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ABSTRACT HIV infection requires lifelong treatment with multiple antiretroviral
drugs in a combination, which ultimately causes cumulative toxicities and drug resis-
tance, thus necessitating the development of novel antiviral agents. We recently
found that enfuvirtide (T-20)-based lipopeptides conjugated with fatty acids have
dramatically increased in vitro and in vivo anti-HIV activities. Herein, a group of
cholesterol-modified fusion inhibitors were characterized with significant findings.
First, novel cholesterylated inhibitors, such as LP-83 and LP-86, showed the most po-
tent activity in inhibiting divergent human immunodeficiency virus type 1 (HIV-1),
HIV-2, and simian immunodeficiency virus (SIV). Second, the cholesterylated inhibi-
tors were highly active to inhibit T-20-resistant mutants that still conferred high
resistance to the fatty acid derivatives. Third, the cholesterylated inhibitors had ex-
tremely potent activity to block HIV envelope (Env)-mediated cell-cell fusion, especially a
truncated minimum lipopeptide (LP-95), showing a greatly increased potency relative to
its inhibition on virus infection. Fourth, the cholesterylated inhibitors efficiently bound to
both the cellular and viral membranes to exert their antiviral activities. Fifth, the choles-
terylated inhibitors displayed low cytotoxicity and binding capacity with human serum
albumin. Sixth, we further demonstrated that LP-83 exhibited extremely potent and
long-lasting anti-HIV activity in rhesus monkeys. Taken together, the present results help
our understanding on the mechanism of action of lipopeptide-based viral fusion inhibi-
tors and facilitate the development of novel anti-HIV drugs.

IMPORTANCE The peptide drug enfuvirtide (T-20) remains the only membrane fu-
sion inhibitor available for treatment of viral infection, which is used in combination
therapy of HIV-1 infection; however, it exhibits relatively low antiviral activity and a ge-
netic barrier to inducing resistance, calling for the continuous development for novel
anti-HIV agents. In this study, we report cholesterylated fusion inhibitors showing the
most potent and broad anti-HIV activities to date. The new inhibitors have been com-
prehensively characterized for their modes of action and druggability, including small
size, low cytotoxicity, binding ability to human serum albumin (HSA), and, especially, ex-
tremely potent and long-lasting antiviral activity in rhesus monkeys. Therefore, the pres-
ent studies have provided new drug candidates for clinical development, which can also
be used as tools to probe the mechanisms of viral entry and inhibition.
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More than 70 million people have been infected with human immunodeficiency
virus types 1 and 2 (HIV-1/2), and about half of them have died from AIDS-related

illness (www.unaids.org). Because of the lack of an effective vaccine, antiviral therapy
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(ART) plays important roles in both HIV treatment and prevention. Currently, the so
called “U � U” strategy (undetectable � untransmittable) is highly appreciated in
controlling the HIV epidemic. However, ART with multiple drugs in a combination can
suppress HIV to below the detection limit, but it does not eradiate the virus, thus
requiring a lifelong treatment that ultimately results in cumulative toxicities and drug
resistance. Therefore, it is still imperative to develop novel agents that target different
steps of the viral life cycle, including cell entry, reverse transcription, integration, and
virion maturation.

Entry of HIV into target cells requires fusion of viral and cellular membranes, which
is mediated by the envelope (Env) glycoproteins consisting of the surface subunit
gp120 and transmembrane subunit gp41 (1, 2). Sequential binding of gp120 to the
primary cell receptor CD4 and a coreceptor (CXCR4 or CCR5) can trigger conformational
changes in the unmasked gp41, leading to its fusion peptide being inserted into the
cell membrane. The N- and C-terminal heptad repeat regions (NHR and CHR, respec-
tively) of gp41 transiently undergo a prehairpin intermediate (PHI) that bridges the viral
and cell membranes. Subsequently, the NHR sequence forms a trimeric coiled-coil, onto
which the CHR sequence folds to adopt a 6-helical bundle (6-HB) structure, driving the
two membranes in close apposition for fusion. Inhibitors that bind to the PHI confor-
mation and prevent its transition to 6-HB can competitively inhibit viral entry. Such is
indeed the case for the CHR-derived peptide drug enfuvirtide (T-20) and other peptide,
protein, or small molecule-based fusion inhibitors (3–6).

Approved in 2003, T-20 remains the only viral membrane fusion inhibitor available
for clinical use (7–9). However, it exhibits relatively low anti-HIV activity and a genetic
barrier to inducing drug resistance, which have largely limited its application. Because
the deep NHR pocket is considered an ideal target site for inhibitors and the CHR-
derived peptide C34 contains an N-terminal pocket-binding domain (PBD) (2, 10), a
group of new fusion inhibitor peptides was previously developed with C34 as a
template, such as sifuvirtide (11), SC34EK (12), and T2635 (13). Several short peptides
that contain the M-T hook structure and mainly target the gp41 pocket site were also
generated, such as MTSC22EK (14), HP23 (15), and 2P23 (16). The addition of a lipid
group to C34, HP23, or 2P23 resulted in several lipopeptides with greatly improved
pharmaceutical profiles, such as C34-Chol (17), LP-11 (18), and LP-19 (19). By contrast,
little attention has been paid to the C-terminal tryptophan-rich motif (TRM) of T-20,
which is considered a membrane lipid-binding domain (LBD) that can interact with the
target cell membrane where fusion occurs (20–22). We recently revisited the structure
and function relationship of T-20, verifying the importance of the TRM sequence for
the anti-HIV activity (23, 24). By substituting the TRM sequence with a fatty acid group,
we generated a T-20-based lipopeptide (LP-40) with greatly increased potency (24). It
was more surprising that LP-40 could be dramatically improved by further sequence
optimization, resulting in several lipopeptides that inhibited divergent HIV-1/2 and
simian immunodeficiency virus (SIV) isolates at very low picomolar concentrations,
including LP-50, LP-51, and LP-52 (25, 26). Very recently, a stearic acid-modified
lipopeptide, termed LP-80, was generated with exceptionally potent in vitro inhibitory
activity and in vivo therapeutic efficacy (27). In this study, we have designed and
characterized a group of novel lipopeptide inhibitors that were conjugated with a
cholesterol group.

RESULTS
Design and structural characterization of cholesterylated peptide fusion inhib-

itors. By adding a cholesterol group to the template peptide C34, the lipopeptide
C34-Chol was reported as the most potent HIV-1 fusion inhibitor (17), and it is currently
being evaluated in clinical trials (28). However, we recently found that the T-20-based
sequence is a more efficient template, resulting in the inhibitors conjugated with a fatty
acid group (24–27). To create an ideal candidate for clinical development and to exploit
the structure-function relationship of diverse lipopeptide inhibitors, here we generated
a group of T-20 backbone-based fusion inhibitors by cholesterol conjugation. As

Zhu et al. Journal of Virology

June 2019 Volume 93 Issue 11 e02312-18 jvi.asm.org 2

https://jvi.asm.org


illustrated in Fig. 1, LP-83 was created by using the template peptide P-52, LP-86 used
the template peptide P-51, and both of them were prepared by chemoselective
thioether conjugation between the peptide sequence with an additional C-terminal
cysteine residue and a cholesterol derivative. Three truncated lipopeptides (LP-93,
LP-94, and LP-95) were also produced and characterized. To know their structural
properties in isolation, we first applied circular dichroism (CD) spectroscopy to deter-
mine their �-helical contents and thermostabilities. As shown in Fig. 2A, LP-83 and
LP-86 displayed a typical �-helical conformation with melting temperature (Tm) values
of 59°C and 51°C, respectively, whereas three truncated lipopeptides exhibited dramat-
ically reduced �-helicity, leaving their Tms undefined. Then we analyzed the interaction

FIG 1 Schematic diagram of HIV-1 gp41 and its peptide derivatives. The gp41 numbering of HIV-1HXB2

is used. FP, fusion peptide; NHR, N-terminal heptad repeat; CHR, C-terminal heptad repeat; TRM,
tryptophan-rich motif; TM, transmembrane domain; CT, cytoplasmic tail. The positions and sequences
corresponding to the T-20-resistance mutation site and the pocket-forming site in the NHR are marked
in blue. The positions and sequences of the M-T hook structure, pocket-binding domain (PBD), and
tryptophan-rich motif (TRM) in the CHR are marked in green, red, and purple, respectively. Chol, C16, and
C18 in parentheses represent cholesterol, palmitic acid, and stearic acid, respectively; PEG8 represents a
flexible linker of 8-unit polyethylene glycol. Engineered residues in newly designed T-20 sequence-based
lipopeptides are marked in pink.
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of each lipopeptide with an NHR-derived target mimic peptide (N39) in comparison to
that of T-20 and its fatty acid derivatives. As shown in Fig. 2B and Table 1, all the
inhibitors interacted with N39 to form �-helical structures. The N39/LP-83 and N39/
LP-86 complexes showed Tms of 78°C and 77°C, respectively, which were comparable
to that of the C16-conjugated LP-52 and C18-conjugated LP-80. Obviously, the N39/LP-
93, N39/LP-94, and N39/LP-95 complexes had less �-helical contents with Tms at 56°C,
67°C, and 49°C, respectively, verifying the importance of both the N-terminal (WEQK)

FIG 2 Secondary structure and stability of cholesterylated peptide fusion inhibitors. (A) The �-helicity (left) and thermostability (right) of
inhibitors in isolation and (B) the �-helicity (left) and thermostability (right) of inhibitors in complexes with the target mimic peptide N39
were determined by CD spectroscopy. The final concentration of the isolated inhibitors was 20 �M and of the complexed inhibitors was
10 �M in PBS. The experiments were repeated 2 times, and representative data are shown.

TABLE 1 Binding and inhibitory activities of T-20 sequence-based lipopeptide HIV fusion inhibitorsa

Inhibitor
No. of amino
acids

CD data Mean IC50 � SD (pM) for:

N peptide Helix (%) Tm (°C) NL4-3 (X4) JR-CSF (R5) 89.6 (R5X4) VSV

T-20 36 N39 45 44 53,027.64 � 6,155.69 4,468.08 � 1,755.64 12,320.83 � 1,863.22 �1,250,000
LP-40 28 N39 60 50 20,152.66 � 6,125.43 1,814.52 � 855.93 20,834.58 � 1,261.34 �1,250,000
LP-50 28 N39 56 64 67.43 � 15.52 23.38 � 6.33 65.73 � 7.71 �1,250,000
LP-51 28 N39 53 71 24.68 � 6.34 22.75 � 5.80 53.91 � 9.02 �1,250,000
LP-52 28 N39 61 79 2.89 � 1.54 8.95 � 1.29 26.76 � 7.42 �1,250,000
LP-80 28 N39 57 79 2.66 � 0.76 7.12 � 0.28 13.00 � 4.55 �1,250,000
LP-83 29 N39 55 78 0.49 � 0.03 4.54 � 1.42 4.75 � 0.83 �1,250,000
LP-86 29 N39 51 77 0.43 � 0.03 4.78 � 0.69 7.24 � 1.36 �1,250,000
LP-93 25 N39 29 56 6.27 � 1.26 6.55 � 1.97 7.57 � 0.62 �1,250,000
LP-94 24 N39 36 67 1.75 � 0.23 5.90 � 1.80 15.69 � 1.97 �1,250,000
LP-95 21 N39 38 49 199.92 � 32.69 24.36 � 0.15 4,781.17 � 699.33 �1,250,000
C34-Chol 38 N36 83 81 7.64 � 1.76 50.86 � 6.03 65.98 � 7.92 �1,250,000
SP29-Chol 29 NAb NA NA �1,250,000 �1,250,000 �1,250,000 �1,250,000
Cholesterol NA NA NA NA �125,000,000 �125,000,000 �125,000,000 �125,000,000
aThe anti-HIV assay was performed in triplicates and repeated three times.
bNA, not applicable.
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and the C-terminal (LEK) residues in the �-helicity and stability of the peptide com-
plexes. By comparing LP-93 and LP-94, the results again verified that the C-terminal
motif of the lipopeptides plays a more crucial role in the inhibitor binding.

Cholesterylated inhibitors exhibit the most potent antiviral activity against
divergent HIV-1 subtypes. The anti-HIV activities of cholesterylated peptides were
initially evaluated with three replication-competent HIV-1 strains with different pheno-
types. Herein, T-20 and its fatty acid derivatives (LP-40, LP-50, LP-51, LP-52, and LP-80)
as well as C34-Chol were also included for comparison. As shown in Table 1, LP-83 and
LP-86 exhibited the most potent activities in inhibiting infections of HIV-1NL4-3 (X4
tropic), HIV-1JRCSF (R5 tropic), and HIV-189.6 (R5X4 tropic). For example, LP-83 and LP-86
inhibited HIV-1NL4-3 with mean 50% inhibitory concentrations (IC50s) of 0.49 and 0.43
pM, respectively, which were �5-fold more active than LP-80 (2.66 pM), the most
potent fatty acid-conjugated inhibitor being 19,935-fold more active than T-20
(53,027.64 pM). LP-83 and LP-86 inhibited HIV-1JRCSF with mean IC50s of 4.54 and 4.78
pM and inhibited HIV-189.6 with mean IC50s of 4.75 and 7.24 pM, respectively, which
were much lower than those of T-20 and its diverse fatty acid derivatives. Promisingly,
three short cholesterol-conjugated inhibitors, especially LP-93 and LP-94, also main-
tained highly potent anti-HIV activities. In comparison, C34-Chol showed obviously
decreased potency in inhibiting the three viruses. The anti-HIV specificity of various
lipopeptide inhibitors was validated by SP29-Chol, a nonspecific peptide coupled with
cholesterol in the same way as LP-83, and cholesterol alone, which did not display
inhibitory activity at a concentration as high as 1.25 or 125 �M. Furthermore, no
compounds showed appreciable activity in inhibiting vesicular stomatitis virus (VSV).

Next, we examined the antiviral activities of all the cholesterylated inhibitors using
a large panel of HIV-1 pseudoviruses with their Envs derived from genetically different
subtypes. Of them, a group of 12 Envs were reported as a “global panel” representing
the worldwide HIV-1 epidemic (29). As controls, T-20, LP-52, LP-80, and C34-Chol were
in parallel tested. As shown in Table 2, LP-83 and LP-86 inhibited divergent HIV-1
subtypes with mean IC50s of 2.91 and 4.91 pM, respectively, while the truncated
versions LP-93, LP-94, and LP-95 had mean IC50s of 9.89, 6.54, and 148.88 pM, respec-
tively. In contrast, T-20, LP-52, LP-80, and C34-Chol inhibited the same panel of viruses,
with mean IC50s at 34,736.67, 17.32, 5, and 65.3 pM, respectively. Therefore, LP-83
displayed slightly improved anti-HIV activity relative to LP-80, but it was 11,937-fold
more active than T-20, 6-fold more active than LP-52, and 22-fold more active than
C34-Chol. The antiviral activity of LP-86 was about 7,075-, 4-, and 13-fold higher than
that of T-20, LP-52, and C34-Chol, respectively. Even the very short inhibitors, LP-93
(25-mer) and LP-94 (24-mer), were much more potent than T-20 (36-mer) and C34-Chol
(38-mer).

Cholesterylated inhibitors exhibit extremely potent activity against T-20-
resistant mutants. We previously found that fatty acid-modified inhibitors such as
LP-51, LP-52, and LP-80 were highly active in inhibiting diverse HIV-1 mutants that are
resistant to T-20, but these lipopeptides still displayed greatly decreased potencies
relative to their inhibitions on T-20-sensitive viruses (26, 27). Therefore, we sought to
characterize the newly generated cholesterol-modified inhibitors using the same panel
of T-20-resistant mutants. As shown in Table 3, all the T-20-resistant mutants conferred
considerable high cross-resistance to LP-80, especially those two with double muta-
tions (NL4-3I37T/N43K and NL4-3V38A/N42T). Much to our surprise, LP-83 and LP-86 main-
tained their extremely potent inhibitory activities against the majority of the mutant
viruses. For instance, LP-83 inhibited NL4-3I37T with an IC50 of 0.002 nM and NL4-3D36S/V38M

with an IC50 of 0.005 nM, similar to its inhibitions on the T-20-sensitive (NL4-3D36G) and
wild-type (NL4-3WT) viruses. LP-80 inhibited NL4-3I37T/N43K and NL4-3V38A/N42T with IC50s
of 4.006 and 3.523 nM, respectively, whereas LP-83 inhibited the two mutants with IC50s
of 0.041 and 0.034 nM, which indicated that LP-83 was about 98- and 104-fold more
active, respectively, than LP-80. Compared to the IC50s on NL4-3D36G, LP-80 inhibited
NL4-3I37T/N43K and NL4-3V38A/N42T with 1,335- and 1,174-fold increased IC50s, whereas
LP-83 only displayed 21- and 17-fold changes, respectively. As expected, C34-Chol
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showed mild cross-resistance (3- to 5-fold) on diverse T-20-resistant mutants. With
respect to LP-83, C34-Chol showed similar activities on NL4-3I37T/N43K and NL4-3V38A/N42T,
but it was much less active (4- to 21-fold) in inhibiting other mutants tested. Further-
more, the C-terminal truncated LP-93 and the N-terminal truncated LP-94 also dis-
played highly potent activities against T-20-resistant mutants, but the results verified
that both the terminal motifs contributed critically to the potency of LP-83 or LP-86.

Cholesterylated inhibitors exhibit extremely potent activity against HIV-2 and
SIV isolates. In the previous works, we also demonstrated that the fatty acid-
conjugated inhibitors possess highly potent activity against HIV-2 and SIV isolates
(25–27). Here, we also characterized the inhibitory activities of cholesterol-modified
inhibitors in comparison to T-20, LP-80, and C34-Chol. As shown in Table 3, T-20
exhibited very low activities in inhibiting two HIV-2 isolates (ROD and ST) and two SIV
isolates (239 and PBJ). By contrast, LP-80 was highly active on these viruses; however,
LP-83 and LP-86 were much more potent than LP-80. For instance, LP-83 inhibited
HIV-2ROD and HIV-2ST with IC50s of 0.032 and 0.02 nM, which were 9- and 15-fold lower
than that of LP-80, respectively; LP-83 inhibited SIV239 and SIVPBJ with IC50s of 0.004 and
0.006 nM, which were 9- and 26-fold lower than that of LP-80, respectively. Compared
to C34-Chol, LP-83 was 29-, 27-, 20-, and 268-fold more potent in inhibiting HIV-2ROD,
HIV-2ST, SIV239, and SIVPBJ, respectively. Even the truncated LP-94, with a 24-amino-acid
sequence, was much more active than LP-80 and C34-Chol. By comparing the activities
of three truncated inhibitors, it is obvious that the C-terminal motif of cholesterylated
inhibitors contributed more critically than the N-terminal motif in the inhibitions of the
HIV-2 and SIV viruses.

Cholesterylated inhibitors possess extremely potent activities on Env-mediated
cell-cell fusion. To explore the mechanism underlying the extremely potent antiviral
activities of the newly developed lipopeptide inhibitors, we sought to characterize their
inhibitory activities on HIV Env-mediated cell-cell fusion. To this end, a dual-split-
protein (DSP)-based cell-cell fusion assay was applied, in which an Env-expressing
plasmid along with a DSP1–7-expressing plasmid was transfected into HEK293T as
effector cells and then incubated with HEK293T expressing CCR5/CXCR4 and DSP8-11 as
target cells. As shown in Table 4, all the new lipopeptide inhibitors exhibited highly
potent activities in blocking diverse Env-mediated cell-cell fusion, with mean IC50s in
the very low picomolar range. Specifically, the fatty acid derivatives LP-52 and LP-80
had IC50s of 56.67 and 13.4 pM, respectively, the new cholesterol derivatives LP-83,

TABLE 3 Inhibitory activity of lipopeptide fusion inhibitors on T-20-resistant HIV-1 mutants and HIV-2 and SIV isolatesa

Virus

Mean IC50 � SD (nM) for:

T-20 LP-80 LP-83 LP-86 LP-93 LP-94 LP-95 C34-Chol

T-20 sensitive
NL4-3D36G 8.564 � 1.045 0.003 � 0.001 0.002 � 0 0.003 � 0 0.006 � 0.001 0.004 � 0.002 0.067 � 0.026 0.012 � 0.001

T-20 resistant
NL4-3WT 169.333 � 2.559 0.007 � 0.002 0.002 � 0.001 0.003 � 0 0.012 � 0.001 0.006 � 0 0.39 � 0.016 0.029 � 0.001
NL4-3I37T 1,256.333 � 54.501 0.121 � 0.022 0.002 � 0 0.004 � 0 0.019 � 0.002 0.004 � 0 3.541 � 0.307 0.042 � 0.005
NL4-3V38A 2,268 � 41.581 0.551 � 0.071 0.008 � 0.001 0.028 � 0.008 0.045 � 0.004 0.061 � 0.001 9.432 � 1.999 0.034 � 0.014
NL4-3V38M 1,056 � 44.643 0.262 � 0.014 0.004 � 0 0.014 � 0.002 0.024 � 0.003 0.031 � 0.007 8.362 � 3.532 0.044 � 0.018
NL4-3Q40H 1,232.333 � 97.992 0.325 � 0.048 0.004 � 0 0.011 � 0.002 0.117 � 0.024 0.018 � 0.007 41.599 � 1.56 0.038 � 0.007
NL4-3N43K 794.667 � 102.762 0.535 � 0.028 0.009 � 0.001 0.023 � 0.004 0.267 � 0.005 0.196 � 0.007 57.802 � 3.762 0.039 � 0.006
NL4-3G36S/V38M 317.333 � 18.728 0.209 � 0.008 0.005 � 0 0.012 � 0.001 0.012 � 0.003 0.0267 � 0.003 3.828 � 0.172 0.06 � 0.014
NL4-3I37T/N43k 7,901� 1,091.948 4.006 � 0.367 0.041 � 0.004 0.124 � 0.011 2.17 � 0.135 2.295 � 0.456 408.556 � 12.919 0.047 � 0.015
NL4-3V38A/N42T 6,260.333 � 121.467 3.523 � 0.195 0.034 � 0.003 0.17 � 0.046 0.34 � 0.027 0.243 � 0.059 82.514 � 3.259 0.034 � 0.003

HIV-2/SIV
HIV-2ROD 341.508 � 130.145 0.288 � 0.103 0.032 � 0.005 0.026 � 0.004 3.514 � 0.907 0.019 � 0.006 13.512 � 1.881 0.929 � 0.033
HIV-2ST 630.633 � 84.581 0.299 � 0.081 0.02 � 0.008 0.014 � 0.007 1.244 � 0.079 0.027 � 0.006 2.857 � 0.541 0.53 � 0.028
SIV239 534.33 � 83.53 0.034 � 0.002 0.004 � 0 0.005 � 0.001 0.013 � 0.048 0.018 � 0.002 0.862 � 0.069 0.078 � 0.009
SIVPBJ 915.516 � 104.294 0.155 � 0.06 0.006 � 0.001 0.006 � 0.002 0.773 � 0.036 0.011 � 0.002 0.556 � 0.08 1.605 � 0.421

aThe assay was performed in triplicates and repeated three times.

Cholesterylated Peptide HIV-1/2 Fusion Inhibitors Journal of Virology

June 2019 Volume 93 Issue 11 e02312-18 jvi.asm.org 7

https://jvi.asm.org


LP-86, LP-93, LP-94, and LP-95 had IC50s of 8.55, 12.27, 14.51, 27.36, and 29.84 pM,
respectively. Compared to T-20 and C34-Chol, both the fatty acid and cholesterol
derivatives exhibited markedly increased potencies. Interestingly, with respect to its
inhibitions on the infectious clones and the panel of pseudoviruses shown in Tables 1
and 2, the minimum lipopeptide LP-95 inhibited cell-cell fusion more efficiently. In
comparison, the mean IC50 of LP-95 on divergent pseudoviruses was 51-fold higher
than that of LP-83, but its mean IC50 on cell-cell fusion was only 3-fold higher than that
of LP-83; while LP-95 was �2-fold less potent than C34-Chol on the pseudoviruses, it
was about 5-fold more potent than C34-Chol on cell-cell fusion.

Cholesterylated inhibitors can efficiently bind to cellular and viral membranes.
Lipopeptide-based viral fusion inhibitors are considered to bind preferentially with the
target cell membranes where fusion occurs, thus raising the local concentration of the
inhibitors (17, 30–33). By using physical and functional approaches, we previously
observed that LP-52 could efficiently bind and accumulate in the target cell membrane
(26). Herein, we were interested in characterizing the cell membrane-binding abilities of
diverse lipopeptides in comparison to those of T-20, C34, and the template peptide
P-52. To this end, all the inhibitors were preincubated with TZM-bl cells, followed by
thorough washing to remove unbound inhibitors. The virus was then added to initiate
infection, and the antiviral activities of the membrane-bound inhibitors that survived
the washing steps were determined. As shown in Fig. 3A and B, the unconjugated T-20,
C34, and P-52 had dramatically reduced activities in inhibiting HIV-1NL4-3 and HIV-1JRCSF

infections; however, the inhibitory activities of all the lipopeptide inhibitors were
largely sustained. Compared to that with the fatty acid derivatives LP-52 and LP-80, the
cholesterylated inhibitors LP-83 and LP-86 attached to the cell membrane more effi-
ciently. We next determined the IC50s of LP-83 and LP-86 with or without the washing
(Fig. 3C to F). It was found that the membrane-bound LP-83 and LP-86 still inhibited
HIV-1NL4-3 with IC50s of 11.62 and 10.57 pM, respectively, and inhibited HIV-1JRCSF with
IC50s of 131.23 and 114.63 pM, respectively. In parallel, LP-83 and LP-86, without the
washing steps, inhibited HIV-1NL4-3 with IC50s of 0.42 and 0.43 pM, respectively, and
inhibited HIV-1JRCSF with IC50s of 4.71 and 5.15 pM, respectively. Furthermore, the
lipopeptides that bound to the cell membrane were physically visualized by fluorescein
isothiocyanate (FITC)-labeled inhibitors (Fig. 4). Similarly to the functional assays de-
scribed above, the FITC-labeled inhibitors were preincubated with target cells, followed
by thorough washing, and their membrane-binding abilities were observed by fluores-
cence microscopy. As a control (Fig. 4A), FITC-labeled P-52 was not observed at a
concentration as high as 50 �M, whereas three FITC-labeled lipopeptides (LP-52, LP-80,
and LP-83) accumulated at the cell surface in a dose-dependent manner (Fig. 4B to D).
In comparison, LP-83 displayed the strongest fluorescence intensities, suggesting that
it attached to the cell membrane more effectively.

We also sought to characterize the binding and inhibitory abilities of inhibitors with
viral membrane. For this, the inhibitors were preincubated with a virus, and the
unbound ones were removed by precipitating the virus with polyethylene glycol 6000
(PEG 6000). The antiviral activities of the virus-bound inhibitors were similarly deter-

TABLE 4 Inhibitory activity of lipopeptide fusion inhibitors on HIV-1 Env-mediated cell-cell fusiona

Env Subtype

Mean IC50 � SD (pM) for:

T20 LP-52 LP-80 LP-83 LP-86 LP-93 LP-94 LP-95 C34-Chol

92RW020 A 788.87 � 39.86 159.53 � 15.81 5.07 � 0.53 6.4 � 1 7.78 � 0.9 12.19 � 2.43 16.24 � 3.61 18.1 � 2.56 44.11 � 9.17
PVO B 6,268.67 � 1,763.06 129.1 � 19.93 9.52 � 2.22 5.27 � 0.72 7.6 � 1.06 8.3 � 1.01 17.14 � 2.26 16.42 � 5.11 47.21 � 9.06
B02 B’ 14,783.33 � 1,955.25 47.63 � 4.8 26.15 � 2.89 10.07 � 1.41 18.11 � 1.57 26.16 � 5.99 30.65 � 3.81 54.18 � 9.6 243.77 � 35.87
CAP210.2.00.E8 C 4,311.67 � 518.8 21.08 � 1.93 15.04 � 2.63 6.61 � 0.89 8 � 0.85 12.17 � 1.67 16.44 � 1.95 18.24 � 1.78 142.3 � 33.46
X1632-S2-B10 G 10,708 � 1,666.1 21.17 � 8.85 7.6 � 1.05 4.67 � 1.11 4.02 � 1.29 9.53 � 2.23 8.45 � 2.88 25.16 � 5.68 153.97 � 36.72
246F3 A/C 11,330 � 1,156.26 5.05 � 0.7 9.78 � 0.94 4.53 � 0.77 6.1 � 1.54 10.37 � 0.9 11.11 � 1.93 13.72 � 2.63 97.5 � 4.86
GX11.13 A/E 9,439 � 2,593.64 42.34 � 2.2 20.45 � 2.55 14.35 � 1.01 22.99 � 1.78 16.22 � 1.77 51.96 � 14.35 31.89 � 3.91 229.9 � 10.34
CH120.6 B/C 11,422 � 2,323.97 27.45 � 4.69 13.57 � 3.07 16.47 � 3.05 23.59 � 5.82 21.15 � 1.68 66.9 � 3.61 61.03 � 9.05 190.1 � 66.12

Mean 8,631.44 56.67 13.4 8.55 12.27 14.51 27.36 29.84 143.61
aThe assay was performed in triplicates and repeated three times.
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mined. As shown in Fig. 5A and B, all the lipopeptides maintained their potent anti-HIV
activities, and they bound to the X4-tropic virus HIV-1NL4-3 more efficiently than to the
R5-tropic virus HIV-1JRCSF. Then, we measured the IC50s of LP-83 and LP-86 adminis-
tered with or without the washing steps (Fig. 5C to F). The virus-bound LP-83 and LP-86
inhibited HIV-1NL4-3, with IC50s of 196.3 and 112.32 pM and HIV-1JRCSF with IC50s of
741.83 and 1,463.67 pM, respectively; by contrast, the unwashed LP-83 and LP-86
inhibited HIV-1NL4-3 with IC50s of 0.57 and 0.53 pM and HIV-1JRCSF with IC50s of 5.54 and
5.55 pM, respectively. Taken together, the results suggested that lipopeptide-based
fusion inhibitors can bind to both the cellular and viral membranes that might
contribute the antiviral activity synergistically.

Cholesterylated inhibitors can efficiently bind to human serum albumin. LP-52
was also found to bind to human serum albumin (HSA) in a dose-dependent manner,
which should correlate with its in vivo stability (26). In this study, we were interested in
characterizing the binding abilities of cholesterylated inhibitors with HSA in compari-

FIG 3 Binding ability of fusion inhibitors with the target cell membrane. The lipopeptide inhibitors LP-52, LP-80,
LP-83, and LP-86 and the control inhibitors T-20, C34, and P-52 were preincubated with TZM-b1 cells, followed by
thorough washes, and their sustained activities in inhibiting the infectious molecular clones HIV-1NL4-3 (A) and
HIV-1JRCSF (B) were measured. LP-52, LP-80, LP-83, and LP-86 were used at 0.5 nM, while T-20, C34, and P-52 were
used at 750, 25, and 200 nM, respectively. (C to F) The IC50 values of LP-83 and LP-86, administered with or without
the washing steps, on HIV-1NL4-3 and HIV-1JRCSF were determined. The experiments were performed 3 times, and
data are expressed as means � standard deviations (SDs).
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son to the fatty acid-conjugated peptides. First, the reactivity of diverse inhibitors with
the mouse monoclonal antibody 12H1 was identified by enzyme-linked immunosor-
bent assay (ELISA). As shown in Fig. 6A, P-52, LP-52, and LP-80 strongly reacted with
12H1, whereas LP-83 and LP-94 had relatively decreased reactivity. Considering that
LP-93 and LP-95 could not be recognized by 12H1, the C-terminal sequence of the
inhibitors critically determined the antibody epitope. Next, we used 12H1 to detect
the binding abilities of P-52, LP-52, LP-80, LP-83, and LP-94. As shown in Fig. 6B, both
the fatty acid- and cholesterol-conjugated inhibitors showed dose-dependent binding,
in sharp contrast to the template peptide P-52. In terms of their reactivity, LP-83 bound
to HSA more efficiently than LP-52, while LP-83 and LP-80 might have similar binding
capacities. We were intrigued to know whether the inhibitors that bound to HSA were
still antivirally active. To this end, the lipopeptides were incubated with a final con-
centration of 20% HSA at 37°C for 30 min, and their anti-HIV activities were then
measured. As demonstrated by the IC50 values in Fig. 6C and D, the addition of HSA did
not affect the ability of the inhibitors to inhibit both HIV-1NL4-3 and HIV-1JRCSF isolates.

FIG 4 Visualization of lipopeptide inhibitors bound to the target cell membrane. Different concentrations of FITC-labeled P-52 (A), LP-52 (B), LP-80 (C), and LP-83
(D) were preincubated with TZM-b1 cells for 30 min, followed by washes, and the fluorescence intensities of membrane-attached inhibitors were observed
under a confocal microscope.
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LP-83 exhibits very low cytotoxicity and a high therapeutic selectivity index.
We previously reported that T-20 derivatives, such as LP-50, LP-51, LP-52, and LP-80,
possess extremely low cytotoxicity and high genetic resistance barriers (26, 27). Be-
cause LP-83 exhibited the most potent antiviral activity, here we focused on charac-
terizing its cytotoxicity in different cell lines and human peripheral blood mononuclear
cells (PBMCs). It was found that LP-83 had a 50% cytotoxic concentration (CC50) of
12.34 �M in TZM-bl cells, of 19.65 �M in MT-4 cells, of 19.19 �M in C8166 cells, of
9.97 �M in U937 cells, of 25.31 �M in HEK293T cells, and of 40.27 �M in human PBMCs.
Considering its antiviral potency, the presented results suggested that LP-83 possesses

FIG 5 Binding ability of fusion inhibitors with the viral membrane. All the inhibitors were preincubated with the infectious virus HIV-1NL4-3

(A) or HIV-1JRCSF (B). After thorough washes, the antiviral activities of the virus-bound inhibitors were measured. LP-52, LP-80, LP-83, and
LP-86 were used at 0.5 nM, while T-20, C34, and P-52 were used at 250, 25, and 25 nM, respectively. (C to F) The IC50 values of LP-83 and
LP-86, administered with or without the washing steps, on HIV-1NL4-3 and HIV-1JRCSF were determined. The experiments were performed
3 times, and data are expressed as means � SDs.
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an extremely high therapeutic selectivity index (CC50/IC50 ratio). However, the cytotox-
icity of LP-83 is relatively higher than those of the fatty acid-conjugated inhibitors
determined previously (26, 27).

LP-83 exhibits the most potent and long-acting ex vivo anti-HIV activity. We
previously evaluated the antiviral activities of T-20, LP-19, LP-40, LP-50, and LP-51 in a
nonhuman primate model (19, 25). Herein, we focused on comparing the in vivo
activities and stabilities of three classes of the lipopeptide inhibitors, including the C16

fatty acid-conjugated LP-52, the C18 fatty acid-conjugated LP-80, and the cholesterol-
conjugated LP-83, which share the same template peptide sequence (P-52). Each
lipopeptide was subcutaneously injected into six rhesus monkeys at a dosage of
3 mg/kg of body weight. The pharmacological kinetics of the inhibitors in monkey sera
were measured pre- or postadministration, which could reflect their in vivo antiviral
activities and half-lives. As shown in Fig. 7A, LP-52 reached a serum peak level 4 h after
injection, with a dilution of 700,802-fold that inhibited 50% of virus infection, similar to
that of the C16-conjugated lipopeptides LP-50 and LP-51, determined previously (25).
After injection, at 72 h, the inhibitory activity of LP-52 in the sera declined to a low level,
as indicated by a 182-fold serum dilution. LP-80 reached a serum peak level 8 h after
injection, with a serum dilution of 589,867-fold (Fig. 7B). However, the inhibitory activity
of LP-80 was maintained at a very high level 72 h after injection (the serum dilution was
13,208-fold) and persisted until 168 h (the serum dilution was 73-fold). In sharp
contrast, LP-83 maintained its serum peak level between 8 and 48 h after injection, and
the dilutions ranged from 412,583- to 452,629-fold. After 72 h and 168 h, the serum
dilutions that inhibited 50% of virus infection remained at 164,646- and 2,229-fold,
respectively (Fig. 7C). Because the same group of six monkeys was previously used for
T-20, LP-19, LP-40, LP-50, and LP-51 (19, 25), here we compared the ex vivo anti-HIV
activities of diverse fusion inhibitors (Fig. 7D). Notably, the prodrug T-20 and its lipid

FIG 6 Binding ability of lipopeptide inhibitors with human serum albumin. (A) Reactivity of diverse lipopeptide
inhibitors with the mouse anti-P52 monoclonal clonal antibody 12H1 in ELISA. A lipopeptide was precoated on the
ELISA plate well, and 12H1 was tested at 10 �g/ml. (B) Different concentrations of P-52, LP-52, LP-80, LP-83, or LP-94
were incubated with precoated HSA, followed by washes, and bound inhibitors were detected by 12H1 antibody
and HRP-conjugated anti-mouse IgG. (C) The inhibitory activities of lipopeptides on HIV-1NL4-3 in the presence and
absence of HSA. (D) The inhibitory activities of lipopeptides on HIV-1JRCSF in the presence and absence of HSA.

Zhu et al. Journal of Virology

June 2019 Volume 93 Issue 11 e02312-18 jvi.asm.org 12

https://jvi.asm.org


derivative LP-40 only showed serum antiviral peaks of �40-fold dilution, and their
anti-HIV activities were not detected 6 h after injection. Therefore, the present results
suggested that LP-83 possesses extremely potent and long-lasting in vivo antiviral
activities, being �10,000-fold more active than T-20.

DISCUSSION

In this study, we have generated a group of cholesterol-conjugated fusion inhibitors
and characterized their structural and functional properties in comparison to the fatty
acid-conjugated lipopeptides developed previously. As shown, the cholesterylated
inhibitors, such as LP-83 and LP-86, possess the most potent activities in inhibiting
divergent HIV-1, HIV-2, and SIV isolates; especially, they show dramatically increased
potencies on T-20-resistant mutants that still render high cross-resistance to the fatty
acid derivatives. From different angles, we have further explored the mechanisms
underlying the antiviral activities of the newly developed lipopeptides, including their
inhibitions on Env-mediated cell-cell fusion and binding abilities with the cell and viral
membranes and human serum albumin (HSA), as well as the cytotoxicity. Furthermore,
we have demonstrated the extremely potent and long-lasting anti-HIV activity of LP-83
in rhesus monkeys. Taken together, the present studies have provided novel fusion
inhibitor candidates for clinical development and offered important tools to elucidate
the mechanisms of viral fusion and inhibition.

HIV entry occurs within the cell membrane domain known as “lipid rafts,” where
cholesterol and sphingolipid are enriched (34–36). A substantial body of evidence
supports the importance of cholesterol and sphingolipid in HIV entry (34, 36–39).
Notably, CD4, the primary receptor for HIV, is particularly enriched in the lipid rafts, and
the fusion protein gp41 can associate with caveolin-1, a cholesterol-binding protein in
the lipid rafts called caveolae (40, 41). Thus, cholesterol is enriched in caveolae and lies

FIG 7 Ex vivo anti-HIV activities of lipopeptide fusion inhibitors. Each inhibitor (LP-52, LP-80, and LP-83) was subcutaneously injected into
six rhesus monkeys at 3 mg/kg, and monkey sera were harvested at different time points before and after injection. The inhibitory activities
of sera from monkeys administered LP-52 (A), LP-80 (B), and LP-83 (C) on HIV-1NL4-3 were measured by a single-cycle infection assay, and
serum dilutions required for 50% inhibition of virus infection were calculated. (D) Comparison of HIV-inhibitory activities in the monkey
sera containing different inhibitors. Since the same group of monkeys was used, the data for T-20, LP-19, LP-40, LP-50, and LP-51 were
obtained from previous studies (19, 25).
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together with HIV particles. The lipid membrane of HIV has a different lipid composition
than the cell membrane, being particularly enriched in cholesterol and sphingomyelin,
which likely results from the high-order complexes in confined areas of the interacting
viral-host membranes (42, 43). It has long been recognized that targeting a drug to a
membrane to increase its binding affinity toward membrane-bound receptors thereby
improves its pharmaceutical profiles, including the inhibitory activity and pharmacoki-
netics. For viral fusion inhibitor peptides, and T-20 in particular, a number of examples
document the general advantage of this strategy. For example, genetically anchoring
T-20 to the cell membrane efficiently increases its antiviral activity (44, 45). Importantly,
mutations in the C-terminal tryptophan-rich motif (TRM) of T-20, which completely
inactivated the free peptide, did not reduce the potency of the membrane anchored
one (44). It was found that the addition of a C-terminal octyl group to T-20 increased
its inhibitory potency, and octylation rescued the activity of the inactive mutant, in
which four C-terminal residues were substituted (21).

Because of the critical roles of cholesterol-enriched lipid rafts in HIV entry, Ingal-
linella and colleagues proposed that cholesterol might serve as an ideal anchor to
localize stably a peptide to a lipid membrane (17). By conjugating a cholesterol group
via a flexible linker and a cysteine residue to the C terminus of C34, the authors
prepared the lipopeptide C34-Chol, which was 25- to 100-fold more potent than C34,
and 50- to 400-fold more potent than T-20, considered as the most potent HIV fusion
inhibitor to date (17). Indeed, C34-Chol was shown to interact preferentially with
cholesterol-rich liquid-ordered membranes, mimicking biological membrane lipid rafts,
as well as with human erythrocytes and PBMCs (46). Since then, the cholesterol
conjugation strategy has been widely applied to develop fusion inhibitors against
diverse enveloped viruses, including influenza virus (47), parainfluenza virus (33),
Hendra virus (33), Nipah virus (48), Ebola virus (49), measles virus (50), SV5 (33),
Newcastle disease virus (NDV) (51), and infectious bronchitis virus (51). In all the cases,
the cholesterol-conjugated fusion inhibitors displayed 50- to 100-fold improvements
over the template peptides (52). In sharp contrast, here we show that the potency of
the cholesterylated inhibitor LP-83 was increased 7,059-fold over that of its template
peptide (P-52), which was determined previously with the same panel of 36 HIV-1
isolates (26). In comparison, LP-83 was 11,937-fold more active than T-20 and 22-fold
more active than C34-Chol (Table 2). More strikingly, the truncated template peptides
for LP-93 (25-mer), LP-94 (24-mer), and LP-95 (21-mer) were inactive or very weak
inhibitors (26); however, the cholesterol conjugation created the short lipopeptides that
inhibited divergent HIV-1 subtypes at very low picomolar concentrations. For example,
LP-93 was still 5,311-fold more potent than T-20 and 10-fold more potent than
C34-Chol. LP-83 and LP-86 are composed of 29 amino acids, being a much smaller size
with respect to T-20 (36-mer) and C34-Chol (38-mer), which also highlights their
advantages as a drug candidate. Very importantly, the present studies have again
verified the core sequence for designing an extremely potent and broad HIV fusion
inhibitor and the target site of viral vulnerability, the concepts we proposed previously
(26).

From the present studies, several additional critical findings should be highlighted.
First, LP-83 and LP-86 share the same template with the C16 fatty acid-conjugated
inhibitors LP-51/52 and the C18 fatty acid-conjugated inhibitor LP-80; however, we
found that LP-83 and LP-86 were much more efficient than the fatty acid derivatives in
inhibiting different T-20-resistant mutant viruses (Table 3). How a specific lipid anchor
can change the binding and inhibitory activities of the inhibitors remains to be
characterized, which might reveal new insights into the mechanisms of viral fusion and
inhibition. Second, the new cholesterylated inhibitors were highly effective in blocking
HIV Env-mediated cell-cell fusion. Very interestingly, while the C- or N-terminally
truncated lipopeptides LP-93 and LP-94 sustained the very potent inhibitory activities,
the minimum lipopeptide LP-95, which was truncated from both the N and C terminals,
exhibited a greatly increased potency on the cell-cell fusion. It would also be intriguing
to know whether a relatively small size would benefit the fusion inhibitor to overcome
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the steric hindrance that occurred during the cell-cell contact. Considering that HIV
infects various cells and tissues in vivo, the minimum inhibitor LP-95 might offer an
advantage regarding tissue penetration. Especially, it was reported that a cholestery-
lated peptide fusion inhibitor against measles virus was able to penetrate the brain
barrier to distribute within the central nervous system (CNS) (50). However, T-20 was
shown to have a negligible distribution in the CNS, which precluded its use for HIV
dementia and encephalitis (53). Thus, the brain-penetrating capacity of cholesterylated
peptides is also a key feature that supports their further development as HIV thera-
peutics. Third, the present studies verified the membrane-anchoring capacity of lipo-
peptides, which can concentrate the inhibitors at the local site where fusion occurs.
Very promisingly, the lipopeptide inhibitors can also interact and bind to the viral
membranes and exert their antiviral functionality. It was reported that a recombinant
protein containing a fusion inhibitor peptide (T1144) resulted in rapid inactivation of
HIV virions (54). Recently, Nieto-Garai et al. identified three lipidomimetic compounds
that bound to the viral membrane and inhibited virus entry by altering viral membrane
order (55). Therefore, we wonder whether a membrane-bound lipopeptide inhibitor
can bind to and destabilize the viral lipid composition to directly inactivate HIV in the
absence of the target cells. Considering that most currently approved anti-HIV drugs
(e.g., reverse transcriptase inhibitors, protease inhibitors, and entry inhibitors) must act
inside or on the surface of the target cell but none can inactivate virions away from
cells, novel therapeutics that can actively attack the virus in circulation before it
attaches to the target cell would provide additional advantages. Fourth, because of its
low anti-HIV activity and short half-life, T-20 requires a large dosage (90 mg, twice daily).
Herein, the cholesterylated LP-83 was shown possessing extremely potent and long-
acting anti-HIV activity in the monkeys. While the fatty acid-modified LP-52 and LP-80
might be used once daily or twice weekly, our present data support a once-a-week
protocol for LP-83, which is indeed the case for C34-Chol in humans (28). Fifth, the
druggability of LP-83 was also validated by its low cytotoxicity and strong binding
capacity with HSA. Intriguingly, the binding of lipopeptides with HSA did not affect
their anti-HIV activity. Taking all the findings together, we conclude that a cholesterol-
based lipopeptide inhibitor has prominent advantages over the fatty acid derivatives.
In our future studies, we would like to address the following aspects. First, what are the
structural properties of the lipopeptide inhibitors in the presence and absence of a
target surrogate? It would be valuable to define whether they form micelles or other
superstructures that might interfere with HIV infection in a different way from the
inhibition of 6-HB formation. Second, how can we explain that the lipopeptides were
not depleted from the rhesus monkey plasma by membrane binding and accumulation
in tissues? One may speculate that the binding might be reversible, thus determining
the pharmacokinetics of serum lipopeptides. Third, it is highly critical to select and
characterize lipopeptide-resistant HIV mutant viruses, which will definitely help to
clarify the modes of action of the inhibitors. Therefore, the present works have not only
delivered new drug candidates for clinical development but also offered important
reagents to investigate the mechanisms of HIV entry and its inhibition.

MATERIALS AND METHODS
Cell lines and reagents. HEK293T, MT-4, C8166, and U937 cells were purchased from the American

Type Culture Collection (ATCC, Rockville, MD). The following reagents were obtained through the AIDS
Reagent Program, Division of AIDS, NIAID, NIH: TZM-bl cells from John C. Kappes and Xiaoyun Wu, the
panel of global HIV-1 Env clones from David Montefiori, molecular HIV-1NL4-3 clone from Malcolm Martin,
HIV-1JRCSF clone from Irvin S. Y. Chen and Yoshio Koyanagi, HIV-189.6 clone from Ronald G. Collman,
HIV-2ST clone from Beatrice Hahn and George Shaw, and HIV-2ROD clone from the Centre for AIDS
Reagents, NIBSC, UK. Two plasmids encoding SIV Envs (pSIVpbj-Env and pSIV239-Env) were kindly
provided by Jianqing Xu at the Shanghai Public Health Clinical Center, Fudan University, China. The
plasmid expressing DSP1-7 and 293FT cells stably expressing CXCR4/CCR5 and DSP8 � 11 were provided
by Zene Matsuda at the Institute of Medical Science of the University of Tokyo (Tokyo, Japan).

Peptide synthesis and lipid conjugation. Peptides were synthesized on rink amide 4-methyl-
benzhydrylamine (MBHA) resin using a standard solid-phase 9-fluorenylmethoxycarbonyl (FMOC)
method as described previously (18). For fatty acid conjugation, the template peptide contained a
C-terminal lysine residue with a 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde) side chain-
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protecting group, enabling the conjugation of a C16 or C18 fatty acid group that requires a deprotection
step in a solution of 2% hydrazine hydrate-N,N-dimethylformamide (DMF); the cholesterylated peptides
LP-83, LP-86, and C34-Chol were prepared by chemoselective thioether conjugation between a template
peptide containing a C-terminal cysteine residue and bromoacetic acid cholesterol. The cholesterylated
peptides LP-93, LP-94, and LP-95 were alternatively synthesized by conjugating cholesteryl chlorofor-
mate to the C-terminal lysine residue. All peptides were N-terminally acetylated and C-terminally
amidated, and they were purified by reverse-phase high-performance liquid chromatography (HPLC) to
more than 95% homogeneity, followed by characterization with mass spectrometry.

Circular dichroism spectroscopy. The �-helicity and thermostability of lipopeptide inhibitors in the
presence or absence of a target mimic peptide (N39) were determined by CD spectroscopy as described
previously (56). Briefly, an inhibitor was diluted in phosphate-buffered saline (PBS; pH 7.2) and incubated
at 37°C for 30 min in the presence or absence of an equal molar concentration of N39. CD spectra were
collected on a Jasco spectropolarimeter (model J-815) using a 1-nm bandwidth with a 1 -nm step
resolution from 195 to 270 nm at room temperature. Spectra were corrected by subtracting a solvent
blank. The �-helical content was calculated from the CD signal by dividing the mean residue ellipticity
[�] at 222 nm, with a value of �33,000 deg cm2 dmol�1 corresponding to 100% helix. Thermal dena-
turation was performed by monitoring the ellipticity change at 222 nm from 20°C to 98°C at a rate of
2°C/min, and melting temperature (Tm) was defined as the midpoint of the thermal unfolding transition.

Antiviral activity of fusion inhibitors. Inhibitory activity of inhibitors on three replication-
competent HIV-1 (NL4-3, JR-CSF, and 89.6) and two HIV-2 (ROD and ST) isolates was determined as
described previously (25). Briefly, viral stocks were prepared by transfecting viral molecular clones into
HEK293T cells. Culture supernatants were harvested 48 h posttransfection, and 50% tissue culture
infectious dose (TCID50) was measured in TZM-bl cells. An inhibitor was prepared in 3-fold dilutions,
mixed with 100 TCID50 of viruses, and then incubated 1 h at room temperature. One hundred microliters
of the mixture was added to TZM-bl cells (104/well in a 100 �l volume) and incubated for 48 h at 37°C.
The cells were harvested and lysed in reporter lysis buffer, and luciferase activity was measured using
luciferase assay reagents and a luminescence counter (Promega, Madison, WI, USA).

The inhibitory activity of inhibitors on a panel of HIV-1 subtypes and two SIV isolates was determined
by a pseudovirus-based single-cycle infection assay as described previously (25). Pseudoviruses were
generated by cotransfecting HEK293T cells with an Env-expressing plasmid and a backbone plasmid
(pSG3Δenv) that encodes an Env-defective luciferase-expressing HIV-1 genome. Culture supernatants
were harvested 48 h after transfection, and TCID50 was determined in TZM-bl cells. Similar to that
described above, a total of 100 TCID50 viruses were used to infect TZM-bl cells in the presence or absence
of serially 3-fold diluted inhibitors. Cells were harvested 2 days postinfection, and luciferase activity was
measured with luciferase assay reagents. The 50% inhibitory concentration (IC50) was calculated as the
final cell culture concentration of an inhibitor that caused a 50% reduction in relative luminescence units
(RLUs) compared to the level of the virus control subtracted from that of the cell control.

Inhibition of HIV-1 Env-mediated cell-cell fusion. Inhibitory activity of inhibitors on Env-mediated
cell-cell fusion was measured by a dual-split-protein (DSP)-based assay as described previously (57–59).
Briefly, a total of 1.5 � 104 293T cells (effector cells) were plated in a 96-well plate and incubated at 37°C.
On the next day, 293T cells were cotransfected with an Env-expressing plasmid and a DSP1 � 7 plasmid
and incubated 24 h at 37°C. 293FT cells stably expressing CXCR4/CCR5 and DSP8 � 11 (target cells) were
resuspended and EnduRen live cell substrate (Promega) was added, followed by incubation for 30 min
at 37°C. Then, the target cells (3 � 104/well) were cocultured with effector cells at 37°C in the presence
or absence of a tested inhibitor at graded concentrations. The mixed cells were then spun down to
maximize cell-cell contact and incubated for 1 h at 37°C. Luciferase activity was measured with luciferase
assay reagents and IC50 values were calculated as described above.

Binding ability of lipopeptide inhibitors with cellular membrane. To determine the binding
ability of inhibitors with the target cell membrane, TZM-bl cells were plated in a 96-well plate (104/well)
and incubated at 37°C overnight. A diluted inhibitor was added to the cells and incubated 1 h at 37°C.
The cells were thoroughly washed with PBS, followed by the addition of 100 TCID50 of infectious
HIV-1NL4-3 or HIV-1JRCSF. After 2 days of culture, the inhibitory activity of the inhibitors that survived the
washing steps was determined by luciferase assay reagents. To physically visualize the inhibitors that
bound to the cell membrane, an inhibitor was N-terminally labeled with fluorescein isothiocyanate (FITC).
TZM-bl cells (105/well) were plated on coverslips and incubated at 37°C overnight. A FITC-labeled
inhibitor was diluted and added to the cells, followed by incubation at 37°C for 30 min. TZM-bl cells were
then fixed for 15 min with 4% paraformaldehyde and washed three times with PBS. Images were
captured with a laser confocal microscope.

Binding ability of lipopeptide inhibitors with viral membrane. To determine the binding ability
of inhibitors with the HIV-1 membrane, a polyethylene glycol (PEG) 6000-based method was used to
separate the virus particles from the inhibitors as described previously (54, 60). In brief, a diluted inhibitor
was added to 200 TCID50 of HIV-1NL4-3 or HIV-1JRCSF and incubated 1 h at 4°C. Then, 3% PEG 6000 was
added to the virus and incubated 1 h at 4°C. The mixture was centrifuged on a microcentrifuge at
14,000 rpm for 40 min, and the supernatants were removed. The virus pellet was washed two times with
1 ml of 3% PEG 6000 containing 10 mg/ml bovine serum albumin (BSA) and then resuspended in 100 �l
of Dulbecco’s modified Eagle medium (DMEM). The inhibitor-treated virus was mixed with 100 �l of
TZM-bl cells (1 � 105/ml) to start the infection. After 2 days of culture, the inhibitory activity of the viral
membrane-bound inhibitors was determined by luciferase assay reagents.

Binding ability of lipopeptide inhibitors with HSA. The binding ability of cholesterylated inhibitors
and controls with human serum albumin (HSA) was determined by an enzyme-linked immunosorbent
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assay (ELISA) described previously (26). Briefly, 5% HSA in 0.1 M carbonate buffer (pH 9.6) was coated on
a 96-well polystyrene plate at 4°C overnight. After three washings, an inhibitor was added to the wells
and incubated at 37°C for 1 h, followed by three washes with PBS-T (PBS containing 0.1% Tween 20).
Then, the mouse monoclonal antibody 12H1, which was developed against the template peptide P-52
in our laboratory, was added and incubated 1 h at 37°C. After washes with PBS-T, horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse IgG was added and incubated 1 h at 37°C. The reaction was
visualized by adding 3,3,5,5-tetramethylbenzidine (TMB) substrate, and absorbance at 450 nm (A450) was
measured by an ELISA plate reader (Bio-Rad Laboratories, Hercules, CA, USA).

Cytotoxicity of LP-83. Cytotoxicity of LP-83 on diverse cell lines (TZM-bl, MT-4, C8166, U937, and
HEK293T) and human PBMCs was measured using a CellTiter 96 AQueous One Solution cell proliferation
assay (Promega). In brief, a total of 1 � 104 cells were seeded on a 96-well tissue culture plate, and 50 �l
of LP-83 diluted at graded concentrations was added to the cells. After incubation at 37°C for 2 days,
20 �l of CellTiter 96 AQueous One Solution reagent was pipetted into each well and incubated 2 h at
37°C. The absorbance was measured at 490 nm using a SpectraMax M5 microplate reader (Molecular
Devices, San Jose, CA, USA), and cell viability (percentage) and 50% cytotoxic concentration (CC50) were
calculated.

Ex vivo antiviral activities of lipopeptide inhibitors in rhesus monkeys. We previously adapted
a simple and sensitive system for evaluating the antiviral activities of various HIV fusion inhibitors without
animal infection facilities (18, 19, 25, 61). In this study, the ex vivo anti-HIV activities of three newly
developed lipopeptides (LP-52, LP-80, and LP-83) were determined in a nonhuman primate model. In
brief, an inhibitor (3 mg/kg of body weight) was subcutaneously administered to six Chinese rhesus
macaques who were previously used for evaluating the anti-HIV activities of T-20, LP-19, LP-50, and LP-51
(19, 25). Similarly, serum samples of macaques were harvested before injection (0 h) and after injection
(1, 2, 4, 6, 8, 12, 18, 24, 36, 48, 60, and 72 h), and their inhibitory activities on HIV-1NL4-3 were measured
by a single-cycle infection assay. The 50% effective concentration was defined as the fold serum dilution
that inhibited 50% of virus infection.
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