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Nonnucleoside reverse transcriptase inhibitors (NNRTIs) are the mainstays of therapy for the treatment of
human immunodeficiency virus type 1 (HIV-1) infections. However, the effectiveness of NNRTIs can be
hampered by the development of resistance mutations which confer cross-resistance to drugs in the same class.
Extensive efforts have been made to identify new NNRTIs that can suppress the replication of the prevalent
NNRTI-resistant viruses. MK-4965 is a novel NNRTI that possesses both diaryl ether and indazole moieties.
The compound displays potency at subnanomolar concentrations against wild-type (WT), K103N, and Y181C
reverse transcriptase (RT) in biochemical assays. MK-4965 is also highly potent against the WT virus and two
most prevalent NNRTI-resistant viruses (viruses that harbor the K103N or the Y181C mutation), against
which it had 95% effective concentrations (EC95s) of <30 nM in the presence of 10% fetal bovine serum. The
antiviral EC95 of MK-4965 was reduced approximately four- to sixfold when it was tested in 50% human serum.
Moreover, MK-4965 was evaluated with a panel of 15 viruses with NNRTI resistance-associated mutations and
showed a superior mutant profile to that of efavirenz but not to that of etravirine. MK-4965 was similarly
effective against various HIV-1 subtypes and viruses containing nucleoside reverse transcriptase inhibitor or
protease inhibitor resistance-conferring mutations. A two-drug combination study showed that the antiviral
activity of MK-4965 was nonantagonistic with each of the 18 FDA-licensed drugs tested vice versa in the present
study. Taken together, these in vitro data show that MK-4965 possesses the desired properties for further
development as a new NNRTI for the treatment of HIV-1 infection.

Human immunodeficiency virus type 1 (HIV-1) reverse
transcriptase (RT) converts single-stranded viral RNA into a
double-stranded proviral DNA via polymerase and RNase H
activities, and this is an obligate step in the HIV-1 replication
cycle (15). Given the pivotal role that RT plays in the life cycle
of HIV-1, the inhibition of RT has been one of the primary
therapeutic strategies in suppressing the replication of HIV-1
(7, 24). Currently, two classes of RT inhibitors are available for
the treatment of HIV-1 infection: nucleoside RT inhibitors
(NRTIs; such as zidovudine [AZT] and lamivudine [3TC])
bind directly to the active site of RT polymerase and terminate
DNA synthesis after incorporation into the newly synthesized
DNA, while nonnucleoside RT inhibitors (NNRTIs; such as
the first-generation NNRTIs efavirenz [EFV] and nevirapine
[NVP]) bind to an allosteric site on RT.

NNRTIs are noncompetitive inhibitors of HIV-1 RT that
bind to a hydrophobic pocket in the p66 subunit of the p66/p51
heterodimer near the polymerase active site (17). NNRTI
binding causes conformational changes within p66 that repo-
sition the active-site residues to an inactive conformation,
thereby inhibiting the chemical step of polymerization (1).
Mutations of residues around the NNRTI binding pocket can
interfere with NNRTI binding, thus conferring resistance to

this class of compounds. Although NNRTIs are key compo-
nents of effective combination regimens, like all antiretroviral
agents, their effectiveness can be hampered by the emergence
of clinical drug resistance. Moreover, single mutations can lead
to significant reductions in susceptibility, often to all available
inhibitors within the class (3, 12). For instance, the increasingly
common K103N mutation (which is present in 40 to 60% of
NNRTI-resistant viruses) displays significant resistance to the
first-generation NNRTIs, and the Y181C mutation (which is
present in 15 to 25% of NNRTI-resistant viruses) confers a
high degree of resistance to both NVP and delavirdine (DLV)
and a moderate degree of resistance to the recently approved
second-generation NNRTI etravirine (ETV).

Since NNRTIs have great therapeutic potential, extensive
efforts have been made to identify novel NNRTIs that are
highly active against the prevalent NNRTI-resistant viruses,
that are suitable for once-daily dosing, and that have excellent
safety profiles. In addition to the recently approved drug ETV,
several other promising NNRTIs are in development (32).

MK-4965 is a novel NNRTI containing diaryl ether and
indazole moieties (Fig. 1) (34). We report here that MK-4965
displays excellent activities against not only wild-type (WT)
virus but also against a broad panel of NNRTI-resistant vi-
ruses, including viruses containing the K103N and/or the
Y181C mutation. In addition, MK-4965 is highly potent against
viral isolates representing different HIV-1 subtypes as well as
against viruses that are resistant to protease inhibitors (PIs) or
NRTIs, or both. Two-drug combination studies with MK-4965
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and each of the FDA-licensed drugs tested in this study were
conducted in cell culture. The results showed that MK-4965
did not display any antagonistic effect on the antiviral activities
of the other antiviral agents tested.

MATERIALS AND METHODS

The full-length WT RT protein and two RT proteins with mutations (K103N
and Y181C) were expressed in Escherichia coli BL21(DE3) cells and were puri-
fied as described previously (28). The t500 RNA template was made by IBA
BioTAGnology (German), and the biotinylated DNA primer was made by In-
tegrated DNA Technology (Coralville, IA). The R8 virus was a kind gift from
Christopher Aiken (Vanderbilt University, Nashville, TN). SupT1 cells were
provided by the NIH AIDS Research and Reference Reagent Program. Ruthe-
nylated dUTP was custom-made by Midland Certified Reagents Company (Mid-
land, TX).

Electrochemiluminescence (ECL) detector M-384 and streptavidin-coated
magnetic beads were purchased from BioVeris (Gaithersburg, MD). Culture
medium (RPMI 1640) and Dulbecco modified Eagle medium (DMEM) with
10% fetal bovine serum (FBS) were from Gibco (Carlsbad, CA). An enzyme-
linked immunosorbent assay kit (AlphaLISA) for p24 detection was supplied by
Perkin-Elmer (Waltham, MA). Alamar blue reagents for cytotoxicity testing
were obtained from BioSource International, Inc. (Camarillo, CA). EDTA
(Versene) was ordered from BioWhittaker (Walkersville, MD). Wallac Micro-
beta and Victor luminometers were from Perkin-Elmer (Wellesley, MA). A
384-well microplate was purchased from Falcon (Franklin Lake, NJ). The inte-
grase strand transfer inhibitor raltegravir (RAL) and the NNRTI ETV were
synthesized in-house.

The following antiviral agents and cells employed for the combination study
were provided by Southern Research Institute (SRI, Birmingham, AL): the
NRTIs 3TC, abacavir (ABC), AZT, stavudine (d4T), zalcitabine (ddC), di-
danosine (ddI),emtricitabine(FTC), tenofovir(TDF;9-[2-(phosphonomethoxy)propyl]-
adenine), tenofovir DF, and ribavirin (RBV; an anti-hepatitis C virus drug); the
NNRTIs DLV, EFV, and NVP; the PIs darunavir (DRV) and indinavir (IDV);
the entry inhibitors maraviroc (MVC), enfuvirtide (ENF; T20); CEM-SS cells;
MAGI-CCR5 cells; CXCR4-tropic HIV-1 strain IIIB; and CCR5-tropic HIV-1
strain Ba-L.

HIV-1 RT biochemical assay. The ECL RT biochemical assay was performed
on the basis of a previously described protocol (25). Briefly, HIV-1 RT enzyme
(10 pM) was combined with an inhibitor or dimethyl sulfoxide (10%) in assay
buffer (50 mM Tris-HCl, pH 7.8), and then the mixture was incubated at room
temperature for 30 min. The polymerization reaction was initiated by the ad-
dition of a biotinylated template-primer substrate (5 nM) and deoxynucleoside
triphosphates (0.6 �M of dATP, dGTP, and dCTP; 20 nM ruthenylated dUTP).
The reactions were continued for 90 min at 37°C, followed by addition of 10 �l
of 1 N NaOH to terminate the reaction. The resulting solution was incubated at
room temperature for an additional 30 min and was then neutralized with 10 �l
of 1 N HCl. Streptavidin-coated magnetic beads (80 �g/ml) were added to
capture the product and the unreacted substrate. Quantification of the product
was determined on the basis of the ECL signal measured with the ECL M-384
instrument.

HIV multiple-cycle replication assay. MK-4965 was tested in cell culture
multiple-cycle replication assays with genetically defined WT HIV-1 and three
laboratory viruses with mutations (K103N, Y181C, and both K103N and Y181C).
Antiviral activity assays were performed with a cell culture medium supple-
mented with 10% FBS or 50% human serum (HS). MK-4965 was diluted into an
appropriate culture medium for each assay and was tested at concentrations
ranging from 833 nM to 0.32 nM.

Antiviral assays were performed with variants of a laboratory HIV-1 isolate,
R8, and MT-4 human T-lymphoid cells. Cells (2.5 � 105 cells/well) were infected
with viral stocks at a low multiplicity of infection in the absence of inhibitor and
were incubated at 37°C in a 5% CO2 atmosphere. Twenty-four hours later, the

infected cells were washed, resuspended in fresh culture medium (RPMI 1640
with 10% FBS or RPMI 1640 with 50% type AB HS), and seeded into a 96-well
cell culture plate at 5 � 104 cells per 125 �l. MK-4965 was added to the wells in
serial threefold dilutions. The NNRTIs EFV, NVP, and ETV were used as
comparators in the assay. The cells were incubated for an additional 72 h, and
virus production in the individual culture wells was assessed by measuring the
level of production of viral core p24 antigen in the culture medium with an
Alphascreen kit from Perkin-Elmer. The 95% effective concentration (EC95) for
virus inhibition was defined as the lowest concentration of test compound that
inhibited virus p24 antigen production by at least 95% relative to the level of
production by the untreated control cultures.

The cytotoxicities of MK-4965 and the comparator drugs at the concentrations
tested (see above) were assessed by using Alamar blue, as recommended by the
manufacturer (BioSource International), after incubation at 37°C in 5% CO2 for
24, 48, or 72 h. MK-4965 did not show any cytotoxicity even at concentrations
much higher than its EC95 (EC50 for cytotoxicity, 2.8 �M).

HIV-1 single-cycle replication assay with viruses containing RT sequences
from patient isolates. Monogram Biosciences performed a single-cycle replica-
tion PhenoScreen assay with MK-4965 and EFV against a broader array of
clinical NNRTI-resistant HIV-1 isolates using a variation of its clinical diagnostic
assays. In addition, nine HIV-1 sybtypes and circulating recombinant forms
(CRFs) were also evaluated for their susceptibilities to NNRTIs. Clade B viruses
containing PI or NRTI resistance-conferring mutations were tested to determine
whether the mutations confer any resistance to NNRTIs. RT inhibitor activity
was evaluated with nine serial drug concentrations (26).

Combination study. (i) General information. The combination study was con-
ducted by SRI in a two-drug combination fashion with MK-4965 and each of the
18 FDA-approved antiviral agents described above, including RAL and ETV.
RBV and d4T were used as the positive antagonism controls because the anti-
viral activity of d4T is antagonized by RBV.

The cells were quantified with a hemacytometer, and cell viability was deter-
mined by trypan blue exclusion. Cell viability was greater than 95% under the
conditions utilized in the assay. For the study of each combination, MK-4965 was
prepared by starting with 100 nM and then obtaining seven additional serial
half-log dilutions. Each dilution of MK-4965 was tested in combination with five
dilutions of a second anti-HIV drug starting from 10 times the EC50, followed by
testing with four additional half-log dilutions. The dimethyl sulfoxide concentra-
tion was �0.25%, which has previously been shown to have no effect in the assays
described.

Each combination study was carried out with CEM-SS cells or MAGI-CCR5
cells acutely infected with HIV-1IIIB and HIV-1Ba-L, respectively. Viral growth
and inhibition were evaluated by measuring the virus-induced cytopathic effects
in CEM-SS cells or the level of �-galactosidase reporter gene induction in
MAGI-CCR5 cells at the experimental end point. The cytotoxicity of each
two-drug combination was also evaluated in parallel with the evaluations of the
antiviral activity. The combination of d4T and RBV was tested in parallel in each
of the assays and was used as a positive antagonism control.

The preparation of HIV-1IIIB was accomplished by resuspending and diluting
the viruses in tissue culture medium such that the amount of virus added to each
well in a volume of 50 �l was the amount determined to give between 85 and 95%
cell killing at 6 days postinfection. HIV-1Ba-L was grown in ghost Hi5/MAGI-
CCR5 cell cocultures for the production of stock virus. The virus was suspended
and diluted in complete DMEM such that the amount of virus added to each well
in a volume of 50 �l was 10 times the 50% tissue culture infective dose (TCID50)/
well (0.001 TCID50/cell). For each combination, the antiviral activity experiment
was conducted in triplicate and the toxicity experiment was performed in dupli-
cate.

All studies with drug combinations except the combination of MK-4965 and
MVC were conducted with CEM-SS cells; study of the combination of MK-4965
and MVC was carried out with HIV-1Ba-L-infected MAGI-CCR5 cells. MAGI-
CCR5 cells are derived from HeLa CD4 LTR �-gal cells. The cells were engi-
neered to express high levels of CD4 and CCR5 and contain one copy of the
HIV-1 long terminal repeat (LTR) promoter, which drives the expression of the
�-galactosidase gene upon HIV-1 Tat transactivation.

(ii) Antiviral efficacy evaluation. (a) Anti-HIV-1 cytoprotection assay with
CEM-SS cells. Solutions of MK-4965 and the second anti-HIV agent to be tested
were made at concentrations of 10�. The resulting compounds (20 �l each) were
added to the plates in a matrix fashion (8 by 5 wells), followed by the introduction
of CEM-SS cells (110 �l) at a density of 2.5 � 103 cells/well in complete RPMI
1640 medium. By using a predetermined titer, a HIV-1IIIB solution in complete
RPMI 1640 medium (50 �l) was added to infect the cells at a multiplicity of
infection of 0.01. For the plates used for the toxicity assay, each of the two drugs
(20 �l at 10� concentrations), cells (110 �l), and medium (50 �l) were added to

FIG. 1. Structures of MK-4965 (A) and EFV (B).
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all wells. Extra medium was added to the cell and the virus control wells, which
did not contain any compound. The resulting plates were incubated at 37°C in
5% CO2 for 6 days, followed by addition of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS; 25
�l), to all wells (20). The plates were covered with adhesive plate sealers and
were inverted to disrupt the cell pellet. The plates were incubated for 4 to 6 h,
and the absorbance at 490 and 650 nm were measured to determine the level of
metabolism from MTS. The data were translated into the MacSynergy program
to calculate the additivity, synergy, or antagonism that resulted from the com-
bination of the two drugs.

(b) Antiviral assay with MAGI-CCR5 cells. The antiviral assay procedure with
MAGI-CCR5 cells was similar to that described above, except that the MAGI-
CCR5 cells were prepared in the presence of 100 �l of complete DMEM at a
density of 1.0 � 104 cells/well and were incubated at 37°C overnight. On the day
of assay setup, the medium was removed from all wells. The plates for the
cytotoxicity assay were incubated at 37°C in 5% CO2 for 2 days and were
incubated for 1.5 h after addition of MTS. For all plates used for the assay of
efficacy, the supernatant was removed, followed by addition of 50 �l per well of
PBS and 50 �l per well of Gal-Screen reaction mixture at a 1:25 ratio of substrate
to buffer. After incubation at room temperature for 1.5 h, the end-point chemi-
luminescence was determined with a Wallac Microbeta machine.

(iii) Data analysis. The drug combination assay data were analyzed by the
method of Prichard and Shipman (27) with the MacSynergy II program for data
analysis and evaluation of statistical significance. Briefly, the MacSynergy II
program calculates the theoretical interactions of the drugs on the basis of the
Bliss independence mathematical definition of the expected effects of drug-drug
interactions. The Bliss independence model is based on statistical probability and
assumes that the drugs act independently to affect virus replication; this inde-
pendent-effects model is also referred to as a dual-site model and was used for
all analyses of drug combinations reported here. The theoretical additive surface
interactions were calculated from the dose-response curves for each drug used
individually. This calculated additive surface, which represents predicted additive
interactions, was then subtracted from the experimentally determined dose-
response surface to reveal regions of nonadditive activity. The resulting surface
would appear as a horizontal plane at 0% inhibition if the interactions were
merely additive. Any peak above this plane of additivity would be indicative of
synergy. Similarly, any depression below the plane of additivity would indicate
antagonism. The 95% confidence intervals around the experimental dose-re-
sponse surface were used to evaluate the data statistically, and the volumes of the
peaks and depressions were calculated and used to quantify the volume of
synergy and volume of antagonism produced. The volumes of the peaks observed
in the synergy plots (in units of concentration times concentration times percent;
e.g., �M2%, nM2%, and nM�M%) was calculated by the program. This peak
volume is the three-dimensional counterpart of the area under a three-dimen-
sional dose-response surface and is a quantitative measure of synergy or antag-
onism. For these studies, synergy was defined as drug combinations that yielded
synergy volumes greater than 50. Slightly synergistic activity and highly synergis-
tic activity were operationally defined as yielding synergy volumes of 50 to 100
and �100, respectively. Additive drug interactions have synergy volumes in the
range of �50 to 50, while synergy volumes between �50 and �100 are consid-
ered slightly antagonistic and those ��100 are highly antagonistic.

RESULTS

To identify compounds that are able to inhibit the prevalent
NNRTI-resistant RTs, all compounds produced in the NNRTI
medicinal chemistry program were screened for their activities

against recombinant WT RT and RTs with the K103N and
Y181C mutations (WT, K103N, and Y181C RTs, respectively).
As shown in Table 1, MK-4965 displayed potency for the in-
hibition of RNA-dependent DNA polymerase activity at sub-
nanomolar concentrations. The 50% inhibitory concentrations
(IC50s) were 0.23 nM, 0.40 nM, and 0.39 nM for the WT,
K103N, and Y181C RTs, respectively. These results indicate
that RT containing the K103N or the Y181C mutation is still
highly susceptible to MK-4965 and that the shift in potency
against the K103N and Y181C RTs is less than twofold
compared with that against the WT RT. ETV showed two-
and threefold shifts in potency against the K103N and the
Y181C RTs, respectively, compared with the potency against the
WT RT. Consistent with the findings described in the litera-
ture, EFV displayed more than a 20-fold shift in potency
against the RT containing K103N compared with the potency
against the WT RT, whereas no shift in potency against RT
containing the Y181C mutation was observed (11). Both the
K103N and the Y181C RTs were highly resistant to NVP
(IC50s, �8.5 �M).

The antiviral activity of MK-4965 was evaluated in a mul-
tiple-cycle replication assay in the presence of 10% FBS and
50% HS. As shown in Table 2, in the presence of 10% FBS,
the EC95 of MK-4965 was 4.4 nM against WT virus. Moreover,
the compound retained excellent activities against viruses
with the K103N and Y181C mutations (EC95s, 13 and 30
nM, respectively). Under the same conditions, MK-4965 inhib-
ited replication of the mutant virus containing both the K103N
and the Y181C mutations and had an EC95 of 128 nM. Con-
sistent with biochemical data, viruses containing the K103N
mutation, the Y181C mutation, and both the K103N and the
Y181C mutations conferred significant resistance to NVP. Not
surprisingly, viruses harboring the K103N mutation or the
K103N and the Y181C mutations were highly resistant to EFV,
and viruses harboring the Y181C mutation were sensitive to
EFV. MK-4965 displayed activities comparable to those of
ETV when it was tested with WT and Y181C viruses. With
respect to viruses harboring the K103N mutation and both the
K103N and the Y181C mutations, ETV exhibited approxi-
mately twofold better potency than MK-4965 in the presence
of 10% FBS.

TABLE 1. Inhibitory potencies of MK-4965, NVP, EFV, and ETV
against WT, K103N, and Y181C RTs

Compound
IC50 (nM)a

WT K103N Y181C

MK-4965 0.23 � 0.09 (136) 0.40 � 0.15 (148) 0.39 � 0.16 (143)
EFV 0.42 � 0.06 (5) 10.2 � 6.6 (4) 0.31 � 0.17 (5)
NVP 137 � 5.8 (3) 9300 � 500 (3) 8900 � 1800 (3)
ETV 0.60 � 0.12 (4) 1.3 � 0.17 (4) 1.96 � 0.9 (3)

a IC50s are means � standard deviations. Numbers in parentheses indicate the
number of assays performed.

TABLE 2. Antiviral activities of MK-4965, EFV, NVP, and
ETV against WT virus and viruses with K103N, Y181C,

and K103N-Y181C mutations in the presence of
10% FBS and 50% NHS

Additive
and

compound

EC95 (nM)a

WT K103N Y181C K103N-Y181C

10% FBS
MK-4965 4.4 � 2.0 (80) 13 � 6 (80) 30 � 8.3 (24) 128 � 47 (20)
EFV 3.8 � 1.4 (69) 245 � 90 (55) 8.4 � 2.6 (17) 322 � 83 (15)
NVP 438 � 106 (4) �8,000 �8,000 �8,000
ETV 4.0 � 1.1 (10) 6.0 � 2.8 (8) 26 � 12 (8) 56 � 15 (8)

50% HS
MK-4965 29 � 12 (78) 58 � 24 (24) 184 � 60 (21) 447 � 26 (7)
EFV 38 � 12 (70) 1734 � 322 (7) 89 � 19 (13) 3394 � 593 (8)
NVP 464 � 91 (4) �8,000 �8,000 �8,000
ETV 38 � 14 (8) 43 � 15 (10) 266 � 42 (9) 542 � 82 (7)

a EC95s are means � standard deviations. Numbers in parentheses indicate the
number of assays performed.
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To reflect the actual inhibitory potencies of NNRTIs under
physiological conditions which have high protein contents, the
antiviral activities of the compounds were also evaluated in the
presence of 50% HS. Under these conditions, the antiviral
activities of the compounds were generally reduced due to a
greater extent of serum protein binding. As shown in Table 2,
MK-4965 exhibited approximately four- to sixfold shifts in po-
tency against the WT and mutant viruses as the type of serum
used was changed from 10% FBS to 50% HS. In comparison,
the antiviral potency of ETV was reduced approximately 7- to
10-fold when it was tested in the presence of 50% HS. As a
result, MK-4965 displayed antiviral potency similar to that of
ETV when it was tested against the WT and the three mutant
viruses in the presence of 50% HS. EFV also displayed 	7- to
10-fold shifts in potency under the same conditions, while the
potency of NVP was unaffected by the inclusion of 50% HS.

In the presence of 50% HS, EFV showed an EC95 of �1.5
�M for suppression of the replication of mutant viruses har-
boring the K103N or both the K103N and the Y181C muta-
tions and had potency similar to that of MK-4965 when it was
tested against WT and Y181C viruses. Moreover, in compari-
son to the potency against WT virus, MK-4965 displayed 2-, 6-,
and 15-fold shifts in EC95s against the K103N, Y181C, and
K103N-Y181C viruses, respectively. This profile of activity
against mutants was similar to that of ETV, which displayed
1.1-, 7-, and 14-fold shifts in EC95s against the three mutant
viruses, respectively.

A broader panel of NNRTI-resistant viruses was employed
to further evaluate the profiles of activity of MK-4965 and EFV
against mutants in a single-cycle replication assay. The magni-
tudes of resistance of K103N or Y181C viruses to MK-4965 or
EFV in the single-cycle replication assay were consistent with
the magnitudes determined by the multiple-cycle virus repli-
cation assay described above. Among 15 resistant mutant vi-
ruses tested, MK-4965 displayed a more than a 100-fold shift in
potency against only 2 mutant viruses (a virus with a Y188L
mutation and a virus with V106A, G190A, and F227L muta-
tions) (Fig. 2). On the other hand, EFV showed a more than
100-fold shift in potency against eight mutant viruses. For
instance, the K103N and G190A double mutation gave the
virus a greater than 300-fold higher level of resistance to EFV
and only a 5-fold resistance to MK-4965. Furthermore, the
other mutant viruses tested also exhibited higher levels of
resistance to EFV than to MK-4965. One example was a virus
that contained an L100I mutation, which had a 23-fold higher

level of resistance to EFV but which was very susceptible to
MK-4965 with a change in the level of resistance of 0.9-fold.

The presence of the error-prone HIV-1 RT enzyme coupled
with the absence of an exonuclease with proofreading activity
results in a high degree of genetic diversity among viral sub-
types in different geographical regions. In addition, recombi-
nation between subtypes further contributes to genetic diver-
sification (6). Currently, the prevalence of nine distinct viral
subtypes (subtypes A, B, C, D, F, G, H, J, and K) is expanding
across the globe (16). Viruses of some subtypes and/or from
certain geographical regions might therefore display differen-
tial susceptibilities to new NNRTIs. To test this possibility, the
antiviral activity of MK-4965 against multiple viral isolates
derived from each of 10 different subtypes or CRFs was eval-
uated. In addition, subtype B viruses harboring mutations as-
sociated with NRTI resistance (four isolates), PI resistance (six
isolates), or resistance to both classes of compounds (seven
isolates) were also examined for their susceptibilities to MK-
4965. A drug-sensitive reference strain (strain CNDO) with
protease and RT sequences derived from laboratory HIV
strain NL4-3 was employed as a control. 3TC and TDF were
used as controls for NRTI-resistant viruses.

As shown in Table 3, in comparison to the drug-sensitive
strain, all WT isolates exhibited similar susceptibilities to
NNRTIs, which had less than twofold shifts in potency. For
viruses containing PI resistance-associated mutations, the po-
tencies of MK-4965, NVP, and EFV were not compromised by
the mutations, as shown in Table 4. Interestingly, viruses har-
boring NRTI resistance-associated mutations showed hyper-
susceptibility to the NNRTIs, with changes in potency ranging
from 0.38- to 0.18-fold relative to the potency control viruses
(Table 4). Viruses harboring NRTI resistance-associated mu-
tations conferred high-level resistance to 3TC and moderate
levels of resistance (approximately twofold) to TDF.

HIV-1 is known to infect resting cells as well as proliferating
cells; thus, it is important to assess the impacts of antiviral
agents on the viabilities of these cell types. Consequently, the
cytotoxicity of MK-4965 was tested in stationary and activated
primary cells (CD4 cells, monocytes, peripheral blood mono-
nuclear cells, and macrophages). Proliferating cells (MT4,
SupT1, and HL60 cells) were also evaluated for their ability to
tolerate MK-4965. The results showed that MK-4965 possesses
a low level of cytotoxicity against the cell lines tested in the
present study (EC50s, �3 �M) (data not shown).

The need to use combination therapy for the treatment of

FIG. 2. Profiles of MK-4965 (A) and EFV (B) against mutants. *, the EC50 was not reached at the concentration tested. CNDO is a
drug-sensitive standard reference strain that is used to determine the changes in susceptibility of patient isolates. MDRC4 is a multidrug-resistant
virus control strain that is used to evaluate and monitor assay performance.
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HIV-1 infection often presents challenges owing to potential
drug-drug interactions. In particular, one component of com-
bination therapy may potentially have an effect on the antiviral
activity of some other component(s), which could be synergis-
tic, additive, or antagonistic. For instance, RBV displays sig-
nificant antagonistic effects on the anti-HIV activity of d4T,
and the use of such combinations should be avoided. To test
whether MK-4965 has any antagonistic interactions with other
anti-HIV agents, extensive studies with two-drug combinations
were conducted to evaluate the antiviral activity in cell culture
obtained when MK-4965 was combined with each of 18 li-
censed anti-HIV agents.

The Prichard and Shipman (27) MacSynergy II three-dimen-
sional model was employed for statistical evaluation of the
results of the combination assays. An additive effect suggests
that the total antiviral activity of the two compounds at differ-
ent concentrations should be equal to the sum of the antiviral
activity of the individual compounds at the corresponding con-
centrations. As a result, on the basis of a three-dimensional
model, a merely additive effect results in a horizontal plane at
0% inhibition (plane of additivity) when the antiviral activity of
each compound is subtracted from the total antiviral activity
determined in the two-drug combination study. Synergistic and
antagonistic effects, on the other hand, render surfaces above
and below the plane of additivity, respectively. Four represen-
tative three-dimensional plots are presented in Fig. 3. Figure
3A to D presents the results of a study of MK-4965 in combi-
nation with an integrase inhibitor (RAL), an NRTI (TDF), a
CCR5 antagonist (MVC), and a PI (DRV), respectively. All
results show that the percent inhibition after subtraction was
on or close to the plane of additivity, which suggests a nonan-
tagonistic effect on the basis of the criteria described in Mate-
rials and Methods. In contrast, the positive antagonism control

for the combination study (d4T in combination with RBV)
exhibited a highly antagonistic interaction in all experiments
(mean antagonism volumes, �311 �M2% with CEM-SS cells
and �591 �M2% with MAGI-CCR5 cells). The results are
summarized in Table 5.

On the basis of the synergy criteria defined earlier, no an-
tagonistic interactions in antiviral efficacy between MK-4965
and each of the 18 FDA-approved antiretroviral drugs tested
in this study were observed over the concentration ranges ex-
amined. A slightly synergistic interaction was observed be-
tween MK-4965 and AZT, suggesting possible beneficial inter-
actions with the use of this combination. However, the slight
synergy observed with AZT was the result of the findings of a
single experiment, and clear additive interactions were ob-
served in the other two experiments. The interactions of MK-
4965 with the remaining drugs resulted in nonantagonistic ef-
fects. The overall interpretation of these data suggests that no
antagonism of the antiviral effects of MK-4965 when it was
used in combination with each of the drugs from the same or
different classes of drugs was observed in the study.

DISCUSSION

MK-4965 displayed only a twofold shift in potency against
both the K103N and the Y181C RTs in comparison to the
potency against the WT RT (Table 1). In a cell-based assay
(Table 2), MK-4965 also showed two- to threefold shifts in
EC95s against the K103N virus compared to the EC95 against
WT virus. For the Y181C virus, however, a higher shift in
potency was observed, with the EC95 shifting six- to sevenfold.
For a specific compound, it is anticipated that the profile of
activity against mutants should maintain the same trend irre-
spective of the type of assay performed (i.e., a biochemical or

TABLE 3. Change in inhibitory potencies of NNRTIs and NRTIs against different HIV-1 clades

Clade
Fold change in potency compared with that against adrug-sensitive straina

3TC TDF EFV NVP MK-4965

Clade A (n 
 4) 0.92 � 0.2 0.95 � 0.075 0.73 � 0.35 0.94 � 0.71 0.73 � 0.31
CRF01_AE (n 
 3) 1.13 � 0.13 0.78 � 0.049 0.83 � 0.10 0.67 � 0.13 0.90 � 0.11
CRF02_AG (n 
 5) 1.31 � 0.32 0.93 � 0.15 0.71 � 0.13 0.40 � 0.09 0.92 � 0.25
Clade B (n 
 5) 1.06 � 0.16 0.94 � 0.09 1.16 � 0.63 1.25 � 1.04 1.25 � 0.45
CRF17_BF (n 
 2) 1.37 � 0.1 0.83 � 0.12 0.86 � 0.09 0.83 � 0.51 1.15 � 0.41
Clade C (n 
 5) 1.07 � 0.2 0.97 � 0.19 0.88 � 0.44 0.70 � 0.47 1.07 � 0.56
Clade D (n 
 3) 0.80 � 0.04 0.74 � 0.09 0.51 � 0.01 0.35 � 0.04 0.56 � 0.01
Clade F1 (n 
 2) 0.87 � 0.16 0.96 � 0.09 0.81 � 0.43 0.73 � 0.65 0.72 � 0.25
Clade G (n 
 2) 0.70 � 0.06 0.96 � 0.06 0.77 � 0.23 1.25 � 0.67 0.58 � 0.13
Clade H (n 
 2) 0.83 � 0.26 0.67 � 0.03 0.20 � 0.02 0.13 � 0.01 0.22 � 0.01

a The drug-sensitive strain was employed as the control to determine the changes in potency.

TABLE 4. Changes in inhibitory potencies of NNRTIs and NRTIs against viruses containing resistance mutations to NRTIs, PIs, and both
NRTIs and PIs

Mutant virus
Fold change in potency compared with that against adrug-sensitive straina

3TC TDF EFV NVP MK-4965

NRTI resistant (n 
 4) �103 1.97 � 0.56 0.38 � 0.09 0.49 � 0.18 0.30 � 0.07
PI resistant (n 
 6) 1.15 � 0.29 0.82 � 0.15 0.90 � 0.42 1.05 � 0.5 0.84 � 0.4
NRTI and PI resistant (n 
 7) 5.96 � 2.4a 2.43 � 2.41 0.2 � 0.06 0.32 � 0.15 0.18 � 0.06

a Four of seven viruses displayed �100-fold shifts.
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a cell-based assay). The results described above indicate that
the Y181C virus displayed a greater extent of resistance than
the Y181C RT when the corresponding WT virus and WT RT
were used as the control. The discordance in the extent of
resistance for the Y181C variant between the biochemical and
cell-based assays cannot be attributed to experimental error, as
the phenomenon was also observed with other compounds
tested in this study and the experimental results were averaged
from at least seven repeats in the cell-based assay. The poten-
tial factors associated with Y181C virus that contribute to these
discrepancies require further investigation.

Compounds that have a higher degree of protein binding
often exhibit greater reductions in potency when they are
tested in the presence of a higher percentage of serum (from
10% FBS to 50% HS). As shown in Table 2, both EFV and
ETV displayed approximately 7- to 10-fold shifts in antiviral
activity when the serum concentration was increased from 10%
to 50%. MK-4965 exhibited an approximately four- to sixfold
shift in potency in the presence of 50% HS. These results are
not surprising, as MK-4965 is less protein bound (96.5%) than
either EFV or ETV (�99.5%) (5, 13). NVP, which is only 60%
protein bound (19), did not show any shift in EC95 for the WT
virus when the serum concentration was increased from 10%
to 50%.

Virus containing a single mutation (Y188L) conferred more
than 100-fold resistance to both MK-4965 and EFV. On the
basis of the X-ray structure of the RT–MK-4965 complex,
MK-4965 has a close interaction with Y188 via �-� stacking
(34). Replacement of the aromatic side chain of the Y188
residue with the aliphatic side chain of the leucine residue
would eliminate the �-� stacking interaction, thereby signifi-
cantly reducing the binding affinity of MK-4965 to the NNRTI
pocket. The Y188L mutation is present in only 	5% of pa-

tients who have experienced the virologic failure of therapy
with NNRTI-containing regimens (4), even though the repli-
cation capacity of viruses containing a Y188L mutation is re-
portedly comparable to that of viruses containing a K103N
mutation (18). One possible explanation for its relative rarity
in clinical isolates is that the Y188L mutation requires two base
changes, while K103N requires only a single base change. The
Y188L mutation is derived from an intermediate mutant, ei-
ther Y188H or Y188F. Mutants with either of these mutations
are highly susceptible to NNRTIs, so the opportunity for either
Y188H or Y188F to further develop into a Y188L mutation
may be limited (30).

ETV, in contrast, showed only a minor shift in potency
(approximately fivefold) against the Y188L virus (2). However,
mutants with the L100I and K103N double mutations and
mutants with the Y181C and K103N double mutations dis-
played greater than 10-fold increases in the levels of resistance
to ETV (2) and MK-4965 compared with the level of resistance
of the WT. The L100I and K103N double mutation is reported
to be the most frequent combination of mutations associated
with ETV resistance (22). Single mutations that reduce sus-
ceptibility to ETV more than 10-fold compared with that of the
WT include Y181I, F227C, K101P, and M230L (14). The novel
mutations V179F and V179I were identified by resistance se-
lection with ETV in vitro (36). Although these two mutations
alone do not confer resistance to ETV, each of them is asso-
ciated with virologic failure when they coexist with other mu-
tations (2, 14). However, the role of V179 in the emergence of
ETV resistance remains uncertain. In addition, V179I is a
common polymorphism in viruses of clade A, which is the
dominant HIV-1 variant in West and Central Africa (31).
These observations raise the question of whether patients in-
fected with subtype A virus would experience higher rates of

FIG. 3. Mean three-dimensional plot of MK-4965 and other antiviral agents in the two-drug combination study. (A) MK-4965 and RAL;
(B) MK-4965 and tenofovir DF; (C) MK-4965 and MVC; (D) MK-4965 and DRV.
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virologic failure than patients infected with other subtypes
when they are treated with ETV-containing regimens. In clin-
ical trials with ETV, it was found that the decline in the viral
load was not affected by the preexistence of K103N but was
reduced in the presence of Y181C (14). Y181C was also se-
lected by in vitro resistance selection with ETV (35). More-
over, ETV-specific resistance mutations usually associate with
the Y181C mutation, and the number of additional NNRTI
resistance mutations that coexisted with Y181C was inversely
associated with the level of the viral load reduction in clinical
trials. In the DUET trial, it was concluded that the concurrent
presence of three or more of 13 NNRTI resistance-specific
mutations (V90I, A98G, L100I, K101E/P, V106I, V179D/F,
Y181C/I/V, G190A/S) was associated with a decreased viro-
logical response to ETV (21, 23).

When the activity of MK-4965 against different HIV-1 iso-
lates was tested, subtype D and H viruses showed greater
susceptibility to the NNRTIs than the other subtypes tested. In

particular, subtype H virus appeared to be more vulnerable to
NNRTIs, with the reduction in the EC50 in comparison to that
for the control virus being more than fivefold. When the con-
sensus RT amino acid sequences of subtypes D and H within
the NNRTI binding pocket were compared with the consensus
sequence of subtype B, there were a total of 11 amino acid
differences at various positions. However, it remains to be
verified if those amino acids contribute to the hypersensi-
tivity of the viruses to NNRTIs.

As expected, viruses with resistance to NRTIs or PIs were
not cross-resistant to NNRTIs (Table 4). All of the NRTI-
resistant viruses tested, however, were hypersensitive to the
NNRTIs tested. On the basis of the sequence data, all NRTI-
resistant viruses in the panel evaluated in this study contained
a T215Y mutation in RT, which has been shown to be associ-
ated with hypersusceptibility to NNRTIs (10, 29, 33).

In the two-drug combination studies, there was no evidence
of antagonistic interactions between MK-4965 and any other
agent employed. Importantly, there was no evidence of syner-
gistic cytotoxicity within the range of drug concentrations ex-
amined for MK-4965 (high test concentration, 100 nM). This
was not unexpected, because none of the drugs are cytotoxic
over the concentration ranges evaluated; much higher concen-
trations of all compounds (near the 50% toxic concentration)
would be required to correctly examine potential synergistic
cytotoxicity interactions. It should also be noted that the Mac-
Synergy II software utilizes the individual triplicate data for 40
different drug combinations to generate the three-dimensional
surface plots and their associated statistical 95% confidence
intervals. As such, the drug interactions observed between
MK-4965 and 18 FDA-approved drugs predicted by the Pri-
chard and Shipman (27) MacSynergy II model have statistical
significance associated with them. Analysis of the data for drug
combinations by other analytical methods (9) typically yields
similar synergy observations, but the median-effect equation
derived by Chou (8) lacks the statistical confidence intervals
associated with the MacSynergy II analysis. The overall per-
formances of the assays were validated by use of a positive
control for antagonism (d4T in combination with RBV), which
exhibited the expected levels of antagonism in each of the
assays (Table 5). Macroscopic observation of the cells in each
well of the microtiter plates confirmed the cytotoxicity and
cytopathogenicity results obtained following staining of the
cells with the metabolic dye MTS.

In summary, MK-4965 is a novel NNRTI containing diaryl
ether and indazole moieties. It exhibits excellent activity against
RT enzymes containing K103N or Y181C mutations and also
against viruses containing the same RT mutations. All HIV
subtypes tested in this study had similar susceptibilities to MK-
4965, and PI and NRTI resistance-conferring mutations did
not compromise the antiviral activity of MK-4965. Given the
absence of antagonistic effects with the other antiviral agents
tested in the combination study, MK-4965 has in vitro proper-
ties consistent with the high potential to be a new NNRTI for
treatment of HIV-1 infection.
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TABLE 5. Antiviral efficacy results for MK-4965 in combination
with 18 FDA-approved antiretroviral compounds in

CEM-SS or MAGI-CCR5 cellsa

Compound class and
compoundb

Mean synergy vol/
antagonism vol
(nM2%, �M2%,
or nM�M%)c

Antiviral effect

NRTIs
3TC 27.9/�3.75 Nonantagonistic
ABC 47.0/�10.9 Nonantagonistic
AZT 76.5/�12.6 Nonantagonistic
d4T 19.1/�6.74 Nonantagonistic
ddC 12.5/�4.46 Nonantagonistic
ddI 45.1/�4.07 Nonantagonistic
FTC 17.0/�0.52 Nonantagonistic
TDF 22.6/�4.88 Nonantagonistic
Tenofovir DF 40.5/�7.49 Nonantagonistic

NNRTIs
DLV 19.2/�4.43 Nonantagonistic
EFV 29.5/�1.50 Nonantagonistic
ETR 14.6/�1.24 Nonantagonistic
NVP 28.2/�19.6 Nonantagonistic

PIs
DRV 35.8/�2.14 Nonantagonistic
IDV 19.4/�0.08 Nonantagonistic

Entry inhibitors
MVC 6.22/�24.3 Nonantagonistic
ENF 23.8/�2.16 Nonantagonistic

Integrase strand transfer
inhibitor (RAL)

24.6/�3.38 Nonantagonistic

d4T-RBV (positive control)
CEM-SS cells 3.80/�311 Highly antagonistic
MAGI-CCR5 cells 0.53/�591 Highly antagonistic

a The 95% confidence intervals around the experimental dose-response sur-
face were used to evaluate the data statistically.

b Studies of the antiviral efficacy of MK-4965 in combination with MVC were
performed with MAGI-CCR5 cells. All other evaluations were performed with
CEM-SS cells.

c The antiviral synergy plot (95%) data sets from multiple experiments (n 
 3)
were combined, and the arithmetic means were calculated for each drug-drug
concentration. The positive and negative values are individually summed to give
the mean volumes for synergistic and antagonistic interactions, respectively.
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