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The common properties of broadly cross-reactive HIV-1 neutralization antibodies found in certain HIV-1-infected individuals
holds significant value for understanding natural and vaccine-mediated anti-HIV immunity. Recent efforts have addressed this
question by deriving neutralizing monoclonal anti-envelope antibodies from memory B cell pools of selected subjects. However,
it has been more difficult to identify whether broadly neutralizing antibodies circulating in plasma possess shared characteristics
among individuals. To address this question, we used affinity chromatography and isoelectric focusing to fractionate plasma
immunoglobulin from 10 HIV-1-infected subjects (5 subjects with broad HIV-1 neutralizing activity and 5 controls). We find
that plasma neutralizing activity typically partitions into at least two subsets of antibodies. Antibodies with restricted neutraliza-
tion breadth have relatively neutral isoelectric points and preferentially bind to envelope monomers and trimers versus core an-
tigens from which variable loops and other domains have been deleted. In comparison, broadly neutralizing antibodies account
for a minor fraction of the total anti-envelope response. They are consistently distinguished by more basic isoelectric points and
specificity for epitopes shared by monomeric gp120, gp120 core, or CD4-induced structures. Such biochemical properties might
be exploited to reliably predict or produce broad anti-HIV immunity.

A limited number of persons infected with HIV-1 develop cir-
culating plasma antibodies that are able to potently neutralize

a wide variety of HIV-1 isolates representing different genetic sub-
types. It is widely held that the characteristics and specificities of
such antibodies can be used to guide the development of HIV-1
vaccine candidates capable of eliciting protective humoral immu-
nity in a target population. It seems particularly important to de-
fine antibody qualities that commonly occur in addition to those
that arise in rare subjects; such qualities should reflect a general
capacity of the human immune system. Consequently, intensive
efforts are under way to derive broadly neutralizing monoclonal
antibodies (MAbs) from the memory B cell pools of selected HIV-
1-infected persons (32, 43, 52, 53, 62). While clearly important,
these efforts may significantly underestimate the components of
circulating plasma neutralizing activity (18, 43). For example, we
reported that there is often discordance between memory B cell
and circulating anti-envelope antibody responses (18). In agree-
ment, others have demonstrated that pools of neutralizing MAbs
derived from memory B cells often fail to fully recapitulate the
neutralizing activity of the source subject (43). Dissection of neu-
tralizing plasma responses by depletion with mutant HIV-1 enve-
lope antigens has been attempted with some success (9, 28, 41, 42),
but such antigen-specific approaches have a limited capacity to
elucidate the range of anti-envelope properties that might con-
tribute to plasma neutralizing activity.

We have pursued a comprehensive approach toward address-
ing this question that uses preparative isoelectric focusing (IEF) to
fractionate whole or affinity-purified plasma IgG into separate
species, which can then be screened for neutralizing breadth or for
binding preferences against a variety of HIV-1 envelope-based
antigens. Here we report that among individuals, anti-envelope
antibodies display a consistent relationship between isoelectic
point (pI), antigen binding specificity, and neutralizing breadth.
Furthermore, the most potent neutralizing antibodies consis-
tently manifest signature characteristics with respect to immuno-

logical and biochemical properties. Below we will demonstrate
that antibodies with restricted neutralization breadth have rela-
tively neutral isoelectric points and bind to native envelope mono-
mers and trimers versus core antigens from which variable loops
and other domains have been deleted. In comparison, broadly
neutralizing antibodies account for a minor fraction of the total
anti-envelope response, are marked by more-basic isoelectric
points, and exist within the pool of antibodies that exhibit reac-
tivity with epitopes present on monomeric gp120, gp120 core, or
CD4-induced structures.

MATERIALS AND METHODS
Subjects and samples. We previously described a collection of 10 HIV-
infected patients with broad HIV-1 neutralization activity and small
amounts of circulating HIV (�10,000 HIV-1 RNA copies/ml) (38). These
10 individuals demonstrated broad plasma neutralization (75% of 12 tier
2 clade B viruses tested), which was confirmed with IgG testing and cross-
clade testing (clades A, C, and CRF02_AG). Of these, 5 individuals with
the highest and broadest 80% inhibitory dilution titers (ID80) for multiple
HIV-1 viruses and adequate sample availability were chosen for the cur-
rent study. In this study, the individuals are designated subjects 1, 2, 6, 8,
and 9 from the previously described study (38). These subjects had a
median age of 49 years (range, 34 to 51) and were all male. In addition,
5 HIV-1-positive subjects (not highly active antiretroviral therapy
[HAART] treated) with restricted HIV-1 neutralization activity, chosen
randomly from a cohort of HIV-1-infected patients, were selected for
making comparisons (38). These subjects had a median age of 52 years
(range, 44 to 58); 4 were male, and 1 was female. The demographic details
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of all subjects are given in Table 1. All subjects are African-Americans
residing in Baltimore, MD, and have presumed clade B virus infection
(confirmed in 5 of the 10 individuals in this study by proviral sequencing).
This study was institutional review board (IRB) approved, and all indi-
viduals provided informed consent.

Proteins and reagents. Recombinant HIV-1 antigens were generated
as described previously (31). Test antigens included the YU2 gp120 core,
from which V1, V2, and V3 have been deleted (60), the YU2 gp120 core
containing the V3 loop (YU2 gp120 core �V3) (60), monomeric HIV-1
Ba-L gp120 (12), a single-chain gp120-CD4 complex (FLSC) presenting a
full-length CD4-induced gp120 structure in which the CD4 binding site is
occupied (12), and a stabilized, cleaved HIV-1 Ba-L SOSIP trimer (herein
designated gp140) (8). An affinity-purified goat antibody (Ab) (D7324)
specific for the C-terminal peptide of HIV-1 gp120 was purchased from
Cliniqa (San Marcos, CA). All proteins were expressed by transient trans-
fection of 293T cells as previously described, purified by lectin affinity
chromatography as previously described, and dialyzed against phosphate-
buffered saline (PBS) prior to use (12).

The isoelectric points of 10 HIV-1 monoclonal antibodies (PG9,
PG16, VRC01, b12, 2G12, 17b, E51, A32, C11, and 19e) were compared
(6, 23, 25, 29, 52, 53, 60, 62–64). These included five broadly neutralizing
MAbs (PG9, PG16, VRC01, b12, and 2G12), two narrowly neutralizing
MAbs (17b and E51), and three nonneutralizing MAbs (A32, C11, and
19e). HIV-1 MAbs were purified by protein A affinity chromatography
(GE Healthcare, Piscataway, NJ) from 293T cell supernatants prepared by
transfecting heavy- and light-chain genes encoding the antibodies, as pre-
viously described (18). All MAbs contained an identical IgG1 Fc sequence
and were expressed in 293T cells (59).

IgG purification. Whole-plasma IgG was purified on a protein A af-
finity chromatography column (GE Healthcare, Piscataway, NJ) accord-
ing to the manufacturer’s instructions and dialyzed against PBS prior to
use. For selected subjects, material that passed through the protein A
column was sequentially applied to a protein G column (GE Healthcare,
Piscataway, NJ) according to the manufacturer’s instructions. Material
recovered from the protein G column was dialyzed against PBS prior to
use. Affinity chromatography columns were made with activated CH Sep-
harose beads (GE Healthcare, Piscataway, NJ) coupled to 2 mg of recom-
binant HIV-1 Ba-L gp120 (12), a single-chain gp120-CD4 complex
(FLSC) derived from HIV-1 Ba-L gp120 and human CD4 D1D2 (12), or
HIV-1 YU2 core (60), as described previously (18). The columns were
used to purify antigen-specific IgG from whole IgG as previously de-
scribed (18, 38). Briefly, IgG was incubated with beads at 37°C for 1 h prior
to extensive washing with PBS. Columns were eluted with 0.2 M glycine
(pH 2.8) at room temperature and dialyzed against 4 liters PBS 3 times (a
minimum of 24 h total) prior to testing. Dedicated columns were used for
each subject and antigen. The IgG concentration was measured using an
in-house quantitative enzyme-linked immunosorbent assay (ELISA) as
previously described (18).

Isoelectric focusing. Purified IgG was separated by preparative liquid-
phase IEF using the Mini Rotofor focusing system (Bio-Rad, Hercules,
CA), which has 20 chambers and a 20-ml-volume capacity. The procedure
was performed with 10 to 20 mg whole plasma or 2 to 5 mg affinity-
purified IgG. Fractionation was accomplished at a 12-W constant power
in the presence of 1.5% Servalyt carrier ampholytes (pH 7 to 9; Serva
Heidelberg, Germany). The Mini Rotofor instrument is designed to yield
20 fractions. Among them, fraction 1 always contained no detectable an-
tibody. For most subjects, fractions 2 and 20 contained insufficient
amounts of antibody to enable detailed analyses. For all subjects, fractions
3 to 19 (spanning a pH range of 6.5 to 9.5) yielded abundant antibody.
Accordingly, these fractions were used for comparative analyses. Fraction
pH was verified by direct pH testing and/or IEF gel. Undialyzed Mini
Rotofor fractions (10 �l, containing 1 to 10 �g IgG) were analyzed on
solid-phase IEF gels (Gel Company, San Francisco, CA). A pH 6 to 11
gradient under constant voltage was developed as follows: 700-mv prefo-
cusing for 20 min, 500 mv for 30 min, 1,500 mv for 90 min, and 2,000 mv
for 30 min. The IEF gels were silver stained with SilverQuest per the
manufacturer’s protocol (Invitrogen, Carlsbad, CA) to visualize IgG spe-
cies. Fractions (0.5 ml) were extensively dialyzed against 4 liters PBS (three
times for at least 24 h total) at 4°C prior to further use.

Solid-phase IEF of MAbs was carried out by applying 10 �g of MAb to
a pH 6 to 11 gradient gel. Gels were silver stained as described above.
Standard pI markers (GE Healthcare, Piscataway, NJ) were run in parallel
lanes of each gel. Each marker was plotted versus its distance from the top
of the gel to develop a pI-versus-distance standard curve. The distance of
each MAb band from the gel top was measured and compared to the curve
to assign a pI.

HIV-1 envelope and IgG subclass ELISA. HIV-1 envelope capture
ELISAs were performed as previously described (18) with various antigens
(as indicated in the text) that were directly coated (HIV-1 Ba-L SOSIP
trimer, 1 �g/ml; YU2 gp120 core construct and YU2 gp120 core plus V3,
2 �g/ml) or captured (Bal-gp120 or FLSC at a concentration of 0.15 �g/
ml) by antibody D7324, which had been adsorbed to the solid phase at 2
�g/ml. For IEF-fractionated whole IgG, 0.5 �g from each Mini Rotofor
fraction was tested in a total assay volume of 50 �l; 5.0 ng of IEF-fraction-
ated, affinity-purified IgG was tested in the same volume. All IgG prepa-
rations were incubated with antigens for 1 h at 37°C. Bound Abs were then
detected with 1:1,000-diluted alkaline phosphatase (AP)-goat antihuman
IgG (Southern Biotech; Birmingham, AL) and detected using the Blue
Phos microwell phosphatase substrate system (KPL, Gaithersburg, MD).
All assays were performed in duplicate or repeated several times. Nega-
tive-control assays were carried out with secondary antibody; background
values were subtracted from all test absorbance readings.

ELISAs that detect human IgG subclasses were used according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA) to evaluate Mini
Rotofor fractions from selected subjects. All assays were performed in
duplicate. This assay has a limit of detection of 0.43 �g/ml for IgG1, 0.17
�g/ml for IgG2, and 0.024 �g/ml for IgG4.

Neutralization assays. HIV-1 neutralization testing was performed
using a luciferase-based assay with TZM.bl cells as previously described
(26, 38). This assay measures the reduction in luciferase expression fol-
lowing a single round of virus infection. Stocks of Env-pseudotyped vi-
ruses were prepared by transfection of 293T/17 cells as previously de-
scribed (26). These included pseudoviruses expressing a tier 1 clade B
envelope (SF162.LS) and those expressing tier 2 clade B envelopes 6535.3,
QH0692.42, SC422661.8, PVO.4, TRO.11, AC10.0.29, RHPA4259.7,
THRO4156.18, REJO4541.67, TRJO4551.58, WITO4160.33, and
CAAN5342.A2. All whole IgG samples were tested against a murine leu-
kemia virus (MuLV) control, one tier 1 clade B pseudovirus (SF162.LS),
and three tier 2 clade B pseudoviruses which the plasma of all patients with
broad neutralizing activity demonstrated activity against (SC422661.8,
RHPA4259.7, and REJO4541.67). Affinity-purified samples underwent
testing against tier 1 clade B pseudoviruses (SF162.LS) and tier 2 tier 2
clade B pseudoviruses, as determined by the reported (38) plasma neu-

TABLE 1 Demographics of subjects in this studya

Subject
Age
(yrs) Sex Race

Yrs since
HIV
diagnosis

CD4
count
(cells/�l)

No. of
HIV-1 RNA
copies/ml

Broad HIV-1
neutralization

Subject 1 50 M AA 1 927 202 �
Subject 2 51 M AA 17 675 104 �
Subject 6 49 M AA 20 667 2,290 �
Subject 8 34 M AA 15 410 3,610 �
Subject 9 46 M AA 4 202 2,194 �
NVS 7 58 M AA 12 1,280 �50 �
NVS 14 44 M AA 15 397 19,100 �
NVS 203 56 F AA 11 63 63,949 �
LT 8 45 M AA 2 701 9,462 �
J5 52 M AA 2 536 94,379 �
a All subjects are HAART naive. M, male; F, female; AA, African-American.
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tralization profiles of the subjects and sample quantities. Threefold serial
dilutions of IgG were tested in duplicate (96-well flat-bottom plate) in
10% Dulbecco’s modified Eagle medium (DMEM) growth medium (100
�l/well). Pseudovirus (200 50% tissue culture infective doses [TCID50])
was added to each well in a volume of 50 �l, and the plates were incubated
for 1 h at 37°C. TZM.bl cells were then added (1 � 104/well in a 100-�l
volume) in 10% DMEM growth medium containing DEAE-dextran
(Sigma, St. Louis, MO) at a final concentration of 11 �g/ml. The final
volume for each well was 250 �l. Assay controls included replicate wells of
TZM.bl cells alone (cell control), TZM.bl cells with virus (virus control),
and the MuLV control. Following a 48-h incubation at 37°C, 150 �l of
assay medium was removed from each well, and 100 �l of Bright-Glo
luciferase reagent (Promega, Madison, WI) was added. The cells were
allowed to lyse for 2 min, and then 150 �l of the cell lysate was transferred
to a 96-well black solid plate and luminescence was measured using a
Victor 3 luminometer (Perkin Elmer, Waltham, MA). The 50% inhibitory
dose (IC50) titer was calculated as the immunoglobulin concentration that
caused a 50% reduction in relative luminescence units (RLU) compared
to results for the virus control wells after subtraction of cell control RLUs
(26).

RESULTS
Selection of HIV-1-positive subjects with broad neutralizing ac-
tivity in plasma. For the current study, we utilized a cohort of
individuals who demonstrated broad HIV-1 neutralization activ-
ity in a previous study (38). Specifically, both plasma and purified
IgG from five selected individuals (subjects 1, 2, 6, 8, and 9) neu-
tralized at least 75% of pseudoviruses representing 12 tier 2 sub-
type B isolates tested, as well as isolates of the subtypes A, C, and
CRF02_AG (38). These individuals had between 104 and 3,610
HIV-1 RNA copies/ml. Most samples used in this study were con-
temporaneous with respect to those used in the published evalu-
ations (in cases where noncontemporaneous samples were used,
plasma neutralization assays were repeated to ensure a matching
neutralization profile). To provide a basis for comparison, our
analyses included five randomly chosen HIV-1-positive subjects
(NVS 7, NVS 14, NVS 203, J5, and LT 8) who exhibited limited

HIV-1 neutralizing activity (38). Four of these 5 subjects had neu-
tralizing activity against SF162.LS (ID80 range, 1:1,432 to 1:6,826),
while subject LT 8 had minor activity (ID80, 1:27). These 5 indi-
viduals had no significant tier 2 pseudovirus-neutralizing activity
(4 individuals with plasma ID80 of �1:20 for the tier 2 panel and 1
individual, NVS 7, with an ID80 of 1:52 for REJO4541.67 only).

IEF of plasma immunoglobulin. Protein A-purified whole
immunoglobulin preparations from the selected individuals were
subjected to preparative isoelectric focusing using a pH range of 7
to 9, which is sufficient to cover the isoelectric range of most hu-
man IgG (36). Separation of antibodies was verified by subjecting
the separate isoelectric fractions to a solid-phase IEF gel spanning
a pH range from 6 to 11. A representative IEF gel profile is shown
in Fig. 1. These analyses verified that plasma antibodies were sub-
stantially separated according to pI. As expected, immunoglobu-
lin species recovered from each preparative IEF fraction focused in
the corresponding pH range of the solid-phase IEF gel.

Variable specificities of IEF-fractionated IgG species. Immu-
noglobulin fractions from each subject were screened for reactiv-
ity with a series of antigens representing various domains and
structures (Fig. 2). For these experiments, an equal amount of IgG
(0.5 �g) from each fraction was tested. Relative reactivities were
determined as a function of absorbance values (see Materials and
Methods) per 0.5 �g of immunoglobulin. Test antigens included
monomeric HIV-1 Ba-L gp120 (12), YU2 core (60), the YU2
gp120 core containing the V3 loop (YU2 gp120 core �V3) (60), a
single-chain gp120-CD4 complex (FLSC) presenting a full-length
CD4-induced gp120 structure in which the CD4 binding site is
occupied (12), and a stabilized, cleaved HIV-1 Ba-L SOSIP trimer
(8). In all cases, reactivity with monomeric gp120, FLSC, gp140,
and gp120 core �V3 was highest in IgG fractions with a more
neutral pI (Fig. 2, lower fraction numbers). Such reactivity dimin-
ished concurrently as fractions progressed to more basic isolectric
points (i.e., higher fraction numbers). An inverse trend was seen
with reactivity to the YU2 gp120 core. Reactivity with this antigen

FIG 1 Preparative IEF fractionation of plasma IgG with broad HIV neutralizing activity. Representative data from subject 6 (see the text) are shown. Fraction-
ation of 20 mg IgG was achieved by preparative IEF with a pH range of 6.5 to 9.5 (indicated at bottom), as described in Materials and Methods. An aliquot of each
fraction (10 �l) was electrophoresed over an IEF gel with a pH range of 6 to 11 (indicated at left). Immunoglobulin bands were visualized with silver stain. Lanes
1 to 20 correspond to fractions 1 to 20, respectively.
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FIG 2 ELISA reactivity patterns of fractionated IgG from subjects with broad or nonbroad plasma HIV neutralizing activity. Whole IgG from each subject was
fractionated by preparative IEF (see Materials and Methods). Aliquots (0.5 �g each) of IgG from each fraction were tested by ELISA for reactivity against the
indicated HIV antigens. The x axis represents the IEF fractions (spanning a pH gradient of 6.5 to 9.5 from left to right). The left y axis represents ELISA signals
expressed as background-corrected optical density at 450 nm (OD450) readings/�g IgG. Assays were repeated at least twice. Error bars indicate the high and low
values observed. The gp120 core/gp120 core �V3 ratio (right y axis) is calculated from mean absorbance values for each antigen.
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was negligible in IgG fractions representing more neutral pIs and
increased as fractions proceeded to more-basic pIs. Similar pat-
terns were seen with IEF-fractionated gp120 affinity-purified an-
tibody for the 5 subjects with broad HIV-1 neutralizing activity
(data not shown).

In all subjects, the ratio of reactivity with YU2 gp120 core/
gp120 core �V3 increased as fractions progressed to more basic
isolectric points. These ratios in the most basic fractions tended to
be higher in broadly neutralizing subjects than in non-broadly
neutralizing subjects, although the overall differences between
groups was not significant (P � 0.05; t test).

Subclass distribution of protein A-purified, preparative IEF
fractions. IEF fractions from two representative broadly neutral-
izing subjects (subject 6 and subject 8) and two non-broadly neu-
tralizing subjects (NVS 7 and NVS 203) were evaluated for IgG
subclass content using a commercial detection assay. As shown in
Fig. 3, IgG1 was the major subclass detected in the vast majority of
fractions regardless of subject. Lower levels of IgG2 and IgG4 were
also detected. IgG1 concentrations tended to be higher in the frac-
tions with more basic pIs. Conversely, IgG2 and IgG4 concentra-
tions were higher in fractions with more neutral pIs. For the two
patients with broad neutralization, there was a 10 to 20% maximal
difference in IgG1 percentages between fractions with basic versus
neutral pIs.

Neutralizing activity of IEF-fractionated IgG. Fractionated

IgG from all subjects was further tested for neutralizing activities
against a panel of pseudoviruses, including a tier 1 reference iso-
late (SF162.LS) as well as three difficult-to-neutralize (26) tier 2
isolates (SC422661.8, RHPA4259.7, and REJO4541.67) selected
based on established sensitivity to plasma neutralizing activity
(38). Virus pseudotyped with MuLV envelope served as negative
controls. Each fraction was tested in a 3-fold dilution series start-
ing at the highest IgG concentration recovered from each chamber
of the Mini Rotofor preparative IEF instrument (see Materials and
Methods).

Regardless of subject, the tier 1 pseudovirus (SF162.LS) was
most potently neutralized by IgG fractions representing more-
neutral pIs. The exception was control subject LT 8, whose plasma
lacked neutralizing activity against SF162.LS; in accordance, frac-
tionated IgG also demonstrated no neutralizing activity (Fig. 3).
In all cases, potency against the SF162.LS pseudovirus declined
(i.e., the IC50 increased) as fractions proceeded toward more basic
pIs. Fractionated whole IgG from the control subjects lacking tier
2 neutralizing activity in plasma did not neutralize the tier 2 pseu-
doviruses (Fig. 4). However, neutralization of two or more tier 2
pseudoviruses was observed with fractioned IgG from subjects 1,
2, and 8. Remarkably, neutralization potency repeatedly increased
across the more basic fractions, with maximum potency or lowest
IC50s at fractions 13 to 17 (pIs of approximately 8.5 to 9) (Fig. 4).
Since equivalent fractions from the control subjects did not neu-

FIG 3 IgG Subclass distribution among IEF-fractioned IgG from subjects with broad or nonbroad plasma HIV neutralizing activity. IEF fraction numbers are
indicated on the x axis. All fractions were assayed in duplicate by ELISA for IgG1, IgG2, and IgG4 concentrations as described in Materials and Methods. Total
IgG was determined by the sum of all IgG subclasses tested. The quantities of IgG subclasses in each fraction were extrapolated from the ELISAs and used to
calculate percentages of total IgG (y axis).
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FIG 4 Neutralization patterns of IEF-fractioned IgG from subjects with broad or nonbroad plasma HIV neutralizing activity. IEF fractions are indicated on the
x axis; the pH gradient of 6.5 to 9.5 spans the fractions from left to right. IgG from each fraction was tested for neutralizing activity against the indicated
pseudoviruses as described in Materials and Methods. SF162.LS is a tier 1 pseudovirus; the rest fall within the tier 2 category. Assays were run in duplicate. Mean
infectivity values were used to calculate IC50 titers (left y axis). The maximum IgG concentrations tested per fraction are shown on the right y axis. The absence
of a symbol for any pseudovirus-fraction pair indicates that an IC50 was not achieved at the highest testable IgG concentration in the fraction.
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tralize these viruses, this pattern was not a general artifact arising
from the IEF fractionation procedure. In comparison, more neu-
tral pI fractions from subjects 1, 2, and 8 exhibited no detectable
neutralization of the tier 2 pseudoviruses (indicated by the ab-
sence of symbols for these fractions) even though the overall IgG
concentrations of all fractions were similar. None of the IEF frac-
tions from any subject neutralized the MuLV control virus (data
not shown). Notably, IEF-fractionated IgG from two subjects
(subjects 6 and 9) failed to neutralize tier 2 viruses even though
unfractionated IgG from these subjects was active against the
pseudoviruses tested here (38).

Protein A chromatography does not efficiently capture all IgG
subclasses, particularly IgG3. This introduced the possibility that
the neutralizing patterns seen among the IEF fractions (Fig. 4)
might be affected by the absence of other neutralizing subclasses
not captured by protein A. This was addressed by subjecting the
protein A-unbound material derived from representative subjects
1 and 8 to protein G chromatography, which captures all human
IgG subclasses. However, because of the purification sequence, the
protein G column in this case was expected to bind primarily
IgG3. Protein G-purified material was fractionated by preparative
IEF using the Mini Rotofor instrument as before. The resulting
fractions were then tested for neutralizing activity against
SF162.LS, SC422661.8, RHPA4259.7, and REJO4541.76. None of
the resulting fractions exhibited detectable neutralizing activity
against any pseudovirus (data not shown). This strongly indicated
that broadly neutralizing activity was contained within the immu-
noglobulin subclasses that bind protein A.

Neutralizing activity of affinity-purified, IEF-fractionated
IgG. It was possible that the concurrence of antigen binding spec-
ificities and broad neutralizing activity in certain preparative IEF
fractions was due to a fortuitous combination of nonneutralizing,
ELISA-reactive antibodies and neutralizing antibodies with sepa-
rate specificities. Alternatively, the immunoreactivity patterns
might have indicated that the broadly neutralizing antibodies also
recognize the antigens reactive in the ELISAs. To distinguish these
possibilities, whole IgG from the subjects with broad HIV-1 neu-
tralizing activity was subjected to affinity chromatography using
gp120 to purify specific immunoglobulin, which was then frac-
tionated by IEF as before. The fractions were then tested for
neutralizing activity against a range of tier 2 pseudoviruses match-
ing the source subjects’ plasma neutralization profiles, along with
the tier 1 SF162.LS pseudovirus (the total number of pseudovi-
ruses tested varied depending on the amount of IgG recovered,
which varied among subjects). Figure 5 shows the neutralization
patterns of IEF fractions generated from the gp120-specific IgG. In
general, neutralizing potencies were roughly 10-fold higher with
the gp120-specific IgG versus whole-plasma IgG. In particular,
IEF fractions of gp120-specific IgG from subject 9 exhibited de-
tectable broadly neutralizing activity, whereas the corresponding
fractions of whole IgG did not (Fig. 4 and 5). For subjects 1, 2, 8,

FIG 5 Neutralization patterns of gp120-affinity-purified, IEF-fractioned IgG
from subjects with broad HIV neutralizing activity. IEF fractions are shown on

the x axis. A pH gradient of 6.5 to 9.5 spans the fractions from left to right. IgG
from each fraction was tested for neutralizing activity against the indicated
pseudoviruses as described in Materials and Methods. Assays were run in du-
plicate. Mean infectivity values were used to calculate IC50 titers (left y axis).
The maximum IgG concentrations tested per fraction are shown on the right y
axis. The absence of a symbol for any pseudovirus-fraction pair indicates that
an IC50 was not achieved at the highest testable IgG concentration in that
fraction.
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and 9, neutralizing potency was greatest in basic-pI fractions (13
to 17) compared to results for the more-neutral fractions (3 to 8)
for all pseudoviruses tested (P � 0.007; paired t test) (Fig. 6). This
followed the patterns seen with IEF fractions of whole IgG (Fig. 4).
Notably, the most potent IEF fraction (fraction 16) from subject 1
exhibited the lowest IC50 values for all viruses tested and repre-
sented less than 2% of the entire anti-gp120 population in the
Mini Rotofor fractions by ELISA. In comparison, IEF fractions
from subject 2 also displayed relatively broad, albeit less potent,
activity in the more-neutral fractions. The IEF fractions of gp120-
specific IgG from subject 6 demonstrated relatively narrow neu-
tralization breadth, in accordance with the results obtained for
whole IgG (Fig. 4). In this case, no individual fraction or group of
fractions could recapitulate the capacity of the source plasma (or
the gp120 affinity-purified antibody) to potently neutralize the
viruses tested here (38).

Neutralizing specificities were narrowed by affinity purifica-
tion using either FLSC or YU2 gp120 core followed by preparative
IEF fractionation in the Mini Rotofor instrument. IgGs from the
three subjects (subjects 1, 2, and 8) with the greatest neutralization
breadth and potency were selected for analyses (Fig. 7). The re-
sulting IEF fractions were again tested against tier 1 and/or tier 2
pseudoviruses that were sensitive to the plasma neutralizing activ-
ity of the source subject (38). Subject 1 IgG demonstrated similar
neutralization patterns regardless of the affinity handle used for
purification (compare Fig. 4, 5, and 7). Neutralizing activity with
the greatest breadth and potency was consistently observed in
comparable fractions corresponding to more-basic pIs. Notably,
the weaker neutralizing activity recovered in more-neutral frac-
tions of gp120-purified IgG was not recovered in YU2 gp120 core-
purified IgG of subject 1. This was consistent with the ELISA re-
sults (Fig. 2), which showed low binding of neutral-pI fractions to
the YU2 gp120 core antigen. Subject 8 also exhibited similar tier 2
neutralization patterns among IEF fractions regardless of whether
material was recovered from gp120, FLSC, or YU2 gp120 core
affinity matrices.

Subject 2 exhibited a distinct pattern of specificity in which
only low quantities of IgG were recovered from the YU2 gp120
core affinity matrix, again consistent with the low YU2 gp120 core
binding titers in ELISA (Fig. 2). The quantity of YU2 gp120 core-
purified IgG was insufficient to achieve IC50 values for any tier 2
pseudovirus. However, the larger quantity of material recovered
from the FLSC affinity matrix produced a neutralization pattern
similar to that observed with the gp120 affinity-purified immuno-
globulin (compare Fig. 5 and 7), with the greatest breadth and
potency in the more-basic-pI fractions 13 to 17.

Isoelectric points of various HIV-1 MAbs. It was of interest to
compare the pI values estimated for neutralizing plasma IgGs to
those of human anti-gp120 MAbs. Five broadly neutralizing
MAbs (PG9, PG16, VRC01, b12, and 2G12), two narrowly neu-
tralizing MAbs (17b and E51), and three nonneutralizing MAbs
(A32, C11, and 19e) were selected for these analyses. The pI of
each MAb was calculated as described in Materials and Methods
and is shown in Table 2. Predicted positions among Mini Rotofor
fractions based on pI values are also shown. The broadly neutral-
izing MAbs VRC01, 2G12, and b12 exhibited basic pIs corre-
sponding to fractions 10 to 20 in the Mini Rotofor IEF gradient.
The broadly neutralizing MAbs PG9 and PG16 exhibited more-
neutral pIs (around 7.8), corresponding to fractions 7 and 8 in the
Mini Rotofor IEF gradient. This position matches the more-neu-

FIG 6 Neutralization activity of basic versus neutral anti-gp120 IgG. Data
from Fig. 5 were reanalyzed to calculate the mean IC50 values for the tier 2 virus
SC422661.8, RHPA4259.7, or REJO4541.76 among pools of the basic fractions
(13 to 17) versus the more neutral fractions (3 to 7). Mean IC50 values for the
two pools were compared by paired t test (shown). A P value � 0.05 was taken
as significant. Subject 6 was not evaluated due to restricted neutralization
breadth among IEF fractions.
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tral end of the plasma-derived fraction series, showing broadly
neutralizing activity (compare with results in Fig. 5), but is outside
the basic pI area of the most potent activity. In comparison, MAbs
17b and E51, with restricted neutralizing activity, exhibited pIs

from 7.0 to 7.85, corresponding to Mini Rotofor IEF fractions 4 to
8. Plasma-derived, anti-gp120 IgG fractions in this range also ex-
hibited narrow neutralization breadth (Fig. 5). The nonneutraliz-
ing MAbs exhibited a range of pIs (7.4 to 8.8), theoretically dis-
tributing them throughout the Mini Rotofor IEF gradient (i.e.,
fractions 5 to 16).

DISCUSSION

IEF has long been used as a means to characterize and differentiate
antibody responses during infection and disease. This technique
was classically used in studies of multiple myeloma (4) and is
currently used for analyzing the degradation of monoclonal anti-
bodies (14, 24, 61). IEF has also been used in the study of the
humoral response to a number of pathogens (10, 11, 15, 17, 20–22,
30, 37, 39, 45, 46, 50, 51, 55). In contrast, IEF has seen limited
application in HIV-1 infection and immunity (33, 56), with most
early efforts focused on diagnostic applications (1–5, 7, 47, 48, 58).
One complication for using IEF as a serological tool in HIV-1
infection is that titers of anti-envelope antibodies tend to rapidly

FIG 7 Neutralization patterns of HIV envelope-affinity purified, IEF-fractioned IgG from subjects with broad HIV neutralizing activity. The affinity handles
used to capture IgG (see Materials and Methods) are shown at top. IEF fractions are shown on the x axis. A pH gradient of 6.5 to 9.5 spans the fractions from left
to right. IgG from each fraction was tested for neutralizing activity against the indicated pseudoviruses as described in Materials and Methods. Assays were run
in duplicate (except for gp120 core-purified material from subject 1). Mean infectivity values were used to calculate IC50 titers (left y axis). The maximum IgG
concentrations tested per fraction are shown on the right y axis. Fractions derived from subject 1 were tested as singletons due to the paucity of sample.

TABLE 2 Isoelectric points of human anti-gp120 MAbsa

Antibody Neutralization breadth Calculated PI Predicted IEF fraction

E51 Restricted 7.0 4
19E None 7.4 5
PG9 Broad 7.75 7
17b Restricted 7.85 8
C11 Broad 7.85 8
PG16 Broad 7.85 8
2G12 Broad 8.1 10
A32 None 8.8 16
VRC01 Broad 8.8 16
b12 Broad �9.0 20
a The pI values were used to predict where the MAbs would focus in a typical
preparative IEF procedure using the Rotofor instrument.
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decline once viremia is brought under control. However, a subset
of chronically infected, asymptomatic, non-HAART individuals
with low viremia maintain sustained levels of anti-envelope anti-
bodies and broad plasma neutralizing activities over time (38, 41).
Such subjects provide a means to study this subject using compre-
hensive biochemical methods, including IEF.

Our analyses indicate that among HIV-1-infected individuals,
gross anti-gp120 antibody responses exhibit electrophoretic char-
acteristics that commonly track with broad specificity (Fig. 2). In
the HIV-1-infected individuals we examined, antibodies that
preferentially recognize monomeric and CD4-constrained gp120
structures, trimeric gp140, and a gp120 core containing the V3
loop tend to have more neutral pIs, whereas antibodies that are
able to recognize the minimal gp120 core structure appear to have
more basic pIs. Given that the same quantity of IgG was tested for
all IEF fractions, the ELISAs (Fig. 2) indicate that more-basic an-
tibodies have roughly equivalent reactivities with all of the anti-
gens we tested whereas more neutral antibodies fail to recognize
the core gp120 structure. Notably, the same basic profiles oc-
curred regardless of whether or not the source subject harbored
broadly neutralizing antibodies, although differences in antigen
binding trends seemed more pronounced for subjects with
broadly neutralizing antibodies (Fig. 2, left panels versus right
panels).

The broadly neutralizing antibodies in our subjects seemed to
primarily track with the IgG1 subclass. Any significant involve-
ment of IgG3 in plasma neutralizing activity was precluded by
findings that neutralizing activity was consistently recovered with
protein A. Furthermore, protein G-purified material that did not
bind protein A had no detectable neutralizing activity in the pre-
parative IEF fractions. IgG2 and IgG4 were detected in the prepar-
ative IEF fractions of protein A-purified antibody but at lower
concentrations than IgG1. IEF fractions containing the largest
amounts of IgG2 and IgG4 subclasses corresponded to more neu-
tral pIs and restricted neutralization breadth (compare Fig. 2 and
3). Overall, it is important to note that the association of broadly
neutralizing antibodies with more basic pIs cannot be explained
simply by the electrophoretic properties of IgG1. This subclass was
distributed and dominant throughout the preparative IEF gradi-
ents regardless of pI and neutralizing activity (Fig. 3). Similarly,
the anti-gp120 MAbs we evaluated by IEF (Table 2) exhibited a
range of pIs even though they were all expressed as IgG1.

Our data show that neutralizing anti-gp120 antibodies in
plasma repeatedly fall into at least 2 groups that are distinguished
by consistent neutralization profiles, epitope specificities, and
electrophoretic properties. One group is marked by more neutral
pIs and falls within the pool of antibodies that react with gp120,
FLSC, and/or the gp120 core containing a V3 loop but have low or
no reactivity to the gp120 core (compare corresponding panels in
Fig. 2, 4, and 5). This group has narrow breadth and low or no
capacity to neutralize tier 2 pseudoviruses (Fig. 4 and 5), although
it potently neutralizes the sensitive tier 1 SF162.LS pseudovirus.
The second group is marked by more basic pIs and falls within the
population of antibodies that are capable of binding to a gp120
core structure. This group seems routinely capable of potent and
broad neutralization of tier 2 pseudoviruses (Fig. 4 and 5).

A longstanding and extensive body of literature shows that
antibody pI mainly reflects paratope biochemistry and epitope
specificity (13, 16, 19, 35, 44, 49, 57). This fact is evident within a
collection of anti-gp120 MAbs that have identical IgG1 Fc por-

tions (Table 2). Accordingly, a straightforward interpretation of
our findings is that the broadly neutralizing plasma antibodies
with basic pIs recognize gp120 targets containing key acidic resi-
dues. Notably, the antibodies falling in the more neutral pI range
recognized gp120 core �V3 but not gp120 core. This is consistent
with hypothetical recognition of cross-reactive (albeit poorly neu-
tralizing) V3 epitopes, which hold a basic charge in a number of
different HIV-1 viruses (31).

Affinity purification allowed a general picture of cognate tar-
gets for broadly neutralizing antibodies with basic pIs. The gp120
affinity purification methods recovered neutralizing antibodies
from five broadly neutralizing subjects. In four cases, the affinity
fractionated antibodies retained broadly neutralizing activity (Fig.
5). This trend indicates that the cognate epitopes for these anti-
bodies are efficiently presented on monomeric envelope in agree-
ment with previous findings (9, 28). However, it contrasts with the
recently reported broadly neutralizing human monoclonal anti-
bodies PG9 and PG16 (53), which preferentially bind “quaternary
epitopes” of trimeric HIV-1 envelope (34). The gp120 core, lack-
ing all variable loops, recovered basic, broadly neutralizing anti-
bodies from subject 1 and 8 whole-plasma IgG. These findings are
in accordance with a study by Scheid at al. that showed how
broadly neutralizing MAbs recovered from memory B cell pools
frequently recognize the gp120 core antigen (43). The MAbs
VRC01 and b12, with basic pIs (Table 2), also recognize epitopes
in and around the CD4 binding site preserved in the gp120 core
(27, 40). However, affinity chromatography with both FLSC and
gp120 core recovered basic, broadly neutralizing antibodies with
equivalent breadth from subject 1 and subject 8 plasma. Only
FLSC but not gp120 core successfully recovered broadly neutral-
izing antibodies from subject 2 plasma. Since the CD4 binding site
is blocked in FLSC, subjects 1, 2, and 8 may express plasma neu-
tralizing antibodies with novel specificities linked to basic pIs.

Two recent studies of HIV-infected patients by Walker et al.
indicated that only one or two antibody specificities were respon-
sible for the majority of broad neutralizing activities in plasma (52,
54). Our data for subjects 1, 8, and 9 appear to follow the same
trend. The most potent gp120-affinity-purified fraction (fraction
16) recovered from subject 1 that exhibited very broad neutraliz-
ing activity (Fig. 5) represented less than 2% of the entire anti-
gp120 antibody pool. This is consistent with linkage between
broadly neutralizing activity and single-target specificity. In com-
parison, gp120-purified antibodies from subject 2 exhibited
broadly neutralizing activity across the entire preparative IEF gra-
dient (Fig. 5). FLSC apparently captured only the subset of these
antibodies that fell within the more basic-pI fractions (Fig. 7).
Thus, subject 2 may represent a case where at least two antibody
specificities (i.e., one neutral and one basic) collaborate to create
the full spectrum of broad plasma neutralizing activity.

Subject 6 is an interesting case where whole-plasma IgG and
gp120-affinity-purified IgG were broadly neutralizing but frac-
tionated antibodies were not. It is difficult to attribute the absence
of activity to low immunoglobulin concentrations, since the pre-
parative IEF fractions for subject 6 contained amounts of IgG and
exhibited ELISA immunoreactivity (Fig. 2, 4, and 5) equivalent to
those of the other subjects’ plasma treated in an identical manner.
One likely explanation for these results is that the plasma neutral-
izing activity for subject 6 demands a certain balance of polyclonal
anti-envelope antibodies that is disrupted by fractionation. An
alternative explanation is that the broadly neutralizing plasma an-
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tibody in subject 6 is unexpectedly diluted away or otherwise lost
during the fractionation procedures. Such an effect cannot be at-
tributed entirely to the preparative IEF procedure, since fraction-
ated gp120-affinity-purified material from subject 6 also exhibited
relatively poor neutralizing activity (Fig. 5).

Overall, this study shows that preparative IEF provides an in-
formative means for fractionating and characterizing HIV-1 neu-
tralizing antibodies without the predetermined bias for epitope
specificity introduced by methods relying exclusively on affinity
purification and/or antigen depletion. Our findings that broadly
neutralizing antibodies commonly possess basic pIs and recognize
potentially unique epitopes outside the CD4 binding site, outside
variable loops, and within monomeric gp120 structures could in-
form future immunogen design efforts to elicit similar antiviral
responses. Further, the combination of IEF with affinity fraction-
ation should facilitate detailed comparisons of plasma antibodies
versus MAbs derived from B cell pools in order to recapitulate
circulating broadly neutralizing responses. Finally, it should be
noted that the analyses described here involved only subtype B-
infected subjects. Additional studies will be needed to extend our
findings into infections by other subtypes.
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