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HIV-1 gp41 envelope antibodies, which are frequently induced in HIV-1-infected individuals, are predomi-
nantly nonneutralizing. The rare and difficult-to-induce neutralizing antibodies (2F5 and 4E10) that target
gp41 membrane-proximal epitopes (MPER) are polyspecific and require lipid binding for HIV-1 neutraliza-
tion. These results raise the questions of how prevalent polyreactivity is among gp41 antibodies and how the
binding properties of gp41-nonneutralizing antibodies differ from those of antibodies that are broadly neu-
tralizing. In this study, we have characterized a panel of human gp41 antibodies with binding specificities
within the immunodominant cluster I (gp41 amino acids [aa] 579 to 613) or cluster II (gp41 aa 644 to 667) for
reactivity to autoantigens, to the gp140 protein, and with MPER peptide-lipid conjugates. We report that while
none of the gp41 cluster I antibodies studied were polyspecific, all three gp41 cluster II antibodies bound either
to lipids or autoantigens, thus showing the propensity of cluster II antibodies to manifest polyreactivity. All
cluster II gp41 monoclonal antibodies (MAbs), including those that were lipid reactive, failed to bind to gp41
MPER peptide-lipid complexes. Cluster II antibodies bound strongly with nanomolar binding affinity (disso-
ciation constant [Kd]) to oligomeric gp140 proteins, and thus, they recognize conformational epitopes on gp41
that are distinct from those of neutralizing gp41 antibodies. These results demonstrate that lipid-reactive gp41
cluster II antibodies are nonneutralizing due to their inability to bind to the relevant neutralizing epitopes on
gp41.

Anti-HIV-1 gp41 envelope (Env) antibodies (Abs) are fre-
quently induced in HIV-1-infected individuals (6, 8, 58). The
antigenic determinants of gp41 have been mapped with a large
panel of human gp41 antibodies (21, 32, 55, 61). Whereas
cluster I monoclonal Abs (MAbs) are directed against the
immunodominant region (gp41 amino acids [aa] 579 to 613) of
the gp41 envelope, a subset of human HIV-1 MAbs specific for
“cluster II” (55) show binding specificities for the gp41 region,
which includes HR-2 (heptad repeat 2) (aa 644 to 667) (21, 35,
55). The broadly neutralizing MAbs 2F5 and 4E10 recognize
epitopes that are within the gp41 membrane-proximal external
region (MPER), with the 2F5 epitope being adjacent to the
cluster II region and that of 4E10 mapping outside the cluster
II and being more membrane proximal (cluster III). There is
some overlap between cluster II epitopes and the epitope rec-
ognized by MPER MAb 2F5 (56). Thus, cluster II human
MAbs (98-6, 126-6, and 167-D) can partially cross-block 2F5
MAb binding to HIV-1 Env gp140 oligomers (3).

Anti-gp41 antibodies whose epitopes are within the gp41
HR-2 region are largely nonneutralizing, with only rare neu-
tralizing MAbs (9, 36, 45, 61). One each of cluster I (clone 3)
and cluster II (98-6) MAbs have been reported to weakly
neutralize select HIV-1 strains (19, 25). Both cluster I and
cluster II MAbs, however, can bind HIV-1-infected cells and
HIV-1 virions and also have been reported to mediate anti-
body-dependent cellular cytotoxicity (ADCC) (41, 51, 59).
However, the determinants on the HIV-1 viral spikes that are
recognized by cluster II antibodies are not well defined.

Among the broadly neutralizing MAbs, 2F5 and 4E10 show
reactivity toward anionic phospholipids and other autoantigens
(5, 22, 38, 39); in addition, MPER MAb Z13 has been shown
to react weakly with cardiolipin (33). Although a third broadly
neutralizing MAb, 2G12, did not show any reactivity for the
tested autoantigens (24), the epitope recognized by this gp120
MAb, 2G12, is composed primarily of a cluster of high-man-
nose oligosaccharides that are similar to “self” carbohydrates
(4, 42, 50). Thus, the rarity of broadly neutralizing MAbs after
either natural infection or immunization (7, 30) raises the
question of whether expression of these specificities for gp41
or carbohydrates may be immunoregulated and whether cross-
reactivity with self antigens, such as phospholipids, is essential
for anti-gp41 MAbs to neutralize HIV-1 (1, 2). Recent studies
have shown that for 2F5 and 4E10 to neutralize HIV, the
hydrophobic heavy chain complementarity determining region

* Corresponding author. Mailing address for S. Munir Alam: Hu-
man Vaccine Institute, Duke University Medical Center, 2 Genome
Court, 4004 MSRB II, Durham, NC 27710. Phone: (919) 668-6372.
Fax: (919) 684-4380. E-mail: alam0004@mc.duke.edu. Mailing address
for Barton F. Haynes: DUMC Box 103020, Durham, NC 27710.
Phone: (919) 684-5858. Fax: (919) 684-5320. E-mail: hayne002@mc
.duke.edu.

� Published ahead of print on 24 November 2010.

1340



3 (CDR H3) must be intact, since mutations of hydrophobic
amino acids disrupt both lipid binding and neutralization ca-
pacity (2). In contrast, a mouse MPER MAb that also partially
cross blocks 2F5 binding to gp41 MPER peptide (13H11) nei-
ther binds to phospholipids nor binds to peptide-lipid com-
plexes (1). It is therefore not clear why certain antibodies that
bind to HIV-1 gp41 and recognize epitopes close to the 2F5
nominal epitope show no neutralizing capability. In the case of
the murine MAb 13H11, the lack of lipid reactivity could
explain its inability to interact with a critical residue (L669)
immersed in membrane lipids and thus explain its failure to
neutralize (1, 43). Lipid reactivities of 4E10 and 2F5 allow
them the capability to extract membrane-immersed critical res-
idues (44, 46) and also to position close to a transiently ex-
pressed gp41 neutralizing determinant (2). Thus, a fundamen-
tal question is whether all gp41 MAbs show reactivity to lipids
or other autoantigens and whether such polyreactivity is asso-
ciated with neutralization of HIV-1 (1, 22, 24).

In the present study, we have probed the relationship of the
binding of gp41 cluster II MAbs to phospholipid and other
autoantigens with HIV-1 neutralization; for this, we have com-
pared a panel of neutralizing and nonneutralizing gp41 MAbs
for binding to Env gp140s, phospholipids, and gp41 peptide-
lipid conjugates. Our data show that polyreactivity is not
unique to human neutralizing antibodies, since all three non-
neutralizing cluster II MAbs were polyreactive and two of
them also bound to lipids. However, unlike 2F5, cluster II
MAbs bind strongly to oligomeric forms of Env gp140 but not
to gp41 peptide complexes. Thus, polyreactivity is necessary
but not sufficient for neutralization.

MATERIALS AND METHODS

Antibodies. Anti-gp41 cluster I MAbs (240D, 246D, 50-69D, and 181) and
cluster II MAbs (98-6, 167-D, and 126-6) were derived from HIV-infected indi-
viduals and have been described previously (21, 55). Human MAbs 71-31D
(anti-p24) (18), 847D (anti-C2) (35), and 1570 (anti-CD4-binding site) (26) were
used as controls. The murine anti-MPER MAb 13H11 was made following
immunization with the group M consensus Env ConS gp140 oligomer as de-
scribed earlier (1). HIV-1 Env gp41 MPER MAbs 2F5 and 4E10 were purchased
from Polymun Scientific (Vienna, Austria) (60).

Recombinant proteins. The recombinant oligomeric gp140 proteins Con S
gp140, JRFL gp140, and Con B gp140 were produced and purified as described
earlier (28).

Phospholipids. Chloroform stocks of the phospholipids 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine (POPE), 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), bovine heart cardio-
lipin, and cholesterol were purchased from Avanti Polar Lipids.

SPR assays. Surface plasmon resonance (SPR) binding assays were performed
on a BIAcore 3000 instrument (BIAcore Inc., Piscataway, NJ) maintained at
20°C, and analyses were done using the BIAEval 4.1 software program (BIAcore
Inc., Pisacattaway, NJ). Lipid binding assays were done using a BIAcore L1 chip
that had 2,500 to 3,000 resonance units (RU) of bovine serum albumin (BSA)
immobilized on each flow cell. POPC-POPS (25:75, molar ratio) and POPC-
cardiolipin (25:75, molar ratio) liposomes were injected over the chip at a
5-�l/min flow rate until 500 RU of capture was achieved. Antibodies were
injected over the liposomes for 2 min at a 20-�l/min flow rate. Surfaces were
regenerated by injecting 100 �l of 40 mM n-octyl-glucopyranoside at a 100-�l/
min flow rate followed by a 10-�l injection of 25 mM NaOH at a 50-�l/min flow
rate. The responses due to nonspecific binding of MAbs to the blank flow cell
were subtracted to obtain the specific binding shown in the figures. The binding
of MAbs to MPER peptide liposomes was done as reported earlier (1, 11). The
interactions of MAbs with MPER peptides were done using biotinylated versions
of the HIV-1 gp41 MPER peptide SP62 (QQEKNEQELLELDKWASLWN)
and a control peptide with a scrambled sequence, SP62 Scrambled (NKEQDQ

AEESLQLWEKLNWL). These peptides were individually anchored on a
BIAcore SA sensor chip as described previously (1). Each peptide was injected
until 100 to 150 RU of binding to streptavidin was observed. Specific binding
responses of MAb binding were obtained following subtraction of nonspecific
binding on the scrambled 2F5 peptide surface. Rate constants were measured
using the bivalent analyte model (to account for the avidity of bivalent Ig
molecules) and global curve fitting to binding curves obtained from MAb titra-
tions, which ranged from 0.01 to 119 nM and 6.0 to 1,400 nM for MAbs 2F5 and
4E10, respectively. MAbs were injected at 30 �l/min for 2 to 6 min, and glycine-
HCl (pH 2.0) and the surfactant P20 (0.01%) were used as the regeneration
buffer. The interactions of MAbs with gp140 oligomers were studied by immo-
bilizing gp140 oligomers on a BIAcore CM5 chip and flowing MAbs over the
immobilized gp140 oligomers as described previously (3).

Autoantigen assay. The Luminex AtheNA Multi-Lyte ANA test (Wampole
Laboratories, Princeton, NJ) was used to test for MAb reactivity to SSA/Ro,
SS-B/La, Sm, ribonucleoprotein (RNP), Jo-1, double-stranded DNA (dsDNA),
centromere B, and histone and was performed per the manufacturer’s specifi-
cations and as previously described (22). Cardiolipin reactivity was measured in
an enzyme-linked immunosorbent assay (ELISA) as previously described (22).

RESULTS

Reactivities of HIV-1 gp41 MAbs with phospholipids. Since
two of the previously studied broadly neutralizing MAbs (2F5
and 4E10) that bind to the MPER region of gp41 were
polyspecific (1, 22, 38, 39), we first asked how prevalent poly-
reactivity is among MAbs that bind to both cluster I and cluster
II regions of gp41 Env. In SPR binding assays, two of the three
human cluster II MAbs (126-6 and 167D) bound to the car-
diolipin- and phosphatidylserine (PS)-containing liposomes
(Fig. 1A and B) and showed no binding to phosphatidylcholine
liposomes (not shown). The 126-6 MAb bound more strongly
to cardiolipin-containing liposomes than did the 2F5 and
167-D MAbs, while MAb 98-6 did not bind any phospholipids.
As previously reported, the nonneutralizing anti-gp41 MPER
MAb 13H11 did not bind to cardiolipin or to PS-containing
liposomes (1) (Fig. 1). Compared to MAb 4E10, all cluster II
gp41 MAbs showed lower reactivity with phospholipids. In
contrast, no binding of any of the cluster I MAbs (240D, 246D,
50-69D, and 181) to cardiolipin- or PS-containing liposomes
was observed (Fig. 2). Thus, in this panel of gp41 MAbs, all of
gp41 human cluster II bound to phospholipids, with 98-6 being
the only exception.

Reactivity of human anti-gp41 monoclonal antibodies with
protein autoantigens. In Table 1, we show that while MAb 98-6
had no reactivity with phospholipids, it was positive for reac-
tivity with several other autoantigens, which include Ro, RNP,
Jo1, dsDNA, centromere B, and histones. The other two clus-
ter II MAbs, 126-6 and 167-D, did not react with any of the
protein autoantigens tested. However, as shown, they were
reactive in ELISA with cardiolipin, and as described above,
they were reactive by SPR with phospholipids. Overall, all of
the three human anti-cluster II MAbs studied were polyreac-
tive, showing binding to either lipids or protein autoantigens.

Binding of anti-gp41 MAbs to Env gp140 oligomers. It has
been suggested that broadly neutralizing MPER gp41 MAbs
target epitopes that are transiently exposed on gp41 during
HIV-1 fusion (15, 43) and thus are less likely to bind strongly
to conformations that are presented on prefusion or postfusion
states of gp41. This is consistent with previous observations
that gp41 MPER MAb 2F5 bound only to select Env gp140
oligomers (JRFL gp140) and showed weak or no binding to
most recombinant Env gp140 oligomers (1, 15). In contrast, all
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three human cluster II MAbs bound to Env gp140 oligomers
with comparable affinities, with dissociation constant (Kd) val-
ues in the nanomolar range (Fig. 3 and Table 2). While MAb
98-6 bound to Env gp140 with relatively faster on-rates, the
binding of both 126-6 and 167-D showed relatively slower asso-
ciation and dissociation rates (Table 2). Like MAb 2F5, the mu-
rine gp41 MPER MAb 13H11 bound weakly to all three gp140
oligomers, with much faster dissociation kinetics (Fig. 3) (1).

The above results are in contrast to those observed with
linear gp41 HR-2 peptides, which include the 2F5 nominal
epitope. While the 2F5 MAb bound with higher avidity to the

2F5 peptide (Kd � 10 nM), the binding of the nonneutralizing
gp41 MAb 13H11 was weaker (Kd � 435 and 431 nM, respec-
tively), with about 15- to 20-fold-faster dissociation rates (3).
Like the nonneutralizing 13H11 MAb, the human cluster II
MAbs (98-6, 126-6, and 167-D) also bound with faster disso-
ciation rates. However, binding of MAb 98-6 to the 2F5-
MPER peptide was relatively stronger and demonstrated
slower off-rates than did that of the other cluster II MAbs. We
have also previously shown that MAb 98-6 also cross-blocked
2F5 binding to HR-2 peptides while the other cluster II MAbs
could only partially block 2F5 binding (3). Taken together,

FIG. 1. Binding of gp41 cluster II MAbs to anionic phospholipids. SPR sensograms are shown for the binding of 100 �g/ml of 126-6, 167D, 98-6,
4E10, 2F5, and 13H11 MAbs to POPC-cardiolipin (25:75) (A) or POPC-POPS (25:75) (B) liposomes captured on a Biacore L1 chip.

FIG. 2. gp41 cluster I MAbs do not bind to anionic lipids. SPR sensograms are shown for the binding of 100 �g/ml of 240D, 246D, 50-69D,
181, 71-31D, 847D, 1570, and 4E10 MAbs to POPC-cardiolipin (25:75) (A) or POPC-POPS (25:75) (B) liposomes captured on a Biacore L1 chip.
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these results suggest that the human cluster II gp41 MAbs
recognize conformational epitopes on gp41 that are distinct
from those recognized by the broadly neutralizing 2F5 MAb,
which bound more strongly to linear peptides. Thus, while the
nonneutralizing cluster II MAbs bound strongly to gp140
oligomers (Kd values in the nanomolar range), their binding to
HR-2 or the 2F5 nominal epitope peptides was much weaker
(�1 �M).

Reactivities of cluster II MAbs with gp41 MPER peptide-
lipid conjugates. We have previously reported that the binding
of MPER MAbs 2F5 and 4E10 to peptide-lipid conjugates
follows a 2-step encounter-docking model (1, 11). Binding of
2F5 and 4E10 to gp41 peptide-lipid complexes was selective for
the broadly neutralizing MAbs, since the nonneutralizing gp41
MPER MAb 13H11, which did not react with lipids, also failed
to bind to gp41 epitopes when presented in the context of the
membrane. Thus, we next tested whether the polyreactive clus-
ter II MAbs used in this study, particularly those that were lipid
reactive, would interact with gp41 epitopes complexed to lipid
membranes. When we tested binding of human cluster II
MAbs to peptide-lipid conjugates, we found that all three of
the nonneutralizing human cluster II MAbs failed to bind to
2F5 peptide liposomes (Fig. 4C and D and 5B). Among the two
MAbs, 126-6 and 167-D, that showed stronger reactivity with
phospholipids, no binding was observed with 2F5 peptide-lipid
complexes, even at a concentration of 100 �g/ml (Fig. 4C and
D). Similarly, 98-6, which shows relatively stronger reactivity
with HR-2 peptides (3), also failed to bind to peptide-lipid

complexes (Fig. 5). These data suggest that the lipid reactivity
of three human cluster II MAbs, in the absence of reactivity
with gp41 neutralizing determinants, is not sufficient for HIV-1
neutralization.

DISCUSSION

In this study, we have shown that polyreactivity is common
among human gp41 cluster II but not cluster I antibodies.
Although lipid reactivity of gp41 antibodies per se was not
associated with HIV-1 neutralization, neutralizing and non-
neutralizing gp41 MAbs are similar in being polyreactive for
lipids and/or other autoantigens. Thus, polyreactivity is asso-
ciated with HIV-1 Env antibodies that target epitopes within
the cluster II region and within the gp41 MPER region, which
induces neutralizing antibodies. Since the nonneutralizing clus-
ter II MAbs bind strongly to epitopes presented on oligomeric
gp140 but not to gp41 peptides or peptide-lipid complexes,
they recognize antigenic determinants distinct from those rec-
ognized by broad neutralizing gp41 antibodies.

During the course of HIV-1 fusion, gp41 is believed to
present at least three distinct conformations—a native prefu-
sion configuration, a “prehairpin” intermediate, and a postfu-
sion state (37, 54) (Fig. 6). In this model, the relevant MPER
neutralizing epitopes are transient in nature and are exposed
only in a “prehairpin intermediate” state (13, 23) that is in-
duced upon CD4 and/or coreceptor binding (40). 2F5 and
4E10 have been proposed to target the prehairpin intermedi-

TABLE 1. Reactivities of anti-HIV-1 human MAbs with autoantigens

MAb
Reactivity with autoantigena

CL Ro (SSA) SSB Sm RNP Scl 70 Jo1 dsDNA CentrB Histones

4E10 �� 365 � � � � � � � �
98-6 � 725 � � 233 � 217 265 198 375
126-6 � � � � � � � � � �
167-D � � � � � � � � � �
17B � � � � � � � � � �
Positive control serum 1,095 703 822 788 502 921 729 577 824

a Autoantigen reactivity was measured in a Luminex AtheNA Multi-Lyte ANA assay (Wampole Laboratories, Princeton, NJ). �, �120 relative units. MAbs were
used at 300 �g/ml. The relative units shown in the table are for each MAb at 300 �g/ml. The cardiolipin binding ELISA was done using MAbs at concentrations ranging
from 50 to 0.02 �g MAb/ml. CL, cardiolipin; Ro (SSA), Sjogren’s syndrome antigen A; SSB, Sjogren syndrome antigen B; Sm, Smith antigen; RNP, ribonucleoprotein;
Scl 70, scleroderma 70; Jo1, antigen; CentrB, centromere B.

FIG. 3. Nonneutralizing human gp41 cluster II MAbs bind strongly to oligomeric gp140 Env proteins. SPR sensograms are displayed for the
binding of 98-6, 167D, 126-6, 2F5, and 13H11 MAbs to the ConB gp140 (A), ConS gp140 CFI (B), and JRFL gp140 (C) Env proteins immobilized
on a Biacore CM5 chip.
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ate and not bind to the prefusion Env protein (15). 2F5 and
4E10, however, can bind reversibly to lipids (1, 2) and bind
strongly with almost irreversible off-rates to the gp41-inter
protein, a mimic of the prehairpin state of gp41 (15). Thus,
while the prehairpin intermediate is the target for neutralizing
gp41 antibodies, binding of 2F5 and 4E10 to lipids allows them
to preconcentrate on the virion surface and to subsequently

engage the transient MPER neutralizing epitopes in the inter-
mediate conformation (2). Based on this model, the cluster II
MAbs (126-6 and 167-D) that bind to lipids would also be able
to preconcentrate on the virion surface, while the nonreactive
98-6 would not (Fig. 6). However, lipid binding is unlikely to be
a requirement for binding of cluster II MAbs to HIV-1 Env
due to the following reasons. First, their epitopes are more
distal from the membrane, and second, a recent study has
shown that cluster II MAbs do not bind to the prehairpin
intermediate conformation of gp41 (14). On the viral surface,
where the density of Env spike is low (29, 57), polyreactivity
might be an advantage in terms of enhancing avidity by pro-
moting bivalent interactions (27, 31, 53) and promoting het-
eroligation (31). Simultaneous interactions of 126-6 and 167-D
with membrane lipid and gp41, in either the prefusion or the
extended intermediate state, would be hindered due to the
membrane-distal nature of their epitopes. Although the 98-6
MAb did not show any lipid reactivity, it bound to several
autoantigens and potentially could benefit from bivalent inter-
actions with two distinct ligands that would include cross-re-
activity with a host antigen, as has been described for the 21c
antibody (12). For this heteroligation to occur, however, the
proximity of the two ligands would have to accommodate the

TABLE 2. Binding kinetics of cluster II MAbs for Env
gp140 oligomersa

Oligomer or
MAb

ka
(�103 M�1 s�1)

kd
(�10�3 s�1)

KD
(nM)

JRFL gp140
98-6 111.0 1.6 14.8
126-6 10.8 0.3 30.7
167-D 8.3 0.3 35.1

ConS gp140
98-6 132.0 3.1 23.3
126-6 7.3 0.3 30.5
167-D 8.4 0.2 26.3

a 13H11 MAb bound too weakly to Env gp140 for Kd measurements. Binding
of 2F5 to ConS gp140 was also too weak, and the Kd of 2F5 binding to JRFL
gp140 is 164 nM (1). ka, association rate constant; kD, dissociation rate constant.

FIG. 4. gp41 cluster II MAbs that show lipid reactivity do not bind to the gp41 peptide-lipid complexes. The binding of 126-6 and 167D MAbs
at different concentrations as indicated to POPC-cardiolipin (25:75) liposomes (A and B) or to gp41 MPER peptide liposomes (C and D),
respectively, is shown.
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15-nm span of the two Fab arms of the IgG molecule. Thus,
unlike the broad neutralizing antibodies 2F5 and 4E10, antigen
recognition of cluster II antibodies is likely not to benefit from
the ability of the antibodies to bind to lipids.

Several observations indicate that it is more likely that the
cluster II MAbs bind only to the postfusion state of gp41. Both
126-6 and 167-D react with complexed HR-1 and HR-2 pep-
tides (the gp41 N51-C43 peptide complex) but not with either
alone (21, 56). This is consistent with our results that both
MAbs bound strongly to gp140 oligomers and showed no re-
activity with MPER peptide-lipid conjugates. The epitope for
MAb 126-6 has been mapped to a region N-terminal to gp41 aa
648, and its requirement for a gp140 trimer-specific conforma-
tion suggests that the MAb likely targets the postfusion state of
gp41 (56). Of the three cluster II MAbs, 98-6 is distinct in that
it bound to linear MPER peptides and gp140 oligomers. These
results are consistent with previous reports that 98-6 is reactive
with both the free HR-2 peptide and the complexed HR-1/
HR-2 peptides (21) and is reactive with dimeric and trimeric
forms of gp140 (56). The lack of reactivity of MAb 98-6 with
MPER peptide complexes suggest that it may fail to recognize
the constrained conformation on the membrane surface since
the epitope of this MAb is located N-terminal to the 2F5 core

(56) and such residues are more likely to be solvent exposed
(11, 46). Exposure of the 98-6 epitope on infected cells was
enhanced following soluble CD4 treatment, which suggests
that the conformational changes induced upon CD4 binding
result in the exposure of gp41 epitopes that include the 98-6
binding site (40, 47). It is also likely that 98-6 binds to a more
advanced fusion intermediate than 2F5, and as a result, 98-6
will have a shorter window of opportunity for binding and
blocking membrane fusion. Thus, the exposure of the 98-6
epitope might occur too late in the fusion process for the MAb
to potently neutralize HIV-1. This is consistent with the finding
that 98-6 MAb can be more effective in blocking fusion and
viral entry under certain restricted conditions, e.g., incubation
at a suboptimal temperature, which slows down the steps lead-
ing to fusion (16, 17). Thus, the lack of lipid reactivity of 98-6
would preclude it from engaging efficiently with a transient
conformation of gp41, while it would be able to interact stably
with the postfusion conformation. That the nonneutralizing
cluster II MAbs indeed bind to gp41 in its postfusion confor-
mation has now been reported in two recent structural studies
(14, 34). Thus, nonneutralizing cluster II MAbs bind strongly
to postfusion gp41; while some may bind to lipids, they fail to
engage the prehairpin intermediate and block fusion (Fig. 6).

FIG. 5. gp41 cluster II MAb 98-6 binds to 2F5 nominal epitope peptide but not to 2F5 peptide-lipid conjugates. SPR sensograms are shown
for the interaction of 2F5 and 98-6 MAbs with the 2F5 epitope peptide (A and B) or 2F5 peptide-liposome conjugates (C).

FIG. 6. Differential recognition of gp41 conformational states by neutralizing and nonneutralizing gp41 antibodies during the course of
membrane fusion. The three distinct conformational states of gp41 widely believed to be present during the Env-mediated membrane fusion are
shown schematically. In the prefusion state, cluster II MAbs 126-6 and 167D will bind to viral lipid, which may facilitate their interaction with
HIV-1 Env. 98-6, with no lipid reactivity, can only potentially interact with Env or host antigens. The membrane-distal nature of the epitopes of
the cluster II MAbs will not favor simultaneous binding of the MAbs to gp41 and the lipids. The cluster II MAbs will not bind to the transient
prehairpin intermediate but will bind strongly to the postfusion conformation of gp41. Due to their inability to engage the prehairpin intermediate
conformation, the cluster II MAbs will fail to disrupt progression of the fusion process. By binding first to membrane lipids, 2F5 can efficiently
target the transient prehairpin intermediate and block membrane fusion.
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Finally, the finding that a number of gp41-nonneutralizing
MAbs are polyreactive and bind to autoantigens is of interest
regarding their potential mode of immunoregulation. Many of
the cluster II MAbs are derived from the VH1-69 heavy chain
family (4E10, 126-6, and 167-D), which is frequently used by
antibodies which display autoreactivity (20). Thus, HIV-1 Env
epitopes within gp41 may target immunoglobulin VH family-
specific germ line sequences. We have suggested that the lipid
reactivities of 2F5 and 4E10 may subject these types of anti-
bodies to control by tolerance mechanisms (52), as with an-
tiphospholipid and other autoantibodies (10). While neutral-
izing antibodies that bind to the MPER region are uncommon
(found in only 0.3 to 1% of infected patients [48, 49]), non-
neutralizing cluster II antibodies are more common (�30% of
subjects) and when present arise �5 to 10 weeks after HIV-1
transmission (49). Immunization strategies designed to break
tolerance and induce anti-dsDNA antibodies also induce non-
neutralizing cluster II antibodies in mouse strains that other-
wise do not make these antibodies (3). Thus, there may be
immunoregulatory controls on both neutralizing MPER and
nonneutralizing cluster II antibodies depending on the affinity
of binding to autoantigens and perhaps the nature of the in-
teractions with virion lipid-Env complexes. Alternatively, these
data can also suggest that it is the MPER neutralizing deter-
minant that is critical for induction of tolerance control. Data
in support of this notion comes from the observation that a
majority of residual peripheral B cells that have escaped cen-
tral clonal deletion in 2F5 VH knock-in mice have lost their
MPER reactivity but retain their lipid reactivity (L. Verkoczy
and B. F. Haynes, unpublished observations). Thus, reactivity
to the MPER neutralizing determinant for 2F5-like antibodies
is a more important factor in limiting antibody induction by
tolerance mechanisms than is antibody lipid reactivity. That
both neutralizing MPER and nonneutralizing cluster II anti-
bodies cross-react with self antigens demonstrates that both
specificities of antibodies may be subjected to regulation by
immune control; however, interaction of such antibodies with
their respective Env conformations appears to be the critical
determinant of both the antibodies’ ability to be induced and
ability to neutralize HIV-1.
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