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The Journal of Immunology

Diverse Antibody Genetic and Recognition Properties
Revealed following HIV-1 Envelope Glycoprotein
Immunization

Ganesh E. Phad,* Néstor Vázquez Bernat,* Yu Feng,† Jidnyasa Ingale,†

Paola Andrea Martinez Murillo,* Sijy O’Dell,‡ Yuxing Li,†,x John R. Mascola,‡

Christopher Sundling,*,{ Richard T. Wyatt,† and Gunilla B. Karlsson Hedestam*

Isolation of mAbs elicited by vaccination provides opportunities to define the development of effective immunity. Ab responses

elicited by current HIV-1 envelope glycoprotein (Env) immunogens display narrow neutralizing activity with limited capacity

to block infection by tier 2 viruses. Intense work in the field suggests that improved Env immunogens are forthcoming, and it

is therefore important to concurrently develop approaches to investigate the quality of vaccine-elicited responses at a higher level

of resolution. In this study, we cloned a representative set of mAbs elicited by a model Env immunogen in rhesus macaques and

comprehensively characterized their genetic and functional properties. The mAbs were genetically diverse, even within groups of

Abs targeting the same subregion of Env, consistent with a highly polyclonal response. mAbs directed against two subdeterminants

of Env, the CD4 binding site and V region 3, could in part account for the neutralizing activity observed in the plasma of the

animal from which they were cloned, demonstrating the power of mAb isolation for a detailed understanding of the elicited

response. Finally, through comparative analyses of mAb binding and neutralizing capacity of HIV-1 using matched Envs, we

demonstrate complex relationships between epitope recognition and accessibility, highlighting the protective quaternary packing

of the HIV-1 spike relative to vaccine-induced mAbs. The Journal of Immunology, 2015, 194: 5903–5914.

T
he envelope glycoproteins (Envs) of HIV-1 are large Ags,
which despite their effective glycan and conformational
shield, expose a number of immunogenic regions to the

host immune system. Additional determinants may be exposed by
Env immunogens that are imperfect mimics of the functional
glycoprotein spike, as are most Env subunit vaccines tested pre-
clinically or clinically to date. Generally, primate Abs elicited by
Env immunization display narrow neutralizing profiles with limited
capacity to block infection of tier 2 viruses. However, intense work
in the field suggests that improved Env immunogens are forth-
coming and, in anticipation of improved immune responses, it is
important to concurrently develop approaches to interrogate the

quality of vaccine-elicited responses at a high level of resolution.
Although serum binding and neutralization are measured in most
Env immunogenicity studies, information is more limited regarding
the diversity of Ab subspecificities elicited by Env immunization
and their relative representation in the polyclonal B cell response.
Considerably more information is available from studies of

chronically HIV-1–infected individuals, where neutralizing Ab
responses elicited in several subjects are characterized in great
detail. Several of these studies illustrate the extraordinarily com-
plex evolutionary pathways required to develop broadly neutral-
izing Abs (bNAbs) during infection (1–5), emphasizing the
challenge to elicit neutralizing breadth following vaccination.
Efforts to mimic infection by stimulating vaccine-induced B cell
responses to mature along defined pathways to promote the de-
velopment of bNAbs have been proposed. These approaches
are referred to as B cell lineage immunogen design (6) or Ab
germline/maturation targeting strategies (7) and are undergoing
current hypothesis-driven testing.
Although bNAbs capable of neutralizing tier 2 viruses develop in

some chronically infected individuals, this process almost invariably

takes years to evolve. The development of infrequent broad neu-

tralizing activity is usually preceded by neutralizing Ab responses

that are restricted to sensitive tier 1 viruses and autologous tier 2

viruses (8, 9). Ab subspecificities responsible for mediating tier 1

neutralization during chronic HIV-1 replication include “F105-like”

CD4 binding site (CD4bs)–directed Abs and V region 3 (V3)–di-

rected Abs, demonstrated more than two decades ago by isolation

of infection-induced mAbs (10–12). The interest in cloning mAbs

from chronically infected individuals has culminated in the recent

isolation of several potent and broadly neutralizing mAbs that serve

as templates for vaccine design (13–18). Additionally, a subset of

these bNAbs is capable of suppressing already established infection

in experimental animal models (19, 20).
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To date, bNAbs have not been elicited by Env immunization, but
several studies demonstrate that Abs capable of neutralizing tier 1
viruses are readily induced in experimental systems (21–27) and, as
well, in the VAX003 clinical trial (28). In a direct comparison,
weaker and less sustained neutralizing Ab titers were detected in
the RV144 trial (29) for reasons that are unclear and under in-
vestigation. Ab specificities elicited by Env immunization were
not defined at the molecular level until relatively recently. Studies
now demonstrate the isolation of CD4bs-directed neutralizing Abs
from immunized rhesus macaques (30), V3-specific mAbs from
Env-inoculated rabbits (31), and isolation of Env-specific mAbs
from human subjects enrolled in either the RV144 trial (32, 33) or
the GSK PRO HIV-002 trial (34). However, more comprehensive
analyses of the genetic and functional properties of mAbs induced
by HIV-1 Env immunization are still lacking, and our current
understanding of Env vaccine–elicited B cell responses are
therefore largely based on analyses of polyclonal plasma or serum
samples. The low resolution of these analyses provides limited
molecular information about the composition of the induced B cell
or Ab response.
To begin to understand primate immune responses to Env im-

munization, we recently investigated the contribution of individual
Ab H chain (HC) V gene segments in Ag-specific IgG-switched
memory B cells from rhesus macaques immunized with soluble
HIV-1 Env trimers in adjuvant (35). Using a highly specific flow
cytometry–based strategy for single B cell sorting, we demonstrate
that the pattern of IgH V gene (VH) segments usage among Env-
specific memory B cells (based on VH sequences from .500
single cells) is highly diverse, engaging a broad repertoire of VH
gene segments similar to that identified in the expressed total IgG-
switched memory B cell population. In our present study, we
isolated and characterized the genetic properties of 52 cloned Env-
specific mAbs, which mapped to distinct epitope regions of Env.
We demonstrated that a subset of the mAbs, comprised of mAbs
with specificity against the CD4bs or V3, recapitulated the neu-
tralizing activity in the plasma of the animal from which they were
cloned. In some instances, these mAbs neutralized viruses beyond
the activity measured in the corresponding plasma sample. We
further demonstrated that HIV-1 neutralization depends both on
epitope recognition on Env and epitope exposure on the matching
virus, providing new and detailed information about the B cell
response elicited by Env vaccination.

Materials and Methods
Animals and ethics statement

Two rhesus macaques (Macaca mulatta) of Chinese origin, designated
F124 and F128, described elsewhere (22), were sampled in the present
study. The animals were housed at the American Association for the Ac-
creditation of Laboratory Animal Care–accredited Astrid Fagraeus Labo-
ratory at Karolinska Institutet. Housing and care procedures were in
compliance with the guidelines of the Swedish Board of Agriculture. The
facility has been assigned an Animal Welfare Assurance number by the
Office of Laboratory Animal Welfare at the National Institutes of Health.
The Local Ethical Committee on Animal Experiments (Stockholms Norra
Djurförsöksetiska Nämnd; ethical permit nos. N85/09 and N32/12) ap-
proved all procedures. Before inclusion in the study, all animals were
tested and confirmed negative for SIV, simian T cell lymphotropic virus,
and simian retrovirus type D.

Immunization and sampling

A detailed description of the immunization experiment was described
previously (22). Briefly, all animals were inoculated i.m. five times at
monthly intervals with soluble gp140 trimers derived from the HIV-1 YU2
isolate encoding a foldon (F) trimerization motif (hereafter referred to as
gp140-F) (36) in an adjuvant formulation consisting of AbISCO-100
(Isconova, now Novavax) and CpG-C ODN2395 (Coley/Pfizer). Periph-
eral blood samples were collected before and after immunization and

PBMCs were isolated by density-gradient centrifugation with Ficoll-
Hypaque (GE Healthcare) followed by extensive washing in PBS. The
PBMCs were then counted and frozen in 90% heat-inactivated FBS and
10% DMSO (Sigma-Aldrich). The mAbs described in the present study
were isolated from IgG+ memory B cells after the fourth immunization
from macaque F124, and following the fifth immunization from ma-
caque F128.

Expression and purification of Env glycoproteins

The soluble YU2-derived gp140-F trimers (36) used as the immunogen
were produced by transient transfection into FreeStyle 293F suspension
cells (Invitrogen) as previously described (37). The Env ligands used in the
binding studies were the following trimeric proteins: gp140-F, gp120-F,
gp120-F–DV3, gp120-F–DV1V2, gp140-F–D368R, and the following
monomeric proteins: TriMut, TriMut-368/370, TriMut-368/370/474, and
gp140-GCN4 were purified by lentil lectin and gel filtration chromatog-
raphy. The biotinylated gp140-F probe used for single cell sorting by flow
cytometry was purified by lentil lectin affinity chromatography and nickel-
chelating chromatography (GE Healthcare, Uppsala, Sweden). All probes
carried an AviTag for site-specific biotinylation at the C termini of the
proteins, and biotinylation was performed with biotin ligase BirA (Avidity,
Denver, CO). All Env proteins were from the YU2 strain except the TriMut
proteins, which were from HXBc2. The collagen-foldon protein was re-
ceived from the laboratory of Prof. Rikard Holmdahl at the Karolinska
Institutet, recombinant OVA protein was purchased from Sigma-Aldrich,
and recombinant influenza hemagglutinin 1 (HA1) was produced as pre-
viously described (38).

HIV-1 Env-specific single cell sorting by flow cytometry

The flow cytometric cell sorting details for Env-specific memory B cell
isolation from the frozen PBMC samples from immunized macaques
F124 and F128 are described elsewhere (35). In brief, Env-specific memory
B cells were defined as CD32, CD82, Aqua Blue2, CD142, CD20+, IgG+,
CD27+, IgM2, gp140-F+, and were sorted at single-cell density into 96-
well PCR plates containing 20 ml cell lysis buffer (35) using a three-laser
FACSAria cell sorter and stored at 280˚C prior to RT-PCR. In sorts per-
formed for F124, an additional 10 mg/ml carrier RNA (poly(A); Qiagen,
Valencia, CA) was included in the lysis buffer.

Single B cell RT-PCR and mAb cloning

Cell lysates from sorted HIV-1 Env-specific single memory B cells from
animals F124 and F128 were used as a source of RNA for reverse tran-
scription, and V(D)J sequences were amplified as described previously (35,
39). Briefly, the 96-well plates, containing single B cell, were thawed at
room temperature and reverse transcribed to cDNA by addition of random
hexamers, dNTPs and SuperScript III reverse transcriptase (Invitrogen).
The V(D)J sequences were amplified separately in 25 ml nested PCR
reactions using 3 ml cDNA in the first round PCR and 1.5 ml PCR product
in the second round of PCR. The HotStar Taq Plus kit (Qiagen) and 59
leader sequence–specific and 39 IgG-specific primers were used. PCR
products from the positive wells were purified, sequenced (GATC Bio-
tech), and analyzed. In-frame unique sequences were submitted to Gen-
Bank. The productive HC and L chain (LC) sequences were reamplified in
25 ml cloning PCR reactions to add the cloning sites using 2 ml nested PCR
product with Phusion Hot Start II high-fidelity PCR enzyme (Thermo
Scientific) and 59 and 39 custom cloning primers containing restriction sites
previously described (39, 40).

Cloning PCR products were evaluated on 1% agarose gel for correct size
(∼450 bp for HC and ∼350 bp for k or l LC) and then PCR purified.
Cloning of the Ab sequences into expression vectors containing human
Igg1 H, Igk1 L, or Igl2 L constant regions (40) were performed with
FastDigest restriction enzymes (Thermo Scientific) according to the
manufacturer’s instructions. The digested PCR products were inserted into
linearized, shrimp alkaline phosphatase–treated vectors using T4 DNA
ligase (Thermo Scientific). XL10-Gold ultracompetent cells were then
transformed by heat shock at 42˚C for 45 s according to manufacturer’s
protocol (Agilent Technologies). Positive colonies were verified for insert
by PCR. Bacterial colonies containing plasmids with inserts of the correct
size were then expanded followed by plasmid purification (Qiagen) and
Sanger sequencing (GATC Biotech).

The Env-specific Ab HC sequences used in the present study are
available under GenBank accession nos. KF947536–KF948098. The
matching LC sequences described here are available under GenBank
accession nos. KP271293–KP271344 (http://www.ncbi.nlm.nih.gov/
genbank/).
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Expression of cloned mAbs

For Ab expression, 15 mg each HC and LC vector DNA was transfected
into FreeStyle 293-F cells, cultured in 30 ml FreeStyle 293 expression
medium (Life Technologies) at cell density 1 3 106 cells/ml and $90%
viability, using 30 ml FreeStyle Max reagent (Invitrogen) according to the
manufacturer’s protocol. After 4–5 d, cell culture supernatants were tested
for total Ab production and binding to different HIV-1 Env ligands by
ELISA. Cultures containing functional Env-specific Abs were then har-
vested and purified 7 d after transfection using protein G–Sepharose col-
umns (GE Healthcare). All purified recombinant mAbs were further
analyzed by SDS-PAGE under reducing condition using NuPAGE Novex
4–12% Bis-Tris polyacrylamide gels and NuPAGE reducing agent (Life
Technologies) according to the manufacturer’s instructions.

Ig gene sequence analysis

Single-cell RT-PCR–generated HC and LC sequences were analyzed by
using the currently available database of rhesus macaque germline
sequences (30) and the IgBLAST tool (41) to identify their V(D)J germline
gene segments. CDR3 sequences of HC and LC were extracted with
IMGT/V-QUEST (42).

Analysis of Ab subspecificities

The purified recombinant mAbs were tested for their subspecificities in
ELISA binding assays using different Env ligands. MaxiSorp 96-well plates
(Nunc) were coated with 2 mg/ml gp140-F, gp120-F, gp140-F–D368R,
gp120-F–DV3, gp120-F–DV1V2, gp140-GCN4, collagen-foldon, OVA, or
HA1 in PBS overnight at 4˚C. Next, wells were washed six times with
wash buffer (PBS with 0.05% Tween 20) and then blocked for 1.5 h at
37˚C with blocking buffer (2% w/v nonfat dry milk, Sigma-Aldrich). The
purified mAbs were 5-fold serially diluted in blocking buffer, starting with
an initial concentration of 10 mg/ml and incubated for 1.5 h at 37˚C. The
secondary Ab, HRP-conjugated goat anti-rhesus (Nordic-MUbio) or anti-
human (Jackson ImmunoResearch Laboratories) IgG Fcg was added at
1:10,000 dilution in wash buffer followed by 1 h incubation at room
temperature. After washing the wells six times with washing buffer, the Ab
binding signal was developed for 5 min by adding 3,39,5,59-tetrame-
thylbenzidine (Life Technologies). The reaction was stopped by adding an
equal volume of 1 M H2SO4. The absorbance or OD was measured at
450 nm. Binding curves were fit by nonlinear regression using GraphPad
Prism version 6 software.

For mAbs that remained unmapped by these probes, additional differ-
ential binding ELISA assays were performed as described previously (43).
Briefly, ELISA plates were coated with 2 mg/ml of either TriMut core
gp120 or TriMut core 368/370/474 overnight at 4˚C. The TriMut core
contains the I423M, N425K, and G431E mutations that inhibit CD4
binding, whereas TriMut core 368/370/474 possesses three additional
mutations in the CD4bs (D368R, E370F, and D474A) that eliminate
binding by all known CD4bs-directed Abs. The glycan-specific bNAb,
2G12 or CD4bs-directed bNAb, VRC01, and the non-bNAb, b6, were used
as controls in this assay. After blocking the plates with nonfat milk and
FBS, the plates were incubated with 5-fold serial dilutions of the NHP
mAbs with an initial starting concentration of 10 mg/ml. After washing,
HRP-conjugated anti-human IgG (1:5000) was added for detection. The
plates were then developed by adding 3,39,5,59-tetramethylbenzidine
chromogenic substrate (Life Technologies) and stopped by sulfuric acid.
Absorbance was measured at 450 nm.

Fine mapping of the V3-specific mAbs was performed by using twelve
15-mer peptides, overlapping by 11 residues, spanning the V3 of strain YU2
(GenScript). A full-length YU2 V3 peptide was included as a positive
control. All peptides were used at the concentration 2 mg/ml to coat the
ELISA plates, and the assays were performed as described above, with the
exception that the purified V3-directed mAbs were used in 3-fold dilution
series in blocking buffer, starting with an initial concentration of 10 mg/ml.

Binding assays for DJ263.8, MW965.26, SS1196.01, and JRFL

To assess the binding of isolated mAbs to monomeric gp120 dissociated
from pseudoviruses or Env-transfected 293T cells, a sandwich ELISAwas
conducted as previously described (44). Briefly, ELISA plates were
coated with the sheep polyclonal Ab D7324, which is specific for the
gp120 C5 region. Supernatants containing gp120 shed from DJ263 or
JRFL Env transiently expressed in transfected cells from plasmid DNA,
or, alternatively, pseudovirus lysates of MW965 and SS1196 were added
to the ELISA wells and incubated at 37˚C for 2 h to accomplish gp120
capture. ELISA reactions were then developed as described above. The
pseudovirus lysates were generated by solubilization in 0.5% Triton X-100
at 37˚C for 1 h.

HIV-1 neutralization assays

Neutralization assays were performed using a single-round infectious HIV-1
Env pseudovirus assay with TZM-bl target cells (45). To determine the Ab
concentration and the serum dilution that resulted in a 50% reduction in
relative luciferase units, serial dilutions of the mAbs and the sera were
performed and the neutralization dose-response curves were fit by non-
linear regression using a five-parameter hill slope equation using the R
statistical software package. Neutralization capacities of mAbs were re-
ported as the Ab concentration resulting in 50% virus neutralization (IC50),
whereas the result for sera were reported as the serum neutralization ID50,
which is the reciprocal of the serum dilution producing 50% virus neu-
tralization. Diverse HIV-1 virus isolates were used in the neutralization
assays. The sources of the Env-encoding plasmids were as follows: ADA,
89.6, and YU2 (Dana Gabuzda, Dana Farber Cancer Institute) SF162 (Leo
Stamatatos, Seattle Biomedical Research Institute), and JRFL and JRCSF
(James Binley, Torrey Pines Institute). The BaL.26 (46) and SS1196.1 (45)
Envs were previously described, and the clade A DJ263.8 sequence was
cloned from virus provided by Francine McCutchan and Vicky Polonis (U.S.
Military HIV Research Program). The clade C MW965 Env plasmid was
obtained from the AIDS Research and Reagent Repository.

Results
Vaccine-elicited mAbs recognize distinct subdeterminants of
Env

We used a flow cytometry–based strategy for single cell sorting
Ag-specific IgG-switched memory B cells from rhesus macaques
immunized with soluble HIV-1 gp140-F trimers (herein referred to
as Env) administered in adjuvant (35). Individual Env-specific
memory B cells were sorted based on expression of cell-surface
CD20, CD27, and IgG, as well as by Ag-specific binding to
a fluorochrome-conjugated Env trimer probe as previously de-
scribed (30). As an example, we show a sorting experiment in
which the Env-specific population was found to be 0.14% of the
total input cells corresponding to 4% of the IgG+ memory pop-
ulation (Fig. 1A). Next, HC V(D)J sequences from sorted Env-
specific memory B cells were amplified with nested RT-PCR as
previously described (39). Following processing to remove un-
productive sequences, V(D)J gene segments were assigned using
the currently available database of rhesus macaque germline
sequences (30) and IgBLAST followed by CDR3 extraction us-
ing IMGT/V-QUEST. Of these amplicons, 52 HC VDJ and 52
matching LC VJ sequences from two NHP donors were cloned
and expressed as functional mAbs.
The resulting mAbs were evaluated for binding to HIV-1 gp140-F

by ELISA and were confirmed to be immunogen and probe specific.
We next mapped the subspecificities of the 52 functional mAbs
using a set of probes based on the same YU2 HIV-1 strain as the
gp140-F trimers used for immunization, all described previously.
The probes included the full-length gp140-F glycoprotein, a tri-
meric form of gp120 (gp120-F) containing a deletion of the gp41
ectodomain sequence from gp140-F and selectively truncated
versions of gp120-F with deletions of variable regions 1 and 2
(gp120-F–DV1V2) or V region 3 (gp120-F–DV3) and, as well,
a gp140-F probe carrying the 368D/R mutation (gp140-F–D368R)
that can be used to detect Ab reactivity directed to the gp120
CD4bs. All probes were previously described (47, 48). For mAbs
that remained unmapped with this set of probes, we included three
additional probes, TriMut, TriMut-368/370, and TriMut-368/370/
474 (21, 43), which allowed the identification of CD4bs-directed
mAbs, which were not sensitive to the D368R mutation alone
(Supplemental Fig. 1). We also included a trimeric gp140 protein
stabilized with a heterologous trimerization motif from the GCN4
transcription factor (gp140-GCN4) (49), a trimeric collagen probe
stabilized by the foldon motif, collagen-F, and two negative
control proteins, influenza hemagglutinin and OVA. Collectively,
these probes allowed us to map the gp140-F–elicited mAbs to the

The Journal of Immunology 5905
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following possible subdeterminants of Env: the V1V2 region, V3,
gp41, the foldon motif, and the CD4bs. All binding curves from
the mapping studies are shown in Supplemental Fig. 1, and rep-
resentative binding curves are shown in Fig. 1B. A summary of the
specificities of the isolated mAbs is shown in Fig. 1C. The
numbers inside each “slice” of the pie chart indicate the total
number of mAbs against a given specificity, whereas the numbers
outside each slice indicate the number of unique clones for each of
the specificities. From this analysis we mapped 1 mAb to the
V1V2 region, 8 mAbs to V3, 23 mAbs to gp41, 10 mAbs to the
foldon motif, 7 mAbs to the CD4bs, and 3 mAbs that could not be
mapped with this set of probes.

Env-specific mAbs against distinct epitope regions are
genetically diverse

We next examined the genetic properties of the cloned mAbs. We
first assigned each Ab HC and LC sequences to the closest germline
sequence based on the currently available database for rhesus
macaque V(D)J gene segments (30). We then analyzed VH usage
and found a marked diversity of gene segment usage among the
different Env-specific mAbs, with 21 segments used out of a total
61 VH gene segments in the current rhesus macaque database
(Fig. 2A). The bars in Fig. 2 indicate the number of cloned mAbs
using a given VH gene segment, and the dots above each bar
indicate the epitope specificity of expressed mAbs using a given
segment. In the cases where more than one somatic variant was
isolated, a larger dot indicates the number of variants identified.

The VH gene segments expressed by all Env-specific cells iso-
lated from the two rhesus macaques (F124, n = 194; F128, n =
189) are shown in the insert of Fig. 2A (n = 383), illustrating that
the distribution of VH gene segments used among the cloned 52
mAbs was similar to that of the total number of HC transcripts
sequenced from these animals (35). Most of the Abs expressed in
the total B cell memory repertoire used segments from the VH3
and VH4 families, and this was also the case for the mAbs
isolated here. The most frequently used gene segment, VH3.63,
was used by B cells expressing BCRs of two different Env
subspecificities: gp41-directed and foldon-directed mAbs. In our
previous study (35), we detect a significant overrepresentation of
the VH5 family (p , 0.01, x2 test) in the Env-specific B cells
compared with the total IgG-switched B cells. In that study,
VH5.46 is used with significantly increased frequency in the
Env-specific memory B cell pool compared with the total IgG
memory B cell pool. In this study, we identified two mAbs that
used the VH5.46 gene segment, both V3-directed. Additionally,
we identified another gene segment belonging to the VH5 family,
VH5.7, which was frequently used. VH5.7 was represented by
three different Env subspecificities (CD4bs directed, V3 di-
rected, gp41 directed) and by two unmapped mAbs. Otherwise,
we found a broad VH gene usage for all Env subspecificities,
suggesting no overall bias toward a given gene segment by any
of the epitopes. This is consistent with the notion that Ab
HCDR3 region, not predominantly encoded by VH, dictates
much of the specificity of typical vaccine-induced Abs, as shown

FIGURE 1. Isolation of Env vaccine mAbs and epitope mapping. (A) Schematic of Env-specific memory B cell sorting followed by amplification,

cloning, and expression of Ab HC and LC. (B) Representative ELISA binding curves showing the epitope mapping using YU2 Env ligands as follows:

gp140-F and gp140-F–D368R (CD4bs specific), gp120-F and gp120-FDV3 (V3 specific), gp120-F and gp120-F–DV1V2 (V1V2 specific), gp140-F and

gp120-F (gp41 specific), and gp140-F, gp140-GCN4, and collagen foldon (foldon specific). mAbs that could not be mapped with this set of the probes used

in this study were defined as unknown specificity. OVA or influenza HA1 were used as controls. Titration curves are shown as log10 dilutions (mg/ml). (C)

The pie chart demonstrates the distribution of Env-specific mAbs based on their epitope specificity with the total number of mAbs indicated in the center.

The color of each slice represents a different Env specificity—red, CD4bs specific; blue, V3 specific; purple, V1V2 specific; gray, gp41specific; green,

foldon specific; orange, unknown specificity, and the area of the slice is proportional to the total number of mAbs against a given specificity. The numbers

outside each colored slice indicate the number of unique clones for each of the specificities.
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for previously isolated vaccine-elicited CD4bs-directed mAbs
(50, 51).
We also examined the length of the HCDR3 regions of the cloned

mAbs and found that they varied between 11 and 20 aa, except for
one V3-directed mAb that had a HCDR3 of only 6 aa (Fig. 2B).
Interestingly, for the CD4bs-directed mAbs there was a bias to-
ward longer HCDR3 regions, between 17 and 20 aa for the seven
mAbs included in the analysis. In contrast, the foldon-specific
mAbs studied possessed overall shorter HCDR3s, 11–13 aa.
There was no bias toward longer or shorter HCDR3 regions for the
other subspecificities for the mAbs examined. The bias toward
longer HCDR3s for the CD4bs-directed mAbs compared with the
other Ab subspecificities was statistically significant (p, 0.0001).

We also analyzed the HCDR3 length of the mAbs together with
the larger set of Env-specific (n = 383) and total memory (n = 259)
HC sequences obtained from single cell isolation and RT-PCR
of VDJ transcripts from animals F124 and F128 described in
Sundling et al. (35). This analysis demonstrated that the distri-
bution of HCDR3 lengths plotted for the cloned mAbs was rep-
resentative also of the larger data set, with most HC sequences
encoding HCDR3s of 11–20 aa (Supplemental Fig. 2).
We next examined the LC V gene usage and found that 25 of the

mAbs used k-chains while 27 mAbs used l-chains. Several dif-
ferent k and l V gene segments from VK and VL gene families
were used, again consistent with a diverse polyclonal response
(Fig. 3, Supplemental Fig. 2). The LC V and J gene usage are

FIGURE 2. Vaccine-induced Env-specific mAbs are genetically diverse. The bars in both (A) and (B) indicate the number of cloned mAbs (y-axis) using

a given VH gene segment (A) or HCDR3 length (B). The colored dots above the bars indicate the epitope specificity of expressed mAbs for a given VH gene

segment (A) or HCDR3 length (B). Larger dots indicate the number of clonally related mAbs identified. The VH gene segment expression profile by Env-

specific IgG+ memory B cells isolated from the F124 and F128 together (n = 383) is shown in the inset in (A).
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FIGURE 3. Summary of genetic properties of the vaccine-elicited Env-specific mAbs. V(D)J gene annotations and CDR3 regions of HC and LC of Env-

specific mAbs were extracted using IgBLASTand IMGT-VQUEST, respectively. Ab HC and LC sequences with the same Vand (Figure legend continues)
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described in Fig. 3 as well as the HC V, D, and J gene usage and
characteristics of the HCDR3 and LCDR3 regions. The length of
the LCDR3 region was between 8 and 12 aa, which, as expected,
is shorter than the HCDR3 regions due to the lack of a D segment.
We also asked whether any of the mAbs were clonally related
based on a definition that clonal relatives have the same V(D)J
gene usage and the same length and close identity of the HCDR3.
We identified only a few clonally related Abs in this set of 52
mAbs as indicated in Fig. 3. Finally, we calculated the degree of
somatic hypermutation (SHM) for each Ab at both the nucleotide
and amino acid level. We found that the average SHM for the HC
V region was 4.9% nt and 8.4% aa and the average SHM for the
LC V region was 3.5% nt and 6.2% aa, similar to the level of SHM
observed in previous studies of vaccine-elicited Ab responses (30).
Collectively, these data illustrate the genetic diversity and level

of SHM of the Env vaccine–elicited Ab response, as well as the
diversity among Abs recognizing specific Env epitope regions.

CD4bs- and V3-directed mAbs display distinct HIV-1
neutralization signatures

To examine the neutralizing capacity of the 52 vaccine-induced
mAbs analyzed in the present study, we chose a panel of com-
monly used HIV-1 Env pseudoviruses. The panel included “easy-
to-neutralize” viruses represented by tier 1 viruses, including
HxBc2, MN, ADA, and SF162 (all clade B), DJ263 (clade A), and
MW965 (clade C); viruses that display an intermediate neutrali-
zation phenotype, classified as tier 1B viruses, including SS1196,
BaL.26, JRCSF, and 89.6 (clade B) and neutralization-resistant
tier 2–like viruses, were considered representative of primary
circulating strains, such as JRFL and YU2 (clade B) (52).
The vaccine-elicited neutralizing mAbs isolated in the present

study were either CD4bs or V3 specific, whereas no neutralizing
activity was detected for the gp41-, foldon-, or V1V2-specific
mAbs. We therefore focused our subsequent analyses on animal
F124, from which four CD4bs-directed mAbs were neutralizing
and five of seven V3-directed mAbs were neutralizing. The neu-
tralizing activities of these mAbs are quantified by the IC50 values
shown in Fig. 4. In brief, we observed distinct neutralization
signatures depending on the subspecificity of the Abs. All the
CD4bs-directed mAbs neutralized HxBc2, and all but one neu-
tralized the clade A virus, DJ263. These two viruses were not
neutralized by any of the V3-directed mAbs. Five viruses in the
panel, that is, SF162, SS1196, BaL.26, JRCSF, and MW965, were
neutralized by all or most of the V3-directed mAbs, whereas these
viruses were not neutralized by the CD4bs-directed mAbs, except
in a few isolated cases. Two viruses in this panel, MN and ADA,
were neutralized by both the CD4bs- and V3-directed mAbs. One
of the CD4bs-directed mAbs, GE5.JH3, displayed superior po-
tency reaching low (,0.05) IC50 values against HxBc2, MN, and
ADA. GE5.JH3 also neutralized two of the V3-sensitive viruses
(SF162 and SS1196) not neutralized by the other CD4bs-directed
mAbs, indicating a potentially unique mode of interaction with the
viral spike for this mAb.
We also measured the neutralizing activity of the unfractionated

plasma from animal F124, shown as ID50 values. We included one
prebleed sample and one sample collected 1 wk after the fourth
immunization, the same time point from which the mAbs were
isolated. Six viruses (HxBc2, MN, ADA, SF162, SS1196, and
MW965) were neutralized by the post-4 immunization plasma

sample, whereas there was no detectable neutralizing activity in
the prebleed control sample. These data demonstrate that all
neutralizing activity measured in the plasma of F124 could in part
be accounted for by the CD4bs- and V3-specific mAbs isolated
from the same animal.

The V3-specific mAbs target the crown and flanking N-terminal
region

To determine specifically where within V3 the V3-directed mAbs
bind, we performed binding studies using the full-length V3
peptide and 15-mer peptides overlapping by 11 residues (Fig. 5A).
We included the six V3-specific mAbs from animal F124 (all
except GE5.JC1) and one neutralizing V3-specific mAb from
animal F128. All seven mAbs bound the full-length peptide,
confirming their specificities for V3. Of the 15-mer peptides, only
one peptide, peptide 5, was efficiently recognized by the vaccine-
elicited mAbs, specifically by GE2.JC10, GE2.JF11, GE2.JG8,
GE2.BB5, and GE5.JC5. GE2.JD5 bound peptide 5 only very
weakly despite it being a clonal variant of GE2.JG8, suggesting
a role for differences in somatic hypermutation between these
mAbs (Fig. 5B). These data suggest that a major part of the epi-
tope is contained within the peptide 5 region. To examine the
exposure of this epitope region in the context of the three-
dimensional architecture of HIV-1 Env, we used the structure of
the soluble CD4-complexed JRFL gp120 core containing V3 (53)
compared with the core and V3 extracted from the structure of the
cleaved, soluble BG505 SOSIP gp140 trimers (54) (Protein Data
Bank IDs 2B4C and 4NCO). As shown in Fig. 5C, the peptide 5
region is readily exposed on the post-CD4 JRFL core conforma-
tion, whereas V3 is occluded in the BG505 SOSIP structure,
which is in the pre-CD4 triggered state. In this native-like con-
formation, V1, V2, and V3 form a cap at the apex of the trimer,
precluding recognition of this V3 epitope in this context and, by
inference, on the functional HIV-1 primary isolate spike.

HIV-1 neutralization depends on both epitope recognition and
epitope exposure

To further define criteria for Ab neutralization, we focused on three
strains, DJ263, MW965, and SS1196, for which we observed
a clear difference in the ability of the CD4bs- and V3-directed
mAbs to accomplish neutralization. We reasoned that the capac-
ity of an Ab to neutralize depends on both 1) the presence of the
cognate epitope on the target Env, assessed by measuring binding
capacity, and 2) the exposure of the epitope on the functional virus
spike, assessed by measuring neutralizing capacity. To investigate
the relative contribution of recognition and exposure, we used
supernatants or lysates of cells transfected with the respective Envs
to provide nonfunctional, monomeric forms of the gp120 ligands
for use in binding studies. We selected three of the V3-specific
mAbs and three of the CD4bs-specific mAbs for these analyses.
Starting with the DJ263 virus, we found that all three CD4bs-

directed mAbs bound to monomeric DJ263-derived gp120,
whereas the V3-specific mAbs exhibited no or very low binding
affinity to this gp120 (Fig. 6A, upper panels). These results in-
dicate that the inability of the V3-specific mAbs to neutralize
DJ263 is due to a lack of the cognate epitope on gp120. Inter-
estingly, inspection of the primary amino acid sequence of DJ263
shows that peptide 5 is conserved in this Env (Supplemental Fig.
3), and thus it is possible that differences outside of the DJ263

J gene, identical CDR3 length, and $80% CDR3 identity at the amino acid level were determined as clonal variants and are denoted by special characters:

GE2.JD5‡ and GE2.JG8‡; GE1.BB2† and GE1.BH6†; GE1.BH7√ and GE1.BD2√; GE1.BB4•, GE2.BA7•, and GE2.BG1•; GE2.JF4*, GE2.JB7*, GE2.JH5*,

and GE2.JG5*; and GE2.BB6# and GE2.BE8#.
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peptide 5 contribute to recognition by these YU2-derived V3-
directed mAbs. In contrast, the CD4bs-directed mAbs bind the
monomeric Env and neutralize the functional virus spike, dem-
onstrating that the cognate CD4bs epitope is both present and
available for Ab binding on this virus. For MW965, binding of
monomeric gp120 and an association to neutralize virus was ob-
served for two of the three V3-specific mAbs, whereas a lack of
binding was associated with a similar lack of neutralizing capacity
for the CD4bs-directed mAbs (Fig. 6A, middle panels). Overall,
for the “easy-to-neutralize” tier 1A viruses DJ263 and MW965,
the Ab binding profile to monomeric gp120 correlated well with
the neutralizing activity.
For SS1196, we detected a different relationship between mo-

nomeric binding and virus neutralization. Efficient binding to
gp120 by both the V3- and CD4bs-directed mAbs was detected by
ELISA, which was associated with virus neutralization by all three
V3-specific mAbs, but for only one of the CD4bs-directed mAbs,
GE5.JH3 (Fig. 6A, lower panels). From these results we interpret
that SS1196 gp120 contains the epitope for both the V3- and the
CD4bs-directed mAbs, but that V3 is exposed on the SS1196
functional spike whereas the CD4bs is less accessible. This is
consistent with its classification as a tier 1B virus, which is more
neutralization resistant presumably due to steric hindrance of
certain neutralizing Ab epitopes by quaternary spike packing.
Furthermore, monomeric JRFL gp120 was also well recognized
by both the CD4bs- and V3-directed mAbs, but none of these Abs
neutralized the JRFL virus, consistent with the tight packing of
tier 2 virus Env spikes and their resistance to current vaccine-
elicited V3- and CD4bs-directed mAbs.
To further investigate the question of recognition versus expo-

sure, we generated a variant of SS1196 that lacked the site for
N-linked glycosylation at position 301 and we compared the ability
of the V3- and CD4bs-directed mAbs to neutralize the parental
SS1196 virus compared with the SS1196D301 variant. We found

that SS1196D301 was sensitive to the CD4bs-directed mAbs and
displayed greatly increased sensitivity to the V3-directed mAbs.
These data illustrate that glycan shielding at this position effec-
tively prevents recognition of the functional spike by CD4bs-
directed Abs and partly prevents recognition of V3-directed Abs.
We performed a similar comparison of binding versus neutralization
using the JRFL strain, which was not neutralized by any of the Env-
elicted mAbs (Fig. 4), but for which there already existed an
engineered viral variant lacking a site for N-linked glycosylation
at position 301 (JRFLD301). We previously showed that removal
of the 301 glycan rendered JRFL sensitive to several non-bNAb
CD4bs-directed mAbs (30, 55), illustrating effective glycan
shielding at this position. In this study, we found that all V3- and
two of the CD4bs-directed mAbs neutralized the JRFLD301 virus
(Fig. 6B), suggesting a close relationship between exposure of the
CD4bs and V3 on tier 2 viruses. In sum, these studies suggest that
the capacity to achieve neutralization depends both on the presence
of the cognate epitope on the specific Env gp120 and relative ac-
cessibility of a given epitope in the context of the native, functional
virus spike.

Discussion
Successful vaccination stimulates polyclonal B cell responses di-
rected against multiple epitopes on target Ags of a given pathogen.
The precise specificities of Abs that mediate protection by antiviral
vaccines are usually not known, as this level of resolution requires
the isolation of mAbs from vaccine recipients, an endeavor that is
rarely undertaken if the vaccine is considered to be effective. In
contrast, for vaccines that do not induce desired Ab responses, such
as the HIV-1 Env immunogens studied to date, mAb isolation
provides concrete information about the fine specificities of the
response. This analysis both increases our understanding of bio-
logical events taking place following vaccination and reveals the
fine specificities that are induced by a given immunogen (30, 50,

FIGURE 4. HIV-1 neutralizing activity of Env-specific mAbs. The pre- and postimmunization plasma and the CD4bs-directed and V3-specific mAbs

isolated from animal F124 were tested for their capacities to neutralize a panel of Env pseudoviruses. The plasma dilution and the mAb concentration

inhibiting 50% of viral entry are shown as neutralization ID50 and IC50 values, respectively. The ID50 values are color coded where red indicates (.5000),

orange (500–5000), yellow (50–500), and white (,50) whereas the IC50 values in red indicates (,0.1 mg/ml), dark orange (0.1–1 mg/ml), light orange

(1–10 mg/ml), yellow (10–40 mg/ml), and white (.40 mg/ml).
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51). This information can guide the design of improved immu-
nogens aimed to favorably alter the elicited B cell response to
accelerate the development of HIV-1 vaccine candidates. In the
present study, we demonstrate engagement of a broad set of VH
genes to multiple specificities, but such analysis is also ongoing
for immunogens designed to target specific VH genes, such as the
B cell germline engagement immunogen design approach (6).
In the present study, we isolated a set of mAbs elicited by

immunization with a model Env trimer immunogen (22). We sorted
single Env-specific memory B cells and sequenced their V(D)J
transcripts, revealing a highly polyclonal, Env-specific VH rep-
ertoire usage. We cloned matching HC and LC pairs resulting in
52 Env-specific mAbs, of which 25% were neutralizing. The
neutralizing mAbs, which were either CD4bs or V3 specific, in
part recapitulated the neutralizing activity observed in the plasma
of the animal from which they were isolated. Interestingly, the
CD4bs-directed mAbs neutralized DJ263, a virus that was not
detectably neutralized by the plasma. Similarly, two of the V3-
directed mAbs neutralized JRCSF, which was not neutralized by
the plasma. These results demonstrate that enrichment of distinct
specificities through mAb isolation can reveal additional neutral-
izing activities, providing considerably more information from
a given preclinical or clinical vaccine trial. Furthermore, the
higher resolution provided by mAb isolation confirms that Env-
based vaccines can elicit CD4bs- and V3-directed neutralizing Abs
and is consistent with studies using adsorption and competition
assays on unfractionated plasma or serum samples (21, 48, 56–58).
Among the cloned mAbs, additional Env subspecificities identified
were composed of gp41 (n = 23) and the V1V2 region (n = 1). The
latter mAb may be worthy of further investigation, because studies
of the RV144 clinical trial suggested a correlation between V1V2-
directed Abs and vaccine-induced protection (59, 60), stimulating
a renewed interest in mAbs against this determinant (33).
The present study reveals that, remarkably, all V3-specific mAbs

were directed against a linear determinant on the N-terminal flank

of the V3 crown. Consistent with this specificity, this region is
expected to be exposed on V3-sensitive tier 1 viruses such as MN,

ADA, and SF162. Interestingly, SS1196, classified as a tier 1B
virus, was also neutralized by the V3-specific mAbs, but not by

most of the CD4bs-directed mAbs, suggesting an intermediate Env

conformation between tier 1A and tier 2 viruses. By comparing
binding versus neutralization of SS1196 gp120 by selected mAbs,

we demonstrated that the CD4bs-directed mAbs recognized their
cognate epitope, but they were unable to access it on the functional

spike, consistent with epitope masking of conserved regions
on more neutralization-resistant viruses. Interestingly, a variant of

SS1196 lacking the site for N-linked glycosylation at position

301, SS1196D301, was sensitive to the CD4bs-directed mAbs and
displayed greatly increased sensitivity to the V3-directed mAbs,

illustrating that glycan shielding at this position effectively pre-
vents recognition of the functional spike by CD4bs-directed Abs

and partly prevents recognition of V3-directed Abs. Similarly, the
inability of the V3-specific mAbs to neutralize tier 2 viruses such

as JRFL is likely due to steric hindrance, because removal of

the N-linked glycan at position 301 of JRFL to generate the
JRFLD301 virus rendered this tier 2 virus sensitive to both V3-

and CD4bs-directed mAbs. These data are consistent with the
structural data of the soluble SOSIP trimers that indicate that these

two epitope regions are proximal to one another. In contrast, the
lack of HXBc2 neutralization by the V3-specific Abs can be

explained by a mismatch of V3s between these Envs, as HxBc2

gp120 possesses an insertion of two residues near its V3 crown
(Supplemental Fig. 3). Collectively, these studies show that the

FIGURE 5. Illustration of the epitope region targeted by the vaccine-

elicited V3-directed mAbs. (A) Amino acid sequences of the full-length

YU2 V3 peptide (indicated in bold letters) and twelve 15-mer peptides

overlapping by 11, where each peptide is indicated by a number and

a color. (B) Binding curves of the isolated V3-directed mAbs to the

overlapping peptides. (C) Surface-rendered crystal structures of two HIV-1

Envs—CD4-complexed JRFL gp120 core (Protein Data Bank ID 2B4C)

and the cleaved, soluble BG505.SOSIP gp120 in native state (Protein Data

Bank ID 4NCO) (gray)—generated with chimera (65) indicate structural

rearrangement of the V3 loop (blue and red) in the post-CD4 binding

(JRFL gp120 core) and pre-CD4 triggered (BG505.SOSIP) conformations.

The peptide region to which the V3-specific mAbs bind is shown in red and

the rest of V3 is shown in blue.
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availability of mAbs targeting different epitopes on Env and their
use in functional assays can greatly facilitate our understanding of
HIV-1 neutralizing determinants and relative exposure/accessi-
bility.
Studies of infection-induced V3 mAbs in humans show an

overrepresentation of Abs using the human VH5-51 gene segment
(61). Human VH5-51–using mAbs are nonbroadly neutralizing
and recognize their epitope on V3 in a manner referred to as the
“cradle mode” (62). The cradle mode contrasts with the “ladle
mode” used by the relatively broadly neutralizing, V3-directed
mAb, 447-52D (63). The ortholog of the human VH5-51 gene
segment in rhesus macaques is VH5.7, used by one of our V3-
specific mAbs, GE2.JF11. Studies of V3-directed mAbs elicited in
Env-immunized rabbits resulted in the isolation of the R56 mAb,
which binds by the cradle mode via an epitope that overlaps with
peptide 5 identified as the target epitope in our present study (31,

64). R56 was shown to neutralize a similar set of viruses as the
V3-specific rhesus mAbs isolated in the present study, suggesting
that the V3-specific mAbs identified in our study bind by a similar
mode of recognition. In contrast, PGT128, a human bNAb isolated
from a chronically infected individual, binds farther toward the
C-terminal part of V3 to an epitope that also includes the basal
N-linked glycans (16).
The CD4bs-specific mAbs isolated in this study display similar

neutralizing properties to previously described vaccine-elicited
CD4bs-specific mAbs, GE136, GE148, and GE356 (30, 50).
Based on mutagenesis and binding studies to define the Ab/Ab
interface combined with modeling studies, these mAbs attempt
to bind the Env spike by a vertical angle of approach that is
not permitted on tier 2 viruses, thus limiting their neutralization
capacities to tier 1 viruses only (50, 51). A similar mode of
binding is likely for the CD4bs-directed mAbs isolated in the

FIGURE 6. Comparison of mAb binding and neutralizing properties. (A) Upper panels: ELISA binding curves of the vaccine-induced CD4bs- and V3-

directed mAbs to monomeric gp120 from DJ263.8, MW965.26, SS1196.01, and JRFL are shown. Lower panels: Summary of gp120 binding activity and

virus neutralizing activity for DJ263.8, MW965.26, SS1196.01, and JRFL are shown. Binding activity is indicated as OD values at Ab concentration (4 mg/

ml) where red indicates high (OD . 1), light orange indicates medium (OD = 1–0.5), and white indicates no/low (OD , 0.5) binding. Virus neutralizing

activity is indicated as IC50 values and is color coded as described in Fig. 4. (B) Comparison of neutralizing activity for SS1196.01 and SS1196.01D301 and

for JRFL and JRFLD301.
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present study. Similarly to GE136, GE148, and GE356, the CD4bs-
directed mAbs described in the present study possess long HCDR3
regions compared with the mAbs recognizing other epitope
regions, suggesting that this property is required for access to the
CD4bs. Interestingly, one of the CD4bs-directed mAbs, GE5.JH3,
was more potent and displayed a modest increase in breadth of
neutralization compared with the other vaccine-induced CD4bs-
specific mAbs, suggesting a different mode of interaction with
the functional spike. Whether Ab specificities displaying broader
neutralizing activities exist at some low frequency in these animals
is unknown but can be addressed with more selective strategies for
B cell sorting.
In sum, the vaccine-induced mAbs described in this study reveal

new information about how the primate B cell repertoire responds
to Env immunization and demonstrate the utility of mAb isolation
for defining the neutralizing Ab activity induced by vaccination.
The availability of mAbs against defined epitope regions of HIV-1
Env provides broad utility to probe the antigenic and immunogenic
surfaces of existing and forthcoming subunit Env-based vaccine
candidates.
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