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An oligocationic peptide compound (ALX40-4C) was developed for consideration in the treatment of human
immunodeficiency virus type 1 (HIV-1) infection. This compound was designed to mimic the basic domain of
the HIV-1 transactivation protein, Tat, and will competitively inhibit Tat binding to its specific RNA hairpin
target (TAR [transactivation region]), found at the 5* end of all HIV-1 transcripts. Blocking Tat-TAR
interactions can abrogate HIV-1 replication. ALX40-4C was shown to inhibit replication of HIV-1NL4-3 in a
range of cell types, including primary cells and transformed cell lines, by as much as 104-fold. In some
experiments, virus rescue was not possible even after removal of ALX40-4C from the cultures. Strain-dependent resistance has been demonstrated for all antiretroviral agents tested; therefore, we tested for variable
sensitivity to ALX40-4C. The cloned primary strains, HIV-1JR-CSF and HIV-1JR-FL, were less sensitive to
ALX40-4C inhibition. Unexpectedly, determinants for efficient ALX40-4C inhibition were mapped by using
recombinant virus strains to the V3 region of gp120 and were shown to act at early events in viral replication,
which include viral entry. If entry and reverse transcription are bypassed by transfection, a more modest, virus
strain-independent inhibition is shown; this inhibition is likely due to blocking of Tat-TAR interaction. Thus,
the highly basic oligocationic Tat inhibitor ALX40-4C appears to interfere with initial virus-target cell
interactions which involve HIV-1 gp120 V3 determinants, most efficiently for T-cell line-adapted strains.
acids. Basic peptides have been developed as potential competitors of this essential function. One such compound, N-aacetyl-nona-D-arginine amide (ALX40-4C), was found to compete effectively with Tat for binding to TAR and to inhibit the
transactivation and HIV-1 replication (57). In this report, we
demonstrate that this polycationic peptide designed as a Tat
inhibitor can also inhibit early events in HIV-1 replication,
which include virus entry, in a strain-dependent fashion. Further, this inhibition appears to act by interference with target
cell interactions that involve the V3 region of the HIV-1 envelope protein.

Human immunodeficiency virus type 1 (HIV-1) inhibition by
currently available antiretroviral therapy is modest, typically
reducing levels of plasma HIV RNA by less than 1 log unit (40,
45, 51). Even the most potent HIV-1 inhibitors tested, the
protease inhibitors, reduce levels of plasma viremia by only 1
to 2 log units despite levels of circulating virus as high as 106 to
107 virus particles per ml (24, 61). The duration of antiretroviral benefit is limited by the emergence of resistant strains,
which arise as a consequence of mutation, and the high level of
HIV-1 replication (47). Until recently, only inhibitors of reverse transcription were approved, but other retroviral targets,
including virus binding, integration, and transactivation, could
be exploited.
The HIV-1 regulatory protein, Tat, is an important potential
target for pharmaceutical intervention. Tat acts to increase
full-length transcripts following interaction with a viral RNA
stem structure, TAR (transactivating region), which is found at
the 59 ends of all viral transcripts (3, 48, 56). Specific binding of
Tat to TAR has been demonstrated by biochemical studies and
by mutagenesis of both Tat and TAR (6, 18, 22, 37, 49, 64).
Since expression of viral genes is required both for viral replication and for any cytopathic effects to be manifested, inhibitors of the action of Tat may provide an advantage over
reverse transcriptase and protease inhibitors. Full suppression
would, in theory, create a state of complete latency.
Binding to TAR is mediated by a short, linear peptide domain of Tat which is predominantly composed of basic amino

MATERIALS AND METHODS
Virus and cells. Molecular cloning of the HIV-1 provirus from NL4-3 (1),
JR-CSF and JR-FL (28), NFNSX (SX), NFNSM (SM), and NFNMX (MX) (41)
was described previously. New recombinant HIV-1 strains were constructed by
using fragments from molecular clones of HIV-1 JR-FL and HIV-1 NL4-3. For
the recombinants substituting the V3 region, an MluI site was generated at
nucleotide 7096 and an XbaI site was generated at nucleotide 7914 by sitedirected mutagenesis without altering the amino acid sequence. MluI-to-XbaI
fragments (0.1 kb) derived from JR-FL sequences by PCR were substituted into
plasmid pKS1KXNL (39). Hybrid StuI-to-XhoI fragments (2.1 kb) were substituted into pNL(Stu)XbaI to form full-length recombinant viral clones. Virus
stocks were prepared following electroporation of peripheral blood mononuclear
cells (PBMC) and coculture with phytohemagglutinin-stimulated peripheral
blood lymphocytes (PBL) as previously described (10, 39). HUT 78 cells (19)
were maintained in Iscove’s medium containing 10% (vol/vol) fetal calf serum.
Primary human PBL and mononuclear phagocytes were prepared from HIV-1negative blood as previously described (41). Following 3 days of stimulation in
RPMI 1640 medium containing 20% fetal calf serum and 1% phytohemagglutinin (Sigma), PBL were maintained in RPMI medium containing 20% fetal calf
serum and 100 U of recombinant interleukin-2 (Amgen) per ml. Blood mononuclear phagocytes were purified by adherence to plastic tissue culture dishes
and were maintained in Iscove’s medium containing 20% fetal calf serum.
ALX40-4C. The development of ALX40-4C, a competitive inhibitor of the
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binding of the HIV-1 Tat protein to its RNA target, TAR, has been described
previously (57). This compound was synthesized by American Peptide Co. (Santa
Clara, Calif.) by using standard solid support methods and was purified by
reverse-phase high-pressure liquid chromatography to greater than 95% purity.
Cytotoxicity is seen in culture systems at concentrations of 100 mM or greater
(unpublished data).
Infection and transfection. Virus infections were performed as described previously (39, 46). PBL, mononuclear phagocytes, or HUT 78 cells (106 cells,
24-well plates) were exposed to 300 ml of cell culture medium containing the
virus inoculum at a multiplicity of infection of 0.01 (approximately 100 ng of
p24). Following a 2-h adsorption period at 378C, the virus-containing supernatants were removed, the cells were rinsed once in serum-free medium, and 1 ml
of fresh medium was added. Cell supernatants were changed every 3 to 4 days
and assessed for p24 content at day 7 (PBL) or at day 14 (mononuclear phagocytes and HUT 78 cells). HUT 78 cells were subjected to electroporation with
full-length proviral clones as described previously (10). The culture supernatant
was assessed for p24 content at 24 h.
Inhibition of HIV-1 by ALX40-4C. PBMC or HUT 78 cells were pretreated
with or without various concentrations of ALX40-4C for 24 h prior to infection.
A portion of the cells (106) was removed for PCR analysis (see below). The
remaining cells were maintained in the same conditions used for pretreatment,
with medium changes every 3 to 4 days.
Analysis of HIV-1-infected cell DNA by PCR. Twenty-four hours after infection, cells were washed once in phosphate-buffered saline and lysed in nonionic
detergents and proteinase K as described previously (46). The samples were
heated for 1 h at 608C and then for 10 min at 958C to inactivate the proteinase
K. Each sample (2 3 105 cell equivalents) was subjected to amplification by PCR
as previously described (39, 46), with 25 cycles of denaturation for 1 min at 948C
and annealing and extension for 2 min at 658C. The HIV-1 primer pair M667AA55 (66) was used for amplification. Amplified products were resolved by
electrophoresis on an 8% acrylamide gel and analyzed directly by autoradiography. Quantitation was achieved by comparison with dilutions of cloned HIV-1
JR-CSF as previously described (41, 66).

hibition was greater at 1 mM, and up to a 104-fold reduction
was seen in most experiments at 10 mM. Similar results were
seen in PBMC (Fig. 1B) and with 1-h pretreatment of cells with
ALX40-4C (data not shown). In these experiments, the 50%
inhibitory dose at day 7 was approximately 0.003 mM. HIV-1
replication was completely abrogated at 10 mM ALX40-4C and
did not return following removal of the inhibitor from cultures
(Fig. 2). There was no difference in viable cell number in
uninfected PBMC or HUT 78 cells cultured for 1 week in the
absence or presence of ALX40-4C at concentrations of up to
10 mM. By using trypan blue exclusion and a range of
ALX40-4C concentrations, cell cytotoxicity 50% was shown to
be approximately 50 mM for PBMC and a variety of transformed cell lines (56a). In contrast, virus replication typically
returns following removal of zidovudine from cultures (13).
This may reflect the greater potency of ALX40-4C than of
zidovudine, which has a 50% inhibitory dose of 0.1 mM for
sensitive HIV-1 strains (35).
Some primary strains are resistant to inhibition by ALX404C. To determine whether ALX40-4C sensitivity is specific for
NL4-3, we assessed the effect of ALX40-4C treatment on infection with primary HIV-1 isolates. Viral properties of strains
selected for growth in transformed T-cell lines, such as NL4-3,
may not adequately represent characteristics of primary strains
obtained directly from patients. Differences in virus sensitivity
to therapies for primary and T-cell line-adapted HIV-1 strains
have been seen previously, most notably for soluble CD4 treatment, resulting in poor clinical efficacy (15, 53). In this case,
sensitivity was found to be much greater for T-cell line-adapted
strains than for primary strains, requiring at least 100-foldlower concentrations of soluble CD4 to achieve comparable
levels of neutralization. We therefore tested the efficacy of
ALX40-4C inhibition on the molecularly cloned primary
strains, JR-FL and JR-CSF. Although at early time points
following infection of ALX40-4C-treated PBMC there was a
modest reduction in virus production, this inhibition was not
sustained, and virus production at days 10 and 14 postinfection
was similar to that seen following infection of untreated cells
(Fig. 3). To determine whether all primary strains demonstrated the diminished sensitivity to ALX40-4C inhibition seen
with JR-FL and JR-CSF, we measured virus production following coculture of lymphocytes from patients in the presence
or absence of ALX40-4C. Although the virus strains from two
of these patients (patients 2 and 3) were somewhat resistant to
ALX40-4C inhibition, another primary strain (from patient 1)
was found to be as sensitive as NL4-3 to ALX40-4C. In contrast, essentially all primary HIV-1 strains exhibit soluble CD4
resistance (15, 21).

RESULTS
Inhibition of NL4-3 replication by ALX40-4C. We assessed
the ability of ALX40-4C-treated cells to support replication of
HIV-1 NL4-3, a well-characterized, T-cell line-adapted strain.
In HUT 78 cells, pretreatment for 24 h prior to infection and
continuously thereafter resulted in marked reductions in virus
replication at concentrations as low as 0.1 mM (Fig. 1A). In-

FIG. 2. Replication of NL4-3 in HUT 78 cells following withdrawal of
ALX40-4C 1 day after infection. ■, 10 mM ALX40-4C; F, 1 mM zidovudine; å,
untreated.
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FIG. 1. Dose response of ALX40-4C inhibition in Hut 78 cells (A) or in PBL
(B) infected with NL4-3. Cells were incubated with various concentrations of
ALX40-4C from 0 to 10 mM for 24 h prior to HIV-1 infection. Virus production
was assessed by measuring p24 production at day 4 (■), day 7 (F), day 10 (å),
or day 14 (}) for each treatment condition.
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Resistance to ALX40-4C inhibition occurs at early steps in
HIV replication, which include virus entry. If inhibition by
ALX40-4C was mediated exclusively by interference with TatTAR interactions, we would expect to see comparable levels
of new viral DNA formation by reverse transcription following virus entry, in the absence of viral spread. The effects of
the Tat inhibition would result in diminished levels of HIV-1specific RNA levels only as a result of interference with transactivation. To test this hypothesis, we analyzed viral DNA
formation in a quantitative PCR assay 24 h after infection. Surprisingly, inhibition of virus replication for NL4-3 or for the
strain from patient 1 was accompanied by corresponding decreases in new viral DNA formation (Fig. 4). As expected, viral

DNA formation was not affected by ALX40-4C treatment in
resistant strains. This finding suggests that for NL4-3 and the
primary strain sensitive to ALX40-4C, the mechanism of inhibition appeared to be at virus entry, prior to reverse transcription.
To further examine the mechanism of ALX40-4C inhibition,
we bypassed entry by transfecting HUT 78 cells with full-length
proviral clones. Modest three- to fivefold decreases in virus
production were seen in cells pretreated with ALX40-4C for 1
day prior to electroporation. This decrease is consistent with a
modest inhibition of transactivation and is less than the decrease in virus replication exhibited when strains are blocked at
entry (Table 1).

FIG. 4. Viral DNA formation by PCR 24 h after infection with NL4-3, JR-FL, SX, or two primary strains recovered from patient blood. Viruses from patients 1
and 2 are the same as those shown in Fig. 3. PBMC were cultured in the absence (lanes 0) or presence of 1 mM (lanes 1) or 10 mM (lanes 10) ALX40-4C for 24 h prior
to infection. Heat-activated (HI) (608C for 1 h) virus supernatants were used as controls for input viral DNA removal by DNase treatment.
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FIG. 3. Inhibition of molecularly cloned and primary HIV-1 strains recovered by PBMC coculture following 24 h of pretreatment of PBMC with ALX40-4C at 1
mM (■) and 10 mM (F) in PBL, expressed as a fraction of HIV-1 extracellular p24 production in untreated cells.
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TABLE 1. Virus production by HUT 78 cells cultured in the
presence or absence of 5 mM ALX40-4C for 24 h prior
to electroporation with 25 mg of proviral DNA
p24 production (pg/ml)
HIV-1
strain

NL4-3
NFN-SM
JR-CSF

ALX40-4C-treated
cells

Untreated
cells

211
104
215

715
858
998

FIG. 5. Schematic depiction of HIV-1 recombinant virus strains. LTR, long terminal repeat.
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Genetic determinants of ALX40-4C resistance. To identify
viral genetic determinants for sensitivity to ALX40-4C inhibition, recombinant virus strains generated between HIV-1
NL4-3 and HIV-1 JR-FL were used. Chimeras between these
strains (SX and SM) have previously been used to map macrophage tropism and soluble CD4 resistance (39, 41).
The V3 region of HIV-1 gp120 has been shown to be crucial
for macrophage tropism, strain-specific antibody neutralization, and syncytium induction (16, 25, 41, 50, 55, 62). Syncytium-inducing (SI) strains emerge in some patients during the
course of disease and are believed to be more pathogenic,

resulting in greater T-cell killing (14, 27, 47, 54, 59), although
this is controversial (36, 65). These strains are identified by the
ability to replicate in and cause fusion between MT-2 cells, a
transformed T-cell line. Virus strains cloned following prolonged propagation in T-cell lines, such as NL4-3, are typically
SI and replicate poorly in mononuclear phagocytes. In contrast, primary strains cloned after short-term culture in PBL,
such as JR-CSF and JR-FL, are often non-SI (NSI) and typically replicate poorly in T-cell lines such as HUT 78. Although
variable, most NSI strains replicate to some extent in mononuclear phagocytes. The biochemical basis of the SI phenotype
seems to be related to a lower virion envelope density and
lower retention of the extracellular envelope glycoprotein,
gp120 (42, 63). These biochemical properties and corresponding phenotypes have been mapped to sequences in the V3
region (16, 17, 63).
As shown above, ALX40-4C is particularly effective against
NL4-3 but less effective against JR-FL and JR-CSF. For these
studies, we generated chimeric strains having substitutions
of only the region encoding the 33-amino-acid V3 loop, with
or without larger contributions from downstream envelope
sequences (Fig. 5). These strains replicate in mononuclear
phagocytes with only slightly less efficiency than strains with
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TABLE 2. Replication of parental and V3 recombinants in
PBL (day 7) and in MP and HUT 78 cells (day 14)
p24 production (ng/ml)
HIV strain

JR-FL
NL4-3
NL-FLV3
MX-FLV3

Expt 1

Expt 2

PBL

MP

HUT 78

PBL

MP

HUT 78

34
258
31
64

18
0.7
4.8
5.3

0
199
0
0

180
240
210
190

35
0.9
14
16

0
86
0
0

DISCUSSION
In this report, we demonstrate HIV-1 strain-dependent inhibition of HIV-1 replication by pretreatment of target cells
with the cationic compound ALX40-4C. The cationic compound ALX40-4C effectively inhibits replication of T-cell lineadapted strains and some primary strains but does not block
macrophage-tropic strains. Although this compound was developed as an inhibitor of the Tat-TAR interaction, unexpectedly, we found that strain-dependent differences in sensitivity
mapped to the V3 region and were blocked at early events in
HIV-1 replication. The mapping of ALX40-4C sensitivity to
the V3 region supports the concept that inhibition is exerted at
the level of entry, not at other phases of virus replication. Our
results demonstrate the importance of HIV-1 gp120 V3 interactions for entry into target cells and suggest that the high net
positive charge in V3 found in most SI strains is important for
HIV-1 entry into transformed T-cell lines (as well as PBL) and
impairs entry into mononuclear phagocytes.
The HIV-1 envelope protein is crucial for initiation of infection and mediates both binding to the surface of cells that
express CD4 and fusion of the virus and plasma membranes. In
particular, the V3 region of gp120 has been shown to be responsible for differences in the efficiency of entry into mononuclear phagocytes for various HIV-1 strains (11, 25, 41, 55,
62). Virus strains selected for efficient entry into transformed
T-cell lines by prolonged propagation in culture generally are
inefficient at entering mononuclear phagocytes. A characteristic of the V3 region of these T-cell line-adapted HIV-1 strains

is a relatively high net positive amino acid charge, averaging
18 to 19, compared with that seen in primary, highly macrophage-tropic strains, which have a net positive charge in the
V3 region of 13 to 14. Since both macrophage-tropic and
T-cell line-adapted HIV-1 strains require interaction with
CD4, it is believed that other interactions in addition to CD4
binding are required for virus and plasma membrane fusion
and virus entry. HIV-1 envelope interactions which involve
CD4 precede entry during productive infection of both mononuclear phagocytes and CD41 lymphocytes. CD4 alone is not
sufficient, however, since transfection of CD4 into CD4-negative cell lines does not universally confer susceptibility to infection. Following binding of HIV-1 gp120 to CD4, there are
conformational changes in gp120 which result in exposure of
previously occult epitopes, including V3 (32, 52). In some
cases, monoclonal antibodies directed to these novel epitopes
can inhibit syncytium formation (20, 26, 52). Since the V3
region is not specifically involved in binding to CD4 (29, 43,
60), it is possible that V3 is involved in post-CD4 binding target
cell interactions.
Domain 1 of CD4 contains an immunoglobulin-like, CDR2like motif which contains all of the determinants necessary for
binding to gp120 (2). Conformation-dependent V3 interactions with the CDR3 region of CD4 domain 1 were considered
to play a role in membrane fusion preceding virus entry (9, 38),
but studies involving extensive mutagenesis of the CDR3 region suggest that this is unlikely (7). Of note, CDR3 has a net
negative charge; peptides and monoclonal antibodies directed
to this region can interfere with fusion, but this inhibition may
be nonspecific, as judged from charge.
Sulfated polyanionic saccharides, such as dextran sulfate,
were shown to be potent inhibitors of replication of T-cell
line-adapted strains in vitro (4, 34). Since dextran sulfate interfered with binding of V3 loop monoclonal antibodies (5, 8,
23, 33), it was proposed that this class of compounds interfered
with V3-mediated interactions associated with fusion. In fact,
dextran sulfate was shown to inhibit HIV-1 replication without
interfering with gp120-CD4 binding (8), suggesting that interference was restricted to post-CD4 binding events. In some
experimental systems, polyanions also disrupted gp120-CD4
binding (30, 31), but post-CD4 binding conformational changes
can increase the block to V3-specific monoclonal antibodies
(23). It seems likely that polyanionic saccharides block HIV-1
replication of T-cell line-adapted strains by competitively
blocking the interaction with negatively charged cell surface
receptors, specifically by binding to V3. Macrophage-tropic
strains are resistant to inhibition by these compounds (30),

FIG. 6. Inhibition of recombinant HIV-1 strains by ALX40-4C in PBL at day
7, expressed as the fraction of p24 production in cells treated with 1 mM (bars 1)
or 10 mM (bars 10) ALX40-4C over that in untreated cells for each virus strain.
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larger substitutions of the JR-FL envelope (Table 2). The
contrast in replication was greater in the T-cell line HUT 78, in
which case there was nearly complete restriction to productive
infection for chimeric strains containing JR-FL V3 sequences.
Therefore, we have confirmed the importance of the V3 loop
in conferring the macrophage-tropic phenotype (12, 25), in this
case using JR-FL V3 sequences in the background of NL4-3.
Using quantitative PCR analysis 24 h following infection, we
found that infection with recombinant HIV-1 strains unable to
replicate efficiently in mononuclear phagocytes was associated
with decreased levels of new viral DNA (data not shown).
Thus, the restriction to replication for the V3 chimeras was
blocked for early events, which include virus entry into the
cell. These strains were then used in inhibition assays with
ALX40-4C to determine whether resistance to ALX40-4C inhibition was determined by these domains. As shown in Fig. 6,
resistance to ALX40-4C in PBL is conferred by the V3 region
alone, with results similar to those seen with JR-FL or with
chimeric strains having larger substitutions of JR-FL envelope.
Thus, ALX40-4C appears to interfere with interactions which
involve the V3 region and target cells. Previous studies have
shown that these viral determinants are important for virus
entry and neutralization (39, 41, 50).
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NSI strain supports the premise that the ability of V3 to interact with its target is charge dependent. Moreover, the secondary target cell interaction may involve distinct cell surface molecules for different HIV-1 subtypes. Since the side chains of
ALX40-4C have a net charge of 19, it is possible that this
compound competes with the V3 loop for binding to its receptor target on the cell surface. Indeed, our proposal is that the
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