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Identifying the viral epitopes targeted by broad neutralizing antibodies (NAbs) that sometimes develop in
human immunodeficiency virus type 1 (HIV-1)-infected subjects should assist in the design of vaccines to elicit
similar responses. Here, we investigated the activities of a panel of 24 broadly neutralizing plasmas from
subtype B- and C-infected donors using a series of complementary mapping methods, focusing mostly on
JR-FL as a prototype subtype B primary isolate. Adsorption with gp120 immobilized on beads revealed that an
often large but variable fraction of plasma neutralization was directed to gp120 and that in some cases,
neutralization was largely mediated by CD4 binding site (CD4bs) Abs. The results of a native polyacrylamide
gel electrophoresis assay using JR-FL trimers further suggested that half of the subtype B and a smaller
fraction of subtype C plasmas contained a significant proportion of NAbs directed to the CD4bs. Anti-gp41
neutralizing activity was detected in several plasmas of both subtypes, but in all but one case, constituted only
a minor fraction of the overall neutralization activity. Assessment of the activities of the subtype B plasmas
against chimeric HIV-2 viruses bearing various fragments of the membrane proximal external region (MPER)
of HIV-1 gp41 revealed mixed patterns, implying that MPER neutralization was not dominated by any single
specificity akin to known MPER-specific monoclonal Abs. V3 and 2G12-like NAbs appeared to make little or
no contribution to JR-FL neutralization titers. Overall, we observed significant titers of anti-CD4bs NAbs in
several plasmas, but approximately two-thirds of the neutralizing activity remained undefined, suggesting the
existence of NAbs with specificities unlike any characterized to date.

Broadly neutralizing antibodies (NAbs) are likely to be a key
component of protective immunity conferred by an effective
vaccine for human immunodeficiency virus (HIV) (26, 46, 48).
However, methods for inducing NAbs that are effective against
isolates characteristic of HIV type 1 (HIV-1) transmission (28,
34, 49, 53) have eluded vaccine developers thus far, despite
considerable effort. NAbs generated in natural infection are
invariably more effective than those elicited by vaccines. Early
HIV-1 infection frequently results in highly isolate-specific

NAbs that target viruses that were circulating 6 to 12 months
prior to sampling rather than contemporaneous viruses, sug-
gesting that the virus evolves to escape neutralization (9, 50,
65). Later in infection, some subjects go on to develop broadly
cross-reactive NAb responses (32, 35). As this neutralizing ac-
tivity perhaps best represents the type of response we would like
to induce by a vaccine, efforts to understand its nature are vital.

Several conserved regions of the surface gp120 and trans-
membrane gp41 Env glycoproteins are potential targets for
NAbs. Most important are the binding sites for the primary
receptor CD4 (CD4bs) and the chemokine receptor binding
site, both on gp120, and domains of gp41 involved in viral
fusion with target cells, all of which need to preserve their
antigenic structure to maintain viral fitness. The few neu-
tralizing monoclonal antibodies (MAbs) isolated so far, all
from infected patients, include MAb immunoglobulin G1b12
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(IgG1b12), which binds an epitope that overlaps the CD4bs of
gp120 MAbs; MAb 2G12, which recognizes a cluster of oligo-
mannose residues on gp120; and MAbs 2F5, Z13, and 4E10, all
of which recognize the tryptophan-rich membrane-proximal
external region (MPER) of gp41 that is thought to play a key
role in the fusion process. The incidence of NAbs with similar
specificities and their relative contributions to broad plasma
neutralization remain largely unknown. In fact, other as-yet-
uncharacterized specificities could conceivably make major
contributions (9).

Until quite recently, epitope-mapping methodology has
been limited largely to peptide competition assays and binding
assays using panels of gp120 mutants. These provide little
information regarding neutralization specificity. Recently,
more sophisticated methods have permitted a detailed analysis
of a variety of key epitopes (2, 14, 18, 35, 69). One study (35)
described the mapping of broadly neutralizing sera taken from
two slow-progressing patients from a cohort infected with a
well-characterized subtype B virus (39). Fractionation using
gp120 immobilized on beads revealed that gp120 Abs were
responsible for most of the broad neutralizing activity. Further
experiments using immobilized gp120 that was either dena-
tured or contained a mutation at residue 368 that eliminates
the binding of CD4bs Abs did not effectively deplete neutral-
izing activity, suggesting that neutralizing CD4bs Abs were
responsible for a substantial portion of the neutralizing activity
in both plasmas. However, in one plasma, NAbs could be
eluted from the gp120 with the mutated residue 368, suggest-
ing that specificities distinct from the CD4bs may also contrib-
ute to the overall neutralization activity. Indeed, some of the
viruses neutralized by the sera were known to be b12 resistant,
further suggesting the presence of neutralizing specificities dis-
tinct from the b12 epitope.

A separate mapping study also employed gp120 fraction-
ation to analyze the neutralizing activities in long-term non-
progressor sera from two subtype B-infected donors and one
subtype A-infected donor (18). Again, gp120 Abs accounted
for the neutralization of some, but not all, isolates, consistent
with data from a previous analysis of one of the subtype B
plasmas (14). Plasmas differed in their sensitivities to gp120
adsorption, depending on the strain from which the gp120 was
generated and the virus used to test neutralization. Further-
more, a gp120 core protein exhibited a diminished ability to
adsorb neutralization activity compared to the ability of a full-
length gp120. In contrast, this core protein effectively adsorbed
the b12 MAb. Collectively, these observations provide more
evidence for the presence of CD4bs NAbs recognizing
epitopes somewhat distinct from b12 that recognize structures
that are absent from the gp120 core. In contrast, 2G12-com-
peting Abs were not found in these sera. Moreover, a separate
study reported weak or undetectable reactivity of HIV-1 donor
sera with a gp120 outer domain fragment containing the 2G12
epitope, further emphasizing the paucity of 2G12-like Abs in
natural infection (68). 2G12-competing Abs were observed in
another study, however, and were more frequent in sera from
long-term nonprogressors (7). It remains unclear whether
these latter Abs actually contribute to neutralization or merely
overlap the 2G12 epitope without neutralizing the virus.

Other mapping approaches reported to date include peptide
interference assays for measuring V3 Ab-mediated neutraliza-

tion (35, 36, 38) and assays employing HIV-2 in the presence of
subinhibitory doses of soluble CD4 (sCD4) for measuring
CD4-induced Abs (16). Gp41-specific NAbs can be measured
in several ways. At a fundamental level, gp120 beads provide a
way to fractionate gp41- and gp120-directed activities. Peptide
interference neutralization assays provide some insight into
gp41 NAbs that target the contiguous MPER region of gp41.
Neutralization assays using either an HIV-2 or simian immu-
nodeficiency virus (SIV) scaffold virus with the HIV-1 MPER
region replacing the corresponding parental sequence have
also been described (18, 23, 35, 69). Another assay for mea-
suring MPER activity uses a disulfide-shackled gp120-gp41
mutant virus termed “SOS” (1, 3, 14). This virus can engage
CD4 and CCR5, but fusion requires exposure to a low con-
centration of reducing agent to break the gp120-gp41 bridge.
Only gp41 MPER NAbs can effectively neutralize the receptor-
engaged intermediate (3, 14). In the few studies reported so
far, little or no MPER activity was observed with most HIV-
positive (HIV�) plasmas (3, 14, 18, 35, 69). MPER epitopes,
including that of 4E10, have been reported to mimic cardio-
lipin, and as a result, B-cell responses against this region may
be regulated by immune tolerance (25), which might also ex-
plain the difficulties in formulating vaccine candidates to in-
duce anti-MPER NAbs (26, 47, 48). However, there have been
exceptional cases where relatively high MPER titers were de-
tected in HIV-1 infections (23). Indeed, the results of an anal-
ysis of sera from a cohort of more than 200 patients whose
infections were of several subtypes suggested that about one-
third of HIV-1 sera have detectable levels of MPER NAbs (2).
Whether the high frequency of activity observed in the latter
study is attributable to the particulars of the cohort of plasmas
investigated or to the exquisite sensitivity of the assay remains
unclear.

The assays described to date focus entirely on known
epitopes and do not account for possible NAbs that recognize
quaternary trimer-specific epitopes not represented by gp120
or peptides. Recently, a native polyacrylamide gel electro-
phoresis (PAGE) method was described that visualizes Ab
binding to Env trimers exposed on pseudovirions (12–14, 42).
Only NAbs were found to bind to these trimers, confirming the
role of trimer binding as a key requirement for neutralization,
as suggested previously by others (19, 56). Here, we adapted
this assay for mapping by employing trimers in which neutral-
izing epitopes were selectively eliminated by point mutations.
This assay, together with a series of other mapping methods as
described above, was used to comprehensively characterize a
panel of 24 broadly neutralizing plasmas from subtype B- and
C-infected donors.

MATERIALS AND METHODS

MAbs, sCD4, and guinea pig serum. A panel of MAbs directed to HIV-1 Env
included MAb b12, directed to an epitope overlapping the CD4bs of gp120 (10);
2G12, directed to a unique glycan-dependent epitope on gp120 (55, 57); E51,
directed to a CD4-inducible (CD4i) epitope on gp120 (67); 447-52D, F425, and
39F directed to the gp120 V3 loop (14, 45, 58, 60); and MAbs 2F5, Z13e1, and
4E10, directed to the gp41 MPER (44, 71). Recombinant sCD4 consisting of all
four external domains was purchased from Progenics Pharmaceuticals (Tarry-
town, NY). A guinea pig immune serum, WGP 102-4, was obtained by immu-
nizing guinea pigs with a soluble BaL gp145 protein, termed B-gp145�CFI�V12
(also known as 1AB subtype A), as described previously (66). This 1AB subtype
A protein had been modified to eliminate the gp120/gp41 cleavage site, fusion
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peptide, the interhelical gp41 connector, and the V1 and V2 loops. The native
BaL V3 sequence was also replaced with a subtype A V3 loop that was truncated
at the stem.

Human plasmas. HIV-1 donor plasmas were obtained from various subtype B-
and C-infected donors. One subtype B plasma, LT2, also known as N308, came
from a long-term nonprogressor described previously (14, 18). Seven other sub-
type B plasmas, from United States donors 1648, 1652, 1685, 1686, 1687, 1688,
and 1702, were obtained from Zeptometrix Corporation (Buffalo, NY). The
patients were attending clinics enrolling patients for apheresis, and the samples
obtained therefore correspond to the time of initial diagnosis. Two HIV-negative
control plasmas, 210 and 211, were also obtained from Zeptometrix.

Plasmas from sixteen subtype C donors were purchased from the South Afri-
can Blood Bank (Johannesburg) and were selected from an initial panel of
plasmas from 107 donors, some of which have been described previously (23, 34).
Like the commercial subtype B plasmas, these subtype C plasmas are likely to be
from the first diagnosis of chronic infection. Clinical information was unavailable
because of the policy of anonymity of Blood Bank material. The entire panel will
be described in detail in a separate article (E. Gray and L. Morris, unpublished
data).

Enzyme-linked immunosorbent assay (ELISA). Recombinant consensus
gp140 (CONS gp140CFI) oligomers (provided by H. X. Liao and B. F. Haynes)
(21, 37) and gp41 (Immunodiagnostics, Inc.) were precoated overnight onto
microtiter wells (NUNC) and washed with an automated plate washer (Bio-Tek).
For IgA and IgM detection, IgG was first absorbed out by protein G columns
(protein G MultiTrap; GE Healthcare). Plasmas were then diluted and incu-
bated with the immobilized antigens on the microwells. The plates were washed
and then probed with subclass-specific anti-human Ig conjugated to alkaline
phosphatase (anti-IgG1, anti-IgG2, anti-IgG3, anti-IgG4, and anti-IgM from
Southern Biotech and anti-IgA from Jackson ImmunoResearch Laboratories).
These conjugates were tested for specificity and chosen based on their on lack
of cross-reactivity. Optical density (OD) readings at 410 nm were measured by
using a VersaMax plate reader (Molecular Devices), and an average OD reading
for each pair of replicates, with the background subtracted, was calculated. For
each test, duplicate antigen-containing and blank wells were examined. A score
(i.e., OD of antigen � OD of nonantigen) was positive if greater than or equal
to an OD of 0.1 after the background was subtracted. A standardized HIV�

positive control was titrated in each assay (tracked with a Levy-Jennings plot with
acceptance of titer only within 3 standard deviations of the mean), and the
average OD was plotted as a function of plasma dilution to determine the Ab
titer using a four-parameter logistic equation (SoftMax Pro; Molecular Devices).
The concentration of isotype- and subclass-specific Ab was calculated by linear
regression using a concentration curve of purified IgG1, IgG2, IgG3, IgG4, IgA,
or IgM proteins (Sigma) in each plate, allowing a comparison of the relative
levels of plasma Abs. The two negative-control plasmas (210 and 211) were
included in each assay to ensure specificity, consistency, and reproducibility. The
controls for the detection of HIV-1-specific IgM Abs included a test for rheu-
matoid factor. The integrity of raw data acquisition and data analysis was elec-
tronically tracked (21 CFR part 11 compliant).

Live HIV-1, HIV-2, and SIV viral isolates and pseudoviruses. Live viral stocks
and Env pseudotypes of various isolates were generated for neutralization assays.
Pseudoviruses were produced by cotransfection of 293T cells with an Env-ex-
pressing plasmid and one of two Env-deficient HIV-1 genomic backbone plas-
mids, pNL-LucR-E- (for CF2 neutralization assays) or pSG3�Env (for TMZ-bl
neutralization assays) (3, 33, 34). A repertoire of Env plasmids included subtype
B and C tier 2 reference strains (33, 34). Several other Env plasmids and virus
stocks have been described previously (3, 35, 59). The SHIV-89.6P and SHIV-
SF162P3 viruses were uncloned live viruses grown on human peripheral blood
mononuclear cells (PBMCs) (24). A mutant JR-FL Env plasmid was generated,
JR-FL.d301, with an asparagine-to-glutamine exchange at position 301, resulting
in the removal of an N-linked carbohydrate moiety. Tier 1 virus plasmids for
SF162.LS and MW965.26 Envs (11) were obtained from L. Stamatatos (Seattle
Biomedical Research Institute) (61) and the NIH AIDS Reference and Reagent
Program (originally provided by B. Hahn) (20), respectively. Chimeric HIV-2
Envs containing various segments of the HIV-1 MPER (see Fig. S3 in the
supplemental material) were constructed from a parental HIV-2/7312A plasmid
(2, 23). An Env plasmid expressing another HIV-2 isolate, KR, has been de-
scribed elsewhere (K. L. Davis, F. Bibollet-Ruche, H. Li, J. M. Decker, O.
Kutsch, L. Morris, A. Strenger, A. Pinter, J. A. Hoxie, B. H. Hahn, P. D. Kwong,
and G. M. Shaw, submitted for publication). The SIVmac239CS.23 Env plasmid
was subcloned from an animal challenge stock of molecularly cloned SIVmac239/
nef-open provided by R. Desrosiers.

Neutralization assays. Neutralization assays were performed using either
TZM-bl or CF2 target cells. Each assay was performed in duplicate and repeated
at least twice.

(i) Neutralization assays using TZM-bl target cells. The single-cycle TZM-bl
neutralization assay has been described previously (33). To determine the plas-
ma-neutralizing 50% infective dose (ID50), serial dilutions of heat-inactivated
plasma or MAb were incubated with virus and the neutralization dose-response
curves were fitted by nonlinear regression using a four-parameter hill slope
equation.

In peptide interference neutralization assays, a control or test peptide was
added to the plasma 30 min prior to the addition of virus. The final concentration
of peptide in mixtures with plasma and virus was 25 �g/ml, except for peptide
4E10.22, which was used at a concentration of 12.5 �g/ml (36). To control for
possible direct effects of peptides on infection (i.e., in the absence of MAb or
plasma), assays were conducted in the presence of peptides at the same concen-
trations as those used in interference assays. In these experiments, the peptides
had either little or no effect on virus infectivity. This internal control level of
infection with each peptide was used as a baseline reference for peptide com-
petition assays with plasmas. The MPER and V3 loop-based peptides based on
the YU2 and TV1 isolates are depicted in Fig. S3 and S6 in the supplemental
material and were synthesized by Biosynthesis (Lewisville, TX) and solubilized in
dimethyl sulfoxide and water.

(ii) Neutralization assays using CF2 target cells. Neutralization assays using
canine CF2 cell lines in standard and post-CD4/CCR5 formats have been de-
scribed previously (3, 14). Briefly, in the standard format, virus was incubated
with graded dilutions of Ab for 1 h at 37°C. The mixture was then added to CF2
cells, spinoculated, and incubated for 2 h at 37°C, after which the medium was
changed. After 3 days of culture, luciferase activity was measured. Post-CD4/
CCR5 binding neutralization was measured using SOS mutant particles (1, 3).
The particles were allowed to attach to target cells for 2 h, after which unbound
particles were washed away and graded concentrations of Abs were added for
1 h. Infection was then activated by using 5 mM dithiothreitol for 10 min to
reduce the gp120-gp41 disulfide bond (SOS), allowing infection to proceed.

Plasma fractionation using paramagnetic-bead-immobilized gp120. Plasma
fractionation by using paramagnetic bead-immobilized gp120 has been described
previously (35). The two forms of YU2 gp120 used were the parental wild type
(WT) and a D368R mutant gp120 that eliminates the binding of most known Abs
to the CD4bs. Beads coated with bovine serum albumin (purchased from Sigma)
and blank beads were used as controls. Briefly, each protein was covalently
coupled to 1.1 �M p-toluenesulfonyl (tosyl)-activated paramagnetic beads
(MyOne tosylactivated Dynalbeads; Invitrogen) according to the manufacturer’s
instructions. Beads were used at a concentration of 40 mg/ml. Generally, 40 mg
of beads was reacted with 2 mg of protein. The antigenic integrity of each protein
after bead coupling was verified by flow cytometry using known MAbs b12, 2G12,
447-52D, 17b, and polyclonal HIV Ig. For adsorptions, plasmas were diluted to
between 1:20 to 1:30 in Dulbecco’s modified Eagle’s medium (DMEM)–10%
fetal bovine serum and 800 to 1,000 �l of diluted plasma was incubated with 400
to 500 �l of beads at room temperature for 30 min. Beads were separated with
a magnet, centrifuged, separated from the supernatant, and stored in phosphate-
buffered saline (PBS)–0.2% bovine serum albumin–0.02% sodium azide buffer at
4°C. The adsorbed plasma supernatant was then characterized in ELISAs and
neutralization assays. To elute functional Abs from beads, the beads were first
washed in PBS containing 500 mM NaCl and then exposed to a series of
increasingly acidic conditions. The following elution procedure was deter-
mined from optimization experiments to effectively elute bound Ab while
maintaining its functional neutralizing activity. Beads were first reacted with
a 100 mM glycine-HCl elution buffer (pH 2.7) for 30 s during vortexing and
then pelleted by centrifugation and held in place with a magnet; the separated
IgG was removed and placed into a separate tube where the pH was adjusted
to between pH 7.0 and 7.4 with 1 M Tris (pH 9.0) buffer. The eluted IgG was
then diluted in DMEM, washed over a 30-kDa Centricon plus filter (Millipore
Corp.), and resuspended in DMEM. The beads were exposed to a glycine-
HCl buffer at a pH of 2.3 and then at pH 1.7. After all three elutions, the
eluted IgG fractions were combined. The concentration of IgG was measured
by using a commercial radial immunodiffusion kit (Binding Site Corp.). Neu-
tralization data were processed as follows: if the unbound fractions from adsorptions
against blank, WT gp120, and D368R mutant gp120 beads are assigned as a, b, and
c, then the percent gp120-directed activity � [(a � b)/a] � 100 and the percent
CD4bs activity of the total neutralization � [(c � b)/a] � 100.

Native PAGE trimer shifts. Blue native PAGE (BN-PAGE) band shifts were
used to analyze Ab binding to native, virion-derived Env trimers as described
previously (12–14, 42). Briefly, concentrated JR-FL SOS pseudovirions were
mixed with graded amounts of MAbs, plasmas, or sCD4 for 5 min. The particles
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were then washed with PBS and gently solubilized in 0.12% Triton X-100 in 1
mM EDTA–1.5 M aminocaproic acid and one microliter of a protease inhibitor
cocktail (Sigma). An equal volume of 2� sample buffer containing 100 mM
morpholinepropanesulfonic acid (MOPS), 100 mM Tris-HCl, pH 7.7, 40% glyc-
erol, and 0.1% Coomassie blue was then added. Samples were then loaded onto
a 4-to-12% N,N-methylenebisacrylamide-Tris NuPAGE gel (Invitrogen), using
ferritin (Amersham) as a size standard, and were electrophoresed at 4°C for 3 h
at 100 V with 50 mM MOPS–50 mM Tris, pH 7.7, containing 0.002% Coomassie
blue as the cathode buffer and the same buffer without Coomassie blue as the
anode buffer. The gel was then blotted onto polyvinylidene difluoride, destained,
transferred to blocking buffer (4% nonfat milk in PBS), and probed with MAbs
b12, 2G12, E51, 39F, 2F5, and 4E10, followed by an anti-human Fc alkaline
phosphatase conjugate (Jackson). Trimer binding was measured via a depletion
of the unliganded trimer using UN-SCAN-IT densitometry software (Silk Sci-
entific) (12). Briefly, ID50s were calculated with reference to the control lanes in
each gel, in which the density of a uncomplexed control trimer band is taken as
100% and one that is fully liganded by NAb (either b12, 2G12, or a high
concentration of plasma) is taken as 0%. The experiments were run a minimum
of three times to confirm the accuracy of the 50% inhibitory concentration (IC50)
estimates. The molecular masses of trimer-Ab complexes were estimated relative
to the estimated molecular masses of 420 and 140 kDa for JR-FL gp160�CT
trimers and monomers, respectively (12).

Virus capture competition. In virus capture assays (13, 17, 42), MAbs were
coated onto ELISA microwells overnight at 5 �g/ml. The wells were then washed
and blocked with 3% bovine serum albumin in PBS. Graded dilutions of Abs
were added to JR-FL pseudoviruses bearing surface vesicular stomatitis virus G.
These virus-Ab mixtures were then added to MAb-coated ELISA wells for 3 h,
followed by washing with PBS. For E51 MAb capture, a fixed concentration of 5
�g/ml sCD4 was added throughout. CF2-CD4/CCR5 cells (29) were then over-
laid, and 2 days later, the level of infection was measured by assaying luciferase.
The reciprocal plasma dilution that inhibited MAb-mediated virus capture by
50% was recorded.

RESULTS

Identification of broadly neutralizing plasmas from donors
chronically infected with HIV-1 subtypes B and C. Preliminary
screening of the neutralizing activity of a panel of 27 subtype B
plasmas against five primary isolates was performed by Mono-
gram BioSciences using the PhenoSense assay (5). This led to
the selection of seven with considerable neutralization
breadth. Together with the broadly neutralizing subtype B
plasma, LT2, these made up our panel of eight neutralizing
subtype B plasmas. A similar screening of 107 subtype C plas-
mas against seven subtype C and three subtype B primary
viruses led to the selection of 14 with the greatest neutraliza-
tion breadth and 2 more (BB21 and BB81) with moderate
breadth.

To provide a frame of reference for mapping studies, we
initially assessed the neutralization activities of these selected
plasmas against a panel of 40 viruses, including 20 subtype B,
17 subtype C, and HIV-2 and SIV controls (Fig. 1). Insufficient
quantities of the other four subtype B plasmas, 1685, 1688,
1687, and LT2, were available to include them in this analysis.
However, the results of a separate investigation of these plas-
mas show that their neutralization titers against a separate
panel of mostly subtype B, C, and AE viruses are comparable
to those of the other plasmas shown in Fig. 1 (J. M. Binley, T.
Wrin, and D. Burton, unpublished data). An analysis of plasma
LT2’s neutralization breadth has also been published previ-

FIG. 1. Breadth and potency of neutralization by a panel of subtype B and C plasmas. Four of the 8 subtype B and all 16 subtype C plasmas,
organized horizontally, were evaluated in the TZM-bl neutralization assay, with the exception of JR-FL neutralization that was determined in the
CF2 assay. A panel of subtype B and C viruses are organized in the top and bottom halves of this figure, respectively, and control HIV-2 and SIV
viruses are shown at the bottom. Subtype B and C viruses are arranged with those for the most-sensitive tier 1 isolates at the top and the
most-resistant tier 2 isolates at the bottom, as shown by calculations of the geometric mean titers in the rightmost column. The country of origin
of each Env, where known, is indicated in the third column. ID50 titers are color coded as follows: white boxes, titer �20; green boxes, titer �100;
yellow boxes, titer �500; orange boxes, titer �1,000; and red boxes, titer �1,000. �, calculations of geometric mean titers took into account values
against all isolates except the overtly sensitive JR-FL.d301, SF162.LS, HXB2, and MW965.26 viruses. n.d., not done.
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ously (18). The panel of viruses used for the assays whose
results are shown in Fig. 1 included those used in the mapping
analyses described below and subtype B and subtype C tier 2
reference panel viruses described previously (33, 34).

Inspection of the rows in Fig. 1 reveals the inherent sensi-
tivities of each virus, providing context for each value in ref-
erence to the larger data set. The viruses are organized with
the most sensitive at the top of each subtype (see right-hand
column of Fig. 1). As expected, all the HIV� plasmas effec-
tively neutralized the tier 1 sensitive isolates SF162, HXB2,
and MW965.26. The subtype B plasmas neutralized the d.301
JR-FL virus somewhat more potently than the JR-FL parent.
This mutant lacks a carbohydrate moiety that protects the V3
loop in the parental version. Conversely, the subtype C plasmas
neutralized these two viruses with largely equivalent titers.
Subtype differences were even more apparent for neutraliza-
tion of the MW965.26 isolate, which was neutralized with an
average titer of 1:60,534 by subtype C plasmas but only 1:3,298
by the subtype B plasmas. Collectively, this suggests some
subtype-based preference in the neutralization of certain iso-
lates. However, this idea is complicated by the relatively potent
neutralization of the subtype B isolate HXB2 and, to a lesser
extent, SF162.LS by the subtype C plasmas.

The columns in Fig. 1 reveal the potency and breadth of
plasma neutralization. Importantly, all the plasmas neutralized
the tier 2 reference viruses. The geometric mean ID50s ranged
from 1:133 to 1:339, excluding negative controls, the d.301
JR-FL mutant, and the SF162, HXB2, and MW965.26 viruses.
Despite the general breadth of neutralization observed in Fig.
1, varied neutralization titers against the refractive primary
isolate JR-FL were observed. For example, plasma 1686’s titer
of 1:1,329 against JR-FL was significantly higher than its geo-
metric mean titer of 1:142. This activity is important, as we
focus most of our attention on JR-FL in our attempts to dissect
the specificities contributing to neutralization. Although we
did not observe clear subtype-restricted patterns against tier 2
viruses (8), on average, intrasubtype neutralization was slightly
more potent than intersubtype neutralization, particularly for
some subtype C plasmas. By using generalized estimating
equations to evaluate intra- versus interclade neutralization,
excluding tier 1 and sensitive isolates, subtype B plasmas neu-
tralized matched-subtype viruses 1.28-fold (P � 0.3) more po-
tently and subtype C plasmas neutralized them 1.53-fold (P �
0.015) more potently. Notably, the subtype B plasmas did not
neutralize the Durban subtype C viruses as effectively as the
other subtype C viruses, while subtype C plasmas did not ap-
pear to discriminate between these and other subtype C Envs.
However, the P values for these differences are, at best, mar-
ginally significant (P � 0.3 and P � 0.02, respectively, using
generalized estimating equations of linear regression and fac-
toring the correlation between multiple plasmas values for
each virus).

Neutralizing activity against the SIV and the HIV-2 KR
control viruses was undetectable, as expected. However, weak
activity against the HIV-2 7312A isolate was detected in some
cases, particularly subtype B plasmas 1652 and 1702. This ac-
tivity probably stems from Abs directed to a CD4i epitope that
is partially conserved between HIV-1 and HIV-2 isolates (16).

Collectively, the data shown in Fig. 1 suggest that any at-
tempt to map neutralization is likely to be constrained by the

coexistence of broadly cross-reactive NAbs and NAbs with
little cross-reactivity. However, mature anti-gp120 Ab re-
sponses have been reported to be oligoclonal rather than poly-
clonal (15), providing some hope regarding the practicality of
attempts to deconvolute the neutralizing activity and the fea-
sibility of fine mapping of polyclonal plasma neutralization.

ELISA binding of Gp41 and gp140 by different IgG sub-
classes and IgA. To profile the distribution of Env-specific Abs,
we assessed the reactivities of the IgG1, IgG2, IgG3, and IgG4
isotypes and IgA and IgM subclasses to a consensus gp140 Env
glycoprotein. Fig. S1 in the supplemental material shows a box
plot of the relative distribution of Ab types present in plasmas.
All plasmas had detectable IgG1 and IgA, but IgG2, IgG3,
IgG4, and IgM were detected less frequently. The heavily
biased IgG1 profile (see Fig. S1 in the supplemental material;
similar gp41 data are not shown) was perhaps consistent with
a Th2-like response, typical of HIV-1 infection. There were no
observable differences in isotype or subclass responses between
the subtype B and C plasmas. However, the individual plasmas
that scored positive for either anti-gp140 IgG2 or IgG3 were
discordant, suggesting differences in the regulation or stimu-
lation of these Abs. Anti-gp140 IgA Abs were detectable in all
the plasmas, but the relative concentration was significantly
lower than the level of IgG1 (median, 3 �g/ml versus 94 �g/ml;
Student’s t test, P �0.001).

Plasma fractionation using WT and CD4bs knockout mu-
tant YU2 gp120 beads. For the purpose of the mapping anal-
yses, we used the subtype B isolate JR-FL as a common pro-
totype virus. The basis for this choice is that it has been a
widely used primary isolate in the field. In addition, the gp120/
gp41 cleavage site of JR-FL Env is effectively processed and
trimers are expressed efficiently, both of which are important
advantages for the native PAGE assay described below.

To determine the contribution of gp120 Abs to JR-FL neu-
tralization, plasmas from four subtype B- and four subtype
C-infected individuals were adsorbed with WT YU2 gp120
covalently linked to paramagnetic beads (35). Plasmas were
also fractionated on beads coupled to a YU2 gp120 with a
D368R mutation that is known to exclude the binding of most
CD4bs Abs (35, 51). The efficiencies of gp120 adsorptions were
verified by the results of WT gp120 and D368R protein
ELISAs which demonstrated that each gp120 adsorbed all, or
nearly all, detectable binding Abs to the corresponding gp120
(data not shown). However, adsorption with the D368R mu-
tant left variable amounts of WT gp120 binding activity in
some plasmas. This residual gp120 binding most likely repre-
sented CD4bs-specific Abs that were not adsorbed by the
gp120 mutant.

We next assessed the neutralizing activities of the WT- and
D368R-gp120-adsorbed plasmas. Assays were performed with
other subtype B and C viruses in many cases, as well as the
JR-FL prototype virus, to accommodate the possibility that the
specificities by which the JR-FL isolate is neutralized may
differ from those that neutralize other primary isolates of sub-
type B or other subtypes. We did not use the YU2 virus in
neutralization assays, as we are interested in assessing broad
neutralizing activity rather than any strain-specific activity di-
rected to the matched YU2 isolate. The raw titrations shown in
Fig. 2 show the neutralizing ID50s after adsorption with beads
linked to WT or D368R gp120 or blank control beads, and the
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data are summarized in Fig. 3. The percentages of gp120-
directed Abs (Fig. 3) were determined by comparing ID50

values after blank- and WT-gp120-bead adsorption. For exam-
ple, the reciprocal ID50 titers for plasma 1686 against JR-FL
were 1,185 (blank beads) and 70 (WT gp120 beads), respec-
tively, and therefore 94% {[(1,185 � 70)/1,185] � 100} of
JR-FL neutralization was removed by WT gp120 (Fig. 2 and 3).
The percentage of gp120-directed neutralization varied de-
pending on the virus isolate used in the neutralization assays.
In most cases, the neutralization of tier 1 HXB2 and SF162
viruses was predominantly gp120 directed, but the percentages
of gp120-directed neutralization of JR-FL and other primary
viruses varied considerably. Plasma 1686 was exceptional, how-
ever, in that more than 80% of the neutralization activity
against all viruses tested, including a subtype A and a subtype
C virus, was removed by the subtype B YU2 WT gp120, sug-
gesting the presence of NAbs predominantly directed to a
conserved region of gp120. In comparison, the gp120-directed
neutralization mediated by the three other subtype B plasmas
was more varied. For plasmas 1648 and 1702, less than one-half
of the JR-FL neutralization activity was adsorbed by YU2 WT
gp120 (Fig. 2 and 3), suggesting the presence of residual neu-
tralizing activity against gp41, putative quaternary trimer
epitopes, or strain-specific epitopes that are not available on
YU2 gp120.

The percentage of CD4bs NAbs was calculated by compar-
ing the neutralization activity remaining after WT gp120 ad-
sorption (i.e., all remaining non-gp120 activity) to that remain-
ing after D368R mutant adsorption (i.e., all non-gp120 plus
any CD4bs activity). For example, in considering the plasma
1686 neutralization of JR-FL (Fig. 2 and 3), 61% of the total
activity was directed to the CD4bs, calculated by the difference
between the residual neutralization titers after WT gp120 and

residue 368 mutant adsorptions divided by the total activity
[i.e., (797 � 70/1,185) � 100]. This calculation was only per-
formed in cases where �50% of the plasma’s neutralizing
activity was directed to gp120. The percent of gp120 neu-
tralization activity that was CD4bs directed can also be
calculated simply as the total CD4bs activity (61%) divided
by the fraction of gp120 activity calculated above (94%),
giving a value of 65%.

We noted above that plasma 1686 had an especially high
neutralization titer against JR-FL (Fig. 1). The results of pre-
vious studies indicate that JR-FL is highly sensitive to MAb
b12, suggesting the possibility that b12-like CD4bs Abs may be
present in this plasma, as the results of our mapping studies
here indicate. Plasma 1686 also clearly neutralized five of the
seven viruses tested via the CD4bs, suggesting broad CD4bs
specificities, effective even against subtype C viruses (Fig. 3).
The exceptions, HXB2 and SF162, were not significantly neu-
tralized through the CD4bs, suggesting that these tier 1 viruses
were predominantly neutralized by other specificities, perhaps
V3 loop or CD4i Abs that do not effectively neutralize the
more-resistant tier 2 viruses. To further confirm the predom-
inantly CD4bs-directed neutralization by the 1686 plasma, we
assessed the activities of Abs that were eluted from WT and
D368R gp120. Consistent with the above observations, the Abs
eluted from D368R gp120 (lacking CD4bs Abs), were 10-fold
less potent than the Abs eluted from WT gp120 beads (see Fig.
S2 in the supplemental material).

The remaining subtype B plasmas we evaluated in this assay
contained assorted amounts of gp120-directed activity and lit-
tle CD4bs-directed activity. All three neutralized the sensitive
virus SF162 predominantly via gp120-directed Abs. In contrast,
neutralization activity against the more-resistant JR-FL was
not so easily adsorbed by gp120, with only plasmas 1686 and

FIG. 2. Neutralization analysis of plasmas fractionated on gp120 beads. Plasmas were fractionated on YU2 WT gp120, D368R gp120, or blank
(control) beads. JR-FL neutralization assays were performed on unbound fractions using the TZM-bl assay.
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1652 demonstrating a majority fraction of gp120-directed neu-
tralization (Fig. 2 and 3).

Like the subtype B plasmas, the subtype C plasmas displayed
various levels of gp120-directed neutralization. The subtype B
YU2 WT gp120 protein beads adsorbed the majority of the
neutralizing activity from plasmas BB12 and BB14 against both
subtype B and C viruses, suggesting NAbs directed to con-
served regions of gp120. However, these beads were somewhat
less efficient at adsorbing the neutralizing activity from plasmas
BB34 and BB81. While much of the neutralization of subtype
B viruses HXB2 and SF162.LS was gp120 directed, relatively
large proportions of the neutralizing activities against subtype
C viruses Du151 and Du156 remained after WT gp120 adsorp-
tion. Thus, the specificities in plasmas BB34 and BB81 that

mediate neutralization of these two primary C viruses remain
undefined.

Fractionation of subtype C plasmas on WT and D368R
gp120 revealed mixed levels of anti-CD4bs NAbs. Plasma
BB12 contained CD4bs NAbs that were effective against the
tier 1 virus HXB2 but not against the other viruses tested,
including subtype C viruses (Fig. 3). It is possible that subtype
C plasmas contain CD4bs Abs that are not adsorbed by the
subtype B YU2 gp120. Further studies with subtype C gp120
will be required to address this point (Gray and Morris, un-
published data). As for plasma BB12, the CD4bs-neutralizing
activity in plasmas BB14, BB81, and BB34 explained a sub-
stantial fraction of HXB2 virus neutralization and also ac-
counted for some neutralization of primary subtype B and C
viruses. However, in all cases, this was less than 50% of the
total activity (Fig. 3).

Evaluation of CD4bs NAbs by native PAGE. BN-PAGE
using native trimers may provide a way to evaluate NAbs
directed to quaternary epitopes (22, 27) that may be difficult to
detect by other methods. We previously used this assay to
investigate monoclonal Fab, IgG, and polyclonal sera binding
to functional WT trimers (12–14, 42). BN-PAGE exploits the
tendency of hydrophobic surfaces to associate with Coomassie
dye that imparts a uniform negative charge that is proportional
to the Stokes hydrodynamic radius. This allows separation
under nondenaturing conditions determined largely by the mo-
lecular weight of the protein or protein complex. In previous
studies, only NAbs, and not nonneutralizing NAbs, could bind
to trimers, confirming the relationship of trimer binding and
neutralization (12–14, 42) suggested previously by others (56).

For mapping purposes, we evaluated mutant versions of
native JR-FL trimers that were designed to selectively elimi-
nate neutralization epitopes (Fig. 4). The trimers were previ-
ously estimated to be approximately 420 kDa, and incremen-
tally 2G12-liganded trimers were thus estimated at 	570 kDa,
	720 kDa, and 	870 kDa (Fig. 4). The D368R mutant elim-
inated b12 and sCD4 binding but not 2G12 trimer binding (Fig.
4, upper panels). Conversely, mutant N295A eliminated 2G12
binding but not b12 or sCD4 binding (Fig. 4, upper panels). In
the neutralization assays, these same patterns held true (Fig. 4,
lower panels). However, the infectious counts of mutant vi-
ruses were lower than the infectious count of the WT parent,
especially for the D368R mutant. Thus, in cases where a mu-
tation renders trimers nonfunctional, BN-PAGE can help to
discriminate binding from nonbinding. Importantly, the muta-
tions did not have a globally disruptive effect on the trimers, as
evidenced by their sensitivity to specificities not targeted by the
mutations and resistance to nonneutralizing Abs in BN-PAGE
(and the results of neutralization assays, where sufficient infec-
tious counts allowed assessment).

We next sought to evaluate the plasmas. In these assays, our
readout is a direct measure of plasma Ab binding to the same
intact trimers as those used in the neutralization assays
throughout this study. Furthermore, as unbound IgG is washed
away before the trimers are isolated for native PAGE, any
binding detected in this protocol is exclusively a reflection of
Ab binding to spikes in situ on particle surfaces. Figure 5
provides a sample from a much larger data set in which trimer
binding ID50s were estimated by assessing the depletion of
unliganded trimers by using densitometry. These were aver-

FIG. 3. Summary of plasma fractionation on gp120 beads. Plasmas
at a 1:20 dilution were adsorbed to blank or gp120 beads and then
tested in TZM-bl neutralization assays, causing a further twofold di-
lution, giving a final starting dilution of 1:40. Reciprocal neutralization
ID50 titers are shown. In cases where no neutralization was observed at
1:40, a value of 20 is given. Fourth column, plasmas adsorbed on
untreated tosyl-activated Dynabeads; fifth column, plasmas adsorbed
with WT YU2 gp120; sixth column, plasmas adsorbed with D368R
YU2 gp120 (CD4bs knockout mutation); seventh column, percent
reduction in total neutralizing ID50 by WT gp120 adsorption relative to
that of blank beads. In cases where the WT titer was higher than that
of the blank, a value of 0% was assigned; in cases where gp120-directed
activity was �50% of the total neutralizing titer, the contribution of
CD4bs activity was calculated. Eighth column, CD4bs-directed activity
expressed as the percentage of the total neutralization titer. Values in
bold are considered significant; i.e., cases where gp120 adsorbs �50%
of total neutralizing activity and �25% of the activity is directed to the
CD4bs. The calculations underlying these percentages are described in
Materials and Methods.
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aged from at least two repeat titrations in addition to the data
shown.

Initially focusing on the LT2 plasma, we observed strong
binding to JR-FL WT trimers, with an ID50 of 1:500 (Fig. 5;

data are summarized in Fig. 6), but relatively weak binding to
the D368R trimer (Fig. 5, top panel), suggesting that approx-
imately 98% of neutralizing activity was directed to CD4bs
epitopes (Fig. 5 and 6). At high plasma concentrations, no WT

FIG. 4. Evaluation of WT and mutant JR-FL Envs in BN-PAGE and infectivity assays. Upper panel, WT, N295A (2G12 knockout mutant),
and D368R (CD4bs knockout mutant) particles were incubated alone (�) or with one of the MAbs 2G12, IgG1b12, and sCD4 at 30 �g/ml. Trimers
were then separated in BN-PAGE. Molecular mass markers for ferritin (220 and 439 kDa) and the estimated sizes of 2G12-liganded trimers (	570,
	720, and 	870 kDa) are indicated. Lower panel, WT and mutant particle sensitivities to neutralization by MAbs IgG1b12 and 2G12 were
evaluated in neutralization assays with CF2 target cells. RLU, relative light units.

FIG. 5. Evaluation of plasma binding to WT and mutant trimers by BN-PAGE. Plasmas were titrated against WT, D368R, or N295A trimers
in BN-PAGE as indicated. Cartoons depict gp120/gp41 trimers, trimer-IgG complexes, and monomers. Markers show the locations of ferritin
markers of 220 and 439 kDa and trimers complexed with one, two, or three molecules of IgG 2G12 (molecular masses of 	570, 	720, and 	870
kDa). Arrows indicate the dilution corresponding to the ID50 titer, inferred from at least three duplicate titrations. The unbound fraction of plasma
BB34 absorbed against WT gp120 beads was also evaluated for plasma BB34, identified as “F/TH,” flowthrough. (�), blank beads.
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trimer complexes were visible (Fig. 5), a result reminiscent of
those of our previous BN-PAGE experiments using IgGs b12
and 2F5 (12). However, at dilutions close to the ID50, liganded
trimer complexes became visible. The most prominent of these
appeared to correspond to a trimer complexed with two IgG
molecules (12). However, detailed inferences on the nature of
the trimer complexes are precluded by the possibility that
plasma NAbs may consist of more than one IgG specificity
bound simultaneously to trimers and, possibly, even neutraliz-
ing IgA that would be expected to migrate differently than IgG.

Similar analyses were performed with the other subtype B
plasmas, and representative blots are shown in Fig. 5. All but
the 1687 and 1702 plasmas bound the WT trimer more effi-
ciently than the D368R mutant (Fig. 5; data are summarized in
Fig. 6). The contribution of CD4bs activity was high in plasmas
LT2, 1686, and 1688 that neutralized JR-FL very effectively
(ID50, �1:500), consistent with previous observations that the
JR-FL isolate is unusually sensitive to b12 and that these plas-
mas contain b12-like NAbs (5) (Fig. 1 and data not shown).
The trimer binding ID50 titers of the seven commercial subtype
B plasmas were lower than that of LT2, consistent with their
somewhat lower neutralization titers. However, binding was
still readily observable (Fig. 5) and quantifiable by densitom-
etry.

As for plasma LT2, IgG-liganded WT trimer complexes with
other subtype B plasmas tended to resolve only at higher di-
lutions (Fig. 5 and data not shown). In some cases, three or
more trimer complex bands were observed, suggesting various
complexes. Plasmas 1685, 1686, 1687, and 1688 formed com-
plexes of similar size that might be best approximated as tri-
mers complexed with two IgG molecules, similar to those ob-

served with plasma LT2 (Fig. 5 and data not shown). However,
the other three subtype B plasmas exhibited either no visible
complexes (1702) or other patterns (1648 and 1652) (Fig. 5 and
data not shown). Although it is not yet clear what these com-
plexes represent, it seems worth suggesting the possibility that
neutralization may be achieved by a conserved mechanism in
cases that exhibit similar patterns in this assay.

A similar analysis of subtype C plasmas revealed much less
sensitivity to the D368R mutation than were found for the
subtype B plasmas (Fig. 5 and 6). In many cases, titers against
the D368R mutant were identical to those against the parental
trimers. Only 5 of 15 subtype C plasmas with measurable bind-
ing to JR-FL trimers (excluding plasma BB68 which failed to
neutralize JR-FL effectively) contained detectable D368R sen-
sitivity, in contrast to 6 of 8 subtype B plasmas. Furthermore,
none were �90% sensitive to the D368R mutant. Plasma BB34
exhibited equivalent binding to both WT and mutant gp120
(Fig. 5 and 6), implying a lack of CD4bs activity, in keeping
with the gp120 adsorption results (Fig. 3). Faint trimer com-
plexes were observed (Fig. 5, bottom left). IgG derived from
the unbound (“flowthrough”) fraction from WT gp120 adsorp-
tion of plasma BB34 was also examined. Here, the trimer
complex bands were as well resolved as with the unfraction-
ated plasma (Fig. 5, bottom left). The fact that little or no
trimer binding activity was lost after gp120 adsorption is
consistent with the idea that a significant fraction of the
neutralizing activity of this plasma derives from non-gp120
binding NAbs, perhaps directed to gp41.

A comparison of WT trimer binding ID50s and neutralizing
ID50s of all 24 plasmas (Fig. 6, second and third columns)
revealed a good correlation (Pearson correlation coefficient,
0.922 [P � 1.63 � 10�10], and Spearman rank correlation
coefficient, 0.808 [P � 1.82 � 10�6]). Furthermore, the neu-
tralization ID50s were consistently stronger than the trimer
ID50s, although the difference was somewhat variable. For all
24 plasmas, the difference was 	11-fold (standard deviation,
7.9-fold). There were no significant differences when subtype B
or C plasmas were considered separately. Clearly, neutraliza-
tion begins at plasma concentrations lower than those at which
we observe significant depletion of trimer in gels. The results of
a previous analysis revealed that certain MAbs (b12 and 2F5)
neutralize JR-FL up to 100-fold more potently than they bind
to trimers (12), but others bind trimers and neutralize with
similar IC50s (2G12, 4E10, and Z13e1). Thus, it appears pos-
sible that NAbs with specificities similar to those of b12 or 2F5
might contribute to the neutralizing activities of our plasmas.

A comparison of the data from the six plasmas with useable
CD4bs data in each of our two assays (Fig. 3 and 6) revealed
only weak conformity (Pearson correlation coefficient, 0.615
[P � 0.193], and Spearman rank correlation coefficient, 0.551
[P � 0.257]). High levels of D368R-sensitive NAbs were de-
tected in plasmas 1686 and BB14 in both assays. Plasma 1652
exhibited a modest level of CD4bs-directed NAbs in both as-
says. Weak or no D368R-mutant-sensitive activity against
JR-FL was detected in both assays by plasmas BB34 and BB81.
Although plasma BB12 was intermediately sensitive to the
D368R mutant in BN-PAGE, this activity was not detected in
gp120 adsorptions against JR-FL, but it was detected against
several other viruses (Fig. 3). This was the main outlier point
that reduced the significance of the correlation coefficients (the

FIG. 6. Summary of results of mapping by native PAGE. Color
coding is exactly as described in the Fig. 1 legend. ID50 neutralization
(neut.) titers against JR-FL measured in the CF2 assay are indicated in
the second column. ID50 titers of binding to WT, D368R, and N295A
mutant titers are shown in the third, fourth, and sixth columns, respec-
tively. The percentage of D368R (CD4bs)- or N295A (2G12-like)-
sensitive activity was calculated with reference to the total activity
against WT trimers (fifth and seventh columns). Gray-shaded cells in
the fifth and seventh columns are considered significant, i.e., the titers
differ by more than twofold, leading to a 50% or greater contribution
to neutralization. ID50 competition titers for virus capture by the 2G12
MAb are shown in the eighth column. n.d., not done; N/A, not
applicable.
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other, less-significant outlier was plasma BB81). One possible
explanation for the discrepancy is that the D368R mutation of
monomeric gp120 and trimers may have slightly different con-
sequences for NAb binding. In addition, the use of mismatched
Envs (YU2 and JR-FL) in these two methods might also have
contributed to the somewhat-different outcomes. The discrep-
ancy is, however, unlikely to be a native PAGE artifact, since,
as mentioned above, the protocol exclusively measures binding
to intact trimers in situ on particle membranes, so the results
can be directly cross-referenced with neutralization data.

Mapping of 2G12-like Abs by native PAGE and virus cap-
ture competition. MAb 2G12 does not compete with any other
known MAbs directed to gp120 or gp41 (41). Therefore, com-
petitive binding assays may be useful in assessing 2G12-like
activity, even when the readout is not associated with neutral-
ization (7, 17). In competitive virus capture assays on 2G12-
coated plates, some of the subtype B plasmas (1648, 1686,
1687, 1702, and LT2) and two of the subtype C samples (BB21
and BB87) were found to inhibit virus capture (Fig. 6) but
control HIV-negative plasmas were not (not shown).

Another way to examine 2G12-like Abs is by BN-PAGE
shift assays using N295A mutant trimers. In many cases, in-
cluding plasma LT2, the titers against the 295 mutant were
very similar to those against the WT parent (Fig. 5 and 6),
suggesting that few, if any, 2G12-like NAbs were present, even
in those plasmas that competed with 2G12 in virus capture
(Fig. 5 and 6). Overall, these results suggest that a fraction of
patients develop binding Abs that overlap the 2G12 epitope,
but unlike 2G12, these Abs tend not to neutralize the virus (7).

Analysis of gp41-directed neutralizing activity. We next in-
vestigated gp41 MPER-neutralizing activity (54, 62, 71) using
three assays: (i) a post-CD4/CCR5 neutralization assay (3, 14),
(ii) a neutralization assay using HIV-2 scaffolds bearing various
MPER epitope motifs, and (iii) peptide interference neutral-
ization assays. MPER data from all three assays is summarized
in Fig. 7.

The post-CD4/CCR5 assay measures neutralizing activity
against epitopes that remain available after trimer engagement
with both CD4 and CCR5. So far our tests have shown that
only MPER NAbs mediate significant neutralization in this
format (Fig. 7) (3, 14). However, we cannot rule out possible
neutralization by other gp41-specific or even gp120-specific
Abs. Using known MPER NAbs, we first evaluated the relative
sensitivities of the post-CD4/CCR5 and standard formats.
MAbs 2F5 and 4E10 neutralize equivalently in both formats,
while MAb Z13e1 neutralizes about fourfold more potently in
the post-CD4/CCR5 format (Fig. 7, second and third col-
umns). Given these roughly equivalent assay sensitivities, we
can therefore estimate the percent contribution of MPER
NAbs to overall neutralization titers. As reported previously,
IgG1b12 did not neutralize in the post-CD4/CCR5 format
(14).

Weak post-CD4/CCR5 neutralization was detected in five of
the eight subtype B plasmas (1648, 1652, 1688, 1702, and LT2)
(Fig. 7). Comparing these titers to those in the standard for-
mat, taking plasma 1648 as an example, an ID50 titer of 1:40 in
the standard assay and 1:8 in the post-CD4/CCR5 assay indi-
cates that an estimated 20% of total neutralization activity is
directed to the MPER (Fig. 7, fourth column). Remarkably,
the subtype C plasma BB34 exhibited a very strong post-CD4/

CCR5 titer of 1:200 that constituted most (	69%) of its neu-
tralizing activity, as measured in the standard format. BB81
and BB105 were the only other subtype C plasmas in our panel
with detectable MPER reactivity, albeit with extremely low
titers.

We next evaluated the plasma activities against scaffold
pseudoviruses with subtype B (YU2) MPER fragments grafted
into the equivalent site of an HIV-2 Env. The sequences of the
parental chimera, C1, and several derivatives, C3, C4, C4GW,
C6, C7, and C8, are depicted in Fig. S3 in the supplemental
material. These were designed to preferentially expose partic-
ular segments of the MPER domain to gain insight into the
fine specificities of MPER Abs. A comparison of the MAb
titers in this assay and in the standard format (Fig. 7, bottom of
second and fifth columns) revealed that MAbs 4E10 and Z13
are particularly potent against the YU2 chimera, while the 2F5
titers for the two were similar. One possible explanation is that
the YU2 and JR-FL MPER regions exhibit inherently different
susceptibilities to these MAbs. Alternatively, the exposure of
various MPER epitopes may be differentially affected by their
context in Env scaffolds.

A comparison of plasma ID50s in the post-CD4/CCR5 and
C1 chimera neutralization assays (Fig. 7, third and fifth col-
umns) revealed the latter to be far more sensitive, with a mean
titer difference between the two assays of 91-fold but consid-
erable variation in the differences (standard deviation, 110.4),
assuming that all values of �2 are taken as 1. This discrepancy
may stem at least in part from slightly different inherent sus-
ceptibilities of the two Envs to MAbs similar to 4E10 and

FIG. 7. Summary of MPER-neutralizing activity. MPER ID50 titers
were measured in post-CD4/CCR5 and HIV-2 MPER graft neutral-
ization assays. Post-CD4/CCR5 activity (third column) is expressed as
a percentage, given to the nearest integer (fourth column), of that in
the standard format (second column), both assayed on CF2 cells.
Titers against the YU2 C1 MPER/HIV-2 chimera virus (fifth column)
have been adjusted to subtract the HIV-2 7312A background titers
(Fig. 1), so that all the activity is likely to be directed against the
MPER. The IC50s of MPER MAbs 2F5, 4E10, and Z13e1 were also
determined in each assay, expressed in �g/ml. Boxes have color
coding similar to that in Fig. 1; gray-shaded boxes in the fourth
column indicate samples with significant MPER activity. N/A, not
applicable.
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Z13e1, as discussed above. Nevertheless, some weak confor-
mity was observed between the results of the two assays, as
judged by a Kendall’s rank correlation of 0.36 (P � 0.026) and
a Spearman’s rank correlation of 0.44 (P � 0.031) (in which all
values of �2 were ranked equally). The C1 chimera neutral-
ization titers were particularly strong with plasmas 1648, 1652,
1702, and BB34 (all ID50s were �1:500), all of which also had
detectable activity in the post-CD4/CCR5 assay. However,
MPER activity against the C1 chimera was undetectable in
plasma LT2, consistent with the results of a previous report
using the same assay (18) but inconsistent with the low but
nevertheless detectable MPER activity in the post-CD4/CCR5
assay. It is possible that the activity in this plasma is directed
against an N-terminal MPER epitope like 2F5 that is detected
relatively inefficiently by the C1 chimeras.

We next inspected the activities of the subtype B plasmas
against the various MPER-engrafted mutant viruses (depicted
in Fig. S3 in the supplemental material) with reference to the
activities of MPER MAbs 2F5, 4E10, and Z13e1. The results of
this analysis are shown in Fig. S4 in the supplemental material.
Each MAb prototype exhibited a different pattern of activity
against this panel of chimeras. MAb 2F5 neutralized the C3
and C7 chimeras; 4E10 neutralized the C4, C4GW, C6, and C8
chimeras; and Z13e1 neutralized only the C4GW and C8 chi-
meras. The subtype B plasmas exhibited various neutralization
patterns that in no case exactly recapitulated those of any one
of the prototypes. This may suggest the coexistence of multiple
known MPER specificities and/or new specificities unlike any
of the prototype MAbs. Despite the overall complexity of the
plasma MPER responses, the potent activities of plasmas 1648
and 1702 against the C4GW mutant suggest Z13-like NAbs,
whereas the activity of 1652 against C4 and C6 suggests 4E10-
like NAbs. We did not address the fine mapping of the subtype
C plasmas here, as this will form part of a separate study (Gray
and Morris, unpublished).

We further assessed MPER activity in neutralization inter-
ference assays using the peptides depicted in Fig. S3 in the
supplemental material. The full analysis is shown in Fig. S5,
and essential data are summarized in the 10th column of Fig.
S4, both of which are in the supplemental material. The
MPR.03 peptide covers the entire MPER domain, and the
HXB2.2F5.01 and 4E10.22 peptides cover 2F5- and 4E10-like
specificities, respectively (see Fig. S3 in the supplemental ma-
terial). Peptides designed for Z13e1 adsorption markedly af-
fected virus infection and were therefore not investigated fur-
ther. We first validated the peptides using known MPER
MAbs. MPR.03 effectively blocked the neutralizing activities of
2F5, 4E10, and Z13e1 against the 7312A C1 chimeric virus,
demonstrating its ability to capture all known MPER Abs. The
4E10.22 peptide blocked 4E10 and Z13e1 but not 2F5 neutral-
ization, whereas the HXB2 2F5.01 peptide inhibited 2F5 but
not 4E10 or Z13e1 neutralization (see Fig. S5 in the supple-
mental material).

Having established the peptide specificities, we next assessed
their effects, if any, on subtype B plasma neutralization. The
data are shown in Fig. S5 in the supplemental material; twofold
or greater changes in ID50 indicate that more than one-half of
the NAb titer was blocked. For all four plasmas, competition
with the MPR.03 peptide reduced JR-FL neutralization by
twofold or less (Fig. S5 in the supplemental material), consis-

tent with their relatively weak or absent activity in post-CD4/
CCR5 assays (Fig. 7, third column) in proportion to the total
neutralization activity in each case.

We next assessed peptide interference in neutralization as-
says with the MPER-grafted HIV-2 7312A C1 chimera that
should only be susceptible to MPER-directed NAbs. Neutral-
ization by all four plasmas was substantially inhibited by the
MPR.03 and 4E10 peptides but not by the 2F5 peptide (see
Fig. S5 in the supplemental material; data are summarized in
Fig. S4, 10th column, in the supplemental material), confirm-
ing the presence of Z13e1 and/or 4E10-like Abs. This was
consistent with the strong activity detected with three out of
four of these plasmas against the C8 chimera, which encom-
passes a 3
 part of the MPER region similar to the 4E10.22
peptide and can detect 4E10- and Z13-like activity. The excep-
tion was plasma 1686, which had somewhat lower but detect-
able anti-C8 activity that could conceivably contribute to the
C1 mutant neutralization observed in the peptide interference
assays in this study.

Peptide interference of HXB2 neutralization was weaker
and only reached significance for plasma 1686. This may reflect
the sensitivity of HXB2 to neutralization by specificities that do
not recognize the 7312A chimera, thereby emasculating the
potency of MPER peptides in neutralization interference.

Summarizing the results for MPER activities, we detected
low titers of post-CD4/CCR5 NAbs against JR-FL in almost all
cases, the specificities of which appeared to be quite complex
and variable. The results of peptide interference assays sug-
gested the presence of Z13- or 4E10-like rather than 2F5-like
activity in four of the subtype B plasmas.

Neutralizing activity directed against the V3 loop. There are
reasonable arguments for and against a role for V3 Abs in
broad plasma neutralization. While the V3 loop is largely oc-
cluded on primary isolate trimers such that V3 Abs tend to
neutralize primary isolates rather weakly (6), the high titers of
V3 Abs often observed in natural infection could conceivably
factor into overall neutralization titers (40). Furthermore, al-
though V3 loop Abs are classically considered to be highly
strain specific, certain V3 Abs react with more conserved ele-
ments and, therefore, may in some cases be capable of cross-
neutralizing activity (45, 70).

Three approaches were used to measure V3 loop activity in
our plasma panel. One was to measure the abilities of plasmas
to inhibit the capture of JR-FL virus particles by a V3 MAb,
39F. Subtype B plasmas exhibited modest titers in this assay
(Fig. 8, third column) and lower activities were found in the
subtype C plasmas, suggesting subtype-specific V3 loop bind-
ing. A caveat regarding this assay is that capture may be
blocked by non-V3 specificities, as well as V3 Abs. Therefore,
in a second assay, we evaluated V3 reactivity using a chimeric
HIV-2 virus engrafted with the HIV-1 YU2 or subtype C
consensus V3 loop in place of the equivalent parental sequence
(see Fig. S6 in the supplemental material) (Davis et al., sub-
mitted). High titers of V3 loop Abs were observed in most
cases (Fig. 8, fourth and fifth columns). The V3 reactivity was
again found to be somewhat subtype restricted, so that plasmas
better neutralized the matched chimera, as reflected by the
behavior of subtype B patient-derived MAbs 447-52D and
F425. However, the subtype C plasmas showed higher overall
V3 reactivity in this assay, in many cases giving higher titers
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than the subtype B plasmas against the subtype B chimera.
This finding contrasted with the relatively weak ability of sub-
type C plasmas to block the capture of the subtype B isolate
JR-FL by a V3 MAb. The underlying reason for this discrep-
ancy is not clear but could be related to the different contexts
in which the V3 sequences are presented (Fig. 8, compare
bottom and top halves of third and fourth columns).

A caveat regarding this second assay is that the chimeras are
acutely sensitive to the V3 MAbs 447-52D and F425 from
subtype B donors (Fig. 8). Therefore, in a third approach to
investigate the significance of the V3 activity, we evaluated the
abilities of V3 peptides to interfere with the neutralization of
several HIV-1 isolates, including several primary isolates (Fig.
8, 6th to 14th columns). Two types of V3 peptides were syn-
thesized, matching each virus (see Fig. S6 in the supplemental
material). The V3.01 series were derived from the N-terminal
part of the loop, including the crown, and the V3.02 series were
derived from the C-terminal part of the loop. Using MAb
447-52D and the V3-sensitive d.301 derivative of JR-FL, we
found that the V3.01 peptide potently inhibited neutralization
but the V3.02 peptide had no effect. The V3.01 peptide also
blocked BaL.26 and SF162.LS neutralization by a panel of six
other V3 MAbs (data not shown), indicating that V3 Abs are
commonly directed to the N-terminal part of the V3 loop. In
the examination of the subtype B plasmas, neither peptide con-
vincingly interfered with WT JR-FL neutralization (changes of
less than twofold) (Fig. 8), consistent with the general V3 re-
sistance of this primary isolate. However, the V3.01 peptide
strongly inhibited neutralization by plasma 1702 against d.301
JR-FL (a 5.5-fold decrease in ID50 titer) and had some effect
(1.9-fold) on plasma 1648. A twofold effect on the ID50 titer
indicates that 50% of virus neutralization can be assigned to
the V3 loop. JR-FL d.301 neutralization by the remaining

subtype B plasmas was not significantly affected by V3 pep-
tides.

We next evaluated V3 peptide interference against the sub-
type C virus TV1. TV1 is comparable to JR-FL in terms of
overall neutralization sensitivity (Fig. 1), but the results of
previous studies have indicated that it is partially sensitive to
V3 neutralization (66). In contrast to JR-FL d.301, the V3.02
peptide rather than the V3.01 peptide blocked a substantial
portion of subtype B plasma neutralization against TV1 (Fig. 8
and 9). Therefore, cross-subtype Abs targeted to the C-termi-
nal portion of the V3 loop contributed markedly to TV1 neu-
tralization. Thus, for plasma 1686, the highly potent CD4bs
activity found to be effective against JR-FL was relatively in-
effective against TV1 (1:22 for TV1 versus 1:1,329 for JR-FL)
(Fig. 1), which instead appears to be neutralized in large part
by NAbs directed to the C-terminal portion of the V3 loop. In
contrast to TV1, neutralization of the sensitive MW956 sub-
type C isolate could not be inhibited by either peptide (Fig. 8).
This is probably because MW965 is highly sensitive to most
known MAbs, and non-V3 specificities may therefore dictate
the neutralization of this tier 1 isolate.

We next investigated V3 peptide interference in neutraliza-
tion by the subtype C plasmas. V3 peptides were unable to
interfere with either JR-FL or its sensitive d.301 derivative,
suggesting that cross-subtype neutralization of these isolates is
not mediated by V3-specific NAbs. As with the subtype B
plasmas, TV1 neutralization by subtype C plasmas was sensi-
tive to adsorption by V3 peptides. Here, however, either or
both of the peptides V3.01 and V3.02 were effective, as exem-
plified by the results for plasmas BB21 and BB68 shown in Fig.
9. Therefore, neutralization was not restricted to the V3 C
terminus as with the subtype B plasmas (Fig. 8). In contrast,
neutralization of the MW956 isolate was blocked by the V3.01

FIG. 8. Summary of V3 activity. V3 activity was measured by (i) competition of virus capture by a V3 MAb 39F (third column), (ii)
neutralization of the HIV-2 KR virus engrafted with either the YU2 or a consensus subtype C V3 loop (fourth and fifth columns), and (iii) by
peptide interference assays (6th to 14th columns). Virus capture and chimera neutralization data are given as ID50 titers. Peptide interference was
recorded as the severalfold change in ID50 titer with reference to the titer of controls to which no peptide was added. Virus capture and chimera
neutralization assay data are color coded as described in the Fig. 1 legend. Boxes depicting the results of peptide interference experiments in which
significant competition was observed (more-than-twofold effect) are shaded gray; results indicating no significant competition (less-than-twofold
effect) are unshaded. Controls included V3 MAbs 447-52D, F425, and guinea pig serum WGP 102-4 (66). n.d., not done.
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peptide only, reminiscent of the activities of some subtype B
plasmas against JR-FL d.301 (Fig. 8 and 9). Hence, the subtype
C plasmas neutralize TV1 by epitopes on either side of the V3
crown, but neutralization of the sensitive subtype C isolate
appears to be restricted to the V3 N terminus, analogous to
subtype B plasma neutralization of JR-FL d.301. As an addi-
tional control, a guinea pig vaccine antiserum with a high V3
titer against a subtype A V3 (66) was assayed against these two
subtype C isolates. In each case, neutralizing activity was ad-
sorbed by the V3.01, not the V3.02 peptide (Fig. 8). We also
examined V3 interference of neutralization against another
subtype C primary isolate, ZA12, known to be generally resis-
tant to V3 neutralization. There, akin to the results for JR-FL,
the V3 peptides had little or no effect (Fig. 8).

Activity directed to the CD4i epitope of gp120. The chemo-
kine receptor binding domain (closely related to the CD4i
epitope) of gp120, like the V3 loop, is largely occluded on
primary isolate trimers and, as a result, neutralization via this
specificity is usually modest and sporadic. Nevertheless, it is
possible that extremely high titers of CD4i Abs, as often found
in chronic HIV� infection (16), can contribute to overall neu-
tralization titers. We evaluated CD4i titers in two assays. First,
we assessed the abilities of plasmas to inhibit virus capture by
the CD4i MAb E51 in the presence of sCD4, to increase
epitope exposure. Titers were high in every case, and did not
differ significantly between the subtype B and C plasmas (Wil-
coxon 2 sample test [P � 0.481]) (see Fig. S7 in the supple-
mental material). In a second assay, we measured neutraliza-
tion against an HIV-2 isolate in the presence of sCD4. Given
the conservation of the CD4i epitope, CD4i MAbs are able to
cross-neutralize HIV-2 in this format (16). The titers were

generally lower than those in the first assay (see Fig. S7 in the
supplemental material), barring a few exceptions, and did not
correlate well with the virus capture data (Pearson coefficient,
0.191 [P � 0.37]), which could be explained by any of the
numerous qualitative differences between these two assays. For
example, CD4bs, as well as CD4i, Abs can inhibit E51 capture,
artificially increasing titers (J. M. Binley and E. T. Crooks, data
not shown). In addition, despite the considerable conservation
of this epitope between HIV-1 and HIV-2, HIV-2 viruses
conceivably may not capture all HIV-1-directed CD4i activ-
ity. Overall, however, since neither assay effectively mea-
sures neutralizing CD4i activity against primary viruses, we
do not know the significance of these titers relative to JR-FL
neutralization. However, given the limited ability of CD4i
MAbs to neutralize JR-FL, we expect the contribution is
minimal, as for V3 Abs.

Summary of neutralizing activities. Estimates of the propor-
tional contributions of different Ab specificities to the total
JR-FL gp160�CT neutralization titers are shown in Fig. 10.
The CD4bs activity was estimated from the results of trimer
shift assays (Fig. 6), and MPER activity was estimated from
post-CD4/CCR5 neutralization data (Fig. 7). The percentages
of gp120-directed activity from the data shown in Fig. 3 are
also given where available. Overall, the results shown in these
pie charts indicate that CD4bs NAbs contribute a large pro-
portion of the JR-FL-neutralizing activity in half of the subtype
B plasmas. Relatively minor MPER activity was detected in
five of the eight subtype B plasmas. In comparison, the subtype
C plasmas contained generally less CD4bs activity (5/16 plas-
mas) and less MPER activity (3/16 plasmas).

We selected JR-FL as our prototype for mapping here be-

FIG. 9. Roles of the V3 N and C termini in subtype B and C neutralization. Viruses and plasmas were incubated in the presence or absence
of 25 �g/ml of the interfering peptide indicated, and neutralization was subsequently measured using the TZM-bl assay. In each experiment, V3
peptides (depicted in Fig. S6 in the supplemental material) were matched to the sequence of the virus used in neutralization assays. The “V3
Scr.03” peptide was included as an assay control. Its sequence, NKGTHNIPTARNIYGFPTSRRGT, is based on jumbled V3 residues.
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cause of its wide historical use as a common primary isolate in
the field. We acknowledge that the specificities by which plas-
mas neutralize the JR-FL isolate may differ from those that
neutralize other primary subtype B isolates or other subtypes,
as suggested by the adsorption data in Fig. 3. For example, the
CD4bs NAbs of plasma 1686 contribute significantly but vari-
ously to the neutralization of primary isolates, but not at all
against tier 1 isolates; neither does this plasma effectively neu-
tralize the subtype C isolate TV1, which instead appears to be
neutralized (if rather weakly) by V3 Abs. It is also possible that
the subtype C plasmas contain NAbs directed to subtype-spe-
cific targets that are not available on subtype B Envs. However,
the overriding finding from the present analysis is that about
two-thirds of the activity of subtype B and subtype C plasmas
that is responsible for neutralizing the JR-FL subtype B virus
could not be mapped by any of our assays, suggesting the
presence of NAbs with specificities unlike any of the few
known broadly neutralizing prototype MAbs.

It is worth mentioning some caveats. Our methods were all
focused on neutralization assays performed in immortalized
cell lines. This facilitates the consistent measurement of neu-
tralization titers that is important for many of our mapping

methods. On the other hand, PBMC-based neutralization as-
says are generally considered to be more physiologically rele-
vant. Since MPER NAbs, and in particular 4E10-like Abs, are
known to perform relatively poorly in PBMC assays, the
MPER activity represented in Fig. 10 may be a slight overes-
timation (5, 63). Furthermore, we know from the results of
previous studies that the truncated gp160 mutant virus is some-
what more sensitive to MPER NAbs than its full-length coun-
terpart (14, 23), compounding the likelihood that the esti-
mated proportions of MPER NAbs shown in Fig. 10 are
modest overestimates. CD4i Ab results were omitted from Fig.
10 since we lack a definitive way to map this activity. Any
possible minor contributions by 2G12 and V3 NAbs are not
included, as the accuracy of our assays is such that we only
considered greater-than-twofold effects to be significant. Fi-
nally, a possible confounding factor in our mapping efforts is
that although NAbs may neutralize synergistically or antago-
nistically in polyclonal mixtures, these relationships are elimi-
nated in assays where specificities or groups of specificities are
assayed independently (e.g., gp120 fractionations and MPER
assays), possibly skewing the measurement of titers.

Overall, we wish to emphasize that the proportions shown in

FIG. 10. Summary of estimated contributions of plasma specificities involved in JR-FL neutralization. CD4bs activities are derived from the
trimer shift data shown in Fig. 6, and MPER activities are derived from the post-CD4/CCR5 activities shown in Fig. 7. Any remaining activities
unaccounted for by mapping are depicted as “other.” Due to uncertainty regarding activity that is �50% of the total in native PAGE and
peptide interference assays (Fig. 8), we only include data showing a �50% contribution to total neutralization, thus eliminating possible
minor contributions by V3- and 2G12-like NAbs in these pie charts. The percentages of gp120-specific neutralization are derived from the
data shown in Fig. 3.
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Fig. 10 are estimates influenced both by the accuracy of each
assay (although most assays were repeated several times to
ensure consistency) and by interassay protocol differences. A
clear example of the limits of our estimates is the apparent
contradiction that approximately 70% of the neutralizing ac-
tivity of plasma BB34 apportioned to the gp41 MPER in the
post-CD4/CCR5 assay but 53% was allocated to gp120 in ad-
sorption experiments. We interpret this by suggesting that ap-
proximately half the activity against JR-FL is directed against
MPER and half against gp120.

DISCUSSION

We attempted to define the basis of broad neutralization in
a collection of subtype B and C HIV-1 plasmas. We intended
to illuminate the relative importance of various known neu-
tralizing epitopes as potential targets for vaccine development,
as well as to provide insights into possible novel neutralizing
epitopes. This is the largest and most-comprehensive data set
of its kind to be generated to date. The results of the initial
gp120 adsorption experiments (Fig. 2 and 3) revealed that
gp120 activity accounts for a significant but variable fraction of
the neutralization, depending on the virus isolate. For some
plasmas, broad neutralization was mediated by anti-gp120 Abs,
and in some cases, CD4bs-directed NAbs. In these cases, neu-
tralizing activity against gp41 or quaternary epitopes may play
a relatively small role in virus neutralization. However, a large
fraction of the neutralizing activity in many plasmas could not
be ascribed to Abs directed toward any of the known epitopes.
This was particularly true for the subtype C plasmas. It is
possible that antigenic differences in subtype B and C Envs
translate into differences in the specificities of the broadly
cross-reactive neutralizing activity that appears later in infec-
tion (43, 52). For example, subtype C plasmas may contain
CD4bs NAb activity that is generally insensitive to the D368R
mutation, unlike subtype B plasmas. We therefore tested a
D368R E370A double mutant in native PAGE that might be
expected to more completely knock out the CD4bs, but this did
not reveal any additional CD4bs activity beyond that revealed
by the D368R single mutant (not shown). We are now evalu-
ating the effects of subtype-specific D368R mutations in sub-
type C Envs in gp120 adsorptions and trimer binding assays.

We considered activity directed to the C3/V4 domain as one
possible explanation for the uncharacterized subtype C activ-
ity. The C3/V4 domain of subtype C Envs has been implicated
in autologous neutralization of subtype C viruses following
seroconversion (43, 52), but given the variability of this region
in subtype C Envs, it was not clear if these NAbs might become
cross-reactive during chronic infection. The results of prelim-
inary studies indicated that Env-matched C3 peptides (see Fig.
S6 in the supplemental material) did not interfere with subtype
C neutralization in any case (data not shown), suggesting that
C3 epitopes are not sufficiently conserved to be targets of
broad neutralization activity. However, because we lack effec-
tive control NAbs directed to the C3 region, we have no way to
ensure that our peptides can effectively adsorb C3 NAb activity
per se.

The general conformity of the data from two assays designed
to detect CD4bs NAbs reinforces and extends the findings of
previous studies showing that CD4bs Abs are the only speci-

ficity defined to date that constitutes a significant portion of
plasma NAb activity in broadly neutralizing plasmas (18, 35).
The contributions of CD4bs Abs to the neutralization of dif-
ferent viruses also varied considerably. This is exemplified by
the behavior of plasma 1686 (Fig. 3), in which CD4bs activity
is responsible for the neutralization of tier 2 but not subtype B
tier 1 isolates, where the effect of V3 Abs probably eclipses the
effect of CD4bs NAbs. Therefore, the evaluation of any NAb
specificity’s contribution to neutralization should be carefully
considered in context with other Abs that may also neutralize
a given virus isolate.

We observed several cases in which plasmas were unusually
potent against a particular tier 2 virus (Fig. 1). This may stem
from the acute sensitivity of certain viruses to the predominant
cross-neutralizing activity, which in some cases may be medi-
ated by CD4bs NAbs (e.g., the potent neutralization of JR-FL
by plasma 1686). However, there are other cases where the
plasma neutralization specificity remains largely unidentified.
For example, plasma BB75 neutralized viruses Du123 and
ZA12 with ID50s of 9,320 and 1,081, respectively, much higher
than its titers of 	1:100 against most other viruses (Fig. 1). It
seems likely that this arises from virus sensitivity to a particular
specificity, which in these cases remains unknown.

Of the remaining known neutralizing specificities that might
explain broad plasma neutralization, little evidence was found
for 2G12-like NAbs. This is perhaps not entirely surprising,
given that 2G12 exhibits a highly unusual domain swap con-
figuration and targets a carbohydrate epitope that would be
expected to be regulated by tolerance. Likewise, very little Ab
against the gp41 MPER was detected in most cases. This latter
finding may be consistent with the hypothesis that certain
MPER Abs are regulated by tolerance due to their potential
autoreactive capacity (25).

Plasma BB34 was exceptional in that it exhibited an ex-
tremely high titer of MPER-specific NAbs. The observed titer
of 1:200 would require an estimated 67 �g/ml of 2F5, 600
�g/ml of 4E10, or 960 �g/ml of Z13e1. If the MPER NAb(s) in
BB34 is similar to the latter two prototypes, then they would
likely constitute an overwhelmingly dominant fraction of the
overall anti-Env Ab response, considering previous estimates
of 370 to 1,600 �g/ml of gp120 Ab in chronic HIV� plasmas
(4). In practice, it is unlikely that NAbs exactly similar to 2F5
or Z13e1 are responsible here, since the precise epitopes for
these NAbs are absent in most subtype C Envs. This is consis-
tent with results of a study of plasmas from patients infected
with various subtypes against the MPER graft mutants that
revealed common specificities that were somewhat distinct
from the three well-known prototypes (2). Fine mapping of the
BB34 plasma using the various MPER mutants will appear
elsewhere (Gray and Morris, unpublished).

The results of simple calculations suggest that V3 Abs are
likely to play little or no role in JR-FL neutralization in our
analysis. Taking MAb 447-52D as an example, with a neutral-
ization IC50 against JR-FL of 	30 �g/ml, the concentration
that would be required to mediate a neutralization titer of 1:30
is 900 �g/ml, which is near the upper limit of total estimated
anti-gp120 binding Abs found in patients with typical chronic
infections. In contrast, for the primary subtype C isolate TV1,
V3 loop adsorptions were effective regardless of the presence
of any CD4bs NAbs (Fig. 8). This indicates that the TV1 virus,
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in contrast to JR-FL, is largely insensitive to CD4bs NAbs in
patient plasmas but is sensitive to V3 NAbs (Fig. 1). The
subtype-specific differences in V3-mediated neutralization ob-
served in the peptide interference studies were somewhat un-
expected (Fig. 8). Though the V3 N terminus is well known to
play a dominant role in the neutralization of subtype B tier 1
viruses (17, 36), the broad susceptibility of subtype C viruses to
specificities targeting either V3 terminus is less well appreci-
ated. Further studies with additional subtype C isolates will be
required to confirm whether this observation indicates a sub-
type-specific difference in V3 loop orientation. However, the
results of a recent study of polyvalent vaccine sera showed that
subtype B immunogens elicit V3 loop Abs focused on the N
terminus, while subtype C immunogens elicit V3 Abs that are
more focused on the V3 crown (64). Other studies have also
indicated that V3 Abs generated against other subtypes, in-
cluding subtype C, can be more cross-subtype reactive (30, 31,
66). Overall, our data imply that only the N-terminal portion of
the V3 loop of JR-FL.d301 is exposed, while both the N and C
termini of the TV1 V3 loop are accessible.

In summary, we found that NAbs directed against the YU2
gp120 accounted for a substantial, although variable, fraction
of the NAbs in many plasmas. A significant fraction of subtype
B and a smaller fraction of subtype C plasma neutralization
was directed against the CD4bs. This subtype difference could
stem simply from the use of subtype B reagents in most of our
assays, thereby preventing the identification of subtype C-spe-
cific epitope targets. Our prime intent here was to gain an
appreciation of breadth both within and outside subtypes. We
are now adapting our assays to subtype C to identify intra-
subtype activity. MPER NAbs were generally rare, with one
notable exception. As a result, our main finding was that the
majority of neutralizing activity against JR-FL, particularly of
subtype C plasmas, was unlike any of the few known broadly
neutralizing MAbs that our mapping assays were designed to
detect. Clearly, it would be of great interest to identify this
activity, to provide an impetus for new vaccine designs. Ac-
cordingly, we are now developing panels of Env mutants, Env
fragments, and modified assays to dissect these unknown spec-
ificities, which appear to be largely directed to gp120 (Fig. 3).
These efforts may also assist in identifying Env constructs and
methods that are well suited for selecting new NAbs from
infected donors. In the future, we anticipate that a compre-
hensive mapping algorithm may assist the analysis of vaccine
sera, such that informed adjustments can then be made to the
vaccine to help refocus or amplify effective NAb responses.
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