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We had shown that virus resistance to ADS-J1 was associated with amino acid changes in the envelope
glycoprotein, mostly located in the gp120 coding region. Time-of-addition and endocytic virus transfer
assays clearly demonstrated that ADS-J1 behaved as a gpl20 inhibitor. ADS-J1-resistant virus was
cross-resistant to the polyanion dextran sulfate, and recombination of gp120 recovered only the ADS-J1-
resistant phenotype. In summary, ADS-J1 blocks an early step of virus entry that appears to be driven by

gp120 alone.

The essential steps of HIV-1 entry in the host cell offer
several potential targets for the development of novel antiviral
agents (19, 24, 33, 42). Agents that disrupt gp4l-mediated
membrane fusion, collectively called fusion inhibitors, were the
first entry inhibitors to be approved for the treatment of HIV
infection. Enfuvirtide (T20, Fuzeon) is a 36-amino-acid syn-
thetic peptide with a sequence identical to a part of the C-
terminal heptad repeat 2 (HR2) region of gp41 that binds to
the N-terminal heptad repeat 1 (HR1) in an antiparallel man-
ner, forming a coiled-coil structure during the prefusion step.
Mutations in the highly conserved amino acid motif 36 to 45 in
the HR1 domain confer resistance to T20 (35), providing
strong evidence that HR1 is the site of interaction of T20.
However, mutations in other regions of HIV-1 envelope (Env)
have been also associated with T20 resistance (26, 27).

Several low-molecular-weight (SMW) compounds have
been identified as blockers of the initial steps of virus entry,
including CCRS coreceptor (33, 42). However, the identifica-
tion of SMW compounds targeting gp41 has been elusive. A
polyanionic compound, ADS-J1, was previously identified in
silico as a potential candidate and shown to bind to gp4l
peptides and interfere with the formation of the gp41 coiled-
coil domain in an in vitro enzyme-linked immunosorbent assay
(ELISA) model of HR1-HR2 interaction (16, 30, 31). Con-
versely, we had shown that ADS-J1 blocked the binding of
HIV particles to lymphoid MT-4 cells and inhibited HIV rep-
lication at a time/site of interaction similar to those of the
polyanion dextran sulfate (DS), a well-described, nonspecific
inhibitor of virus entry (3). Moreover, at least four HIV-1
strains resistant to ADS-J1 were generated. The resistance to
ADS-J1 was associated with gp120 based on the fact that the
majority of the mutations were located in the gp120 coding
sequence, mainly in the V3 loop region. Although three of the
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resistant strains contained mutations in gp41, one of them,
HIV-1 ARA45C, did not (3). In addition, molecular modeling
suggested that the gp120 V3 loop was the preferential binding
site for ADS-J1 onto HIV-1, and mutations induced by the
inhibitor significantly changed the stereoelectronic properties
of the gp120 surface, justifying a marked drop in the affinity of
ADS-J1 toward an ADS-J1-resistant HIV-1 strain (36). At that
time, we considered conclusive the evidence of the mode of
action of ADS-J1.

More recently, Wang et al. (43) suggested that ADS-J1
could bind directly to a trimeric peptide containing the gp41
pocket region (IQN17) in a surface plasmon resonance (SPR)
assay and indicated that ADS-J1 can be used as a lead com-
pound for the design of novel HIV-1 fusion inhibitors (44).
Therefore, we thought it relevant to provide further evidence
of the mode of action of ADS-J1.

ADS-J1-resistant HIV is cross-resistant to agents targeting
gp120. We evaluated the activity of ADS-J1 against a panel of
HIV strains resistant to entry inhibitors, targeting either gp120
or gp41 (Table 1), which have been described elsewhere (3, 4,
12, 13, 21, 23, 34). Anti-HIV activity and cytotoxicity measure-
ments in MT-4 cells were done as described elsewhere (6, 39,
40). The AR177-resistant strain (21) was selected to generate
ADS-J1 resistance in order to bypass the activity of ADS-J1 as
a gp120-CD4 interaction inhibitor and to evaluate its proper-
ties as a gp41 fusion inhibitor (3). The AR177-resistant virus is
hypersensitive to T20 (Tables 1 and 2) due to a change of an
aspartic acid to glycine at gp41 position 34 that occurs after
virus culture in the absence of selective pressure.

ADS-J1 blocked the replication of viruses resistant to the
gp41 fusion inhibitors C34, T20 and sifuvirtide (SFV) at con-
centrations similar to that of the wild-type NL4-3 strain. Al-
though ADS-J1 was similarly active against a BMS-155-resis-
tant virus, it was 17-fold less potent when tested against the
AMD?3100-resistant strain. AMD3100-resistant HIV has been
shown to be cross-resistant to ADS-J1 and to DS (22, 23),
suggesting that mutations that confer resistance to AMD3100
affect the sensitivity to other agents targeting gp120. The ADS-
J1-resistant strains Ara49 and Ara45C were clearly cross-resis-
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FIG. 1. gp120 and gp41 sequences from the HIV-1 NL4-3 and Arwt45B2 and the recombinant strains gener
after passages in parallel to ARA49 and ARA45C in the absence of ADS-J1. Arwt45B2 was used as the complementary moiety to the
ADSIJ-1-resistant portion in the generation of the recombinant strains. The numbering corresponds to the HXB2 HIV-1 strain. Variable loops of
gp120 are indicated by boxes.
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tant to the gp120 blocking agent DS (23) (200- and >300-fold an anti-HIV drug (3, 15). The time delay before the addition of
change compared to the wild-type NL4-3 virus), while T20- and a drug is an estimate of its mode of action. Compounds with
C34-resistant virus remained sensitive to ADS-J1. This result dual mechanism (e.g., inhibition of entry and reverse transcrip-

suggests that ADS-J1 targets gp120 instead of gp4l. tion [RT]) would be interpreted as inhibitors of the last step.
Recombination of ADS-J1-resistant gp120 into wild-type To identify the time/site of interaction of ADS-J1, drugs acting
HxB2 confers resistance to ADS-J1. To identify the gene re- at different steps of virus entry, as well as combinations of these

sponsible for the resistance to ADS-J1, gp120 and/or gp41l compounds with BMS-155 or ADS-J1, were added at various
from ADS-J1-resistant virus and the virus passaged in parallel times postinfection. BMS-155 lost its activity if added later
but without any selective pressure (Arwt45B2 virus) were recom- than 7 min postinfection. The addition of the CXCR4 antag-
bined into the pJJ5-Aenv HXB2 backbone (17) as described be- onist AMD3100 could be delayed up to 14 min, while the
fore (5) (Fig. 1). HXB2-env clones were transfected into MT-4/ addition of T20 could be delayed up to 35 min. AZT remained
CCR5+ cells with the Amaxa Nucleofector system (Lonza, completely active when added up to 2 h postinfection (Fig.
Madrid, Spain). Viral stocks were generated, and proviral DNA 2A). When ADS-J1 was tested alone, its activity was lost at
was extracted to confirm chimeric env sequences. As shown in minute 14 postinfection (Fig. 2A). To demonstrate that the
Table 2, the recombination of the full envelope containing the TOA assay shows the effect on the latest step inhibited, com-
gp120 and gp4l sequence of the ADS-J1-resistant strains con- binations of anti-HIV agents were tested. The addition of
ferred resistance to ADS-J1 (109-fold resistant compared to wild- BMS-155 (Fig. 2B) or ADS-J1 (Fig. 2C) to AMD3100, T20, or
type NLA4-3, similar to results shown in Table 1). Recombination AZT recapitulated the activity of AMD3100, T20, or AZT
of gp120 from the ADS-J1-resistant strains and wild-type gp41 alone, indicating that ADS-J1 did not share a mode of action
was sufficient to confer resistance to ADS-J1. Recombination of with AMD3100, T20, or AZT.

the gp41 coding sequence of the ADS-J1 virus alone did not ADS-J1 does not prevent virus interaction with CD4 in cell-
induce any change or modify the sensitivity to the fusion inhibi- to-cell HIV transmission. A flow cytometry-based assay was
tors tested (T20 and C34), confirming that resistance depends on used to simultaneously quantify HIV-1 envelope (Env)-medi-
the gp120 coding sequence and did not affect gp41. ated cell death, endocytic cell-to-cell viral transfer (11, 15, 28),

ADS-J1 interferes in gp120 but not gp41 function in a time- cell death (8), and cell-to-cell fusion, allowing the rapid iden-
of-drug-addition assay. The time/site-of-drug-addition (TOA) tification of the mode of action of active compounds (9, 10). In
experiments allow the determination of the last step blocked by this assay, agents that block virus entry prevent Env-mediated
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FIG. 2. Effect of time of drug addition on the inhibition of HIV
entry inhibitors. MT-4 cells infected with HIV-1 NL4-3 at a multiplicity
of infection of 0.5 at 20°C for 1 h and 37°C thereafter were treated
during virus infection and/or at various times postinfection. Treatment
with test compounds alone (A) or in combination with BMS-155 (B) or
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cell death and agents with activity at any entry step after gp120-
CD4 interaction increase HIV-1 endocytosis. Thus, overnight
cocultures of MOLT-Uninfected or MOLT-NL-43 cells with
nonstimulated CD4™" T cells were performed and intracellular
p24 and cell death were evaluated. As expected, all HIV entry
inhibitors, Leu3a (dilution, 1/100), AMD3100 (12.05 pM), C34
(1.18 pM), BMS-155 (5.33 uM), and ADS-J1 (4.25 pM),
blocked HIV envelope-induced cell death at the concentra-
tions tested (cell death for each of the compounds tested was
roughly 4%, similar to that in the untreated coculture) (9).
HIV-1 transfer from the infected MOLT-NL4-3 cells to CD4™
T cells was measured as the percentage of CD4™" T cells pos-
itively labeled with p24 antigen. The anti-CD4 monoclonal
antibody (MAD) Leu3a (dilution, 1/100) blocked the transfer
of p24 antigen up to 97% = 6% compared to untreated sam-
ples. BMS-155 and ADS-J1 failed to block virus transfer at all
the concentrations tested. Conversely, the gp41 fusion inhibi-
tor C-34 and the CXCR4 coreceptor antagonist AMD3100
increased the amount of transferred NL4-3 antigen to CD4* T
cells (2-fold and 2.4-fold, respectively). These results suggest
that ADS-J1, similarly to BMS-155, did not prevent virus-CD4
interaction; however, its mechanism of action is clearly distinct
from those of agents affecting later steps in the HIV entry
process.

The identification of the mechanism of action of antiviral
compounds may be confounded by the experimental settings or
the evaluation of agents in models that do not or only partially
represent the mechanism used by viruses (14, 21). Develop-
ment of drug resistance in cell culture is a valuable tool to
unravel the mechanisms of action of anti-HIV agents (37, 38).
The resistance to AMD3100 is mapped in or near the gp120 V3
loop region (18), the putative site of interaction with CXCR4;
resistance to polyanions such as dextran sulfate, AR177, or
negatively charged albumins was also located in the gp120
coding sequence (12, 21, 23). Selection of drug resistance to
agents that block virus entry or fusion could be, however,
confounded by the plasticity of the HIV-1 envelope that allows
for the incorporation of mutations that do not necessarily
hamper the replication capacity of the virus (37). Clearly, re-
combination of gp120 of the ADS-J1-resistant virus was suffi-
cient to recover the resistant phenotype. Conversely, recombi-
nation of the ADS-J1-resistant gp41 did not alter the virus
sensitivity to the drug, pointing to gp120 as the target gene for
resistance to ADS-J1.

In our previous work, we showed that ADS-J1-resistant
strains may contain mutations in both gp120 and gp41; how-
ever, we had also shown that one of the selected viruses,
ARAA45C, containing mutations in the gp120 V3 loop but with-
out mutations in gp41, was resistant to ADS-J1, a result that
was overlooked by Wang et al. when discussing the role of
gp120 in ADS-J1 resistance (43). Distinct patterns of muta-
tions may emerge when selecting for resistance to entry inhib-
itors (5, 7, 19, 20, 32, 33, 38, 41). Resistance often requires

ADS-J1 (C) was performed at replication-blocking concentrations
(roughly 100-fold the 50% effective concentration [ECs]). Viral p24
levels in the culture medium were monitored at 30 h postinfection. The
figure shows a representative result of three experiments.
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acquisition of multiple mutations that may induce further vari-
ation not necessarily representing a direct site of interaction of
the drug but a compensatory mechanism. Therefore, mutations
arise in the gp41 of CCR5-resistant agents (2) or the gp120 of
gp41-targeting agents (27) or, as we reported, in gp41 of ADS-
Jl-resistant virus (3). However, taken together, our results
strongly suggest that ADS-J1 is not a virus fusion inhibitor
through interaction with gp41 but a gp-120 interacting com-
pound.

It is puzzling that ADS-J1 remained relatively active against
the polyanion AR177-resistant virus when first tested. How-
ever, we have shown that a DS-resistant virus, generated after
passage of infected cells with DS at a molecular weight of
5,000, remained sensitive to DS molecules of higher molecular
weight (>40,000) (23). The number and position of negative
charges in polyanions may affect their anti-HIV potency, ex-
plaining the discrepant results with ADS-J1.

We clearly show that ADS-J1 lost its anti-HIV activity at a
time/site before that corresponding to a fusion inhibitor. When
the combination of T20 and ADS-J1 was evaluated, only the
activity of T20 could be detected, confirming that ADS-J1 did
not behave as a fusion inhibitor. In a TOA experiment, Wang
and colleagues (43) compared the activity of ADS-J1 to that of
the RTI AZT and, therefore, lacked the appropriate controls
that could resolve the time of action of ADS-J1. To confirm
their results, they used a so-called time-of-removal coculture
assay in which they compared the activity of ADS-J1 alone or
in combination with soluble CD4 (sCD4). However, they failed
to include a relevant control, that is, the activity of sCD4 alone.
sCD4 binds to gp120-expressing cells, independently blocking
gp120 binding to cell surface CD4 but also all subsequent
downstream effects of Env leading to virus entry (1, 25, 29).
Therefore, the alleged increased potency of ADS-J1 in
the presence of sCD4, interpreted as an increased exposure of
the drug-binding site in gp41, may be the consequence of the
additive effect of two active compounds: ADS-J1 and sCD4.

Since peptidic fusion inhibitors are not orally bioavailable
and must be administered via injection, the development of
small molecule inhibitors of gp41-mediated fusion remains a
challenging and relevant objective in drug development (42).
Unbiased identification of the mechanism of action of poten-
tial lead structures is a prerequisite for successful drug devel-
opment. Here, we demonstrate that mutations in gp120 con-
ferred resistance to ADS-J1 and that early gp120-dependent
entry was the functional site of interaction of ADS-J1, there-
fore suggesting that this compound might not be considered a
gp41 fusion inhibitor.

ADS-J1 was provided by Shibo Jiang, Lindsley F. Kimball Research
Institute, New York, to generate ADS-J1-resistant HIV-1. We thank
the National Institutes of Health (AIDS Research and Reference
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for AIDS Reagents, NIBSC, United Kingdom, for reagents.
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