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ABSTRACT Peptides derived from the C-terminal heptad repeat (CHR) region of the
human immunodeficiency virus type 1 (HIV-1) fusogenic protein gp41 are potent vi-
ral entry inhibitors, and currently, enfuvirtide (T-20) is the only one approved for
clinical use; however, emerging drug resistance largely limits its efficacy. In this
study, we generated a novel lipopeptide inhibitor, named LP-19, by integrating mul-
tiple design strategies, including an N-terminal M-T hook structure, an HIV-2 se-
quence, intrahelical salt bridges, and a membrane-anchoring lipid tail. LP-19 showed
stable binding affinity and highly potent, broad, and long-lasting antiviral activity. In
in vitro studies, LP-19 efficiently inhibited HIV-1-, HIV-2-, and simian immunodefi-
ciency virus (SIV)-mediated cell fusion, viral entry, and infection, and it was highly
active against diverse subtypes of primary HIV-1 isolates and inhibitor-resistant mu-
tants. Ex vivo studies demonstrated that LP-19 exhibited dramatically increased anti-
HIV activity and an extended half-life in rhesus macaques. In short-term mono-
therapy, LP-19 reduced viral loads to undetectable levels in acutely and chronically
simian-human immunodeficiency virus (SHIV)-infected monkeys. Therefore, this study
offers an ideal HIV-1/2 fusion inhibitor for clinical development and emphasizes the
importance of the viral fusion step as a drug target.

IMPORTANCE The peptide drug T-20 is the only viral fusion inhibitor in the clinic,
which is used for combination therapy of HIV-1 infection; however, it requires a high
dosage and easily induces drug resistance, calling for a new drug with significantly
improved pharmaceutical profiles. Here, we have developed a short-lipopeptide-
based fusion inhibitor, termed LP-19, which mainly targets the conserved gp41
pocket site and shows highly potent inhibitory activity against HIV-1, HIV-2, and
even S|V isolates. LP-19 exhibits dramatically increased antiviral activity and an ex-
tended half-life in rhesus macaques, and it has potent therapeutic efficacy in SHIV-
infected monkeys, highlighting its high potential as a new viral fusion inhibitor for
clinical use.

KEYWORDS HIV-1, HIV-2, fusion inhibitor, lipopeptide

ore than 36 million people are infected with human immunodeficiency virus (HIV)
worldwide (www.unaids.org). Because of the lack of an effective vaccine, antiret-
roviral therapy (ART) has been highly appreciated as a vital strategy to control the HIV
epidemic. Currently, there are six classes of approved anti-HIV drugs that target four
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steps of the viral life cycle, including entry, reverse transcription, integration, and virion
maturation (www.fda.gov). Different from other drugs that act after infection occurs,
HIV entry inhibitors intercept the virus before it invades target cells. There are two HIV
entry inhibitors approved for clinical use (1-3). Maraviroc targets the cell coreceptor
CCR5, thereby blocking viral binding, and enfuvirtide (T-20), a 36-mer peptide derived
from the C-terminal heptad repeat (CHR) region of the HIV-1 transmembrane protein
gp41, binds to the N-terminal heptad repeat (NHR) of gp41, thus preventing the
formation of the viral six-helical bundle (6-HB) structure. T-20 is effective in combination
therapy; however, it requires high dosages (90 mg twice daily) and easily induces drug
resistance, calling for next-generation viral fusion inhibitors with improved pharma-
ceutical profiles.

Since its discovery, the deep pocket on the trimeric NHR helices of gp41 has been
considered an ideal drug target because of its high degree of conservation and
essential role in viral entry (4-7). However, small-molecule or -peptide inhibitors that
specifically target the pocket site often lack high activity, mostly likely due to their weak
binding. We recently discovered that the N-terminal motif of CHR-based peptides
adopts a unique M-T hook structure, which can dramatically enhance the binding and
inhibitory activities of inhibitors, especially for short peptides that are otherwise
inactive (8-11). It was shown that inhibitors with a modified M-T hook structure also
possessed potent activities in inhibiting drug-resistant mutants and conferring high
genetic barriers to inducing resistance (12-14). Most recently, we successfully devel-
oped the helical short peptide 2P23 by introducing the M-T hook structure, HIV-2
sequences, and “salt bridge”-forming residues, which showed highly potent and broad
inhibitory activity against HIV-1, HIV-2, and simian immunodeficiency virus (SIV) (15). In
this study, we further generated a lipopeptide-based HIV-1/2 fusion inhibitor, termed
LP-19, by adding a fatty acid group (palmitic acid [C,]) to the C terminus of 2P23. LP-19
exhibits high binding stability and extremely potent in vitro, ex vivo, and in vivo antiviral
activity, providing an ideal candidate for clinical development. The new data also verify
the viral fusion step as a pivotal drug target.

RESULTS

Generation of a highly stable lipopeptide-based HIV fusion inhibitor. A peptide-
based inhibitor usually has a short half-life in vivo, which critically limits its therapeutic
efficacy. Emerging studies have suggested that lipid-conjugated peptides possess
sharply increased antiviral potency and in vivo stability (16-19). In our case, we recently
generated a panel of anti-HIV lipopeptides (LP-1 to LP-18) by using the short peptide
HP23 as a template (16). Of these lipopeptides, LP-11 displayed potent and long-lasting
antiviral activity. To develop a more effective HIV fusion inhibitor, here, we modified
2P23 with a C, fatty acid. As illustrated in Fig. 1, the lipopeptide LP-19 was created by
adding C,4 to the C terminus of 2P23 through a flexible polyethylene glycol 8 (PEGS8)
linker. First, we performed circular dichroism (CD) experiments to examine the second-
ary structure and stability of LP-19 itself. As expected, LP-19 exhibited high a-helicity at
different peptide concentrations (Fig. 2A), and its thermal unfolding transition (melting
temperature [T,,]) could not be achieved (Fig. 2B), which indicated its high helical
stability. We then compared LP-19 and its parent compound 2P23 for their a-helicity
and thermostability in the presence of an NHR-derived peptide (N36). Typically, both
inhibitors interacted with the target surrogate N36 to form 6-HB structures with high
helical contents (Fig. 2C); however, while the N36/2P23-based 6-HB had a T,, value of
79.6°C, the N36/LP-19-based complex could not achieve its T,, owing to apparently
incomplete unfolding (Fig. 2D). These results suggested that LP-19 is a highly stable
helical lipopeptide with greatly increased binding stability.

LP-19 shows potent inhibitory activity against HIV-1, HIV-2, and SIV. Initially, we
compared the inhibitory activities of LP-19, 2P23, T-20, and LP-11 against HIV-1 isolate
NL4-3-mediated cell fusion (Fig. 3A), viral entry (Fig. 3B), and infection (Fig. 3C), which
validated that LP-19 was the most potent inhibitor. For inhibition of cell fusion, LP-19
showed a 50% inhibitory concentration (IC,,) of 0.14 nM, whereas 2P23, T-20, and LP-11
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FIG 1 Schematic illustration of the HIV-1 gp41 protein and its peptide-based inhibitors. The gp41 numbering
for HIV-1,,y4, is used. FP, fusion peptide; NHR, N-terminal heptad repeat; CHR, C-terminal heptad repeat; TM,
transmembrane domain. The sequences corresponding to the CHR pocket-binding domain (PBD) are marked
in red. The position and sequence of the M-T hook structure are marked in green.

showed 1Cys of 0.28, 7.17, and 0.78 nM, respectively. For inhibition of pseudovirus
entry, LP-19 showed an IC,, of 0.12 nM, whereas 2P23, T-20, and LP-11 showed IC,,s of
0.78, 78.78, and 0.21 nM, respectively. For replicative virus, LP-19 gave an ICs, of 0.16
nM, whereas 2P23, T-20, and LP-11 exhibited IC5ys of 0.62, 112.75, and 0.22 nM,
respectively. Next, we determined the inhibitory potency against HIV-2 and SIV isolates.
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FIG 2 Biophysical properties of LP-19 determined by CD spectroscopy. (A and B) The secondary structure (A) and
thermostability (B) of LP-19 in isolation were measured at different concentrations in PBS. (C and D) The secondary
structure (C) and thermostability (D) of 2P23- and LP-19-based 6-HBs were determined with the final concentration
of each peptide in PBS at 10 uM. The a-helicity and T, values are shown in parentheses. NA, not applicable for
calculation. The experiments were repeated at least two times, and representative data are shown.
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FIG 3 Inhibitory activities of LP-19 and control peptides against HIV-1, HIV-2, and SIV isolates. Inhibition of HIV-1,,, ;-mediated cell fusion (A), entry (B), and
infection (C); HIV-2;,5-mediated cell fusion (D) and infection (E); SIVpbj—mediated cell fusion (F) and entry (G); and SIV,;,-mediated cell fusion (H) and entry (1)
by T-10, 2P23, LP-11, and LP-19 was determined. The experiments were performed in triplicate and repeated 3 times. Percent inhibition of the peptides and

IC5,s were calculated. Data are expressed as means * standard deviations.

As shown in Fig. 3D and E, LP-19 possessed dramatically increased activity in inhibiting
HIV-2gop-mediated fusion and infection over T-20, 2P23, and LP-11. Specifically, LP-19
inhibited cell fusion with an IC;, of 2.27 nM, which indicated a 5.4-fold increase
compared to that of 2P23 (12.25 nM), a 251.01-fold increase compared to that of T-20
(569.8 nM), and a 9.23-fold increase compared to that of LP-11 (20.96 nM). Similarly,
LP-19 was the most potent inhibitor of SIV Env-mediated cell fusion and virus entry (Fig.
3F to I). In the fusion assay, LP-19 inhibited SIV,,,; and SIV,54 with IC54s of 0.67 and 2.28
nM, respectively, and 2P23, T-20, and LP-11 inhibited SIV,,,,; with IC5s of 1.91, 5.44, and
4.18 nM, respectively, and inhibited SIV,; with IC5ys of 2.64, 219, and 11.91 nM,
respectively. In the pseudovirus entry assay, LP-19 inhibited SIV,,; and SIV, ;¢ with IC5,s
of 0.48 and 0.58 nM, respectively, and 2P23, T-20, and LP-11 inhibited SIV,,,; with 1C54s
of 10.56, 246.41, and 17.38 nM, respectively, and inhibited SIV,;, with 1C5ys of 3.67,
402.77, and 2.9 nM, respectively. Taken together, these data demonstrated that LP-19
is a highly potent and broad fusion inhibitor against HIV-1, HIV-2, and SIV isolates and
verified that lipid conjugation is an efficient strategy to improve the antiviral activity of
CHR-derived peptide inhibitors.

LP-19 is highly active against diverse primary HIV-1 isolates and resistant
mutants. To further validate the broad anti-HIV activity of LP-19, we determined its
inhibition of diverse subtypes of HIV-1 isolates in comparison with T-20, 2P23, and
LP-11. Two panels of 29 total HIV-1 pseudoviruses were prepared and used in single-
cycle infection assays. The panel 1 Envs were routinely used in our laboratory; the panel
2 Envs, the so-called “global panel,” were recently selected on the basis of the genetic
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and antigenic variability of HIV-1 Envs representing the global AIDS epidemic (20). As
shown in Table 1, LP-19 efficiently inhibited diverse subtypes of HIV-1 isolates with a
mean IC,, of 0.5 nM (panel 1) or 0.41 nM (panel 2); in sharp contrast, 2P23, T-20, and
LP-11 inhibited the panel 1 viruses with mean IC,ys of 5.84, 39.43, and 1.29 nM,
respectively, and inhibited the panel 2 viruses with mean ICg,s of 4.35, 26.32, and 1.3
nM, respectively. These results demonstrated that LP-19 shows a large improvement
over T-20, 2P23, and LP-11.

We also constructed two panels of inhibitor-resistant pseudoviruses using NL4-3 Env
as a template. The panel 1 Envs were introduced with single or double mutations that
rendered resistance to T-20, while the panel 2 Envs were generated to carry HP23-
resistant mutations (21, 22). The data in Table 1 showed that T-20, 2P23, LP-11, and
LP-19 inhibited T-20-resistant mutants with mean IC;,s of 1,804.3, 1.05, 0.37, and 0.17
nM, respectively, while they inhibited HP23-resistant mutants with mean 1C.,s of 134.4,
36.52, 5.53, and 0.81 nM, respectively. Therefore, LP-19 has dramatically increased
potency against T-20- and HP23-resistant viruses.

LP-19 has strong and long-acting ex vivo antiviral activity. We previously
reported the long-acting antiviral activity of LP-11 in a rat model (16). Obviously, LP-19
showed much better in vitro antiviral activity than did LP-11, making it an ideal
candidate for further development. Thus, we decided to study the in vivo stability and
antiviral activity of LP-19 in nonhuman primates. To this end, T-20 and 2P23 were also
tested as controls. Each inhibitor was subcutaneously injected into six healthy rhesus
monkeys, and the pharmacological kinetics in sera was measured pre- or postadmin-
istration. As shown in Fig. 4A, the drug T-20 exhibited a serum peak level during 1 to
4 h after administration, with dilutions that inhibited 50% of virus infection ranging
from 40- to 46-fold. The unconjugated peptide 2P23 showed a serum peak level during
1 to 2 h with dilutions of 60- to 68-fold (Fig. 4B). For these two peptides, the anti-HIV
activity of sera could not be detected after 6 h, implying their short half-lives in vivo.
Strikingly, the lipopeptide LP-19 showed a serum peak level during 4 to 12 h with
dilutions ranging from 3,845- to 4,329-fold (Fig. 4C). For example, LP-19 reached serum
dilutions of 928-fold at 1 h and 2,282-fold at 2 h postinjection. Even after 60 or 72 h,
LP-19 still exhibited potent inhibitory activity with a serum dilution of 66- or 40-fold,
respectively, which was comparable to the peak levels of T-20 and 2P23. Furthermore,
LP-19 was given to monkeys intravenously, and its pharmacological kinetics was
evaluated similarly. It was found that LP-19 sharply reached a peak level with a serum
dilution of 99,107-fold at 1 h postinjection and then maintained a high level of activity
over 48 h (Fig. 4D). In comparison, lipid conjugation rendered the parental peptide
2P23 with dramatically improved pharmaceutical profiles (Fig. 4E). Therefore, we con-
clude that LP-19 is a highly potent, broad, and long-lasting lipopeptide HIV-1/2 fusion
inhibitor.

Therapeutic efficacy of LP-19 in acute SHIV infection. Highly encouraged by the
in vitro and ex vivo inhibitory data, we sought to observe the in vivo therapeutic efficacy
of LP-19. First, we initiated treatment of simian-human immunodeficiency virus
SF162P3 (SHIV¢g,62p3)-infected rhesus monkeys on day 11 after virus inoculation, when
acute infection had been established with the peak of virus replication. Twelve mon-
keys were randomly assigned to three groups and subcutaneously injected with normal
saline (group A), LP-19 (group B), and T-20 (group E) once daily for 4 weeks. Virus
replication reached the highest levels in all groups (average of 7.64 log,, RNA copies/
ml) and then declined naturally (Fig. 5A to C); however, LP-19 treatment obviously
increased the decline rate (Fig. 5D). As shown in Fig. 5B, the plasma viral loads in
monkeys B3, B1, and B2 declined to undetectable levels (100 copies/ml) by days 24, 28,
and 35, respectively, after the initiation of treatment. As expected, viral rebounds were
observed in all three monkeys in which treatment was effective after LP-19 was
withdrawn at 10 days. Unexpectedly, T-20 did not show appreciable therapeutic effects
on SHIV-infected monkeys, as the viral kinetics in treated monkeys were similar to those
in the group that received normal saline. Here, we speculate that T-20, due to a short
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TABLE 1 Inhibitory activity of fusion inhibitors against diverse primary HIV-1 isolates and
drug-resistant mutants?

Mean IC;, (nM) = SD

Pseudovirus Subtype T-20 2P23 LP-11 LP-19

Panel 1 primary viruses
92RW020 A 6.68 = 1.15 1.96 + 0.07 1.08 +0.18 0.39 = 0.01
92UG037.8 A 9.88 = 0.01 2.06 = 0.43 1.04 +0.25 0.36*0.03
SF162 B 6.42 +£0.13 1752 +0.65 326*0.77 0.69=*0.16
JRFL B 293 *+95 6.45 = 1.1 2.7 £ 0.64 1.56 = 0.27
AC10.0.29 B 3.9+1.08 1.36 = 0.02 0.38 £0.07 0.17 =0.08
5C422661.8 B 14.65 + 235 2.21 = 0.09 0.31+0.08 0.1 £0.02
BO1 B’ 66.09 = 9.23 6.2 £ 0.65 0.77 =0.19 0.22 £0.08
B02 B’ 52.2+1091 8.57 £2.39 1.50 =044 049 +=0.18
B04 B’ 14.03 = 477 475 *1.59 1.03+0.12 0.31*0.06
CAP45.2.00.G3 C 176.24 + 18.58 172 +36 1.61+091 0.88*0.25
ZM109F.PB4 C 13.33 49 1.07 = 0.11 1+0.28 0.37 £ 0.11
ZM53M.PB12 C 33.68 =76 0.91 = 0.04 0.69 =0.02 0.22 £0.08
AEO3 A/E 10.38 = 7.47 474 =243 047 =0.15 0.32 £0.08
AEO04 A/E 1832+ 12.83 723 £221 0.98 = 0.4 0.37 £0.18
CH64.20 B/C 2035+ 1.88 0.54 = 0.08 042 £0.17 0.14*=0.03
CHO070.1 B/C 159.45 * 36.32 6.84 = 1.04 318*+133 1.15*0.13
CH120.6 B/C 35.45 = 9.03 9.69 = 0.29 149 =054 0.83 =0.04
Mean 3943 5.84 1.29 0.5

Panel 2 primary viruses
398-F1_F6_20 A 38.12 = 4.62 1.43 = 0.08 0.58=0.22 0.11 £0.01
TRO.11 B 14.24 = 2.28 4,59 = 1.08 3.07£148 0.93*0.08
X2278_C2_B6 B 11.7 £1.99 1017 0.69 =0.02 0.13 £0.01
CE703010217_B6 C 43.11 = 9.81 5.20 = 0.36 142*+0.19 04 =*0.09
CE1176_A3 C 10.9 = 5.01 5.28 = 0.31 146 =028 046 *= 0.1
HIV_25710-2.43 C 20.12 = 2.69 2.15+0.33 0.7 £0.23 0.21 £ 0.1
X1632-52-B10 G 13.86 = 2.57 4.64 = 0.24 236 =0.61 0.99 = 0.04
246_F3_C10_2 A/C 3377 =754 4.13 041 1.11+026 033*0.11
CNE8 A/E 53.61 £ 6.38 11.94 =486 098+0.16 0.38=*0.01
CNE55 A/E 47.35 = 23.37 3.25*+0.08 0.58 =0.18 0.25 = 0.04
CH119.10 B/C 6.82 = 0.27 762 £0.6 135+0.23 035*0.1
BJOX002000.03.2 B/C 22.21 = 2.01 0.97 = 0.14 1.24+0.15 041 *0.1
Mean 26.32 435 13 0.41

T-20-resistant mutants
NL4-3\+ B 83.71 = 9.56 0.72 £ 0.07 0.21 £0.01 0.12 = 0.01
NL4-3,3,+ B 559.02 = 183.65 1.33*0.12 0.52=0.04 0.2 *0.07
NL4-3,554 B 1,383.67 £ 137.65 0.81 £0.15 0.32£0.09 0.15*0.06
NL4-3,55m B 774.8 * 96.45 1.14 £ 0.19 042 *+0.12 0.21 £0.01
NL4-3401 B 1,910.34 £103.71 1.19 £0.12 0.28 =0.08 0.15 £ 0.07
NL4-3 43k B 749.04 £157.25 1.19 £0.21 0.29 £0.07 0.15=*=0.05
NL4-3p365v38m B 423.45 +9.36 1.36 = 0.33 0.63 =0.24 0.27 £0.06
NL4-3,3,7/n43k B 7187 £4,941.26 128 £0.2 048 £0.14 0.22*+0.08
NL4-3\55a/n42T B 3,167.67 = 961.19 0.4 = 0.06 0.14 = 0.04 0.06 = 0.02
Mean 1,804.3 1.05 0.37 0.17

HP23-resistant mutants
NL4-3¢40¢ B 176.7 = 1.46 5.1 %051 044 £0.16 0.12*0
NL4-3 5, B 46.24 + 11.17 39.62*+19.64 416 *=1.05 043*0.18
NL4-3 126k B 209.87 = 5.17 1.22 = 0.61 0.67 £0.06 0.31*=0.03
NL4-3¢,366 B 143.28 £ 77.63 4.68 = 0.41 1.72+0.84 0.62*0.16
NL4-3g40k/N126K B 190.03 + 37.03 494 + 0.48 2.7 £0.04 0.59 = 0.04
NL4-3, 57r/e1366 B 40.28 = 12,6 168.49 = 0.37 23.51 £3.57 2.76 = 0.21
Mean 134.4 36.52 5.53 0.81

9The assay was performed in triplicate and repeated 3 times.
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FIG 4 Ex vivo antiviral activities of LP-19 and control peptides. Each of the inhibitors was subcutaneously or intravenously injected
into six rhesus monkeys at 3 mg/kg, and monkey sera were harvested at different time points before or after injection. (A to D)
The antiviral activities of sera from monkeys administered T-20 (A), 2P23 (B), and LP-19 (C and D) were tested by an HIV-1,.5-
based single-cycle infection assay, and serum dilutions required for 50% inhibition of virus infection were calculated. sc,
subcutaneous injection; iv, intravenous injection. (E) Comparison of HIV-inhibitory activities of monkey sera. A Mann-Whitney U
test was performed to judge the significance of the difference between treatment groups (P = 0.0026 for LP-19 versus 2P23, P =
0.0026 for LP-19 versus T-20, P = 0.62 for T-20 versus 2P23, P = 0.2382 for LP-19 [subcutaneous injection] versus LP-19
[intravenous injection], and P = 0.0433 for LP-19 [subcutaneous injection] versus LP-19 [intravenous injection] during 0 to 36 h).

half-life (~3.8 h), might require more frequent injections to achieve efficacy, similar to
its use in clinics (90 mg twice daily).

Therapeutic efficacy of LP-19 in chronic SHIV infection. We were intrigued to
know the therapeutic efficacy of LP-19 in chronic infection. For this, eight monkeys
were intravenously infected with SHIVg,6,p5 for 4 months, when chronic infection had
been established with set point viral loads of 3.01 to 5.06 log,, RNA copies/ml. Group
C monkeys (monkeys C1 to C4) were treated with normal saline, and group D monkeys
(monkeys D1 to D4) were treated with LP-19 once daily for 4 weeks. As a control,
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FIG 5 Therapeutic efficacy of LP-19 in acutely SHIV-infected rhesus monkeys. (A to C) Starting from day 11 after virus inoculation, 12
SHIV¢e,6,p5-infected monkeys were subcutaneously treated with normal saline (A), LP-19 (B), or T-20 (C) once daily for 4 weeks. The plasma viral
loads of monkeys were measured at different time points by quantitative PCR. (D) Comparison of the viral load kinetics in monkeys treated with
LP-19 and controls. A Mann-Whitney U test was performed to judge the significance of the difference during treatment (P = 0.0304 for LP-19
versus saline, P = 0.0315 for LP-19 versus T-20, and P = 1.000 for T-20 versus saline).

treatment with saline had no effect on the viral loads in monkeys (Fig. 6A). Strikingly,
we observed rapid and precipitous declines of plasma viral loads to undetectable levels
by day 7 in 3 of 4 monkeys treated with LP-19 (Fig. 6B). Monkey D2, with the highest
baseline viral load, also showed a fast decline during the first week of treatment,
which gradually reached an undetectable level at week 5. As expected, the viral
loads rebounded in all of the LP-19-treated monkeys after LP-19 was stopped at 2
weeks (Fig. 6C).

DISCUSSION

Highly active antiretroviral therapy (HAART) has been very successful in treating
HIV-1 infection. However, the persistence of HIV-1 infection requires lifelong therapy
that can result in drug resistance. Thus, there is a need to develop antiretroviral drugs
that work earlier in the virus life cycle, such as HIV-1 entry inhibitors targeting its
membrane fusion step. In this study, we generated LP-19 as a helical lipopeptide-based
viral fusion inhibitor. Ideally, it showed high binding stability and potent inhibitory
activity against HIV-1, HIV-2, and even SIV isolates. We also demonstrated that LP-19
exhibited broad activity in inhibiting diverse subtypes of HIV-1 isolates and T-20- and
HP23-resistant mutants. Ex vivo experiments confirmed that LP-19 was an extremely
potent and long-lasting fusion inhibitor in rhesus macaques. Furthermore, LP-19 had
strong therapeutic efficacy in both acutely and chronically SHIV-infected monkeys.
Therefore, we believe that LP-19 is a promising candidate for clinical use.

In the last decade, we dedicated our efforts to exploring the mechanism of HIV-1
fusion and to developing new viral fusion inhibitors. We previously found that the intra-
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FIG 6 Therapeutic efficacy of LP-19 in chronically SHIV-infected rhesus monkeys. (A and B) After virus
inoculation for 4 months, eight SHIV, ,p5-infected monkeys were subcutaneously treated once daily for
4 weeks with normal saline (A) or LP-19 (B). The plasma viral loads of monkeys were measured at different
time points by quantitative PCR. (C) Comparison of the viral load kinetics in monkeys treated with saline
and LP-19. A Mann-Whitney U test was performed to judge the significance of the difference after
treatment (P = 0.007 for LP-19 versus saline).

and interhelical salt bridges of the gp41 6-HB structure play important roles for HIV-1
entry and its inhibition (23-25). We discovered that the upstream motif of the gp41
CHR critically determines the binding affinity and inhibitory activity of CHR-derived
inhibitors (26, 27). By determining the crystal structures of newly designed peptides
containing the upstream CHR sequence, an M-T hook structure was surprisingly iden-
tified, which was formed by two residues (Met115 and Thr116) immediately preceding
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the pocket-binding domain (PBD) of peptides (9, 10, 28). The M-T hook structure
dramatically enhances the binding and inhibitory activities of diverse CHR-derived
inhibitors and confers a high genetic barrier to inducing resistance (11, 13, 14). A potent
short-peptide inhibitor specifically targeting the gp41 pocket site was designed by
incorporating two M-T hook residues (8, 12). To overcome the problem of a peptide-
based inhibitor that usually has a short in vivo half-life, we generated lipopeptides by
conjugating different lipids that can anchor the inhibitors to the cell membranes, thus
elevating the local drug concentration at the site where viral fusion occurs (16, 17,
29-31). Apart from its membrane-tropic feature, a lipopeptide can bind to serum
proteins that can largely extend its in vivo half-life (32-34). To improve the inhibitory
function of an inhibitor against HIV-2 isolates, we recently generated a short helical
peptide (2P23) by incorporating an HIV-2 sequence (15). Actually, the present inhibitor,
LP-19, was created by integrating all these strategies, including an M-T hook structure
at its N terminus, multiple intrahelical salt bridges at its i and i+3 or i+4 positions, and
a lipid anchor at its C terminus. It is conceivable that LP-19 mainly targets the highly
conserved pocket region of gp41 on the targeting cell membrane where fusion occurs,
and a relatively longer linker between the peptide sequence and the fatty acid chain
would render its functional flexibility.

The most prominent result for LP-19 was its robust therapeutic efficacy in SHIV-
infected rhesus monkeys. Short-term LP-19 monotherapy rapidly reduced viral loads to
undetectable levels in both acute and chronic SHIV infections. To our knowledge, there
has been no viral fusion inhibitor tested in a nonhuman primate model. The in vivo
potency of LP-19 should be highly appreciated if we review previous short-term
monotherapy with other anti-HIV drugs in clinics (2, 35-39), such as T-20 (—1.96 log;,
RNA copies/ml); the second-generation fusion inhibitor T-1249 (—1.26 log,, RNA
copies/ml); the CCR5 antagonist maraviroc (—1.6 log,, RNA copies/ml); the reverse
transcriptase inhibitors zidovudine (—0.52 log,, RNA copies/ml), lamivudine (—1.19
log,, RNA copies/ml), and efavirenz (—1.68 log,, RNA copies/ml); as well as the
protease inhibitor ritonavir (—1.38 log,, RNA copies/ml). Ten-day monotherapy with a
high dose (5 g per day) of VIR-576, a naturally occurring HIV-1 fusion inhibitor targeting
the fusion peptide of gp41, reduced the viral load by 1.23 orders of magnitude (40, 41).
It is highly expected that the potency of LP-19 in monkeys could be translated to the
clinical setting.

HIV-2 isolates have already spread to different regions worldwide, and currently,
about 1 million to 2 million people have been infected, mostly in West Africa. HIV-1 and
HIV-2 have different evolutionary histories and share only 50% genetic similarity (42,
43). However, all currently available antiretroviral drugs were specifically developed to
inhibit HIV-1 entry and replication, and consequently, some drugs in clinical use have
limited or no anti-HIV-2 activity, including all nonnucleoside reverse transcriptase
inhibitors, some protease inhibitors, and the fusion inhibitor T-20 (44-47). It is also
expected that LP-19 would provide a powerful tool for treating HIV-2 infection. Addi-
tionally, as a strong and stable HIV-1/2 entry inhibitor, LP-19 would serve as a prophy-
lactic agent such as a topical microbicide. Taken together, these features make LP-19 a
highly potent, broad, and long-lasting fusion inhibitor, and thus, it has high potential
for clinical development. The lipopeptide-based strategy may also be applicable for the
development of fusion inhibitors against other enveloped viruses, such as influenza
virus and respiratory syncytial virus (RSV).

MATERIALS AND METHODS

Cells and reagents. HEK293T cells were purchased from the American Type Culture Collection
(ATCC) (Rockville, MD). U87 CD4* CXCR4™ cells stably expressing CD4 and CXCR4; TZM-bl indicator cells
stably expressing CD4 and CCR5 along with endogenously expressed CXCR4; and plasmids for HIV-1 Env
panels (subtypes A, B, B, C, G, A/C, A/E, and B/C), a molecular clone of HIV-1 reference strain NL4-3
(pNL4-), and SHIV, .05 Were obtained through the AIDS Reagent Program, Division of AIDS, NIAID, NIH.
A molecular clone of HIV-2 strain ROD (pROD) was kindly provided by Nuno Taveira at the Faculty of
Pharmacy, University of Lisbon, Lisbon, Portugal. Two plasmids encoding SIV Env (pSIVpbj-Env and
pSIV239-Env) were kindly provided by Jianging Xu at the Shanghai Public Health Clinical Center and
Institutes of Biomedical Sciences, Fudan University, Shanghai, China. Cells were cultured in complete
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growth medium that consisted of Dulbecco’s minimal essential medium (DMEM) supplemented with
10% fetal bovine serum, 100 U/ml of penicillin-streptomycin, 2 mM L-glutamine, T mM sodium pyruvate,
and 1X MEM nonessential amino acids (Gibco/Invitrogen, USA) and were maintained at 37°C in 5% CO.,.

Peptide synthesis. Peptides were synthesized on rink amide 4-methylbenzhydrylamine (MBHA) resin
using a standard solid-phase 9-flurorenylmethoxycarbonyl (FMOC) method as described previously (16).
All peptides were acetylated at the N terminus and amidated at the C terminus. For lipopeptides, the
template peptides contain a lysine residue at the C terminus with a 1-(4,4-dimethyl-2,6-dioxocyclo-
hexylidene)ethyl side-chain-protecting group, enabling the conjugation of a fatty acid that requires a
special deprotection step in a solution of 2% hydrazinehydrate-N,N-dimethylformamide (DMF). Peptides
were purified by reverse-phase high-performance liquid chromatography (HPLC) to more than 95%
homogeneity and were identified by mass spectrometry. Concentrations of the peptides were deter-
mined by UV absorbance and a theoretically calculated molar extinction coefficient based on the
tryptophan and tyrosine residues.

CD spectroscopy. CD spectroscopy was performed according to protocols that we described
previously (10). Briefly, a CHR 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 the NHR
peptide N36. CD spectra were acquired 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 the subtraction of a solvent blank. The a-helical content was calculated from the CD signal by dividing
the mean residue ellipticity ([0]) at 222 nm by the value expected for 100% helix formation (—33,000° -
cm? - dmol~"). Thermal denaturation was performed by monitoring the ellipticity change at 222 nm from
20°C to 98°C at a rate of 2°C/min, and the T,, was defined as the midpoint of the thermal unfolding
transition.

Cell fusion assay. A dual-split-protein (DSP)-based assay was performed to determine HIV or SIV
Env-mediated cell-cell fusion as described previously (48, 49). Briefly, a total of 1.5 X 10* HEK293T cells
(effector cells) were seeded onto a 96-well plate, and a total of 8 X 10% U87 CD+ CXCR4™" cells (target
cells) were seeded onto a 24-well plate. On the following day, effector cells were transfected with a
mixture of an Env-expressing plasmid and a DSP,_, plasmid, and target cells were transfected with a
DSPg_,, plasmid. At 48 h posttransfection, the target cells were resuspended in 300 ul prewarmed
culture medium, and 0.05 ul EnduRen live-cell substrate (Promega, Madison, WI) was added to each well.
Aliquots of 75 ul of the target cell suspension were then transferred over each well of the effector cells
in the presence or absence of serially 3-fold-diluted fusion inhibitors. The cells were then spun down to
maximize cell-cell contact and incubated for 1 h at 37°C. Luciferase activity was measured by using
luciferase assay regents and a luminescence counter (Promega). The percent inhibition of cell fusion and
IC, values were calculated by using GraphPad Prism software (GraphPad Software Inc., San Diego, CA).

Single-cycle infection assay. A single-cycle infection assay was performed as described previously
(50). Briefly, HIV-1 or SIV pseudoviruses were generated via the cotransfection of HEK293T cells with an
Env-expressing plasmid and a backbone plasmid, pSG3Aenv, that encodes an Env-defective, luciferase-
expressing HIV-1 genome. Culture supernatants were harvested 48 h after transfection, and 50% tissue
culture infectious doses (TCID,,) were determined in TZM-bl cells. To measure the antiviral activity of
inhibitors, peptides were prepared in 3-fold dilutions, mixed with 100 TCID,, of viruses, and then
incubated for 1 h at room temperature. The mixture was added to TZM-bl cells (10 cells/well), and the
cells were incubated for 48 h at 37°C. Luciferase activity was measured by using a luminescence counter
(Promega), and IC,,s were calculated as described above.

Inhibition of infectious HIV-1, , ; and HIV-2_, isolates. The antiviral activity of fusion inhibitors
was assessed by using molecular clones of replication- and infection-competent HIV-1,, , ; and HIV-2.,,
as two indicator viruses. Briefly, viral stocks were prepared by transfecting a plasmid (pNL4-3 or pROD)
into HEK293T cells. Culture supernatants were harvested at 48 h posttransfection, and the TCID,, in
TZM-bl cells was quantified. Viruses were used (100 TCIDy,) to infect TZM-bl cells in the presence or
absence of serially 3-fold-diluted inhibitors. Cells were harvested at 2 days postinfection and lysed in
reporter lysis buffer, and luciferase activity was measured as described above.

Ex vivo anti-HIV activity of inhibitors. We previously developed a simple and sensitive system for
evaluating the ex vivo antiviral activity of an inhibitor without animal infection facilities (16). Here, we
adapted this method to a nonhuman primate model. Six Chinese rhesus macaques (Macaca mulatta) (3
males and 3 females aged 3 to 4 years and weighing 3.4 to 4.7 kg) were used to assess the ex vivo anti-HIV
activity of LP-19, its parent peptide 2P23, as well as T-20. Briefly, an inhibitor was subcutaneously
administered to macaques at 3 mg/kg of body weight. Macaque sera were harvested before injection (0
h) and after injection (1, 2, 4, 6, 8, 12, 18, 24, 36, 48, 60, and 72 h). The anti-HIV activity of all the sera was
determined with the HIV-1,, ; isolate in a single-cycle infection assay. The 50% effective concentration
was defined as the fold serum dilution that inhibited 50% of virus infection.

Therapeutic efficacy of LP-19 in SHIV-infected rhesus monkeys. Twenty adult Chinese rhesus
macaques were screened and found to be negative for SIV, herpesvirus B, and simian T-lymphotropic
virus. SHIVs (SF162P3) were expanded on macaque peripheral blood mononuclear cells (PBMCs), and the
TCIDs, was quantitated. Macaques were intravenously inoculated with 1,000 TCID,, of viruses and
randomly assigned to 5 treatment groups (4 monkeys/group). For treatment of acute infection (groups
A, B, and E), macaques were subcutaneously injected with 1 ml of a 0.9% saline solution, LP-19 (3 mg/kg),
or T-20 (3 mg/kg) once daily for 4 weeks from day 11 after virus inoculation. For treatment of chronic
infection, the same doses of LP-19 or controls were subcutaneously given once daily for 4 weeks from
day 118 after virus inoculation.
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Measurement of plasma viral loads by qRT-PCR. Plasma viral loads were determined by a
quantitative real-time reverse transcription-PCR (qRT-PCR) assay for SIV gag477 with the upstream primer
GCAGAGGAGGAAATTACCCAGTAC, the downstream primer CAATTTTACCCAGGCATTTAATGTT and the
probe FAM (6-carboxyfluorescein)-ACCTGCCATTAAGCCCGA-MGB on a Perkin-Elmer ABI 7500 instrument.
Viral RNA was extracted and purified from cell-free plasma by using the QlAamp viral RNA minikit
(Qiagen, Valencia, CA). RNA was eluted in 20 ul of nuclease-free water and frozen immediately at —80°C
until analysis. The SIV gag477 cDNA sequence was used as a positive control for PCR. The limits of
detection were 100 copy equivalents of RNA per ml of plasma. Triplicate test reactions were performed
for each sample.
Ethics statement. Protocols for the ex vivo studies were approved by the Institutional Animal Care
and Use Committee (IACUC) of the Beijing Institute of Microbiology and Epidemiology (approval no.
2016-15). Protocols for the in vivo studies were approved by the IACUC (51) at the Institute of Laboratory
Animal Science, Chinese Academy of Medical Sciences (approval no. ILAS-VL-2015-004). All monkeys
were housed and fed in an Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC)-accredited facility. The study of animals was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal
Science to ensure personnel safety and animal welfare. All animals were anesthetized with ketamine
hydrochloride (10 mg/kg) prior to the procedures. The experiments were performed in a biosafety level
3 laboratory.
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