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T20 (generic name, enfuvirtide; brand name, Fuzeon) is a first-generation human immunodeficiency virus
(HIV) fusion inhibitor approved for salvage therapy of HIV-infected patients refractory to current antiretro-
viral drugs. However, its clinical use is limited because of rapid emergence of T20-resistant viruses in
T20-treated patients. Therefore, T1249 and T1144 are being developed as the second- and third-generation HIV
fusion inhibitors, respectively, with improved efficacy and drug resistance profiles. Here, we found that
combinations of T20 with T1249 and/or T1144 resulted in exceptionally potent synergism (combination index,
<0.01) against HIV-1-mediated membrane fusion by 2 to 3 orders of magnitude in dose reduction. Highly
potent synergistic antiviral efficacy was also achieved against infection by laboratory-adapted and primary
HIV-1 strains, including T20-resistant variants. The mechanism underlying the synergistic effect could be
attributed to the fact that T20, T1249, and T1144 all contain different functional domains and have different
primary binding sites in gp41. As such, they may work cooperatively to inhibit gp41 six-helix bundle core
formation, thereby suppressing virus-cell fusion. Therefore, these findings strongly imply that, rather than
replacing T20, combining it with HIV fusion inhibitors of different generations might produce synergistic
activity against both T20-sensitive and -resistant HIV-1 strains, suggesting a new therapeutic strategy for the

treatment of HIV-1 infection/AIDS.

In the early 1990s, a number of highly potent anti-human
immunodeficiency virus type 1 (HIV-1) peptides derived from
the C-heptad repeat (CHR) domain of the HIV-1 envelope
glycoprotein (Env) transmembrane subunit gp41 were discov-
ered (21, 22, 35, 59, 61). Biophysical and biochemical analyses
suggest that the CHR peptides inhibit HIV-1 Env-mediated
membrane fusion by interacting with the viral gp41 N-heptad
repeat (NHR) domain to form heterologous trimer-of-het-
erodimer complexes, thus blocking gp41 six-helix bundle (6-
HB) core formation, a critical step in virus-cell fusion (4, 5, 31,
52, 57).

T20 (generic name, enfuvirtide; brand name, Fuzeon), a
36-mer CHR peptide (amino acids [aa] 638 to 673) containing
a heptad repeat (HR) sequence-binding domain (HBD) and a
tryptophan-rich domain (TRD) (Fig. 1) (30, 61), was licensed
by the U.S. FDA as a first-generation HIV fusion inhibitor.
T20 is very effective in inhibiting infection by HIV-1, especially
the strains resistant to current antiretroviral therapies (24).
However, many patients are now failing to respond to T20
because the viruses have developed T20 resistance (34, 51,
56, 62).

T1249, a second-generation HIV fusion inhibitor, is a 39-
mer peptide consisting of a pocket-binding domain (PBD), an
HBD, and a TRD (Fig. 1). T1249 was shown to have a longer
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half-life than T20 in primates (7) and greater anti-HIV-1 po-
tency than T20 in clinical studies and to be active against some
T20-resistant HIV-1 variants (7, 14, 27, 38). However, the
clinical development of T1249 was discontinued due to formu-
lation difficulties (37).

T1144, a third-generation HIV fusion inhibitor, is a 38-mer
peptide containing a PBD and an HBD (Fig. 1). T1144 was
designed by modifying the amino acid sequence of T651 (pep-
tide C38; aa 626 to 673) to increase a-helicity and 6-HB sta-
bility and to improve pharmacokinetic properties (10). T1144
and its analog peptides are effective against viruses that are
resistant to T20 (11).

Sifuvirtide, a new generation of HIV fusion inhibitor, is a
34-mer peptide analogue of C34 containing a PBD and an
HBD. Our previous studies have shown that sifuvirtide is more
effective than T20 against both primary and laboratory-
adapted HIV-1 strains. Pharmacokinetic studies of sifuvirtide
demonstrated longer decay half-lives than T20 (19). Sifuvirtide
is under phase II clinical trial (www.fusogen.com). Most re-
cently, we found that the combination of sifuvirtide with T20
resulted in potent synergistic effect against T20-sensitive and
-resistant HIV-1 strains (43). These findings encouraged us to
test whether combining T20 with T1249 and/or T1144 would
also have synergistic anti-HIV-1 activity since next-generation
HIV fusion inhibitors, like C34 and sifuvirtide, also contain a
PBD that can interact with pocket-forming sequence in the
gp41 NHR. In this study, we were also motivated to address the
mechanism(s) underlying a synergic effect. Once this effect is
confirmed, a novel combination therapy could be designed for
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FIG. 1. Functional domains of HIV fusion inhibitors and the interaction model. (A) Schematic view of the HIV-1jx5, gp41 molecule and
sequences of the first-, second-, and third-generation HIV fusion inhibitors. FP, fusion peptide; TM, transmembrane domain; CP, cytoplasmic
domain. (B) Interaction between the NHR and CHR peptides. The dashed lines between the NHR and CHR domains indicate the interaction
between the residues located at the e and g and a and d positions in the NHR and CHR, respectively. The PBD, HBD, and TRD in the CHR
peptides are shown in blue, light blue, and orange, respectively. The HR sequence, the region of aa 36 to 45 (determinant for T20 resistance and
the primary binding site for T20), and the pocket-forming sequence in the NHR are shown in red, purple, and green, respectively. The interaction
between the PBD and pocket-forming sequence is critical for stabilization of the 6-HB (3).

the treatment of HIV/AIDS patients who have failed to re-
spond to T20 or other antiretroviral drugs.

MATERIALS AND METHODS

Peptide synthesis. Peptides T20, T1249, T1144, T267227, C38, and N46 (Fig.
1) were synthesized by a standard solid-phase fluorenylmethoxycarbonyl method
using an Applied Biosystems model 433A peptide synthesizer. All peptides were
acetylated at the N termini and amidated at the C termini. The peptides were
purified to homogeneity (>95% purity) by high-performance liquid chromatog-
raphy and identified by laser desorption mass spectrometry (PerSeptive Biosys-
tems, Framingham, MA). The peptide concentration was determined, according
to Edelhoch’s method (12), by measuring UV absorbance of the peptide in 6 M
guanidinium-HCI solution and calculating the molar extinction coefficient & (at
280 nm) of 5,500 mol/liter ! - cm~! and 1,490 mol/liter ' - cm ™! based on the
number of tryptophan (Trp) residues and tyrosine (Tyr) residues (all the pep-
tides tested contain Trp and/or Tyr), respectively.

Assessment of inhibition of HIV-1-mediated cell-cell fusion. A dye transfer
assay was used for detection of HIV-1-mediated cell-cell fusion as previously
described (21, 33). Briefly, calcein-acetoxy-methyl ester-labeled HO/HIV-1 -
infected cells were incubated with MT-2 cells (ratio, 1:5) at 37°C for 2 h in the
presence or absence of the test peptide. The fused and unfused calcein-labeled
HIV-1-infected cells were counted under an inverted fluorescence microscope
(Zeiss, Germany) with an eyepiece micrometer disc. The percent inhibition of
cell-cell fusion and the 50% inhibitory concentrations (ICs,s) were calculated as
described before (23).

Measurement of inhibition of infection by laboratory-adapted HIV-1 strains.
The inhibitory activity of the peptidic HIV fusion inhibitors on infection by
laboratory-adapted HIV-1 strains and T20-resistant viruses was determined as
previously described (23). In brief, 1 X 10* MT-2 cells were infected with HIV-1
isolates at 100 times the 50% tissue culture infective dose overnight in 200 .l of
culture medium in the presence or absence of the test peptide. Then, the culture
supernatants were removed, and fresh medium was added. On the fourth day
postinfection, 100 pl of the culture supernatants was collected from each well,
mixed with equal volumes of 5% Triton X-100, and assayed for p24 antigen by
enzyme-linked immunosorbent assay (ELISA) as previously described (23).

Determination of inhibition of infection by primary HIV-1 isolates. The in-
hibitory activity of the peptidic HIV-1 fusion inhibitors against a primary HIV-1
isolate was determined as previously described (23). Briefly, the peripheral blood
mononuclear cells were isolated from the blood of healthy donors using a
standard density gradient (Histopaque-1077; Sigma) centrifugation. After incu-
bation at 37°C for 2 h, the nonadherent cells were collected and resuspended at
5 % 10°/ml in RPMI 1640 medium containing 10% fetal bovine serum, 5 pg of
phytohemagglutinin/ml, and 100 U of interleukin-2/ml, followed by incubation at
37°C for 3 days. The phytohemagglutinin-stimulated cells were infected with a
primary HIV-1 isolate at a multiplicity of infection of 0.01 in the absence or
presence of a peptide at graded concentrations. The supernatants were collected
at 7 days postinfection and tested for p24 antigen by ELISA.

CD spectroscopic analysis. Circular dichroism (CD) measurements were per-
formed as previously described (32). Briefly, N46 and each of the CHR peptides
were dissolved in phosphate-buffered saline (PBS) solution, pH 7.2. Individual
peptides at 8 uM or mixtures of 8 uM of each peptide in PBS were incubated at
37°C for 30 min. The CD spectrum of each sample was acquired on a Jasco
spectropolarimeter (Model J-715; Jasco Inc., Japan) at 20°C using a 5-nm band-
width, 0.5-nm resolution, 0.1-cm path length, and an average time of 5.0 s.
Spectra were corrected by the subtraction of a blank corresponding to the solvent
composition of each sample. Peptide interactions were determined according to
Lawless’s protocol by comparing the spectrum of the peptide mixture (experi-
mental spectrum) to the sum of the individual spectra of the peptides at the same
concentration and identical experimental condition (calculated noninteracting
spectrum) (28).

Detection of inhibition of 6-HB formation by ELISA. Inhibitory activity of the
peptides on the 6-HB core formation between N46 and biotinylated C34 (C34-
biotin) was determined by ELISA, as previously described (45), using the con-
formation-specific monoclonal antibody (MAb) NC-1 (20). Briefly, a testing
peptide at graded concentration was preincubated with an equal amount of N46
(0.5 wM) at 37°C for 30 min, followed by the addition of C34-biotin (0.5 pM).
The mixture was added to a 96-well polystyrene plate (Costar; Corning Inc.,
Corning, NY) coated with MAb NC-1 immunoglobulin G (2 wg/mlin 0.1 M Tris,
pH 8.8) and blocked with 2% nonfat milk in PBS. The plate was then incubated
for 30 min and added to horseradish peroxidase labeled with streptavidin
(Zymed Laboratories, S. San Francisco, CA). The plate was washed with the
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TABLE 1. CI and dose reduction in inhibition of infection by laboratory-adapted and primary HIV-1 strains by combining T20 with T1249
and/or T1144“

T20 T1249 T1144
Pf:ptide combinatim} and CI IC,, (nM) ] ICsy (nM) ] IC,, (nM) ]
virus (subtype, tropism)® 50 Dose reduction 50 Dose reduction 50 Dose reduction
Alone  In mixture (n-fold) Alone  In mixture (n-fold) Alone  In mixture (n-fold)
T20 and T1249
IIIB (B, X4) 0.44  50.44 15.21 332 19.20 3.80 5.05
Bal (B, RS) 0.13 8.42 0.73 11.53 391 0.36 10.86
93IN101 (C, RS) 0.16  39.89 3.66 10.90 13.58 0.91 14.92
RUS570 (G, RS) 0.23  38.44 5.98 6.43 19.15 1.50 12.77
T20 and T1144
IIIB (B, X4) 031 50.44 9.88 5.11 4.95 0.62 7.98
Bal (B, RS) 0.06 8.42 0.42 20.05 4.18 0.21 19.90
93IN101 (C, RS) 0.18  39.89 4.29 9.30 15.47 1.07 14.46
RUS570 (G, RS) 0.19 38.44 5.19 7.41 24.20 1.30 18.62
T20, T1249, and T1144
IIIB (B, X4) 0.06  50.44 0.71 71.04 19.20 0.18 106.67 4.95 0.05 99.00
Bal (B, RS) 0.01 8.42 0.03 280.67 391 0.02 195.50 4.18 0.02 209.00
93IN101 (C, RS) 0.15  39.89 2.54 15.70 13.58 0.64 21.22 15.47 0.64 24.17
RUS570 (G, RS) 0.22 38.44 4.54 8.47 19.15 1.14 16.80 24.20 1.14 21.23

“ Data are representative of two separate experiments. Each sample was tested in triplicate, and the mean values are presented. Ratios of the peptides T20/T1249/
T1144 in combinations are 16:4:1 for IIIB, 2:1:1 for Bal, and 4:1:1 for 93IN101 and RU650.

?93IN101 and RU570 are primary HIV-1 isolates.

washing buffer (PBS containing 0.01% Tween 20) six times to remove any
unbound peptide. The substrate TMB (3,3',5,5'-tetramethylbenzidine; Sigma)
was added sequentially. Absorbance at 450 nm (44s,) was measured using an
ELISA reader (Ultra 384; Tecan, Research Triangle Park, NC). The percent
inhibition of 6-HB formation and the ICsys were calculated (23).

Synergy analysis. Peptides were tested individually and in combination at a
fixed molar ratio, which was optimized to give the greatest synergism over a
range of serial dilutions. The inhibition data were analyzed for cooperative
effects by using the method of Chou and Talalay (8, 9). The analysis was con-
ducted in a stepwise fashion by calculating ICs, (or 75, 90, and 95% IC values)
values based on the dose-response curves of (i) single drugs (T20, T1249, and
T1144) that were tested separately, (ii) two drugs tested in combination (T20-
T1249 and T20-T1144), and (iii) three drugs tested in combination (T20-T1249-
T1144). Then, the combination index (CI) was calculated by using the median
effect equation with the CalcuSyn program (kindly provided by T. C. Chou at the
Memorial Sloan-Kettering Cancer Center) to assess the synergistic effect of
combinations. A CI of <1 indicates synergism (CI values are interpreted as
follows: <0.1, very strong synergism; 0.1 to 0.3, strong synergism; 0.3 to 0.7,
synergism; 0.7 to 0.85, moderate synergism; and 0.85 to 0.90, slight synergism), a
CI of 1 or close to 1 indicates additive effects, and a CI of >1 indicates antag-
onism (9). Dose reduction was calculated by dividing the ICs, value of a peptide
when it was tested alone by that of the same peptide tested in combination with
other peptide(s).

RESULTS

Combining T20 with T1249 and/or T1144 produced excep-
tionally potent synergism against HIV-1-mediated cell-cell fu-
sion. We first investigated the potential cooperative effects of
various combinations of T20 with T1249 and/or T1144 on HIV-
1-mediated cell-cell fusion. Very surprisingly, the combinations
of T20 and T1249 (Fig. 2A) or of T20 and T1144 (Fig. 2B)

resulted in exceptionally potent synergism, with a CI of <0.01,
as well as reduction of the ICs, from nanomolar to picomolar
levels. A triple combination (T20-T1249-T1144) also exhibited
very strong synergism (CI of 0.008) (Fig. 2C), with a dose
reduction (ICs, of a peptide when tested alone/ICs, of the
peptide in combination) of 2 to 3 orders of magnitude. To
elucidate the possible causation of synergism, we then synthe-
sized two T1144 analogous peptides, T267227 and C38 (11),
which are expected to have the same primary binding sites and
mechanisms of action as T1144, and tested their inhibitory
activity on HIV-1-mediated cell-cell fusion in combination
with T1144 and T20, respectively. Similar to the T20-T1144
combination, the combinations of T20-T267227 and T20-C38
also exhibited potent synergism on inhibition of HIV-1-medi-
ated cell-cell fusion (Fig. 2D and E). However, no significant
synergism was observed when the T1144-T267227 combination
was tested (Fig. 2F). These results suggest that the combina-
tion of T20 and T1144 demonstrates synergism because the
peptides have different primary binding sites in the gp41 NHR
region.

Combining T20 with T1249 and/or T1144 leads to a potent
synergistic effect against infection by laboratory-adapted and
primary HIV-1 strains. Next, we determined the potential syn-
ergistic effect against infection by two laboratory-adapted
HIV-1 strains, IIIB (subtype B, X4) and BaL (subtype B, RS),
and two primary HIV-1 isolates, 93IN101 (subtype C, R5) and
RU570 (clade G, RS). Synergism was observed for all virus

FIG. 2. Synergistic effect of combinations of T20 with T1249 and/or T1144 and T1144 analogues T267227 and C38 on inhibition of HIV-1-
mediated cell-cell fusion as determined by a dye transfer assay (21, 33). Ratios are as follows: T20-T1249, 4:1 (A); T20-T1144, 4:1 (B);
T20-T1249-T1144, 4:1:1 (C); T20-T267227, 5:1 (D); T20-C38, 10:1 (E); and T1144-T2672227, 1:1 (F). Each sample was tested in quadruplicate,
the experiment was repeated twice, and a representative set of data is shown.
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strains tested. The combination of T20 with T1249 or with
T1144 resulted in a dose reduction of about 3- to 12-fold or 5-
to 20-fold, respectively, to inhibit infection by laboratory-
adapted HIV-1 strains. Strikingly, a triple combination (T20-
T1249-T1144) caused the greatest synergism, with a 71- to
281-fold dose reduction to inhibit laboratory-adapted HIV-1
infection (Table 1 and Fig. 3). Potent synergism was also ob-
served against infection by the primary HIV-1 isolates 93IN101
and RU570 with double and triple combinations of T20 with
T1249 and/or T1144 (Table 1). Although combinations of T20
with T1249 and with T1144 exhibited strong synergism against
infection by both laboratory-adapted and primary HIV-1
strains, these data confirm that triple combination leads to
even stronger synergism.

Combining T20 with T1249 and/or T1144 exhibited a strong
synergistic effect against infection by T20- and T1249-resistant
HIV-1 strains. The rapid emergence of T20-resistant viruses in
T20-treated patients is one of the major causes for the failure
of T20 therapy (34, 51). Here, we investigated whether com-
bining T20 with T1249 and/or T1144 had a synergistic effect
against T20- and T1249-resistant HIV-1 strains. We compared
the antiviral activity of these peptides separately or in combi-
nation against one T20-sensitive strain, NL4-3,,,5, and three
T20-resistant strains, NL4-3356yv3sa, NLA-336G)vasa/mazns
and NL4-3 356yv3se/nazss Which contain a single or double
mutation in the principal determinant of T-20 resistance (aa 36
to 45: GIVQQQNNLL) in the gp41 NHR domain (13, 16, 26,
34, 36, 39, 46, 47, 50, 51, 56), including V38A, V38A/N42D,
and V38E/N42S. As shown in Table 2, when tested separately,
T20, T1249, and T1144 were effective against the T20-sensitive
strain NLA4-35545 with an ICs, ranging from 6 to 49 nM.
However, T20 could inhibit infection by these three T20-resis-
tant variants only at a high concentration (ICs,s of 313, 2,646,
and 9,894 nM to inhibit infection by NL4-335G)v3sa, NL4-
36G)vasamazns and NLA-3 566, v3se/mnans, TSpectively), while
T1144 was highly effective against all three T20-resistant vi-
ruses, with an ICy, of about 4 to 6 nM. Interestingly, both
NL4-3366)vasa and NL4-3356)visamaop WETE sensitive to
T1249 (ICsy of 4 to 10 nM), but NL4-3356yv3sr/mazs Was
resistant to T1249 (ICs, of 358 nM). This is consistent with the
report by Eggink et al. (13) who have shown that some T20-
resistant variants with a V38E mutation are also resistant to
T1249. However, the combination of T20 and T1249 or of T20
and T1144 resulted in significant synergistic activity against
T20- and T1249-resistant strains, with a 2- to 26-fold dose
reduction. Consistent with the results of testing laboratory-
adapted HIV-1 strains, the synergism observed in a triple com-
bination of these peptides was stronger against these T20- and
T1249-resistant strains, with a 9- to 68-fold dose reduction.
These results suggest that combining T20 with T1249 and/or
T1144 results in highly potent synergistic activity against both
T20- and T1249-resistant HIV-1 strains, suggesting a new ther-
apeutic strategy for the treatment of patients who have failed
to respond to T20 monotherapy.

CD spectra showed distinct interactions among N46, T1144,
T20, and T1149. To delineate the putative mechanism of syn-
ergism resulting from the combinations of HIV fusion inhibi-
tors, we used CD spectroscopy to study the gp41 NHR and
CHR interactions involved in secondary structure changes. We
first recorded CD spectra of single peptides and their mixtures
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FIG. 3. Synergistic effect of combinations of T20 with T1249 and/or
T1144 on inhibition of HIV-1 IIIB infection. Ratios are as follows:
T20-T1249, 4:1 (A); T20-T1144, 16:1 (B); and T20-T1249-T1144, 16:
4:1 (C). Each sample was tested in triplicate, the experiment was
repeated twice, and a representative set of data is shown.

under identical conditions. The spectra of the mixtures (exper-
imental spectra) and the sum of the spectra of single peptides
in the mixtures (calculated noninteracting spectra) were com-
pared to determine the interactions. If no structural change
occurs because of noninteraction in the mixture, identical ex-
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TABLE 2. Synergistic effect of combinations of T20 with T1249 and/or T1144 on inhibition of infection by T20-sensitive and
-resistant HIV-1 strains”

T20 T1249 T1144
Peptide combination and al IC,, (nM) ] IC,, (nM) ] ICy, (nM) ]
NL4-3 mutant 50 Dose reduction 50 Dose reduction 50 Dose reduction
Alone In mixture (n-fold) Alone  In mixture (n-fold) Alone  In mixture (n-fold)
T20 and T1249
D36G 0.46 48.76 7.52 6.48 17.45 5.37 3.25
(36G)V38A 0.06 313.04 13.59 23.03 4.35 0.17 25.59
(36G)V38A/N42D 0.38 2645.98 228.83 11.56 10.36 2.86 3.62
(36G)V38E/N42S 0.21  9894.46 732.6 13.51 358.01 48.84 7.33
T20 and T1144
D36G 0.26 48.76 3.14 15.53 5.85 0.45 13.00
(36G)V38A 0.09 313.04 18.65 16.78 3.76 0.23 16.35
(36G)V38A/N42D 0.53 2645.98 200.89 13.17 4.57 2.51 1.82
(36G)V38E/N42S 0.62  9894.46 3749.09 2.64 5.21 1.25 4.17
T20, T1249, and T1144
D36G 0.22 48.76 2.62 18.61 17.45 1.87 9.33 5.85 0.37 15.81
(36G)V38A 0.07 313.04 8.29 37.76 4.35 0.10 43.50 3.76 0.10 37.60
(36G)V38A/N42D 0.17 2645.98 38.97 67.90 10.36 0.49 21.14 4.57 0.49 9.33
(36G)V38E/N42S 0.14  9894.46 410.16 24.12 358.01 27.34 13.09 5.21 0.14 37.21

“ NL4-3p36 is @ T20-sensitive strain, which is the parent strain used for g‘eneration of T20-resistant mutants, including NLA4-3 35Gyv3sa, NL4-336G)v3samazp, and
NLA-3 366)vasemazs: NLA-3(366)vase/mazs 1S also resistant to T1249 (13). Ratios of the peptides T20/T1249/T1144 in combination were 7:5:1 for NL4-35346, 80:1:1 for
-336Gyvasa) 80:1:1 for NL4-3356)vasamazn, and 3,000:200:1 for NL4-3356)vase/mn4as- Data are representative of two separate experiments. Each sample was

tested in triplicate, and the mean values are presented.

perimental and calculated noninteracting spectra are expected
(28). As shown in Fig. 4, the mixtures of N46 with T1144,
T1249, and T20, all displayed large secondary structure
changes, indicating the interaction between N46 and each of
these CHR peptides. N46 and T1144, when mixed, formed a
typical a-helical complex with increased a-helical content (Fig.
4A), which is consistent with CD spectral changes reported for
N46 interactions with other CHR peptides containing the
PBD, e.g., C34 and C36 (30, 31, 45). T20 and T1249 were
unstructured in solution, with <20% helical content. When
mixed with N46, instead of forming an a-helical complex with
increased helical content, their interactions significantly dis-
rupted a-helical conformation of N46 and resulted in a spec-
trum with a minimum at 228 nm (Fig. 4B and C). This is
consistent with the T20-NHR interaction reported by Wild et
al. (60) and Lawless et al. (28). This suggests that T1249 and
T20 have a different interaction model with the NHR from that
of T1144 with the NHR. Subsequently, we recorded CD spec-
tra of mixtures of N46 or PBS with two CHR peptides, T20-
T1144 or T20-T1249, respectively. The noninteracting spectra
were calculated in three ways to dissect the interaction: (i) the
sum of the spectra of three peptides (N46 and two CHR
peptides) measured separately, (ii) the sum of the spectra of
two CHR peptides measured separately, and (iii) the sum of
the spectrum of one peptide measured separately and the
spectra of two peptides measured in combination. As shown in
Fig. 4D and E, the experimental spectra of the triple mixtures
did not overlap with the calculated noninteracting spectra of
the corresponding mixtures, indicating that interactions occur
between N46 and the double combinations of the CHR pep-
tides. Interestingly, the calculated noninteracting spectra of
N46-T1144-T20 and N46-T20-T1249 are similar to those of the
experimental spectra of N46-T1144-T20 and N46-T20-T1249,
respectively. These data suggest that the N46 and T1144 inter-

action predominated in the N46-T1144-T20 mixture, while the
N46 and T20 interaction was predominant in N46-T20-T1249
mixture. The CD signal changes from the T20 and T1144
interaction is not significant (Fig. 4F). This further distin-
guishes the role of that the different peptide fusion inhibitors
played in combination.

Combining T20 with T1249 and/or T1144 resulted in syner-
gistic effect on 6-HB core formation. Subsequently, we deter-
mined the potential synergism resulting from the combination
of T20 with T1249 and/or T1144 against 6-HB formation be-
tween N46 and C34-biotin. Consistent with our previous ob-
servation (29), T20 alone could only weakly inhibit 6-HB for-
mation, with an I1Cs, of 59 pM, while T1249 and T1144 alone
significantly blocked 6-HB formation in a dose-dependent
manner, with ICs.s of 0.8 and 0.3 uM, respectively. Combining
T20 and T1249 (Fig. 5SA) or T20 and T1144 (Fig. 5B) resulted
in a synergistic effect on inhibition of 6-HB formation, with CIs
of 0.4 and 0.5, respectively. A triple combination also showed
synergism, with a dose reduction for T20, T1249, and T1144 of
about 26-, 4-, and 2-fold, respectively (Fig. 5C). These results
suggest that the increased potency of these CHR peptides in
combination against HIV-1 Env-mediated membrane fusion
derives from their synergistic effect on inhibition of the gp41l
6-HB core formation.

DISCUSSION

In general, if a first-generation antiviral drug becomes inef-
fective against resistant viruses, it is replaced by a next-gener-
ation drug with improved efficacy and drug-resistant profile. In
the case of T20, however, our study shows that it is preferable
to use a next-generation HIV fusion inhibitors, T1249 or
T1144, in combination with T20 rather than to replace it by
either of the next-generation drugs studied. Specifically, our
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FIG. 4. Analysis of the interaction between N46 and the CHR peptide(s) by CD spectroscopy. All peptides and their complexes were measured
at 8 uM in PBS. For peptide(s) underlined or not underlined data are presented as the experimental spectra (underlined) and calculated
theoretical noninteracting spectra (not underlined), as previously described (28, 40). Combinations are indicated on the panels.

results showed that the combination of T20 with T1249 or
T1144 leads to exceptionally potent synergism, with a dose
reduction of 2 to 3 orders of magnitude in the inhibition of
HIV-1-induced cell-cell fusion (Fig. 2), particularly since all of
these peptides when used separately are already highly potent
(at nM level). Similarly, strong synergism was also observed in
the combination of T20 with T1249 or T1144 against infection
by both laboratory-adapted strains and primary HIV-1 isolates.
A triple combination exhibited even greater synergism (Table
1). Most importantly, combining T20 with T1249 and/or T1144
also exhibited strong synergism against T20- and T1249-resis-

tant viruses, with a dose reduction as high as 68-fold (Table 2).
These findings suggest a new strategy for treatment of patients
who have failed to respond to first-generation drugs.

It has been reported that the combination of T20 with PRO
542 (a CD4-based HIV-1 entry inhibitor targeting gp120) or
AMD3100 (a CXCR4 antagonist) or SCH-C (a CCRS5 antag-
onist) results in strong synergistic anti-HIV-1 activity (42, 53,
54). Since it is well known that the combination of two drugs
with different mechanisms of action or target sites may lead to
synergism (9), it is understandable that combining T20 with
other HIV entry inhibitors targeting gpl20 or coreceptors
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FIG. 5. Synergistic effect on inhibition of 6-HB formation resulting
from combinations of T20 with T1249 and/or T1144 as measured by
ELISA (45). Ratios are as follows: T20-T1249, 16:1 (A); T20-T1144,
16:1 (B); T20-T1249-T1144, 16:1:1 (C). Each sample was tested in
triplicate. The results shown are a representative set of data from two
independent experiments.
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would have synergistic effects. However, it seems difficult to
explain why the combinations of different generations of HIV
fusion inhibitors, all targeting gp41, also exhibit synergism. We
attribute the mechanism of synergism resulting from T20,
T1249, and T1144 combinations to the fact that these peptidic
HIV fusion inhibitors have different primary binding sites in
the gp41 NHR.

Both in vitro and in vivo studies (13, 16, 26, 34, 36, 39, 46, 47,
50, 51, 56) have shown that T20 resistance is associated with
single or double mutations in the region of aa 36 to 45 in the
gp41 NHR domain (e.g., G36D, 137V, V38A, V38E, V38M,
N42D, N42S, and N43D) (Table 2), assuming that these mu-
tations impact the binding of T20 and, hence, its potency and
suggesting that this region is the primary binding site for T20.
Using a turbidity clearance assay and CD analysis, Trivedi and
colleagues have shown that the LLSGIV (aa 33 to 38) motif in
the gp4l NHR is critical for the binding of T20 to NHR
peptides (55). Besides the HR-binding sequence that can in-
teract with the region of aa 36 to 45, T1144 also contains the
pocket-binding sequence (Fig. 1). Through the pocket-binding
sequence, T1144 is able to bind to the NHR hydrophobic
pocket, which plays a critical role in stabilization of the gp41
6-HB core (3), to form a highly stable 6-HB with the viral gp41
NHR domain. Therefore, the pocket-forming sequence in
NHR is regarded as the primary binding site for T1144. This
may explain why T1144 and other CHR peptides with pocket-
binding sequences, e.g., C34, C37, and C38, bind to the gp41
NHR domain much more strongly than T20 and are more
effective than T20 in blocking gp41 6-HB formation (2, 6, 25,
29, 30). Since the region of aa 36 to 45 is not the primary
binding site for T1144, the T20-resistant viruses with mutations
in this region are sensitive to T1144 (Table 2). We have re-
cently demonstrated that a peptide containing the pocket-bind-
ing sequence, but lacking the binding sequence in the region of
aa 36 to 45, is exceptionally potent against T20-resistant vari-
ants (18), further confirming that the pocket-binding sequence
is critical for the CHR peptides against T20-resistant viruses.
T1249 contains both the pocket- and HR-binding sequences as
well as the TRD (Fig. 1). Therefore, it is expected to function
either like T1144 by binding to the pocket region and HR
sequence in the NHR domain (Fig. 6, model I) or like T20 by
interacting with the HR sequence in the gp4l NHR domain
and lipid membrane (Fig. 6, model II). However, our results
from CD analysis suggest that T1249 functions more like T20
than T1144 (Fig. 4C), perhaps because the modified pocket-
binding sequence in T1249 may not function as well as the
unmodified pocket-binding sequence in T1144. This may ex-
plain why some T20-resistant viruses are also resistant to
T1249 (Table 2) (13).

Using the CD spectroscopy to analyze the secondary struc-
ture change of the complexes formed between the NHR pep-
tide N46 and the individual CHR peptides as well as their
combinations, we found that all the three CHR peptides, T20,
T1249, and T1144, could interact with N46 in solution, but
different outcomes occurred. Addition of T1144 to N46 re-
sulted in formation of typical a-helical complex with increased
a-helical content, while the interaction of T20 or T1249 with
N46 led to the disruption of the a-helical conformation of N46
(Fig. 4), which is consistent with the CD spectrum change when
an NHR peptide is mixed with a CHR peptide with or without
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FIG. 6. Putative models of action of different generations of HIV fusion inhibitors, T20, T1249, and T1144, which contain distinct functional
domains. T1144 binds to the HR sequence and pocket-forming sequence in the NHR domain via its PBD and HBD, respectively, to form a stable
heterologous 6-HB. T20 interacts with HR sequence in the NHR and lipid membranes through its HBD and TRD, respectively (1, 29, 30, 49, 58).
T1249 may function either like T1144 through the PBD and HBD (model I) or like T20 via the HBD and TRD (model II). Binding of T20 to one
of the three grooves on the NHR trimer may prolong the exposure of the fusion intermediate, which may promote T1249 or T1144 to interact with
the unoccupied grooves, resulting in a synergistic effect against gp41-mediated membrane fusion.

the PBD (e.g., T20 and C34) (28, 30, 31, 45, 60). This result
suggests that the model of the interaction of T1144 with the
gp41 NHR differs from that of T1249 or T20 with the NHR. In
the mixture of N46 with the T20-T1144 combination, the N46-
T1144 interaction predominated over the N46-T20 interaction
while in the mixture of N46 with the T20-T1249 combination,
the N46-T20 interaction is predominant (Fig. 4). This indicates
that different generations of HIV fusion inhibitors may play
different roles in combination. However, the synergistic mech-
anism resulting from the complicated interactions between the
multiple peptides and the corresponding regions in viral gp41
in the presence of the virus and the target cell may not be
readily interpreted by using biophysical analysis. Particularly,
since the binding of T20 to the HR sequence in the NHR
domain is not strong enough to compete with the interaction
between the viral gp41 CHR and NHR regions, T20 may have
to use its C-terminal TRD to interact with the target cell
membrane in order to stabilize its interaction with the viral
gp41 NHR region (Fig. 6) (25, 29, 30, 44).

HIV-1 Env-mediated membrane fusion is a kinetics-limited
process (41). Suboptimal temperature (31.5°C) and other in-
fluencing factors that slow the fusion kinetics and prolong
exposure of the gp41 fusion intermediate could increase the
sensitivity of the virus to the HIV fusion inhibitors targeting
the gp41 NHR domain and make some nonneutralizing MAbs
become neutralizing (15). Other investigators have shown that
introduction of T20 resistance-associated mutations into the
gp41 NHR region results in prolonged fusion processes and
increased sensitivity of the virus to the neutralizing antibodies
targeting gp41 (e.g., 2F5 and 4E10) (47, 48). Gustchina and
coworkers (17) have demonstrated that combining the NHR
peptide N36™M“ <) with a gp41 NHR-specific neutralizing

MAD, Fab 3674, results in synergism, rescuing neutralizing
activity of this MAb against resistant virus strains. This is
because binding of N36™*#) to the viral gp41 NHR results in
prolongation of the temporal window during which the virus is
susceptible to neutralization by the MAbs. By a similar logic,
binding of one peptide fusion inhibitor (e.g., T20) to the gp41
NHR may prolong the half-life of the fusion intermediate so
that other fusion-inhibitory peptides (e.g., T1144 and T1249)
in the mixture can bind more efficiently to the NHR domain.
At low concentration, T1144 may bind to one of three grooves
on the NHR trimer, which allows T20 to interact with other
unoccupied grooves on the NHR trimer. The prolonged expo-
sure of the fusion intermediate resulting from the mutations in
the region of aa 36 to 45 (47, 48) may therefore benefit T1144
binding to the viral gp41 NHR trimer, which would, in turn,
promote the interaction of T20 with the gp41 NHR domain
(Fig. 6).

In summary, highly potent synergistic activity against both
laboratory-adapted and primary HIV-1 strains, including those
resistant to T20, is achieved by combining T20 with T1249
and/or T1144 because these peptidic HIV fusion inhibitors
contain different functional domains and have distinct primary
binding sites in the gp41 NHR domain. Binding of one fusion
inhibitor to the viral gp41 NHR domain may extend the tem-
poral window of the fusion intermediate, which thus becomes
more accessible to other fusion inhibitor(s) targeting the NHR
domain, resulting in synergistic anti-HIV-1 activity. Therefore,
the synergism and the resulting dose reduction of the anti-HIV
drugs in combination may provide maximum efficacy as well as
low-dose and low-cost options, thus overcoming the three ma-
jor weaknesses of T20 monotherapy: (i) ineffectiveness against
T20-resistant viruses, (ii) requirement of a high-dose injection
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intramuscularly that causes serious injection site reaction, and
(iii) high cost to patients. This combination therapy strategy, if
proven successful in clinical trials, could also be applied to
other drugs of different generations that have distinct primary
binding sites.
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