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Nonnucleoside reverse transcriptase inhibitors (NNRTIs) are a mainstay of therapy for treating human immunodeficiency type 1
virus (HIV-1)-infected patients. MK-1439 is a novel NNRTI with a 50% inhibitory concentration (IC50) of 12, 9.7, and 9.7 nM
against the wild type (WT) and K103N and Y181C reverse transcriptase (RT) mutants, respectively, in a biochemical assay. Selec-
tivity and cytotoxicity studies confirmed that MK-1439 is a highly specific NNRTI with minimum off-target activities. In the
presence of 50% normal human serum (NHS), MK-1439 showed excellent potency in suppressing the replication of WT virus,
with a 95% effective concentration (EC95) of 20 nM, as well as K103N, Y181C, and K103N/Y181C mutant viruses with EC95 of 43,
27, and 55 nM, respectively. MK-1439 exhibited similar antiviral activities against 10 different HIV-1 subtype viruses (a total of
93 viruses). In addition, the susceptibility of a broader array of clinical NNRTI-associated mutant viruses (a total of 96 viruses)
to MK-1439 and other benchmark NNRTIs was investigated. The results showed that the mutant profile of MK-1439 was supe-
rior overall to that of efavirenz (EFV) and comparable to that of etravirine (ETR) and rilpivirine (RPV). Furthermore, E138K,
Y181C, and K101E mutant viruses that are associated with ETR and RPV were susceptible to MK-1439 with a fold change (FC) of
<3. A two-drug in vitro combination study indicated that MK-1439 acts nonantagonistically in the antiviral activity with each of
18 FDA-licensed drugs for HIV infection. Taken together, these in vitro data suggest that MK-1439 possesses the desired proper-
ties for further development as a new antiviral agent.

Human immunodeficiency type 1 virus (HIV-1) reverse trans-
criptase (RT) plays an essential role in the HIV-1 life cycle by

converting a single-strand viral RNA into a double-stranded pro-
viral DNA via its polymerase and RNase H activities (1). There-
fore, inhibition of reverse transcriptase has been one of the pri-
mary therapeutic strategies for developing antiviral agents to
suppress the replication of HIV-1 (2, 3). There are two classes of
RT inhibitors: one is the nucleoside reverse transcriptase inhibi-
tors (NRTIs), which are active-site inhibitors, such as AZT and
3TC, and the other is nonnucleoside reverse transcriptase inhibi-
tors (NNRTIs), which are non-active-site competitive inhibitors,
such as efavirenz (EFV), nevirapine (NVP), etravirine (ETR), and
rilpivirine (RPV). The NNRTIs bind to a hydrophobic pocket in
the p66 subunit of the p66/p51 heterodimer of RT at a distance of
10 Å from the polymerase active site (4). NNRTI binding causes
conformational changes within p66 that reposition the active-site
residues into an inactive conformation, resulting in inhibition of
the chemical step of a polymerization reaction (5).

The current standard of treatment for HIV-1-infected patients
is highly active antiretroviral therapy (HAART), which is typically
composed of 3 or more drugs with complementary mechanisms
of actions (6). Patients undergoing HAART have experienced pro-
found and continuous viral suppression, in many cases with sub-
stantial immune system recovery and halt of progression to clini-
cal disease (7). Consensus guidelines for the use of HAART in
antiretroviral-naive subjects recommend the use of 2 NRTIs in
combination with an NNRTI, a boosted protease inhibitor, or an
integrase inhibitor (8, 9). Although NNRTIs are key components
of effective combination regimens, like all antiretroviral agents,
their effectiveness can be hampered by the emergence of resistance
mutations in viruses. Moreover, a single mutation can lead to
significant reductions in susceptibility, often to all available inhib-

itors within the same class (10, 11). Mutations identified in the
viruses from patients who failed with an NNRTI-containing reg-
imen mostly involve residues around the NNRTI binding pocket
(NNRTIBP) that play important roles in inhibitor binding. As a
result, viruses harboring substitutions in these residues often dis-
rupt the crucial interactions between NNRTIs and RT, conferring
resistance to the inhibitors. Among NNRTI-associated mutations,
the K103N substitution represents the most prevalent mutant
identified in patients who have failed with regimens containing
earlier NNRTIs, such as EFV and NVP (present in 40 to 60% of
NNRTI-associated mutant viruses) (12–16), and the mutant virus
displays significantly reduced susceptibility to the NNRTIs (�20-
fold to EFV and �50-fold to NVP) (17, 18). The prevalence of this
mutation may be attributed to the frequent prescription of NVP
and EFV as the first-line therapy, especially EFV, which is the
NNRTI component in the single-tablet regimen Atripla. In addi-
tion, the K103N mutant maintains replication capacity similar to
that of the wild type (WT), enabling the virus to continue repli-
cating in the presence of high selective pressure (19, 20). Based on
X-ray crystallography of RT/NNRTI complexes, the reduced in-
hibitory potency may be ascribed to the changes in hydrophobic
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and electrostatic interactions between the inhibitors and K103 or
N103 in the NNRTIBP and formation of new hydrogen bond
networks within NNRTIBP with the K103N substitution (21).
NNRTIs with good activity against the K103N mutant would be
expected to have favorable interactions with the mutant aspara-
gine side chain, thereby compensating for resistance caused by
stabilization of the mutant enzyme through a hydrogen bond net-
work, including the interactions between N103 and Y188 side
chains (22). Virus with Y181C substitution is the second most
prevalent NNRTI-associated mutant, which is mostly detected in
patients on NVP treatment (present in 15 to 25% of NNRTI-
associated mutant viruses) (14–16). Furthermore, the Y181C mu-
tant virus also accounts for the majority of virologic failures from
patients who were on an ETR-containing regimen (23). The sub-
stitution is also one of the major mutations identified in virologic
failures from the RPV-treated group in a phase III trial (24). The
mutation at codon position 181 (Y181C mutant) has a minimal
impact on the fitness of the mutant virus, allowing the mutant
virus to replicate efficiently even in the presence of related
NNRTIs (19, 20). Y181 plays an important role in the �-� inter-
actions with some NNRTIs inside the NNRTIBP; thus, viruses
with Y181C substitution in RT will be void of the crucial interac-
tions with the NNRTIs and exhibit high degrees of resistance to
NVP and delavirdine (DLV) (�100-fold) and moderate resistance
to ETR and RPV (�4-fold) (25–27).

Despite the success of HAART, drug resistance is generated in
a proportion of treated patients and may be directly transmitted
from them to treatment-naive individuals at the time of their pri-
mary infection. Transmitted drug resistance (TDR) mutations
have been documented among treatment-naive HIV-1-infected
patients with a prevalence ranging from 3% to 24%, depending on
the cohort and geographic characteristics; the highest prevalence
is noted in countries with long-established use of antiretrovirals
(28). In the United States, it is estimated that approximately 1 in 6
newly infected patients harbors virus with TDR mutations. Given
the prevalence of K103N and Y181C mutants in the patients
treated with the NNRTI-containing regimen, not surprisingly, the
mutants also are the two most prevalent NNRTI TDR mutants in
newly infected patients, representing more than 84% of TDR mu-
tations (29, 30). In addition, the TDR mutations were found to
significantly increase the virologic failure rate under HAART, par-
ticularly K103N and Y181C TDR mutants (30–32). As a result,
TDR mutations have emerged as a potential threat to the success
of antiretroviral therapy.

Extensive efforts have been made to identify novel NNRTIs
that are highly active against the prevalent NNRTI-resistant vi-
ruses (especially for viruses carrying K103N or Y181C substitu-
tions) and suitable for a once-daily dosing with excellent safety
and tolerability profiles. To this end, MK-1439 was identified as a
novel NNRTI comprised of a pyridone core bearing an aryl ether
and methyl-triazolone moieties (Fig. 1). It displays excellent ac-
tivities against not only WT viruses but also a broader panel of
NNRTI-resistant viruses, including viruses carrying K103N
and/or Y181C substitutions. Given the large genetic diversity of
HIV-1, antiviral activity of MK-1439 was determined against dif-
ferent viral subtypes (A, B, C, D, F, G, H, J, and K). The suscepti-
bility of RPV-associated clinical mutant viruses to MK-1439 was
tested to evaluate the resistance profile of MK-1439 against these
mutants. In addition, a 2-drug in vitro combination study was
performed to assess the potential for antagonism between the an-

tiviral agents. Furthermore, specificity and cytotoxicity tests were
also conducted to gain information on potential off-target activi-
ties of MK-1439.

MATERIALS AND METHODS
Full-length wild-type (WT) and two mutant RT proteins (K103N and
Y181C) were expressed in Escherichia coli BL21(DE3) cells and purified as
described previously (33). The t500 RNA template was made by IBA
GmbH (Germany), and the biotinylated DNA primer was made by Inte-
grated DNA Technology (IDT; 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. Ruthenylated dUTP (Ru-dUTP) was custom-made by Midland
Certified Reagents Company (Midland, TX). Human peripheral blood
mononuclear cells (PBMCs) were from Biological Specialty Corporation
(Colma, PA). Fetal bovine serum (FBS) was purchased from HyClone
(Logan, UT). Penicillin-streptomycin (1%) and alamarBlue cell viability
reagent were bought from Invitrogen (Carlsbad, CA). Interleukin-2 (IL-2;
20 U/ml) was from Roche Applied Science (Indianapolis, IN). Gamma
interferon (IFN-�) and macrophage colony-stimulating factor (M-CSF;
50 ng/ml) were obtained from R&D Systems (Minneapolis, MN). Phyto-
hemagglutinin P (PHA-P; 5 �g/ml) and phorbol myristate acetate (PMA)
were from Sigma-Aldrich (St. Louis, MO). Clear-bottom black 96-well
plates were purchased from Costar (Washington, DC). Human DNA
polymerases � and ß were obtained from Chimerx (Milwaukee, WI), and
human DNA polymerase � was internally produced. Fish sperm DNA
gapped with exonuclease III was from Affymetrix (Santa Clara, CA). De-
oxynucleoside triphosphates (dNTPs) (1.6 �M each) were purchased
from GE Healthcare (Buckinghamshire, United Kingdom). [33P]dATP (1
�Ci) and an AlphaLISA kit, for p24 detection, and Wallac Microbeta and
VICTOR luminometers were bought from PerkinElmer (Waltham, MA).
Culture medium (RPMI 1640) and Dulbecco’s modified Eagle medium-
10% FBS (DMEM-FBS) were from Gibco (Carlsbad, CA). Versene-EDTA
was ordered from BioWhittaker (Walkersville, MD). A Falcon microplate
(384 wells) was purchased from BD (Franklin Lake, NJ). The integrase
strand transfer inhibitor raltegravir (RAL) and benchmark NNRTIs were
synthesized in-house. A Tecan Safire2 microplate reader was bought from
Tecan US Inc. (Durham, NC). An electrochemiluminescence (ECL) de-
tector Sector Imager S6000 and specific avidin standard plates were pur-
chased from Meso Scale Discovery (Rockville, MD).

The following antiviral agents and cells employed for combination

FIG 1 Structures of MK-1439 (A), EFV (B), RPV (C), and ETR (D).
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study were provided by Southern Research Institute (SRI, Birmingham,
AL): the NRTIs lamivudine (3TC), abacavir (ABC), zidovudine (AZT),
stavudine (d4T), zalcitabine (ddC), didanosine (ddI), emtricitabine
(FTC), tenofovir DF (TDF), and ribavirin (RBV; hepatitis C drug); the
NNRTIs DLV, EFV, NVP, ETR, and RPV; protease inhibitors (PIs)
darunavir (DRV) and indinavir (IDV); the entry inhibitors (EI) maravi-
roc (MVC) and enfuvirtide (ENF; T20); CEM-SS cells; MAGI-CCR5 cells;
CXCR4-tropic virus strain HIV-1IIIB; and CCR5-tropic virus strain HIV-
1Ba-L.

HIV-1 reverse transcriptase biochemical assay. The full-length WT
and 2 mutant RT proteins were expressed in Escherichia coli BL21(DE3)
cells and purified as described previously (33). The ECL RT biochemical
assay was performed based on the protocol described previously (34).
Briefly, the heterodimeric nucleic acid substrate used in the HIV-1 RT
polymerase reactions was generated by annealing biotinylated DNA
primer to a 500-nucleotide RNA template. The HIV-1 RT enzyme (final
concentration of 50 pM) was combined with an inhibitor or dimethylsul-
foxide (DMSO; 10% DMSO in the final reaction mixture) in assay buffer
containing 62.5 mM Tris-HCl, pH 7.8, 1.25 mM dithiothreitol, 7.5 mM
MgCl2, 100 mM KCl, 0.03% 3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate [CHAPS], 0.125 mM EGTA). This mixture was
preincubated for 30 min at room temperature in microtiter plates. The
polymerization reaction was initiated by the addition of template/primer
substrate (final concentration, 16.6 nM), and dNTPs (final concentra-
tions were 2 �M for dCTP, dGTP, and dATP and 66.6 nM for Ru-dUTP).
After 90 min of incubation at 37°C, reactions were quenched by the addi-
tion of EDTA (25 mM). The resulting mixture was incubated for an ad-
ditional 5 min at room temperature, followed by transferring the solution
(50 �l) to a blocked avidin plate from Meso Scale Discovery (MSD). The
mixtures were incubated at room temperature for 60 min prior to the
quantification of the reaction product via an ECL 6000 imager instru-
ment. EFV was used as a control compound in the assay, and all 50%
inhibitory concentrations (IC50s) are relative values, as they are highly
dependent on assay conditions.

Cytotoxicity of MK-1439 in resting and activated primary cells and
proliferating cells. (i) Cell preparation. Human PBMCs were isolated
from anticoagulated blood by Ficoll gradient purification and washed 3
times in phosphate-buffered saline (PBS). PBMCs were incubated in
RPMI 1640 medium supplemented with 10% FBS, 1% penicillin-strepto-
mycin, and IL-2 (20 U/ml) for 72 h prior to compound treatment. Resting
CD4� T cells and peripheral blood monocytes were isolated by negative
magnetic cell sorting. CD4� T cells were incubated in RPMI 1640 me-
dium supplemented with 10% heat-inactivated human serum and 1%
penicillin-streptomycin, while monocytes were incubated in DMEM sup-
plemented with 10% FBS, 2% heat-inactivated human serum, and 1%
penicillin-streptomycin for 48 h prior to compound treatment. Macro-
phages were derived from peripheral blood monocytes cultured for 7 days
in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin, and
M-CSF (50 ng/ml). The cells were maintained by replenishing with 50%
fresh medium at least twice a week.

(ii) Cell activation. Human PBMCs and CD4� T cells were isolated as
described above. The cells were resuspended in RPMI 1640 medium and
transferred into T75 culture flasks at a density of 106 cells/ml in medium
containing phytohemagglutinin P (PHA-P; 5 �g/ml) and incubated for 3
days at 37°C under 5% CO2. The PHA-treated PBMCs were collected and
washed twice with RPMI 1640. The cells were then resuspended in RPMI
1640 containing IL-2 (20 U/ml) at a density of 106 cells/ml for MK-1439
cytotoxicity testing.

Monocytes and macrophages were prepared as described above. The
cells were first primed with IFN-� at 100 U/ml for 2 days. The media were
removed, and the remaining cells were washed twice followed by the ad-
dition of media containing 20 nM phorbol myristate acetate (PMA). After
incubation for 3 days, the cells were treated with MK-1439 for cytotoxicity
testing.

Cytotoxicity test. alamarBlue cell viability reagent was utilized for the
cell cytotoxicity assay. The above-mentioned cell types were plated in
clear-bottom black 96-well plates at predetermined densities (50,000 to
106 cells/well depending on the cell type) in an appropriate culture me-
dium. A 12-point compound titration was performed with a starting con-
centration of 100 �M in DMSO, followed by 3-fold serial dilutions in
culture medium. Serial dilutions of DMSO in parallel were included as
negative controls. A previously identified cytotoxic compound was run as
a positive control. After addition of the compounds to the cells, cells were
incubated for approximately 72 h followed by addition of a 1/10 volume of
alamarBlue cell viability reagent. Cells were incubated at 37°C for empir-
ically determined time periods (2 to 6 h depending on cell types), and
fluorescence intensity was recorded by a Tecan Safire2 microplate reader.

Human DNA polymerase assay. MK-1439 was tested against purified
human DNA polymerases �, ß, and � at concentrations ranging from 1 to
100 �M. Buffer conditions for the DNA polymerase � were 50 mM Tris,
pH 8.0, 10 mM MgCl2, 500 �g/ml bovine serum albumin (BSA; prepared
and stored at 4°C until use), 2 mM dithiothreitol (DTT), 0.1 mM sperm-
ine (added fresh at time of assay), and 0.005 U/�l polymerase �. Buffer
conditions for ß polymerase assays were 20 mM Tris, pH 7.5, 10 mM
MgCl2,100 mM KCl, 200 �g/ml BSA (prepared and stored at 4°C until
use), 2 mM 	-mercaptoethanol (	-ME; added fresh at the time of assay),
and 0.0025 U/�l polymerase ß. Buffer conditions for � polymerase assays
were 25 mM HEPES, pH 8.0 (adjusted up from pH 7.3), 10 mM MgCl2,
100 mM NaCl, 500 �g/ml BSA (prepared and stored at 4°C until use), 2.5
mM 	-ME (added fresh at time of assay), and 0.00025 U/�l � polymerase.

Each 50-�l reaction mixture contained 0.05 mg/ml gapped fish sperm
DNA and dNTPs (1.6 �M each with 3 �Ci [33P]dATP). All reactions were
initiated by the addition of the polymerases. After incubation for 30 min at
37°C (60 min for � polymerase), each reaction was quenched with 50 �l
EDTA (0.5 M) and samples were collected on filter disks. Disks were
washed (6
) and dried before scintillation counting. MK-1439 was as-
sayed in a concentration range from 1 to 100 �M. Inhibition for each
reaction was calculated relative to the appropriate DMSO control.
Aphidicolin was the positive control for � polymerase, and ddATP was the
positive control for ß/� polymerases.

HIV multiple-cycle replication assay. MK-1439 was tested in HIV-1
multiple-cycle replication assays using genetically defined WT and labo-
ratory mutant viruses (K103N, Y181C, and K103N/Y181C) as described
previously (26, 27) Antiviral activity assays were performed using variants
of a laboratory HIV-1 isolate, R8, and MT-4 human T-lymphoid cells in
cell culture medium supplemented with 10% or 50% normal human se-
rum (NHS). EFV was used as a control compound in the assay, and all
EC50s are relative values as they are highly dependent on assay conditions.

HIV-1 single-cycle replication assay with viruses containing RT se-
quences obtained from patient isolates. To assess how the potency of the
compounds was affected by different HIV-1 subtypes and NNRTI-asso-
ciated subtype B mutant viruses, Monogram Biosciences performed a
PhenoScreen assay with MK-1439, EFV, ETR, and RPV against a group of
isolates from different subtypes, as well as a broader panel of NNRTI-
associated mutant viruses, using a variation of their clinical diagnostic
assays as described previously (35).

Combination study. The combination study was conducted by SRI in
a 2-drug combination with MK-1439 and each of the 18 FDA-approved
antiviral agents described above. The combination inhibitory effect of
MK-1439 on replication of the HIV strains was analyzed using the Prich-
ard and Shipman MacSynergy II three-dimensional model (36). RBV and
d4T were used as the positive controls as an antagonism pair, because the
antiviral activity of d4T is antagonized by RBV, as described previously
(26).

For these studies, synergy is defined as drug combinations yielding
synergy volumes greater than 50. Slightly synergistic activity and highly
synergistic activity have been operationally defined as yielding synergy
volumes of 50 to 100 and �100, respectively. Additive drug interactions
have synergy volumes in the range from �50 to 50, while synergy volumes
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between �50 and �100 are considered slightly antagonistic and those less
than �100 are highly antagonistic.

RESULTS
Biochemical inhibitory potency of MK-1439. The potencies of
MK-1439 against purified recombinant WT RT and RT with the 2
most prevalent amino acid substitutions (K103N or Y181C) were
measured in biochemical assays. As shown in Table 1, the results
showed that MK-1439 inhibited RNA-dependent DNA synthesis
with IC50s of 12.2, 9.7, and 9.7 nM for WT, K103N, and Y181C RT
viruses, respectively. These results suggest that K103N and Y181C
substitutions in RT have no impact on the affinity of MK-1439 to
the NNRTIBP. In the same assay, K103N RT showed approxi-
mately 10-fold reduced affinity to EFV, and Y181C RT displayed
moderately reduced affinity to ETR and RPV, which is consistent
with literature reports (18, 26, 27).

Cytotoxicity of MK-1439 with various cell types. As HIV-1 is
known to infect activated and resting primary cells as well as pro-
liferating cells, it is important to assess the impact of antiviral
agents on the viability of those cell types. Consequently, MK-1439
was tested for its effects on the viability of resting and activated
CD4� T cells, PBMCs, monocytes, and macrophages and in pro-
liferating transformed cell lines, such as MT4, SupT1, and HL60
cell lines, with a previously identified cytotoxic compound as a
control. MK-1439 did not display cytotoxicity in any cell type
tested, whether proliferating, stationary, or activated, at concen-
trations of up to 100 �M.

Biochemical activity of MK-1439 against human DNA poly-
merases �, ß, and �. The potential for off-target activity of MK-
1439 against mechanistically similar enzymes was evaluated by
assessing its inhibitory activity against human DNA polymerases
�, ß, and �. The results showed that MK-1439 exhibited greater
than 10,000-fold selectivity with respect to the cellular DNA poly-
merases �, ß, and � with IC50s of �100 �M.

Off-target activity evaluation. To assess its specificity, MK-
1439 was evaluated against a large panel of enzymes, transporters,
ion channels, and receptor assays at Ricerca Biosciences. In the
screen with more than 110 protein targets, MK-1439 showed an
IC50 of greater than 10 �M against all targets except 5-HT2ß, where
an IC50 of 2.5 �M was noted in a ligand binding assay. However,
the 5-HT2ß activity was not observed in a functional cell-based
assay monitoring the accumulation of inositol-1-phosphate.
Therefore, the binding activity does not appear to translate into a
5-HT2ß functional response.

Antiviral activity of MK-1439. As mentioned above, K103N
and Y181C mutant viruses account for much of the NNRTI-resis-
tant mutations detected in patients who have failed with antiret-
roviral regimens containing earlier NNRTIs, such as EFV and

NVP, and these mutations can sometimes be found in circulating
HIV-1 that may infect people with the preexisting resistance mu-
tation(s). Therefore, MK-1439 was evaluated for its potency
against the WT and 2 mutant viruses in cell culture replication
assays using a transformed human cell line and laboratory HIV-1
isolates. In addition to the conditions under 10% NHS, the inhib-
itory potency of MK-1439 was evaluated in serum concentrations
of 50% NHS to assess the effect of serum concentration on the
potency, since binding to serum proteins often can reduce the
efficacy of antiviral agents. An MT-4 human T-lymphoid cell line
infected with a laboratory HIV-1 isolate (R8) was employed to test
the antiviral activity of MK-1439. The assay is a multiple-cycle
replication assay in which infections are initiated at a low multi-
plicity of infection (MOI), and the virus is allowed to spread
through cells in culture over a period of 3 days. The extent of
replication is quantified by measuring the amount of HIV-1
capsid antigen, p24, in culture supernatants using a commercial
AlphaScreen assay kit.

In the presence of 10% NHS, MK-1439 had an EC95 of 11.0
against WT virus and EC95 of 13.4, 16.4, and 30.5 against K103N,
Y181C, and K103N/Y181C mutant viruses, respectively (Table 2).
These results showed that MK-1439 had a less than 2-fold shift in
potency against the 2 most prevalent NNRTI-resistant viruses
(K103N and Y181C mutants) and less than a 3-fold shift against
the K103N/Y181C double mutant. Under the same conditions,
both ETR and RPV did not show a shift in potency for the K103N
mutant virus from that of the WT virus. However, ETR displayed
more than 5- and 11-fold shifts in potency in inhibiting the repli-
cation of Y181C and K103N/Y181C mutant viruses, respectively,
compared to the WT virus. RPV exhibited a smaller potency shift
of 2- and 6-fold against Y181C and K103N/Y181C mutant viruses,
respectively. K103N and K103N/Y181C mutant viruses conferred
greater than 40- and 50-fold reductions in susceptibility to EFV,
and EFV had a less than 2-fold shift in potency with the Y181C
mutant virus.

In the presence of 50% serum, MK-1439 displayed an EC95 of
20.3, 42.5, 27.4, and 55.1 nM against WT virus and virus carrying
K103N, Y181C, and K103N/Y181C substitutions, respectively. As
expected, all 4 NNRTIs showed that fold changes (FCs) in potency
with mutant viruses relative to WT were similar to what was ob-
served in the presence of 10% serum.

With respect to the effect of serum concentration on the po-
tency of NNRTIs, MK-1439 had a 2- to 3-fold shift in potency

TABLE 1 Inhibitory potency of MK-1439, EFV, and ETR against the
WT and mutant viruses

Compound

IC50
a (nM)

WT K103N Y181C

MK-1439 4.5 � 0.8 (6) 5.5 � 0.8 (6) 6.1 � 1.3 (6)
EFV 0.81 � 0.27 (753) 7.1 � 3.2 (131) 1.0 � 0.49 (132)
ETR 0.47 � 0.15 (7) 0.89 � 0.21 (6) 1.6 � 0.4 (6)
RPV 0.77 � 0.30 (7) 1.5 � 0.5 (6) 1.4 � 0.4 (6)
a IC50s are means � standard deviations. Numbers in parentheses indicate the number
of times the assays were performed.

TABLE 2 Antiviral activity of MK-1439, EFV, and ETR against WT and
mutant viruses in the presence of 10% and 50% NHS

Compound
and
supplement

EC95
a (nM)

WT K103N Y181C K103N/Y181C

10% NHS
MK-1439 11.0 � 2.6 (11) 13.4 � 3.3 (11) 16.4 � 3.2 (9) 30.5 � 3.9 (8)
EFV 5.0 � 3.2 (203) 247 � 83 (152) 8.6 � 4.5 (45) 297 � 129 (41)
ETR 4.4 � 2.1 (29) 5.3 � 3.9 (28) 23.5 � 12 (11) 52.5 � 23.9 (11)
RPV 2.0 � 1.0 (8) 1.7 � 1.0 (5) 4.3 � 3.1 (6) 12.9 � 9.9 (6)

50% NHS
MK-1439 20 � 6.7 (9) 42 � 7.8 (7) 27 � 14 (5) 55 � 14 (7)
EFV 41 � 24 (193) 1427 � 53 (22) 80 � 34 (25) 2943 � 903 (12)
ETR 38 � 22 (42) 36 � 9.8 (24) 263 � 191 (19) 653 � 216 (22)
RPV 37 � 16 (11) 48 � 18 (7) 120 � 26 (6) 407 � 153 (6)

a EC95 are means � standard deviation. Numbers in parentheses indicate the number
of times the assays were performed.
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against the WT and the 3 variants when the serum level increased
from 10% to 50%. In contrast, serum content exhibited a greater
impact on the potency of EFV and ETR, with a 6- to 10-fold and a
7- to 12-fold increase in EC95, respectively, as the serum concen-
tration was increased from 10% to 50%. Furthermore, RPV dis-
played the biggest shift in potency (18- to 31-fold) among the 4
NNRTIs when the serum was increased from 10% to 50%. Con-
sistent with the results in 10% serum, viruses containing the
K103N mutant also displayed significant resistance to EFV in the
presence of 50% serum. As shown in Table 2, K103N and K103N/
Y181C mutant viruses conferred 35- and 70-fold resistance to
EFV, respectively, compared to WT virus. As a result, MK-1439
was 34- and 54-fold more potent than EFV against K103N and
K103N/Y181C mutants, respectively, and was 2- to 3-fold more
potent than EFV against WT virus and Y181C mutant virus under
the same conditions. Compared to ETR and RPV, MK-1439 dis-
played approximately 2-fold better potency against the WT virus
and had a comparable potency against the K103N mutant. How-
ever, MK-1439 was 9- and 4-fold more potent than ETR and RPV,
respectively, in suppressing the replication of Y181C mutant vi-
ruses. The K103N/Y181C mutant virus was 10- and 6-fold less
susceptible to ETR and RPV, respectively, than to MK-1439.
Therefore, MK-1439 exhibited better potency overall against WT
and the most prevalent NNRTI-associated mutant viruses than
EFV, ETR, and RPV in the presence of a high percentage of serum.

Susceptibility of different HIV-1 subtypes to NNRTIs. The
antiviral activity of MK-1439 and other NNRTIs was also evalu-
ated against 10 different subtypes of viruses. Several isolates from
each subtype were selected for testing (a total of 93 viruses). As
shown in Table 3, no viral subtype displayed a greater than 1.5-
fold shift in potency with MK-1439 compared to that of the con-
trol virus (EC50 of 4.2 nM), a drug-sensitive reference strain
(CNDO) with PR and RT sequence derived from laboratory HIV
strain NL4-3 (35). Other NNRTIs tested in this study also did not
show an obvious shift in potency with different HIV-1 subtypes.
Among the 10 subtype viruses, subtype H virus appeared to be
hypersensitive to the NNRTIs with FCs from 0.17 to 0.3, which
was reported previously (26).

Susceptibility of NNRTI-associated mutant viruses to MK-
1439. HIV-1 variants selected for resistance to NNRTIs either in
cell culture or in the clinic harbor amino acid substitutions in
the NNRTIBP, such as K103N, Y181C, V106A, G190A, P236L,

E138K, and K101E (37). To evaluate the impact of various known
NNRTI-resistant mutants on the potency of MK-1439, the inhib-
itor was tested against wild-type HIV-1 and a panel of mutant
viruses that are commonly associated with currently marketed
NNRTIs (EFV, NVP, ETR, and RPV) in a single-cycle replication
assay.

As shown in Fig. 2, of the 23 resistant mutant viruses tested,
only 2 mutant viruses (carrying Y188L and V106A/G190A/F227L
substitutions) displayed more than a 50-fold shift in potency
against MK-1439. On the other hand, 9 mutant viruses showed
fold changes of more than 50 with EFV. For instance, double mu-
tant K103N/G190A virus conferred greater than 250-fold resis-
tance versus EFV but showed no reduced susceptibility to MK-
1439. The other example is the G190S mutant, which conferred
more than 150-fold resistance to EFV, yet the mutant virus was
more susceptible to MK-1439, with an FC of 9. In this assay for-
mat, the V106A mutant virus conferred more than 40-fold re-
duced susceptibility to MK-1439 but was susceptible to EFV, ETR,
and RPV. However, in the multiple-cycle assay, the V106A mutant
showed 11-fold reduced susceptibility to MK-1439 (data not
shown). The discrepancy may be due to the different backgrounds
of viruses and assay platforms used in the respective assays, as
described in Materials and Methods. The overall mutant profile of
MK-1439 is superior to that of EFV and similar to those of ETR
and RPV, except the virus carries V106A/G190A/F227L substitu-
tions.

To further assess the mutant profile of MK-1439 compared to
other NNRTIs, an extended panel of NNRTI-associated clinical
isolates (a total of 96 mutant viruses) was employed in the study,
and the antiviral activity of the NNRTIs against these mutant vi-
ruses was performed by Monogram Biosciences under the same
assay format (see Table S1 in the supplemental material).

To compare the mutant profiles of the NNRTIs, here we define
a viral variant (or clinical isolate) as resistant to a specific NNRTI
when the FC in potency is greater than 10 compared to the control
virus. Based on this criterion, among the 96 viruses, 62 (65%), 16
(17%), 15 (16%), and 18 (19%) viruses were resistant to EFV,
MK-1439, ETR, and RPV, respectively (Fig. 3). A majority of the
mutant viruses that displayed reduced susceptibility to MK-1439
(�10-fold shift in EC50) also showed resistance to EFV (15/16;
94%) and RPV (12/16; 75%), whereas less than 50% (44%; 7/16)
of MK-1439-resistant viruses were found to have reduced suscep-
tibility to ETR (data not shown). In addition, more than 30% of
the mutant viruses exhibited greater than 100-fold resistance to
EFV (Fig. 3B). On the other hand, the majority of the mutant
viruses (�60%) displayed an FC of �5 when tested with MK-1439
and the other two NNRTIs (Fig. 3A, C, and D).

Susceptibility of clinical isolates that are resistant to EFV, ETR,
and RPV (FC �10) to MK-1439 was also analyzed. As shown in
Fig. 4, more than 60% (38/62) of EFV-resistant viruses were sus-
ceptible to MK-1439, with a �5-fold shift in EC50 (Fig. 4A). A
majority (12/18; 67%) of RPV-resistant viruses also conferred re-
duced susceptibility to MK-1439, with an FC of �10. Among 15
mutant viruses that showed a greater than 10-fold shift in EC50

with ETR, 8 of them exhibited a 10-fold shift in potency with
MK-1439. Therefore, MK-1439 not only shows superior mutant
profile to EFV but also is highly active against the majority of
EFV-resistant viruses.

Susceptibility of RPV-associated mutant viruses to MK-
1439. In the ECHO and THRIVE phase III trials of RPV, the most

TABLE 3 Fold change of inhibitory potency of NNRTIs tested with
different HIV-1 subtypes

Subtype (n)

Fold change in inhibitory potency

EFV ETR RPV MK-1439

A (5) 0.81 � 0.34 0.76 � 0.36 0.84 � 0.45 0.84 � 0.33
A1 (13) 0.70 � 0.16 0.73 � 0.36 0.73 � 0.32 0.68 � 0.19
AE (5) 0.75 � 0.27 072 � 0.28 0.71 � 0.27 0.79 � 0.44
AG (18) 0.75 � 0.21 0.66 � 0.15 0.68 � 0.17 0.92 � 0.40
B (7) 1.02 � 0.52 0.79 � 0.22 0.75 � 0.20 0.99 � 0.42
BF (4) 1.02 � 0.39 1.02 � 0.37 0.92 � 0.32 1.44 � 0.73
C (22) 0.89 � 0.27 0.77 � 0.19 0.72 � 0.19 1.07 � 0.36
D (9) 0.91 � 0.16 0.74 � 0.12 0.71 � 0.15 0.94 � 0.29
G (8) 0.74 � 0.16 0.62 � 0.15 0.61 � 0.15 0.93 � 0.27
H (2) 0.29 � 0.01 0.18 � 0.08 0.17 � 0.07 0.30 � 0.01
a A drug-sensitive strain was employed as the control to calculate the fold changes, and
fold changes are means � standard deviations.
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common NNRTI resistance-associated mutants emerging at fail-
ure in the RPV-treated group were E138K (45%) followed by
K101E (13%), H221Y (10%), and Y181C (8%) (38). In these stud-
ies, most of the E138K substitutions occurred together with
NRTI-resistant mutants, particularly the M184I/V substitution,
with the majority in a combination of E138K/M184I (47%) sub-
stitutions. In addition, K101E mutant virus was also identified as
one of the frequently selected viruses upon ETR treatment. To
evaluate the susceptibility of these mutant viruses to MK-1439,
site-directed mutagenesis was employed to generate E138K,
K101E, M184I, and M184V substitutions as single mutants as well
as double mutants with E138K/M184I or E138K/M184V and
K101E/M184I or K101E/M184V substitutions. The level of resis-
tance was evaluated in a single-cycle replication assay. As shown in
Fig. 5, the E138K mutant displayed an �4-fold reduction in sus-
ceptibility to RPV and ETR and less than 3-fold reduction in sus-
ceptibility to MK-1439. M181I and M184V single mutants, as ex-
pected, did not show a reduction in susceptibility to any of the 3
NNRTIs, as they are NRTI-associated mutant viruses. The level of
susceptibility of the K101E mutant to ETR, RPV, and MK-1439 is
similar to the level of susceptibility displayed by E138K mutant
virus. However, K101E mutant virus displays a higher level of
resistance to EFV than the E138K mutant (FC of 9.2 and 1.9,

respectively). The double mutant E138K/M181I virus maintained
levels of susceptibility to the NNRTIs similar to those of the single
E138K mutant. In contrast, the double mutant E138K/M184V
virus conferred a higher level of susceptibility to the NNRTIs (FC
of �2) than E138K and E138K/M184I mutants. The same phe-
nomenon was also observed in the mutants carrying the K101E
substitution in combination with the M181I or M184V substitu-
tion. These results are consistent with reports from the literature
that the single and double mutant viruses did not show significant
resistance to RPV (39–42).

Two-drug combination study. The necessity of combination
therapy for the treatment of HIV-1 infection often presents chal-
lenges owing to potential antagonistic interactions among differ-
ent classes of antiviral agents. In particular, the potential effect of
1 component in the combination therapy may have an effect on
the antiviral activity of another component(s), which could be
synergistic, additive, or antagonistic. Therefore, the anti-HIV-1
activity of MK-1439 was evaluated in 2-drug combination studies
with each of 18 FDA-approved HIV-1 antiviral agents. The cyto-
toxicity of each 2-drug combination was also evaluated in parallel
with the antiviral activities. The positive antagonism control of
d4T in combination with RBV was tested in parallel with each of
the assays. Analysis of drug interactions for each of the 2-drug

FIG 2 Susceptibility of mutant viruses containing NNRTI-associated mutants to NNRTIs. (A) MK-1439; (B) EFV; (C) RPV; (D) ETR. An asterisk indicates that
the EC50 was not reached at highest concentration tested. CNDO is a drug-sensitive reference standard that is used to determine the fold changes in drug
susceptibility of patient samples. The EC50 were 1, 0.9, 0.6, and 2.4 nM for EFV, RPV, ETR, and MK-1439, respectively, against CNDO. MDRC4 is a multidrug-
resistant virus control that is used to evaluate and monitor assay performance. The fold change was defined by the ratio of EC50 between the mutant virus and
CNDO. The EC50 was obtained from a single compound titration (n � 1).
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combinations was performed using a MacSynergy II (Prichard
and Shipman), a three-dimensional model for statistical evalua-
tion of combination assays (36). As a result, based on a 3-dimen-
sional model, a merely additive effect will result in a horizontal
plane at 0% inhibition (plane of additivity) when the calculated
individual antiviral activity was subtracted from the total antiviral
activity determined in the 2-drug combination study. A synergis-
tic or antagonistic effect, on the other hand, will render a surface
above or below the plane of additivity, respectively. Four repre-
sentative 3-dimensional plots are presented in Fig. 6. Figure 6A, B,
C, and D represent the combination study of MK-1439 with FTC
(a nucleoside inhibitor), TDF (a nucleotide inhibitor), RAL (an

integrase inhibitor), and DRV (a PI), respectively. All results show
that the percent inhibition after subtraction was on or close to the
plane of additivity, which is indicative of an additive effect based
on criteria described in Materials and Methods. In contrast, the
positive antagonism control for the combination study (d4T in
combination with RBV) exhibited a highly antagonistic interac-
tion in all experiments (mean antagonism volume of �298 �M2%
in CEM-SS cells and �412 �M2% in MAGI-CCR5 cells). The
results are summarized in Table 4. No antagonistic interactions
were observed within the concentration ranges examined for an-
tiviral efficacy between MK-1439 and each of the 18 FDA-ap-
proved antiretroviral drugs used in this study. A slightly synergis-

FIG 3 Susceptibility of a panel of 96 clinically relevant NNRTI-associated mutant viruses to NNRTIs. (A) MK-1439; (B) EFV; (C) RPV; (D) ETR.

FIG 4 Susceptibility of EFV, ETR, and RPV Resistant Viruses to MK-1439. (A) MK-1439- versus EFV-resistant viruses; (B) MK-1439- versus RPV-resistant
viruses; (C) MK-1439- versus ETR-resistant viruses.
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tic interaction was observed between MK-1439 and RAL (average
synergy volume of 60.8 nM2%; slight synergy observed in 2/3 ex-
periments), suggesting a possible beneficial interaction between
these 2 drugs. Therefore, the data suggest a lack of antagonism of
the antiviral effects between MK-1439 and each of the 18 FDA-
approved antiretroviral drugs evaluated in this study, and it
should not be problematic with the use of MK-1439 in combina-
tion with other antiviral agents in clinical settings.

DISCUSSION

NNRTIs are a cornerstone of HAART; however, a lower barrier to
the development of resistant viruses of this class of inhibitors ren-
ders a broad spectrum of prevalent NNRTI-associated mutant
viruses that would limit the options for the treatment of HIV-1-
infected patients. In addition, EFV is associated with significant
central nervous system (CNS) effects, and RPV is not approved
to treat high-viral-load patients (�100,000 copies/ml). Conse-
quently, new NNRTIs that are able to address these issues are
intensively sought after in the field.

MK-1439 is a novel NNRTI which shows a lower level of po-
tency shift as the serum concentration increases from 10% to 50%
than other NNRTIs tested in this study. This is not unexpected,
because MK-1439 has plasma protein binding of 76% compared
to EFV, ETR, and RPV, which all have plasma protein binding
greater than 99.5%. In the presence of 50% serum, MK-1439
showed more than 30-fold improved potency compared to that of
EFV against K103N mutant virus and more than 9- and 4-fold
better potency than ETR and RPV, respectively, against Y181C
mutant virus. Therefore, it seems likely that, in the presence of
100% serum, the difference in potency between MK-1439 and the
other NNRTIs is even greater against the respective mutant vi-
ruses, which would make MK-1439 the most potent NNRTI
against K103N and Y181C mutant viruses to date in cell-based

assays. As mentioned above, K103N and Y181C mutant viruses
are not only the most prevalent NNRTI-associated mutants iden-
tified in patients who have failed on NNRTI containing regimen
but also the most prevalent transmitted NNRTI-associated mu-
tants in treatment-naive patients. Therefore, both mutant viruses
present a significant threat to naive patients receiving an NNRTI-
containing regimen, as transmitted mutant viruses increase the
virologic failure rate of HAART (30–32). Furthermore, the Y181C
mutant was frequently associated with patients who have failed
with ETR- or RPV-containing regimens in clinical settings (23,
24). Given the association of the K103N mutant with the earlier
NNRTIs (EFV and NVP) and the association of the Y181C mutant
with the newer NNRTIs (ETR and RPV), it is highly desirable that
new NNRTIs display excellent potency against both mutants. The
resistance profile of MK-1439 suggests it is capable of fulfilling this
medical need. More importantly, a long-term toxicity study in
preclinical species suggested that MK-1439 exhibits a much better
safety and tolerability profile than EFV and RPV in clinical settings
(data not shown).

Although single Y188L mutant viruses exhibited a significant
reduction in the susceptibility to MK-1439 (FC of �100), the
mutant was not selected by MK-1439 during in vitro resistance
selection (data not shown). Virus carrying the Y188L substitution
also showed greater than 100-fold resistance to EFV, but it was
only observed in 5% of the patients who have failed in treatments
with an EFV-containing regimen. The replication capacity of
Y188L mutant virus reportedly is comparable to that of K103N
mutant virus (43). The lack of a prevalent Y188L mutant may have
been due to the fact that two base changes are required to generate
the Y188L mutant, while the K103N mutant only needs a single
base change (44, 45) The Y188L mutant is derived from an inter-
mediate mutant, either Y188H or Y188F substitution. Both mu-

FIG 5 Susceptibility of RPV-associated mutant viruses to NNRTIs. Black bar, EFV; gray bar, RPV; cross-hatched bar, ETR; open bar, MK-1439. The experiments
were repeated at least 3 times. Fold changes are in means � standard deviations.
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tants are highly susceptible to NNRTIs; thus, the opportunity to
further develop into Y188L mutant may be limited (45).

Based on X-ray structures of RT, K101 (in subunit p66) and
E138 (in subunit p51) are located at the top of the NNRTIBP and
form a salt bridge via a water molecule, representing one of the
entrances for NNRTIs (40, 46). Interactions between the 2 resi-
dues may play an important role in controlling the NNRTIBP in
an open or closed conformation of this entrance. As a result, sub-
stitution of either residue (E138K or K101E) prevents the forma-
tion of such a salt bridge and keeps the entrance in an open form.
The fact that viruses carrying E138K (45%) and K101E (13%)
substitutions are the 2 most frequent mutants associated with the
RPV-containing regimen suggests that RPV enters the NNRTIBP
via this entrance. This hypothesis is supported by the finding that
the E138K mutant enhanced the dissociation of RPV from the
NNRTIBP, which is in an open-form conformation due to the
replacement of glutamic acid with lysine (46). In addition, the fact
that K101E/M184I or K101E/M184V mutants showed a phenom-
enon similar to that of the E138K/M184I or E138K/M184V mu-
tants with respect to the susceptibility to NNRTIs also provides
evidence that the salt bridge plays an important role in binding of
RPV and ETR to the NNRTIBP. The K101E/M184I or K101E/
M184V mutant is not as prevalent as the I or E138K/M184V mu-
tant in patients who have failed with the RPV-containing regimen.
This may be ascribed to the K101E mutant not being able to re-

store the fitness of M181I or V virus to the level that the E138K
mutant did. E138K substitution is the most frequently identified
mutant in the resistance selection study with RPV, but the mutant
was not selected by MK-1439 in the study (data not shown). These
results suggest that both inhibitors enter the NNRTIBP through
different channels. Further investigation is required to test this
hypothesis.

Although the E138K mutant virus confers only a low level of
reduction in susceptibility to RPV (�4-fold), it is the most prev-
alent mutant identified in patients with virologic failure while on
an RPV-containing regimen. This may be due to the low trough
level of RPV at 24 h (C24h with 25 mg dose, �260 nM) relative to
the EC95 of RPV (37 nM) in the presence of 50% serum (C24h/
EC95, �7). Given the high protein binding of RPV (99.6%), it is
anticipated that the EC95 will be further increased in the presence
of 100% serum; hence, the ratio of trough level to EC95 (in 100%
serum) will be further reduced (7-fold). Furthermore, in a clin-
ical setting, it is not uncommon to see high variation in the phar-
macokinetic profile of drug candidates among HIV-1 patients;
thus, some patients may have trough levels significantly lower
than 260 nM. As a result, even mutant viruses with a low level of
resistance would be able to circumvent the suboptimal trough
level. On the other hand, given that MK-1439 has a 2-fold better
potency than RPV, coupled with its lower protein binding (76%)
and higher trough levels (267 nM at 25 mg and 1,650 nM at 200 mg

FIG 6 Mean three-dimensional plot of MK-1439 and other antiviral agents in the two-drug combination study. (A) MK-1439 and FTC; (B) MK-1439 and TDF;
(C) MK-1439 and RAL; (D) MK-1439 and DRV.
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in Ph1b) (47) relative to the mutant EC95 values (20 nM), the
survival of the E138K or K101E mutant virus becomes greatly
diminished under such high drug pressures.

In summary, MK-1439 may represent the most effective
NNRTI against the two most prevalent NNRTI-associated mutant
viruses (with K103N and Y181C substitutions) compared to the
NNRTIs approved by the FDA in the presence of 100% serum in a
cell-based assay. When tested against a broad panel of common
NNRTI mutant viruses, MK-1439 displayed a mutant profile
superior to that of EFV and similar to those of ETR and RPV.
Furthermore, given the high trough levels of MK-1439 ob-
served in the clinical setting, the chance for E138K and K101E
mutant viruses surviving is relatively low due to the low FCs
with MK-1439. MK-1439 showed similar potency against dif-
ferent HIV subtypes and did not show any antagonistic effects
with other antiviral agents tested in the combination study. In
addition, MK-1439 is a highly specific RT inhibitor with a se-
lectivity factor of �1,000 (based on in vitro activities) versus a
broad panel of enzymes, transporters, ion channels, and recep-

tors. Taking these results together, the virologic profile of MK-
1439 supports its further development as a new NNRTI for the
treatment of HIV-1 infection.
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