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ABSTRACT We recently reported a group of lipopeptide-based membrane fusion
inhibitors with potent antiviral activities against human immunodeficiency virus type
1 (HIV-1), HIV-2, and simian immunodeficiency virus (SIV). In this study, the in vivo
therapeutic efficacy of such a lipopeptide, LP-52, was evaluated in rhesus macaques
chronically infected with pathogenic SIVmac239. In a pilot study with one monkey,
monotherapy with low-dose LP-52 rapidly reduced the plasma viral loads to below
the limit of detection and maintained viral suppression during three rounds of structur-
ally interrupted treatment. The therapeutic efficacy of LP-52 was further verified in four
infected monkeys; however, three out of the monkeys had viral rebounds under the
LP-52 therapy. We next focused on characterizing SIV mutants responsible for the in vivo
resistance. Sequence analyses revealed that a V562A or V562M mutation in the
N-terminal heptad repeat (NHR) and a E657G mutation in the C-terminal heptad repeat
(CHR) of SIV gp41 conferred high resistance to LP-52 and cross-resistance to the peptide
drug T20 and two newly designed lipopeptides (LP-80 and LP-83). Moreover, we
showed that the resistance mutations greatly reduced the stability of diverse fusion in-
hibitors with the NHR site, and V562A or V562M in combination with E657G could sig-
nificantly impair the functionality of viral envelopes (Envs) to mediate SIVmac239 infec-
tion and decrease the thermostability of viral six-helical bundle (6-HB) core structure. In
conclusion, the present data have not only facilitated the development of novel anti-HIV
drugs that target the membrane fusion step, but also help our understanding of the
mechanism of viral evolution to develop drug resistance.

IMPORTANCE The anti-HIV peptide drug T20 (enfuvirtide) is the only membrane fu-
sion inhibitor available for treatment of viral infection; however, it exhibits relatively
weak antiviral activity, short half-life, and a low genetic barrier to inducing drug re-
sistance. Design of lipopeptide-based fusion inhibitors with extremely potent and
broad antiviral activities against divergent HIV-1, HIV-2, and SIV isolates have pro-
vided drug candidates for clinical development. Here, we have verified a high thera-
peutic efficacy for the lipopeptide LP-52 in SIVmac239-infected rhesus monkeys. The
resistance mutations selected in vivo have also been characterized, providing in-
sights into the mechanism of action of newly designed fusion inhibitors with a
membrane-anchoring property. For the first time, the data show that HIV-1 and SIV
can share a similar genetic pathway to develop resistance, and that a lipopeptide fu-
sion inhibitor could have a same resistance profile as its template peptide.
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IV entry into target cells is mediated by trimeric envelope (Env) glycoproteins

composed of the surface subunit gp120 and the noncovalently associated trans-
membrane subunit gp41 (1, 2). As modeled, binding of gp120 to the cellular receptor
CD4 and a coreceptor (CCR5 or CXCR4) triggers dramatic structural changes in the Env
complex and activates the fusogenic activity of gp41. First, the N-terminal fusion
peptide (FP) of gp41 inserts into the cell membrane to bridge the viral and cellular
membranes; then, three C-terminal heptad repeats (CHR) of gp41 pack antiparallelly
into three hydrophobic grooves formed by central N-terminal heptad repeat (NHR)
coiled coils, resulting in a six-helix bundle (6-HB) structure that pulls two membranes in
close apposition for fusion (3-5). CHR- or NHR-derived peptides can bind to the gp41
prehairpin intermediate and block 6-HB formation, and thus possess potent anti-HIV
activities. Currently, T20 (enfuvirtide), a 36-mer CHR peptide, is the only fusion inhibitor
available for treatment of viral infection, and is effective in combination therapy for
HIV-1 infection (6-8). However, T20 has relatively low therapeutic efficacy and a short
half-life, and it easily induces drug resistance (9, 10).

Previous studies have demonstrated that chemically or genetically anchoring fusion
inhibitor peptides to the cell surface is a vital strategy for improving antiviral activity
(11-19). It is thought that the resulting peptides can interact with the cell membranes,
thus raising the local concentrations of the inhibitors at the site where viral entry occurs
(11, 15). By using this strategy, we previously developed short lipopeptides with a
template that mainly targets the gp41 NHR pocket site, which exhibited greatly
increased in vitro, ex vivo, and in vivo antiviral activities and stability (13, 14). As
illustrated in Fig. 1, we also modified T20 by replacing its C-terminal lipid-binding
sequence with a fatty acid group, generating a lipopeptide (LP-40) with a markedly
increased potency (20). Astonishingly, the further optimization of LP-40 with different
peptide sequences and conjugation strategies rendered a group of lipopeptides (LP-50,
LP-51, LP-52, LP-80, and LP-83) with extremely potent and broad antiviral activities
(21-24). In the in vitro studies, they inhibited divergent HIV-1, HIV-2, simian immuno-
deficiency virus (SIV), and T20-resistant strains with mean 50% inhibitory concentrations
(IC508) in the very low picomolar range. Of these lipopeptides, LP-51 and LP-80
exhibited high therapeutic efficacies in chimeric simian-human immunodeficiency virus
(SHIV)-infected rhesus macaques (22, 24). In this study, we evaluated the in vivo antiviral
activity of the lipopeptide LP-52 in SIV-infected rhesus macaques to assess its potential
therapeutic efficacy. SIV mutants selected by LP-52 in treated monkeys were further
characterized, providing critical information on the resistance pathway and mechanism
of lipopeptide-based viral fusion inhibitors that possess membrane-anchoring features.

RESULTS

Therapeutic efficacy of LP-52 in SIV-infected rhesus macaques. As demonstrated
by our previous studies (21), the lipopeptide LP-52 was an extremely potent fusion
inhibitor against diverse HIV-1/2 and SIV isolates. To gain insight into its therapeutic
potential, we here evaluated LP-52 in SIV-infected rhesus macaques. Because one
monkey (designated M1) chronically infected by SIVmac239 over 440 days was avail-
able, a pilot experiment was initiated by subcutaneously treating monkey M1 with
LP-52 at 3 mg/kg of body weight once daily for 4 weeks. As shown in Fig. 2A, the
plasma viral load of monkey M1 decreased from 4.2 log,, RNA copies/ml to below the
detection limit (100 copies/ml) at day 3 after the initiation of treatment, which was
the first blood sampling time after three drug injections. The viral load retained
undetectable during the treatment but it rebounded 14 days after LP-52 was with-
drawn. After a 120-day interruption, a second round of treatment was given to monkey
M1 with the same dosage of LP-52 (3 mg/kg once daily for 4 weeks). Similarly, the
plasma viral load quickly declined from 4.6 log,, RNA copies/ml to an undetectable
level after three injections and maintained undetectable during the treatment. After a
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FIG 1 Schematic diagram of SIV/HIV gp41 and peptide derivatives. (A) The sequence structure of gp41
and fusion inhibitor peptides. FP, fusion peptide; NHR, N-terminal heptad repeat; CHR, C-terminal heptad
repeat; 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 of HIV-1,,., reference are
marked, and in which the “GIV" motif is colored blue. The pocket-binding domain (PBD) and tryptophan-
rich motif in the CHR sequence are colored red and purple, respectively. C16, C18, and Chol in
parentheses represent palmitic acid, stearic acid, and cholesterol, respectively; PEG8 represents a flexible
linker of 8-unit polyethylene glycol. Engineered amino acids in newly designed lipopeptides are marked
in pink. (B) SIVmac239 Env-derived NHR and CHR peptides. The amino acids corresponding to the
characterized resistance mutations are marked in blue.

120-day break, the monkey was treated with a reduced dosage of LP-52 (1 mg/kg once
daily for 4 weeks). Encouragingly, the viral load declined to below the detection limit
after treatment for 14 days and was fully controlled during the treatment period.

To further evaluate the therapeutic efficacy of LP-52, four rhesus monkeys (desig-
nated M2 to M5) were intravenously infected with SIVmac293 over 3 months, by which
time chronic infection had been established with set point viral loads of 4.9 to 6.5 log;,
RNA copies/ml. The monkeys were subcutaneously treated with LP-52 at 1 mg/kg once
daily for 4 weeks. As shown, the plasma viral load of monkey M2 declined precipitously
to below the detection limitation at day 3 after the initiation of treatment and retained
undetectable during the treatment (Fig. 2B). The viral load in monkey M3 was also
undetectable by day 14, but a viral rebound was observed by day 28 before the last
injection was given (Fig. 2C). The viral load of monkey M4 declined from 6.5 to 4.3
log,, RNA copies/ml and then rebounded to a baseline level by day 21 (Fig. 2D).
Monkey M5 had a viral load that declined from 5.6 log;,, RNA copies/ml to an
undetectable level by day 21 and then rebounded under the LP-52 treatment (Fig.
2E). Taken together, these results suggested that LP-52 was effective in treating SIV
infection in rhesus monkeys, but a dosage of 1 mg/kg per day might not be enough
to efficiently control SIV replication.

In vivo selection of SIV mutants resistant to LP-52. To understand the mechanism
of action of our newly designed lipopeptide fusion inhibitors, we focused on identifying
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FIG 2 Therapeutic efficacy of LP-52 in SIV-infected rhesus macaques. (A) Pilot study of structurally interrupted
treatment of a rhesus monkey (M1) chronically infected with SIVmac239 over 440 days. LP-52 was subcutaneously
administered at 3 mg/kg for the first and second rounds of treatment and at 1 mg/kg for the third round of
treatment. (B to E) Treatment of rhesus monkeys M2 to M5 chronically infected with SIVmac239. After viral
intravenous inoculation for 97 days, LP-52 was subcutaneously administered once daily for 4 weeks. The plasma

viral loads and blood CD4* T cells of the monkeys were monitored at different time points.

the genetic mutations that mediated SIV rebound during the LP-52 treatment. The
entire set of SIV env genes was amplified by PCR from the plasma samples of monkeys
M3, M4, and M5 and cloned into an expression vector for DNA sequencing. As shown
in Table 1, a total of 27 env clones were obtained from three monkeys and all the clones
contained a single V562M or V562A mutation in the gp41 NHR site. In addition, an
E567G mutation in the CHR site was frequently identified in the Envs from monkey M3,
whereas a S760G mutation in the cytoplasmic tail region of gp41 universally emerged
in the Envs cloned from monkey M5. In the gp120 subunit, all the Envs from monkey
M5 also possessed a consistent F346L mutation. No consistent substitutions that
apparently caused the resistance were localized in the other sites of gp120 or gp41
sequence.

Resistance profile of SIV and HIV mutants to LP-52. In order to identify the
mutations responsible for LP-52 resistance, we generated a panel of SIVmac239 env
mutants that carried a single or combined amino acid substitution as characterized
above. The corresponding pseudoviruses were prepared to determine the inhibitory
activity of LP-52 by a single-cycle infection assay. As shown in Table 2, a single V562A
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TABLE 1 Characterization of LP-52-selected mutations in SIVmac239 Env protein

Monkey SIV env

ID clone gp120 mutation gp41 mutation

M3 m3-1 V562M, E657G

M3 m3-2 E283G V562M, A836V

M3 m3-3 V562M, E657G

M3 m3-4 V562M, E657G

M3 m3-5 V562M, E657G

M3 m3-6 Q359R V562A, K631E

M3 m3-7 V562M, A836V, D851G

M3 m3-8 V562M, E657G

M3 m3-9 V562M, E657G

M4 m4-1 E66G, M309I, G348K, M404l, 1502V V562M, 1710V, 1737T, S806T, A807V

M4 m4-2 T118P, E163G V562M, R705K, 1710V, G754R, W838R,
R858K

M4 m4-3 E66G, M309I, G348K, M404l, 1502V V562M, 1710V, 1737T, S806T, A807V

M4 m4-4 V562A

M4 m4-5 V562M, L802F

M4 m4-6 V562A, A608T, N759D

M4 m4-7 1502V V562M, L802F, H831R

M5 m5-1 F346L V562A, S760G

M5 m5-2 F346L V562A, S760G

M5 m5-3 F346L V562A, S760G, R839K

M5 mb5-4 F346L V562A, S760G

M5 m5-5 F346L V562A, S760G

M5 mb5-6 F346L V562A, S760G

M5 m5-7 F346L V562A, S760G

M5 m5-8 Y21S, F346L V562A, S760G

M5 m5-9 F346L V562A, S760G

M5 m5-10 F346L V562A, S760G

M5 m5-11 F346L V562A, S760G

or V562M mutation in the NHR of gp41 rendered the virus highly resistant to LP-52,
with a resistance level of 324.59- or 31.65-fold changes (FC). Interestingly, a single CHR
mutation, E657G, also conferred 5.12-fold resistance to LP-52, and it dramatically
boosted the resistance levels mediated by V562A and V562M mutations. Specifically,
the viruses with double mutations of V562A/E657G and V562M/E657G displayed
4,747.1- and 401.41-fold resistance, respectively. The mutations F346L in gp120 and

TABLE 2 Resistance profiles of diverse HIV fusion inhibitors?

Journal of Virology

LP-52 T20 LP-80 LP-83 LP-19

Pseudovirus ECs, (nM) FC EC5, (nM) FC EC5, (nM) FC EC5, (nM) FC EC5, (nM) FC

SIVmac239
WT 0.09 = 0.01 1 394.55 = 22.56 1 0.03 + 0.001 1 0.002 £0.000 1 0.38 = 0.03 1
F346L 0.08 = 0.03 0.94 400.58 + 30.16 1.02 0.03 = 0.004 1.09 0.002 £0.000 1 0.38 = 0.02 0.99
V562A 27.59 + 3.31 3246  23832.66 = 1590.59 60.4 1.83 +0.43 70.19 0.025*+0.002 12,67 0.33*=0.03 0.86
V562M 2.69 = 0.41 31.65 3188.33 £ 775.16 8.08 0.38 = 0.05 1446 0.013 £0.001 6.5 0.25 + 0.01 0.67
E657G 044 +0.2 5.12 811.77 = 228.22 2.06 0.17 = 0.01 6.5 0.006 = 0.001 3.17 1.35 +0.26 3.55
S760G 0.07 = 0.02 0.76 339.27 = 74.99 0.86 0.03 = 0.01 1.1 0.002 £0.001 0.83 0.36 = 0.03 0.94
V562A/E657G  403.5 +76.27 4747 2154856 + 214345 5462 108.78 = 6.61 4184 0.696 = 0.140 348 1.24 +0.22 3.27
V562M/E657G  34.12 = 14.1 401.4 5344.44 +872.17 1355 3.19=0.49 122.,5 0.09 = 0.004 4517 0.73 =0.05 1.92
V562A/S760G  20.93 + 5.49 246.2  12122.89 +=2895.06 30.73 1.03 =0.09 39.65 0.031*+0.006 1533 0.36*0.03 0.95
V562M/S760G  3.31 = 0.89 38.94 2795.22 = 370.75 7.08 0.31 = 0.05 11.76  0.014 £ 0.004 6.83 0.21 = 0.01 0.56
E657G/S760G  0.38 = 0.17 4.47 899.03 = 92.97 2.28 0.13 £ 0.03 4.82 0.006 = 0.001 3 1.06 = 0.09 2.78

HIV-1 NL4-3
WT 0.01 = 0.002 1 103.18 + 2.49 1 0.004 +0.001 1 0.002 +0.000 1 0.14 = 0.02 1
V547A 0.27 = 0.03 4226 1577.78 = 204.37 1529 0.25*+0.06 62 0.016 £ 0.001 8 0.16 = 0.003 1.16
V547M 0.15 = 0.02 23.16  537.26 £ 58.61 5.21 0.12 = 0.02 31 0.008 £0.001 4 0.21 = 0.01 1.49
E646G 0.01 = 0.002 1.84 125.97 + 9.46 1.22 0.01 = 0.004 3 0.001 +£0.000 0.5 0.17 = 0.02 1.24
V547A/E646G  0.71 £0.15 111.6  1519.33 + 164.57 1473 0.67 = 0.1 167.8 0.043 £0.016 215 0.17 = 0.03 1.23
V547M/E646G  0.39 = 0.04 62.11 660 * 56.7 6.4 0.26 = 0.08 65.75 0.011 =0.004 5.5 0.2 = 0.06 1.44

aData were derived from three independent experiments and express as means = standard deviations; FC, fold change; EC5,, 50% effective concentration.

August 2020 Volume 94 Issue 15 e00384-20

jviasm.org 5


https://jvi.asm.org

Yu et al.

S760G in the gp41 cytoplasmic site did not contribute to the resistance. We also
generated a panel of HIV-1 pseudoviruses with Envs bearing a single V562A/M muta-
tion or in combinations with E657G, which also displayed high levels of resistance to
LP-52, verifying the roles of the characterized mutations in the resistance phenotypes.

Cross-resistance to the peptide drug T20 and newly designed lipopeptides. We
next sought to characterize the cross-resistance profiles of LP-52-induced mutants to
T20 and newly designed lipopeptides. As shown in Table 2, SIV mac239 with V562A,
V562M, and E657G displayed 60.4-, 8.08-, and 2.06-fold resistance levels to T20, respec-
tively, whereas HIV-1 NL4-3 with V547A, V546M, and E646G conferred 15.29-, 5.21-, and
1.22-fold resistance to T20, respectively. E657G did not show an enhancing effect on
the V562A- and V562M-mediated T20 resistance. The V562A, V562M, and E657G
mutations also mediated cross-resistance to the lipopeptide inhibitors LP-80 and LP-83,
which share the same peptide sequence with LP-52 but possess increased antiviral
activities (23, 24). Similar to that of LP-52, both the V562A/M-mediated resistance to
LP-80 and LP-83 could be boosted by an E657G mutation. In contrast, V562A and
V562M did not render either the SIV or HIV-1 isolates cross-resistant to LP-19, a small
lipopeptide inhibitor mainly targeting the NHR pocket site rather than the T20- and
LP-52-resistance sites (14). It was also noteworthy that a single E657G mutation
remained to mediate mild resistance to LP-19 in SIVmac239 but not HIV-1 NL4-3.

The resistance mutations reduced the binding stability of fusion inhibitors. To
exploit the underlying mechanism of LP-52-selected resistance, we sought to deter-
mine the effects of V562A and V562M mutations on the helical interaction and binding
stability of fusion inhibitor peptides. To this end, the SIV Env-derived peptide N39 with
a wild-type sequence and its mutant peptides with a V562A or V562M substitution were
synthesized as target surrogates (see Fig. 1B). As measured by CD spectroscopy, T20
and the lipopeptides LP-52, LP-80, and LP-83 could interact with N39 to form a typical
a-helical conformation, as indicated by double minima at 208 and 222 nm; however,
the V562A and V562M mutations resulted in markedly decreased a-helicity of the
peptide complexes (Fig. 3 and Table 3). Because LP-19 primarily targets the NHR pocket
site and does not interact with N39, we thus synthesized wild-type and mutant N36
peptides. Circular dichroism (CD) spectra of the peptide complexes showed that V562A
and V562M did not change the a-helical interaction between N36 and LP-19. Defined
as the midpoint of thermal unfolding transition (T,,), the thermal stability of peptide
complexes demonstrated the binding stability of inhibitors. It was found that V562A
and V562M severely attenuated the binding stability of LP-52, LP-80, and LP-83.
Specifically, LP-52 interacted with the wild-type N39 with a T, of 61.1°C, whereas it
bound to N39,c¢,4 and N39,,c, With T, values of 45.4 and 50.7°C, respectively. The
T, of T20-based complexes could not be defined owing to low a-helical contents, and
V562M did not affect the binding of LP-19 to N36 whereas V562A caused a decreased
thermostability. Combined, these results suggest that the V562A or V562M mutation in
the gp41 NHR helices can dramatically reduce the binding stability of fusion inhibitors,
thus critically determining viral resistance and cross-resistance.

Effect of the resistance mutations on Env-mediated viral fusion and entry. To
gain more insights into the mechanism of viral resistance to LP-52 and cross-resistance,
we next focused on characterizing the effects of the resistance mutations on the
functionality of viral Env glycoprotein by two approaches. First, the infectivity of
SIVmac239 pseudoviruses bearing single or combined mutations was determined by
single-cycle infection assay. As shown in Fig. 4A, the infectivity of the wild-type viruses
was normalized to 100% and the relative infectivity of the mutant viruses was accord-
ingly calculated for comparison. None of the single mutations (F346L, V562A, V562M,
E657G, or S760G) affected the cell entry efficiency of SIVmac239 pseudoviruses; how-
ever, the combinations of V562A/E657G, V562M/E657G, and E657G/S760G resulted in
viruses with significantly decreased infectivity. Second, we measured Env-mediated
cell-cell fusion by a dual split protein (DSP)-based fusion assay. Surprisingly, none of the
mutations significantly affected the functionality of SIV Envs to mediate cell-cell fusion
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FIG 3 Effects of the resistance mutations on the binding stability of fusion inhibitors determined by CD
spectroscopy. The a-helicity (left panels) and thermostability (right panels) of T20 (A), LP-52 (B), LP-80 (C),
LP-83 (D), and LP-19 (E) in complexes with the SIV Env NHR-derived peptide N39 or N36 with a wild-type
or mutant sequence were measured with the final concentration of each peptide at 10 uM in PBS. The
experiments were performed two times and obtained consistent results, and representative data are
shown.

except that a single S760G mutation showed an enhancing activity (Fig. 4B). We further
analyzed the expression of viral Envs in transfected cells by Western blotting. As shown
in Fig. 4C, all the mutants displayed similar expression levels and processing profiles.
Thus, the reduced infectivity of the three mutant pseudoviruses might be attributed to
the decreased amounts of Env incorporation into the budding virions.
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TABLE 3 Effect of LP-52-selected resistance mutations on the helical interaction and
binding stability of diverse fusion inhibitors@

Peptide complex [6]5,, Helix content (%) T, (°C)
T20+N39 —8201 249 NA
T20+N39 560 —4836 14.7 NA
T20+N39ys6om —4588 139 NA
LP-52+N39 —23162 70.2 61.1
LP-52+N39ys6,a —12143 36.8 454
LP-52+N39seom —14978 454 50.7
LP-80+N39 —20960 63.5 62.8
LP-80+N39y56,a —11406 346 39.1
LP-80+N39yscom —13426 40.7 50.6
LP-83+N39 —20647 62.6 68.4
LP-83+N39y 562 —14578 442 584
LP-83+N39%sem —15897 482 58
LP-19+N36 —23907 724 513
LP-19+N36y6,n —23282 70.6 46.6
LP-19+N36ys6m —22782 69 51.2
C34+N36 —16114 48.8 45.9
C34+N36ys6,n —11260 34.1 393
C34+N36yseom —13230 40.1 42,
C34gs,6+N36 —14886 45.1 37.1
344576+ N36ysern —10618 322 31.7
346576+ N36ys6om —9443 28.6 34.1

a6],,,, mean residue ellipticity at 222 nm; T,,,, melting point melting temperature defined as the midpoint of
the thermal unfolding transition; NA, not applicable.

The resistance mutations impaired the stability of viral 6-HB core structure. Our
previous studies demonstrated that the resistance mutations to HIV-1 fusion inhibitors
can enhance or reduce the interaction of viral 6-HB core structure, thus contributing to
the resistance phenotypes. Here, we were interested to know whether the same case
occurred in SIV Env. To this aim, we synthesized the SIV Env-derived peptide C34 that
has been considered a core sequence of viral 6-HB conformation. A C34 peptide
carrying an E657G substitution was also generated to examine the effect of such a CHR
mutation. As shown in Fig. 5 and Table 3, both the V562A and V562M mutations
impaired the a-helicity and thermostability of the N36/C34-based 6-HB, and the E657G
mutation also reduced the thermostability significantly. When V562A or V562M and
E657G were combined, they displayed synergistic effects to reduce the a-helical
content and T, of the peptide complexes. Therefore, both the NHR and CHR mutations
might contribute to the resistance in a coordinated manner.

DISCUSSION

In this study, we first set out to assess the in vivo therapeutic efficacy of LP-52, a
lipopeptide-based fusion inhibitor with a highly potent and broad-spectrum antiviral
activity. In a pilot study with rhesus monkey M1, who was chronically infected with
SIVmac239 over 440 days, we were surprised to observe that a monotherapy with
low-dose LP-52 dramatically reduced the plasma viral load to below the detection limit
and maintained viral suppression during the 4-week treatment. In order to gain more
insights into the therapeutic efficacy of LP-52 in SIV-infected monkeys, we thus decided
to treat the monkey M1 with a structurally interrupted treatment protocol. The second
round of treatment used the same dosage of LP-52, i.e., 3 mg/kg once daily for 4 weeks,
which also achieved viral suppression efficiently. Therefore, we reduced the dose of
LP-52 to 1 mg/kg of body weight and administered the monkey once daily for 4 weeks
in the third round of treatment. Similarly, the viral load precipitated below the detec-
tion limit and retained undetectable until LP-52 was withdrawn. Encouraged by the
results from the monkey M1, we thus applied a low-dose LP-52 for treating four
monkeys with newly established chronic infections. The plasma viral loads in three of
the monkeys (M2, M3, and M5) reduced to undetectable levels but rebounded in two
monkeys. LP-52 decreased the viral load over 2 log RNA copies/ml in the monkey M4.
Regardless, the present results still suggested that LP-52 is a highly active inhibitor in

August 2020 Volume 94 Issue 15 e00384-20 jviasm.org 8


https://jvi.asm.org

Efficacy of a Fusion Inhibitor in SIV-Infected Monkeys

0
& © O L &
RS & & S LS
@'\3@ S b" 6‘,\5 b«’é\\f’@é\b@é& &
o
2 FFEE «,63‘
&
«ax“ s @

& FIIFPEIPE £
th EREESERERER

gp41

B-actin ——

FIG 4 Effects of LP-52-selected mutations on the functionality of SIV Env. (A) Infectivity of the wild-type
(WT) and mutant SIVmac239 pseudoviruses in TZM-bl cells. The viral particles were normalized to a fixed
amount by p24 antigen and their relative infectivity was determined by a single-cycle infection assay. The
luciferase activity of WT SIVmac239 was treated as 100%, and the relative activities of other mutant
viruses were calculated accordingly. (B) Relative cell-cell fusion activity of WT and mutant SIVmac239
Envs determined by a dual split-protein (DSP) assay. HEK293T cells expressing viral Env and DSP, _, were
used as effector cells and 293FT cells expressing CXCR4/CCR5 and DSPg ,, were used as target cells.
Similarly, the luciferase activity of WT Env was treated as 100%, and the relative fusion activities of other
mutant Envs were calculated accordingly. The data were derived from the results of three independent
experiments and are expressed as means and standard deviations (SD). Statistical comparisons were
conducted by ANOVA (**, P < 0.01; ***, P < 0.001). (C) The expression and processing of SIVmac239 Envs
determined by Western blotting. The viral glycoproteins in the lysates of transfected cells were detected
with a monkey anti-SIV serum. The bands corresponding to gp160, gp120, and gp41 are respectively
marked. The experiments were repeated two times, and representative data are shown.

vivo, especially where it is tested with an SHIV-infected monkey model. We would thus
like to speculate that LP-52 can fully control SIV replication if an increased dosage is
rationally applied.

Since T20 was discovered in the early 1990s, its resistance pathway was extensively
characterized by in vitro selection and in treated patients (9, 10, 25-27). The resistance
mutations to T20 were primarily mapped to the peptide-binding sites on the NHR of
HIV-1 gp41, and in particular the amino acid stretch >47GIVQQQNNLL>>¢ (the sequence
numbering of HIV-1,,4s5), corresponding to the 56°GIVQQQQQLL>%® of SIVmac239,
which served as a key determinant to the resistance phenotype. In addition to the
primary NHR mutations, some mutations in the gp41 CHR site, such as N637K, E647G,
E648K, and S649A, were identified as secondary mutations that compensated for the
fusion kinetics of resistant viruses (28-40). In the past decades, the resistance profiles
of a panel of new CHR-based HIV-1 fusion inhibitors, including C34 (32), T1249 (28),
T2635 (30), and SC34EK (29), were finely characterized by selecting resistant HIV-1
mutants, which revealed the critical amino acid mutations responsible for the resis-
tance. In our studies, we have not only dedicated to develop viral inhibitors that block
the membrane fusion step, but also focused on exploiting the resistance mechanism for
various fusion inhibitor peptides, such as sifuvirtide (31, 41), SC22EK (42), MTSC22EK
(43), and SC29EK (44). Recently, we have been interested to determine how HIV-1
mutants are escaping the newly designed lipopeptide inhibitors that display dramati-
cally increased antiviral potency and in vivo stability, as well as membrane-anchoring
characteristics. In light of our failure to select resistant HIV-1 mutants in vitro, the viral
rebounds emerging under the LP-52 treatment in SIVmac239-infected monkeys offered
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FIG 5 Effects of the resistance mutations on the helical interaction and stability of 6-HB structure modeled by the
NHR and CHR peptides. The a-helicity and thermostability of 6-HBs formed between SIV-derived peptides C34 and
N36 or N36 with a V562A or V562M substitution (A and B) and between C34 with an E657G substitution and N36
or its mutants (C and D) were determined by CD spectroscopy. The final concentration of each peptide in PBS was
10 uM. The experiments were performed two times and obtained consistent results, and representative data are

shown.

the opportunity to study this resistance. On the basis of our results, we would here like
to address several points that surprised us during the resistance analysis. First, a single
mutation of V562A or V562M (corresponding to the primary mutation V549A/M in
HIV-1,,g5) or its combination with a CHR-based E657G mutation (corresponding to the
secondary mutation E648G in HIV-1,4g,) was observed to confer high levels of resis-
tance, which could imply a relatively low genetic resistance barrier for LP-52, at least in
the treatment of SIV isolates. Second, it was found for the first time that SIV and HIV-1
can share a similar genetic pathway to develop resistance. Third, an extremely potent
lipopeptide fusion inhibitor with membrane-anchoring features also shares a similar
resistance profile with its original template peptide.

Eggink et al. (45) previously described several pathways underlying the mechanism
of HIV-1 resistance to fusion inhibitors, including small amino acid-mediated reduced
contact, large amino acid-mediated steric obstruction, acidic amino acid-mediated
electrostatic repulsion, and basic amino acid-mediated electrostatic attraction (45) We
further proposed that the disruption of hydrogen bonds and hydrophobic contacts
would severely impair the binding of inhibitors, thus determining the resistance (46).
Indeed, our previous studies repeatedly showed that both the primary NHR mutations
and secondary CHR mutations could reduce the binding stability of fusion inhibitors,
impair the functionality of viral Env, and the conformation and stability of viral 6-HB
core structure (41-44). Again, our present studies verified that the V562A, V562M, and
E657G mutations behaved similarly. As this study was the first time assessing a viral
fusion inhibitor in SIV-infected monkey models, we therefore infer that SIV and HIV-1
can share a similar molecular mode to develop resistance to diverse peptide- and
lipopeptide-based membrane fusion inhibitors. In our future projects, we will definitely
continue to investigate the genetic pathways and mechanisms of HIV-1 and SIV
resistances to other newly developed lipopeptides that possess more potent antiviral
activities than LP-52, such as LP-80 and LP-83 (23, 24).
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MATERIALS AND METHODS

Synthesis of peptides and lipopeptides. Peptides (T20, N39 and its mutants, and C34 and its
mutants) and lipopeptides (LP-19, LP-52, LP-80, and LP-83) were synthesized using a standard solid-phase
9-flurorenylmethoxycarbonyl (Fmoc) method as described previously (23). Fatty acid-conjugated pep-
tides were prepared with a template peptide containing a C-terminal lysine residue with a 1-(4,4-
dimethyl-2,6-dioxocyclohexylidene) ethyl (Dde) side chain-protecting group, which requires a deprotec-
tion step in a solution of 2% hydrazinehydrate-N,N-dimethylformamide. Cholesterylated peptide LP-83
was prepared by chemoselective thioether conjugation between a template peptide containing a
C-terminal cysteine residue and bromoacetic acid cholesterol. All peptides were acetylated at the N
terminus and amidated at the C terminus. They were purified by reverse-phase high-performance liquid
chromatography (HPLC) and characterized by mass spectrometry. Concentrations of the peptides were
measured by UV absorbance and a theoretically calculated molar extinction coefficient based on the
tryptophan and tyrosine residues.

Treatment of SlIV-infected rhesus macaques with LP-52. Five adult Chinese rhesus macaques
(Macaca mulatta) screened to be negative for SIV, herpes B virus, and simian T-lymphotropic virus were
used for evaluating the in vivo therapeutic efficacy of LP-52. Monkey M1 chronically infected by
pathogenic SIVmac239 over 440 days was enrolled in this study. Four monkeys (M2, M3, M4, and M5)
were intravenously inoculated once with 100 TCID,, of SIVmac239 and chronic infection was established
over 3 months. The monkeys were treated with LP-52 at 1 or 3 mg/kg of body weight once daily.
Peripheral blood was periodically collected during the whole observation. Plasma viral loads of SIV-
mac239 were detected by a quantitative real-time reverse transcription-PCR (qRT-PCR) assay. Briefly, viral
RNA was isolated from cell-free plasma using a QlAamp Viral RNA minikit (Qiagen, Valencia, CA) and
cDNA samples were prepared with SuperScript lll first-strand synthesis system for RT-PCR kit (Invitrogen,
Carlsbad, California). RT-PCRs were carried out on an ABI 9700 real-time PCR system (Applied Biosystems),
in which samples were processed in duplicate using the following cycling protocol: 48°C for 30 min, 95°C
for 10 min, followed by 40 cycles at 95°C for 15 s, and 60°C for 1 min. The sequences of forward primer
(5'-GCAGAGGAGGAAATTACCCAGTAC-3’), reverse primer (5'-CAATTTTACCCAGGCATTTAATGTT-3’), and a
probe used for viral RNA were targeted against the conserved region of SIVmac239 gag protein. The limit
of detection was 100 copy equivalents of RNA per ml of plasma. To measure the kinetics of CD4* T cells,
ethylenediaminetetraacetic acid (EDTA)-anticoagulated whole blood was stained with monoclonal anti-
bodies CD3-PE/Cy7 (SP34-2), CD4-Percp/Cy5.5 (L200), and CD8-APC/Cy7 (RPA-T8), and CD4 T cell counts
were determined with BD truecount tubes according to the manufacturer’s instructions (BD Biosciences,
San Jose, CA). All the samples were acquired and analyzed on a FACS Aria Il instrument (BD).

Amplification and sequencing of SIVmac239 env. Viral RNA and cDNA samples from LP-52-
treatted monkeys were prepared as described above. An endpoint limiting-dilution nested-PCR assay
was applied to amplify the full-length env gene of SIVmac239. The outer forward primer was 5'-TCCTC
TCTCAGCTATACCGCCCTC-3" and reverse primer was 5'-ACTTTTGGCCTCACTGATACCCCTA-3', and the
inner primer pair was 5'-CGGGATCCTGAGCAGTCACGAAAGAGAAGAAGAACTC-3" and 5'-GCTCTAGAACT
GCCCCTGATTGTATTTCTGTCCCTC-3". The PCR was carried out as follows: 94°C for 10 min, followed by 30
cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 3 min, and then a final extension at 72°C for 10 min.
The PCR products were purified and subjected to DNA sequencing (SinoGenoMax Co., Beijing, China).

Site-directed mutagenesis. The selected resistance mutations were introduced into the Env glyco-
protein of SIVmac239 or HIV-1 NL4-3 by QuickMutation site-directed mutagenesis kit (Beyotime Biotech-
nology, Shanghai, China). Two primers were designed to contain specific mutations and occupied the
same starting and ending positions on the opposite strands of an env-expressing plasmid. DNA synthesis
was conducted by PCR in a 25-ul reaction volume using 50 ng of template plasmid. PCR amplification
was performed for one cycle of denaturation at 95°C for 1 min, followed by 20 cycles of 95°C for 40 s, 60°C
for 1 min, and 68°C for 8 min, with a final extension at 72°C for 10 min. The amplicons were treated with
restriction enzyme Dpnl for 1 h at 37°C, and Dpnl-resistant molecules were recovered by transforming
Escherichia coli strain DH5a with antibiotic resistance. The required mutations were confirmed by DNA
sequencing.

Single-cycle infection assay. The infectivity of SIVmac239 or HIV-1 NL4-3 and their inhibitions were
determined by a single-cycle infection assay as described previously (47). In brief, pseudoviruses were
generated by cotransfecting HEK293T cells with an Env-encoding plasmid and a viral backbone plasmid
pSG34env. Cell culture supernatants containing the packaged pseudoviruses were harvested 48 h
posttransfection. The same amounts of pseudovirus particles were normalized by p24 antigen and their
infectivity was determined in TZM-bl cells. To measure the inhibitory activity of fusion inhibitors, peptides
were prepared in 3-fold dilutions, mixed with 100 TCID,, of viruses. After incubation for 1 h at room
temperature, the mixture was added to TZM-bl cells (10 cells/well) and then incubated for 48 h at 37°C.
Luciferase activity was determined using luciferase assay reagents and a luminescence counter (Pro-
mega, Madison, WI, USA). Percent inhibition of the pseudovirus and 50% inhibitory concentration (ICy,)
of an inhibitor were calculated using GraphPad Prism software (GraphPad Software Inc., San Diego, CA).

Cell-cell fusion assay. A dual split protein (DSP)-based fusion cell-cell assay was used to measure SIV
Env-mediated cell-cell fusion activity as described previously (47). Briefly, a total of 1.5 X 10* HEK293T
cells (effector cells) were seeded on a 96-well plate and incubated overnight, and they were then
transfected with a mixture of an Env-expressing plasmid and a DSP,_, plasmid. After 24 h, 3 X 104 293FT
cells expressing CXCR4/CCR5 and DSPy _,, (target cells) were resuspended in prewarmed culture medium
that contained EnduRen live-cell substrate (Promega) at a final concentration of 17 ng/ul and then
transferred to the effector cell wells at equal volumes. The mixed cells were spun down to maximize
cell-cell contact, and the luciferase activity was measured as described above.
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Circular dichroism spectroscopy. Circular dichroism (CD) spectroscopy was performed to determine
the a-helicity and thermostability of the peptide complexes as described previously (41). Briefly, the
SIV-derived NHR peptide N39 or N36 was incubated with an equal molar concentration of a fusion
inhibitor peptide at 37°C for 30 min in phosphate-buffered saline (PBS, pH 7.2). 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 260 nm at 20°C. Spectra were corrected by 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 degrees cm? dmol~"). Thermal denaturation was conducted
by monitoring the ellipticity change at 222 nm from 20 to 98°C at a rate of 2°C/min using a temperature
controller, and melting temperature (T,,) was defined as the midpoint of the thermal unfolding transition.
Western blotting assays. The expression profile of SIVmac239 Env was examined by Western
blotting assay as described previously (47). In brief, HEK293T cells were transfected with an Env-
expressing plasmid and cultured for 48 h. Then, the lysates of transfected cells were centrifuged at
20,000 X g at 4°C for 15min to remove insoluble materials. Equal amounts of total proteins were
separated by SDS-PAGE and then transferred to a nitrocellulose membrane. After blocking with 5%
nonfat dry milk solution in Tris-buffered saline (TBS, pH 7.4) at room temperature for 1 h, the membrane
was incubated with a 1:200 diluted monkey serum derived from the SIVmac239-infected rhesus monkey
overnight at 4°C. After washing three times with TBS-Tween 20, the membrane was incubated with
horseradish peroxidase (HRP)-mouse-anti-monkey IgG. The B-actin protein was detected as an internal
control with a mouse anti-p-actin monoclonal antibody (Sigma) and IRDye 680LT donkey-anti-mouse
1gG. The membrane was then scanned using the Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE, USA).
Ethics statement. Protocols for the use of animals were approved by the Institutional Animal Care
and Use Committee (IACUC) at the Institute of Laboratory Animal Science, Chinese Academy of Medical
Sciences (No. ILAS-VL-2015-004). To ensure personnel safety and animal welfare, the study of animals was
conducted in accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the Institute of Laboratory Animal Science and the recommendations of the Weatherall report
for the use of nonhuman primates in research (http://www.acmedsci.ac.uk/more/news/the-use-of-non
-human-primates-in-research/). All monkeys were housed and fed in an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited facility. The experiments were performed
in a bio-safety level 3 laboratory.

Data availability. All data are fully available without restriction.
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