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S-1153 is a new imidazole compound that inhibits human immunodeficiency virus (HIV) type 1 (HIV-1) rep-
lication by acting as a nonnucleoside reverse transcriptase inhibitor (NNRTI). This compound inhibits rep-
lication of HIV-1 strains that are resistant to nucleoside and nonnucleoside reverse transcriptase inhibitors.
S-1153 has a 50% effective concentration in the range of 0.3 to 7 ng/ml for strains with single amino acid substi-
tutions that cause NNRTI resistance, including the Y181C mutant, and also has potent activity against clinical
isolates. The emergence of S-1153-resistant variants is slower than that for nevirapine, and S-1153-resistant
variants contained at least two amino acid substitutions, including F227L or L234I. S-1153-resistant variants
are still sensitive to the nucleoside reverse transcriptase inhibitors zidovudine (AZT) and lamivudine. In a
mouse and MT-4 (human T-cell line) in vivo HIV replication model, S-1153 and AZT administered orally
showed a marked synergy for the inhibition of HIV-1 replication. S-1153 shows a significant accumulation in
lymph nodes, where most HIV-1 infection is thought to occur. S-1153 may be an appropriate candidate for two-
to three-drug combination therapy for HIV infection.

The reverse transcriptase (RT) of human immunodeficiency
virus (HIV) is a suitable target for anti-HIV agents because
RT is unique to retroviruses and no known homolog is ex-
pressed in human cells. Nucleoside RT inhibitors (NRTIs)
such as zidovudine (AZT) and ddI inhibit RT selectively but
are considerably toxic to cellular and mitochondrial DNA syn-
thesis (29). In this regard, nonnucleoside RT inhibitors (NNR-
TIs) are attractive because these compounds are highly specific
and no nucleoside-related toxicity is expected. However, the
most serious disadvantage of the NNRTI compounds is the
rapid emergence of resistant variants and the cross-resistance
of one mutation to several NNRTIs (17).

Because of HIV’s high rate of mutation, treatment with a
single anti-HIV drug selects for the rapid enrichment of resis-
tant variants. Combination therapy seeks to avoid this problem
by demanding that the virus become simultaneously resistant
to several agents. Also, by reducing the viral population size,
combination therapy reduces the probability of the emergence
of resistant variants. For example, an infected person with a
high viral load may contain 1010 to 1011 viruses (25). The
forward mutation rate for a specific base substitution in HIV is
about 1025 (7). Thus, if resistance to a compound can arise by
a single mutation, about 105 resistant viruses may be preexist-
ing in an untreated person, and there may be double-mutant
viruses that are resistant to a combination of two drugs. These
considerations suggest that drugs will be particularly useful
against HIV if resistance can be achieved only by multiple
mutations.

A second consideration for HIV therapy is cross-resistance.

During the early development of S-1153, the problem of resis-
tance to NNRTIs became widely known (15, 17, 27). Thus, if a
patient’s virus becomes resistant, this entire class of com-
pounds becomes unusable. Our initial lead compounds were
similar to other NNRTIs in that resistant variants of HIV-1
could arise by the same mutations that cause resistance to oth-
er members of this compound group (12a). We therefore tested
derivatives for their activities against HIV type 1 (HIV-1)
strains that were resistant to known NNRTIs. On the basis of
this and other criteria, such as the higher concentration of
S-1153 in the lymph nodes than in plasma after oral adminis-
tration to rats and the safety profile of the drug, S-1153 was
chosen from among a large number of imidazole-containing
compounds for further study. This compound, S-1153 (Fig. 1),
is more potent than other approved drugs in this class, is active
in a mouse model of HIV infection, and requires at least two
mutations for RT to become resistant.

MATERIALS AND METHODS

Compounds.S-1153,5-(3,5-dichlorophenyl)thio-4-isopropyl-1-(4-pyridyl)meth-
yl-1H-imidazol-2-ylmethyl carbamate, was synthesized in our laboratories. The
chemical structure of S-1153 is shown in Fig. 1. A detailed description of the
synthesis and structure-activity data will be published elsewhere. AZT, ddI, and
ddC were purchased from Sigma (St. Louis, Mo.). Nevirapine (21), loviride (24),
delavirdine (10), lamivudine (3TC) (6), saquinavir (8), indinavir (16), ritonavir
(20), and nelfinavir (22) were synthesized in our laboratories.

Cells and viruses. MT-4, MT-2 (13), and M8166, a subclone of C8166 (4), are
human T-cell lines established by human T-cell leukemia virus type I-induced
transformation and are highly sensitive to HIV-1, producing a rapid and strong
cytopathic effect (CPE). The cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum and antibiotics in a humidified incubator with
a 5% CO2 atmosphere at 37°C. The HIV strains used in this study were HIV-1
IIIB (13), HIV-1 SF33 (19), HIV-1 SF-2 (30), HIV-2 Rod (5), and HIV-1 NL432
derived from the infectious molecular clone pNL432 (1). HIV stocks were stored
as cell-free culture supernatants at 280°C.

In vitro RT inhibition assay. HIV-1 RT activity was measured in a reaction
mixture containing 50 mM Tris-HCl (pH 8.3), 150 mM KCl, 10 mM MgCl2, 0.1%
Nonidet P-40, 3 mM dithiothreitol, 10 mg of poly(rA) per ml as a template, 1 mg
of oligo(dT) per ml as a primer, various concentrations of dTTP and [3H]dTTP
as substrates, and 0.045 U of recombinant HIV-1 RT enzyme (Seikagaku Corp.,
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Tokyo, Japan) per ml. After 10 or 60 min of incubation at 37°C, the reaction
mixtures were chilled on ice and collected with a Skatron Harvestor (Skatron,
Inc., Sterling, Va.) on a DEAE-Filtermat (LKB-Pharmacia, Turku, Finland).
After washing with 5% Na2HPO4 and H2O, the amount of radioactivity was
determined by LKB Beta Plate scintillation spectroscopy.

Construction of RT mutants. In vitro mutagenesis was applied to the RT-
coding region of the infectious molecular clone pNL432 to obtain drug-resistant
mutants (see Table 5). The mutant clones were transfected to SW480 cells as
described previously (1). The virus stocks were prepared from cell-free super-
natants at 2 to 3 days posttransfection.

In vitro antiviral assays. The anti-HIV activity of each compound in vitro was
assayed by determining the level of inhibition of virus-induced CPE in the cells
essentially as described previously (23).

The levels of growth inhibition of the drug-resistant mutants were assayed by
measuring viral RT activity in the culture supernatant. MT-4 cells were infected
with the corresponding virus and were incubated for 4 days in the absence or
presence of serial dilutions of the compounds. Then, the RT activities in the
culture supernatants were assayed as described previously (28). The dose of the
compound required to inhibit HIV RT activity in the culture by 50% (IC50) or
90% (IC90) of that required to inhibit the activity of the control was calculated.

Clinical isolates were tested in human peripheral blood mononuclear cell
(PBMC) cultures by the following procedure. PBMCs were activated with phy-
tohemagglutinin for 2 days. Compounds were added, and the cultures were
incubated for 15 h. Virus was added at a multiplicity of infection (MOI) of 0.001,
and the culture was incubated for 8 h. Virus and compound were removed, and
the cells were incubated for 15 days. Virus production was determined by mea-
suring the level of p24 core antigen production with the NEK-060 kit (Du Pont).

All data in Table 1 are mean values for at least three independent experiments.
The data in Tables 2, 3, 5, and 6 are mean values for at least two independent
experiments.

Selection of S-1153-resistant HIV-1 variants. M8166 cells were infected with a
highly infectious HIV-1 clone, HIV-1 IIIB clone 3 (11), at a high MOI (MOI, 0.2
to 0.5) and were exposed to S-1153 or nevirapine initially at two- to fivefold the
50% effective concentration (EC50). Infected cells were incubated for 4 days, the
RT activities in the culture supernatants were assayed, and then the cells were
passaged 1:4 in fresh medium containing the antiviral agents. The doses of
S-1153 were modified according to the CPE observed in the cells. If the virus was
replicating (a visible CPE or a high level of RT activity), the dose of the agent
was increased two- to fivefold in the following passage. Cells were passaged as
described above twice a week.

Analysis of RT mutation. The RT regions in the resistant variants were se-
quenced with a double-stranded DNA cycle sequencing system (GIBCO BRL).

In vivo efficacy of S-1153. The in vivo efficacy of S-1153 was monitored with the
mouse–MT-4 cell model as described previously (28). AZT and S-1153 were
dissolved or suspended in 0.5% methylcellulose and were administered orally
immediately after the injection of 5 3 107 HIV-infected MT-4 cells in 0.3 ml of
phosphate-buffered saline into the peritoneal cavity of a BALB/c mouse. The
percent inhibition of viral growth by the drugs 24 h after transplantation is the
mean value for three mice.

Animal welfare. The evaluation of S-1153 with the mouse–MT-4 model was
approved by the Shionogi Animal Use and Care Committee and was conducted
in accordance with institutional guidelines.

RESULTS

In vitro activity of S-1153 against RT. S-1153 showed potent
activity against purified RT. In a standard assay with poly(rA)
and oligo(dT), the IC50s of S-1153 and nevirapine were 0.45
and 6.51 mM, respectively. The Km for dTTP was 2.62 mM, and
the Ki for S-1153 was 1.63 mM. When the concentration of the
dTTP substrate was varied, a mixed type of inhibition was ob-
served (data not shown).

In vitro activity of S-1153 against HIV replication. The anti-
HIV activities of S-1153 and the other anti-HIV agents were
assayed by inhibition of virus-induced CPE on MT-4 cells,

based on a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay with 96-well microplates. Anti-HIV
data are reported as the EC50 or EC90 for virus-induced cell
killing (Table 1). S-1153 showed the most potent activity among
the agents tested, with an EC50 of 1.4 ng/ml. Nevirapine was
13-fold weaker than S-1153 in this assay, consistent with the
inhibitory activities of the drugs against purified RT. The cy-
totoxicity of S-1153 to PBMCs, measured by determining the
IC50s for cell growth inhibition and cell death, were 15 and 17.5
mg/ml, respectively, which were similar to the 50% cytotoxic
concentration (CC50) for MT-4 cells (Table 1). By these mea-
surements, the chemotherapeutic index is more than 10,000.

The activity of S-1153 against different HIV strains and in
different cell lines was tested (Table 2). S-1153 had similar
antiviral activities against HIV-1 IIIB (a T-cell-tropic
strain), HIV-1 SF-33 (a dual-tropic strain), HIV-1 SF-2 (a
T-cell-tropic strain), and HIV-1 NL432 (a molecular clone) in
MT-4, MT-2, or M8166 cells. The activity of AZT was signif-
icantly cell dependent, which may have been due to variation in
the ability of different cells to phosphorylate AZT (2, 9). The
antiviral activity of S-1153 appeared to be specific to HIV-1: no
activity against HIV-2 Rod or against influenza A virus was
observed (Table 2; data not shown).

S-1153 also exerted strong inhibitory activity against clinical

FIG. 1. Chemical structure of S-1153.

TABLE 1. In vitro anti-HIV activities of S-1153 and other
anti-HIV agents compared by the MTT assaya

Inhibitor CC50 (ng/ml) EC50 (ng/ml) EC90 (ng/ml)

S-1153 11,000 6 1,000 1.4 6 0.6 2.7 6 1.5
Nevirapine 70,000 6 6,000 18 6 5 47 6 6
Loviride 49,000 6 21,000 11 6 4 21 6 11
Delavirdine 21,000 6 4,000 11 6 2 34 6 8

AZT 13,000 6 5,000 1.9 6 0.6 4.3 6 1.9
ddI .100,000 550 6 150 1,700 6 900
ddC 3,200 6 400 18 6 3 42 6 7
3TC .100,000 39 6 10 98 6 19

Saquinavir 8,500 6 500 3.7 6 0.6 8.6 6 1.7
Indinavir .100,000 14 6 6 41 6 23
Ritonavir 13,000 6 2,000 26 6 3 56 6 11
Nelfinavir 4,600 6 100 10 6 2 24 6 4

a Each value represents the mean 6 standard deviation for at least three
experiments, each of which was performed in triplicate.

TABLE 2. In vitro anti-HIV activities of S-1153, AZT,
and nevirapine compared by the MTT assaya

Virus/cell
EC50 (ng/ml)

S-1153 AZT Nevirapine

HIV-1 IIIB/MT-4 1.4 6 0.6 1.9 6 0.6 18 6 5
HIV-1 IIIB/MT-2 1.2 6 0.4 51 6 7 24 6 7
HIV-1 IIIB/M8166 2.1 6 0.9 67 6 22 53 6 14

HIV-1 SF33/MT-4 1.0 6 0.2 14 6 5 38 6 4
HIV-1 SF33/M8166 1.3 6 0.3 150 6 10 53 6 1

HIV-1 SF2/M8166 0.90 6 0.02 5.0 6 0.6 51 6 5

HIV-1 NL432/MT-4 0.51 6 0.02 1.6 6 0.1 13 6 1

HIV-2 Rod/M8166 .CC50 2.6 6 0.5 .CC50

a Each value represents the mean 6 standard deviation for at least three
experiments, each of which was performed in triplicate.
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isolates of HIV, as well as laboratory strains (Table 3), with
EC50s of less than 10 ng/ml. AZT-resistant and -sensitive HIV
strains were equally susceptible to S-1153. Two AZT-resistant
variants were tested, and both were inhibited by nanomolar
amounts of S-1153. The concentrations of AZT required for
inhibition of most clinical isolates were 10 times higher than
those of S-1153.

Selection of HIV-1 variants resistant to S-1153. The emer-
gence of variants resistant to an anti-HIV agent may be inev-
itable if the agent is used as a monotherapy. To understand
how a particular anti-HIV drug might be used in a combination
therapy, it is desirable to know what type of resistant mutants
might evolve, whether such mutants have a growth disadvan-
tage, and whether such mutants are more resistant or more
sensitive to other anti-HIV drugs. To address these questions,
we isolated S-1153-resistant mutants from HIV-1 IIIB clone 3.
In an initial attempt, M8166 cells were infected with HIV-1
IIIB clone 3 and passaged six times in the presence of 10 ng of
S-1153 per ml. This experiment was repeated three times, and
no resistant variants were obtained. In these experiments, each
plate was initially infected with 1 3 104 to 2.5 3 104 PFU of
virus, and there might have been no S-1153-resistant variants
in this population. However, nevirapine-resistant mutants were
consistently isolated after fewer passages, which means that
there might have been some nevirapine-resistant variants in
this initial population. In a second experiment, cells and viruses
were incubated in the presence of 1 or 5 ng of S-1153 per ml.
At 5 ng/ml, virus replication was almost completely blocked,
but at 1 ng/ml, virus replication was observed because 1 ng of
S-1153 per ml was below the EC50 for strain IIIB clone 3.
Then, the dose of S-1153 was increased by two- to fivefold in
the following passage, and S-1153-resistant variants were iso-
lated after more than 31 days in the presence of S-1153 at a
concentration of 50 ng/ml (Table 4). The RT-coding regions

from two S-1153-resistant clones were sequenced, and in both
cases more than one amino acid substitution mutation was
present. Clone 1 contained the mutations V106A and F227L
and the EC50 for the clone was 740 ng/ml, while clone 2 had the
mutations K103T, V106A, and L234I and the EC50 for the
clone was 37 ng/ml in the MTT assay.

Susceptibilities of various HIV-1 RT mutants to RT inhib-
itors. On the basis of the sequences of the S-1153-resistant
strains and other mutations known to cause resistance to other
NNRTIs, we constructed a series of single and double mutants
with mutations in the RT gene (Tables 5 and 6). HIV-1 cDNA
molecular clone pNL432 was used as a starting point for in
vitro mutagenesis, so that the resistant mutations would be
compared in the same genetic background. Mutant clones with
single amino acid substitutions at residues 100, 103, 106, 181,
190, 227, and 236 showed only minimally reduced sensitivities
to S-1153 (less than 10-fold), while the clone with the mutation
L234I was 22-fold less sensitive. The concentration of S-1153
required to inhibit any of these viruses with single mutations
was equal to or less than the concentrations of nevirapine,
delavirdine, or loviride required to inhibit the parental HIV-1
strain. In contrast, several of the viruses with single mutations
were more than 50-fold less sensitive to nevirapine, delavird-
ine, or loviride. The clone with the mutation Y181C was resis-
tant to all of these drugs (EC50s, .500 ng/ml) but was still
sensitive to S-1153 (EC50, 4.2 ng/ml). It was previously found
that high doses of NNRTI combinations selected for the
V106A plus Y181C double mutant (3), but this strain is still
sensitive to S-1153 (EC50, 2.5 ng/ml). Conversely, the V106A
plus F227L double mutant, which is resistant to S-1153 (EC50,
120 ng/ml), is still somewhat sensitive to delavirdine (EC50, 37
ng/ml), and the F227L single mutant is more sensitive to dela-
virdine than the parent strain. Similarly, the L234I variant,
which has the most S-1153-resistant single mutation, is more
sensitive to loviride than the parent strain. This information
could be useful in designing combination therapies with NNR-
TIs. The patterns of cross-resistance and sensitivity were also
examined for S-1153 and the NRTIs AZT and 3TC (Table 6).
No cross-resistance was observed. However, there may be ge-
netic interactions in which different mutations mutually reduce
the resistance that they confer. The activities of AZT and 3TC
were unchanged or greater against clones with the mutations
Y181C, F227C, L234I, and V106A plus F227L, which cause

TABLE 3. In vitro activities of S-1153 and AZT against
clinical isolates of HIVa

Virus/cell

S-1153 AZT

EC50
(ng/ml)

EC90
(ng/ml)

EC50
(ng/ml)

EC90
(ng/ml)

RF/MT-2 3.1, ,1 9.0, 8.0 46, 43 110, 120

A018Cb/PBMC ,1, ,1 6.6, 6.6 390, 590 3,500, 5,300
CH910499/PBMC 4.5, 4.8 9.8, 9.6 180, 190 530, 540

CH900029/PBMC 1.1, ,1 9.9, 8.1 5.5, 4.3 78, 74
CH900285/PBMC ,1, ,1 8.0, 8.0 2.1, 5.9 51, 77
NIH301593/PBMC 2.0, 3.1 9.7, 9.4 9.0, 14 90, 100
NIH302054/PBMC 4.0, 3.4 10, 9.1 6.4, 9.3 170, 120

a The values from two independent experiments are presented and are sepa-
rated by a comma; each experiment was performed once.

b AZT-resistant strain.

TABLE 4. Isolation of S-1153 and nevirapine
resistant variants in vitro

Drug

Emergence of
resistant mutants Amino acid

substitution in RTNo. of
passages

No. of days
of culture

S-1153 .9 .31 K103T 1 V106A 1 L234I,
V106A 1 F227L

Nevirapine 2–3 7–10 Y181C, V106A

TABLE 5. Sensitivities of molecular clones with RT gene
mutations to S-1153 and other anti-HIV agentsa

Virus
mutation

EC50 (ng/ml)

S-1153 Nevirapine Delavirdine Loviride

Wild type (strain
NL432)

0.31 6 0.07 6.8 6 2.1 5.9 6 2.1 6.3 6 0.5

L100I 0.94 6 0.18 14 6 12 .500 5.4 6 3.4
K103N 0.31 6 0.14 300 6 170 460 6 80 140 6 60
V106A 1.4 6 0.9 .500 150 6 50 100 6 40
Y181C 4.2 6 1.9 .500 .500 .500
Y188C 0.46 6 0.17 .500 32 6 7 230 6 140
G190A 0.34 6 0.07 .500 1.3 6 0.3 250 6 110
F227C 2.4 6 1.1 87 6 32 9.6 6 5.1 58 6 29
F227L 0.46 6 0.05 28 6 5 0.78 6 0.48 23 6 7
L234I 6.8 6 4.2 3.5 6 1.5 13 6 8 0.45 6 0.24
P236L 1.1 6 0.1 21 6 1 .500 2.8 6 0.4
V106A 1 Y181C 2.5 6 0.2 .500 .500 .500
V106A 1 F227L 120 6 10 .500 37 6 2 .500

a Each value represents the mean 6 standard deviation for at least three
experiments, each of which was performed in duplicate.
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weak or strong resistance to S-1153. Conversely, the mutations
M184V (which causes 3TC resistance), T215Y, or D67N plus
K70R (which causes AZT resistance) had no effect on sensi-
tivity to S-1153. Interestingly, when the mutation L234I caus-
ing resistance to S-1153 and the mutation T215Y causing re-
sistance to AZT were combined, the HIV strain with both
mutations had wild-type sensitivities to both drugs.

In vivo efficacy of S-1153. The in vivo efficacy of S-1153 was
demonstrated in the mouse–MT-4 cell model, which was pre-
viously established in our laboratory (Fig. 2). In this model,
HIV-infected MT-4 cells are injected into the peritoneal cavity
and anti-HIV agents are administered orally. This model mea-
sures the ability of the test compound to be absorbed, circulate
in the blood, and reach the target tissue for a long enough
period of time to cause inhibition. In this model, there was
dose-dependent inhibition of HIV-1 replication for both AZT
and S-1153 (Fig. 2A). The combination of AZT and S-1153 is
quite effective against HIV replication, suggesting a synergistic
action of these two compounds in vivo (Fig. 2B). This is an
important observation because the drugs are metabolized in
vivo and do not have a fixed concentration like they did in the
in vitro experiments. These findings support the potential use-
fulness of S-1153 in a combination therapy.

DISCUSSION

Combination therapy has become the standard for the treat-
ment of HIV infection. For a drug to be included in a combi-
nation therapy, several factors must be considered, including
the rate of evolution of resistant variants, the ability of such
variants to be cross-resistant to other drugs, and the side-effect
profile of the drug. NNRTIs are attractive because they cause
minimal side effects. However, the usefulness of these com-
pounds is limited by the fact that HIV-1 RT can often become
resistant to these drugs as a result of a single mutation.

We sought to identify an improved NNRTI by screening for
compounds that would inhibit HIV-1 strains that are resistant
to known NNRTIs or to AZT. From a set of derivatives of an
initial NNRTI lead compound, S-1153 was chosen because of
its potency and its ability to inhibit existing NNRTI-resistant
HIV strains and because resistance to this compound appears
to require at least two mutations.

S-1153 is more potent than other NNRTIs. When tested
against purified RT, S-1153 had an IC50 of 0.45 mM and was
15-fold more potent than nevirapine (see Results). Similarly,
S-1153 was 10- to 15-fold more potent than nevirapine, lov-

iride, or delavirdine in its ability to inhibit HIV-1 replication in
vitro (Tables 1, 2, and 5). The inhibition of HIV-1 replication
did not depend on the HIV-1 strain or the host cell used (Table
2). In addition, S-1153 had a low level of cytotoxicity, because
its chemotherapeutic index was more than 10,000.

Many NNRTIs and protease inhibitors have high-level
protein binding characteristics which affect their antiviral ac-
tivities. Among the human serum proteins albumin has the
greatest ability to bind to S-1153 (unpublished data). In the
presence of 50 mg of human serum albumin per ml and 1 mg
of alpha-1-acid glycoprotein per ml, S-1153 showed ninefold
less activity than its activity without albumin, while nevirapine
showed fourfold less activity than its activity without albumin
(data not shown). Taking into account these data, S-1153 may
have sixfold greater antiviral activity than nevirapine in human
plasma.

HIV-1 variants that are resistant to S-1153 arise much more
slowly than variants resistant to nevirapine (Table 4). This is
most likely due to the fact that two mutations are required to
confer high-level resistance to S-1153. Single mutations can
confer partial resistance to this drug, increasing the EC50 by up
to 22-fold. However, the resulting EC50 of S-1153 for these

FIG. 2. Inhibition of HIV-1 replication by S-1153 in the mouse–MT-4 cell
model. The method used was the same as that published previously (28). AZT
and S-1153 were dissolved or were suspended in 0.5% methylcellulose and were
administered orally immediately after the injection of 5 3 107 HIV-infected
MT-4 cells in 0.3 ml of phosphate-buffered saline into the peritoneal cavities of
BALB/c mice. The percent inhibition of viral growth by the drugs 24 h after
transplantation is the mean for three mice. (A) Dose-dependent inhibition of
HIV-1 replication by S-1153 or AZT alone. (B) Inhibition of HIV-1 replication
by the combination of S-1153 and AZT.

TABLE 6. Sensitivities of molecular clones with RT gene mutations to S-1153 and other anti-HIV agentsa

Virus mutation
S-1153 AZT 3TC

EC50 (ng/ml) EC90 (ng/ml) EC50 (ng/ml) EC90 (ng/ml) EC50 (ng/ml) EC90 (ng/ml)

Wild type (NL432) 0.31 6 0.07 1.1 6 0.2 1.2 6 0.5 5.6 6 0.9 11 6 7 67 6 31

Y181C 4.2 6 1.9 14 6 3 0.90 6 0.26 3.6 6 0.6 20 6 5b 62 6 12b

F227C 2.4 6 1.1 9.8 6 1.6 0.14 6 0.01 1.1 6 0.7 17 6 6b 88 6 24b

L234I 6.8 6 4.2 11 6 6 0.63 6 0.34 2.3 6 1.1 27 6 6b 98 6 10b

V106A 1 F227L 120 6 10 270 6 80 0.64 6 0.11 5.1 6 3.3 14 6 11b 54 6 29b

M184V 0.25 6 0.08 1.2 6 0.1 0.84 6 0.41 4.2 6 1.1 .500 .500

D67N 1 K70R 0.31 6 0.06 1.1 6 0.2 2.4 6 1.6 30 6 21 18 6 16b 200 6 130b

T215Y 0.17 6 0.10 0.40 6 0.08 5.6 6 1.7 37 6 9 60 6 14b 240 6 60b

T215Y 1 L234I 0.61 6 0.07 3.0 6 0.3 0.89 6 0.61 4.6 6 1.9 30 6 3b 180 6 20b

a Each value represents the mean 6 standard deviation for at least three experiments, each of which was performed in duplicate unless indicated otherwise.
b Each value represents the mean 6 standard deviation for two experiments, each of which was performed in duplicate.
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viruses with single mutations is then similar to the EC50s of
nevirapine, delavirdine, and loviride for wild-type HIV-1. The
two S-1153-resistant clones that were characterized had
V106A-F227L and K103T-V106A-L234I mutations. All of
these mutations line the pocket in which other NNRTIs are
known to bind (12, 14).

How can S-1153’s enhanced potency and relative insensitiv-
ity to mutation be explained? The three-dimensional structures
of several different RT-NNRTI complexes have been solved
(12, 14, 26). The NNRTIs all lie in a pocket, and mutations that
confer resistance to S-1153 and other NNRTIs affect the amino
acids that surround this pocket. A large number of variants
resistant to other NNRTIs have been sequenced. On the basis
of these structures and mutational studies, Hopkins et al. (14)
noted that most mutations conferring NNRTI resistance are
the result of the replacement of a larger amino acid with a
smaller one. As a result, a contact is lost and the affinity is
reduced. Those investigators suggest that mutations that in-
crease the size of a pocket amino acid might be lethal to the
polymerase. As a result, no mutations cause steric interference
with NNRTI binding but allow full polymerase activity. This is
a fortunate situation for the design of anti-HIV drugs.

S-1153, with a molecular weight of 451, is larger than most
NNRTIs. It is possible that this compound simply makes more
contacts with the RT than other such compounds and there-
fore binds more tightly. The results of our mutational analysis
are consistent with the idea that mutations in the NNRTI-
binding pocket cause the loss of a contact but do not cause
steric interference. Mutational loss of one contact may reduce
the binding somewhat, but S-1153 is still potent enough that
inhibitory levels of the compound should be achievable in vivo.

Some S-1153-resistant mutants with single and double mu-
tations are cross-resistant to other NNRTIs. However, the
mutations that confer resistance to delavirdine are not partic-
ularly resistant to S-1153, and the double mutant that is resis-
tant to S-1153 is only about sixfold more resistant to delavir-
dine. AZT- and 3TC-resistant mutants are sensitive to S-1153,
and vice versa (Table 6). In addition, when the mutation
(L234I) conferring the strongest S-1153 resistance is combined
with the mutation (T215Y) conferring AZT resistance, the
virus with the double mutation is almost as sensitive to both
drugs as wild-type HIV. This interference phenomenon has
been noted for other combinations of mutations conferring
NRTI and NNRTI resistance (17, 18). These drug-mutation
interactions may be useful in designing combination therapies
with S-1153 and other compounds that act on RT.

Young et al. (31) suggested that another NNRTI, DMP-266,
also requires two mutations in the RT gene to acquire resis-
tance. We have not compared S-1153 in parallel with DMP-
266, but the single mutation Y188L caused a 1,000-fold de-
crease in sensitivity to DMP-266, and L100I and K103N each
caused 67-fold decreases in sensitivity (31).

In a simple mouse model of HIV infection, S-1153 can block
virus replication (Fig. 2). HIV-infected MT-4 cells were im-
planted into the peritoneal cavity by a standard procedure (28).
Oral dosing with S-1153, AZT, or S-1153 plus AZT inhibited
viral growth, with 50 mg of S-1153 per kg of body weight
showing complete inhibition. Combinations of S-1153 and
AZT were particularly effective and at relatively low doses
nearly completely inhibited virus replication, suggesting that
these compounds act synergistically, although this has not been
confirmed in vivo. In addition, the concentration of S-1153 in
lymph nodes is two to seven times higher than that in plasma
after oral administration to rats (unpublished results), and this
drug showed little toxicity in studies with animals (unpublished
results). Taken together, the properties of S-1153 described

above indicate that this drug may be useful after the failure of
therapy with the originally used NNRTIs but could be espe-
cially useful in combination with nucleoside analogs or pro-
tease inhibitors in drug-naive patients. A synergistic effect be-
tween S-1153 and AZT against HIV in an in vitro anti-HIV
assay was observed (data not shown). However, the comple-
mentary effects of combinations of anti-HIV agents for the
prevention of the emergence of resistant variants may be more
important than the simple expectation of synergistic activity for
clinical purposes. Clinical trials are under way to evaluate the
safety, pharmacokinetic profile, and anti-HIV activity of
S-1153 and the emergence of variants of HIV resistant to
S-1153 in humans.
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