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SUMMARY
The novel human immunodeficiency virus type 1 -specific thio-
carboxanilide derivatives that contain either a substituted fura-
nyl (UC-781) or thienyl (UC-82) ring linked to the thiocarboxy
group and a pentenyloxyether chain linked to the 4-chlorophe-
nyl ring in meta position show highly favorable antiviral prop-
erties. Compounds UC-781 and UC-82 discovered by scien-
tists at Uniroyal Chemical Ltd. proved to be �5-1 0-fold more
inhibitory to wild-type human immunodeficiency virus type 1

strains (EC5O -.- 0.002 �ig/ml) than the thiocarboxanilide oxime
ether UC-1 0 and other non-nucleoside reverse transcriptase
inhibitors such as nevirapine, bis(heteroaryl)piperazine, and
tetrahydroimidazo[4,5,l-jk][1 ,4]-benzodiazepin-2(1 H)-one. In
addition, the compounds were able to knock out virus replica-

tion in cell culture at concentrations that were 20-50-fold lower
than those of nevirapine or bis(heteroaryl)piperazine. They were
also highly efficient (EC5O � 0.02 �.tg/ml) in suppressing the
replication of mutant virus strains that contained mutations in
their reverse transcniptase that conferred resistance to other
non-nucleoside reverse transcriptase inhibitors (i.e., Tyrl 81 to

Cys, Lysi 03 to Asn, VaIl 06 to Ala, and Leul 00 to lIe). The
compounds selected for virus mutants that were only margin-

ally resistant to the thiocarboxanilides (<10-20-fold). The an-
tiviral activity of the compounds was only slightly affected by
the presence of high concentrations of human serum, and the

compounds were shown to be highly stable in the presence of
human serum for at least 24 hr at room temperature.

Several different classes of NNRTIs of HIV-1 have been
described (for an overview, see Refs. 1-4). These compounds
share a number of characteristics, including their high spec-
ificity toward HP/-i, their low toxicity in cell culture and

patients, an action targeted at the HIV-1 RT, and the rapid
emergence of resistant virus strains both in vitro and in vivo

(for an overview, see Refs. 1-5).
Resistance development is usually due to the appearance

of point mutations in the RT gene, leading to virus mutants
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with > 10-fold reduced sensitivity to the particular com-
pounds. The cross-resistance/sensitivity spectrum of such

mutant virus strains to NNRTIs other than those against

which they were selected varies markedly depending the

nature of the amino acid change and the particular NNRTI.

However, several amino acid mutations have been identified

that tend to markedly affect the antiviral activity of most, if

not all, NNRTIs that have been described. Two such muta-

tions that affect the activity of the majority of NNRTIs (in

particular, NNRTIs that are currently the subject of clinical

trials, such as nevirapine, BHAP, and a-anilinophenylacet-

amide) are Tyrl8lCys and LyslO3Asn. We recently described
a series of oxathiin(thio)carboxanilide esters and various

structurally closely related derivatives that show a favorable
resistance spectrum in that they were able to suppress the

Tyrl8lCys RT mutant virus at drug concentrations that

ABBREVIATIONS: NNRTI, non-nucleoside reverse transcriptase inhibitor; RT, reverse transcniptase; HIV-1 , human immunodeficiency virus type
1 ; BHAP, bis(heteroaryl)piperazmne; TSAO-m3T, [2’,5’-bis-O-(tert-butyldimethylsilyl)-3’-spiro-5”-(4”-ammno-1 “,2”-oxathiole-2”,2”-dioxide]-N3-meth-
ylthymidine: TIBO, tetrahydroimidazo[4,5,l-jk][1 ,4]-benzodiazepin-2(1H)-one; HEPT, 1-(2-hydroxyethoxymethyl-6-(phenylthio)thymine; MKC-442,
1 -(ethoxymethyl)-6-benzyl-5-isopropyluracil; hu-PBL, human peripheral blood lymphocyte; SCID, severe combined immunodeficiency; PE,
phycoerythrin; PCR, polymerase chain reaction.
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were significantly lower than those required for other corn-

pounds, such as nevirapine and BH.AP (6-8).

However, these thiocarboxanilide ester derivatives proved

to be poorly stable in plasma (due to aspecific esterase activ-

ity) and showed cross-resistance to the LyslO3Asn RT mu-

tant virus. These compounds also predominantly selected for

LyslO3AsntlUhr mutant virus strains when HIV-1-infected

cell cultures were propagated in the presence of these test

compounds (8). We describe several novel thiocarboxanilide

derivatives that are highly stable in serum (due to an ali-

phatic ether function instead of the ester function) and that

are able to markedly suppress both the Tyrl8lCys and

LyslO3Asn mutant virus strains in cell culture. In addition,

the compounds were found to select in cell culture for only

marginally resistant mutant virus strains and to knock out

the virus from the HIV-1-infected cell cultures at concentra-

tions that were 10-50-fold lower than those required for

other NNRTIs to knock out HJV-1 under the same experi-

mental conditions.

Materials and Methods

Test compounds. The compounds UC-781, UC-82, UC-lO, UC-
83, and UC-284 were supplied by Uniroyal Chemical Ltd. (Guelph,
Ontario, Canada), and their synthesis will be published elsewhere.
The structural formulae are depicted in Fig. 1. Nevirapine was
kindly provided by Dr. P. Ganong (Boehringer Ingleheim, Ridgefleld,

CT); BHAP U90152 was provided by Dr. Kirsch (Hoechst AG, Frank-

furt, Germany); TSAO-m3T was provided by Dr. Camarasa [Institute
de Quimica Medica (Consejo Superior de Investigaciones Cientifi-

cas), Madrid, Spain]; TIBO R82913 was provided by Dr. Zhang-Hao
(National Cancer Institute, National Institutes of Health, Bethesda,
MD); MKC-442 was provided by Prof. M. Baba (Kagoshima, Japan);
and dideoxyinosine was provided by Dr. D. G. Johns (National Can-

cer Institute, National Institutes of Health).

Cells. Human lymphocyte CEM cells were obtained from the
American Type Culture Collection (Rockville, MD) and grown in

RPMI 1640 medium supplemented with 10% (v/v) inactivated fetal

calf serum (GIBCO), 2 mM L-glutamine (Flow Laboratories, Irving,
UK), and 0.075% (v/v) NaHCO3 (Flow Laboratories). Cells were

UC-781

S
II

I ICH \ -�
cXcu CN-0 C CH3

“3 H I
CH3

i��c:i�Q

subcultured every 3-4 days. Human C8166 cells and Molt 4!clone 8

were obtained from Prof. P. La Colla (Cagliari, Sardinia) and Dr. N.

Yamamoto (Nagoya, Japan), respectively, and cultured as described

for the CEM cells. The procedure for purification of monocytes from
the blood has been described in detail previously (9). Briefly, periph-

eral blood mononuclear cells obtained from the blood of HIV-sero-
negative healthy volunteers by centrifugation over Ficoll-Hypaque
gradient were cultured for 5 days in 48-well plates (Costar, Cam-

bridge, MA) in RPMI 1640 medium plus 2 mz�i L-glutamine and

penicillin/streptomycin (GIBCO, Paisley, Scotland) supplemented
with 20% mycoplasma- and endotoxin-free fetal calf serum (Hyclone

Labs, Logan, UT). A total of 1.8 x 106 macrophages/cm2 and /ml were

used. Nonadherent cells were removed by repeated washings with
warm medium 5 days after plating. Cells obtained at this point are

>95% pure macrophages, as assessed by morphology and fluores-
cence-activated cell-sorting analysis.

Viruses. HIV-l(IIIB) was kindly provided by Prof. R. C. Gallo
(National Cancer Institute, National Institutes of Health) (10). HIV-

1/HE represents a clinical isolate obtained from a patient with ac-

quired immune deficiency syndrome in Leuven, Belgium. HP/-i

(Ba-L) was obtained from the American Type Culture Collection.

Antiviral activity of test compounds. CEM cells were sus-
pended at 250,000 cells/ml of culture medium and infected with 100

CCID50 (i CCID50 is the 50% cell culture infective dose) of HIV-
1(’11B) or mutant HP/-i strains selected for resistance against TIBO

R82i50 (HW-lfIlelOO) (ii), TIBO R829i3 (HW-1/AsnlO3) (11),
TSAO-m3T (HW-ifLysi38) (12), nevirapine (HW-i/AlaiOG) (13), or
pyridinone L697,661 (HIV-1/Cysl8l) (ii). Then, 100 pi of the in-

fected cell suspensions was added to 200-pd microtiter plate wells

containing 100 �il of an appropriate dilution of the test compounds
(i.e., iOO, 20, 4, 0.8, 0.16, 0.032, and 0.006 �g/ml). The inhibitory

effect of the test compounds on HP/-i-induced syncytium formation
in CEM cells was examined on day 4 after infection as described

previously (ii, i3). The EC50 was determined as the compound

concentration required to inhibit syncytium formation by 50%. In the

monocyte/macrophage assays, 5-day adherent macrophages were

treated with various concentrations of test compounds and immedi-

ately thereafter challenged with 300 minimum infectious doses of the

monocytotropic strain ofHIVIBa-L. Virus excess was removed at 2 hr

after virus challenge, and the macrophages were cultured in the
presence ofthe same drug concentrations as before. Virus production

was assessed i4 days after virus challenge by a commercially avail-

Fig. I . Structural formulae of thiocarboxanilides.
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able immunoenzymatic method (Abbott, Pomezia, Italy) that could

be used to detect HIV-p24 antigen in the supernatants. All samples

were run in quadruplicate.

PBLs from a normal HIV-negative human volunteer were ob-
tamed by the Ficoll/Hypaque technique, washed twice with phos-

phate-buffered saline, and cultured with phytohemagglutin (2 j.�g/ml)

for 3 days at 37#{176}in a C02-controlled incubator. Phytohemagglutin-

stimulated PBL cells were washed twice with phosphate-buffered

saline and then infected with a concentrated HIV-1 (HTLV-1115)

stock in RPMI 1640 medium supplemented with 15% heat-macti-

vated fetal calf serum, L-glutamine (2 mM), gentamycin (50 pg/ml),

recombinant interleukin-2 I 10 units/mI), and Polybrene (2 �g/ml).

After 60-mm incubation at 37#{176},nonadsorbed virus was removed by
successive washing steps with fresh culture medium, and the HIV-

1-infected PBL cells were then suspended at 5 x iO� cells!ml in

RPMI 1640 medium and cultured in the presence of varying concen-

trations (20, 4, 0.8, 0.16, 0.032, and 0.006 jIM) ofthe test compounds

in 96-well culture plates (200 �il1welD. HIV-1 p24 core antigen was

quantified in the cell culture supernatants at 7 days after infection

by an antigen-capture assay using an enzyme-linked immunosorbent

assay.

Determination of the amino acid sequence of the RT of
drug-resistant virus strains. The procedure of CEM cell infection
with mutant HP/-i strains, preparation of the samples for PCR

assays, amplification of the proviral DNA, and sequencing of the

727-bp fragment covering amino acid residues 50-270 have been

reported previously (11-13). The first set of primers (5’-GTAGAAT-

TCTGTFGACTCAGATTGG-3’ and 5’-11�CTGCCAGTTCTAGCTCT-

GCTTCT-3’ gave a 900-bp product of the proviral RT gene. The

second set of primers (5’-CCTGAAAATCCATACAATACTCCAG-
TATVrG-3’ and 5’-AGTGCTVFGGVFCCTCTAAG GAGVVFAC-3’)
gave the 727-bp RT fragment covering amino acids 50-270. The PCR

products were purified from 0.1% low-melting agarose gel by Magic

PCR Preps (Promega, Madison, WI ) or on a microspin column and
directly sequenced with a Taq Dye Deoxy Terminator sequencing kit
(Applied Biosystems or an AutoRead T-7 Sequencing kit (Pharma-

cia, Piscataway, NJ). Sequence analysis was then performed on a

model 373A DNA sequencer (Applied Biosystems, Norwalk, CT) or

an ALF DNA sequencer (Pharmacia).
RT assay. The RT assays using recombinant HIV-1 RT were

performed as described previously (14).
Selection of HIV-1(fflB) mutant strains resistant to H1V-1-

specific RT inhibitors administered as single drugs at fixed

concentrations. HIV-i(IIIB) was subjected to two or three passages in

5-mI CEM cell cultures (4 x 10#{176}cells/mI) in the presence ofseveral fixed
concentrations of the test compounds in 25-cm2 culture flasks (Falcon

flasks; Becton Dickinson, San Jose, CA) to produce mutant HP/-i

strains. The multiplicity of the initial infection was 1000-fold the IC50

value. Passages were performed every 3-4 days by adding 0.5-1.0 in) of

the infected culture supernatants to 4-4.5 ml ofa suspension containing

4 x i05 uninfected CEM cells/ml. Syncytium formation was used as a

parameter of virus breakthrough in the cell cultures.

Grafting mice with PBL, delivery of compounds, infection
with HIV, and recovery of human cells from hu-PBL-SCID
mice. CB.17 scidlscid (SCID mice were bred at the Rega Institute

for Medical Research (Katholieke Universiteit Leuven, Leuven, Bel-
gium) in a sterile environment. hu-PBL-SCID mice were generated

by reconstituting adult SCID mice through intraperitoneal injection

of 20 x 10#{176}PBL, as described previously ( 15). For the isolation of

PBL, buffy coat preparations from healthy donors were obtained

from the Blood Bank in Leuven and kindly provided by Dr. 0. Souw.

All hu-PBL-SCID mice were housed in microisolator caging and
maintained in a sterile environment. At 14 days after reconstitution,

hu-PBL-SCID mice were implanted with osmotic Alzet 35 2002 mi-

cropumps (AIza, Palo Alto, CA) for the delivery of the compounds.

The pumps have a reservoir volume of 200 pJ and can pump for 14
days at a pumping rate of 0.5 MI/hr. They were implanted in the

dorsolateral side ofthe mice under sterile conditions. The compounds

UC-lO and BHAP U-90152 were diluted at 125 mg/ml (in a first,

preliminary experiment) or 25 mg/ml (in a second preliminary ex-

periment) in dimethylsulfoxide. Therefore, the pumps delivered 7.5

or 1.5 mg ofcompoundlday/mouse. The mice were injected intraperi-

toneally 16 hr later with 1 x i0� 509k-tissue culture infective dose
HIV-1 in a Biosafety level 3 containment facility. The HIV-1 strains

used were “B (10) and SF-2 (16). At 13 days later, mice were bled by

cardiac puncture, and the spleens were collected. Single cell suspen-

sions of the spleen were obtained by gently teasing the tissue in

sterile medium and passing the disrupted tissue through a sterile

wire mesh.

Flow cytometric analysis and antibodies. Three-color flow
cytometric analysis was performed on a FACScan 228 (Becton Dick-

inson). Data were acquired and analyzed with CellQuest 228 soft-
ware (Becton Dickinson) on a Apple Macintosh Quadra computer.

The following antibodies, specific for human cell surface markers,
were purchased from Becton Dickinson: CD8 (fluoresceinisothiocya-

nate), CD4 (PE), and CD45 (peridine chlorophyl). Mouse isotype

controls were also obtained from Becton Dickinson. Single cell sus-

pensions from the spleen ofeach hu-PBL-SCID were stained with the

antibodies CD4-PE, CD8-fluoresceinisothiocyanate, and CD45-peri-

dine chlorophyl and analyzed, and the percentage ofhuman CD4� T
cells was calculated of the total number of human CD45� T cells.

Results

Inhibitory effect of thiocarboxanilide pentenyloxy-

(thio)ether derivatives against wild-type and mutant

HIV-i strains in CEM cell cultures. From a broad screen-

ing of several hundred oxathiincarboxanilide derivatives

against HIV-l(IIIB in CEM cell cultures, a number of highly

active and selective HP/-i-specific inhibitors emerged (6-8,

17-19). Structure-activity relationship studies revealed that

--30 compounds had EC50 values in the range of 1-10 ng/ml.

The most promising inhibitors were thiocarboxanilide deny-

atives containing a 2-methyl-substituted thiophene (i.e.,

UC-82 and UC-284) or furanyl (i.e., UC-lO, UC-781 and UC-

83) ring linked to the thiocarboxy group and an aliphatic

(branched pentenyl) ether function linked to the 4-chloroani-

lide moiety at the meta-position. The ethers could be either

oxy-ether (i.e., UC-781 and UC-82) or thio-ether (i.e., UC-83

and UC-284) (Fig. 1). UC-lO represents a thiocarboxanilide

oxime ether that has been identified (8) as a potent and

specific inhibitor ofHIV-1 replication (Fig. 1). It was included

in our study as a reference compound together with nevirap-

me, BHAP U90152, TIBO R82913, the HEPT derivative

MKC-442, and TSAO-m3T.

The thiocarboxanilide (oxy)ethers UC-781 and UC-82 were

exquisitely inhibitory to HP/-i replication in CEM cells.

Their EC50 was as low as 0.002-0.003 �tg/ml (Table 1). The

corresponding thioethers UC-83 and UC-284 were 2-3.5-fold

less antivirally effective, whereas the oxime ether UC-iO was

5-10-fold less inhibitory to HP/-i. However, UC-lO inhibited

HP/-i-induced cytopathicity at similar concentrations as ne-

virapine, BHAP, TIBO, and TSAO-m3T (EC5#{216}= 0.015-0.019

�tg/ml) (Table 1). Unlike UC-lO and UC-82, the other thio-

carboxanilide derivatives (UC-781, UC-83, and UC-284) were

devoid of any cytostatic activity against CEM cells at a corn-

pound concentration as high as 100 pg/ml. The selectivity

indexes ofUC-781, UC-83, and UC-284 were �14,300 or even

>50,000. In this respect, they exceeded the selectivity index

of UC-lO by � 1 or by >2 orders of magnitude. The superior

antiviral activity of the novel thiocarboxanilides UC-781,

UC-82, UC-83, and UC-284 over UC-lO and the other NNR-
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TABLE 1

Cytostatic activity and inhibitory activity of thiocarboxanilide pentenyloxy(thio) ethers and other NNRTIs against different HIV-1
strains in different cell systems

Compound

EC50a

c�;I�l;
�

S.). (CEM)
Ills (CEM)

-�------�
(C8166) HE (Molt) BaL (M/M) lll� (PBL)

pg/mI pg/mI ratio CC5�/EC5Q

UC-781 0.002 0.002 0.008 0.080 0.001 >100 >50,000

UC-82 0.003 0.002 0.005 0.01 5 0.004 5.8 1,933
UC-83 0.007 0.010 0.08 0.002 >100 14,300

UC-284 0.007 0.006 0.065 0.001 >100 >14,300
UC-lO 0.016 0.019 0.08 0.85 0.021 5.8 360

Nevirapine 0.019 0.032 0.05 0.006 >20 >1,000

BHAP U-90152 0.006 0.012 0.05 >20 >3,300
TIBO R82913 0.016 0.031 0.25 0.05 0.006c >20 >1,250

MKC-442 0.001 0.003 0.009 0.02 >20 >20,000
TSAO-m3T 0.015 0.026 0.06 0.08 0.046 >20 >1,300

a 50% Effective concentration or compound concentration required to inhibit HIV-1 -induced cytopathicity in CEM and C81 66 cells or p24 expression in M/M cell

cultures.
b 50% cytostatic concentration or compound concentration required to inhibit CEM cell proliferation by 50%.
C Data obtained for TIBO R821 50.

TIs was further confirmed against HIV-l(IIIB) in C8166 cell

cultures, clinical isolate HIV-1(HE) in CEM cell cultures,

monocytotropic virus strain HIV-1(Ba-L) in freshly isolated

monocyte/macrophage cell cultures, and HIV-l(IIIB) in hu-

PBL cell cultures (Table 1). None of the compounds were

inhibitory to HIV-2(ROD) replication in CEM cells (data not

shown). Thus, both UC-781 and UC-82 emerged as the most

prominent anti-HP/-i compounds among the thiocarboxani-

lides included in our study.

Inhibitory effect of thiocarboxanilide pentenyloxy-

(thio)ether derivatives against mutant 11W-i strains

in CEM cell cultures. The thiocarboxanilides were evalu-

ated for their inhibitory activity against a series of mutant

HIV-1 strains that had emerged in the presence of a variety

of NNRTIs as described previously (11-13). The most rele-

vant mutations shown to occur in HP/-i-infected individuals

treated with NNRTIs (5) were included in this study. The

NNRTIs nevirapine, BHAP, TIBO, and TSAO-m3T markedly

lost inhibitory potency against several of the mutant virus

strains by 1, 2, and even 3 orders ofmagnitude (depending on

the nature of the NNRTI as well as the nature of the amino

acid substitution in the RT of the mutant virus strains)

(Table 2). In marked contrast, the thiocarboxanilides re-

tamed high potency against the mutant viruses evaluated. In

fact, UC-781 and UC-82 inhibited the LeulOOlle, VallO6Ala,

TABLE 2

Glul38Lys, and Vall79Asp RT mutant viruses within the

0.004-0.010 �ig/ml range (i.e., at only 2-3-fold higher concen-

trations than those required to inhibit wild-type virus). Even

more importantly, the Tyrl8lCys RT mutant and LyslO3Asn

RT mutant virus strains proved to be highly susceptible to

the inhibitory effects of UC-781 and UC-82. They were inhib-

ited by these compounds at concentrations that ranged be-

tween 0.014 and 0.023 jtg/ml (i.e., at drug concentrations that

were only 5-10-fold higher than the concentrations required

to inhibit wild-type virus and similar to the concentrations

required for nevirapine, BHAP, TIBO, and TSAO-m3T to

inhibit wild-type virus; Table 2).

The thiocarboxanilide oxime ether UC-lO and thioethers

UC-83 and UC-284 showed a relative greater loss in inhibitory

potency against the LeulOOIle, VallO6Ala, Glul38Lys, and

Vall79Asp RT mutant virus strains than UC-781 and UC-82.

However, like UC-781 and UC-82, the thioethers UC-83 and

UC-284 retained marked activity against the LyslO3Asn and

Tynl8lCys RT mutant viruses (EC5O = 0.035-0.080 �ig/ml).

Effect of human serum on the anti-HIV-1 activity of

thiocarboxanilide pentenyloxy ether derivatives. Be-

cause drug binding to serum proteins may affect the antiviral

activity of the test compounds in vivo, we performed an

experiment in which the anti-HP/-i activities of UC-lO, UC-

781, and UC-82 were examined in the presence of 10% fetal

Antiviral activity of thiocarboxanilide pentenyloxy(thio) ethers and other NNRTIs against mutant HIV-1 strains

Compound
EC50a

w�b LeulOOlle LyslO3Asn VallO6Ala Glul38Lys Vall79Asp Tyrl8lCys

gg/mI

UC-781 0.002 0.008 0.023 0.005 0.004 0.006 0.015

UC-82 0.003 0.006 0.020 0.005 0.006 0.012 0.014

UC-83 0.007 0.035 0.080 0.060 0.030 0.080
UC-284 0.007 0.035 0.035 0.080 0.035 0.070
UC-lO 0.016 0.13 0.20 0.05 0.05 0.17 0.030
Nevirapine 0.019 0.065 1.5 0.80 0.12 0.25 6.8

BHAP U-90152 0.006 0.46 0.27 0.16 0.016 0.13 0.25
TIBO R82913 0.016 1.75 �5 0.50 0.30 2.0

TSAO-m3T 0.015 0.041 0.11 0.23 >20 0.097 0.33
a 50% effective concentra tion or compou nd concentration required to inhibit HIV -1 -induced cytopath icity in CEM cell cu Itures by 50%.
b Wild-type HIV-1(lllB).
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calf serum and increasing concentrations of human serum
(i.e., 0%, 5%, 12.5%, and 50%) (Table 3). Although the test

compounds progressively showed decreased antiviral potency

at increasing serum concentrations, the decrease was only

3.5-5-fold in the presence of the highest human serum con-

centration tested (i.e., 50%). The EC50 values under our ex-

perirnental conditions were as low as 0.014 �ig/ml for UC-781,
0.025 �ig/ml for UC-82, and 0.075 p.g/ml for UC-lO. A similar

minimal effect of human serum on the anti-HP/-i potency of
the HEPT derivative MKC-442 was observed (Table 3), with

the latter compound chosen as the clinical candidate corn-
pound among the HEPT derivatives based on its relatively
low serum binding properties.

Breakthrough of mutant lilY-i strains in the pres-

ence of thiocarboxanilide pentenyloxy ether deriva-

tives. The thiocarboxanilides UC-781, UC-82, and UC-lO

were administered to HP/-i-infected CEM cells at fixed con-

centrations ofthe test compounds (i.e., 0.001, 0.025, 0.1, 0.25,

and 1.0 �ig/ml). Cell cultures were passaged twice a week in
the presence of the test compounds and further subcultured

in the absence of the test compounds after the 10th passage.
Although UC-lO fully suppressed virus breakthrough in the

CEM cell cultures at 1 �tg/rnl but not at lower drug concen-

trations, UC-781 and UC-82 did so at concentrations of 1,

0.25, and 0.1 �ig/ml (Table 4). At a concentration as low as

0.01 �tg/rnl (i.e., at a 3-5-fold higher concentration than the
EC50 value), UC-781 and UC-82 were able to markedly delay

virus breakthrough (27-30 days versus 3 days in control

cultures for the occurrence of 50% cytopathicity). The HP!-
1-infected CEM cell cultures that were treated with UC-lO at
1.0 �.tg/ml or with UC-781 or UC-82 at 0.1, 0.25, or 1.0 �.tg/ml
were shown to be fully cleared from the virus as demon-

strated by the lack of cytopathicity, absence of proviral DNA,
and inability to detect viral p24 antigen after the drugs were

removed and the cell cultures were further incubated for an
additional five passages.

When evaluated under similar experimental conditions,

nevirapine and TIBO R82913 prevented virus breakthrough
only at compound concentrations that were 25-50-fold higher

than those required for UC-781 and UC-82 (data not shown).
Characterization of mutant virus Strains emerging in

the presence ofthe thiocarboxanifide pentenyloxy ether

derivatives. The virus strains that emerged in the presence of
UC-lO (0.1 and 0.25 pg/ml), UC-781 (0.01 and 0.025 j.tg/ml), and
UC-82 (0.01 and 0.025 �ig/ml) were characterized in terms of
amino acid mutations in their RT and their sensitivity/resis-

TABLE 3

Effect of human serum concentrations on the anti-HIV-1 activity
of thiocarboxanilides

EC50

Compound Concentration of human serum

0% 5% 12.5% 25% 50%

pg/mP’5

UC-781 0.003 0.007 0.010 0.017 0.014
UC-82 0.005 0.009 0.020 0.03 0.025
UC-lO 0.02 0.04 0.045 0.07 0.075
MKC-442 0.003 0.007 0.008 0.015 0.014

a 50% effective concentration or compound concentration required to reduce

the Hlv-1-induced cytopathicity by 50%.
b Data are the mean of two independent experiments.

TABLE 4

HIV-1 breakthrough in CEM cell cultures in the presence of
thiocarboxanilide derivatives at fixed concentrations
From day 36 (passage 10), cell cultures were maintained in the absence of the test
compounds.

Compound Concentration
Initial break-

through of virus 50% Cytopathicity

�gImI

UC-781 0.01
0.025

0.1
0.25
1

1 1
32

>50
>50
>50

30
42

>>50
>>50
>>50

UC-82 0.01
0.025

0.1
0.25
1

15
36

>>50
>>50
>>50

28
38

>>50
>>50
>>50

UC-lO 0.1
0.25
1.0

11
32
>>50

27
42
>>50

Control 0 2 3

tance spectrum against a series of NNRTIs (Tables 5 and 6).

The virus strains that emerged at the lowest concentration of
UC-lO (0.1 �tg/m1) and UC-781 (0.01 �.tg/m1) did not contain any

detectable mutations in their RT within the 50-270-amino acid
region that was sequenced. However, the virus strains that

emerged in the presence of UC-lO at 0.25 �.ig/rn1, UC-781 at

0.025 �ig/m1, or UC-82 at 0.01 and 0.025 �.tg/m1 contained single
amino acid mutations at positions Va1179, LeulOO, G1u138, and

VallO6. The mutations at amino acid positions 179 and 100
were transversion mutations resulting in the amino acid
changes ofVall79Asp and LeulOOfle. The mutations at amino

acid positions 138 and 106 were transition mutations resulting

in the amino acid changes of Glul38Lys and VallO6Ala (Table

5). All ofthese four mutations have been reported to emerge in
the presence of NNRTIs such as pyridinone and PEFI’

(Vall’79Asp mutation) (20, 21); TIBO, BH.AP, and thiocarboxa-

nilide esters (LeulOOlle mutation) (8, 11, 13, 20, 22); TSAO and

oxathiincarboxanilide ester derivatives (Glul38Lys mutation)

(6, 12); and nevirapine (VallO6Ala mutation) (13, 23, 24).

When the mutant HP/-i strains that emerged under treat-

ment with the thiocarboxanilide pentenyloxy ether deriva-

tives were evaluated for their sensitivity to UC-lO, UC-781,

UC-82, and a series of other NNRTIs and nucleoside ana-
logues such as ddl and AZT, only low level resistance was

observed for the thiocarboxanilide pentenyloxy ether deriva-
tives (Table 6). Indeed, the activity of UC-lO against the

mutant HP/-i strains was decreased by no more than 10-20-

TABLE 5

Amino acid mutations in the RT of the virus strains that emerged
in HIV-1-infected cell cultures in the presence of
thiocarboxanilides

Compound Concentration
Position of the amino

acid mutations
in the RI

Amino acid
change in the

RI

Codon mutation
� the RI

�g/ml

UC-781

UC-82

0.01
0.025
0.01
0.025

None
100
138
106

Leu -p lIe
Glu -s Lys
Val -* Ala

hA -s ATA

GAG -s MG
GTA -� GCA

UC-lO 0.1
0.25

None
1 79 Val -‘ Asp GTT - GAT
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TABLE 6
Antiviral activity of thiocarboxanilides against mutant HIV-1-infected CEM cells

Compound
EC50’

HIV-1)II,B) HIV-1/lle100 HIV-1/Ala 106 HIV-1/Lys 138 HIV-1/Asp 179

pg/mI

UC-lO 0.011 ± 0.008 0.24 ± 0.05 0.16 ± 0.06 0.1 ± 0.0 0.17 ± 0.09
UC-781 0.0018 ± 0.0004 0.035 ± 0.009 0.023 ± 0.004 0.0065 ± 0.0021 0.006 ± 0.04
UC-82 0.0018 ± 0.0004 0.50 ± 0.14 0.025 ± 0.0 0.010 ± 0.007 0.012 ± 0.008

TSAO-m3T 0.11 ± 0.08 0.070 ± 0.017 1.15 ± 0.49 >20 0.097 ± 0.055

BHAP U-90152 0.015 ± 0.007 1.33 ± 0.58 0.15 ± 0.07 0.033 ± 0.011 0.13 ± 0.06
Nevirapine 0.033 ± 0.011 0.50 ± 0.14 �5 0.065 ± 0.007 0.25 ± 0.07
Dideoxyinosine5 5.0 ± 1.4 4.83 ± 2.02 13.5 ± 9.2 12.0 ± 11.3 6.90 ± 6.18
AZT� 0.0016 ± 0.0 0.0025 ± 0.0007 0.008 ± 0.0 0.003 ± 0.0 0.017 ± 0.020

a EC50 expressed in �.tM.

fold, as was the antiviral potency ofUC-781. The EC50 values

of UC-781 against the four mutant virus strains did not

exceed 0.03 �tg/ml. A similar behavior was noted for UC-82,

except for the LeulOOlle mutant virus strain that showed a
more pronounced decrease of sensitivity to UC-82 (but not to

UC-781). In contrast with UC-781 and UC-82, the NNRTIs
TSAO-m3T, BHAP, and nevirapine showed a 100-200-fold

reduction in their inhibitory activity against HIV-lfLysl38,

HIV-lfIlelOO, and HIV-1/AlalO6. All thiocarboxanilide deriv-

atives showed a moderate (5-10-fold) reduction in activity

against HW-1/Asp179, which is of the same order as that

found for TSAO-m3T, BHAP, and nevirapine against this
virus strain. As expected, both ddl and AZT virtually main-

tamed full potency against all of the mutant virus strains
(Table 6), except for HIV-1/Asp179, which showed a 10-fold

reduced sensitivity to AZT.

Activity of thiocarboxanilide pentenyloxy ether de-

rivatives against 11W-i RT. UC-lO, UC-781, and UC-82

were evaluated for their inhibitory effect on recombinant

HP/-i RT. Poly(C)/oligo(dG) was used as the (preferred) tern-

plate/primer, and [3H]dGTP (2 �M) was used as the radiola-

beled substrate. Although UC-lO inhibited the enzyme activ-

ity by 50% at 0.1 p.g/ml, UC-781 and UC-82 did so at 5-fold-

lower compound concentrations (IC50 = 0.02 �g/ml). These

drug concentrations were 5-20-fold lower than those re-

quired for nevirapine and BHAP to inhibit HP/-i RT activity

(IC50 0.4 and 0.1 .tg/ml, respectively). When the kinetic

properties of UC-781 and UC-82 against HP/-i RT were

examined, noncompetitive or uncompetitive inhibition was

noted for the thiocarboxanilide pentenyloxy ether derivatives

with respect to dGTP and the template/primer (data not

shown). These observations are in agreement with earlier

observations for other NNRTIs (1-4) and suggest that the

thiocarboxanilides interact with HlV-1 RT at a site that is
different from the substrate and template/primer binding

site.
Antiviral activity of UC-lO and BHAP U-90152 in

H1V-1-infected hu-PBL-SCID mice. In two preliminary

experiments, the HW-lfIIIB and HIV-1/SF-2 strains were

used at the same TCID50, as defined by culture with mitogen-

activated PBL, to infect hu-PBL-SCID mice 2 weeks after

reconstitution with PBL. Five animals per group were exam-

med to determine the number of human CD4� and CD8� T

cells at 2 weeks after infection (Table 7). After HW-l/IIIB

infection, 16 ± 2% of the CD45� human cells were CD4� T

cells, whereas the percentage for the control group, which

was not injected with HP/-i, was 32 ± 4%. Percentages for

TABLE 7

Effect of BHAP U-90152 and UC-lO on the percentage of human
CD4� CD45� T cells in HIV-1-infected hu-PBL SCID mice
Groups of five mice were treated with the drugs through implanted osmotic
minipumps. In Experiments 1 and 2, the concentration of the drugs in the pumps
was 125 and 25 mg/mI, respectively. In Experiment 1 , the HIV-1 (IlIB) strain was
used, and in Experiment 2, the HIV-1/SF-2 strain was used. The percentages of
human CD4� CD45* T cells in the spleens were determined by flow cytometric
analysis at 14 days after intraperitoneal injection of Hlv-1 . Values are mean ±

standard error.

Percentage of human CD4�
CD45� I cells

Experiment Experiment
1 2

%

Mock-infected animals 32 ± 4 24 ± 3
HIV-1 -infected animals 16 ± 2 13 ± 2
HIV-1 -infected, BHAP-treated animals 33 ± 4 29 ± 7
HIV-1 infected, UC1O-treated animals 40 ± 14 27 ± 6

the two groups treated with BHAP or UC-lO were 33 ± 4%

and 40 ± 14% CD4� T cells, respectively. The other experi-

ments with the HP/-i SF-2 strain gave comparable results,

although in addition to a different HIV-1 strain, a different
donor was used. The percentage of CD4� T cells in the hu-
man CD45� cell population of these mice was 24 ± 3% in the

uninfected group, whereas it decreased to 13 ± 2% in the

SF-2-infected group. Again, the two compounds delivered at
a 5-fold-lower concentration (i.e., 75 mg/kg/day) completely
protected the CD4� T cells from destruction by HP!. Under
our experimental conditions, no signs of toxicity of these

compounds were observed in the hu-PBL-SCID mice.

Discussion

We previously reported that thiocarboxanilide derivatives

qualify as potent and selective inhibitors ofHIV-1 replication

in cell culture. The vast majority ofthe compounds were ester

derivatives that turned out to be unstable in vivo, presum-

ably due to a nonspecific cleavage of the ester bond by cellu-
lan esterases. The cleaved compounds completely lost their

potency against HP/-i in cell cultures and their direct inhib-

itory effect on recombinant RT (8). We also reported on the

antiviral properties ofthe enzymatically more stable thiocar-

boxanilide t-butyl oxime ether derivative UC-lO. One of the

major favorable properties of UC-lO is its pronounced activ-
ity against the Tynl8lCys RT mutant virus strain in cell

culture, its marked stability in human plasma, and its high
oral bioavailability in rats and dogs �s80-90%) (8). However,
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UC-lO, as well as other closely related thiocarboxanilides,

showed a relatively poor inhibitory effect on the LyslO3Asn

RT mutant virus. These thiocarboxanilides also selected for

the AsnlO3 RT mutant virus strains.

The thiocarboxanilide pentenyloxy ether derivatives de-

scribed here represent novel aliphatic ether derivatives that

show a highly favorable activity spectrum against wild-type

and mutant virus strains. These compounds (i.e., UC-781 and

UC-82) proved to be exquisitely inhibitory to wild-type HP/-i

strains as well as to the mutant HP/-i strains containing

single amino acid mutations in their RT that emerge either in

cell culture or in patients treated with one of the NNRTIs
that are currently the subject of clinical trials (i.e., nevirap-
me, BHAP, TIBO, a-anilinophenylacetamide). Importantly,

UC-781 and UC-82 not only inhibit wild-type HP/-i at a

concentration that is 5-10-fold lower than that required by

nevirapine, BHAP, or TIBO but also are inhibitory to nevi-

rapine-, BHAP-, and TIBO-resistant mutant virus strains at

drug concentrations at which nevirapine and BHAP are ac-

tive against wild-type virus.

It has been shown by Ho et al. (25) and Wei et al. (26) that
nevirapine has a remarkable inhibitory potency against wild-

type HP/-i in drug-treated HP/-i-infected patients during

the first week of treatment, resulting in a decrease of plasma

virus load by �2-3 orders of magnitude. After this initial

treatment period, a marked rebound of (drug-resistant) mu-

tant virus has been seen that contains single mutations such
as Cysi8l and AsniO3 in its RT. Because these mutant

viruses can be efficiently suppressed in cell culture by UC-

781 and UC-82, it is likely that these mutations may not have

the chance to arise under the condition of thiocarboxanilide

pentenyloxyether drug treatment. In fact, our knock-out ex-
penirnents with UC-781 and UC-82 revealed that the drugs

were able to efficiently suppress the emergence of any virus,

regardless of whether mutated, at drug concentrations that

were markedly lower than those for UC-lO or other NNRTIs

such as nevirapine, TIBO, and BHAP. Furthermore, the vi-

rus mutants that arose in the presence of relatively low drug

concentrations (i.e., with UC-781 or UC-82 at 0.025 or 0.01

�ig/ml) contained the NNRTI-specific mutations (i.e., IlelOO,
AlalOG, Lys138, or Aspl79) in their RT and displayed mini-

mal resistance to UC-781 and UC-82.
Thus, from our cell culture data, the thiocarboxanilide

pentenyloxyether derivatives seem to possess markedly su-

penior antiviral properties compared with NNRTIs that are
the subjects of clinical trials (i.e., nevirapine, BHAP). In
addition to their high antiviral potency, their activity against

NNRTI-resistant virus strains, and their ability to knock out

the virus in cell culture at low drug concentrations, the novel

thiocarboxanilides UC-781 and UC-82 show a number of

other favorable properties. First, their antiviral activity in
the presence of high concentrations ( � 50%) of human serum

is only slightly affected. Second, although the oral bioavail-

ability of the novel test compounds has not been determined,

the oral absorption may well be in the same range as that

found for the closely related UC-lO compound (70-90% in
rats and dogs) (8). Third, in contrast with the thiocarboxani-

lide ester derivatives, the novel pentenyloxy ether deniva-
tives UC-781 and UC-82 proved to be fully stable in human

serum for 24 hr, a favorable property that they share with the

oxime ether derivative UC-lO. Fourth, the chemical synthe-

sis of UC-78i and UC-82 is not very complicated and can be

scaled-up to kilogram quantities.

Our preliminary results on UC-lO in hu-PBL-SCID mice

demonstrate that despite a partial depletion (�50%) of the

human CD4� T cells in the HP/-i-infected animals and even

some variation in this depletion, UC-lO is active in inhibiting

the HIV-i-induced destruction ofCD4� T cells. Our data also

show that although the hu-PBL-SCID mice do not provide a

functional human immune system in an experimental ani-
mal (27), anti-HP! compounds can be evaluated in this ani-

mal model regarding their potential to protect human CD4�
T cells from destruction by HP/-i.

In conclusion, a novel generation of thiocarboxanilide de-

rivatives is presented that has proved to be superior to the

existing NNRTIs in terms of their potency against both wild-

type and mutant HP/-i strains (resistant to other NNRTIs),

their ability to knock out the virus in cell culture at low

concentrations, and the poor effect of the presence of human

serum proteins on their antiviral activity. These favorable

properties make the thiocarboxanilide pentenyloxy ether de-

rivatives excellent candidates to be further pursued for the

chemotherapy of HP/-i infection.
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