir increases the AUC of several
other CYP3A substrates, including clarithromycin
(1.8-fold) and rifabutin plus its active metabolite
(6-fold), as well as other HIV protease inhibitors
(see below).

4.3. Indinavir

Indinavir is rapidly absorbed in the fasted state
with a time to peak plasma concentration (7,,,)
of 0.8 h. The clearance of indinavir after multiple
dosing with a 800 mg q8h regimen is around 43
1/h, producing an AUCO0-8 of 18.8 ug h/ml (30.7
4M h). Indinavir has a relatively short functional
half-life, with the above regimen having mean
C...x and 8-h (trough) values of 7.7 +2.5 and
0.154+0.10 pg/ml, respectively (Winchell et al.,
1997). Indinavir is extensively metabolized by
CYP3A (Chiba et al., 1996). Seven metabolites
have been identified, one glucuronide conjugate
and six oxidative metabolites after incubation in
human liver microsomes. Experiments with re-
combinant P-450 isoforms showed that CYP3A4
efficiently produced most of the metabolites, and
that CYP2D6 could produce three of the metabo-
lites as well as a cis-diol—a metabolite that is not
observed in vivo. In vitro studies indicated that
indinavir inhibited CYP3A4-dependent testos-
terone 6 ff-hydroxylase activity, with a K of ~0.5
uM (McCrea et al., 1997). Plasma concentrations
of indinavir decrease when it is administered with
food (—77%), or co-dosed with rifampin (—
92%), DMP-266 (— 35%), nevirapine ( — 28%) or
rifabutin (— 34%) (Fiske et al., 1997, Murphy et
al., 1997; Winchell et al., 1997). Smaller decreases
(<26%) are reported for fluconazole and grape-
fruit juice. Increases in indinavir AUCs have been
demonstrated with other protease inhibitors (see
below) and ketoconazole (McCrea et al., 1996).

4.4. Nelfinavir

In 12 adult subjects receiving nelfinavir 500 mg
q8h for 16 doses, the apparent clearance was 27.4
I/h, V/F was 124 1 and the terminal phase ¢,
averaged 3.1 h (Kerr et al., 1997). In another
Phase I study, mean CL/F was 37.4 1/h, mean V/F
was 150 1 and mean ¢,,, was 2.8 h after a 750 mg
q8h regimen (Yuen et al., 1997). The pharmacoki-
netics of nelfinavir have been assessed in neonates
(3.3+0.5 kg) dosed with 2 mg/kg oral doses
57 + 10 h after birth. Consistent with developing
metabolism, the clearance of nelfinavir was low
(22—-40 ml/kg per h) and the mean terminal-phase
half-life was prolonged 36.8 h. The maximum
concentrations after dosing ranged from 0.64 to
1.61 ug ml, declining slowly to a median of 0.22
ng/ml at one week. Nelfinavir is principally me-
tabolized by CYP3A4. In vitro experiments with
various substrates indicate that nelfinavir is capa-
ble of CYP3A inhibition (K; = 4.8 xM), with little
effects on the other isoforms. Nelfinavir is re-
ported to have no effect on the NRTIs, 3TC and
ddI.

4.5. Amprenavir

Inhibition studies with human liver microsomes
showed that amprenavir inhibited CYP3A4 and
2C19. The primary phase I metabolic pathway for
amprenavir utilizes CYP3A4. Amprenavir is not
an inducer of the CYP1A, 2B, or 3A isozymes in
animals. A side by side study with other protease
inhibitors in human liver microsome showed the
following rank order of CYP inhibition: riton-
avir >» indinavir & nelfinavir ~ amprenavir > saqu-
inavir (Woolley et al., 1997). The C,,,, and AUC
of amprenavir after single dose administra-
tion was 5.5 mg/ml and 15.5 h mg/ml, res-
pectively. Coadministration with ketoconazole in-
creased the AUC of amprenavir by 32% and
that of ketoconazole AUC by 44% (Polk et al.,
1997). The Cmax, AUC, and Cmin for ampre-
navir were reduced by 5, 14, and 10, respectively
by rifabutin and 67, 81, and 91%, respectively by
rifampin (Polk et al., 1998). Mean AUCs, C,,..,

and C,,;, decreased by 36, 39 and 43% respec-
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tively, in the presence 600 mg DMP-266 (Piscitelli
et al., 1998).

5. Clinical effects of protease inhibitors

Treatment regimens containing a protease in-
hibitor produce a pronounced effect on surrogate
markers in HIV-infected patients. In preliminary
studies, therapy with ritonavir or indinavir re-
duced plasma HIV RNA by 90 to >99% and
substantially elevated CD4 levels (Danner et al.,
1995; Markowitz et al., 1995b; Stein et al., 1996).
The rapid rate of decline in viral load following
initiation of treatment provided unprecedented
insight into the dynamics of HIV particle produc-
tion and CD4 cell destruction at steady state (Ho
et al., 1995; Wei et al., 1995). Monotherapy with
these agents, however, was insufficient to prevent
the emergence of resistant HIV in most patients.
Therefore, treatment regimens using a protease
inhibitor in combination with inhibitors of RT
have been assessed in hopes of more completely
and durably suppressing replication in vivo. The
rationale for such combinations was based both
on in vitro virological studies showing an additive
or synergistic relationship between the two classes
of agents. Initial investigation of triple therapy
using indinavir (Gulick et al., 1997) or ritonavir
(Danner, 1996; Mathez et al., 1997) with two
nucleoside analogs produced a decline in plasma
HIV RNA to unquantifiable (400—500 copies/ml)
levels in a high percentage of patients. The me-
dian durability of response to triple therapy was
much longer than to therapy with either a single
protease inhibitor or a combination of two nu-
cleosides (Gulick et al., 1997). Furthermore, the
response was greater in patients who had received
no prior antiretroviral therapy of any class. More
recent studies have shown that triple therapy with
nelfinavir (Markowitz et al., 1996) or an enhanced
formulation of saquinavir (Slater, 1998) along
with two nucleosides produces a similar effect.
Importantly, the reduction in viral load in lymph
nodes in patients on triple therapy with ritonavir
was found to be similar to that observed in
plasma (Cavert et al., 1997). Finally, the combina-
tion of indinavir with the NNRTI DMP 266 was

also shown to produce potent, durable anti-HIV
activity with no decrease in tolerability (Mayers et
al., 1997).

The pronounced effect of protease inhibitor
therapy on surrogate markers has been shown to
produce an improved clinical outcome. In a phase
III study, a group of patients with a median CD4
of 20 cells/ul added either ritonavir or placebo to
their current regimen. Compared to placebo, ri-
tonavir therapy reduced the incidence of death
and disease progression about 47% (Cameron et
al.,, 1998a). More recently, triple therapy with
indinavir, AZT and 3TC was shown to be clini-
cally superior to AZT/3TC combination therapy
(Hammer et al., 1997). At least partial restoration
of immune function on highly suppressive combi-
nation therapy with a protease inhibitor has been
demonstrated (Autran et al., 1998; Connick et al.,
1998), although the degree of possible immune
reconstitution has not been established. Finally,
although continuous therapy can suppress viral
load below the level of detection in excess of two
years, careful studies have documented the persis-
tence of reservors of infectious HIV, suggesting
that eradication of HIV is unlikely without addi-
tional approaches designed to selectively deplete
infected resting memory T-cells (Chun et al., 1997;
Finzi et al., 1997; Wong et al., 1997).

6. Dual protease inhibitor therapy

In addition to the powerful combinations de-
scribed above, the unique antiviral and pharmaco-
logical properties of protease inhibitors have
prompted the clinical investigation of dual
protease inhibitor therapy, with and without addi-
tional agents. Although significant cross-resis-
tance between some protease inhibitors has been
documented, several theoretical considerations
support the use of dual protease inhibitor combi-
nations. First, protease inhibitors are highly po-
tent drugs when used individually and use of two
such potent agents simultaneously is likely to
produce significantly greater suppression of viral
replication. Second, the initial mutations selected
by most protease inhibitors are distinct, and the
selection of high-level resistance to two protease
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Fig. 6. Plasma concentrations of HIV protease inhibitors following a 10 mg/kg dose in rats, either as single agents or in combination
with 10 mg/kg of ritonavir. Dashed lines, inhibitors dosed as single agents; solid lines, inhibitors coadministered with ritonavir. Open
squares, saquinavir; open circles, indinavir; filled squares, nelfinavir; filled circles, amprenavir. Reproduced from Kempf et al. (1997)

with the permission of American Society for Microbiology.

inhibitors simultaneously may require a greater
number of mutations than that required to over-
come a single inhibitor, thus raising the ‘genectic
barrier’ to drug resistance. Third, most of the
current protease inhibitors undergo relatively
rapid clearance mediated predominantly by
CYP3A (see above), and thus are characterized by
trough levels only modestly in excess of concen-
trations required to inhibit HIV in vitro. Several
protease inhibitors, in particular ritonavir, re-
versibly inhibit CYP3A (Kumar et al., 1996). The
pharmacokinetics of protease inhibitor combina-
tions have been studied thoroughly with ritonavir.
In rats coadministration of ritonavir increased the
plasma exposure of saquinavir, indinavir, nelfi-
navir or amprenavir from eight to 36-fold (Kempf
et al., 1997 and Fig. 6). Therefore, combinations
of protease inhibitors with a significant pharma-
cokinetic interaction can raise the ‘pharmacoki-
netic barrier’ to drug resistance. Simultaneously,
they can potentially result in regimens with lower
and less frequent dosing, enhancing patient adher-

ence and thus reducing the likelihood of viral
breakthrough.

The degree of inhibition of protease inhibitor
metabolism by ritonavir was similar in both rat
and human liver microsomes, and in human stud-
ies, ritonavir was shown to substantially increase
the AUC of saquinavir (> 20-fold), indinavir
(three—five-fold) and nelfinavir (2.5-fold). Multi-
ple dosing of ritonavir and saquinavir, each at 400
mg twice daily, provided a mean saquinavir AUC
of 31 ug h/ml, which is at least twenty times that
obtained for saquinavir alone at 600 mg tid (hard
gel formulation), and exceeds that reported after
1200 mg q8h administration (soft gel formula-
tion). Saquinavir concentrations with ritonavir
cotherapy are comparable using both the hard gel
and new soft gel formultion of saquinavir. Of
equal importance, the trough levels of saquinavir
in combination with ritonavir were well in excess
of the in vitro ECs, value. The trough levels of
indinavir are also significantly affected such that
indinavir dosed twice daily with ritonavir (400 mg
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each) produces trough levels that are even higher
than those observed with standard (800 mg tid)
indinavir doses (Hsu et al., 1997). The interaction
of ritonavir with nelfinavir also allows bid dosing
regimen with reduced nelfinavir doses of 500—750
mg bid (Gallant et al., 1998). Pharmacokinetic
interactions between protease inhibitors other
than ritonavir are generally more modest, corre-
sponding with less potent CYP3A inhibition. In-
dinavir increases the AUC of nelfinavir by less
than 2-fold (83%) and that of saquinavir by 7.2-
fold (indinavir 800 mg q8h + 800 mg saquinavir
soft gel capsule) (McCrea et al., 1997; Kerr et al.,
1997). In turn, nelfinavir increases the AUC of
indinavir by 51%. The single dose AUC of
saquinavir, administered as the soft gelatin cap-
sule, was increased 5-fold when coadministered
with nelfinavir 750 mg tid (Kravcik et al., 1997).
In a different study, nelfinavir have been shown to
increased total and peak plasma exposures of
saquinavir hard gel capsule by 12.5- and 10.1-
fold, respectively (Gallicano et al., 1998). Nelfi-
navir is reported to have no effect on ritonavir.
Coadministration of amprenavir with indinavir
resulted in increase in the AUC of amprenavir of
64% with no change in indinavir AUC (Sadler et
al., 1997).

The pronounced pharmacokinetic interaction of
ritonavir with saquinavir prompted a clinical
study of 141 HIV-infected patients with CD4 cell
counts of 100-500 per ml. Patients were ran-
domly assigned a ritonavir-saquinavir regimen
(400—-400 mg bid, 600-400 mg bid, 400-400 mg
tid, or 600-600 mg bid, respectively). After 12
weeks, 19% (27/141) of the patients had their
treatment regimen intensified with two RT in-
hibitors for failure to achieve or maintain viral
load <200 copies/ml. Thus, a majority of the
patients (81%) received only ritonavir-saquinavir
(Farthing et al., 1997). Viral load in approxi-
mately 89% (89/100) of patients who remained on
study and were treated for 60 weeks was <200
copies/ml, and the median CD4 change from
baseline was + 174 cells mm>. After 56 weeks,
CSF HIV RNA was <400 copies/ml in 14/15
patients with unquantifiable plasma HIV RNA
(Cameron et al., 1998b). The combination of these
two drugs has been safe and well tolerated. The

dose combination at 400 mg bid/400 mg bid (ri-
tonavir/saquinavir) had the best tolerability, with
only one patient out of 35 discontinuing treat-
ment for adverse events.

Subsequently, studies of many other dual
protease inhibitor regimens, usually in combina-
tion with other antiretrovirals, have recently been
initiated. Based on the ability to sustain higher
plasma levels than with single protease inhibitor
therapy, many of these regimens hold promise for
a more complete and durable suppression of in-
fection. Two doses of ritonavir-nelfinavir regimen
(400—-500 mg bid and 400—-750 mg bid) are under
investigation in protease inhibitor-naive patients.
At week 12, intensification with RT inhibitors was
allowed. After 16 weeks, 6/10 and 9/10 patients,
respectively, in the two groups experienced a de-
cline in viral load to <400 copies/ml (Gallant et
al.,, 1998). A pilot combination study of
saquinavir soft gel capsule and nelfinavir demon-
strated a 5-fold increase in saquinavir levels and
prompted a clinical study of 54 patients who
received saquinavir 800 mg tid and nelfinavir 750
mg tid. By week 32, the plasma RNA of 69% of
40 patients remaining on the original regimen was
<400 copies/ml (Opravil, 1998).

7. New protease inhibitors
7.1. ABT-378

ABT-378 is a novel HIV protease inhibitor
developed by Abbott Laboratories with approxi-
mately ten-fold greater in vitro potency than ri-
tonavir. The K; of ABT-378 for wild-type and for
V82A and V82F mutant HIV protease is 1-3 pM
(Sham et al., 1997). The ECs, of ABT-378 in the
presence of 50% human serum is approximately
100 nM (Molla et al., 1997). In primary PBMC
cultures, patient HIV isolates were inhibited with
an average ECy, of 6.5 nM. Against a battery of
HIV isolates from patients who had experienced a
loss of plasma viral suppression during ritonavir
therapy, ABT-378 demonstrated consistently su-
perior activity compared with ritonavir (Kor-
neyeva et al, 1997). ABT-378 displayed an
attenuation of activity against some strains, how-
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ever, the degree of resistance of these isolates to
ABT-378 was substantially less than to ritonavir.
Furthermore, ABT-378 inhibited a variety of mu-
tant clones, many of which are highly resistant to
ritonavir, at similar or lower concentrations than
those required for inhibition of wild-type virus by
ritonavir (Molla et al., 1997). A predominant
184V mutation emerged after passage 6 when
wild-type HIV molecular clone was passaged in
the presence of increasing concentrations of drug
(Carrillo et al., 1997). Accompanying the 184V
mutation, two secondary mutations (M46I, L10I)
were observed after passage 6. Two protease
cleavage site mutations (pl/p6 junction and p7/pl
junction) also appeared after seven and 16 pas-
sages, respectively. Molecular clone containing
four or five mutations in the protease gene, which
were viable only in the context of both cleavage
site mutations, displayed a 243-fold decrease in
susceptibility to ABT-378. Pharmacokinetic stud-
ies in animals demonstrated modest bioavailabil-
ity of ABT-378 when dosed alone.
Coadministration of ABT-378 with ritonavir,
however, substantially improved the pharmacoki-
netic profile of ABT-378 to provide plasma con-
centrations that remained 50-fold in excess of the
in vitro ECs, at 8—12 h following dosing (Marsh
et al., 1997). These pharmacokinetic properties
are attributable to the rapid CYP3A-mediated
metabolism of ABT-378 and its inhibition by
ritonavir. In phase I studies, the pharmacokinetics
of ABT-378 (200-600 mg bid) coadministered
with low (50 and 100 mg bid) doses of ritonavir
were evaluated in healthy volunteers. Each regi-
men was well tolerated and produced trough con-
centrations of ABT-378 of 3.3-83 ug/ml,
> 50-fold in excess of the in vitro ECs, for wild-
type HIV-1 in the presence of human serum (Lal
et al., 1998).

7.2. PNU-140690

PNU-140690 is a member of a new class of
nonpeptide HIV protease inhibitor developed by
Pharmacia Upjohn. PNU-140690 displayed a K;
of 0.01 nM and an ECs, of about 75 nM against
laboratory strains as well as clinical isolates.
PNU-140690 retains good anti-HIV activity in

vitro in the presence of human serum proteins
(Poppe et al., 1997). PNU-140690 retained activ-
ity against HIV-1 variants resistant to ritonavir
(Chong and Pagano, 1997). After a 10 mg/kg oral
dose in rats, the absolute bioavailability was 30%
and levels of PNU-140690 in blood exceeded 1
uM for 8—12 h (Thaisrivongs et al., 1996). Re-
peated oral administration of PNU-140690 to rats
increased the clearance due to induction of cy-
tochrome P-450 3A and/or glucuronidation en-
zymes. In phase I studies, steady-state trough
concentrations of PNU-140690 averaged > 1 uM,
the predicted EC,,, for dose regimens of 900 mg
tid and higher. Absorption was significantly in-
creased with high-fat meal, producing a ca. 2- and
1.5-fold increase in AUC and C,,,,, respectively,
relative to fasting conditions (Borin et al., 1998).

7.3. DMP-450

DMP-450 is symmetric member of the cyclic
urea class of nonpeptide protease inhibitors dis-
covered at DuPont Merck is being developed by
Triangle Pharmaceuticals. The in vitro K; of
DMP-450 using a peptide substrate was 0.28 nM.
The average value of the ECs, against different
HIV strains was 10-20 nM. This compound is
moderately bound to human serum, and the EC,,
for wild-type virus was 4-8 fold higher in the
presence of ol acid glycoprotein and human
serum albumin. A 45 to 60-fold decrease in po-
tency observed when mutant HIV-1 was selected
in vitro in the presence of increasing concentra-
tion of DMP-450. This was associated with the
presence of two-five mutations, including the 184V
in the protease gene. Sequencing of viruses with
intermediate levels of sensitivity to DMP-450 inhi-
bition suggested that the mutation at position 46
was an early event, followed by the mutation at
position 84 and subsequently by mutations at
positions 82, 90 and 45 (Hodge et al., 1996).
Molecular clones containing the V82A and V82F
mutations showed 2.5 and 5.3-fold resistance to
DMP-450, respectively. The 184V mutant virus
showed about 10-fold resistance. Highly ritonavir
and indinavir resistance virus displayed significant
cross-resistance to DMP-450 (Jadhav et al., 1997).
The highest plasma concentration achieved after
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dosing (C,,.,) was 11.19 uM in dogs, and 1.53
4M in chimpanzees. Bioavailability ranged from
24% in chimpanzees to 79% in the dogs (Hodge et
al., 1996). Single doses of 10 mg/kg DMP-450
result in plasma levels in humans in excess of that
required to inhibit wild-type and several mutant
viral strains (Hodge et al., 1996).

7.4. DMP-851

A potent member of the asymmetric cyclic urea
series, DMP-851 discovered at DuPont Merck
displayed a K, of 21 pM against HIV protease.
The protein-adjusted EC,, values against wild-
type HIV-1 and the 184V mutant virus were 0.8
and 3.8 uM, respectively. The degree of loss of
potency against multiply mutated viruses resistant
to ritonavir, indinavir, saquinavir and amprenavir
with DMP-851 was less than with DMP-450. Ad-
dition of 45 mg/ml human serum albumin and 1
mg/ml o 1-acid glycoprotein in the culture medium
caused a 16.7-fold loss of anti-HIV activity. A
single 10 mg/kg oral dose in dogs produced 8 h
trough levels (oral bioavailability 63%) of DMP-
851 which equaled or exceeded the protein-ad-
justed EC,, for wild-type and single amino acid
mutants of HIV-1 (Bacheler et al., 1997).

8. Conclusion

The management of HIV infection has become
more complex as the options for treatment have
increased. Among available anti-HIV drugs,
protease inhibitors produce the greatest suppres-
sion of viral replication. Although long-term ex-
perience with these agents is lacking, the degree of
suppression of viral replication obtained with reg-
imens that include one or two protease inhibitors
coupled with one or two RT inhibitors can delay
or prevent the emergence of resistance. However,
adherence to the regimen is critical to ensure a
durable virological response. In spite of their po-
tency, currently available protease inhibitors are
limited by gastrointestinal side effects, drug—drug
interactions, moderate bioavailability, and short
plasma half-life. Most require frequent (three
times daily) dosing and/or food restriction. A new

generation of protease inhibitors with higher po-
tency, superior pharmacokinetics, fewer drug in-
teractions, excellent tolerability and convenient
dosing schedule is needed. Current compounds
under development should display many of the
above properties.
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