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recognition by this MAb (37), and structural studies have demonstrated that these three residues are deeply buried in the interface with 2F5 (25). While 4E10 neutralizes viruses from all
HIV-1 subtypes, 2F5 fails to neutralize subtype C and some subtype D viruses, and this can be directly correlated to changes in
the antibody epitope (3, 14).
Despite the high level of conservation of the MPER and its
importance in the fusion process, multiple studies have demonstrated that mutations in this region do not necessarily impair viral infectivity (5, 37). It has been proposed that this
region is not targeted by the host immune response and therefore is not under diversifying selection pressure (36). Recent
studies have addressed the question of whether HIV-1 infection induces the production of neutralizing antibodies that
target the MPER. The presence of such antibodies was assessed using a novel strategy in which the HIV-1 MPER was
engrafted onto a simian immunodeficiency virus (35) or HIV-2
envelope (F. Bibollet-Ruche et al., presented at the Keystone
Symposium on HIV Vaccines, Keystone, CO, 2006). These
studies indicated that antibodies with specificities such as those
of 4E10 and 2F5 are rarely produced (35; J. M. Decker et al.,
presented at the Keystone Symposium on HIV Vaccines,
2006); however, other anti-MPER antibodies were detected in
around one-third of HIV-1-infected patients (F. BibolletRuche et al., presented at the Keystone Symposium on HIV
Vaccines, 2006). The effect of such antibodies on the viral
population remains unclear, as escape variants have not been
described.
In this study we characterized HIV-1 subtype C viral quasispecies with different sensitivities to MAb 4E10. We explored

The membrane-proximal external region (MPER) of the
human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein comprises the last 23 amino acids, from residues 660
to 683, of the extracellular domain of gp41 just before the
transmembrane domain. This region has attracted much attention in the field of HIV vaccinology due to some particular
features: (i) it is the target of two of the few broadly neutralizing monoclonal antibodies (MAbs) against HIV-1, namely,
4E10 and 2F5; (ii) it has been shown to be important in the
fusion process and therefore in viral entry (11, 28); and (iii) it
is a highly conserved linear region among all HIV-1 subtypes.
MAb 4E10 recognizes an epitope containing the sequence NW
F(D/N)IT (30, 38) in the tryptophan-rich region of gp41. Mutagenesis experiments have shown that residues W672, F673, and
W680 are indispensable for 4E10 recognition (37). Crystal structures of the Fab 4E10 in complex with a peptide containing the
epitope illustrate that residues W672, F673, I675, and T676 are
the key residues in this interaction (7). A more recent study
extended the 4E10 epitope to the motif WFx(I/L)(T/S)xx(L/I)W
(residues 672 to 680), where the amino acids marked with an x do
not play a major role in 4E10 binding (6). The sequence EL
DKWA (residues 663 to 667) immediately N terminal to the 4E10
epitope is the target of the 2F5 MAb (21). Mutagenesis studies
have revealed that the amino acid motif DKW is required for
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The broadly neutralizing monoclonal antibody (MAb) 4E10 recognizes a linear epitope in the C terminus of
the membrane-proximal external region (MPER) of gp41. This epitope is particularly attractive for vaccine
design because it is highly conserved among human immunodeficiency virus type 1 (HIV-1) strains and
neutralization escape in vivo has not been observed. Multiple env genes were cloned from an HIV-1 subtype C
virus isolated from a 7-year-old perinatally infected child who had anti-MPER neutralizing antibodies. One
clone (TM20.13) was resistant to 4E10 neutralization as a result of an F673L substitution in the MPER.
Frequency analysis showed that F673L was present in 33% of the viral variants and in all cases was linked to
the presence of an intact 2F5 epitope. Two other envelope clones were sensitive to 4E10 neutralization, but
TM20.5 was 10-fold less sensitive than TM20.6. Substitutions at positions 674 and 677 within the MPER
rendered TM20.5 more sensitive to 4E10 but had no effect on TM20.6. Using chimeric and mutant constructs
of these two variants, we further demonstrated that the lentivirus lytic peptide-2 domain in the cytoplasmic tail
affected the accessibility of the 4E10 epitope, as well as virus infectivity. Collectively, these genetic changes in
the face of a neutralizing antibody response to the MPER strongly suggested immune escape from antibody
responses targeting this region.
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the genetic determinants of these phenotypes as well as the
anti-MPER antibody response that developed in the individual
from whom this virus was isolated.
MATERIALS AND METHODS

FIG. 1. Frequency analysis of substitutions in the MPER regions of
43 gp41 molecular clones obtained from the TM20 isolate. The substitutions K665S and F673L, associated with 2F5 and 4E10 resistance,
respectively, are underlined and in bold. The functional envelope
clones corresponding to some of these genotypes are indicated to the
left of the sequences.

plasma/serum at a starting dilution of 1:20 and serially diluted 1:5 in the presence
of normal human plasma/serum was added to 40% confluent JC53bl-13 cells that
were seeded the day before. Infection was measured 48 h later by evaluating the
luciferase activity as described above.
Nucleotide sequence accession numbers. The GenBank database accession
numbers for the three env clones described in this study are EU161643 to
EU161645.

RESULTS
Discovery of a naturally occurring 4E10-resistant virus.
While characterizing functional envelope genes from HIV-1
subtype C viruses isolated from children (14), we identified an
envelope clone, TM20.13, that was resistant to MAb 4E10.
This was the result of an F-to-L mutation at position 673,
which is known from mutagenesis studies to confer resistance
to 4E10 (37). However, this phenotype has not been previously
described in patient samples, and analysis of sequences in the
Los Alamos HIV database suggested that this mutation is very
rare in group M strains of HIV-1. This clone was derived from
a virus isolated from a 7-year-old female who was infected
perinatally and at the time of blood collection had a CD4 count
of 334 cells/l and a viral load of 34,310 copies/ml. Although
this patient had lymphocytic interstitial pneumonitis, she was
considered to be a slow progressor (8). The virus TM20 was
isolated on donor peripheral blood mononuclear cells and
used the CCR5 coreceptor with a V3 sequence typical of subtype C viruses (8). Only a single sample from this patient was
available. Attempts to obtain additional samples either from
this individual or from her mother were unsuccessful.
Frequency of the F673L mutation in the TM20 virus isolate.
To determine the frequency of the F673L mutation in this
cultured virus isolate, we analyzed the gp41 sequences of 43
molecular clones. The molecular clones were generated from
three independent reverse transcription-PCRs from the viral
RNA to ensure that the mutation was not introduced by PCR
error. The mutation F673L was observed in 14 of the 43 (33%)
molecular clones sequenced (Fig. 1). In total, six different
quasispecies were identified. Interestingly, the F673L mutation
was always present in conjunction with the mutation S665K in
the 2F5 epitope, as well as with a group of associated mutations within the heptad repeat 2 (HR2) domain and the cytoplasmic tail of gp41 (Fig. 1 and data not shown).
Generation and characterization of functional TM20 envelope clones. Full-length envelope genes were amplified from the
TM20 isolate and cloned into an expression vector to generate
functional clones. Three envelope clones were pseudotyped and

Downloaded from http://jvi.asm.org/ on May 21, 2019 by guest

Cloning of envelope genes and production of pseudovirions. Proviral DNA
extracted from in vitro-infected peripheral blood mononuclear cells was used to
amplify full-length envelope genes using the primers envA and envM (13). The
3-kb PCR fragments were cloned into an expression vector and used to generate
Env-pseudotyped viruses as previously described (14).
Envelope sequencing. gp41 was amplified from viral RNA from culture supernatant by nested reverse transcription-PCR using published primers (9, 13) and
cloned using the TOPO TA cloning kit (Invitrogen Corporation, Carlsbad, CA).
The gp41 and gp160 clones were sequenced using the ABI PRISM BigDye
Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems, Foster
City, CA) and resolved on an ABI 3100 automated genetic analyzer. The sequences were assembled and edited using Sequencher v.4.0 software (Genecodes,
Ann Arbor, MI).
Single-cycle neutralization assay. Neutralization was measured as a reduction
in luciferase gene expression after a single round of infection of JC53bl-13 cells
with Env-pseudotyped viruses (20). Briefly, 200 50% tissue culture infective
doses of pseudoviruses in 50 l were incubated with 100 l of serially diluted
MAbs, CD4-immunoglobulin G2 (CD4-IgG2), plasma, or T-20 (enfuvirtide) in
Dulbecco modified Eagle medium with 10% fetal bovine serum in a 96-well plate
in triplicate for 1 h at 37°C. A 100-l quantity of JC53bl-13 cells (1 ⫻ 104
cells/well) containing 75 g/ml DEAE-dextran (Sigma-Aldrich, St. Louis, MO)
was added, and the cultures were incubated at 37°C in 5% CO2. Infection was
determined 48 h later using the Bright Glo reagent (Promega, Madison, WI).
Luminescence was measured in a Wallac 1420 Victor Multilabel counter (PerkinElmer, Norwalk, CT). Titers were calculated as the 50% inhibitory concentration
(IC50), or reciprocal plasma dilution (ID50) causing 50% reduction of relative
light units compared to the virus control (wells with no inhibitor) after subtracting the background (wells without virus infection).
Virus infectivity and envelope incorporation. The amount of virus was normalized by the quantity of p24 pelleted through a 20% sucrose cushion for 2 h at
20,000 ⫻ g. JC53bl-13 cells were infected with 10 ng of p24 in the presence of 30
g/ml DEAE-dextran, and cultures were incubated at 37°C in 5% CO2 for 48 h.
Infection was monitored by evaluating the luciferase activity. Envelope incorporation was estimated by Western blotting. Viral proteins were resolved in a
Criterion 4 to 15% Tris-HCl gradient gel (Bio-Rad Laboratories, Hercules, CA)
and blotted onto a polyvinylidene difluoride nitrocellulose membrane (GE
Healthcare Life Science, Piscataway, NJ). The membranes were blocked overnight with 5% milk in Tris-buffered saline–0.05% Tween 20; probed with the
anti-gp120 (D7324), anti-gp41 (7B2), or anti-p24 (D7312) antibody; and developed with a horseradish peroxidase-labeled secondary antibody (Sigma) using
the enhanced chemiluminescence detection system (GE Healthcare Life Science,
Piscataway, NJ). To determine envelope expression levels, 293T cells were transfected with envelope constructs using the Fugene transfection reagent (Roche,
Applied Science, Indianapolis, IN). The cells were harvested after 48 h and lysed
with nondenaturing lysis buffer (1% Triton X-100, 300 mM NaCl, 5 mM EDTA,
and 50 mM Tris-Cl [pH 7.4] with Complete protease inhibitor cocktail [Roche]).
Western blotting was carried out as described above.
Site-directed mutagenesis. Specific amino acid changes in the HIV-1 and
HIV-2 envelope glycoproteins were introduced using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The presence of mutations
was confirmed by sequence analysis.
Construction of chimeric envelope glycoproteins. To construct the gp120-gp41
chimeras, the TM20.5 and TM20.6 env plasmids were digested with NdeI and the
interchanged fragments ligated with T4 DNA ligase (Invitrogen Corporation).
The correct orientation of the cloned fragments was determined by a colony PCR
with primers T7 and envM. The ectodomain/cytoplasmic tail chimeras were
constructing by overlapping PCR spanning the transmembrane domain using the
primer pairs TM20CTfo (CAGATCCGTGAGATTAGTGAGCGGATTCTTA
G)-envM and TM20CTre (CTAAGAATCCGCTCACTAATCTCACGGATCT
G)-envA. The resultant amplicons was cloned into pcDNA3.1D (Invitrogen
Corporation, Carlsbad, CA). Chimerism was confirmed by sequencing.
Anti-MPER neutralization assay. The anti-MPER neutralization assay was
adapted from that previously described by Decker et al. (presented at the Keystone Symposium on HIV Vaccines, 2006) using chimeric HIV-2/HIV-1 MPER
constructs (15; F. Bibollet-Ruche et al., presented at the Keystone Symposium on
HIV Vaccines, 2006). Briefly, 2,000 infectious units of virus preincubated with
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characterized for their sensitivity to the broadly neutralizing
MAbs 4E10 and 2F5 and the entry inhibitor T-20 (enfuvirtide,
Fuzeon, DP178) (Fig. 2A). As predicted from the sequence analysis, clone TM20.13 was not neutralized by 4E10, but it was
sensitive to 2F5. The other two clones were sensitive to 4E10 and
resistant to 2F5, but TM20.6 (IC50 ⫽ 1.5 g/ml) showed at least
10-fold-higher sensitivity to 4E10 than clone TM20.5 (IC50 ⫽ 17.5
g/ml). There were no differences in the neutralization sensitivities of the three clones to T-20, which binds to the HR1 region of
gp41. In addition, all clones showed similar sensitivity to the
HIV-1-positive plasma samples BB12 and BB107 (Fig. 2B), suggesting that the increased sensitivity of clone TM20.6 to 4E10 was
not due to a generally neutralization-sensitive phenotype. All
three clones were resistant to the contemporaneous autologous
serum (below 50% neutralization), which is typical in HIV-1 infection.
Sequence analysis of functional clones from TM20. The
full-length envelope genes of the three functional clones were
sequenced (Fig. 3). The genetic variation observed between
the clones was consistent with the 7-year duration of infection;
however, the extent of variability from the C1 to C3 region of
gp120 was surprisingly low. Since these clones were amplified
from in vitro-grown virus, we cannot exclude the possibility
that quasispecies bearing different sequences in this region of
the envelope existed in vivo. Clone TM20.13 had an F673L
mutation in the 4E10 epitope as well as the DKW motif intrinsic to the 2F5 epitope, which correlated with the observed
phenotypes. TM20.5 and TM20.6 were identical in the gp41
ectodomain, except for two amino acids in the MPER at positions 674 and 677. Multiple other differences between clones
TM20.5 and TM20.6 were observed along gp120 and the cytoplasmic tail of gp41. All three clones had conserved HR1 and

V3 regions, which are involved in T-20 sensitivity (10, 27),
consistent with the observed equivalent sensitivity to this compound.
Changes in the MPER are partially responsible for the
differential sensitivity of TM20.5 and TM20.6 to 4E10. As
noted above, TM20.5 was 10-fold less sensitive to 4E10 than
TM20.6. These two clones differed in two amino acids in the
4E10 epitope (Fig. 3). In order to determine if these residues
were associated with 4E10 sensitivity, we introduced the mutations D674N and K677N into TM20.6 by site-directed mutagenesis. These changes did not render the TM20.6 mutant
more resistant to 4E10 neutralization (Fig. 4). Conversely,
when the mutations N674D and N677K were introduced in
TM20.5, the 4E10 IC50 dropped threefold, suggesting that in
some contexts these positions may have an effect on antibody
binding affinity.
4E10 neutralization of envelope chimeras. These apparently
discordant results suggested that regions outside the MPER
might influence the sensitivity to 4E10. We therefore constructed chimeras in which large regions of the envelope gene
were interchanged between the TM20.5 and TM20.6 clones
(Fig. 5). For both clones, the gp120 subunit had very little to no
effect on the neutralization sensitivity, indicating that the major determinants of 4E10 sensitivity were in the gp41 region.
When the cytoplasmic tail from TM20.6 was combined with the
ectodomain of TM20.5, which included gp120 and the external
region of gp41, the resulting chimera, Ecto5-CT6, was around
fourfold more sensitive than TM20.5. Conversely, Ecto6-CT5
was threefold less sensitive than TM20.6. Altogether these
results suggest that while the major determinants of 4E10
sensitivity are in the MPER, the cytoplasmic tail can have a
tangible impact on the exposure of this epitope.
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FIG. 2. Neutralization of TM20 envelope clones. The three functional clones were tested for neutralization by MAbs 4E10 and 2F5 and the
entry inhibitor T-20 (enfuvirtide) (A) and by polyclonal antibodies from two broadly cross-reactive HIV-1-positive plasma specimens and
autologous contemporaneous sera (B). The dotted lines indicate 50% neutralization, with only those values above the line considered positive.
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Mutations in the LLP-2 domain affect sensitivity to neutralization. The cytoplasmic tail sequences of clones TM20.5 and
TM20.6 differed by 10 amino acid residues (Fig. 3), 4 of which
were in the lentivirus lytic peptide-2 (LLP-2) domain. Frequency analysis showed that the LLP-2 sequence of TM20.6
was present in 17% of the quasispecies, while 36% had the
TM20.5 LLP-2 sequence. To determine if variations in LLP-2
were responsible for the changes in 4E10 sensitivity in the
cytoplasmic tail chimeras, we exchanged the LLP-2 regions of
TM20.5 and TM20.6 by introducing the mutations E783A,
T784I, G789V, and T792L in TM20.5 (TM20.5 LLP2-6) and

the converse changes in TM20.6 (TM20.6 LLP2-5). We tested
all constructs for their sensitivity to neutralization by 4E10 and
T-20 as well as IgG1b12 and CD4-IgG2, which bind to gp120
and block interactions with CD4.
As observed for the chimera Ecto5-CT6, the mutant TM20.5
LLP2-6 became more sensitive to neutralization by 4E10 than
the parental TM20.5 virus (Fig. 5). Similarly, these changes in
the LLP-2 explained the decrease in sensitivity to 4E10 in the
chimera Ecto6-CT5 compared to the parental TM20.6. Thus,
in both cases, the four amino acids in the LLP-2 domain accounted for the altered changes in sensitivity to 4E10 neutral-

Downloaded from http://jvi.asm.org/ on May 21, 2019 by guest

FIG. 3. Full-length amino acid sequences of the functional envelope clones TM20.5, TM20.6, and TM20.13. Variable regions, HR domains
(HR1 and HR2), the MPER, the membrane-spanning domain (MSD), and LLPs (LLP-1 and LLP-2) are indicated. The mutation F673L in the
MPER is underlined. The sensitivity of each of the clones to 2F5 and 4E10 neutralization is indicated, with R denoting resistance and S denoting
sensitivity. TM20.6 was extremely sensitive to 4E10 neutralization and is indicated with S⫹⫹.
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ization. These changes also had a minor effect on the neutralization sensitivity for IgG1b12 (Fig. 5) and CD4-IgG2 (data
not shown) but had no effect on T-20 neutralization.
In order to look at the combined effects of changes in the
MPER and LLP-2, we introduced these four mutations into
the two MPER mutants to form TM20.5 MPER-6 LLP2-6 and
TM20.6 MPER-5 LLP2-5. For TM20.5 the resultant clone
showed a ninefold increase in neutralization sensitivity to
4E10, and the IC50 titer decreased to a level similar to that
obtained for the TM20.6 clone (Fig. 5). The opposite mutant,
TM20.6 containing the MPER and LLP-2 of TM20.5, became
sevenfold more resistant to neutralization, but the IC50 titer
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remained slightly lower than that for TM20.5 (11.3 versus 17.5
g/ml), suggesting that perhaps other areas of the envelope
may influence this phenotype. These double mutants showed
similar sensitivities to IgG1b12 and CD4-IgG2 as the corresponding LLP-2-only mutants, corroborating that the MPER
plays no role in determining sensitivity to these reagents.
Effect of gp120 and cytoplasmic tail switching on envelope
incorporation and viral infectivity. The LLP-2 domain is a
highly conserved cationic, amphipathic ␣-helix with calmodulin-binding properties (29) that is involved in cell-to-cell fusion
(17, 33), neutralization sensitivity (16), envelope cell surface
expression (4), and envelope incorporation into virions and
virus infectivity (24). To explore the mechanism behind the
effect of the cytoplasmic tail on 4E10 neutralization sensitivity,
we compared the viral infectivities and envelope incorporations of the two TM20 clones and their chimeras.
Chimeras bearing the cytoplasmic tail from TM20.6 [i.e.,
gp120(5)-gp41(6) and Ecto5-CT6] displayed low infectivity
similar to that of the parental virus (Fig. 6A). The TM20.5
cytoplasmic tail conferred an infectivity advantage to the variants carrying it [i.e., gp120(6)-gp41(5) and Ecto6-CT5]. Furthermore, the LLP-2 mutants of TM20.5 displayed the same
reduced infectivity as Ecto5-CT6, while TM20.6 LLP-2 mutants, like Ecto6-CT5, were more infectious (data not shown).
This suggested that the increased infectivity conferred by the
TM20.5 cytoplasmic tail was largely determined by four amino
acids in LLP-2.
The levels of envelope incorporation into virus particles and
envelope expression were determined by Western blotting.
The virus input was standardized by using equal quantities of
p24 antigen, which was confirmed by p24 detection on the
blots. The amount of envelope incorporated into virions was
assessed by staining with the anti-gp120 antibody D7324 and
the anti-gp41 MAb 7B2 to detect gp160 (Fig. 6B). In addition,

FIG. 5. Changes in the cytoplasmic tail affect neutralization sensitivity. Schematic representations of the chimeras, constructed by exchanging
gp120 or cytoplasmic tail segments of TM20.5 and TM20.6, and LLP-2 and MPER mutants are shown. All the constructs were tested for 4E10,
IgG1b12, and T-20 neutralization. The mean IC50s from three independent experiments are indicated on the right. The IC50s of the chimeras and
mutants were compared to those of the parental clone TM20.5 or TM20.6, and the IC50 ratio is shown in each case. Statistically significant
differences between means of the parental and chimeric/mutant IC50s with P values of ⬍0.05 and ⬍0.01 in a Mann-Whitney t test are highlighted
in light and dark gray, respectively.
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FIG. 4. Changes in positions 674 and 677 in the MPER affect 4E10
neutralization. TM20.6, TM20.5, and mutants TM20.6 D674N/K677N
and TM20.5 N674D/N677K were tested for their sensitivity to neutralization by 4E10. Neutralization was scored as the antibody concentration required to reduce infectivity by 50% (IC50). The graph shows the
means and standard deviations from three independent experiments. P
values are indicated when statistically significant differences between
the means were observed in a Mann-Whitney nonparametric t test
analysis.
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FIG. 6. Roles of gp120 and the cytoplasmic tail in infectivity and
envelope incorporation. (A) JC53bl-13 cells were infected with equal
amounts of p24 (10 ng) of each parental and chimeric Envpseudotyped virus. Infectivity was determined by luciferase expression
measured as relative light units (RLU). The bars are color coded
according to the cytoplasmic tail carried by the construct, black for
TM20.5 and white for TM20.6. Error bars indicate standard deviations.
(B and C) Pelleted virions (B) and env-transfected cells (C) were lysed,
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and visualized by Western blotting with anti-gp120 (D7312), antigp41 (7B2), or anti-p24 (D7312) antibodies. (D) Schematic representation of the gp120, gp41 ectodomain, and cytoplasmic tail encoded by
the chimeric constructs. Regions derived from clone TM20.5 are
shaded gray, and regions derived from TM20.6 are in white.

envelope-transfected cells were lysed, and the levels of envelope expression were determined. Surprisingly, the less infectious TM20.6 clone showed greater envelope expression and
incorporation into virions than clone TM20.5. This appeared
to be determined by gp120, as all chimeras containing TM20.6
gp120 showed higher levels of envelope irrespective of the
gp41 sequence. Thus, the differential neutralization sensitivity
of the clones could not be explained by the levels of envelope
on virus particles. These results agree with other studies showing that the LLP-2 region can affect viral infectivity without
changes in envelope incorporation (17, 24).
Evaluation of anti-MPER neutralizing antibodies in TM20
serum. The variability within the MPER among the quasispecies and the concomitant variations in 4E10 sensitivity suggested the presence of immunological pressure targeting this
region. To determine if this was the case, we tested the serum
of this patient for antibodies to the MPER. We measured the

neutralization activity of this serum against chimeric HIV-2
viruses engrafted with complete or partial HIV-1 MPER sequences (F. Bibollet-Ruche et al., presented at the Keystone
Symposium on HIV Vaccines, 2006). Using this method, we
were able to detect anti-MPER antibodies in TM20 serum
(Fig. 7). This serum was able to neutralize viruses that carried
the full MPER sequence of either subtype B (7312A-C1) or C
(7312A-C1C) or a more similar match to the autologous
MPER sequence where positions 671 and 676 were mutated to
serine (7312A-C1Cm). This neutralization response was
mapped to the second half of the MPER as evidenced by the
neutralization of C4, C4GW, and C8, but not C3 or C7. It has
previously been shown that the 4E10 MAb neutralizes the
chimeras C1, C4, and C6 at similar antibody concentrations
(J. M. Decker et al., presented at the Keystone Symposium on
HIV Vaccines, 2006). Since TM20 serum failed to neutralize
C6, this suggested the absence of 4E10-like antibodies. However, it partially neutralized the C4 chimera, which, in contrast
to C6, includes the W680 residue, which has been described to
be important for 4E10 recognition (37). Taken together, our
results suggest that the serum from this individual contained
anti-MPER antibodies that recognize an epitope closely related but not identical to the 4E10 epitope.
Neutralization of C1C F673L by TM20 serum. The mutation
F673L observed in clone TM20.13 was introduced in the HIV2/HIV-1 chimeric virus C1C by site-directed mutagenesis (C1C
F/L). This single mutation conferred resistance to the 4E10
MAb relative to the sensitive C1C parental virus (data not
shown). The TM20 serum was unable to neutralize the C1C
F/L mutant virus (Fig. 7), suggesting that the F673L mutation
observed in clone TM20.13 could indeed be an escape mutation from the anti-MPER response developed by this patient.
DISCUSSION
In the present study we describe three viral quasispecies from
an HIV-1 subtype C-infected child with different sensitivities to
neutralization by the broadly cross-reactive MAb 4E10. Neutral-
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FIG. 7. Anti-MPER neutralization activity present in TM20 serum.
The HIV-1 MPER sequences introduced into the 7321A HIV-2 chimeric or mutant viruses used in the neutralization assay are highlighted
in gray. The bold letters represent the sequence of the intact 2F5 and
4E10 epitope. The mutations N671S and T676S in C1Cm and F673L in
C1CF/L are underlined. The ID50 titers are indicated on the right, with
those showing activity highlighted in gray.
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ference in neutralization sensitivity to 4E10. This was also
noted in another study where viruses with identical 4E10
epitopes had different IC50s (3), suggesting that factors outside
the MPER affect accessibility of this epitope. Indeed, substitutions in the HR1 region of gp41 as well as other factors that
affect fusion kinetics have been shown to influence sensitivity
to this MAb (26, 37). Thus, the observation that TM20.5
showed enhanced infectivity compared to TM20.6 may explain
why only TM20.5 was sensitive to changes at positions 674 and
677 in the MPER, possibly as a result of a limited window of
opportunity for neutralization.
We demonstrated that the cytoplasmic tail can modulate
sensitivity to neutralization, in agreement with other studies
(12, 16, 32, 34). Furthermore, we were able to identify four
amino acids in the LLP-2 domain that affect both neutralization and infectivity. Such changes could have an impact on the
amphipathicity of the LLP-2 ␣-helix and therefore its membrane association, resulting in phenotypic differences, as observed here and by others (16, 24). It has been shown that
deletion of the cytoplasmic tail or changes in this region, in
particular the LLP-2, determine the fusogenicity of the envelope glycoprotein (1, 17, 24, 33), which could result in changes
in sensitivity to some entry inhibitors (1) and MAbs (16).
Abrahamyan and coworkers suggested that the cytoplasmic tail
hinders the folding of the trimeric coiled coil into the six-helix
bundle, resulting in greater inhibition by peptides that target
the fusion intermediates (1). The fact that we did not observe
changes in sensitivity to T-20, which also targets this conformation, suggests that the mutations in the LLP-2 did not influence this stage of the fusion process. On the other hand,
early events may have been affected, such as the differential
exposure of neutralizing epitopes in the native structure or,
more likely, a higher kinetic rate from the CD4-bound conformation to the trimeric coiled coil. This may preferentially affect
4E10 neutralization, as this antibody is capable of binding in
the postattachment stage (2). In agreement with this, we found
that 4E10 neutralization was more affected by changes in the
LLP-2 than neutralization by IgG1b12 and CD4-IgG2.
Sensitivity to 4E10 neutralization was due to the combined
effects of motifs in the MPER and LLP-2. The two amino acid
changes in the MPER and the four amino acid changes in
LLP-2 were sufficient to confer the 4E10-sensitive phenotype
to TM20.5. However, engineering the more resistant phenotype appeared to require other sites in addition to these six
amino acids. The fact that the TM20.6 MPER-5 LLP2-5 mutant showed the same sensitivity to 4E10 as the gp120(6)gp41(5) construct, neither of which reached IC50 levels shown
by TM20.5, suggested that perhaps sites in gp120 were also
involved (Fig. 5). Interestingly, the two mutations in the
TM20.6 MPER, which failed to show any effect on their own,
appeared to contribute to 4E10 resistance when coexpressed
with the four LLP-2 mutations that increased infectivity, again
highlighting the role that infectivity plays in determining overall neutralization sensitivity.
The presence of an anti-MPER neutralization response in
this patient’s serum supports the hypothesis that the observed
4E10-resistant envelope quasispecies constituted escape variants. Though the antibodies elicited against the MPER in this
patient were not clearly 4E10-like as evidenced by the inability
to neutralize C6, their epitopes overlapped, and as for 4E10,
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ization resistance was conferred by a rare mutation, F673L, in the
4E10 epitope. In addition, moderate changes in sensitivity between clones were modulated by secondary positions in this
epitope and motifs in the cytoplasmic tail. The presence of antiMPER neutralizing antibodies in this individual supports the hypothesis that escape from antibody-mediated immune pressure
was driving these changes.
MAb 4E10 has been shown to be the most broadly crossreactive antibody against HIV-1 (3); however, it is not a particularly potent antibody, with ⬎1 g/ml needed to neutralize most
viruses at 50%. In this study, clone TM20.13 was resistant to
neutralization at up to 100 g/ml of 4E10 due to an F673L
mutation in the MPER. This is consistent with a report by Zwick
and coworkers, who showed that the introduction of the F673A
mutation conferred resistance to 4E10 neutralization (37). The
mutation F673L was present in one-third of the quasispecies in
this virus isolate. However, given that they were derived from an
in vitro-cultured virus, it is not clear whether this mutation was
present at a higher or lower frequency in vivo, where neutralizing
antibodies were present. While L673 is common among HIV-1
group O envelope sequences, this substitution is very rare among
HIV-1 group M viruses in the Los Alamos HIV sequence database. The highly conserved nature of F673 suggests that this site
either performs an important function or is not accessible to
immune attack, as has been proposed previously (36). However,
we found that virus infectivity was not obviously compromised by
F673L (data not shown), similar to what was observed for the
F673A mutant (37). This raises the question as to why this position is so highly conserved and under such strong negative selection pressure. Interestingly, in our study the F673L mutation was
linked with the mutation S665K, which confers 2F5 sensitivity. All
other clones were resistant to 2F5, due to the absence of a K at
position 665, which is typical of subtype C viruses (3, 14). Furthermore, these mutations were accompanied in all cases by other
mutations in gp41. HIV-1 is known to undergo considerable recombination during in vivo and in vitro proliferation (18), so the
link between these changes may simply be the result of a recombination event between two divergent viral quasispecies. However, they could also represent compensatory changes associated
with the mutation F673L that are required by the virus for survival
in vivo. A recent study on in vitro escape from 4E10 neutralization
showed the appearance of F673L/V mutations in the resistant
virus, but these viruses had impaired infectivity (19), which may
explain why 4E10 escape variants were not observed in passive
immunization studies with this antibody (22, 31). However, these
viruses had no other genetic changes in this region, such as those
shown here, that might have compensated for this loss of function
(19).
TM20.5 and TM20.6 showed a 10-fold difference in sensitivity to 4E10. These clones were identical in the ectodomain of
gp41 except for two positions (674 and 677) within the 4E10binding domain. Previous studies have shown that these two
residues are dispensable for 4E10 recognition (7, 37). However, we observed that the introduction of mutations N674D/
N677K into TM20.5 increased 4E10 sensitivity by threefold,
suggesting that these positions can influence the presentation
of the 4E10 epitope. On the other hand, the TM20.6 clone did
not become more resistant to 4E10 when these two positions
were changed. Therefore, TM20.6 D674N/K677N, which had
an MPER identical to that of TM20.5, showed a fivefold dif-
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D674N, as observed in TM20.5, eliminates antibody binding
(23). Therefore, it is also possible that antibodies similar to
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residue, might be involved in this anti-MPER neutralization
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This study strongly suggests that the MPER is indeed immunogenic and accessible to antibodies that can drive the
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interest in the MPER as a vaccine target, it is important that
the potential of in vivo escape from anti-MPER antibodies be
clarified in such longitudinal studies.
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