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Introduction

Since the discovery of human immunodeficiency virus type 1 (HIV-1) as the
causative agent of the acquired immune deficiency syndrome (AIDS) (Barré-
Sinoussi et al., 1983; Gallo et al., 1984), various compounds have been
investigated for their chemotherapeutic potential (De Clercqg, 1989; Mitsuya et
al., 1990). Among these compounds, 3"-azido-3'-deoxythymidine (AZT) and
2',3’-dideoxynucleosides (ddNs) have proved highly potent and selective
inhibitors of HIV-1 replication in vitro (Mitsuya et al., 1985; Mitsuya and
Broder, 1986). Clinical studies have been initiated with some of the ddNs, i.e.
DDC (2',3'-dideoxycytidine) and DDI (2’,3'-dideoxyinosine). AZT has proven
effective in improving the clinical symptoms and prolonging the survival of
AIDS patients (Fischl et al., 1987, 1989, 1990). However, the long-term
administration of AZT is often associated with its serious side effects such as
bone marrow suppression (Richman et al., 1987).

Based on a presentation originally made at the Fourth International Conference on Antiviral Research
held in New Orleans, Louisiana, U.S.A., April 21-26, 1991.
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The ddNs are targeted at the viral RNA-dependent DNA polymerase
(reverse transcriptase (RT)) following intracellular conversion, through cellular
kinases, to their corresponding 5'-triphosphates. These triphosphate derivatives
act as competitive inhibitors/substrates with respect to the natural substrates
(dTTP, dCTP, dATP, and dGTP), and following their incorporation in the
growing viral DNA chain they lead to chain termination (Furman et al., 1986;
St. Clair et al., 1987; Cheng et al., 1987). Furthermore, AZT triphosphate
(AZT-TP) and ddN triphosphates (ddN-TPs) exhibit a much higher affinity for
the HIV-1 RT and other retroviral RTs than for the cellular DNA polymerases
(Vrang et al., 1988; Ono et al., 1989; Konig et al., 1989). The selectivity of AZT
and ddNs as anti-HIV-1 agents is primarily based on this differential affinity
for RT and cellular DNA polymerases. Their nonspecific interaction with
cellular DNA polymerases, in particular DNA polymerase y, may contribute to
the toxic side effects of this class of compounds.

In the meantime, world-wide efforts have made in search for effective
chemotherapeutic agents against AIDS. One such approach is based on the use
of HIV protease inhibitors (Meek et al., 1990; McQuade et al., 1990; Roberts et
al., 1990; Erickson et al., 1990). In the late stage of the HIV replicative cycle,
this virus-encoded enzyme is required for the processing of the gag-po!
polyprotein to mature po/ and gag proteins (Debouck et al., 1987; Kohl et al.,
1988). In fact, a series of peptide derivatives based on the transition-state
mimetic concept has been shown to inhibit not only HIV-1 protease activity in
a cell-free system but also HIV-1 replication in cell cultures at the nanomolar
range (Roberts et al., 1990).

Recently, the benzodiazepine (TIBO) derivatives (Pauwels et al., 1990) and a
TIBO-like compound, BI-RG-587 (Merluzzi et al., 1990), have been discovered
as new antiviral agents which exhibit a highly potent and specific inhibition of
HIV-1. The TIBO compounds inhibit HIV-1 replication in vitro at nanomolar
concentrations, whereas they are not inhibitory to HIV-2 at concentrations not
toxic to the host cells. TIBO (Debyser et al., 1991) and BI-RG-587 (Merluzzi et
al., 1990) have been shown to inhibit HIV-1 replication through an inhibitory
effect on HIV-1 RT. Yet, their mode of interaction with RT clearly differs from
that of AZT and ddNs.

In 1989, we described a 6-substituted acyclouridine derivative, 1-[(2-
hydroxyethoxy)methyl]-6-(phenylthio)thymine (HEPT), as a novel lead for
specific anti-HIV-1 agents (Baba et al., 1989; Miyasaka et al., 1989). Like
TIBO, HEPT is only inhibitory to HIV-1. Other viruses, including HIV-2, are
insusceptible to this compound. Although HEPT and TIBO belong to
apparently unrelated chemical classes, they share the unique biological
property of being specifically inhibitory to HIV-1. Yet, as compared to the
TIBO congeners, HEPT has relatively weak activity against HIV-1. There-
fore, we have attempted at increasing its potency by introducing various
chemical modifications. We have now developed several HEPT derivatives
that inhibit HIV-1 replication at about the same (nanomolar) concentration
as the TIBO derivatives. In this review, we will focus on the HEPT derivatives
as promising candidate drugs for the treatment of HIV-1 infections.
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Structure-activity relationship

The HEPT derivatives (with their abbreviations) are listed in Table 1, and
their structural formulae are shown in Fig. 1.

The inhibitory effects of the compounds on HIV-1 replication were evaluated
in a T4 lymphoblastoid cell line MT-4 (Miyoshi et al., 1982). MT-4 cells were
infected with the prototype laboratory strain of HIV-1, and after a 4-day
incubation period, the viability of both virus- and mock-infected cells was
determined by the tetrazolium dye (MTT) method (Pauwels et al., 1988). This
assay method has an advantage over the trypan blue exclusion method in that
the antiviral activity of compounds can be monitored in parallel with their
cytotoxicity.

Of the HEPT derivatives, HEPT itself was the first compound found to
inhibit HIV-1 replication in vitro (Miyasaka et al., 1989; Baba et al., 1989).

TABLE 1

Abbreviations of compounds

Abbreviation =~ Compound

HEPU 1-[(2-Hydroxyethoxy)methyl]-6-(phenylthio)uracil

HEPT 1-[(2-Hydroxyethoxy)methyl]-6-(phenylthio)thymine

HEPT-M 1-[(2-Hydroxyethoxy)methyl]-6-[(3-methylphenyl)thio]thymine

HEPT-dM 1-[(2-Hydroxyethoxy)methyl]-6-[(3,5-dimethylphenyl)thio]thymine

EPT 1-Ethoxymethyl-6-(phenylthio)thymine

BPT 1-Benzyloxymethyl-6-(phenylthio)thymine

PPT 6-Phenylthio-1-propoxymethylthymine

E-HEPU 5-Ethyl-1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)uracil

E-EPU 1-Ethoxymethyl-5-ethyl-6-(phenylthio)uracil

E-BPU 1-Benzyloxymethyl-5-ethyl-6-(phenylthio)uracil

E-HEPU-dM  5-Ethyl-1-[(2-hydroxyethoxy)methyl]-6-{(3,5-dimethylphenyl)thio]uracil

E-EPU-dM 1-Ethoxymethyl-5-ethyl-6-[(3,5-dimethylphenyl)thioJuracil

E-BPU-dM 1-Benzyloxymethyl-5-ethyl-6-f(3,5-dimethylphenyl)thio}uracil

I-HEPU 1-{(2-Hydroxyethoxy)methyl]-5-isopropyl-6-(phenylthic)uracil

I-EPU 1-Ethoxymethyl-5-isopropyl-6-(phenylthio)uracil

I-BPU 1-Benzyloxymethyl-5-isopropyl-6-(phenylthio)uracil

I-HEPU-dM 1-{(2-Hydroxyethoxy)methyl]-5-isopropyl-6-[(3,5-dimethylphenyl)thioluracil

P-HEPU 1-[(2-Hydroxyethoxy)methyl]-6-phenylthio-5-propyluracil

HEPT-S 1-[(2-Hydroxyethoxy)methyl]-6-phenylthio-2-thiothymine

E-HEPU-S 5-Ethyl-1-[(2-hydroxyethoxy)methyl]-6-phenylthio-2-thiouracil

E-EPU-S 1-Ethoxymethyl-5-ethyl-6-phenylthio-2-thiouracil

E-BPU-S 1-Benzyloxymethyl-5-ethyl-6-phenylthio-2-thiouracil

E-HEPU-SdM  5-Ethyl-1-{(2-hydroxyethoxy)methyl]-6-[(3,5-dimethylphenyl)thio]-2-thiouracil

E-EPU-SdM 1-Ethoxymethyl-5-ethyl-6-[(3,5-dimethylphenyl)thio]-2-thiouracil

E-BPU-SdM 1-Benzyloxymethyl-5-ethyl-6-[(3,5-dimethylphenyl)thio]-2-thiouracil

I-HEPU-S 1-{(2-Hydroxyethoxy)methyl]-5-isopropyl-6-phenylthio-2-thiouracil

I-EPU-S 1-Ethoxymethyl-5-isopropyl-6-phenylthio-2-thiouracil

I-BPU-S 1-Benzyloxymethyl-5-isopropyl-6-phenylthio-2-thiouracil

I-HEPU-SdM  1-[(2-Hydroxyethoxy)methyl)-5-isopropyl-6-[(3,5-dimethylphenyl)thio]-2-thioura-
cil

AZT 3'-Azido-3'-deoxythymidine

D4T 2',3'-Didehydro-3’-deoxythymidine

DDA 2',3’-Dideoxyadenosine
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TABLE 2

Inhibitory effect of HEPT derivatives on HIV-1 replication in MT-4 cells
Compound ECsy* (UM) CCs® (UM) SI¢
HEPU > 500 > 500 <>1
HEPT 6.5 > 500 >77
HEPT-M 2.6 420 162
HEPT-dM 0.26 241 927
EPT 0.33 230 697
BPT 0.093 63 677
PPT 3.0 140 47
E-HEPU 0.12 400 333
E-EPU 0.022 146 6640
E-BPU 0.0049 30 6120
E-HEPU-dM 0.016 155 9700
E-EPU-dM 0.0062 > 1009 > 16100
E-BPU-dM 0.0024 > 20¢ > 8300
I-HEPU 0.072 226 3140
I-EPU 0.0082 99 12000
I-BPU 0.0034 > 209 > 5880
I-HEPU-dM 0.0033 102 30900
P-HEPU 3.6 200 56
HEPT-S 1.6 124 78
E-HEPU-S 0.13 130 1000
E-EPU-S 0.026 66 2540
E-BPU-S 0.0084 > 1009 > 11900
E-HEPU-SdM 0.0075 172 23000
E-EPU-SdM 0.0056 > 100¢ > 17800
E-BPU-SdM 0.0076 > 204 > 2600
I-HEPU-S 0.062 310 5000
I-EPU-S 0.012 > 100? >8330
I-BPU-S 0.0077 > 204 > 2600
I-HEPU-SdM 0.0048 50 10400
AZT 0.0030 7.8 2600
D4T 0.034 15 441
DDA 6.8 > 500 >74

450% Effective concentratlon or concentration required to inhibit HIV-1-induced cytopathogeni-
city in MT-4 cells by 50%; °50% cytotoxic concentration, or concentration required to reduce the
viability of mock-infected MT-4 cells by 50%; “selectivity index, or ratio of CCsy to ECso; Yhigher
concentrations could not be achieved because of crystallization of the compound in the culture
medium. (Data from Baba et al., 1990, 1991a,b.)

HEPT completely protects MT-4 cells against HIV-1-induced destruction at a
concentration of 50 uM (Fig. 2). Its 50% effective concentration (ECsg) is 6.5
uM (Table 2). HEPT is not toxic to mock-infected MT-4 cells at a
concentration of 250 uM (Fig. 2). Thus, HEPT can be considered as a
selective inhibitor of HIV-1 replication in vitro. While inhibitory to HIV-1,
HEPT does not affect HIV-2 replication even at the highest concentration
examined (250 pM) (Fig. 2).

Following the HEPT lead we synthesized the three methylphenylthio
analogues of HEPT (ortho-methyl, meta-methyl, and para-methyl HEPT). Of
this series, meta-methyl HEPT (termed HEPT-M) proved to be the most active
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Fig. 1. Structural formulae of HEPT derivatives.
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Fig. 2. Inhibitory effect of HEPT on HIV-induced cytopathogenicity in MT-4 cells. MT-4 cells were

suspended in culture medium at 1 x 10 cells per mi and infected with either HIV-1 (HTLV-IIIg) or HIV-

2 (LAV-2gop) at a multiplicity of infection of 0.02. Immediately after virus infection, the cell suspension

(100 pl) was added to each well of a microtiter tray containing various concentrations of the test

compounds. After a 4-day incubation at 37°C, the number of viable cells was determined by the MTT
method (Pauwels et al., 1988).
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congener (data not shown); HEPT-M was slightly more potent than the parent
compound HEPT (Table 2). The 2-thio analogue of HEPT, termed HEPT-S,
was also synthesized and found to be 4-fold more active than HEPT (Table 2).

We also found that substitution of the 2-hydroxyethoxymethyl group at the
N-1 position by an ethoxymethyl group markedly increased the anti-HIV-1
activity. In fact, EPT is approximately 20-fold more potent than HEPT (Table
2). With a benzyloxymethyl group as the N-1 side chain, the anti-HIV-1 activity
is further increased; yet, BPT is slightly cytotoxic (Table 2).

Another important finding was that substitution of the methyl group at C-5
of the uracil ring by either ethyl or isopropyl (but not #-propyl) brought about
a marked increase in anti-HIV-1 activity (Table 2). Thus, E-HEPU and I-
HEPU are 54- and 92-fold more potent than HEPT.
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Fig. 3. Structure-activity relationship within the class of HEPT derivatives: chemical modifications leading
to increased anti-HIV-1 potency.
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When the two modifications, ethoxymethyl or benzyloxymethyl at the N-1 side
chain and ethyl or isopropyl at the C-5 position were introduced in the same
molecule, the resulting derivatives, E-EPU, E-BPU, I-EPU and I-BPU,
achieved remarkable anti-HIV-1 potency, with ECsy values below 10 nM
(Table 2).

After we had noted that the 3,5-dimethylphenylthio analogue of HEPT
(HEPT-dM) was 25-fold more active than HEPT (Table 2), we synthesized the
3,5-dimethylphenylthio analogues of E-HEPU, E-EPU, E-BPU, and I-HEPU.
E-HEPU-dM, E-EPU-dM, E-BPU-dM, and I-HEPU-dM proved much more
inhibitory to HIV-1 than their counterparts E-HEPU, E-EPU, E-BPU and I-
HEPU (Table 2). Furthermore, as originally demonstrated with HEPT-S, the 2-
thio analogues of HEPT derivatives are equally inhibitory to HIV-1 replication
as the 2-keto analogues (Table 2).

Of the 29 HEPT derivatives listed in Table 1, seven compounds inhibit HIV-
1 replication at a concentration that was more than 10000-fold below the
cytotoxicity threshold (selectivity index > 10000). For nineteen compounds, a
selectivity index is greater than 1000 (Table 2).

The structure-activity relationship of the HEPT derivatives is schematically
presented in Fig. 3, where the anti-HIV-1 activity increases in the direction of
arrows.

Chemistry

It is well-known that condensation of 6-substituted pyrimidines and
appropriately protected sugar derivatives almost always results in the
predominant formation of N-3-glycosylated products. Although part of this
problem could be solved by nucleophilic substitution at the C-6 position of
naturally occurring pyrimidine nucleosides, only few 6-substituted derivatives
have been synthesized.

In 1982 Tanaka et al. developed a new method, based on the regiospecific
deprotonation of H-6 of uridine with lithium diisopropylamide (LDA). The
resulting C-6-lithiated species proved to react with a wide range of electrophiles
to provide a general entry to 6-substituted uridines. Most of these 6-substituted
uridines were difficult to synthesize by any other method. Later on, this method
was successfully applied to 5-substituted uridines and 2’-deoxyuridine (Tanaka
et al, 1983a, 1985a). Among the compounds synthesized, 6-iodo- and 6-
phenylthiouridines exhibited anti-leukemic activity in cell cultures (Tanaka et
al., 1983a).

Since the 6-iodo and 6-phenylthio substituents have a leaving ability, these
compounds were highly susceptible to nucleophilic addition-elimination
reactions at the C-6 position (Tanaka et al., 1983b, 1985b). Should this
chemical property be related to the observed biological activity, some other
biological activities might be expected for other uracil nucleoside analogues
containing these substituents. In this perspective, the synthesis of the 6-iodo
and 6-phenylthio derivatives of 1-[(2-hydroxyethoxy)methyl]uracils was under-
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taken. Hence, HEPT and with HEPT a new class of specific anti-HIV-1 agents
was born (Miyasaka et al., 1989).
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Scheme 1. The synthesis of E-EPU and E-EPU-S.
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As described in our recent publications (Tanaka et al., 1991a, 1991b), various
C-6-modified HEPT and HEPT-S analogues can be obtained simply by
reacting of the corresponding C-6-lithiated species with electrophiles, as
illustrated in Scheme 1 for the synthesis of E-EPU and E-EPU-S. Another
important feature of this tactic lies in the fact that even a compound bearing an
halogen atom or azido group, either in the base moiety or acyclic side chain,
could be used as a substrate (Tanaka et al., 1991c). If an appropriate
electrophile is not available, the addition-elimination reaction using HEPT or
its 6-phenylsulfinyl derivative provides an alternative approach (Tanaka et al.,
1983b, 1985b). To introduce C-5 substituents in HEPU, again a lithiation
chemistry is applicable. Here, the use of a more basic lithiating agent, lithium
2,2.6,6-tetramethylpiperidine (LTMP), is required (Tanaka et al., 1986).

Antiviral activity spectrum

Immediately after the discovery of its anti-HIV-1 activity, HEPT was
examined for its inhibitory effect on the replication of various viruses in various
cell systems. HEPT proved inhibitory to HIV-1 in HUT-78 cells (Levy et al.,
1984), CEM cells (Foley et al., 1965), MOLT-4 cells (Kikukawa et al., 1986),
peripheral blood lymphocyte (PBL) cells and monocyte-macrophage (MP) cells
(Baba et al., 1989). Although HEPT is equally inhibitory to several strains of
HIV-1, it does not inhibit HIV-2-induced cytopathogenicity in MT-4 cells,
irrespective of the HIV-2 strain used. Furthermore, HEPT is inactive against
other retroviruses including simian immunodeficiency virus (SIV, strain MAC),
simian AIDS-related virus (SRV), and murine Moloney sarcoma virus (MSV)
(Baba et al., 1989). Likewise, viruses other than retroviruses (i.e. herpes simplex
virus, vaccinia virus, vesicular stomatitis virus, Coxsackie virus type B4,
poliovirus type 1, parainfluenza virus type 3, reovirus type 1, Sindbis virus,
Semliki forest virus, and human hepatitis virus B) are insensitive to HEPT
(Baba et al., 1989, and unpublished data).

Two prototype HEPT derivatives, E-EPU and B-BPU, have also been
examined for their inhibitory effects on the replication of different HIV-1 and
HIV-2 strains. As shown in Table 3, E-EPU and E-BPU are highly potent
inhibitors of HIV-1 replication in MOLT-4 cells and PBL cells, and their ECs,
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TABLE 3

Inhibitory effect of E-EPU and E-BPU on the replication of HIV-1 and HIV-2 in various cell
cultures

Virus Strain Cell E-EPU E-BPU AZT

ECsy CCsy ECsy CCsp ECsy CCsp
®M) M) @M @M)  GM) (M)

HIV-1 HTLV-IlI;  MT-4 0.022 146 0.0049 30 0.0030 78
MOLT-4  0.029 127 0.0039 42 0.0041 232

PBL 0.032 63 0.0072 22 0.0020 54

HTLV-Illgr MT-4 0.012 ~ 00016 - 0.0028 -
A012B MT-4 0.013 -~ 00019 - 0.0030 -
A012D? MT-4 0.015 - 00029 - 0.30 -
AO18A MT-4 0.027 -~ 00095 - 0.0027 -
A018C? MT-4 0.032 - 0010 - 0.40 -
HIV-1;r.:° MP 0013 >20 ND® - ND°® -
HIV-2 LAV-2gop  MT-4 > 146 - >30 - 0.0028 -
LAV-2gn0  MT-4 > 146 - >30 - 00032 -

Assays of the compounds for HIV-1 (HTLV-IIIz and HTLV-IlIgrg) and HIV-2 (LAV-2gop and
LAV-2gy0) replication were performed under the same experimental conditions as described in the
legend to Fig. 2. The anti-HIV-1 assay in MOLT-4 cells was performed under similar conditions as
described in the footnote to Table 2, except for a 10-fold higher multiplicity of infection and a
longer incubation period (8 days). Activity of the compounds against the clinical isolates of HIV-1
(A012B, A012D, A018A, and A018C) was determined by the amount of HIV-1 p24 antigen in
culture supernatant, using a sandwich ELISA kit, on day 4 after infection of MT-4 cells. The assay
procedure for measuring the anti-HIV-1 activity of the compounds in PBL and MP cultures was
also based on the quantitative detection of HIV-1 p24 antigen in the culture supernatant. The assays
were performed on day 7 in PBL and day 15 in MP. Cytotoxicity of the compounds was evaluated
in parallel with their antiviral activity. ECsy is based on the inhibition of HIV-1-induced
cytopathogenicity or reduction of p24 antigen content in culture supernatant. CCs is based on the
reduction of viability of mock-infected cells.

2AZT-resistant HIV-1 strains (Larder et al., 1989); °PBL- and MP-tropic strain (Koyanagi et al.,
1988); “Not determined. (Data from Baba et al., 1991a.)

values in PBL cells are quite similar to those obtained in MT-4 cells. However,
as noted for HEPT (Baba et al., 1989), E-EPU and E-BPU are not inhibitory to
HIV-2-induced cytopathogenicity in MT-4 cells. In contrast, the reference
compound AZT is equally inhibitory to HIV-1 and HIV-2. Furthermore, E-
EPU is markedly inhibitory to HIV-1 in human monocyte/macrophages. In
view of their potential therapeutic use, it would seem important to know
whether E-EPU and E-BPU are also inhibitory to AZT-resistant mutants of
HIV-1. In our assay system AZT-resistant HIV-1 strains A012D and A018C
(Larder et al., 1989) are at least 100-fold less susceptible to AZT than the AZT-
sensitive HIV-1 strains A012B and AO18A. However, the AZT-resistant HIV-1
strains are equally sensitive to E-EPU and E-BPU as the AZT-sensitive HIV-1
strains.

Mechanism of action

Our studies on the mechanism of action of HEPT have indicated that the
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compound does not interfere with an early event (i.e. virus adsorption,
penetration, or uncoating) of the HIV-1 replicative cycle. Moreover, HEPT
does not suppress virus production in chronically HIV-1-infected MOLT-4
cells (Baba et al., unpublished data), which means that a late event of the virus
replicative cycle (i.e. after integration of proviral DNA into host genomic
DNA) may also be excluded as a target of the compound.

From ‘time of addition’ experiments, where HEPT or HEPT-S were added at
different times after infection of MT-4 cells with HIV-1 at a high multiplicity of
infection, it appeared that HEPT and HEPT-S were still fully inhibitory to
HIV-1 replication when added to the cells 7 h after virus infection (Fig. 4). The
same result was obtained for the TIBO derivative R 82150 (Fig. 4; see also Fig.
2a in Pauwels et al., 1990). For DDC, AZT and DDI, addition to the cells
could be postponed until 4, 5 or 6 h post infection before their inhibitory
potency started to decline (Fig. 4). The differences shown by the ddNs may
arise from the time taken to phosphorylate these nucleoside analogues to their
5'-triphosphate form, a process that is unnecessary for the TIBO or HEPT
derivatives. In marked contrast with the HEPT, TIBO and ddN derivatives,
virus adsorption inhibitors such as pentosan polysulfate (Baba et al., 1988a)
and dextran sulfate (Baba et al., 1988b) were no longer able to inhibit HIV-1
replication when added 2 h after infection (Fig. 4; see also Fig. 2a in Pauwels et
al., 1990). From the ‘time of addition’ experiments, HEPT may be assumed to
act at a stage of the HIV-1 replicative cycle that corresponds to the reverse
transcription process.

When HEPT, HEPT 5'-triphosphate (HEPT-TP), E-EPU, and AZT-TP
were analyzed for their inhibitory effects on purified HIV-1 recombinant RT
(rRT) activity, HEPT and E-EPU were found inhibitory, irrespective of the
template-primer/substrate (poly(A)-oligo(dT)/dTTP or poly(C)-oligo(dG)/
dGTP) used (Table 4). Interestingly, double-reciprocal plots revealed that the
inhibition of HIV-1 rRT by E-EPU was competitive with respect to dTTP but
noncompetitive with respect to dGTP (Fig. 5). The K,,, values of the HIV-1 rRT
for dTTP and dGTP were 28 and 7.7 uM, respectively. The K; value for E-EPU
with dTTP as substrate was 0.42 pM. The compounds were also inhibitory to
native HIV-1 RT (HIV-1 nRT). However, the activity of HIV-2 nRT was not
affected by E-EPU at concentrations up to 500 uM. In contrast, AZT-TP was
equally inhibitory to HIV-1 nRT and HIV-2 nRT (Table 4). Another
interesting observation was that HEPT-TP (obtained through chemical
synthesis) was totally inactive against HIV-1 RT. This suggests that HEPT
does not need to be phosphorylated intracellularly to interact with the HIV-1
RT. In fact, E-EPU, which cannot be phosphorylated, is a potent inhibitor of
HIV-1 RT (Table 4).

All HEPT derivatives that were found to be active against HIV-1 replication
also proved inhibitory to HIV-1 rRT. A close correlation was observed between
their ECsy values for inhibition of virus replication and their ICsy values for
HIV-1 rRT activity (Fig. 6). However, the ICso values for RT activity were
approximately 10-fold higher than the ECs, values for inhibition of HIV-1
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Fig. 4. Time of addition experiment. MT-4 cells were infected at a high multiplicity of infection (> 1) with

HIV-1 (HTLV-III). After 60 min incubation at 37°C, unadsorbed virus was removed by 4 washing steps.

Compounds were added at either 2,3,4,5,6,7,8,9,10,11,12,13 or 24 h after infection. HIV-1 core protein

(p24) was determined at 25 h after infection by ELISA. Pentosan polysulfate (50 pg/ml): -V—; DDC (5 pg/

ml): -@—; AZT (0.05 pg/ml): ~A~; DDI (100 pg/ml): —l—; R 82150 (0.5 pg/ml): —O—; HEPT (100 pg/ml):
—O-; HEPT-S (10 pg/ml): —-A-.

TABLE 4
Inhibitory effect of HEPT, HEPT-TP, E-EPU, and AZT-TP on HIV RT activity
Compound Enzyme Template-primer/substrate ICso" (uM)
HEPT HIV-1 rRT poly(A)-oligo(dT)/dTTP 53
HIV-1 rRT poly(C)-oligo(dG)/dGTP 66
HEPT-TP HIV-1 rRT poly(A)-oligo(dT)/dTTP > 500
E-EPU HIV-1 rRT poly(A)-oligo(dT)/dTTP 0.27
HIV-1 rRT poly(C)-oligo(dG)/dGTP 0.14
HIV-1 nRT poly(A)-oligo(dT)/dTTP 1.1
HIV-2 nRT poly(A)-oligo(dT)/dTTP > 500
AZT-TP HIV-1 rRT poly(A)-oligo(dT)/dTTP 0.014
HIV-1 rRT poly(C)-oligo(dG)/dGTP > 100
HIV-1 nRT poly(A)-oligo(dT)/dTTP 0.0060
HIV-2 nRT poly(A)-oligo(dT)/dTTP 0.0069

HIV-1 rRT was produced in Escherichia coli and composed of p66 (46.5%), p55 (32.3%), and p53
(32.3%) (Division of AIDS, NIAID). HIV-1 and HIV-2 nRTs were obtained from disrupted virions
in the supernatants of MOLT-4 cells persistently infected with HTLV-IIIz and LAV-2rop
respectively. The assay was performed at 37°C for 30 min in a 50-p! reaction mixture containing 50
mM Tris-HCI (pH 8.4), 2 mM dithiothreitol, 100 mM KCl, 10 mM MgCl,, 0.1% Triton X-100, 1
uCi of either [methyl->H|dTTP (46 Ci/mmol) or [1',2-*H]dGTP (42 Ci/mmol), 0.01 OD unit of
either poly(A)-oligo(dT) or poly(C)-oligo(dG), test compound, and enzyme (approx. 0.01 U of HIV-
1 rRT, or 0.004 U of HIV-1 nRT or HIV-2 nRT). The reaction was stopped with 200 pl of
trichloroacetic acid (5%, v/v), and the precipitated materials were analyzed for radioactivity.
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Fig. 5. Double-reciprocal plot analysis for inhibition of recombinant HIV-1 RT by E-EPU. Except for the

substrate concentrations, the assay conditions were the same as described in the footnote to Table 4. The

reaction was performed in 50 ul containing 0.01 U of HIV-1 rRT, 0.01 OD,g unit of either

poly(A)-oligo(dT) or poly(C)-oligo(dG), various concentrations of either ['H]dTTP (A) or [*'H]dGTP (B),
and E-EPU at 0 (l), 0.2 (A), 0.4 (@), and 0.8 ([J) pM. (Data from Baba et al., 1991a.)

replication. A possible explanation for the discrepancy between the 1Csy and
the ECsy is the use of artificial homopolymeric template-primers
(poly(A)-oligo(dT) and poly(C)-oligo(dG)) in the RT assays. ICs, values for
the HEPT derivatives in RT assays with endogenous (heteropolymeric)
template(s) remain to be determined. Other factors that might play a role in
the antiviral activity of the HEPT derivatives, such as penetration into the cells,
intracellular metabolism, and possible interactions with viral proteins other
than HIV-1 RT, remain also to be determined.
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Fig. 6. Correlation between the inhibitory effects of a series of HEPT derivatives on HIV-1 replication in

cell cultures and their inhibitory effects on HIV-1 rRT activity. The assay procedures for determination of

the ECso for HIV-1 replication in MT-4 cells and the ICsy for HIV-1 RT activity are described in the

legend to Fig. 2 and footnote to Table 4, respectively. HEPT derivatives: HEPT, EPT, PPT, BPT, E-
HEPU, E-EPU, E-BPU and P-HEPU. (Data from Baba et al., 1991a.)
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Fig. 7. Isobologram for the combined inhibitory effects of AZT and E-EPU on HIV-1 replication. Percent

inhibition of HIV-1-induced cytopathogenicity in MT-4 cells at various concentrations of the drug

combination are also illustrated by a 3-dimensional bar graph. Assays were performed under the same

experimental conditions as described in the legend to Fig. 2. ECs, values were used as the endpoints for

calculations. Dotted line represents the unity line for the combination indices equal to 1 (additive effect)
under mutually nonexclusive assumptions. (Data from Baba et al., 1991c.)
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Combination with other compounds

Combination chemotherapy is an attractive approach that may lead to
synergistic activity without toxicity, and, in addition, may prevent the
emergence of drug-resistant virus strains. In fact, combinations of various
anti-HIV-1 agents have been examined for their inhibitory effects on HIV-1
replication in vitro and found to be synergistic (Hartshorn et al., 1986, 1987;
Hammer and Gilles, 1987; Johnson et al., 1989). Combinations of antiviral
agents with a different mode of action usually lead to increased activity.
Therefore, we examined the combined inhibitory effect of human recombinant
interferon o (IFN-a) and HEPT on HIV-1 replication. The combination
exerted a synergistic antiviral activity in both MT-4 and PBL cells (Ito et al.,
1991).

More recently, the combination of AZT and E-EPU was also examined and
analyzed by the isobologram method. As shown in Fig. 7, the two compounds
exert a synergistic activity against HIV-1. This combination might be effective
in reducing the emergence of drug-resistant mutants, since E-EPU is equally
inhibitory to AZT-resistant and AZT-sensitive strains of HIV-1 (Table 3).

Toxicity and pharmacology

Several issues including toxicity and pharmacology of the HEPT derivatives
needed to be addressed before they could be further pursued in clinical studies.
AZT is known to have myelotoxicity, and this hampers its long-term use in
AIDS patients (Richman et al., 1987). A comparative test of AZT and the
HEPT derivatives (i.e., E-EPU, E-BPU, E-EPU-S, and E-BPU-S) for their
inhibitory effects on colony formation by murine bone marrow progenitor cells
in vitro clearly demonstrated that the HEPT derivatives do not suppress the
proliferation of murine bone marrow progenitor cells at concentrations up to
10 uM (Table 5). With AZT, however, approx. 50 and 95% inhibition of
colony formation is observed at concentrations of 1 and 10 pM, respectively
(Table 5). These results indicate that the HEPT derivative, unlike AZT, may
not cause bone marrow suppression in vivo.

Acute toxicity of the HEPT derivatives in vivo is very low. Initial
toxicological studies in rats have indicated that the 50% lethal doses of E-
EPU, E-BPU, E-EPU-S and E-BPU-S after oral administration are higher than
2250 mg/kg. When these compounds were administered orally to rats for 2
weeks, no particular change of their general condition was noted even at a dose
of 1000 mg/kg/day. Hematological examinations did not reveal changes in
white or red blood cells at a dose of 1000 mg/kg/day, although E-EPU and E-
EPU-S decreased the hemoglobin level at this dose. No alterations in the
biochemical parameters of the serum were detected, except for a slight increase
in the transaminase level following administration of E-EPU at 1000 mg/kg/
day. Histological examinations indicated a slight swelling of liver cells
following administration of E-EPU, E-BPU or E-EPU-S at 1000 mg/kg/day.
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250% Inhibitory concentration. (Data from Baba et al., 1991a.)
TABLE 5

Inhibitory effect of AZT and HEPT derivatives on colony formation of murine bone marrow
progenitor cells

Compound Concentration (WM) Number of colonies? %
Control 60.7 + 6.7 100
AZT 10 27+ 03 4.4
1 333+ 19 54.9
0.1 553 + 2.6 91.1
E-EPU 10 61.7 + 1.2 102
1 583 + 4.2 96.0
0.1 56.0 + 3.1 92.3
E-BPU 10 657 + 2.9 108
1 61.0 + 2.3 100
0.1 59.0 + 1.5 97.2
E-EPU-S 10 58.3 + 5.8 96.0
1 58.0 + 2.0 95.6
0.1 62.3 + 3.5 103
E-BPU-S 10 59.7 + 5.7 98.4
1 56.7 + 4.1 934
0.1 63.0 + 1.2 104

Murine bone marrow cells (2 x 10° per ml) were suspended in culture medium containing 10% fetal
calf serum (FCS), 0.3% agar, and 50 ng/ml of granulocyte-macrophage colony stimulating factor
(GM-CSF). The suspension (1 ml) was brought into each well of a plastic tray and overlayed with
culture medium containing FCS, agar, GM-CSF, and various concentrations of the test
compounds. After a 7-day incubation period at 37°C, the number of colonies was determined.
*Values are means + standard deviations in triplicate experiments.

Yet these compounds did not cause necrosis of the liver cells, a side effect that
was seen after administration of AZT at a dose of 500 mg/kg/day.

Pharmacokinetic studies were carried out in rats with HEPT, HEPT-M and
HEPT-S given orally at a dose of 20 mg/kg. The plasma concentration of all
compounds rose rapidly. The highest concentration in plasma (7.4 pg/ml, 22.8
pM) was achieved by HEPT-S within 30 min. The maximum plasma
concentrations (Cp,x) of HEPT and HEPT-M were reached within 5 min
following administration, but their Cp,,, was considerably lower than that of
HEPT-S (Baba et al., 1990). Pharmacokinetic studies were also carried out with
E-EPU, E-EPU-S and E-BPU-S in beagle dogs after oral administration of the
compounds at a dose of 5 mg/kg. Venous blood samples were collected at
different times for up to 6 h after administration. The compounds were rapidly
absorbed from the gastrointestinal tract and the highest plasma concentrations
were attained within 35 min (E-EPU), 45 min (E-EPU-S) or 25 min (E-BPU-S).
The Cpax of E-EPU, E-EPU-S, and E-BPU-S was 304, 301, and 62 ng/ml,
respectively. These values are approximately 45-, 36-, and 19-fold higher than
the respective ECsq values for HIV-1 replication in MT-4 cells (Table 2).
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Conclusion

In the search for novel chemotherapeutic agents effective against HIV
infection, we found several 6-phenylthiouracil derivatives to be highly potent
and selective inhibitors of HIV-1 in vitro. Of this series, seven compounds
inhibited HIV-1 replication at concentrations that were at least 4 orders of
magnitude below their cytotoxicity threshold. These compounds interact with
HIV-1 reverse transcriptase following a mechanism that is different from that
of AZT or the other 2'.3'-dideoxynucleoside analogues. The results of the
toxicological tests in rats suggest that the 6-phenylthiouracil derivatives are
devoid of acute and subacute toxicity. Plasma drug concentrations achieved
following oral administration of the compounds to dogs were well above the
virus-inhibitory concentrations. Thus, the 6-phenylthiouracil derivatives can be
considered as promising candidate drugs for the treatment of HIV-1 infections.
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