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In the absence of an effective vaccine against HIV-1 infection, anti-HIV-1 strategies play a major role in disease control. How-
ever, the rapid emergence of drug resistance against all currently used anti-HIV-1 molecules necessitates the development of new
antiviral molecules and/or strategies against HIV-1 infection. In this study, we have identified a benzamide derivative named
AH0109 that exhibits potent anti-HIV-1 activity at an 50% effective concentration of 0.7 �M in HIV-1-susceptible CD4� C8166
T cells. Mechanistic analysis revealed that AH0109 significantly inhibits both HIV-1 reverse transcription and viral cDNA nu-
clear import. Furthermore, our infection experiments indicated that AH0109 is capable of disrupting the replication of HIV-1
strains that are resistant to the routinely used anti-HIV-1 drugs zidovudine, lamivudine, nevirapine, and raltegravir. Together,
these findings provide evidence for a newly identified antiviral molecule that can potentially be developed as an anti-HIV-1
agent.

AIDS is a slow degenerative disease of the immune and nervous
systems resulting from human immunodeficiency virus type

1 (HIV-1) infection. Global estimates of the HIV-1 pandemic in-
dicate that there are about 34 million people living with HIV-1
and that there have been 12 million cumulative AIDS-related
deaths thus far (1). Although anti-HIV-1 chemotherapy has
achieved dramatic success by suppressing viral replication to an
undetectable level and has improved the quality of life and life
expectancy of HIV-1-infected individuals, complete, long-term
suppression of HIV-1 replication in HIV-1-infected individuals is
still a major challenge due to the rapid emergence of drug resis-
tance (2, 3). Hence, identification of new anti-HIV-1 molecules
and novel targets is still an urgent priority as part of a global strat-
egy to combat the spread of HIV-1 infection.

HIV-1 encodes three enzymatic proteins, reverse transcriptase
(RT), integrase (IN), and protease (PR), which are critical for its
replication. RT and IN are critical during the early steps of the viral
replication cycle since they are necessary for reverse transcription
and integration of the viral genome, respectively. Soon after
HIV-1 enters the cell, RT catalyzes the conversion of viral genomic
RNA into double-stranded cDNA (4), and IN mediates the inser-
tion of this newly synthesized cDNA into the host genome (re-
viewed in reference 5). Moreover, IN also plays a crucial role in
HIV-1 cDNA nuclear import and chromatin targeting (6–9). In
contrast to RT and IN, HIV-1 PR is involved in virus maturation
during the late stages of HIV-1 replication. Due to the essential
nature of these viral enzymatic proteins for HIV-1 replication,
extensive studies have focused on developing new molecules that
specifically target these viral enzymatic proteins. Proteins in-
volved in other viral replication steps, such as HIV-1 nuclear im-
port, membrane fusion, and uncoating, are also targeted by vari-
ous antiviral molecules (reviewed in reference 10). After 25 years
of research, more than 25 anti-HIV-1 compounds have been li-
censed for clinical use against HIV-1 infection (11–15). The suc-
cessful development of new anti-HIV-1 agents with novel targets

would greatly complement continued efforts to control HIV-1
infection and dissemination.

Based on our preliminary screening of �1,500 synthesized
molecules, we have identified a 4-chloro-3-{[(2,5-dimethylphe-
nyl)amino]sulfonyl-N-(2-pyridinylmethyl) benzamide with po-
tent anti-HIV-1 activity. This molecule was named AH0109 and
has a molecular weight of 429. Subsequent infection analysis in-
dicated that AH0109 was able to inhibit virus replication by affect-
ing the early stages of HIV-1 infection. More detailed mechanistic
studies pinpointed that AH0109 specifically impairs HIV-1 re-
verse transcription and cDNA nuclear import.

MATERIALS AND METHODS
Cells and viruses. Human embryonic kidney 293T and CD4� C8166 T
cells were cultured in Dulbecco modified Eagle medium and RPMI 1640
medium, each supplemented with 10% fetal bovine serum. Peripheral
blood mononuclear cells (PBMCs) were isolated from the blood of
healthy adult volunteers and cultured as described in previous study (16).
The nucleoside reverse transcriptase inhibitor (NRTI) zidovudine (AZT)
was purchased from Sigma, Inc. The non-nucleoside reverse transcriptase
inhibitors (NNRTI) etravirine (catalog no. 11609) and integrase inhibitor
raltegravir (Isentress/MK-0518, catalog no. 11680) were obtained from
the NIH AIDS Research and Reference Reagent Program.

HIV-1 HxBru and pNL4.3-GFP� viruses were generated by transfect-
ing 293T cells with corresponding HIV-1 proviral DNAs, as described
previously (17). To produce vesicular stomatitis virus glycoprotein (VSV-
G)-pseudotyped viruses, a VSV-G expresser and pNL4.3�Bgl/Luc�/Nef�
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proviral DNA were cotransfected into 293T cells (18). At 49 h posttrans-
fection, the supernatants were collected and subjected to ultracentrifuga-
tion (35,000 rpm for 1.5 h at 4°C) to concentrate viral particles. AZT-,
lamivudine (3TC)-, and nevirapine-resistant HIV-1 viruses (catalog
numbers 2526, 2527, 2970, and 1392) were obtained through the NIH
AIDS Research and Reference Reagent Program. Raltegravir-resistant
HIV-1 was described previously (19). Infectivity of each virus stock was
quantified by endpoint titration in C8166 T cells in a 96-well plate by
measuring HIV-1-induced syncytium formation and/or anti-HIV-1 p24
immunofluorescence. For different infection experiments, cells were in-
fected at a multiplicity of infection (MOI) of either 0.1 or 1, as determined
by the 50% tissue culture infective doses per cell (TCID50/cell) (20).

Compound screening. Approximately 1,500 synthesized small mole-
cules were obtained from ChemBridge, Inc. (San Diego, CA), and indi-
vidually dissolved in dimethyl sulfoxide at 5 mg/ml and stored at �20°C
until use. To screen the anti-HIV-1 activity of these small molecules, each
compound was added to a single well of 96-well plates at a final concen-
tration of 20 �M. Meanwhile, 106 C8166 T cells were mixed with HIV-1
pNL4.3-GFP� virus (MOI of 0.1), and this cell-virus mixture was imme-
diately transferred to the 96-well plate containing the synthesized mole-
cules such that each well contained a final concentration of 104 cells. At 3
days postinfection, the level of HIV-1-infected cells (as determined by
green fluorescent protein [GFP] fluorescence) in each well was measured
using a POLARstar Optima microplate reader (BMG Labtech, Germany)
to determine whether any compound had an inhibitory effect on HIV-1
infection. AZT-treated C8166 T cells were included as a positive control.

Cytotoxicity assay. The WST-1 cell proliferation assay (Roche) was
used to determine the cytotoxicity of AH0109, as described earlier (16).
Briefly, C8166 T cells were cultured at 4 � 103 cells/well in a 96-well
format and maintained at 37°C in the presence of various concentrations
of AH0109. At day 4, 10 �l of WST-1 reagent was added to each well and
incubated at 37°C for 4 h. After continuous shaking for 1 min, the absor-
bance at an 490-nm wavelength was recorded using a POLARstar Optima
microplate reader. The concentration of AH0109 that resulted in a 50%
decrease in cell proliferation was defined as the cell culture inhibition
concentration (CCID50) of the compound.

Viral infection. To determine the 50% effective concentration (EC50)
of AH0109 against HIV-1, 106 C8166 T cells were infected with HIV-1
pNL4.3-GFP� virus (MOI of 0.1) in the presence of various concentra-
tions of AH0109. At 3 days postinfection, HIV-1 replication was moni-
tored by measuring HIVp24 antigen in the supernatant by anti-p24 en-
zyme-linked immunosorbent assay (ELISA). The EC50 was defined as the
compound concentration that caused a 50% reduction in HIV-1 p24 level
compared to the control that lacked AH0109.

VSV-G-pseudotyped pNL4.3-Luc� virus (MOI of 0.1) was also used
to infect 106 C8166 T cells in the presence of various concentrations of
AH0109. At 48 h postinfection, 106 cells from each sample were collected
and lysed in 50 �l of luciferase (Luc) lysis buffer (Promega), from which
10 �l of the cell lysate was subjected to the Luc assay using a POLARstar
Optima microplate reader. Luc activity was expressed as relative luciferase
units. Meanwhile, 106 C8166 T cells were infected with HxBru virus (MOI
of 0.1) in the absence or presence of 4.6 �M AH0109. After 48 h of infec-
tion, HIV-1-induced syncytium formation was viewed by microscopy.

To determine the ability of AH0109 to inhibit the replication of vari-
ous strains of drug-resistant HIV-1, 0.5 � 106 C8166 T cells or human
PBMCs were infected with HIV-1 wild type or mutants resistant to AZT,
3TC, nevirapine, or raltegravir (MOI of 0.1) in the presence of various
concentrations of AH0109 or etravirine. At 3 days postinfection, HIV-1
replication was monitored by measuring p24 antigen in supernatants. The
EC90 was defined as the compound concentration that inhibited HIV-1
p24 level production by 90%.

Quantitative real-time PCR analysis. The effect of AH0109 on HIV-1
cDNA synthesis and nuclear import was evaluated by infecting CD4� T
cells with DNase treated virus, followed by quantitative real-time PCR
analysis, as described previously (21). Briefly, 106 C8166 T cells were in-

fected with DNase treated HxBru strain virus (MOI of 1) in the presence
or absence of AH0109. Heat-inactivated virus (pretreated at 80°C for 30
min) treated with DNase was included as a plasmid DNA carryover con-
tamination control. At 20 h postinfection, infected cells were collected and
DNA was isolated using a QIAamp DNA blood minikit (Qiagen). The
levels of total HIV-1 DNA, 2-long terminal repeat (2-LTR) circles, and
integrated proviral DNA were quantified by using a Mx3000P real-time
PCR system (Stratagene, CA). The quantitative PCR (Q-PCR) for total
HIV-1 DNA was carried out using primers targeting the 5=LTR-Gag re-
gion of the HIV-1 genomic sequence: TD-Gag Fr (5=-TCTCGACGCAG
GACTCG-3=), TD-Gag Rv (5=-TACTGACGCTCTCGCACC-3=), and the
TD-Gag probe (5=-6FAM-CTCTCTCCTTCTAGCCTC-MGBNFQ-3=).
2-LTR circle DNA was quantified using the following primers: MH535
(5=-AACTAGGGAACCCACTGCTTAAG-3=), MH536 (5=-TCCACAGA
TCAAGGATATCTTGTC-3=), and the 2-LTR probe (5=-6FAM-ACACT
ACTTGAAGCACTCAAGGCAAGCTTT-6TAMRA-3=), targeting LTR-
LTR junctions. Integrated proviral DNA was quantified by a modified
nested Alu-PCR (8). Total DNA, 2-LTR circle DNA, and integrated DNA
were expressed as copy numbers per cell with the DNA template normal-
ized by �-globin gene amplification using the primers �-glob-Fr (5=-CA
ACTTCATCACGTTCACC-3=) and �-glob-Rv (5=-GAAGAGCCAAGGA
CAGGTAC-3=).

Virion-associated reverse transcriptase assay. Virion-associated RT
activity of HIV-1 stocks was assayed using a colorimetric reverse trans-
criptase assay (Roche Applied Science, Indianapolis, IN) (22, 23). The
viruses were pelleted by centrifugation at 35,000 rpm for 1 h at 4°C. Re-
verse transcriptase concentrations of viruses were determined by using
several dilutions of recombinant HIV-1 RT as a standard curve. Viruses
containing 100 pg of reverse transcriptase (equal to an MOI of 1) were
resuspended and lysed by adding 20 �l of lysis buffer per reaction tube.
Reactions were performed by adding 20 �l of AH0109 or RT inhibitor
etravirine diluted in lysis buffer, 20 �l of reaction mixture into each reac-
tion tube containing lysed viruses. The reaction mixture contained
primer-template hybrid poly(A)-oligo(dT)15 (750 mA260nm/ml), digoxi-
genin, and biotin-labeled nucleotides (10 �M). Reactions were incubated
at 37°C for 15 h, followed by a sandwich ELISA. Briefly, the samples were
transferred into a streptavidin-coated microplates for 1 h of incubation at
37°C, followed by adding an anti-digoxigenin antibody conjugated to
peroxidase (anti-DIG-POD) to the plate and allowed to bind to the
digoxigenin-labeled nucleotides. Finally, the peroxidase substrate ABTS
[2,2=azinobis(3-ethylbenzthiazolinesulfonic acid)] was added, and the
absorbances of samples were measured by using a microplate (ELISA)
reader at 405 nm. The levels of RT activity in the presence of AH0109 or
etravirine were calculated as a percentage of that of the control.

In vitro integration assay. The effect of AH0109 on HIV-1 integrase
activity was determined by using an in vitro HIV-1 integration assay kit
(XpressBio Life Science Products), according to the manufacturer’s in-
structions. Briefly, 100 �l of HIV-1 integrase protein (200 nM) was added
onto streptavidin-coated 96-well plate coated with a double-stranded
HIV-1 LTR U5 donor substrate (DS) oligonucleotide containing an end-
labeled biotin. Various concentrations of AH0109 or raltegravir were then
added to the reaction, followed by the addition of different double-
stranded target substrate (TS) oligonucleotides containing 3=-end modi-
fications. HIV-1 integrase cleaves the terminal two bases from the exposed
3= end of the HIV-1 LTR and catalyzes a strand-transfer reaction to inte-
grate the DS into the TS. The reaction products were colorimetrically
detected using a horseradish peroxidase-labeled antibody directed against
the TS 3=-end modification. HIV-1 integrase activity in the presence of
AH0109 or raltegravir was calculated as a percentage of the control.

RESULTS
Characterization of anti-HIV-1 activity of AH0109. Initially, a
large scale screening of �1,500 undefined synthesized com-
pounds was performed to select molecules that have anti-HIV-1
activity. Briefly, C8166 T cells were infected with pNL4.3-GFP�
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virus in the presence of different compounds in 96-well plates and
the extent of HIV-1 infection (as determined by GFP fluores-
cence) was measured using a POLARstar Optima microplate
reader. This screening identified a compound, named AH0109,
capable of significantly inhibiting HIV-1 replication. This com-
pound is a benzamide derivative and its chemical structure is
4-chloro-3-{[(2,5-dimethylphenyl)amino]sulfonyl}-N-(2-
pyridinylmethyl) benzamide (Fig. 1A). To further evaluate the
efficiency of AH0109 against HIV-1 infection, we determined its
50% effective dose (EC50) in C8166 T cells. To this end, C8166 T
cells were infected with HIV-1 pNL4.3-GFP� virus in the presence
of various concentrations of AH0109, as shown in Fig. 1B. At 3
days postinfection, the HIV-1 replication levels were determined
by measuring the HIV-1 p24 antigen released into the superna-
tant. The EC50 of AH0109 was determined to be 0.7 �M. A 100%
inhibition of HIV-1 infection was achieved when AH0109 was
used at a concentration of 2.8 �M (Fig. 1B and C).

Meanwhile, we evaluated the cytotoxicity of AH0109 in C8166
T cells. C8166 T cells were treated with different concentrations of
AH0109 as indicated in Fig. 1D. After 4 days of treatment, cell
proliferation was detected using the WST-1 assay. The results in-
dicate that the 50% cell culture inhibitory dose (CCID50) of
AH0109 is �163 �M (Fig. 1D); the calculated therapeutic index
(CCID50/EC50) of AH0109 is 233.

AH0109 inhibits HIV-1 replication by targeting the posten-
try step. To gain insight into the mechanism of action of AH0109
on HIV-1 replication, we first evaluated steps in the HIV-1 repli-
cation cycle that could be blocked by AH0109. C8166 T cells were
infected with HIV-1 pNL4.3-GFP� virus in the presence (Fig. 2A,

bars 2 and 3) or absence (Fig. 2A, bars 1, 4, and 5) of AH0109. After
2 h of infection, the residual virus was washed away, and the cells
were then cultured in medium either with AH0109 (bars 2 and 4)
or without AH0109 (bars 1, 3, and 5). Meanwhile, HIV-1-infected
C8166 T cells were cultured either in the presence of the reverse
transcriptase inhibitor AZT (Fig. 2A, bar 6) as a positive control.
After 48 h, HIV-1 replication was analyzed by examining HIV-1-
infected cells expressing-GFP fluorescence. The results showed
that the presence of AH0109 for only 2 h at the beginning of the
infection did not block HIV-1 replication (Fig. 2A, bar 3), suggest-
ing that this compound does not affect HIV-1 entry. In contrast,
the addition of AH0109 after 2 h of infection still significantly
inhibited HIV-1 infection (Fig. 2A, bar 4), indicating that
AH0109, blocks HIV-1 replication at a postentry step.

To further confirm that AH0109 inhibits HIV-1 replication
through a postentry step, we also used a VSV-G-pseudotyped
pNL4.3-Luc� HIV-1 to infect C8166 T cells in the presence of
AH0109, because VSV-G-pseudotyped HIV-1 entry is indepen-
dent of the CD4 receptor and the CXCR4 coreceptor (24). As
expected, AH0109 also inhibited VSV-G-pseudotyped HIV-1 rep-
lication in a dose-dependent manner (Fig. 2B).

We also tested the effect of AH0109 on infection of HxBru
virus, another HIV-1 laboratory strain (25). The results clearly
indicated that AH0109 completely inhibited the infection of
HxBru virus in C8166 T cells and that no p24 antigens were de-
tected in AH0109-treated HIV-infected cells (data not shown).
Also, the results indicate that HIV-1 induced cytopathic effect
(syncytium formation) was blocked by AH0109 (Fig. 2C). All of
these observations indicate that AH0109 targets a postentry step

FIG 1 Characterization of anti-HIV-1 activity and cytotoxicity of AH0109. (A) Chemical structure of AH0109. (B) Determination of the 50% effective
concentration (EC50) of AH0109 against HIV-1 pNL4.3-GFP� virus infection (MOI of 0.1) in 0.5 � 106 C8166 T cells. (C) At 3 days postinfection with
pNL4.3-GFP� virus, the infected C8166 T cells (GFP-positive) in the presence or absence of AH0109 were visualized by fluorescence microscopy. (D) Deter-
mination of 50% cell culture inhibitory dose (CCID50) of AH0109 in C8166 T cells by using WST-1 cell proliferation and a cytotoxicity assay kit (Roche). The
results in panels B and D are representative of three independent experiments, respectively.
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during HIV-1 infection and blocks viral replication and cyto-
pathic effect.

HIV-1 reverse transcription is affected by AH0109. Since
AH0109 targets a postentry step during HIV-1 infection, we next
sought to determine whether HIV-1 reverse transcription might
be affected by the presence of the compound. Briefly, C8166 T
cells were infected with HIV-1 pNL4.3-GFP� virus in the presence
of either AH0109 or a known reverse transcriptase inhibitor, etra-
virine (26), which was used as a positive control. At 20 h postin-
fection, the cells were harvested, and the total HIV-1 DNA level
was measured by real-time Q-PCR. The results showed that the
level of HIV-1 cDNA was drastically reduced in infected cells
treated with AH0109 or etravirine (Fig. 3A), suggesting that
HIV-1 reverse transcription is inhibited by AH0109 (Fig. 3A).

To further confirm the observation described above, we uti-
lized a reverse transcription assay to test the effect of AH0109 on
virion-associated reverse transcriptase activity. Figure 3B shows
the relative virion-associated RT activity in the presence of differ-
ent concentrations of AH0109 or etravirine. HIV-1 reverse tran-
scription was inhibited in a dose-dependent manner in the pres-
ence of AH0109 (Fig. 3B), indicating that AH0109-mediated

disruption of HIV-1 DNA synthesis is attributable to its inhibition
of viral reverse transcriptase. However, etravirine (IC50 of 0.1 �M)
was more effective than AH0109 (IC50 of 7.5 �M) (Fig. 3B).

AH0109 disrupts HIV-1 nuclear import. Next, we sought to
determine whether AH0109 also affected other early step(s) of
HIV-1 replication. To answer this question, C8166 T cells were
infected with HIV-1 HxBru for 8 h prior to the addition of
AH0109 to allow viral reverse transcription to be processed. Then,
AH0109 (at final concentration of 4.6 �M) was added into the cell
culture medium and was maintained for 48 h (Fig. 4A). Mean-
while, an NRTI (AZT), NNRTI (etravirine), or integrase inhibitor
(raltegravir) was used as a control. At 48 h postinfection, the
HIV-1 replication was monitored by measuring HIV-1 p24 levels
in the supernatant (Fig. 4A). As expected, adding integrase inhib-
itor raltegravir 8 h after infection almost completely blocked virus
replication, whereas the addition of HIV-1 RT inhibitors (AZT or
etravirine) resulted in 3- to 5-fold-lower HIV-1 p24 production.
Significantly, after AH0109 was added at 8 h postinfection, the
HIV-1 p24 level was even lower than that of samples treated with
AZT or etravirine, suggesting that this compound also inhibited
other step(s) downstream of reverse transcription.

FIG 2 AH0109 inhibits HIV-1 replication by targeting the postentry step. (A) 106 CD4� C8166 T cells were infected with HIV-1 pNL4.3-GFP� virus (MOI of
0.1) in the presence of AH0109 (at a final concentration of 4.6 �M). After 2 h of infection, the cells were either continued culture in medium containing AH0109
for 48 h (bar 2) or without AH0109 (bar 3). In parallel, C8166 T cells were first infected by virus for 2 h and then treated with AH0109 (bar 4). Meanwhile,
HIV-1-infected C8166 T cells were cultured in the presence of the RT inhibitor AZT (bar 6) or without the compound (bars 1 and 5), as positive and negative
controls. After 48 h, GFP-positive cells were counted by fluorescence microscopy and calculated as the percentage of HIV-1-infected cells in culture. (B) 106

C8166 T cells were infected with a VSV-G-pseudotyped pNL4.3-Luc� virus (MOI of 0.1) in the presence or absence of AH0109. At 48 h postinfection, the
cell-associated luciferase activity was measured, as described in Materials and Methods. The results in panels A and B are mean values � the standard deviations
from three independent experiments. (C) AH0109 inhibited HIV-1-induced cytopathic effect. A total of 106 CD4� C8166 cells were mock infected (a) or infected
with HIV-1 HxBru strain (MOI of 0.1) in the absence (b) or presence (c) of 4.6 �M AH0109. After 48 h, HIV-1-induced syncytium formation was investigated
by light microscopy, and images were captured. The results are representative of two independent experiments.
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To explore the possibility that AH0109 inhibits additional
steps in the viral replication cycle, viral DNA synthesis, nuclear
import (2-LTR circle DNA), and integration were further ana-
lyzed by real-time Q-PCR. C8166 T cells were first infected with

HIV-1 HxBru for 8 h, followed by the addition of AH0109, and
collected at 20 h postinfection. The results revealed that, although
reverse transcription already has been processing after 8 h of in-
fection, the addition of the RT inhibitor etravirine still signifi-

FIG 3 AH0109 disrupts HIV-1 DNA synthesis by targeting reverse transcriptase. (A) 106 CD4� C8166 T cells were infected with HIV-1 pNL4.3-GFP� virus
(MOI of 1) in the presence or absence of AH0109 (4.6 �M). An NNRTI, etravirine (ETR; 4.6 �M), was also used as a control. After 20 h of infection, the cells were
collected, and DNA was isolated by using a QIAamp DNA blood minikit (Qiagen). The total HIV-1 DNA levels were measured by real-time Q-PCR analysis. (B)
Effect of AH0109 on virion-associated reverse transcriptase activity. A colorimetric enzyme immunoassay that quantifies retroviral reverse transcriptase activity
based on incorporation of digoxigenin- and biotin-labeled dUTP into DNA was used. Etravirine was included as a positive control. The percent control activity
(%) indicates a ratio of reverse transcriptase activity in the presence of AH0109 or etravirine versus the absence of any compound. These data are means of results
from three independent experiments and are expressed with the standard deviations.

FIG 4 Effect of AH0109 on HIV-1 nuclear import and replication. (A) 106 C8166 T cells were infected with HIV-1 HxBru strain (MOI of 0.1) for 8 h, followed by the
addition of AH0109 (AH), raltegravir (RAL), or etravirine (ETR) at a concentration of 4.6 �M or added AZT at 1 �M. At 48 h postinfection, the level of HIV-1 p24 in
the supernatant was measured. (B) 2 � 106 C8166 T cells were infected with HIV-1 HxBru strain (MOI of 1) for 8 h, and AH0109, RAL, ETR, or AZT was then added
to the cell culture. After 20 h of infection, the levels of total HIV-1 DNA (upper panel), 2-LTR circles (middle panel) and integrated DNA (lower panel) were measured
by real-time PCR. (C) Effect of AH0109 on HIV-1 integrase activity in vitro using an in vitro HIV-1 integration assay kit (XpressBio Life Science Products) according to
the manufacturer’s instructions. These data are means of results from three independent experiments and are expressed with the standard deviations.
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cantly reduced the total HIV-1 DNA levels to 43% of the control.
However, similar to AZT, AH0109 only resulted in an about 30%
decrease in viral DNA synthesis (Fig. 4B, upper panel). The reduc-
tion of HIV-1 total DNA induced by etravirine or AZT led to a
corresponding decrease in viral 2-LTR circular DNA and inte-
grated DNA, whereas raltegravir almost completely blocked viral
DNA integration and resulted in the accumulation of viral 2-LTR
circular DNA in the nuclei of infected cells (Fig. 4B, middle and
lower panels). Interestingly, despite the fact that AH0109 only
resulted in a slight decrease in viral DNA synthesis, both the viral
2-LTR circular DNA levels and the levels of integrated DNA in
AH0109-treated cells were �6-fold lower than in the control
group (Fig. 4B, middle and lower panels), indicating that AH0109
not only affected reverse transcription but also inhibited HIV-1
cDNA nuclear translocation.

Similar decreased ratios of viral 2-LTR circular DNA and inte-
grated DNA levels were noted in AH0109-treated HIV-1-infected
T cells suggested that HIV-1 integration was not significantly af-
fected by the compound. To further confirm this observation, we
used an in vitro HIV-1 integration assay to test whether AH0109
could affect the catalytic activity of IN. Consistently, the results
did not show any negative effect of AH0109 on integrase-medi-
ated integration reaction in vitro (Fig. 4C), whereas raltegravir, a
known specific integrase inhibitor (27), significantly reduced this
activity in a dose-dependent manner. Thus, we conclude that

AH0109 is able to inhibit both HIV-1 reverse transcription and
the nuclear import of the HIV-1 preintegration complex (PIC).

Effect of AH0109 on NRTI and NNRTI-resistant virus infec-
tion. Since AH0109 exhibits a potent anti-HIV-1 activity, we next
evaluated its antiviral activity against various HIV-1 drug-resis-
tant strains. First, C8166 T cells were infected with HIV-1 that was
resistant to nucleoside reverse transcriptase inhibitors (NRTIs),
including AZT, 3TC, or the integrase inhibitor raltegravir, in the
presence of different concentrations of AH0109 (as indicated in
Fig. 5, upper panel). After 4 days of infection, the replication of
each resistant variant was monitored by the measurement of
HIV-1 p24 protein levels in supernatants. We found that AH0109
displayed an excellent inhibitory activity against both wild-type
and NRTI- and integrase inhibitor-resistant HIV-1 viruses (Table
1, EC90 from 0.8 to 1.4 �M).

We next tried to determine the activity of AH0109 against an
NNRTI-resistant virus in CD4� C8166 T cells and human PBMCs.
This virus is resistant to nevirapine and related NNRTIs because of a
single RT nucleotide mutation (Y181C) (28). Meanwhile, we also
included etravirine as control since it has the potential activity
against HIV-1 strains resistant to newer NNRTIs. As expected,
etravirine displayed a very strong antiviral activity against wild-
type HIV-1 with an EC90 	 0.078 �M (data not shown). The
nevirapine-resistant virus still was sensitive to etravirine but its
EC90 was increased to 0.625 �M. Similar to etravirine, AH0109
remained active against nevirapine-resistant virus, with a 2- to
4-fold increased EC90 in PBMCs and CD4� T cells (Fig. 5, lower
panel, and Table 1). Therefore, AZT-, 3TC-, and raltegravir-resis-
tant viruses are highly sensitive to AH0109, whereas the sensitivity
of nevirapine-resistant virus to AH0109 was reduced 2- to 4-fold.

DISCUSSION

This study has identified a benzamide derivative (AH0109) that
possesses potent anti-HIV-1 activity with an EC50 as low as 0.7
�M, which is well below the 50% cellular toxicity concentration of
163 �M. Mechanistic analysis revealed that AH0109 significantly
impairs viral cDNA nuclear translocation, in addition to its effect
on HIV-1 reverse transcription. Furthermore, AH0109 was also
capable of effectively inhibiting the replication of AZT-, 3TC-,
nevirapine-, and raltegravir-resistant HIV-1 strains.

One of the main focuses of past studies that targeted the inhi-
bition of HIV-1 replication was reverse transcription, catalyzed by
viral reverse transcriptase (RT) (13, 29). Our initial data indicated
that AH0109 acts at early stages of HIV-1 replication (Fig. 2A); we
therefore examined HIV-1 reverse transcription in the presence of
AH0109 using Q-PCR, and the results showed that total viral

FIG 5 HIV-1 viruses resistant to AZT, 3TC, nevirapine, or raltegravir are
sensitive to AH0109. (A) 0.5 � 106 C8166 T cells were infected with wild-type
HIV-1 or AZT-, 3TC-, or raltegravir-resistant HIV-1 variants (MOI of 0.1) in
the presence of different concentration of AH0109, as indicated. (B) 0.5 � 106

C8166 T cells were infected with wild-type HIV-1 or nevirapine-resistant
HIV-1 variants (MOI of 0.1) in the presence of different concentration of
AH0109 or ETR, as indicated. After 3 days of infection, viral replication levels
were determined by measuring the levels of HIV-1 p24 antigen in supernatant.
These data are means of results from three independent experiments and are
expressed with the standard deviations.

TABLE 1 Antiviral activity of AH0109 against resistant viruses

Virus

Mean EC90 � SD (�M)a

C8166 T cells PBMCs

HxBru 1.4 � 0.01 1.25 � 0.03
AZT resistant 1.0 � 0.02 NT
AZT multiresistant 0.8 � 0.05 NT
3TC resistant 1.0 � 0.03 NT
Reltagravir resistant 1.25 � 0.10 NT
Nevirapine resistant 5 � 0.18 2.5 � 0.2
a EC90, the concentration of AH0109 that inhibited p24 production in the antiviral
assays by 90%. Data are expressed as mean values from three independent experiments.
NT, not tested.
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DNA synthesis is greatly reduced in the presence of AH0109. Fur-
thermore, an in vitro reverse transcription assay revealed AH0109
was able to specifically inhibit the catalytic activity of recombinant
reverse transcriptase (Fig. 3B). These observations indicate that
AH0109 is an HIV-1 reverse transcriptase inhibitor.

The attractive profile of AH0109 is that it possesses a novel
mode of anti-HIV action independent from HIV RT inhibition.
When AH0109 was added into cell cultures after 8 h of HIV-1
infection, it only slightly inhibited total viral DNA synthesis.
However, both 2-LTR circular and integrated viral DNA were
greatly reduced (�6-fold) (Fig. 4B). This suggests that AH0109 is
also able to affect HIV-1 cDNA nuclear import. The mechanism
underlining the action of AH0109 on HIV-1 nuclear import is not
clear. It is well known that HIV-1 cDNA nuclear import is a com-
plex process and involves several viral and/or cellular factors (re-
viewed in reference 30). It is possible that AH0109 targets viral
components or their interactions with different cellular cofactors
required for HIV-1 nuclear import. Alternatively, AH0109 may
simultaneously affect both reverse transcription and viral nuclear
import. A previous study reported that an anti-HIV-1 compound,
CNI-H0294, binds to reverse transcriptase, and this interaction is
required for CNI-H0294 to subsequently target the nuclear im-
port signal of the HIV-1 MA protein and inhibit virus nuclear
translocation (31). The latter study also suggested that modifica-
tions in a CNI-H0294 side chain would allow this compound to
inhibit both RT activity and viral PIC nuclear translocation.
Therefore, further investigation is going on in order to test
whether AH0109 may first bind to PIC-associated RT and then
target other viral and/or cellular cofactors of PIC that are required
for HIV-1 nuclear import.

The use of antiretroviral therapy in developed countries is as-
sociated with an increased level of resistance to anti-HIV-1 che-
motherapy. In Europe (32) and in the United States (33), an esti-
mated 9 to 15% of antiretroviral agent-naive infected subjects
harbor viruses with at least one drug resistance mutation. Thus,
before a new anti-HIV-1 agent can be considered sufficient and
effective, it is necessary to evaluate its effectiveness against differ-
ent drug-resistant strains of HIV-1. We demonstrated here that
AH0109 is capable of inhibiting the replication of AZT-, 3TC-,
raltegravir-, and nevirapine-resistant HIV-1 viruses (Fig. 5 and
Table 1). We also noticed that the sensitivity of nevirapine-resis-
tant viruses to AH0109 was slightly reduced. A similar inhibition
pattern was observed in the presence of etravirine. The Y181C
mutation, which is carried by nevirapine-resistant virus, is one of
the two most common NNTRI resistance mutations (the other is
K103N), but single mutations generally do not render virus
strongly resistant to etravirine (34). Interestingly, this virus had a
similar level of susceptibility to AH0109, but the underlying
mechanism remains to be defined. Since AH0109 acts at both the
viral reverse transcription and nuclear import steps, we could not
exclude the possibility that even though the RT mutation Y181C
reduces the sensitivity of virus to AH0109 during DNA synthesis,
it might not affect the effect of AH0109 on HIV-1 nuclear import.
Further optimization of the AH0109-associated anti-HIV-1 nu-
clear import function would improve its activity against NNRTI-
resistant viruses. In addition, the ability of HIV-1 to rapidly de-
velop resistance to AH0109 must also be addressed in future
studies.

In conclusion, we examined here a newly identified benzamide
derivative, AH0109, that displayed high potency against wild-type

HIV-1 and a panel of singly and multiply mutant strains isolated
from HIV-1 patients treated with NRTI, NNRTI, and integrase
inhibitor. Our results also demonstrate that AH0109 can be dis-
tinguished from other members of the NNTRI class due to its
significantly negative effect on HIV-1 nuclear import. Thus, this
compound may be clinically useful in combination with other
anti-HIV agents in order to be more effective against various
drug-resistant HIV-1 strains and reduce the emergency of drug
resistance.
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