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Enfuvirtide (ENF), a novel human immunodeficiency virus type 1 (HIV-1) fusion inhibitor, has potent
antiviral activity against HIV-1 both in vitro and in vivo. Resistance to ENF observed after in vitro passaging
was associated with changes in a three-amino-acid (aa) motif, GIV, at positions 36 to 38 of gp41. Patients with
ongoing viral replication while receiving ENF during clinical trials acquired substitutions within gp41 aa 36 to
45 in the first heptad repeat (HR-1) of gp41 in both population-based plasma virus sequences and proviral
DNA sequences from isolates showing reduced susceptibilities to ENF. To investigate their impact on ENF
susceptibility, substitutions were introduced into a modified pNL4-3 strain by site-directed mutagenesis, and
the susceptibilities of mutant viruses and patient-derived isolates to ENF were tested. In general, susceptibility
decreases for single substitutions were lower than those for double substitutions, and the levels of ENF
resistance seen for clinical isolates were higher than those observed for the site-directed mutant viruses. The
mechanism of ENF resistance was explored for a subset of the substitutions by expressing them in the context
of a maltose binding protein chimera containing a portion of the gp41 ectodomain and measuring their binding
affinity to fluorescein-labeled ENF. Changes in binding affinity for the mutant gp41 fusion proteins correlated
with the ENF susceptibilities of viruses containing the same substitutions. The combined results support the
key role of gp41 aa 36 to 45 in the development of resistance to ENF and illustrate that additional envelope

regions contribute to the ENF susceptibility of fusion inhibitor-naive viruses and resistance to ENF.

The emergence of drug-resistant viruses remains one of the
most serious impediments to successful antiretroviral therapy
for human immunodeficiency virus (HIV)-infected individuals.
All currently available antiretrovirals belong to one of four
mechanistic classes: nucleoside/nucleotide reverse transcrip-
tase inhibitors, nonnucleoside reverse transcriptase inhibitors,
protease inhibitors, and the newest class, fusion inhibitors.
Cross-resistance within the nucleoside/nucleotide reverse tran-
scriptase inhibitor, nonnucleoside reverse transcriptase inhib-
itor, and protease inhibitor classes is extensive, and treatment
options for multidrug-experienced patients are often severely
limited. Consequently, there is a need for new antiretrovirals
that act against novel targets and will not be affected by viral
resistance to earlier classes of drugs; the process of viral entry
represents one such target.

HIV type 1 (HIV-1) entry occurs via a multistep process
involving the interaction of trimeric envelope (Env) glycopro-
tein complexes with cellular receptors and subsequently with
the target cell membrane. The process ultimately brings the
viral and target cell membranes into contact, leading to the
formation of a fusion pore and viral entry. In the first part of
the process, HIV-1 glycoprotein 120 (gp120) attaches to the
cellular CD4 receptor, resulting in conformational changes
that expose the coreceptor-binding domain and the trimeric
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coiled coil formed by the heptad repeat 1 (HR-1) regions of
gp41 (26). Binding to cellular coreceptors (CCRS5 or CXCR4)
then triggers the release of gp120 from the viral envelope
glycoprotein complex. In the second phase of entry, a putative
hydrophobic fusion peptide at the N terminus of gp41 exposed
by the release of gp120 inserts into the target cell membrane.
At this stage, the HR-1 regions of the three gp41 molecules are
thought to exist as a trimeric coiled-coil structure, and three
cognate HR-2 domains bind along the grooves in the HR-1
coiled coil to form a six-helix bundle, thereby facilitating con-
tact between the viral and target cell membranes. Finally, a
fusion pore between the viral and target cell membranes that is
permissive for viral entry is thought to be created by the ag-
gregation of multiple gp41 trimers that have converted to the
six-helix bundle conformation (9, 30).

Several entry inhibitors have been described in the literature
and have entered clinical evaluation, including the CD4 bind-
ing antagonists PRO 542 (11) and BMS 806 (19), the CXCR4
binding inhibitor AMD3100 (7), the CCRS binding inhibitors
SCH-C and -D (28), UK-427,857 (25), and AK602/GW873140
(20), and the peptide fusion inhibitors enfuvirtide (ENF, for-
merly T-20) and T-1249 (8, 13). ENF, which has been approved
by a number of health authorities worldwide, is a 36-amino-
acid (aa) synthetic peptide whose primary sequence was de-
rived from the gp41 HR-2 region of HIV-1, 4, (32). ENF has
potent antiviral activity against HIV-1 in vitro (32) and during
clinical trials has demonstrated significant virological and im-
munological benefits when used in combination with other
antiretrovirals in treatment-experienced patients (15-18).
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An understanding of mechanisms of resistance and the po-
tential for intra- and interclass cross-resistance is an important
aspect of antiviral drug development. In vitro passaging of
HIV-1 IIIB and NLA4-3 viruses in the presence of increasing
concentrations of ENF resulted in the selection of ENF-resis-
tant viruses carrying mutations in the N-terminal HR-1 region
of HIV-1 gp41 (24). Clones derived from these viral popula-
tions revealed that aa substitutions at positions 36 to 38 of gp41
were responsible for the reduction in susceptibility to ENF.
The involvement of this three-aa motif in conferring viral re-
sistance to ENF was also confirmed by site-directed mutagen-
esis experiments. These studies suggested that the 36S, 36D,
37T, and 38M mutations could all contribute to ENF resistance
but that these mutations had to be present in pairs in order to
generate a resistant phenotype. These findings were later con-
firmed by Derdeyn et al. (5, 6). They constructed mutant vi-
ruses based on HIV-1 NL4-3 with mutations to aa 36 to 38 and
showed that viruses carrying 36D or 36S plus 38M had signif-
icant resistance to ENF. The selection of resistance mutations
in aa 36 to 38 of the HR-1 region of gp41 is consistent with the
hypothesis that ENF exerts its anti-HIV activity by binding to
this region (4). This hypothesis is further supported by the fact
that radiolabeled ENF could bind a peptide representing res-
idues 29 to 75 of wild-type HR-1 but not to the equivalent
peptide carrying the SIM sequence at positions 36 to 38. In
addition, the 29- to 75-residue wild-type peptide could com-
petitively block the antiviral activity of ENF (24), consistent
with earlier studies (4).

Studies of viral resistance to ENF carried out during early
clinical trials have suggested that changes in the gp41 genotype
conferring resistance to ENF may cover a wider aa region than
the aa-36-to-38 motif identified in the initial in vitro selection
experiments (24, 27, 29; M. Mink, M. L. Greenberg, S. Mosier,
et al., Abstr. 11th Int. Drug Resistance Workshop, abstr. 22,
2002). The aim of the present study was to further investigate
this possibility by examining the effects of mutations arising in
vivo in response to therapy with ENF on ENF susceptibility in
vitro and on the binding of ENF to HR-1.

MATERIALS AND METHODS

Samples. Peripheral blood mononuclear cell (PBMC)-derived virus isolates
used for these studies were obtained from samples from 14 patients participating
in the T20-205 phase II trial (16) and from 3 patients participating in the T20-208
phase II trial (31). Patients in trial T20-205 received subcutaneous (s.c.) injec-
tions of ENF (45 mg, twice daily) in addition to an individualized background of
two or more antiretrovirals (16), while patients in trial T20-208 received 67.5 or
90 mg of s.c. ENF twice daily for a period of 48 weeks (31). All virus isolates that
were recovered at baseline and at weeks 4, 16, 24, 32, and 48 were examined for
susceptibility to ENF (27). Isolates recovered from patients receiving treatment
(on-treatment isolates) exhibiting either a 10-fold decrease in ENF susceptibility
or mutations arising in the HR-1 region of gp41 were selected for study along
with their paired baseline isolates.

Population sequencing of plasma HIV-1 RNA. Viral RNAs were extracted
from plasma samples from patients participating in phase II trials of ENF (12, 13,
16, 31) with a QIAamp viral RNA kit (QIAGEN)), using a slight modification of
the manufacturer’s instructions. The gp4l-encoding region was amplified by
reverse transcription-PCR (RT-PCR) using random hexamers for RT and the
forward primer E45 (CCTGCCTAACTCTATTCAC), with either SK68i (TTC
TTiGGAGCAGCiGGAAGCACIATGG:; “i” denotes deoxyinosine) or E170 (A
GCAGGAAGCACTATGGGCG) as the reverse primer, for PCR. A nested
PCR step was included prior to sequencing. The sequence of plasma virus gp41
aa 1 to 177 was determined using SRA GenoScan technology at SRA Life
Sciences Inc. (Rockville, MD).
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Virus isolation from patient PBMC and expansion. Virus isolates were recov-
ered from patient PBMC via coculture with healthy donor PBMC at SRA Life
Sciences Inc. (Rockville, MD), as follows. Approximately 3 X 10° patient PBMC
were suspended with 2 X 10° healthy donor PBMC in 1 ml of RPMI 1640, 15%
fetal bovine serum, 10% interleukin-2, 1% penicillin-streptomycin, and 2 mM
L-glutamine. Phytohemagglutinin (PHA) was added to give a concentration of 5
pg/ml, and cultures were incubated for 24 h at 37°C in 5% CO, in a humidified
incubator for 30 min, after which 4 ml of the medium (described above) was
added. Cultures were incubated for an additional 20 to 24 h before the cells were
washed and resuspended in 2.5 ml of the same medium as that described above,
but containing 2 p.g/ml Polybrene. On day 3 or 4, 2 ml of culture supernatant was
removed, discarded, and replaced with 2 X 10° PHA-stimulated donor PBMC
and 2 ml of culture medium containing 2 pg/ml Polybrene. On days 7, 14, 21, and
28, 2 ml of culture supernatant was removed and assayed for p24 content to
assess virus production, and 2 X 10° PHA-stimulated donor PBMC and 2 ml of
culture medium containing 2 pg/ml Polybrene were added to refeed the cultures.
Virus isolations were expanded when the p24 assay yielded an optical density
reading of 2.0 or above for two consecutive assays. The contents of cultures for
expansion were transferred to T25 flasks, and 4 X 10° PHA-stimulated donor
PBMC and 3 ml of culture medium containing 2 pg/ml Polybrene were added.
On days 4 and 7, 2 ml of culture supernatant was removed, and 4 X 10°
PHA-stimulated donor PBMC and 4 ml of culture medium containing 2 pg/ml
Polybrene were added. On day 11, 2 ml of culture supernatant was removed, 4 X
10° PHA-stimulated donor PBMC and 4.5 ml of culture medium containing 2
pg/ml Polybrene were added, and the cultures were incubated as described above
until day 14, when the virus stocks were harvested and clarified by centrifugation.
Virus stocks were tested in a cMAGI cell assay (see below) to ascertain whether
they were of sufficient titers for antiviral studies (generally at least 10* infectious
centers/ml).

Proviral DNA gp41 sequencing. Genomic DNAs were isolated from infected
PBMC using a genomic DNA purification kit (Gentra Systems) according to the
manufacturer’s protocol. The entire gp41 region was amplified from proviral
DNA using the primers TO-702 (GGCGATATGAGGGACAATTGGAGA)
and TO-701 (CTGTATTGCTACTTGTGATTGTGATTGCTCC). Nested PCR
was performed with TO-698 (GCACCCTCTAGAGCAAAGAGAAGAGTGG
TGCAGAGA) and TO-699 (CTAGGTCTCGAGATACTGCTCCCACCCCAT
CTGCT). The sequence of the gp41 ectodomain (aa 1 to 177) was determined in
both directions using dye terminator chemistry with a CEQ 2000XL DNA anal-
ysis system (Beckman Coulter) and DNAStar software in the research labora-
tories at Trimeris Inc. (Morrisville, NC).

Measurement of ENF binding to mutant HR-1. A Stratagene QuikChange
site-directed mutagenesis kit was used to introduce mutations into the ectodo-
main of HIV gp41 (lacking HR-2) cloned into the expression vector pMal-p2
(New England Biolabs). The site-directed mutants were transformed into Esch-
erichia coli, and the truncated ectodomain was expressed as a maltose binding
protein chimera, M41A178, as previously described (4).

ENF was synthesized to contain fluorescein at its amino terminus. Equilibrium
saturation binding parameters were determined using a constant amount of
fluorescein-labeled ENF mixed with increasing amounts of mutant protein. Bind-
ing was measured by fluorescence polarization. Data were first calculated in
polarization units and then normalized to the percentage of maximum binding to
account for subtle differences in microplate background fluorescence.

Generation of mutant viruses by site-directed mutagenesis. Substitutions were
introduced into a 3'NL4-3 plasmid template using synthetic oligonucleotide
primers containing the relevant mutations and a Stratagene QuikChange site-
directed mutagenesis kit as previously described. The mutated 3'NL4-3 plasmid
(10 pg) was combined with a 5'NL4-3 plasmid (10 pg), and both were then
linearized with EcoRI prior to transfection. The two plasmids comprise the
complete HIV-1 pNL4-3 proviral clone (1). This laboratory strain of HIV-1 has
an unusual aspartic acid (D) at position 36 of gp41 instead of the highly con-
served glycine (G) observed in almost all fusion inhibitor-naive viruses (24, 27).
Therefore, a D36G substitution was engineered into the original NL4-3 virus to
produce NL4-3/D36G, which was then used as the parental strain to produce the
series of mutants to be tested. NL4-3/D36G was considered the wild type for all
comparative analyses. All site-directed mutant constructs were confirmed by
DNA sequencing as described above. Wild-type and mutant virus stocks were
generated by transfection of CEM-x174 cells followed by infection of CEM4 cells
with cell-free viral supernatants from the transfected cultures.

Phenotypic analysis of ENF susceptibility of NL4-3 mutants and clinical
isolates. The susceptibility of NL4-3 mutants and clinical isolates was determined
with a MAGI or cMAGI cell assay, respectively. HeLa cells express the CXCR4
chemokine receptor. MAGI cells are HeLa cells stably transfected to express the
CD4 receptor and contain a modified B-galactosidase gene under the control of
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the HIV-1 long terminal repeat region and are susceptible to infection by HIV-1
strains that use the CXCR4 coreceptor (14). cMAGTI cells have been further
modified to also express the CCRS coreceptor and are susceptible to infection by
HIV-1 strains that can use the CCRS5 coreceptor (3). The infection of either
MAGI or cMAGI cells with HIV-1 and the resultant expression of the tar gene
product lead to the production of B-galactosidase and its accumulation in the
nucleus (14). Infected cells can be visualized by staining with X-Gal (5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside) and quantified using charge-coupled de-
vice microscopy.

Viruses to be tested were pretitrated to determine the virus dilution yielding
approximately 1,000 to 2,000 infectious centers per 0.1 ml. The day prior to ENF
susceptibility testing, 2.2 X 10* MAGI or cMAGI cells were plated in 0.3 ml of
complete medium (Dulbecco’s modified Eagle’s medium, 10% fetal bovine se-
rum, 1% penicillin-streptomycin, 2 mM L-glutamine, 0.1% amphotericin B [Fun-
gizone]). On the day of the drug susceptibility assay, subconfluent MAGI or
c¢MAGI cells in 48-well plates were incubated at 37°C in 5% CO, in complete
medium containing 20 pg/ml DEAE with duplicate serial dilutions of ENF.
Viruses to be tested were added to the cells at 0.1 ml/well. After 20 to 24 h of
incubation, ENF or T-1249 (for ENF-resistant viruses) was added to a final
concentration of 5 pg/ml in order to prevent subsequent rounds of infection,
limiting the analysis to a single round of infection. The cells were incubated for
a further 48 h before being fixed and stained for counting. The concentration of
ENF required to inhibit viral replication by 50% (ICs,) was determined accord-
ing to the method of Reed and Muench (22), using a Microsoft Excel macro,
from a plot of the log drug concentration against the number of infected centers.

Preparation of reporter viruses pseudotyped with wild-type or mutant enve-
lopes and characterization of their susceptibility to ENF. Full-length viral en-
velope genes were amplified from viral DNA by PCR (for NL4-3/D36G) or from
viral RNA by RT-PCR with virus stocks of the primary isolates 030, 060, and 098.
The envelope amplicons were cloned into a modified pCR3.1 vector in a similar
manner to that previously described (10, 33), and the captured envelope clones
served as the starting point for site-directed mutant constructs. Site-directed
mutants were made using a Stratagene QuikChange site-directed mutagenesis kit
and confirmed by DNA sequencing as described above. Stocks of reporter viruses
pseudotyped with parental or mutant envelopes were prepared essentially as
follows. 293T cells (a gift from Robert Doms) were maintained in Dulbecco’s
modified Eagle’s medium containing 10% heat-inactivated fetal calf serum and
1% penicillin-streptomycin. 293T cells were seeded at 6 X 10° cells per well in a
six-well dish 1 day prior to transfection. Cells were cotransfected with 1.33 pg of
an env expression vector and 0.67 pg of plasmid pNL4-3.Luc.R"E™~ (obtained
from the AIDS Research and Reference Reagent Program, Division of AIDS,
National Institute for Allergy and Infectious Diseases, National Institutes of
Health, from Nathaniel Landau) using PolyFect (QIAGEN) according to the
manufacturer’s recommendations. Virus-containing supernatants were harvested
at 48 h posttransfection, filtered, mixed with heat-inactivated fetal calf serum to
bring the concentration to 20% (vol/vol), and stored at —80°C until used for
infection. The ability of cloned env to mediate infection via the CCR5 and/or
CXCR4 coreceptor was assessed in U87 astroglioma cells stably expressing the
CD4 receptor and either the CCR5 or CXCR4 coreceptor. U87 cells were
seeded at 7.5 X 103 cells per well in a 96-well plate and infected with 100 pl of
pseudotyped virus-containing supernatant. Cells were harvested at 72 h postin-
fection and assayed with the Promega luciferase assay system. The sensitivities to
ENF inhibition of reporter viruses pseudotyped with envelope clones and site-
directed mutant envelopes were determined with U87 cells expressing CD4 and
CXCRA4. To assess susceptibility to ENF, the infection of U87 cells was carried
out in the presence or absence of various concentrations of ENF, and the ICs,
(assessed via the luciferase reporter) was determined according to the method of
Reed and Muench, as described above (22).

RESULTS

Effects of mutations in HR-1 region of gp41 on ENF binding
and antiviral activity. The binding of ENF to recombinant
maltose binding fusion proteins either containing the wild-type
HR-1 region of the gp41 ectodomain or carrying a subset of
amino acid substitutions in the region between aa position 29
and position 43 observed in clinical samples is shown in Table
1. This region was chosen to extend seven aa (or one heptad
repeat) on either side of the GIV motif that was previously
shown to be involved in reducing susceptibility to ENF (24).

gp41l SUBSTITUTIONS AND ENFUVIRTIDE RESISTANCE
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TABLE 1. Effects of amino acid substitutions at positions 29 to 43
of recombinant HIV-1 gp41 on ENF binding to the first heptad
repeat and on the antiviral activity of ENF

Binding (Bs [pg/ml])
(fold change)”

Antiviral activity (ICs,

Amino acid sequence” [pg/ml]) (fold change)”

QARQLLSGIVQQQONN 0.10 0.009
RARQLLSGIVQQQNN 0.24 (2.4) ND
QARLLLSGIVQQQONN 0.30 (3.0) 0.005 (<1)
QARQLLSDIVQQQNN 0.70 (7.0) 0.091 (10.1)
QARQLLSSIVQQONN 0.95 (9.5) 0.063 (7.0)
QARQLLSGIAQQQNN ND 0.160 (17.8)
QARQLLSGIVHQONN 0.25 (2.5) 0.011 (1.2)
QARQLLSGIVQHQNN 4.33 (43.3) 0.256 (28.4)
QARQLLSGIVQQQOND 4.96 (49.6) 0.210 (23.3)

“ Positions 29 to 43 of gp41. Substituted amino acids are given in bold.

> Spearman nonparametric correlation analysis indicated a significant corre-
lation between the measured binding affinities and antiviral activities (Spearman
r = 0.82143; P = 0.0234). ND, not determined.

The mutations investigated were identified based on those that
were initially observed during treatment with ENF in clinical
studies (12, 13, 16). Recombinant NL4-3-based virus constructs
carrying the same mutations in gp41 were also tested in the
MAGTI assay for their susceptibility to ENF. This allowed us to
explore the potential mechanism(s) of resistance by assessing
whether a correlation existed between the effects of HR-1
mutations on ENF binding to the mutated target and their
effects on susceptibility to inhibition by ENF. The results of
these studies performed with a subset of the HR-1 mutations
are shown in Table 1. There was a good correlation between
the two assays in terms of the reduction in ENF binding or
susceptibility conferred by the aa substitutions studied (Spear-
man nonparametric correlation analysis; r = 0.82143; P =
0.0234). Other mutations in HR-1 (or HR-2) were not assessed
in these studies, and their effects on ENF binding are un-
known. Of the mutations examined, only substitutions in the
region of aa positions 36 to 43 resulted in a >4-fold reduction,
and the largest reductions in ENF binding (>40-fold) and
susceptibility (>20-fold) were seen for the substitutions Q40H
and N43D. A recent report by Nameki et al. (21) also showed
that an HR-1 substitution (I37K) decreased binding of a re-
lated fusion inhibitor peptide (C34) to the mutated HR-1 tar-
get and that an HR-2 substitution in the fusion inhibitor pep-
tide sequence (N126K) enhanced the binding of the fusion
inhibitor peptide to the mutated HR-1 target.

ENF susceptibility of site-directed mutants with substitu-
tions in gp41 aa 36 to 45 derived from clinical samples. The
results of the initial studies presented above and the patterns
of mutations selected during phase II trials (27, 29) prompted
us to focus specifically on the region from aa 36 to 45 of gp41.
Population sequencing was used to identify substitutions in this
region in plasma HIV-1 from patients enrolled in ENF phase
II clinical trials. In addition, virus isolates were obtained from
patient PBMC at baseline and during ENF therapy. The ENF
susceptibilities of virus isolates recovered from patients under-
going treatment were compared with those of the paired base-
line isolates in a MAGI and/or cMAGTI infectious center assay,
and proviral DNAs of the baseline and on-treatment isolates
were sequenced to identify substitutions occurring in gp41 aa
36 to 45 in on-treatment isolates exhibiting reduced suscepti-
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TABLE 2. ENF susceptibilities of NL4-3/D36G mutants and clinical isolates carrying single substitutions in gp41 amino acid residues 36 to 45

Data for NL4-3/D36G based viruses”

Data for primary clinical isolates”

Substitution(s)“ ENF ICs,

Fold change compared to

Baseline ENF ICs, Treatment ENF Fold change compared to

(ng/ml) (Fﬁiﬁnz 11)31?1?5) (ng/ml) 1C5, (pg/ml) baseline virus
NL4-3/D36G (parental virus) 0.012
Q40H 0.256 21 0.028 0.536 19
N43D 0.210 18 0.004 0.996 249
N43D 0.013 1.593 123
V38A 0.188 16 0.018 1.079 60
V38E 13.2 1,100 —
G36D 0.091 7.6 0.006 27017 450
G36D 0.014 0.242 17
G36D 0.003 0.013 43
G36E 0.471 39.3 0.019 0.811 43
G36S 0.088 7.3 0.014 0.41 29
G36S 0.041 0.499 12
N43S 0.067 5.6 —
N43K 0.063 53 0.027 0.085 3.1
N42T 0.045 3.8 —
L44M 0.021 1.8 —
L45M 0.017 1.4 —
N428¢ 0.006 0.5

¢ Produced by site-directed mutagenesis of NL4-3, altered to match the consensus sequence at amino acid position 36 (aspartic acid replaced by glycine).
> On-treatment clinical isolates from trials T20-205 and T20-208 that acquired single amino acid substitutions between amino acids 36 and 45 of gp41 and their paired

baseline isolates, which had the consensus sequence indicated in footnote c.
¢ Relative to the consensus wild-type sequence GIVQQQNNLL.

4 Mutation only observed in recovered on-treatment isolates in combination with another mutation at positions 36 to 45.
¢ N42S is a polymorphism observed in ~16% of fusion inhibitor-naive baseline isolates and was not seen as a change during treatment.

/The isolate also contained an N-K mixture at position 126 in HR-2 of gp41.

bility to ENF. Substitutions were also introduced into a mod-
ified pNL4-3 parental laboratory HIV-1 strain (NL4-3/D36G)
by site-directed mutagenesis. The effects on ENF susceptibility
of the NL4-3/D36G mutants were ascertained in MAGI and
cMAGTI assays in comparison to the parental virus, and the
results are shown in Table 2 and Table 3 for single and double
mutations, respectively. Changes in viral susceptibility for sin-
gle substitutions introduced into the modified NL4-3 virus
ranged from an 1,100-fold decrease in susceptibility for the

V38E substitution in the modified NL4-3 background to a
2-fold increase in susceptibility for the N42S polymorphism
(Table 2). Melby et al. have noted that the N42S polymorphism
is seen in approximately 16% of fusion inhibitor-naive viruses
in patients participating in the phase III trials of ENF, and they
found an association between the presence of the N42S poly-
morphism in baseline isolates and a lower ICs, for ENF (sub-
mitted for publication). Other individual substitutions in HR-1
led to decreases in ENF susceptibility in NL4-3 of either con-

TABLE 3. ENF susceptibilities of NL4-3/D36G mutants and clinical isolates carrying double substitutions in gp41 amino acid
residues 36 to 45

Data for NL4-3/D36G mutants®

Data for primary clinical isolates”

Substitution(s)

Fold change compared to

Baseline ENF Treatment ENF ICs, Fold change compared to

ENF ICy, (pg/ml) (;I;];:Ii/x]])\?iﬁrz) ICs, (wg/ml) (ng/ml) baseline virus

NL4-3/D36G (parental virus) 0.012

G36S + L44M 0.181 15 0.006 3.791 632
N42T + N43K 0.388 32 0.007 1.762 252
N42T + N43S 0.727 61 0.006 2.0310 339
V38A + N42D 1.685 140 0.022 1.0744 49
V38A + N42T 1.782 149 —

V38E + N42S 6.156 513 —

N42T + LASM° 0.162 14 0.168 5.042 30
Q40H + L45M 0.805 67 0.033 10.776 327

“ Produced by site-directed mutagenesis of NL4-3, altered to match the consensus sequence at amino acid position 36 (aspartic acid replaced by glycine).
> On-treatment clinical isolates that carried double amino acid substitutions between amino acids 36 and 45 of gp41 and their paired baseline isolates that exhibited

the consensus sequence, except as noted in footnote c.

¢ The L44M mutation was observed in the baseline isolate cultured in vitro. The sequence derived from plasma RNA had the consensus wild-type Leu at gp41 position
44. This patient developed N42T and L45M mutations upon treatment, but the L44M mutation was no longer present.
4 The cultured on-treatment isolate contains a mixture of the consensus and the mutant amino acids at positions 38 and 42.

¢ Cultured isolates containing these mutations were not obtained from patients.

/The isolate also contained an S138A substitution in HR-2 of gp41 as a change from baseline.
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siderable magnitude (>10-fold) for the Q40H, N43D, V38A,
and G36E mutations or more modest magnitude (<10-fold)
for the remaining substitutions examined (Table 2). In general,
susceptibility changes for single substitutions were lower in the
NLA4-3 background than those seen for double substitutions.
One notable exception was the V38E mutation assessed in
combination with the N42S polymorphism (Table 3). In the
NL4-3 background, this combination led to an approximately
500-fold decrease in ENF susceptibility (Table 3), consistent
with the individual contributions of the 1,100-fold decrease
conferred by the V38E mutation alone and the 2-fold enhance-
ment of ENF susceptibility seen when the N42S was inserted
into the NL4-3 test virus. Additionally, we found that some
combinations of mutations caused greater reductions in ENF
susceptibility in NL4-3 than might be expected from the effects
of the individual mutations assessed alone in this background.
For example, the combination of N42T and N43S led to a
61-fold reduction in ENF susceptibility (Table 3), in contrast to
the 3.8-fold and 5.6-fold reductions seen for these individual
substitutions, respectively (Table 2). Similarly, the 149-fold
reduction in ENF susceptibility found for the V38A and N42T
combination or the 67-fold reduction seen with the Q40H and
L45M combination appeared to be larger than expected based
on the effects seen with the individual substitutions (compare
Tables 2 and 3).

ENF susceptibility of primary virus isolates with substitu-
tions in gp41 aa 36 to 45. PBMC-derived virus isolates from
patients receiving chronic ENF treatment in phase II clinical
trials were also tested for their susceptibility to ENF. Such
analyses permit a comparison of the observed effects of muta-
tions engineered into the NL4-3/D36G constructs with those
occurring in the context of primary isolates as a result of in vivo
selection during treatment with ENF. The sensitivities to ENF
of virus isolates recovered from on-treatment samples in which
either a single or double mutation in the region of aa 36 to 45
of gp41 was detected are shown in Tables 2 and 3, respectively.
A comparison of the ENF susceptibilities of on-treatment vi-
ruses with mutations to those of their matched pretreatment
isolates allowed us to derive the degree of change in the ENF
1C;, from the baseline. The changes (representing increases in
the ICs,) observed for viruses carrying single mutations ranged
from 3-fold (N43K) to 450-fold (G36D) (Table 2). It is note-
worthy that viruses recovered from three individual patients
had acquired the same single G36D mutation in HR-1 during
treatment but exhibited very different changes in ENF suscep-
tibility, ranging from approximately 4-fold to 450-fold (Table
2). The isolate with a G36D HR-1 mutation exhibiting a 450-
fold change also had an N-K mixture at position 126 in HR-2,
which could have contributed to the observed change (2, 21).
We also observed another isolate with an on-treatment change
in HR-2. This isolate is shown in Table 3 with the N42T-plus-
N43S combination and contained an S138A substitution which
may have contributed to the degree of change seen (33). These
results suggest that on-treatment changes occurring in regions
of the virus envelope outside of gp41 aa 36 to 45 may contrib-
ute to reductions in ENF susceptibility or that the reduction in
ENF susceptibility conferred by a specific mutation can be
modulated by the envelope background in which it emerges.
Four of the six viruses carrying double mutations exhibited a
>250-fold change in the IC,, with a maximum change of
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TABLE 4. ENF susceptibilities of four envelopes bearing
substitutions in gp41 amino acids 36 to 45 in a pseudotype reporter
virus assay

ENF ICs, (ng/ml) (fold change

Env® from wild type) for indicated background®
GIV 030 060 098
Wild type 0.093 3.38 0.265 0.836
G36D 0.372 (4.0)  8.696 (2.6) ND 1.639 (2.0)
V38E 17.858 (192) >100 (>30) ND 40.06 (48)
N42T + N43S  0.276 (3.0) ND 91.08 (344) 22.493 (27)

“ GIV was derived from NL4-3/D36G; 030, 060, and 098 were derived from
baseline virus isolates from three patients in the T20-205 trial (16). ND, not
determined.

632-fold (G36S plus L44M). The N42T-plus-L45M mutant re-
sulted in a 30-fold change in the ICs,, but the cultured pre-
treatment virus for this patient contained L44M, which may
have contributed to the elevated baseline I1Cs,, (Table 3). The
cultured on-treatment virus isolate with the V38A and N42D
double mutation contained a mixture with the wild-type (base-
line) sequence. Therefore, the 49-fold decrease in ENF sus-
ceptibility may have been moderated by the presence of wild-
type virus. Overall, the levels of ENF resistance seen for the
clinical isolates tended to be higher than those seen for the
NLA4-3/D36G mutant viruses. For example, the introduction of
N43D into NL4-3/D36G resulted in an 18-fold increase in 1Cs,
while the two clinical isolates carrying this single mutation had
changes in the ENF ICs, of 249- and 123-fold compared with
their corresponding pretreatment isolates. When independent
isolates harboring the same HR-1 mutation were tested, dif-
ferent susceptibilities to ENF were observed, as illustrated with
the on-treatment isolates containing the G36D mutation and
also those with the N43D mutation (Table 2). These results
suggest that the phenotypic penetration of ENF-selected mu-
tations may be influenced by the genetic context of the virus
envelope in which they arise.

ENF susceptibility of primary isolate envelopes and NL4-3/
G36D envelopes with substitutions in gp41 aa 36 to 45, as
assessed in a pseudotype reporter virus system. To specifically
examine whether the effect of ENF-selected substitutions
could be moderated by the envelope background, we cloned
envelopes from three baseline virus isolates as well as the
NLA4-3/D36G virus into a modified pCR3.1 expression vector
and inserted a subset of the mutations examined into each of
the cloned envelopes by site-directed mutagenesis. The paren-
tal and mutant envelopes were used to generate pseudotype
reporter viruses which were assessed on U87 cells expressing
CD4 and CXCR4 for their susceptibility to ENF (Table 4). As
shown in Table 4, the starting parental envelopes each dis-
played distinct sensitivities to ENF. The G36D mutation con-
ferred relatively similar decreases in ENF susceptibility when
assessed in three different envelopes in this system. We were
unable to analyze the G36D mutation in the 060 envelope due
to low infectivity. We did observe that the V38E single mutant
and the N42T-plus-N43S combination conferred different ex-
tents of reduction in ENF susceptibility in each of the three
envelopes tested (Table 4). The most dramatic difference in
the effects on ENF susceptibility observed with different enve-
lopes was seen for the N42T-plus-N43S double mutation,
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where the changes ranged from a low of 3-fold for the NL4-
3/D36G envelope to a high of 344-fold for the 060 envelope.
These data indicate the potential for regions of the envelope
outside of gp41 aa 36 to 45 to modulate the extent of decreases
in ENF susceptibility conferred by ENF-selected mutations
and caution against attempts to arrive at a generalized rank
order for the effect of ENF-selected mutations based solely on
an analysis of their effects in any one envelope background.

DISCUSSION

This study examined the effect of ENF-selected amino acid
substitutions in gp41 on the susceptibility of viruses to inhibi-
tion by ENF and the binding of ENF to gp41-derived HR-1
regions containing several of the same substitutions. Such an
approach allowed us to evaluate a mechanistic basis for alter-
ations in ENF susceptibility conferred by these substitutions.
The effects of substitutions in gp41 amino acids 29 to 45 on
ENF sensitivity were assessed in the following three ways: (i)
through site-directed mutagenesis of a modified laboratory
strain of HIV-1 (NL4-3/G36D), (ii) through an evaluation of
primary isolates recovered from patients undergoing chronic
treatment with ENF during phase II clinical studies, and (iii)
through site-directed mutagenesis of virus envelopes using a
pseudotype reporter virus assay. NL4-3-based viruses were en-
gineered to harbor many of the substitutions in the HR-1
region of HIV gp41 that had been observed in the plasma
viruses of patients enrolled in ENF phase I/II and phase II
clinical trials and in their recovered virus isolates displaying
reduced susceptibilities to ENF. We observed that several sin-
gle amino acid changes in gp41 aa 36 to 45 conferred a >10-
fold reduction in NL4-3 susceptibility to ENF (G36E, V38A,
V38E, Q40H, and N43D). Reductions in NL4-3 susceptibility
conferred by single substitutions ranged as high as 1,100-fold
for the V38E mutation. In addition, we found that the N42S
polymorphism, which occurs in approximately 16% of fusion
inhibitor-naive viruses, increased NL4-3 sensitivity to ENF in-
hibition about twofold, consistent with the observations of
Melby et al., who found that this polymorphism was associated
with lower ENF ICyys for baseline virus envelopes from pa-
tients participating in ENF phase III trials (submitted). Sub-
stitutions at two positions in aa 36 to 45 generally caused
greater reductions in NL4-3 susceptibility to ENF than did
single substitutions. Similarly, substitutions at two positions in
gp41 were generally associated with larger changes in the ENF
1C,, for on-treatment virus isolates than those for on-treat-
ment isolates carrying only one of the changes. The effects of
mutations within gp41 aa 36 to 45 on ENF susceptibility and
their appearance in the vast majority of viruses from patients
experiencing virological failure during ENF therapy confirm
the key role of this region in the development of resistance to
ENF.

Initial studies of the mechanism of ENF action indicated
that ENF acts through binding to the HR-1 region of gp41 (4,
24). The binding affinities of ENF for HR-1-containing fusion
proteins engineered to carry a subset of ENF resistance-asso-
ciated substitutions correlated in rank order with the ENF
susceptibilities of mutant NL4-3 viruses with the same substi-
tutions. This observation suggests a partial mechanistic basis
for ENF resistance. A decreased susceptibility to ENF may in
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part be due to a decreased binding affinity of ENF for the
altered target HR-1 regions of gp41. This inference is consis-
tent with the recent studies of Nameki et al. (21), who found
that an 137K mutation reduced the binding of a related fusion
inhibitor peptide, C34, to an HR-1 target. In addition to that
study, the present study and other recent reports (2, 33) indi-
cate that the mechanism of ENF resistance is not fully ac-
counted for by decreased binding of ENF to the HR-1 target
nor restricted to substitutions in gp41 aa 36 to 45.

The levels of resistance seen for NL4-3-based mutants were
generally lower than those for clinical isolates bearing the same
mutations. There was also a wide variation in the ENF suscep-
tibilities of clinical isolates bearing a given mutation. These
observations suggest several alternatives that could influence
resistance to ENF. Among them are the following: (i) the
envelope background may affect the magnitude of the shift in
susceptibility to ENF conferred by substitutions within gp41 aa
36 to 45, (ii) changes occurring in the HR-2 region of gp41 may
contribute to ENF resistance, and (iii) changes occurring in
gp120 in response to ENF could influence ENF resistance. In
this study, gp120 sequences were not obtained from plasma
viruses or from the initial baseline or on-treatment clinical
isolates, and thus we cannot directly address their potential
impact on the results reported here. However, a series of
statistical and modeling analyses of entire gp160 sequences and
ENF susceptibilities of patients participating in the phase III
clinical trials of ENF have been conducted by C. Su and col-
leagues (unpublished data) to identify changes occurring in the
viral envelope during ENF therapy that are significantly asso-
ciated with alterations in ENF susceptibility. In their study,
analysis-of-variance models indicated that approximately 90%
of the variations in phenotypic sensitivity were accounted for
by changes in gp41 aa 36 to 45. Nevertheless, they did observe
that changes at three positions in gp120 and five positions in
gp41 outside of aa 36 to 45 were associated with significant
reductions in ENF susceptibility, leaving open the possibility
that changes in gp120 could influence resistance to ENF.

Derdeyn et al. (5, 6) have suggested that coreceptor speci-
ficity defined by the V3 loop may modulate HIV’s susceptibility
to ENF. However, their findings were not confirmed in a sep-
arate study analyzing the ENF susceptibilities of 111 virus
isolates using a variety of cell-based assay systems (M. L.
Greenberg, C. B. McDanal, S. Stanfield-Oakley, et al., Abstr.
8th Conf. Retrovir. Opportunistic Infect., abstr. 473, 2001). No
differences in susceptibility were seen between X4-, R5-, or
dual-tropic viruses from patients or between serially obtained
R5 and X4 isolates from the same patient. In the phase III
studies of ENF, virologic responses were equivalent for pa-
tients with baseline isolates exhibiting either RS, X4, or dual
tropism (Melby et al., submitted), indicating that the corecep-
tor tropism at baseline is not a significant determinant of the
therapeutic response to ENF.

Studies by Heil et al. and Stanfield-Oakley et al. suggested
that both the HR-1 and HR-2 regions of the viral envelope
may contribute to ENF susceptibility (M. Heil, J. M. Decker,
J. Chen, et al., Abstr. 2nd Int. AIDS Soc. Conf. HIV Patho-
genesis Treatment, abstr. 801, 2003; S. A. Stanfield-Oakley, J.
Jeffrey, C. B. McDanal, et al., abstr. 12th Int. HIV Drug Re-
sistance Workshop, abstr. 56, 2003). Those findings were ex-
tended by Xu et al. (33), who found that an S138A HR-2
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mutation could enhance resistance to ENF, and by Baldwin et
al., who reported that an N-to-K mutation in HR-2 (equivalent
to N126K in HXB2) contributed to ENF resistance and con-
ferred enhanced fusogenicity on the virus (2). Nameki et al.
(21) found that the N126K HR-2 mutation led to tighter bind-
ing between an HR-2 peptide and an HR-1 target. Taken
together, these studies suggest another mechanism of resis-
tance to ENF involving HR-2. In this case, alterations in the
HR-2 region may provide a competitive advantage over ENF
for binding to the mutant HR-1 coiled coil, either through
increases in binding affinities or by shortening the kinetic win-
dow for six-helix bundle formation, as posited by Reeves et al.
(23).

Finally, our studies also demonstrate that the envelope back-
ground in which an ENF-selected mutation arises can influ-
ence the degree of resistance to ENF that is conferred. This
finding adds to our previous observation that the envelope
background of fusion inhibitor-naive viruses influences the
sensitivity to ENF (27). Previous reports have documented that
fusion inhibitor-naive isolates display a wide range of sensitiv-
ities to ENF, despite the fact that the vast majority have the
consensus sequence GIVQQQNNLL for gp41 aa 36 to 45.
Those findings indicate that regions outside of this motif can
influence the sensitivity to ENF. The current study extends the
influence of the envelope context to the effects of HR-1 mu-
tations on ENF resistance. The data presented here clearly
demonstrate that substitutions in the region of aa 36 to 45 of
gp41 are primary determinants for the development of viral
resistance to ENF. Overall, these results lend strong support to
the mechanism of ENF action targeting the HR-1 region as a
competitive inhibitor that acts to block the interactions of the
viral HR-1 and HR-2 regions required for the fusion of viral
and target cell membranes. These studies also indicate that an
important mechanism of resistance to ENF involves decreases
in ENF binding to the HR-1 target sequences that are altered
during exposure to ENF. In addition, there are other mecha-
nisms contributing to ENF resistance. These include alter-
ations in HR-2 that may increase binding to HR-1 or shorten
the kinetic window of six-helix bundle formation, changes in
gp120 that act in ways that are unclear to affect ENF suscep-
tibility, and influences of the envelope background on resis-
tance to ENF. Further studies will be required to more fully
understand these mechanisms and the influence of the enve-
lope’s genetic context.
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