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The conserved membrane-proximal external region (MPER) of human immunodeficiency virus type 1 (HIV-
1) gp41 is a target of two broadly neutralizing human monoclonal antibodies, 2F5 and 4E10, and is an im-
portant lead for vaccine design. However, immunogens that bear MPER epitopes so far have not elicited
neutralizing antibodies in laboratory animals. One explanation is that the immunogens fail to recreate the
proper molecular environment in which the epitopes of 2F5 and 4E10 are presented on the virus. To explore
this molecular environment, we used alanine-scanning mutagenesis across residues 660 to 680 in the MPER
of a pseudotyped variant of HIV-1,y g, designated HIV-1,g,, and examined the ability of 2F5 and 4E10 to
neutralize the Ala mutant viruses. The results show that the only changes to produce neutralization resistance
to 2F5 occurred in residue D, K, or W of the core epitope (LELDKWANL). Likewise, 4E10 resistance arose by
replacing one of three residues; two (W and F) were in the core epitope, and one (W) was seven residues
C-terminal to these two (NWFDISNWLW). Importantly, no single substitution resulted in resistance of virus
to both 2F5 and 4E10. Surprisingly, 8 out of 21 MPER Ala mutants were more sensitive than the parental
pseudovirus to 2F5 and/or 4E10. At most, only small differences in neutralization sensitivity to anti-gp120
monoclonal antibody b12 and peptide T20 were observed with the MPER Ala mutant pseudoviruses. These data
suggest that MPER substitutions can act locally and enhance the neutralizing activity of antibodies to this
region and imply a distinct role of the MPER of gp41 during HIV-1 envelope-mediated fusion. Neutralization
experiments showing synergy between and T20 and 4E10 against HIV-1 are also presented. The data presented

may aid in the design of antigens that better present the MPER of gp41 to the immune system.

Eliciting broadly neutralizing antibodies against human im-
munodeficiency virus type 1 (HIV-1) by immunization is a
major goal in HIV-1 vaccine development (9, 22a, 29, 34a). A
few human monoclonal antibodies that neutralize a broad
range of primary isolates of HIV-1 have been isolated (10, 20,
60, 77) and exemplify the antibodies it would be desirable to
elicit in high titer with an HIV-1 vaccine (9). Monoclonal
antibodies against the HIV-1 surface glycoprotein gp120 in-
clude b12, which binds to a discontinuous epitope overlapping
the CD4-binding site, and 2G12, which binds to a glycan cluster
on the outer face of gp120 (11, 53, 57, 66). In addition, there
are two monoclonal antibodies against the transmembrane gly-
coprotein gp41, 2F5 and 4E10, which bind to neighboring
linear epitopes in the membrane-proximal external region
(MPER) of gp41 (8, 42, 60, 77).

The MPER of gp41 is highly conserved, and several studies
have implicated it as an essential part of the cell fusion ma-
chinery (19, 40, 56). For vaccine development, linear neutral-
izing epitopes have a potential advantage over more complex
ones in that relatively short peptides could be used to elicit a
focused antibody response to the desired target so long as the
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elicited antibodies recapitulate the neutralizing activity of the
original monoclonal antibodies. Owing to the linear nature of
the neutralizing epitopes it bears and to its high amino acid
conservation, the MPER of gp4l is an attractive target for
HIV-1 vaccine development.

To date, immunization experiments involving the MPER of
gp41 have generally focused on eliciting 2F5-like antibodies,
primarily because 2F5 is so well characterized. Extensive epi-
tope mapping studies of 2F5 with synthetic peptides (2, 5, 28,
65), phage-displayed peptide libraries (38, 42, 77), and pro-
tease protection assays (47) have revealed that peptides from
gp41 of moderate length bind with high affinity to 2F5, e.g.,
ELLELDKWASLWN (2). At the core of the epitope, the
residues D, K, and W were found to be most critical for rec-
ognition by 2F5 but by themselves were insufficient. A variety
of immunogens bearing 2F5 epitope sequences in different
contexts have failed to elicit neutralizing antisera against pri-
mary HIV-1, although high serum antibody titers against 2F5
epitope peptides have been achieved (16, 22, 28, 33, 34, 41).

These types of experiments have rested on the assumption
that an antigen with high affinity to 2F5 should also be a good
candidate for eliciting 2F5-like antibodies. This assumption is
threatened, however, by the ability of the immune system to
generate dominant antibody responses against irrelevant con-
formations of the 2F5 epitope peptides. The crystal structure
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of the 2F5 Fab in complex with the peptide ELDKWAS has
been determined (45). In the crystal structure, ELDKWAS
forms a B-turn, in which the core residues DKW are in contact
with the paratope of 2F5. To increase the affinity of linear
peptides to 2F5, a B-lactam constraint was used and shown to
enhance the affinity of a 13-mer peptide to 2F5 (36). Immuni-
zations of laboratory animals with this constrained peptide and
other constrained 2F5 epitope mimics have not yet elicited
HIV-1-neutralizing antibodies; however, a recent study sug-
gests that some progress toward this goal may have been
achieved (75).

The epitope of 4E10 has been somewhat less intensively
studied but is also viewed as a potentially very valuable target
for immunization studies. 4E10 is capable of neutralizing an
extremely broad range of HIV-1 primary isolates, from virtu-
ally all subtypes, although it appears to have modest potency
(77). The core of the 4E10 epitope, NWFDIT, maps just C-
terminal to the 2F5 epitope on the gp41 ectodomain (60, 77).
However, as for 2F5, there is evidence that more than just this
core linear motif is important for 4E10 recognition. For exam-
ple, the affinity of 4E10 for recombinant gp41 that has been
denatured is less than its affinity for untreated gp41 (the re-
verse is true for 2F5) (4, 77). Moreover, 4E10 appears to bind
with greater affinity to peptides with residues that flank the
core epitope (77). Finally, 4E10 can neutralize HIV-1 isolates
with sequences that differ from the subtype B consensus motif,
NWEDIT, in the first, fourth, and sixth positions (77). Immu-
nogenicity studies on 4E10 epitope peptides have not yet been
reported. However, since 4E10 binds tightly to recombinant
gp41 and yet recombinant gp41 does not elicit HIV-1-neutral-
izing antisera, it would appear that the 4E10 epitope is not
highly immunogenic and that eliciting high titers of 4E10-like
antibodies will be difficult.

It is not known exactly what antigenic form of gp41 elicited
2F5 and 4E10. gp41 on the virus or on HIV-1-infected cells
undergoes extensive conformational changes during viral
attachment in at least three states: the untriggered or native
conformation, a receptor-activated and/or fusion-intermediate
state, and the postfusion conformation. Structures of the six-
helix bundle of gp41 have been determined and correspond
to the postfusion state of gp4l (14, 63, 70, 78). The six-helix
bundle consists of an inner core of parallel alpha-helices cor-
responding to the N-terminal heptad repeat (N-HR) region of
gp41. Around this core are packed three alpha-helices, corre-
sponding to the C-terminal heptad repeat (C-HR) region, in an
antiparallel fashion. The 2F5 and 4E10 epitopes are not pres-
ent in these six-helix bundle structures.

2F5 and 4E10 appear to bind to HIV-1-infected cells rela-
tively poorly (58, 77), and there is evidence that these mono-
clonal antibodies have some postattachment neutralization ac-
tivity (3, 24, 34), a mechanism of HIV-1 fusion inhibition that
is also attributed to the peptide drug T20 (also called DP178,
Fuzeon, and enfuvirtide) (37, 72). (T20 is a 36-mer peptide
that corresponds to the C-HR region on the ectodomain of
gp41 and inhibits HIV-1 envelope mediated fusion by inhibit-
ing six-helix bundle formation [72].) Unfortunately, there is no
detailed structural information on the native or fusion-inter-
mediate states of gp41, making it extremely difficult to apply
rational constraints to gp41 for vaccine purposes. Moreover,
even if this structural information were available, there is no
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simple and reliable method to enhance the relative immuno-
genicity of neutralizing epitopes on a protein directly by using
structural data. Thus, empirical approaches to vaccine devel-
opment are essential, and more functional data involving the
MPER of gp41 can aid immunogen design. Mutagenesis is one
method for exploring protein function. Indeed, for 2F5 and
4E10, there has not been a systematic mutational analysis of
their epitopes as they are presented on infectious HIV-1.

To determine the extent to which substitutions in the MPER
of gp41 can modulate the exposure of the epitopes of 2F5 and
4E10 on intact virions, we performed alanine-scanning mu-
tagenesis across residues 660 to 680 of an R5 HIV-1-pseudo-
typed virus and measured the ability of these monoclonal an-
tibodies to neutralize the panel of Ala mutant viruses. Thus,
unlike experiments designed to measure the affinity between
an antibody and synthetic peptides or purified antigens, here,
antibody neutralization titers against infectious mutants of
HIV-1 are measured and compared. We identified substitu-
tions in the MPER of gp41 that caused either resistance or
increased sensitivity to 2F5 and to 4E10, and none of the
substitutions significantly affected the sensitivity of the mutant
pseudoviruses to T20 or other monoclonal antibodies. We also
investigated the degree of synergy with which 2F5, 4E10, and
T20 neutralize pseudotyped HIV-1 to gain further insight into
the mechanism by which these reagents neutralize HIV-1. Sig-
nificant synergy between 4E10 and T20 was observed, suggest-
ing that their epitopes are non-mutually exclusive targets on
gp41 that may be exploited for vaccine and drug design.

Taken as a whole, the present results show that only a few
crucial residues in the MPER are indispensable for HIV-1
neutralization by 2F5 and 4E10. Moreover, the results show
how the local sequence environment in which the epitopes of
2F5 and 4E10 are presented can profoundly influence their
exposure on the virus without affecting other regions of HIV-1
Env. The enhancement of neutralizing epitopes on the MPER
of gp41 may prove to be useful for HIV-1 vaccine design.

MATERIALS AND METHODS

Materials. The following monoclonal antibodies were used in this study: b12
(53), b6 (53), 2F5 (42), 4E10 (8), Fab Z13 (77), 2G12 (66), D50 (21), D49 (21),
98-6 (73), ANMO1 (43), and single chain (sc) Fv X5 (39). HIV immunoglobulin
was generously provided by J. Mascola (Vaccine Research Center, Washington,
D.C.), 5-helix (54) was a gift from M. Root (Kimmel Cancer Center, Philadel-
phia, PA), and T20 was a gift from M. Franti and P. Poignard (TSRI, La Jolla,
Calif.). Plasmid pSVIIIexE7pA ™y, (62) was a gift from J. Sodroski; the enve-
lope genes from JRFL and R2 (50) were cloned into pSVIIIexE7pA~ as de-
scribed previously (76). The following reagents were also obtained from the
AIDS Research and Reference Reagent Program: pNL4-3.Luc.R"E™ (17) (con-
tributed by Nathaniel Landau) and U87.CD4.CCRS5 cells (6) (contributed by H.
Deng and D. Littman).

Engineering and production of HIV-1 mutant pseudovirions. Plasmid
pSVIIexE7pA ™~ jr gy (62, 76) bears the Kpnl fragment of the HIV-1jg g en-
velope gene, and if cotransfected into host cells with the luciferase reporter
plasmid pNL4-3.Luc.R"E~, single-round infectious clones of HIV-1 pseudoviri-
ons are produced, the infectivity of which may be followed by luciferase activity
in target cells (17). To engineer pSVIIIexE7pA ™ ji,, four point mutations were
introduced into pSVIIexE7pA ™~ ;g g with the Quikchange mutagenesis kit
(Stratagene), which produces three substitutions in the MPER (i.e., S668N,
T676S, and K677N) so that the sequence of the MPER of gp41;g, is that of the
HIV-1 R2 strain. DNA sequencing of the entire envelope gene (Kpnl fragment)
revealed no further mutations.

The Ala mutants were all generated with the pSVIIIexE7pA ™~ jx, template and
the Quikchange kit according to the manufacturer’s instructions. 293T cells
grown in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with pen-
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FIG. 1. Alanine scan of L660 to W680 of gp160,x, (only gp41 is shown). The three amino acid differences between JR2 and JR-FL are shown
underlined. Each A represents one Ala mutant. W672 was replaced with Phe (F) and Tyr (Y) in addition to Ala. The numbering scheme follows

that of the HxB2 strain.

icillin, streptomycin, L-glutamine, and fetal bovine serum (10%) were transiently
transfected with pSVIIIexE7pA ™z, DNA and its mutants (2 pg) together with
pNL4-3.LucR"E™ (4 ug) with the calcium phosphate method. At 24 h post-
transfection, the culture supernatants of all transfected cell cultures were re-
placed with fresh medium, and the cultures were incubated for a further 24 h.
The supernatants containing pseudoviruses were harvested and either used fresh
or, in some cases, frozen at —80°C until further use. We note that it was critical
to clear the virus-containing supernatants from the transfected 293T cells for
some mutants by centrifugation because significant background luciferase activ-
ity would otherwise be transferred to the target cells. We note here that the cells
were washed twice carefully by centrifugation prior to seeding, since we found
that even small amounts of the trypsin that is used to detach the cells can
proteolyze and inactivate peptide T20. One hundred microliters of pseudovirions
(roughly generating between 10° and 10° relative light units) were mixed with
various concentrations of antibody, incubated for 1 h at 37°C, added to cells, and
incubated for a further 3 days. The luciferase activity from triplicate wells was
measured on a luminometer (EG&G Berthold LB 96V, Perkin Elmer, Gaith-
ersburg, Md.), with the luciferase assay reagent (Promega), according to the
manufacturer’s instructions.

Synergy determination. Antibodies were mixed at a constant ratio that was
determined on the basis of their relative neutralization potency (90% inhibitory
dose). Dose-response curves were then determined in the same assay for the
antibody mixture and each of the antibodies in the mixture alone. The presence
or absence of synergy was assessed with the computer program CalcuSyn (Bio-
soft, Ferguson, Mo.). The program automatically calculates the confidence in-
terval, with values of less than 1, equal to 1, and greater than 1 indicating synergy,
additive effect, and antagonism, respectively. To determine the confidence inter-
vals, we ensured that all the basic requirements were met as recommended (15).

RESULTS

Generating a panel of MPER Ala mutants. The alanine scan
across the MPER of gp41 (i.e., residues 660 to 680 of gp160)
was performed on a pseudovirus variant of HIV-1;5 g (76)
that contains three amino acid changes in gp41, designated
HIV-1,g, (Fig. 1). Baseline neutralization titers of 2F5, 4E10,
T20, b12, 2G12, and purified immunoglobulin G from pooled
sera from HIV-1-seropositive individuals were determined for
HIV-1,r,, HIV-1;z & and HIV-1g, (50) in a single-round
infectivity assay with U87.CD4.CCRS cells (6) and luciferase
activity as a readout. As expected, JR2 and JR-FL showed very
similar sensitivity to all of the antibodies and to T20, indicating

that JR2 inherited the neutralization profile of JR-FL (Table
1). It is noteworthy that the R2 strain is ~4-fold more sensitive
than JR2 to 4E10 even though the sequence of the MPER is
identical in R2 and JR2 and the two viruses are equally sensi-
tive to 2F5.

The Ala mutant pseudoviruses were harvested from super-
natants of 293T cells cotransfected with the mutant Env vector
and pNL4-3luc (17) DNA and used to infect U87.CD4.CCRS
target cells. Most of the 21 mutants produced the same relative
luciferase activity as the parental virus, whereas the signal
produced with six of them (L660A, W666A, L669A, W672A,
1675A, and L679A) was severalfold to over an order of mag-
nitude lower than that of the parental virus (Table 2). We note
that the Ala substitutions that appeared to be most deleterious
to viral titer were of hydrophobic residues and did not cluster
together but rather were separated by two to five residues and
dispersed along the MPER of gp41. We further note that the
effect of freezing was generally to lower viral titer, typically by
two- to threefold, such that it was necessary to use pseudovirus
prepared from a fresh transfection in neutralization assays with
the six attenuated pseudoviruses; the remaining mutants were

TABLE 1. Neutralization of pseudotyped HIV-1,g_ g, HIV-1g,,
and HIV-1,5, by various antibodies and T20 peptide in the
luciferase assay with U87.CD4.CCRS5 cells

Inhibitory concn (pg/ml)

Antibody or

inhibitor R2 JR-FL JR2

ICs ICy9 ICsy ICyy 1G5y 1Cy
2F5 0.7 9 15 105 2 145
4E10 0.9 0 4 35 45 40
b12 35 335 0025 015 002 015
2G12 >100 >100 025 2 015 15
Pooled HIV immu- 200 1,000 80 500 50 500

noglobulin

T20 peptide 0.025 05 005 05 005 05
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TABLE 2. Pseudotyped HIV-1;, and MPER Ala mutants in a single-round infection neutralization
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assay with U87.CD4.CCRS cells against antibodies b12, 2F5, and 4E10 and peptide T20

Clone ID | Infectivity . l:{)‘li! Y $E19 139

1C50 1C90 1C50 1C90 IC50 1C90 IC50 1C90

JR2 et 0.02 0.15 2 14.5 4.5 40 0.05 0.5
L660A o 0.01 0.1 0.1 5 0.25 T 0.03 0.3
L661A 2 o 0.01 0.1 0.15 25 0.2 g 0.025 0.25
E662A iy 0.02 0.2 ) 37.5 12 50 0.025 0.25
L663A ++4 0.01 0.2 0.25 3.5 0.4 215 |0.045 025
D664A o e of 0.03 0.3 =100 =100 15 15 0.025 0.2
K665A T 0.02 0.25 | =100 =100 3.5 425 0.04 0.3
W666A (+) 0.02 0.15 | =100 =100 0.3 4.5 0.02 0.2
ABB7G 2o g o 0.025 0.25 1.25 11 6 42.5 0.02 0.2
NG668A g 0.025 0.2 3 25 15 2785 | Q035 0.4
L669A &% 0.005 0.1 0.04 0.4 0.1 e 0.025 0.25
W670A ~r 0.015 0.15 0.05 1.5 0.35 13 0.045 0.35
NE671A +ob 0.01 0.1 0.1 2 1 35 0.025 0.25
WE72A T 0.025 0.1 0.05 0.75 >175 >175 | 0.025 0.35
F673A ++ 0.01 0.1 0.15 25 ~7C 2175 | 0.05 0.5
D6T4A -y 0.02 0.15 1.25 16 855 60 0.025 0.25
1675A i 0.008 0.05 0.1 2 0.05 25 0.02 0.25
S676A (g 0.01 0.1 1.5 7 4 90 0.035 0.7
N67TA e 0.01 0.15 0.75 10 1 20 0.03 0.35
WE78A i 0.015 0.1 0.075 1 0.25 38 |0025 0.25
L679A #* 0.01 0.1 0.03 0.4 1 11 0.025 0.35
W680A ¥4 0.01 0.15 0.25 z5 ~3.5 150 0.02 0.3
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¢ Infectivity of Ala mutant pseudoviruses relative to parental HIV-1;, as measured by relative light units (RLU)
produced in target cells by viral supernatants. ++ +, infectivity similar to that of wild-type HIV-1yr,; ++, >30% of
wild-type infectivity; +, <30% of wild-type infectivity; (+), <10% of wild-type infectivity.

b Concentrations are in micrograms per milliliter. ICs, and ICq, values that are >3-fold that of the parental (JR2)
virus are highlighted in pink (mutant virus more neutralization resistant), whereas values that are less than one-third that
of the ICs; or ICy, of JR2 are highlighted in gold (mutant virus more neutralization sensitive). Values represent the
averages of three independent experiments performed in triplicate.

¢ Values preceded by ~ are approximate. Neutralization curves were shallow, so that there was greater error at the

50% infectivity level (see text).

used fresh or frozen with no observable difference in neutral-
ization results.

MPER Ala substitutions affect HIV-1 neutralization sensi-
tivity to 2F5 and 4E10 but not b12 or T20. All of the gp41
MPER Ala mutant pseudoviruses were tested against mono-
clonal antibodies 2F5 and 4E10 in the single-round infectivity
assay. In order to determine what effects these mutations might
have on other regions of the virus, monoclonal antibody b12
and T20 were also included in the neutralization assays for
comparison. As expected from previous epitope mapping stud-
ies, clones D664A, K665A, and W666A were resistant to 2F5,
since DKW forms the core of the 2F5 epitope (Table 2). Sur-
prisingly, the majority of the remaining mutants were more
sensitive to 2F5, even for substitutions at positions that report-
edly contribute binding affinity to 2F5 according to synthetic
peptide mapping studies, an optimal sequence for which has
been identified as ELLELDKWASLWN (2, 65). A similar
scenario was observed with 4E10. Only three mutants, W672A,
F673A, and W680 were resistant to neutralization by 4E10.
The former two substitutions map to the center of the previ-

ously identified 4E10 core motif, NWFDI(T/S) (60, 77). Inter-
estingly, the W680A substitution also led to significant resis-
tance to 4E10 even though W680 is situated four residues
C-terminal to NWFDIS. Thus, in the context of virus neutral-
ization, the 4E10 epitope appears to require W680 (WFDISN
WLW).

For 2F5, substitution of either D664, K665, or W666 in the
core epitope produced resistance to 2F5, as measured at the
level of 50% (ICsy) and 90% (IC,) neutralization. Similarly,
for 4E10, the substitution of W672A, in the core epitope,
impacted ICs, and ICy, values. However, the substitutions of
residues F673A and W680A, also in the 4E10 core epitope,
impacted 1Cy, values but did not significantly affect the ICs,
values. The reason for this surprising discrepancy is not clear at
present but may relate to the way in which 4E10 recognizes its
epitope on HIV-1 (see Discussion). Indeed, the inhibition
curves for 4E10 and 2F5 typically appeared to be shallow
rather than ideal sigmoidal curves, which was in contrast to the
sigmoidal curves observed with some monoclonal antibodies
(data not shown). As observed with 2F5, many of the Ala
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TABLE 3. Effects of conservative substitutions to W672, combining MPER Ala substitutions

or substitutions in the N-terminal heptad repeat and cytoplasmic regions of gp41 on
virus sensitivity to b12, 2F5, 4E10, and T20 in the single-round infection
neutralization assay with U87.CD4.CCRS cells

ke b12 2F5 4E10 T20
IC50a IC90 | IC50 1C90 IC50 IC90 | IC50 IC90
JR2 0.02 0.15 2 14.5 4.5 40 0.05 04
W6E72A 0.025 0.1 0.05 0.75 SIS =116 3| 0.025 0.4
W672F 0.015 0.2 0.1 | 015 5 0.05 0.6
We72Y 0.02 0.15 0.1 1 0.2 15 0.15 0.4
W6E78A 0.015 0.1 0.075 1 0.25 3 0.025 0.25
WE70A/WET78A 0.015 0.15 0.15 5 0.1 2 0.04 0.25
K6B5A/F673A g01s 0ab6 35 >100 ~7.5 B 0.04 0.3
L556A 0.015 0.1 0.1 3.5 0.5 15 0.1 0.5
deltaGY 0.02 0.15 1 10 1.5 225 0.1 0.5

J. VIROL.

“ Concentrations are in micrograms per milliliter. ICs, and ICy, values that are >3-fold that of the parental
(JR2) virus are highlighted in pink (mutant virus more neutralization resistant), whereas values that are less than
one-third that of the ICs, or ICy, of JR2 are highlighted in gold (mutant virus more neutralization sensitive).

substitutions increased virus sensitivity to 4E10, and typically
these were the same ones that enhanced neutralization by 2F5
(Table 2). We did not observe the reciprocal situation: no
single substitution led to resistance to both 2F5 and 4E10.

Significantly, there were only very slight differences in neu-
tralization by monoclonal antibody b12 and T20 within the
panel of mutant pseudoviruses. These results indicate that the
changes in the MPER of gp41 that affected virus sensitivity
to 2F5 and 4E10 did not globally sensitize the viruses to
other neutralizing agents. We note that a few isolates were
also tested for neutralization by a preparation of polyclonal
immunoglobulin G taken from HIV-1-seropositive donors as
well as by other anti-gp120 monoclonal antibodies, including
2G12, hNMOIL (anti-V3 loop), and single-chain Fv X5. Again,
no significant differences in neutralization titers between the
selected mutants and the parental JR2 virus with these anti-
bodies were observed (twofold or less; data not shown).

Substitutions in HIV-1;,, W672. In the above analysis,
W672 was found to be most crucial for the neutralizing activity
of 4E10. Since W672 is absolutely conserved among all HIV-1
viruses, we decided to explore the effect of subtler substitutions
at this position. Thus, mutants W672F and W672Y, in which
the aromaticity at position 672 was conserved, were engineered
and tested against the monoclonal antibody panel. Surpris-
ingly, both the W672F and W672Y mutants were now more
neutralization sensitive to 4E10 than wild-type JR2; these mu-
tants were also more sensitive to 2F5 than JR2 (Table 3).
Again, the sensitivity of W672F and W672Y mutants to mono-
clonal antibody b12 and T20 was unaffected.

Mutant W672Y was further tested against monoclonal anti-
bodies 2G12 and scFv X5 as well as the HIV-1 entry inhibitor
5-helix (54); these agents neutralized mutant W672Y at titers
similar to those for the parental virus (W13F was not tested).
Moreover, mutant W672Y remained neutralization resistant to
several antibodies that bind tightly to JR2 envelope proteins
but do not neutralize JR2, including 98-6 (anti-gp41), D50
(anti-gp41), and hNMO1 (data not shown). Therefore, W672Y
is specifically more sensitive to the MPER-targeted antibodies
2F5 and 4E10. The results with W672F and W672Y indicate

that there is not an absolute requirement for Trp at position
672 in order for 4E10 to neutralize virus. Thus, it appears that
position 672 is pivotal for 4E10 activity: aromatic substitutions
at this position enhance neutralization by 4E10, whereas an
Ala substitution produces resistance.

We observed that the infectivity of mutants W672F and
W672Y was attenuated, as it was for mutant W672A (data not
shown). A previous report in a different system showed that
substitutions at position W672 could diminish Env incorpora-
tion into nascent virions (56). This caused us to consider wheth-
er there might be an effect of the W672 substitutions on Env
production. Thus, W672F, W672Y, and parental JR2 pseudo-
viruses were produced in 293T cells, pelleted, and lysed, and
the relative p24 and Env contents were measured by a capture
enzyme-linked immunosorbent assay. No significant differ-
ences in the relative amounts of p24 and Env were observed
with JR2 and the W672F and W672Y mutants with this meth-
od (data not shown).

Combining substitutions in the MPER and comparison to
substitutions in other regions of gp41. We considered whether
the Ala substitutions to the MPER that caused increased sen-
sitivity to 2F5 and 4E10 might combine to produce pseudoviri-
ons with even greater sensitivity to these monoclonal antibod-
ies. We avoided the substitutions that greatly reduced virus
infectivity and chose to engineer the double mutants L661A/
W678A and W670A/W678A. In addition, we made substitu-
tions in the N-HR region of gp41, L5S56A and Q563A, which
were previously shown to destabilize the six-helix bundle of
gp41 and enhance the sensitivity of a replication-competent
HIV-1,45, to 2F5 and the C-HR peptide, C34, in a fusion as-
say (24). Finally, we made a deletion mutant, A(G711,Y712),
or deltaGY, which deletes an endocytic sorting signal in the
cytoplasmic tail of gp41 (25, 71).

All of the above mutants showed severalfold-diminished vi-
ral titers which necessitated the use of freshly prepared pseu-
dovirus for neutralization assays (data not shown); even so, the
titers of mutants L661A/W678A, L556A/W678A, deltaGY/
W678A, and Q563A were still too low to generate reliable
neutralization data. The mutant W670A/W678A was found to
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TABLE 4. Neutralization of HIV-1;g, by 2F5, 4E10, and T20
individually and in combinations in the pseudovirus
assay in U87.CD4.CCRS cells”

Antibody or Do Dm¢ a CI* at:

peptide (nM) (nM) D, 1Dy,
2F5 160 23 0.97
4E10 240 56 0.99
T20 270 29 0.98
2F5 + T20 (1:2.4) 130 + 310 105+25 097 13 2.0
4E10 + T20 (1:0.84) 100 + 84 12+10 098 0.70 0.37
4E10 + 2F5 (1:0.35) 243 + 85 46 +16 097 1.05 14

“ Neutralization synergy of antibody combinations for HIV-1;z, was assessed
by the classical approach in which dose-response curves were determined for
each of the agents alone and in combinations mixed at a constant molar ratio
(ratios shown in parentheses). The presence or absence of synergy was deter-
mined with the computer program CalcuSyn (15). Values represent the mean of
two independent experiments for triplicate samples.

’ Ninety percent infections doses (IDgys) were calculated by estimating the
90% neutralization titer from the neutralization curves.

¢ Dm, median effect dose; antibody concentration at half-maximal neutraliza-
tion.

4y, linear correlation coefficient.

¢ According to Chou et al., combination indices (CIs) of 0.3 to 0.7 indicate
synergism, 0.7 to 0.85 indicate moderate synergism, 0.85 to 0.9 indicate slight
synergism, 0.9 to 1.1 indicate additivity, and above 1.1 indicate antagonism.

be about as sensitive to 2F5 and 4E10 as the single mutant
W678A (Table 3), so the effect of combining these substitu-
tions on neutralization sensitivity to 2F5 and 4E10 did not
appear to be additive. We found that mutant L556A was more
sensitive than wild-type JR2 to 2F5 and 4E10, although not
more sensitive than mutant W678A, but that mutant L556A
and JR2 were equally sensitive to T20. The deltaGY mutant
was only slightly more sensitive to 2F5 and 4E10.

We also engineered a double mutant to be resistant to both
2F5 and 4E10, K665A/F673A. As expected, this mutant was
resistant to both 2F5 and 4E10, although the IC, of 2F5 was
35 pg/ml, which is lower than observed with the single K665A
mutant (IC5, > 200 pg/ml) (Table 3). This result might be
explained by the increased sensitivity to 2F5 that is caused by
F673A, as observed with the F673A single mutant (Table 3),
which may permit the detection of some weak 2F5-neutralizing
activity in the double mutant.

Neutralization of HIV-1 pseudoviruses with combinations of
2F5, 4E10, and T20. We wished to investigate the level of
synergy between 2F5, 4E10, and T20 in the single-round infec-
tivity assay to potentially gain further insight into the mecha-
nisms by which these agents inhibit HIV-1 infectivity. With the
classical method of Chou et al. (15) for determining synergy,
we performed neutralization assays on HIV-1,,, pseudovirus
against 2F5, 4E10, and T20, in which these agents were mixed
in a fixed ratio that reflects their relative potency. Synergy in
neutralization was observed between 4E10 and T20, whereas
no synergy was observed between 2F5 and T20 or 4E10 (Table
4). In fact, some antagonism was observed in the 2F5 combi-
nations. T20 contains the 2F5 epitope, so these two agents will
interact in a mixture, and this can explain the antagonism that
is observed. It has also been reported that 2F5 can interfere
with the interaction between the N-HR and C-HR regions of
gp41 (26) and that the N-HR/C-HR interaction in the six-helix
bundle occludes the 2F5 epitope (23).

To further explore the antagonism that we observed be-
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tween 2F5 and T20, we made use of the 2F5-resistant mutant,
in this case, D664 A, which is as sensitive to T20 as the parental
virus (Table 2). In the presence of a molar excess of 2F5, T20
was much less potent against mutant D664A, suggesting that
2F5 inhibited the activity of T20 by preventing its binding to
the target sequence during or leading up to fusion (Fig. 2). We
included in this analysis a side-by-side comparison in which
monoclonal antibody D50, which recognizes an epitope just
N-terminal to the 2F5 epitope on gp41 (21), was substituted for
2F5. D50 also binds T20 (18), yet even in a molar excess over
T20, D50 showed no effect whatsoever on the activity of T20
against the D664A mutant (Fig. 2). These results suggest that
HIV-1 entry inhibition by T20 is completely indifferent to the
presence of the nonneutralizing monoclonal antibody D50 but
can be blocked by the neutralizing monoclonal antibody 2F5.

DISCUSSION

Neutralizing antibody selection pressures on HIV-1 appear
to have resulted in circulating viruses in which conserved re-
gions on the envelope spike of the virus are largely seques-
tered. One exception, at least under certain conditions, ap-
pears to be the MPER of gp41 (18, 58, 77). The MPER of gp41
is necessary for envelope-mediated fusion (19, 40, 56), which
helps to explain its sequence conservation. Studies have vari-
ously suggested that the MPER is involved in membrane de-
stabilization (55), recruiting additional gp41s to make a fusion
pore (30), or that it simply provides a flexible tether to allow
proper positioning of the fusion apparatus to facilitate mem-
brane merger (20). Since its primary sequence is very highly

>
f e
s del—res
E 100 1 - T20 + 1 uM 2F5
£ 80 /A T20+1 uMD50
B ’
'§ 60 7 //'
s 40 - A
(= s
2 20 1 /’
g o t
[+ ,f’
s 201 B
7} =
§ '40 T T T T T 1
27 82 25 74 222 667
T20 [nM]
pso
T20: Ac-YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF-NH2

2F5

FIG. 2. Neutralization of the 2F5-resistant HIV-1,;, mutant pseu-
dovirus D664A by T20 in the presence and absence of 2F5 or D50.
Virus was preincubated with different concentrations of T20 in the
presence or absence of a molar excess of either 2F5 or D50 (1 pM
constant throughout) and then added to U87.CD4.CCRS cells. Lucif-
erase activity was measured after 72 h. The sequence of T20 is shown
below the graph with the 2F5 epitope indicated, as well as the approx-
imate region to which D50 binds, according to a previous study (21).
Control experiments showed no effect of 1 uM D50 or 2F5 on the
infectivity of the JR2 mutant D664A.
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conserved, the MPER does not evade neutralizing antibody by
sequence variation, such as occurs with the variable loops of
gp120. Nevertheless, antibodies such as 2F5 and 4E10 and the
broad neutralizing activity that is associated with these two
antibodies are infrequently observed in HIV-1-seropositive in-
dividuals (52, 69), suggesting that the epitopes of these mono-
clonal antibodies are very weakly immunogenic during natural
infection.

One significant finding in this report was that resistance to
2F5 and 4E10 was only acquired by Ala substitutions to D664,
K665, or W666, in the case of 2F5 and W672, F673, or W680
for 4E10. That so few of the residues within and very near the
epitopes of these monoclonal antibodies can be changed to
produce neutralization resistance to these monoclonal anti-
bodies indicates that, in the context of virus, the sequence of
the flanking residues is not nearly as important for monoclonal
antibody neutralization as it is for monoclonal antibody affinity
to short peptides. For example, it was shown that certain Ala
substitutions near or within the 2F5 epitope sequence decrease
the affinity of 2F5 to the peptide T20 (28). In particular, the
affinity of 2F5 for T20 was diminished by greater than sixfold
by the substitution L661A. In our present study, the same
substitution made the JR2 virus more neutralization sensitive
to 2F5 by a factor of about 6. There can be different explana-
tions for this apparent paradox. For example, the L661A sub-
stitution that diminishes the affinity of 2F5 for the peptide may
enhance the accessibility to the epitope on the functional Env
trimer and therefore enhance neutralization. Alternatively, an-
other unidentified property of the A661 virus, such as dimin-
ished fusion kinetics, may enhance the neutralizing activity of
2F5 compared to the L661 virus. Whatever the reason, it ap-
pears that HIV-1 provides a structural context for the epitope
of 2F5 that permits considerable variability within or proximal
to the epitope sequence that has been defined using peptides.
Hence, for vaccine design, improving the structural context
and immunogenicity of the 2F5 epitope may be more impor-
tant than preserving an extended and correct primary amino
acid sequence of the MPER of gp41. Likewise, for the epitope
of 4E10, emphasis should be put into presenting the motif
WExxxxxxW in the correct structural environment and maxi-
mizing immunogenicity, and perhaps somewhat lesser empha-
sis on having a long MPER peptide with native sequence. This
will almost certainly require an empirical approach in which
numerous antigens are used to immunize animals and the sera
are characterized for antibody titer and specificity as well as
neutralizing activity.

Although escape mutants to 2F5 that contain substitutions in
D664 and K665 have been described (49), escape mutants to
4E10 have not yet been reported. HIV-1 envelope mutations
have been described that appear to cause resistance (7, 64, 68)
or, reciprocally, enhanced sensitivity (24, 35, 48) simultaneous-
ly to a number of different antibody specificities, including
those against gp41. Some such mutations are expected to affect
virus sensitivity to 4E10 as well. Nevertheless, in our analysis,
the only substitution to make the virus resistant to this mono-
clonal antibody at the ICs, level was W672A; F673A and
WO680A were reproducibly resistant to 4E10 at the 1C,, level
but not significantly so at the ICs, level. We found that the
slope of the curves with 4E10 against F673A and W680A were
shallow (nonsigmoidal), unlike the curves with another anti-
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body, scFv X5, against the same mutants. Hence, the ICy,s with
4E10 against these mutants were subject to greater error, and
the shallow curves indicate that the dose response was not ideal.
Nonsigmoidal binding curves have been observed previously in
highly reproducible neutralization assays involving other neu-
tralizing antibodies as well (M. B. Zwick, J. Binley, D. R.
Burton, T. Wrin, and C. J. Petropoulos, unpublished observa-
tions). The basis for this behavior is not readily apparent but
may reflect some heterogeneity in the mutant virus population
or may be a consequence of 4E10’s acting with different po-
tencies at more than one step along the fusion pathway.

We show that 8 out of 21 Ala substitutions in the MPER
produced enhanced neutralization sensitivity to both 2F5 and
4E10. Since the mutations that enhance sensitivity to either
4E10 or 2F5 occur at a number of different positions and often
affect both antibodies at the same time and to a similar degree
and combinations of these substitutions that produce infec-
tious virus is nonadditive, we suggest that they are all produc-
ing the neutralization-hypersensitive phenotype by the same
mechanism. Even very subtle changes to the MPER of gp41
(i.e., W672Y and W672F) greatly enhance viral sensitivity to
2F5 and 4E10, suggesting that they affect a very specific inter-
action.

The MPER of gp4l is likely to be somewhat flexible and
exposed because of its susceptibility to proteases (70). Never-
theless, a peptide corresponding to the MPER was determined
to be an alpha-helix in membrane-mimetic detergent micelles
with nuclear magnetic resonance (59); an epitope peptide in
complex with 4E10 has helical structure as well (13). The
Trp-rich MPER peptide has been shown to bind and disrupt
membranes (61). It seems unlikely that subtle changes such as
W672Y or W672F could profoundly affect the helical second-
ary structure of the MPER in isolation or strongly affect the
hydrophobic association between it and the lipid bilayer. How-
ever, the functional HIV-1 envelope spike is a putative trimer
in which the MPER of one gp41 may be close to the MPER on
a neighboring gp41. Moreover, MPER peptides have been
shown to self-interact or oligomerize on membranes (1, 30, 55).
We hypothesize that these substitutions weaken a specific in-
teraction between the MPERs of neighboring gp41s. A weak-
ening of the interaction between MPERSs in the trimeric enve-
lope spike could allow the MPERs to lie on the membrane.
Indeed, the affinity of 2F5 and 4E10 for recombinant Env
protein captured on proteoliposome beads has been shown to
increase by pretreatment of the captured Env protein with
lipids (27, 31). However, we cannot currently rule out other
possibilities, such as a direct effect on an interaction between
the MPER and coreceptor, gp120, the N-HR region of gp41, or
the membrane.

The phenotype associated with the MPER substitutions that
we studied may be influenced by additional factors, such as the
type and strain of virus used, the kinetics of viral entry, and the
type of target cell. For example, it was shown that certain Ala
mutations in the MPER and W672F decreased envelope in-
corporation into nascent virions in a replication-competent
HxB2 virus background (56). Although an extensive study of
envelope incorporation was not performed in the present study
with pseudoviruses, the Env-to-p24 ratios of mutants W672F
and W672Y were identical to that of JR2 in a capture enzyme-
linked immunosorbent assay format. In another report involv-
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ing HIV-1,,.5, pseudoviruses, several substitutions in the
MPER of gp41 had no effect on viral infectivity (12).

Another distinction between our results and those found in
the literature involves a study in which HIV-1;;, 5, mutants
with reduced affinity to coreceptor were more sensitive to T20
because of slower fusion kinetics (51). Moreover, gp41 muta-
tions that impair fusion by destabilizing the six-helix bundle
and enhance viral sensitivity to 2F5 and the fusion-inhibiting
peptide C34 have been described (24). In our analysis of the
MPER of gp41, there was no significant increase in sensitivity
of any of the Ala mutant viruses to T20 or to the CD4-induced
antibody scFv X5, suggesting that a distinct mechanism is re-
sponsible for the increased sensitivity to 2F5 and 4E10. Nev-
ertheless, it may be that the MPER Ala substitutions are af-
fecting the kinetics of fusion, which is a complex, multistep
process. Finally, the type of target cell may also affect the role
of the MPER in HIV-1 entry into cells, and U87 cells differ
from T cells in a number of ways. For example, U87 cells have
high levels of heparan sulfates. Further studies are needed to
address these issues and elucidate the fusion kinetics of these
gp41 MPER mutants.

Cocktails of the broadly neutralizing immunoglobulin G1
anti-HIV-1 antibodies b12, 2G12, 2F5, and 4E10 have been
argued to neutralize primary isolates of HIV-1 with a moderate
degree of synergy (32, 77, 79). Although 2F5 and 4E10 com-
pete with one another for binding to a synthetic peptide (res-
idues 660 to 680 of gp4ly,n, LELDKWASLWNWEFDITN
WLW), and somewhat less efficiently for recombinant gp41, a
study has suggested that combinations of 2F5 and 4E10 can
neutralize HIV-1 synergistically (60). We did not observe syn-
ergy between 2F5 and 4E10, and 2F5 was found to antagonize
T20, particularly for a 2F5-resistant mutant pseudovirus. In
contrast, 4E10 and T20 reproducibly synergized with each
other against HIV-1,,. The 4E10 epitope may be a useful
target that could be exploited for combination therapy with
T20. Whether or not the MPER is amenable to small-molecule
inhibitors is unknown, and 4E10 is only modestly potent. One
possibility might be to enhance the neutralizing activity of
4E10 with in vitro affinity maturation techniques (74).

A recent report suggested that serum antibodies against T20
do not reduce its potency in vivo (67). Such antibodies may be
more like D50 rather than 2F5, the latter of which we showed
here to inhibit the activity of T20. 2F5 may antagonize T20 by
impairing the access of T20 to the fusion intermediate. How-
ever, D50 also binds T20, albeit with lower affinity, so it too
may be expected to sequester T20, but yet had no effect on its
activity. This result may be explained by the inability of D50 to
recognize the conformation(s) of T20 that 2F5 recognizes; the
broadly cross-reactive antibody 2F5 appears to recognize a
range of conformations of its epitope on peptides (28, 36, 38,
77). That D50 appears to bind with greater affinity to C-pep-
tides when they are complexed with N-peptides of gp41 (18)
suggests that D50 is indifferent to the equilibrium between T20
and the fusion intermediate on HIV-1. 2F5, in contrast, takes
T20 “off pathway” in this equilibrium and likewise may neu-
tralize HIV-1 by taking the C-HR region of gp41 off pathway
in the fusion reaction.

The present results bear on HIV-1 vaccine strategies involv-
ing peptidomimetics of the MPER of gp41. Although high
serum antibody titers against MPER peptides can be achieved
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(44), at least two potential hurdles remain in overcoming the
lack of immunogenicity, specifically of the neutralizing epi-
topes on the MPER of gp41. One challenge is to constrain the
MPER of gp4l in the correct conformation (i.e., minimize
irrelevant conformations). The other challenge is to target
antibodies to the correct face of the properly constrained an-
tigen, which may involve attenuating the immunodominance of
irrelevant antigenic faces or the imposed constraints. Addi-
tional monoclonal antibodies to the MPER, both neutralizing
and nonneutralizing, may be useful as tools to help in the
process of designing, and evaluating the antigenicity of candi-
date immunogens.

One potential solution to the immunodominance problem is
to mask the unwanted determinants with carbohydrate, as is
being pursued for gp120 (46), or by way of self-oligomerization
or membrane association. Since 4E10 recognizes a very broad
range of sequences, of which only a few residues are fixed, a
polyvalent immunogen may prove to be more useful than a
fixed sequence, as sequence-specific antibodies may be less
likely to broadly neutralize. Such sophisticated approaches
seem worthwhile for the MPER of gp41, given the difficulty of
eliciting neutralizing antibodies against it but the extraordinary
breadth with which 2F5 and 4E10 neutralize primary isolates of
HIV-1.
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ADDENDUM IN PROOF

Recently, an X-ray crystal structure of a complex of 2F5 with
a more-extended (17-mer) peptide has been determined (G.
Ofek, M. Tang, A. Sambor, H. Katinger, J. R. Mascola,
R. Wyatt, and P. D. Kwong, J. Virol. 78:10724-10737, 2004).
In this structure, the D, K, and W of the core epitope,
LELDKWASL, are major contact residues. However, three
other residue side chains have >50% surface area buried in the
2F5 paratope. In particular, L661 and L669 bury 68 and 52%
of their surface, respectively, and yet, as shown in our study,
their replacement by Ala enhances the sensitivity of the mutant
viruses to 2F5 by severalfold.
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