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The expression of a membrane-anchored gp41-derived peptide (M87) has been shown to confer protection
from infection through human immunodeficiency virus type 1 (HIV-1) (Hildinger et al., J. Virol. 75:3038-3042,
2001). In an effort to characterize the mechanism of action of this membrane-anchored peptide in comparison
to the soluble peptide T-20, we selected resistant variants of HIV-1y, , ; and HIV-1g,, by serial virus passage
using PM1 cells stably expressing peptide M87. Sequence analysis of the resistant isolates showed different
patterns of selected point mutations in heptad repeat regions 1 and 2 (HR1 and HR2, respectively) for the two
viruses analyzed. For HIV-1,,; a single amino acid change at position 33 in HR1 (L33S) was selected,
whereas for HIV-1;,, the majority of the sequences obtained showed two amino acid changes, one in HR1 and
one in HR2 (I48V/N126K). In both selections the most important contiguous 3-amino-acid sequence, GIV,
within HR1, associated with resistance to soluble T-20, was not changed. Site-directed mutagenesis studies
confirmed the importance of the characterized point mutations to confer resistance to M87 as well as to soluble
T-20 and T-649. Replication capacity and dual-color competition assays revealed that the double mutation
I148V/N126K in HIV-1,, results in a strong reduction of viral fitness, whereas the L33S mutation in HIV-1; , 5
did enhance viral fitness compared to the respective parental viruses. However, the selected point mutations
did not confer resistance to the more recently described optimized membrane-anchored fusion inhibitor M870
(Egelhofer et al., J. Virol. 78:568-575, 2004), strengthening the importance of this novel antiviral concept for

gene therapy approaches.

The development of highly active antiviral therapy has re-
sulted in greater expected life spans and slower progression to
AIDS for patient infected with human immunodeficiency virus
(HIV) (25, 26). However, the emergence of drug-resistant vi-
ruses during treatment and extensive subsequent intraclass
cross-resistance has been a limiting factor in the success of
treatment (5, 6). Due to this limitation, antiretrovirals with a
novel mechanism of action have been the focus of extensive
drug discovery research.

Enfuvirtide is one novel HIV-1 inhibitor already in clinical
use; it blocks fusion of viral and cellular membranes by binding
to heptad repeat region 1 (HR1) of virus gp41 (10, 15). Enfu-
virtide is homologous to a segment of the HR2 region of gp41
corresponding to amino acids 127 to 162 and binds to the HR1
region of gp41 (39, 40). Enfuvirtide interferes with the forma-
tion of the six-helix bundle, composed of an inner coiled-coil
trimer of the HR1 and HR2 regions aligned in an antiparallel
manner, thereby blocking the final step of virus entry, the
fusion of the viral membrane with the target cell membrane
(28). A slightly longer, 39-amino-acid peptide, T-1249, binds to
a region of HR1 that overlaps the binding site of enfuvirtide
and is active against HIV-1, HIV-2, and simian immunodefi-
ciency virus (11). In addition, several other fusion inhibitors
have been studied, for example, T-649 (corresponding to
amino acids 117 to 152 of gp41) and C34 (corresponding to
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amino acid 117 to 150 of gp41). Both block the formation of
the hairpin structure in a way similar to enfuvirtide (4, 34, 40).

A wide range of susceptibility to enfuvirtide has been de-
scribed in virus isolates from naive patients (13, 16, 18). Early
in vitro studies using enfuvirtide showed the development of
resistance is associated with changes in a conserved amino acid
triad (GIV) at positions 36 to 38 in the HR1 region of gp41l
(34). These findings were confirmed by site-directed mutagen-
esis experiments and in vivo studies which expanded the core
region of functional importance to amino acids 36 to 45 (16, 30,
35, 38). Single amino acid substitutions in this region are the
most common and cause various degrees of susceptibility loss.
Double amino acid substitutions have also been observed and
these are associated with the highest levels of resistance, some
combinations (G36S/V38M) exhibiting an approximately 100-
fold reduction in enfuvirtide susceptibility (30, 34, 38). In ad-
dition, changes in HR2 may equally be involved in enfuvirtide
resistance as well (20, 36). Most variants that are resistant to
enfuvirtide maintain susceptibility to T-1249 and T-649 (12,
34).

The rapid emergence of enfuvirtide-resistant viruses and the
lack of oral bioavailability are major obstacles that hinder
widespread application of enfuvirtide as part of an extended
therapy option (5). To overcome these problems, the enfu-
virtide peptide was engineered for expression on the cell mem-
brane, leading to a high local concentration of peptide at the
site of action (14). Surface expression was achieved by fusing
an N-terminal signal peptide and a C-terminal scaffold consist-
ing of a hinge and a membrane anchor to the antiviral peptide
MS87. This membrane-anchored peptide was expressed from a
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retroviral vector (pM87) and had good antiviral activity in cell
lines.

Recently, we developed a retroviral vector expressing a
membrane-anchored antiviral peptide that was also highly ef-
fective in primary cells and had minimal potential immunoge-
nicity and no detectable toxicity (8). This membrane-anchored
peptide was expressed from an optimized retroviral vector
(pM870) and encodes a larger antiviral peptide 46 amino acids
in length (M870). This extended membrane-anchored antiviral
peptide can be viewed as a combination of the previously
described antiviral peptides T-20 and T-649 (or C34) and is
almost similar to DP207, a soluble peptide 45 amino acids in
length shown to be a potent fusion inhibitor (40).

In an effort to characterize the mechanism of action of this
membrane-anchored peptide in comparison to the soluble
peptide T-20, we selected resistant variants of HIV-1; 4.5 and
HIV-1g,, by serial virus passage using PM1 cells stably ex-
pressing peptide M87. Sequence analysis of the resistant iso-
lates showed different patterns of selected point mutations in
heptad repeat regions 1 and 2 for the two viruses analyzed.
Site-directed mutagenesis studies confirmed the importance of
the characterized point mutations (L33S, 48V, and N126K) to
confer resistance to M87 as well as to soluble T-20 and to
T-649. In addition, replication capacity and dual-color compe-
tition assays revealed that the double mutation I48V/N126K in
HIV-1,, results in a strong reduction of viral fitness, whereas
the L33S mutation in HIV-1y,,; did enhance viral fitness
compared to the parental viruses.

MATERIALS AND METHODS

Cells and viruses. The T-cell line PM1, a subclone of HuT78 expressing CD4,
CXCR4, and CCRS, and the transduced cell lines PM1-M87 and PM1-M870
have been described (8, 14, 19). TZM-bl have been described (38) and were
transduced using vesicular stomatitis virus G protein pseudotyped particles con-
taining the transfer vectors M87 and M870 as described (8, 14), resulting in cell
lines TZM-M87 and TZM-M870, respectively. The HIV-1g,; isolate was prop-
agated on PM1 cells as was the molecular clone HIV-1yy 4.3. T-20-resistant gp41
variants (NL/GIA, NL/DTV, NL/DIM) were described previously (8, 38) and
cloned into the HIV-1y; 43-based viral vector expressing Renilla luciferase in the
position of nef (TN7-NL) (23). T-20-insensitive gp41 variants have been charac-
terized previously (TN7-R14, TN7-X10, and TN7-X23) (13, 23).

Determination of cell surface expression of membrane-anchored peptides by
a quantitative flow cytometry assay. Quantification of the antibody-binding ca-
pacity of the C peptide-expressing cell lines was performed as described before
by Lee et al. (17) with minor modifications. Monoclonal 2F5 antibody was
labeled with fluorescein isothiocyanate using the Fluorotag conjugation kit
(Sigma Aldrich, Munich, Germany). Conjugation was carried out according to
the manufacturer’s protocol. Approximately 10° M87 peptide or M870 peptide-
expressing cells from an exponentially growing culture were harvested by cen-
trifugation. Supernatant was removed and cells were labeled with the antibody
2F5-fluorescein isothiocyanate for 30 min at 4°C. In addition, 50 pl Quantum
Simply cellular beads (=10° beads with defined immunoglobulin G-binding ca-
pacities, Bangs Laboratories Inc., Fishers, IN) were labeled with different
amounts of 2F5-fluorescein isothiocyanate for 30 min at 4°C. After the incuba-
tion, cells and beads were washed twice with 2 ml phosphate-buffered saline-2%
fetal calf serum. Samples were than resuspended in 300 pl phosphate-buffered
saline-2% fetal calf serum. In each sample 2 X 10* living cells and the same
amount of beads were analyzed by flow cytometry. The geometric mean fluores-
cence of each population was determined by flow cytometry and plotted against
their individually immunoglobulin G-binding capacity to generate a linear re-
gression curve. This curve was then used to convert the geometric mean fluo-
rescence of each M87 peptide and M870 peptide-expressing cell line into anti-
body-binding capacity.

Reverse transcription-PCR and site-directed mutagenesis. Viral genomic
RNA was extracted using cell-free supernatant from PM1-M87 cell cultures
infected with the passaged viruses HIVy; 4.3 and HIVg,; (QIAamp viral RNA
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kit, QIAGEN, Germany). After reverse transcription using an oligo(dT) primer
the entire envelope gene was amplified as described earlier (7, 23) and cloned
into pCR4-TOPO (Invitrogen, Germany). Sequence analysis of the HR1 and
HR2 regions of gp4l was performed as described (38). The observed point
mutations selected due to the passage of HIVy; 4.3 and HIVg,; on PM1-M87
cells were introduced into the MPIll-env expression vectors using the
QuikChange XL site-directed mutagenesis kit (Stratagene, Germany) and con-
firmed by sequence analysis. The MP11-env expression vector system has been
described previously (33). These modified envelope genes were also cloned into
the vector TN7, resulting in replication-competent virus variants (TN7-NL/S,
TN7-BaL/V, TN7-BaL/K, and TN7-BaL/VK).

Production and titration of virus stocks. To generate infectious virus stocks,
293T cells (10° cells) were transfected with 3 pg DNA and 9 ul Metafectene
(Biontex, Germany) according to the manufacturer’s instructions. Virus-contain-
ing supernatant was harvested 3 days later and after filtration stored at —80°C.
For some experiments the supernatant was concentrated by ultracentrifugation
through a 20% sucrose cushion. In addition, 293T cells were used to generate
HIV-1 pseudotyped particles by cotransfection of TN7yp,p,, and MP11-derived
env expression plasmids (MP11-NL, MP11-BalL, MP11-NL/S, MP11-BaL/V,
MP11-BaL/K, and MP11-BaL/VK) or pM3, a vesicular stomatitis virus G protein
expression vector, using Metafectene (Biontex, Germany). TN7,,, does not
express gp160 due to the insertion of two nucleotides in the 5 region of the signal
peptide, resulting in a frameshift and premature termination of translation.
Virus-containing supernatants were harvested 3 days later, filtered, concen-
trated, and stored at —80°C.

All virus stocks were titrated using the indicator cells TZM-bl, which were
seeded at a density of 3 X 10% cells per well in a 96-well tray. The next day,
fivefold dilutions of 293T-derived virus stocks were used to infect TZM-bl cells
and 48 h later the cells were fixed with 3% paraformaldehyde and stained by
addition of 5-bromo-4-chloro-3-indolyl-B-galactopyranoside (X-Gal; 0.5 mg/ml
in phosphate-buffered saline containing 3 mM potassium ferricyanide, 3 mM
potassium ferrocyanide, and 1 mM magnesium chloride) (38). Individual groups
of blue-stained cells were counted as single foci of infection and virus infectivity
was determined as focus-forming units.

Growth curve analysis. Growth curve analysis was performed using the T-cell
lines PM1, PM1-M87, and PM1-M870. Using equal amounts of infectious par-
ticles, 10° PM1 cells were infected (multiplicity of infection of 0.01). After
adsorption at 37°C for 4 h, the cells were washed three times with phosphate-
buffered saline and observed for p24-CA production in the supernatant over time
using an in-house enzyme-linked immunosorbent assay (7).

T-20 and T-649 inhibition studies with TZM-bl. For the T-20 and T-649
inhibition studies on TZM-bl cells, equal amounts of infectious particles (1,000
TU/well) were added in the absence or presence of 20, 10, 2, 0.4, 0.08, and 0.004
pg of inhibitor/ml. Triplicate wells were analyzed for each drug concentration.
The TZM-bl cells were lysed at 2 days postinfection and the firefly luciferase
activity was measured using the Steady-Glo assay system (Promega, Germany)
and a luminometer (Labsystems, Germany). Relative activity (% of the control)
was calculated by dividing the mean number of relative light units at each drug
concentration by the mean number of relative light units from wells containing
no drug.

Inhibition of T-20-resistant-, T-20-insensitive-, and M87-selected HIV strains
by TZM-M87 and TZM-M870. TZM-bl, TZM-M87, and TZM-M870 cells were
used for infections with T-20-resistant (TN7-NL/GIA, TN7-NL/3DTV, and TN7-
NL/DIM) and T-20-insensitive (TN7-R14, TN7-X10, and TN7-X23) (23) virus
strains and the two M87-selected HIV isolates NL/sel and Bal/sel. In addition,
the TZM-bl, TZM-M87, and TZM-M870 cells were used for single-round infec-
tions using the pseudotyped particles based on the TN7,,,, vector (23). The
TZM-bl-based cell lines were lysed at 2 days postinfection and the firefly lucif-
erase activity was measured using the Steady-Glo assay system (Promega, Ger-
many) and a luminometer (Labsystems, Germany). Relative infection (% of the
control: TZM-bl cells) was calculated by dividing the mean number of relative
light units measured for the infection of TZM-M87 and TZM-MS870 in relation
to TZM-bl cells not expressing the antiviral peptides. Single-round infection
assays using PM1, PM1-M87, and PM1-M870 were analyzed 48 h postinfection
after cell lysis and detection of Renilla luciferase using the Renilla Assay System
(Promega, Germany).

Replication capacity. To compare the replication capacity of viruses carrying
the parental envelope proteins of HIV-1y; 4.5 or HIV-1g,; to the M87-selected
envelope proteins NL/S, BaL/V, BaL/K, and BaL/VK in the absence of drug
selection, a modified single-cell phenotypic assay was used (27, 41). The effi-
ciency of the 293T transfections to obtain the different pseudotyped viruses
(TN7opp and MP11-env) was determined by measuring Renilla luciferase as
relative light units (RLU) and used to normalize the virus stocks. PM1 cells (10*
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FIG. 1. Schematic diagram of the fusion inhibitors used in this study. The N-terminal ectodomain of gp41, comprising the fusion peptide (FP),
the two heptad regions (boxed, HR1 = gray, HR2 = black) linked by 28 amino acids (dotted line) is shown (HXB2 sequence). T-20 and T-649
are 36 amino acids in length and derived from HR2. M87 and M870 are 36 and 46 amino acids in length, respectively, and linked to a spacer and

a membrane-spanning domain (msd-spacer) (8, 14).

cells per well) were challenged with the pseudotyped virus stocks and 2 days
postinfection Renilla activity was determined. The quantitative values (as a ratio)
obtained after infection of PM1 cells and after transfection of 293T cells for the
viruses carrying the envelope proteins NL4-3 and BaL was set to 100%. Differ-
ences in replication capacity for the pseudotyped viruses carrying M87-selected
envelope proteins were assayed at least three times in quadruplicate for each
virus.

Dual-color competition assay. The fitness of recombinant viruses carrying
NL4-3 and BaL Env proteins in comparison to the NL/S and BaL/VK Env
proteins was determined by dual infection of PM1 cells as described (23). In
order to follow the spread of two virus variants, different only in their envelope
proteins, the envelope genes NL/S and Bal/VK were cloned into an enhanced
green fluorescent protein (EGFP)-encoding viral vector (TN6G) and a mono-
meric red fluorescent protein (mRFP)-encoding viral vector (TN8) yielding rep-
lication-competent viruses after transfection of 293T cells. Pairs of virus variants
(e.g., TN6-NL and TN8-NL/S) were used to infect PM1 cells at a multiplicity of
infection of 0.025 (determined using TZM-bl cells) in duplicate. Each well
contained 10° PM1 cells in 1 ml RPMI medium. After 6 h adsorption at 37°C, the
cells were washed once in medium to remove residual input virus.

To determine the relative replication capacity of one virus over the other, half
of the cells were harvested 3 days postinfection, fixed with 3% paraformaldehyde,
and analyzed using a multiwell plate fluorometer reader to quantify GFP and
mRFP expression. The same analysis was performed with the remaining cells 7
days postinfection to confirm the first data set and to evaluate growth advantage.
All growth competition assays were performed at least two times independently.
The ratio between the relative EGFP fluorescence and the relative mRFP fluo-
rescence indicates the growth difference for the recombinant virus pairs. Infec-
tions with two marker viruses expressing the same envelope (e.g., TN6G-NL and
TNS8-NL) were included in each competition experiment for standardization.
Furthermore, the results of all growth competition experiments were confirmed
by expressing the opposite envelope/reporter combination.

RESULTS

Selection and characterization of viruses-resistant to M87.
Initially we started to select M870o-resistant virus variants using
the recently described optimized PM1 cells (PM1-M870).
These cells express M870 (46 amino acids in length) at the cell
surface in comparison to PM1-M87 cells (only 36 amino acids
in length) (see Fig. 1 for comparison to the soluble fusion
inhibitors T-20 and T-649). Several attempts, including the use
of different primary isolates from more diverse HIV-1 subtypes
A and C, failed. Prolonged culture of challenged PM1-M870
cells (up to 40 days) did not result in the detection of replicat-
ing virus in the culture supernatant.

As described before, the infection of PM1-M87 cells results

in detectable HIV replication between 14 and 20 days postin-
fection (14). Therefore, these cells were challenged with HIV-
Inpaz and HIV-1g,, (multiplicity of infection of 0.01) and
virus-containing supernatant was harvested between days 17
and day 22. After titration of this first-round selected virus
isolate (on TZM-bl cells), a second selection was initiated.
After the third round of selection, the resulting virus isolates
(NL/sel and Bal/sel) were analyzed for resistance to M87
using PM1 cells and PM1-M87 cells.

Monitoring the replication kinetics of the selected isolates in
comparison to the parental viruses on PMI1 cells reveals a
similar growth curve for HIV-1,; , ; and NL/sel, whereas the
selected BaL variant (BaL/sel) displays a slow/low replication
phenotype compared to HIV-1g,, (Fig. 2A, left). The chal-
lenge of PM1-M87 cells however shows a clear growth advan-
tage for the selected isolates NL/sel and BaL/sel in comparison
to the parental viruses HIV-1y, 4,5 and HIV-1g,, (Fig. 24,
right). The detection of replicating parental virus indicates the
emergence of resistant variants already at day 17 postinfection
of PM1-M87 cells. Challenge experiments using the selected
isolates (NL/sel and Bal/sel) and the optimized cell line PM1-
MS870 did not result in detectable HIV replication up to 25
days postinfection (data not shown).

Next, the susceptibility of the selected isolates to inhibition
by soluble T-20 and soluble T-649 was analyzed. Using the
indicator cell line TZM-bl (38) allows the quantification of
infection (Fig. 2B). Increasing concentrations of fusion inhib-
itor were added before challenge of TZM-bl cells with 1,000
infectious units (IU) of the parental viruses and the selected
isolates. The mean 50% inhibitory concentration (ICs,) for the
selected isolate NL/sel was 8 pg/ml for T-20 and 6 pg/ml for
T-649, an increase of 8-fold and 40.2-fold, respectively, com-
pared to the parental virus HIV-1y, , 5. The 40.2-fold change
in susceptibility to T-649 was unexpected, since the peptide
T-649 as a whole is not included in the membrane-anchored
MS8T7 peptide. For the selected isolate BaL/sel reduced levels of
T-20 and T-649 sensitivity were also detected. A 16.2-fold
increase in ICy, for T-20 and a modest 5.3-fold increase in ICs,,
for T-649 were determined (Table 1).
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FIG. 2. PM1-M87 selection results in M87-resistant isolates with increased ICs, values for both the T-20 and T-649 fusion inhibitors.
(A) Growth of wild-type HIV-1y; 4.5 and HIV-13,, in comparison to the PM1-M87-selected isolates NL/sel and BaL/sel in PM1 cells (left) and
PM1-M87 cells (right). Target cells were infected at a multiplicity of infection of 0.01 and monitored over time for p24 antigen release into the
supernatant. (B) TZM-bl cells were infected with 1,000 IU/well of the parental viruses (HIV-1y; 4.5 and HIV-13,,) and selected isolates (NL/sel
and BaL/sel) in the presence of increasing concentrations of T-20 or T-649 (0.02 to 10 pg/ml). Firefly luciferase activity was measured 48 h
postinfection and is plotted on the y axis as percent infection relative to the control infection without fusion inhibitor. Shown are the means of
triplicate infections for each inhibitor concentration. These data were used to calculate ICs, values and the fold change of ICs, (see Table 1).

Genetic analysis of HIV-1 env postselection on PM1-M87
cells. Viral RNA was isolated from virus-containing cell cul-
ture supernatant and the entire envelope gene was amplified
by reverse transcription PCR. Subsequently, the HR1/HR2
region was analyzed by sequencing individual clones. Figure 3
compares the amino acid sequences of the HR1 and HR2
regions of the parental viruses HIV-1y,; 45 and HIV-15,, and
24 sequences analyzed for NL/sel and 20 sequences analyzed

TABLE 1. Evaluation of T-20 and T-649 sensitivity of PM1-M87-
selected isolates (NL/sel and BaL/sel) and pseudotyped variants
carrying envelope proteins with point mutations (NL/S [L33S],

Bal/V [148V], BaL/K [N126K], BaL/VK [148V/N126K])
in TZM-bl indicator cells®

Relative fusion inhibitor resistance

Isolate
T-20 T-649
NL4-3 1 1
NL/sel 8.0 £ 1.0 40.2 £ 6.3
NL/S 10.1 =43 50.0 £5.7
BalL 1 1
BalL/sel 162 +33 5312
BalL/V 24 0.9 1.0 =04
Bal/K 5.6 =13 53*+0.8
BalL/VK 5.6 £ 1.5 2.5 +0.5

“The mean ICs, values were calculated from at least three independent
TZM-bl infections. Relative fusion inhibitor resistance was calculated by dividing
the ICs, value for the PM1-M87-selected isolates and each envelope protein
variant by the ICs, value for HIV-1yy 45 or HIV-1g,;.

for Bal/sel. All NL/sel sequences obtained show one mutation
N-terminal to the most important contiguous 3-amino-acid
sequence (DIV, 36 to 38) within the HR1 motif. This single
amino acid change is present in 18 out of 24 sequences ob-
tained and present in the remaining seven sequences together
with one additional mutation in either the HR1 or HR2 region.
Thus, the major point mutation detected for the selected iso-
late NL/sel is L33S (codon change TTA—TCA). For the se-
lected isolate Bal/sel the majority of the sequences analyzed
(19 out of 20) encode two mutations, one in HR1 (I48V, codon
change ATT—GTT), and one in HR2 (N126K, codon change
AAT—AAA). Again, the HR1 region, described to contain
mutations conferring resistance to T-20, was not changed.
Note that the mutation N126K in HR2 has been described
previously after selection in vivo (20) and recently been impli-
cated in a T-20-dependent viral phenotype (2).

Resistance determinants mapped by site-directed mutagen-
esis. Next, the most common point mutations selected (L33S
for NL4-3 and 148V, N126K, and 148V/N126K for Bal) were
introduced into expression plasmids for the envelope proteins
of HIV-1y; 45 and HIV-1g,, , respectively. Pseudotyped parti-
cles were generated and used for single-round infection assays,
again using the TZM-bl cell line as indicator cells and T-20 and
T-649 to inhibit infection. As Fig. 4 shows, the single point
mutation L33S confers a 50-fold increase in insensitivity to
T-649 (ICs, = 7.5 ng/ml) and a 10-fold increase in insensitivity
to T-20 (IC5, = 10 pg/ml) (Table 1). These results are in
agreement with the previously described change in insensitivity
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FIG. 3. Alignment of the amino acid sequence of heptad repeats 1 and 2 of the parental viruses HIV-1y; , 5 and HIV-1g,, and the sequences
obtained from PM1-M87-selected variants NL/sel and BaL/sel, respectively. Note that PM1-M87 selection did not change amino acids in the most
important contiguous 3-amino-acid sequence (GIV/DIV, positions 36 to 38) of HR1.

due to selection with C34 (1) or T-20 (9) resulting in the same
amino acid change at position 33 for HIV-1; 4.5.

The single-round infectivity assays performed using HIV-
1gar envelope expression plasmids (parental envelope BaL
and the three point mutated envelope proteins) revealed a
more differentiated pattern of sensitivity to T-20 and T-649.
The mutation N126K in HR2 is sufficient to cause increased
insensitivity to T-20 and T-649 (5.6-fold and 5.3-fold, respec-
tively) similar to the observed increase in insensitivity for the
selected isolate BaL/sel (Fig. 4 and Table 1), although not as
pronounced. The mutation 148V in HR1 causes only a minor
increase in insensitivity to T-20 and no increase in insensitivity
to T-649. The combined mutation 148V/N126K, however, re-

veals a 5.6-fold increase in insensitivity to T-20 and a 2.5-fold
increase in insensitivity to T-649 (Table 1). These results indi-
cate that the N126K mutation is sufficient to confer partial
resistance to T-20 and T-649 and that the 148V mutation is
modulating this resistance phenotype.

Resistance to membrane-anchored fusion inhibitor M87.
NL/sel and Bal/sel were selected using PM1-M87 cells. In
order to analyze the resistance profile using another target cell,
TZM-bl cells expressing either M87 or M870, in a similar way
to that described for PM1-M87 and PM1-M870 (8, 14) were
generated. Using a quantitative flow cytometry analysis, the
numbers of M87 and M870 molecules at the cell surface of
TZM-bl cells in comparison to the two PM1-derived cell lines

125
e 100
g 75 —a—NL
£ 50 —O-NUS
R 25
| G —
0 0.01 0.1 1 10
T-20 [ug/ml] T-649 [pg/ml]
125 4 125
e 100 100 —&—Bal
g7 75 —e—BalV
£ 50 50 —o—Bal/K
0 0.01 0.1 1 10 0 0.01 0.1 1 10
T-20 [pg/mi] T-649 [ug/mi]

FIG. 4. Point mutations L33S (for HIV-1y, 4.5) and N126K (for HIV-1y,, ) are sufficient to confer resistance to T-20 and T-649. TZM-bl cells
were infected with 1,000 IU/well of the pseudotyped viruses carrying the parental envelope proteins of HIV-1y; 4.3 and HIV-1g,, and the point
mutations indicated (NL/S [L33S], BaL/V [148V], BaL/K [N126K], and BaL/VK [I48V/N126K]) in the presence of increasing concentrations of
T-20 or T-649 (0.02 to 10 wg/ml). Firefly luciferase activity was measured 48 h postinfection and is plotted on the y axis as percent infection relative
to the control infection (without fusion inhibitor). Shown are the means of triplicate infections for each inhibitor concentration. These data were
used to calculate ICs, values and the fold change of IC;, (see Table 1).
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FIG. 5. Single-round infection assays with PM1-M87-selected vi-
ruses on TZM-bl cells and PM1 cells expressing M87 and M§7o0.
TZM-bl, TZM-M87, and TZM-M870 were challenged with (A) dif-
ferent viruses carrying T-20-resistant (DTV, DIM, and GIA) and T-20-
insensitive (X10, X23, and R14) and M87-resistant envelope proteins
(NL/sel and BaL/sel) or (B) pseudotyped particles carrying envelope
proteins with the point mutations indicated. In addition, PM1, PM1-
M87, and PM1-M870 cells were challenged with pseudotyped particles
carrying envelope proteins with the point mutations indicated (C).
Forty-eight hours postinfection the cells were lysed and firefly lucif-
erase activity (for A and B) and Renilla activity (for C) was determined.
Luciferase activity obtained from TZM-bl and PM1 cells not express-
ing a membrane-anchored fusion inhibitor was set to 100%. Shown are
the mean values of triplicate infections of a representative experiment.

were determined. The newly established cell line, TZM-M§7,
expresses similar levels of membrane-anchored fusion inhibi-
tor as described for the PM1 cell line (median number of
molecules for TZM-M87: 315, and for PM1-M87: 533). In
comparison, TZM-M870 cells show very high numbers of
membrane-anchored fusion inhibitor (median number of mol-
ecules: 23,231), confirming the successful optimization strategy
described by Egelhofer et al. (8).

These TZM-bl-derived cell lines were used for single-round
infection assays using the pseudotyped particles described but
also for infections using the selected isolates NL/sel and Bal/
sel. In addition, these cell lines were challenged with replica-
tion-competent recombinant viruses carrying T-20-resistant
envelope proteins and T-20-insensitive envelope proteins de-
scribed previously (23, 34). As Fig. 5A shows, the amount of
membrane-anchored M87 expressed by TZM-MS87 cells is suf-
ficient to cause a 95% reduction in infectivity for the parental
viruses HIV-1, 45 and HIV-1,,. As expected, the selected
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isolates NL/sel and BaL/sel displayed an M87-resistant pheno-
type and infected TZM-MS87 cells almost as efficiently as
TZM-bl cells (only 20% inhibition). No reduction in infectivity
of TZM-M87 cells was measured for viruses carrying envelope
proteins containing single point mutations in the HR1 region
known to confer resistance to soluble T-20 (DTV, DIM, and
GIA). Similarly, the three recombinant viruses carrying the
envelope variants X10, X23, and R14 (13, 23) were able to
infect the TZM-MS87 cells with higher efficiency than HIV-
1n14.3 and HIV-14,;, confirming their relative T-20 insensitiv-
ity.

Next, TZM-M87 cells were challenged with pseudotyped
particles carrying the parental envelope proteins of HIV-1; 4 5
and HIV-1,,, and envelope proteins encoding the observed
point mutations. The mutation L33S in the NL4-3 envelope
confers resistance to M87, as did the mutations N126K and
I48V/N126K in the BaL envelope protein (Fig. 5B). The sin-
gle-round infection assay using PM1-M87 cells resulted in a
similar pattern of resistance for NL/S, BaL/V, and BaL/VK
(Fig. 5C). These results confirm the role of the selected point
mutations for the M87-resistant phenotype.

In addition, we challenged TZM-bl cells and PM1 cells ex-
pressing the optimized M870 membrane-anchored fusion in-
hibitor (Fig. 5). This optimized fusion inhibitor exerts sufficient
protection to infection by all the T-20-resistant, T-20-insensi-
tive, and M87-resistant viruses analyzed, most likely due to the
high expression of the membrane-anchored fusion inhibitor.
Interestingly, the most effective infection was seen for the
M87-resistant virus BaL/sel (49%, Fig. 5A) and the
pseudotyped particles BaL/K and BaL/VK for both cell lines
tested (BaL/K: 30% for TZM-MS870 and 21% for PM1-M870
cells), although the selected variant BaL/sel does not establish
a productive infection on PM1-M870 cells. The Bal/K and
BaL/VK envelope proteins display only medium insensitivity
against both soluble fusion inhibitors T-20 and T-649, whereas
the other envelope proteins analyzed show either a high insen-
sitivity against T-20 (DTV, DIM, GIA, and X10) or high in-
sensitivity against T-649 (NL/sel and X23) (13, 23).

Replication capacity and viral fitness of HIV-1 recombi-
nants carrying M87 resistance mutations. Reduced replication
capacity or reduced viral fitness contributes to the continued
benefit of antiviral therapy despite the presence of drug resis-
tance. For reverse transcriptase and protease inhibitors as well
as for enfuvirtide, drug resistance is often associated with a
reduction in viral fitness (18, 31, 32) but not in all cases (21,
41). Therefore a modified single-round infection assay was
performed allowing the quantification of replication capacity
for the pseudotyped viruses carrying the selected envelope
proteins NL/S, BalL/V, Bal/K, and Bal./VK in comparison to
the parental envelope proteins NL4-3 and BalL.

As Table 2 shows, the envelope protein NL/S displays a
1.5-fold higher replication capacity compared to the parental
envelope NL4-3, despite a high resistance to soluble T-20 and
T-649 and membrane-anchored M87. Thus, for NL/S we could
not confirm a positive correlation between drug resistance and
lower replication capacity. However, the selected Bal.-derived
envelope proteins Bal/V, BaL/K, and Bal/VK display a se-
verely reduced replication capacity compared to the parental
envelope BaL (44.2%, 15.2%, and 24.2%, respectively), indi-
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TABLE 2. Replication capacity of pseudotyped virus particles
carrying the envelope proteins indicated (NL/S [L33S], BaL/V
[148V], BaL/K [N126K], BaL/VK [I48V/N126K])"

Replication capacity

Isolate (% of control)
NLA4-3 (control) 100.0
NL/S 1542 = 13.1
BaL (control) 100.0
Bal/V 442+ 18.1
BaL/K 152+9.0
Bal/VK 242+30

“PM1 cells were infected with normalized virus stocks and Renilla activity
determined 2 days postinfection. The ratio of relative light units obtained postin-
fection of PM1 cells to relative light units obtained after transfection of 293T
cells was set to 100% for both pseudotype infections with particles carrying the
parental envelope proteins NL4-3 and BaL. Values were calculated as the means
of three independent experiments done in quadruplicate. Note that the L33S
mutation does not cause reduced replication capacity despite being resistant to
T-20, T-649, and M87.

cating a positive correlation between drug resistance and im-
paired replication capacity.

Next, a viral fitness assay using replication-competent vi-
ruses was performed to confirm whether M87 resistance was
correlated with a gain of fitness for NL/S and fitness impair-
ment for the Bal-derived envelope proteins. Dual-color com-
petition assays were performed in PM1 cells using the EGFP
and mRFP marker viruses (TN6R and TN8) expressing M87-
resistant Envs NL/S and BaL/VK or the envelope proteins of
the parental viruses. As published previously, we established a
proof of concept for the dual-color competition assay with
marker viruses encoding the wild-type NL4-3 envelope protein
and an envelope protein encoding a single amino acid change
at position 38 of gp41l (V38A: GIA), known to confer resis-
tance to T-20 in vitro and in vivo (23).

Here, PM1 cells were infected with equal infectious doses of
either TN6G-NL and TNS-NL/S or TN6G-BaL and TN8-
BaL/VK (as titrated on TZM-bl cells). Cells were harvested at
day 3 and day 7 postinfection and total EGFP and mRFP
fluorescence (at 508 nm and 609 nm, respectively) was deter-
mined using a fluorometer. Figure 6 illustrates the viral fitness
data obtained. For the dual infection with the HIV-1g,, -de-
rived viruses a reduced viral fitness for the M87-resistant en-
velope BaL/VK was observed (lower panel in Fig. 6), indicated
by the higher fluorescence ratio (GFP versus mRFP) of the
[TN6G-BaL]/[TN8-BaL/VK] infection compared to the dual
infection carried out using the two fluorescent marker viruses
expressing the same envelope protein ([TN6G-BaL]/[TN8-
BaL] and [TN6G-BaL/VK]/[TNS8-BaL/VK]). The opposite vi-
rus pair, where the M87-resistant envelope BalL/VK was ex-
pressed by the GFP-encoding marker virus ([TN6G-BaL/VK]/
[TN8-BaL]), showed a reduced fluorescence ratio compared to
control infections with the two marker viruses expressing the
same envelope protein, confirming the growth advantage of
the virus expressing the parental BaL envelope over the
marker virus expressing the M87-resistant envelope protein.
This difference in viral fitness was observed at both time points
(day 3 and day 7) and therefore considered valid.

The dual infection of PM1 cells with the two marker viruses
TN6G-NL and TNS-NL/S resulted in a green-to-red fluores-
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FIG. 6. Relative fitness of viruses expressing the parental envelopes
NL4-3 and BaL and the characterized point mutation NL/S [L33S] and
Bal/VK [I48V/N126K]. A dual-color competition assay was per-
formed on PM1 cells (multiplicity of infection of 0.025) with competing
viruses expressing EGFP (TN6G-env) or mRFP (TNS8-env) (23). Rep-
resentative results from two independent infections (done in dupli-
cate) are shown. The ratio between the relative EGFP fluorescence
and the relative mRFP fluorescence indicates the growth difference for
the respective recombinant virus pairs. Infections with two marker
viruses expressing the same envelope (e.g., TN6G-NL and TN8-NL)
were included in each competition experiment for standardization.
Note that the M87-resistant envelope NL/S does not display reduced
fitness compared to the parental virus HIV-1y; 4.3

cence ratio below the fluorescence ratio obtained after the
infection with the marker viruses expressing the same envelope
proteins ([TN6G-NL]/[TN8-NL] and [TN6G-NL/S]/[TN8-NL/
S]) at day 3 (Fig. 6, upper panel), indicating a growth advan-
tage of the resistant virus variant over the parental virus
TN6G-NL. At day 7 postinfection, this growth advantage was
even more evident. Again, the opposite virus pair ([TN6G-NL/
S]/[TNS-NL]) confirmed this result for both time points. Al-
though the M87-selected point mutation L33S confers resis-
tance to T-20, T-649, and MS87, the replication-competent
marker viruses TN6G-NL/S and TN8-NL/S do not display re-
duced viral fitness. The results of the dual-color competition
assay therefore confirm the results obtained by the replication
capacity assay.

DISCUSSION

The expression of a membrane-anchored gp41-derived pep-
tide (M87) has been shown to confer protection from infection
by HIV-1 of different subtypes (14). In an effort to characterize
the mechanism of action of this membrane-anchored peptide
in comparison to the soluble peptides T-20 and T-649, we
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selected resistant variants of HIV-1y;,5 and HIV-15,, by
serial virus passage using PM1 cells stably expressing peptide
MS87. The selected virus variants display resistance to mem-
brane-anchored M87 as well as to the soluble fusion inhibitors
T-20 and T-649 (Fig. 2 and Table 1). Experiments performed
using the newly developed TZM-bl-based cell lines TZM-M87
and TZM-MS870 confirmed the resistance of NL/sel and BaL/
sel to membrane-anchored M87 (Fig. 5A). In addition, these
experiments clearly showed that T-20-resistant virus variants
(DTV, DIM, and GIA) and T-20-insensitive variants (R14,
X10, and X23) are able to infect TZM-bl cells expressing M87
at the cell surface as efficiently as the parental cell line TZM-bl,
supporting the results obtained after challenging PM1-M8&7
cells (8). However, the selected virus variants did not infect
(NL/sel) or only partially infected (BaL/sel) TZM-bl cells ex-
pressing the more recently described optimized membrane-
anchored fusion inhibitor M870 (8).

Several challenge experiments using the two selected virus
variants and PM1-M87o0 cells (expressing a very high concen-
tration of M870 on the cell surface compared to TZM-M870
cells) did not result in detectable virus replication, strengthen-
ing the importance of this novel antiviral concept for gene
therapy approaches. It is important to note that compared to
M87 (and T-20) the optimized M870 construct encompasses 10
additional amino acids, now additionally targeting the deep
pocket in HR1. It remains to be elucidated whether these
additional amino acids or the high expression profile of M870
confers protection from infection through T-20- and M87-
resistant HIV variants.

Site-directed mutagenesis studies confirmed the importance
of the selected point mutations (L33S in NL-4.3 and 148V and
N126K in Bal) to confer resistance to M87 as well as to
soluble T-20 and T-646 (Fig. 4 and Table 1). It has been shown
previously that replication of HIV-1; 4.5 in the presence of
increasing concentrations of T-20 (9) or C34 (1) results in the
selection of the L33S mutation. Here we show that the same
mutation can be selected in the presence of M87. Amino acid
33 in HR1 marks the amino terminus of the potential T-20
(and therefore M87) binding site LLSGIV (37) and the change
to serine at this position might reduce the binding of the
soluble peptide as well as the membrane-anchored M87.

It is important to note that the HR1 of HIV, , ; encodes
aspartic acid at position 36 (36D) and not glycine (36G) as in
most viral envelope proteins and that the mutation G36D
alone confers 10-fold resistance to T-20. This could indicate
that the combined mutation L33S/G36D is responsible for the
observed phenotype. However, we introduced the 1.33S muta-
tion into the BaL envelope protein (BaL/S, encoding glycine at
position 36) and again observed a strong T-20 resistance (data
not shown), arguing against L33S being a secondary mutation.
Interestingly, the L33S mutation confers high resistance to
soluble T-649, although this peptide was not present during
selection. An explanation for this observation could be that the
carboxy terminus of T-649 (and C34) interacts with the lysine
at position 33 and facilitates efficient binding, but further ex-
periments are needed to address this hypothesis.

Unexpectedly, the determination of the replication capacity
and viral fitness of viruses encoding the 1.33S mutation indi-
cates that the selected virus is fitter than the parental virus
HIV-1y; 4.5 (Table 2 and Fig. 6). It has been described previ-
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ously by us (23) and others (21, 41) that the correlation of drug
resistance or drug insensitivity and reduced fitness is not ab-
solute. In support of our result for NL/S, Nameki et al. (22)
analyzed the influence of C34 selected mutations for the Rev-
responsive element partially overlapping the HR1 region of
gp41. They point out that the nucleotides encoding lysine at
position 33 are located in a single-strand bulge region of the
stem Ilc loop top and therefore the triplet change from TTA to
TCA (now encoding serine at position 33) would only mini-
mally interfere with the Rev-responsive element structure and
function. As long as the interplay between HR1 and HR2 is not
severely impaired, a drug-resistant virus could therefore repli-
cate as efficiently as the parental virus (or better), as shown
here for the L.33S mutation in the envelope protein of NL4-3.
Further studies are needed to address this hypothesis and to
clarify a possible role of the existing mutation G36D in the
NL/S envelope protein with regard to viral fitness. That L33S
is a compensatory mutation to restore the fitness of this variant
seems unlikely, since we have not observed differences in viral
fitness for HIVyy 4 5 versus HIVy; 4.5p3sc) (data not shown).

The PM1-M87 selection of HIV-15,, resulted in two point
mutations being present in the majority of the analyzed se-
quences. Whereas 148V is located in the HRI region, the
N126K mutation is located in the HR2 region and causes a
decrease in sensitivity to T-20 and to T-649 (Table 1). Re-
cently, Nameki and colleagues (22) described the in vitro se-
lection of N126K in the context of HIV-1 4 5 using the fusion
inhibitor C34, and Baldwin et al. (2) described the emergence
of N126K after therapy failure. These reports and others (20,
29) support our observation that fusion inhibitor resistance can
be obtained or modulated through changes in the HR2 region.

Resistance due to changes in HR2 might be highly context
dependent (HIVy, 45 variants encoding N126K could not be
selected in our experiments) and difficult to detect in clinical
trials, since this variant displays a considerable fitness defect.
Therefore, the detection of N126K after prolonged T-20 ther-
apy could also be the result of compensatory mutations being
introduced into the early-emerging resistant variant N126K.
More clinical data including a more detailed analysis of minor
mutations emerging early after treatment initiation are needed
to substantiate this hypothesis. Elegant studies of binding be-
tween an N126K-containing C34 peptide and wild-type N36
peptide showed a higher binding affinity than the wild-type C34
and N36 peptides, indicating a faster intramolecular HR1-HR2
interaction (22).

A stronger HR1-HR?2 interaction might result in a severely
reduced replication capacity for pseudotyped particles, as
shown here for the viruses carrying the envelope proteins
BaL/K and BaL/VK (Table 2, Fig. 6, in the background of the
HIV-1g,, envelope protein) and by Nameki et al. for the
HIV-14, 4.5 envelope protein (22). Recently, it has been de-
scribed that the mutation N126K in combination with G38A
results in a T-20-dependent virus (2). In the case of the M87-
selected BaL variant (I48V/N126K), however, we could obtain
infectious pseudotyped particles as well as replication-compe-
tent viruses in the absence of T-20 (although with a lower
infectious titer compared to the parental virus HIV-14,; ; data
not shown). The infectious titer for these particles could not be
increased in the presence of T-20 or T-649. However, it is
possible the patient-specific envelope described by Baldwin et
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al. (2) differs with respect to the intramolecular interaction of
HR1 and HR2 from the BaL envelope studied here.

Taken together, these results provide further insight into the
mechanisms underlying the development of resistance to entry
inhibitors. Membrane-anchored M87-selected virus variants
show distinct point mutations conferring resistance to M87 but
also to the soluble fusion inhibitors T-20 and T-649. Increasing
the concentration of the fusion inhibitor, as realized using the
optimized M870 (8), however, results in a complete inhibition
of virus replication for the M87-resistant variants described
here as well as for T-20-resistant and T-20-insensitive variants,
strengthening the importance of this novel antiviral concept for
gene therapy approaches.

We conclude that two different ways to circumvent inhibition
by fusion inhibitors seem to prevail: first, the mutation of HR1
results in reduced binding of the fusion inhibitor, mainly due to
changes in the T-20 binding region LLSGIV and the neighbor-
ing amino acids (16, 30, 35, 38). Depending on the influence
these point mutations have on the overall functionality of the
Rev-responsive element and the intramolecular folding of the
HR1-HR?2 region, the selected virus is not impaired (L33S) or
shows a reduced viral fitness (in most cases) (18, 21). Second,
mutations in HR1 and/or HR2 (as shown here for BaL) favor
the intramolecular folding of HR1-HR2 to prevent binding of
soluble peptides or membrane-anchored M87. Such mutations
most likely result in a severe reduction of viral fitness and
therefore might have a greater implication for clinical practice
(3, 24, 31).
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