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Host cell-mediated proteolytic cleavage of the human immunodeficiency virus type 1 (HIV-1) gp160 precursor glycoprotein into
gp120 and gp41 subunits is required to generate fusion-competent envelope glycoprotein (Env) spikes. The gp120-directed
broadly neutralizing monoclonal antibodies (bNabs) isolated from HIV-infected individuals efficiently recognize fully cleaved
JRFL Env spikes; however, nonneutralizing gp120-directed monoclonal antibodies isolated from infected or vaccinated subjects
recognize only uncleaved JRFL spikes. Therefore, as an immunogen, cleaved spikes that selectively present desired neutralizing
epitopes to B cells may elicit cross-reactive neutralizing antibodies. Accordingly, we inoculated nonhuman primates (NHPs)
with plasmid DNA encoding transmembrane-anchored, cleaved JRFL Env or by electroporation (EP). Priming with DNA ex-
pressing soluble, uncleaved gp140 trimers was included as a comparative experimental group of NHPs. DNA inoculation was
followed by boosts with soluble JRFL gp140 trimers, and control NHPs were inoculated with soluble JRFL protein trimers with-
out DNA priming. In the TZM-bl assay, elicitation of neutralizing antibodies against HIV-1 tier 1 isolates was robust following
the protein boost. Neutralization of tier 2 isolates was detected, but only in animals primed with plasmid DNA and boosted with
trimeric protein. Using the more sensitive A3R5 assay, consistent neutralization of both clade B and C tier 2 isolates was detected
from all regimens assessed in the current study, exceeding levels achieved by our previous vaccine regimens in primates. To-
gether, these data suggest a potential advantage of B cell priming followed by a rest interval and protein boosting to present JRFL
Env spikes to the immune system to better generate HIV-1 cross-clade neutralizing antibodies.

The human immunodeficiency virus type 1 (HIV-1) exterior
envelope glycoprotein, gp120, and the transmembrane glyco-

protein, gp41, are derived from the cleavage of the gp160 precur-
sor protein and are the only virally encoded proteins on the sur-
face of the virus. These noncovalently associated glycoproteins
form the trimeric functional spikes that mediate viral entry. The
gp120 subunit binds the primary receptor, CD4, and following
gp120 association with the coreceptor, usually CCR5, the gp41
subunit participates to accomplish virus-to-cell membrane fusion
and entry of viral genomic information into the target cell (1–12).

Neutralizing antibodies administered passively at high sys-
temic concentrations before, or immediately after, exposure to
chimeric simian-human immunodeficiency virus (SHIV) can
protect against viral challenge, confirming their importance in the
context of a prophylactic vaccine (13–17). Approximately 10 to
20% of HIV-1 chronically infected individuals display “neutral-
ization breadth” mediated by antibodies present in their serum.
The broad neutralizing activity elicited during this natural infec-
tion process can sometimes be mapped to distinct subregions of
Env (18–22). Recently, a plethora of new broadly neutralizing an-
tibodies (bNabs) were isolated from HIV-1-infected individuals
directed against the CD4 binding site and glycan-shielded regions
of Env (22–25). Very recently, the highly potent, non-self-reac-
tive, gp41-directed and membrane proximal external region
(MPER)-specific bNab, 10E8, was isolated (26). Additionally, re-
cent data suggest that a cocktail of bNabs might suppress viremia
in vivo in the absence of highly active antiretroviral therapy
(HAART) (27).

Numerous attempts have been made using Env immunogens

in either monomeric (gp120) or in trimeric (gp140, gp41) con-
texts to elicit HIV-1 broadly neutralizing antibodies. To date,
however, most of these Env immunogens do not fully mimic the
properties of the functional spike and have not efficiently elicited
broad neutralization (reviewed in reference 28). Due to this lack of
success, one approach to develop vaccine candidates against
HIV-1 is to design versions of trimeric Env immunogens that
maintain structural and physiochemical properties similar to Env
present on infectious viruses. The rationale is that presentation of
a more faithful mimetic of the spike might be a better vaccine
candidate to elicit antibodies capable of neutralizing diverse
HIV-1 isolates. To date, however, soluble trimers that faithfully
mimic the antigenic properties of the functional spike have not
been forthcoming. Therefore, alternative means to present func-
tional spikes to the immune system are worthy of investigation.

Previously, we demonstrated that, following transient trans-
fection of plasmid DNA, primary isolate Env glycoproteins ex-
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pressed at the cell surface are oligomeric and predominantly tri-
meric (29). Subsequently, using fluorescence-activated cell
sorting (FACS)-based cell surface staining, coupled with direct
biochemical analysis, we documented the efficient precursor
cleavage of Env derived from the primary isolate, JRFL, and as-
sembly into functional spikes on the cell surface (30). In this sys-
tem, the efficient cleavage of JRFL Env requires use of the virally
encoded, long terminal repeat (LTR)-driven env gene expression,
along with Tat in trans. To date, this is the only such wild-type
HIV-1 Env that demonstrates apparently complete cleavage when
transiently expressed from plasmid DNA in 293F cells and in the
absence of exogenous furin, for reasons that are not fully clear.
Importantly, if JRFL Env is expressed in this manner, the func-
tional, cleaved spikes are efficiently recognized only by bNabs but
not by non-bNabs or nonneutralizing monoclonal antibodies
(MAbs). In several studies using both gp120-directed and gp41-
directed neutralizing and nonneutralizing antibodies, we and oth-
ers show that there is a substantial difference in binding by anti-
body/CD4 to the cleaved functional spike compared to an
uncleaved version of the same spike (30, 31). That is, the recogni-
tion of nonneutralizing antibodies increased markedly when the
cleavage site between gp120 and gp41 was eliminated through
site-directed mutagenesis, suggesting the exposure of nonneutral-
izing epitopes in the context of uncleaved Env.

A reasonable strategy to attempt to elicit broadly neutralizing
antibodies therefore is to present cleaved, full-length functional
spikes through genetic means, in vivo. Therefore, we primed non-
human primates (NHPs) by electroporation (EP) using plasmid
DNAs encoding cleavage-competent primary isolate JRFL Env ex-
pressed from non-codon-optimized or codon-optimized env
genes. Plasmid DNA encoding soluble JRFL trimers was also in-
cluded to assess if DNA priming with homologous Env trimers
followed by trimer protein boosting provided an advantage over
trimer protein immunization alone. In this study, “priming” con-
sisted of three DNA EP inoculations with monthly intervals be-
tween each injection. Following DNA priming with plasmids ex-
pressing either cell surface or soluble trimers, NHPs were boosted
twice with trimeric JRFL gp140-F (where F stands for foldon)
proteins formulated in adjuvant. These regimens presented Env to
the primate immune system over 5 inoculations, paralleling our
previous study that presented soluble YU2 gp140-F trimers 5
times at monthly intervals (32, 33) but introduced a long interval
between the DNA prime and the protein boosts. As comparative
controls, three NHPs were inoculated with JRFL gp140-F protein
trimers without prior DNA priming over the 2-month interval.

Priming with either non-codon-optimized or codon-opti-
mized cell surface or soluble Env elicited detectable enzyme-
linked immunosorbent assay (ELISA) binding titers in NHPs,
which greatly increased following protein boosting. The elicited
antibodies displayed robust neutralizing activity against tier 1 iso-
lates in the validated TZM-bl assay (34). Trimeric JRFL gp140-F
proteins formulated in adjuvant and administered without DNA
priming also elicited robust tier 1 neutralization. However, neu-
tralization of several tier 2 isolates (more representative of circu-
lating viruses) in the TZM-bl assay was detected only in the serum
of animals primed with Env plasmid DNA followed by boosting
with the soluble JRFL trimers. Collectively, these data suggest that
a DNA prime-protein boost long-interval inoculation regimen
can improve the generation of neutralizing Ab responses against
HIV-1. However, in the more sensitive A3R5 assay (34), the sera

from most animals neutralized all tier 2 isolates tested with a wide
range of potencies, and the neutralization activity was indepen-
dent of whether the priming was performed with full-length
cleaved or uncleaved soluble Env trimers. These neutralizing re-
sponses were similar to those elicited by the soluble JRFL trimers
alone but were superior to neutralizing activity elicited in our
prior HIV-1 Env trimer studies performed in NHPs (32, 35, 36).

MATERIALS AND METHODS
Cell lines, antibodies, and plasmid DNAs. TZM-bl cells (CD4� CXCR4�

CCR5�) were obtained from the NIH AIDS Research and Reference Reagent
Program, and 293T cells were purchased from ATCC. Both cell lines were
cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10%
heat-inactivated fetal calf serum (HIFCS), 20 mM L-glutamine, 100 U/ml
penicillin, and 100 �g/ml streptomycin. The gp120 glycan-directed 2G12,
PGT121, PGT128, PGT135, and PGT145 and the CD4bs MAbs, b12, VRC01,
VRC03, PGV04, and VRC06, were obtained from the Vaccine Research Cen-
ter (VRC) or from internal International AIDS Vaccine Initiative (IAVI) or
Scripps resources. The CD4bs MAb (F105; M. Posner), the CD4i MAb (17b;
J. Robinson), the anti-V3 MAb (447D; S. Zolla-Pazner, CFAR), and the anti-
gp41 MAb (F240; L. Cavacini) were obtained by material transfer agreement
(MTA). The Env plasmids for the non-codon-optimized (viral sequences),
cell-surface, cleavage competent (�), cytoplasmic tail-deleted (�CT) JRFL
Env is called pSVIII JRFL(�)�CT (30). Tat expression in vitro or in vivo was
achieved by using the vector pCTat (37). The codon-optimized JRFL cell
surface Env containing the heterologous CD5 leader is driven by a cytomeg-
alovirus (CMV) promoter [pCDNA-JRFL(�)�CT]. The codon-optimized
soluble trimeric JRFL gp140-F, also with the CD5 leader and CMV promoter
driven, is called pCDNA JRFL gp140-F. The pCDNA3.1(�) vector ex-
pressing the HXBc2 coreV3S (38) with triple mutations (I423M, N425K,
and G431E-TriMut), TriMut with two additional mutations at D368R
and E370F (TriMut 368/370) (39), and TriMut with 368/370 and the 474A
substitution were lectin and chelation affinity purified and used for the
protein adsorption mapping analysis.

Flow cytometric analysis of cell surface HIV-1 Env. FACS staining
was performed as previously described (30, 40). Forty-eight hours follow-
ing transfection, the cells were harvested and washed in FACS buffer
(phosphate-buffered saline [PBS], 5% heat-inactivated fetal bovine serum
[HIFBS], 0.02% azide) and stained with a panel of monoclonal antibodies
that were previously analyzed in the TZM-bl assay for neutralization ca-
pacity (24, 25). The monoclonal antibody-cell mixtures were washed ex-
tensively in FACS buffer, and anti-human phycoerythrin (PE) (Sigma) at
a 1:200 dilution was added for 1 h, followed by extensive washing to
remove unbound secondary antibody. The PE-stained cells were analyzed
by flow cytometry on a BD SLRII instrument.

Expression, purification, and biophysical analysis of JRFL gp140-F
trimeric Env. The soluble JRFL trimers (gp140-F), containing a His6 pu-
rification tag, were expressed by transient transfection of the 293F cells.
The glycoproteins were purified by lentil lectin affinity chromatography
followed by chelating chromatography over an Ni2� column (GE Health
Care, Piscataway, NJ). The trimeric JRFL gp140-F proteins were loaded
onto 10/300 GL Tricorn high-performance columns prepacked with Su-
perdex 200 medium. The proteins were further purified by selection of
fractions at the trailing edge of the trimer peak, resulting in relatively pure
trimers which migrated as a single peak by size exclusion chromatography
(SEC). Relevant fractions containing trimers were pooled, concentrated,
dialyzed against PBS, flash-frozen in liquid nitrogen, and stored at �80°C.
The purity and oligomeric status of the purified protein was assessed by
SDS-PAGE and blue native gels.

Bio-layer interferometry binding assay. Bio-layer interferometry
binding assays were performed on the Octet-Red device (FortéBio, Inc.,
Menlo Park, CA) to determine the binding kinetics. JRFL gp140-F trimers
were immobilized on amine reactive (AR2G) biosensors (FortéBio) by
amine coupling according to the manufacturer’s instruction. IgG or Fab
of monoclonal antibodies were 2-fold serially diluted in kinetics buffer
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(FortéBio) and then were dispensed into 96-well microtiter plates at a
volume of 200 �l per well. The operating temperature was maintained at
30°C. The AR2G biosensors were dipped into solutions of the IgG or Fab
at selected concentrations with agitation for 15 min at 1,000 rpm to mea-
sure association constants. Dissociation was detected following transfer of
sensors into wells containing buffer alone for 30 min. Data were collected
and analyzed by Octet User software (version 7.0). For the analysis of Fab
binding, a 1:1 curve-fitting model was used, while the 2:1 bivalent analyte
model was used for the analysis of IgG binding.

NHP inoculation methods and regimens. Simian immunodeficiency
virus (SIV)-negative Indian rhesus macaques (Macaca mulatta) were
housed at SUNY Downstate/IAVI in accordance with the guidelines of the
Association for Assessment and Accreditation of Laboratory Animal Care
and with the approval of the University of Pittsburgh’s Institutional Ani-
mal Care and Use Committee (IACUC) standards and regulations. The
protocols were approved and assigned the IACUC number 0803208. EP of
plasmid DNA into the NHPs was performed using an Elgen 1000 (Inovio,
BC, Canada) consisting of a pulse generator and a combined injection
electrode device. Two parallel injection needles (22 gauge) were spaced 4
mm apart and inserted 13 to 18 mm into the quadricep muscle, and DNA
was injected through the needles, which were subsequently used as elec-
trodes. Immediately after needle/electrode insertion, electrical impulses
were delivered to the quadricep muscle tissue. Two 60-ms square wave
pulses at a nominal field strength of 100 to 150 V/cm and Hz were used for
5 s. The target site of administration was the muscle of the anterior hind
limb. The administration site was shaved with an electric clipper and the
skin cleaned with disinfectant prior to immunization. Each NHP was
inoculated thrice at monthly intervals with 1 mg of plasmid DNA per
inoculation time point. Control animals were immunized with the same
volume of phosphate-buffered saline (PBS). Plasmid DNA mixture en-
coding the JRFL gp160 Env cleavage-competent, tail-deleted pSVIII
JRFL�CT(�) and pCTat with two different proportions relative to the
Env plasmid (20:1 and 1:1, called Tat 1 and 2, respectively) were used.
Codon-optimized JRFL�CT(�) or JRFL gp140-F DNA does not require a
Tat protein for their efficient expression. Note that the plasmid encoding
the JRFL gp140-F uncleaved trimers was included and inoculated into two
animals to determine if Env cell surface expression or cleavage into the
bona fide spike was required to better elicit neutralizing antibodies. The
animals were bled 2 weeks after every inoculation, and sera were collected
and stored at �20°C. The animals received boosts with 50 �g of recom-
binant JRFL gp140-F protein per animal 12 and 20 weeks following the
final DNA immunization in the priming phase of the regimen. The ani-
mals were bled 2 weeks after each DNA and protein inoculation.

ELISA. Recognition of the JRFL gp140-F trimers and gp41 and the
cluster 1 peptide following DNA priming or soluble protein in adjuvant
was assessed using an ELISA as described previously (41). In brief, wells of
MaxiSorp high-binding plates (Nunc) were coated with 100 �l of protein
(1 mg/ml initial concentration) in PBS, pH 7.4, and incubated overnight
at 4°C. Antisera were started at an initial 1:100 dilution and were then
3-fold serially diluted, followed by incubation with antigen and subse-
quent washing. After incubation with anti-human IgG-horseradish per-
oxidase (HRP) and additional washing, the TMB (3,3,5,5=-tetramethyl-
benzidine) peroxidase immunoassay substrate (Bio-Rad) was used as the
colorimetric reporter reagent. The optical density (OD) was determined
at 450 nm on a 96-well microtiter plate reader (Molecular Devices).

HIV-1 neutralization assays. Pseudotyped viruses were produced by
transient cotransfection of 293T cells using the HIV-1 env-deleted back-
bone plasmid, pSG3�Env, and the Env complementation plasmid, pSVIII
JRFL�CT(�), as previously described (42) at a ratio of 3:1. Briefly, a 3:1
ratio of the transfection reagent, Fugene (Roche, Indianapolis, IN, USA),
to DNA was used for transfection. Cell culture supernatants containing
viruses were collected 2 days posttransfection. The TZM-bl neutralization
assay using target cells expressing CD4, CXC4, and CCR5 was done as
described previously (43, 44). Briefly, TZM-bl-based neutralization assays
were performed with serial dilutions of heat-inactivated (56°C, 1 h) sam-

ples. Diluted samples were preincubated with virus (�150,000 relative light
unit equivalents) for 1 h at 37°C before the addition of cells. Following 48 h of
incubation, cells were lysed and the Luciferase activity was determined using
a microtiter plate luminometer and BriteLite Plus reagent (PerkinElmer).
Neutralization titers are defined as the sample dilution at which relative lu-
minescence units (RLU) were reduced by 50% compared to the RLU in virus
control wells after subtraction of background RLU in cell control wells. To test
for non-HIV-1-specific plasma effects, the samples were also tested against a
pseudovirus expressing the amphotropic murine leukemia virus (MuLV) en-
velope. In the text and figures, we have used abbreviated names for the viruses,
but the full specific names are as follows: MN, MN.3; SF162, SF162.LS; BaL,
BaL.01; MW965, MW965.26; SC42, SC42261.8; and ZM109, ZM109F.PB4.
The A3R5 entry assay was recently described. In brief, A3.01/CCR5 (A3R5) is
a derivative of the A3.01 human lymphoblastoid cell line, CEM, that naturally
expresses CD4 and CXCR4 (45) and was engineered to express CCR5 (46).
Because A3R5.7 cells do not contain a reporter gene, molecularly cloned vi-
ruses that carry a reporter gene (Env.IMC.LucR viruses) are used in these
assays. Again, we used abbreviated descriptions of the viruses throughout this
publication; full specific isolate names are as follows: SC22, SC22.3C2.
LucR.T2A.ecto; RHPA, RHPA.LucR.T2A.ecto; CH58, CH58.LucR.T2A.
ecto; THRO, THRO.LucR.T2A.ecto; WITO, WITO.LucR.T2A.ecto; 1051,
1051.C22.LucR.T2A.ecto; CAP45, CAP45.2.00.G3.LucR.T2A.ecto; Ce1086,
Ce1086_B2.LucR.T2A.ecto; DU151, DU151.2.LucR.T2A.ecto; and Ce2010,
Ce2010_F5.LucR.T2A.ecto. As with the TZM-bl assay, diluted samples were
incubated with virus (�50,000 RLU equivalents) for 1 h at 37°C prior to the
addition of cells. After incubating for 4 days, a defined portion of the cell
suspension was transferred to 96-well white solid plates (Costar) for measure-
ment of luminescence using the ViviRen live-cell substrate as described by the
supplier (Promega). For each animal, pre- and postimmune serum samples
were assayed side by side. Postimmune samples were scored positive for neu-
tralizing antibody activity if the titer was �3-fold the titer of the preimmune
sample. To assess the presence of CD4bs-directed neutralization in the sera,
differential protein adsorptions were performed in the context of the A3R5
neutralization assay using TriMut core gp120 or TriMut 368/370 (CD4 bind-
ing-defective gp120 core) as previously described (39) or the additional CD4
binding-defective core, TriMut 368/370/474. In brief, before the addition of
pseudovirus, either the VRC01 control MAb or 3-fold serial dilutions from
each serum sample were preincubated with 10 �g/ml of TriMut, TriMut
368/370, TriMut 368/370/474, or cell culture medium for 1 h at 37°C. For
each serum sample, three neutralization curves derived from the assays were
performed in parallel to detect the presence of trimer-elicited neutralizing
antibodies directed to the CD4bs by the differential inhibition of neutraliza-
tion using the isogenic TriMut core probes.

RESULTS
FACS-based binding to cell surface JRFL Env shows efficient
recognition by bNabs. Before initiating immunogenicity studies
with the immunogens and regimen described for Fig. 1, we sought
to characterize further the cell surface JRFL trimeric Env im-
munogens, which were to be used for priming of B cell responses
in NHPs. Therefore, we analyzed the cell surface staining of cells
transfected with the plasma membrane-anchored JRFL-cleaved
trimers. To efficiently express the cleaved trimers, we transiently
transfected 293T cells with an LTR-driven plasmid that coex-
presses Rev in cis, along with a second plasmid expressing Tat in
trans (see Materials and Methods). We then assessed recognition
of the cell surface JRFL trimers with a panel of neutralizing and
nonneutralizing antibodies. As previously reported, when analyz-
ing recognition of the cleaved JRFL trimers by gp120-directed
MAbs, only the MAbs such as 2G12 and b12 that efficiently neu-
tralize the JRFL virus efficiently recognized the JRFL Env cell
surface-expressed trimers. Again consistent with our previous re-
ports, there were clear differences in the recognition of gp120-
directed neutralizing antibodies compared to recognition of the
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nonneutralizing antibodies of the cleaved JRFL cell surface Env
trimers. Therefore, in this study, we extended our analysis to the
newly discovered bNabs directed to glycan on the V1V2V3 regions
and to the CD4bs to determine if they would also efficiently rec-

ognize the cleaved JRFL trimers in comparison to representative
nonneutralizing Env-directed antibodies.

The mean fluorescence intensities (MFI) of different concen-
trations of antibodies specifically interacting with cell surface Env
were derived from the flow cytometry histograms, and these data
were used to generate the binding curves shown in Fig. 2. As ex-
pected, the neutralizing and glycan- and gp120-directed antibody,
2G12, bound to cleavage-competent Env expressed on the 293T
cell surface with the highest relative affinity (Fig. 2A). From the
FACS-based binding curves shown in Fig. 2, it is clear that the
gp120-directed antibodies bound to the cleaved JRFL Env spikes
with various efficiencies. Generally, most glycan-related bNabs
capable of neutralizing JRFL bound with reasonable efficiency to
the cell surface JRFL Env trimers. The glycan-related bNab,
PGT128, bound second most efficiently, followed by PGT121
(Fig. 2A). The bNab PGT135 bound at low levels to the JRFL Env
compared to those for the other glycan-related MAbs, consis-
tent with its reduced capacity to neutralize JRFL (24). PGT145,
which cannot neutralize JRFL, displayed minimal binding. The
CD4bs-directed bNabs recognized the JRFL cell surface spikes
in a similar manner and roughly equivalent to PGT121 (Fig.
2B), whereas the non-bNab CD4bs MAb F015 did not recog-
nize these spikes (Fig. 2C). The nonneutralizing and gp41-di-
rected antibody F240 also did not bind efficiently to the cleaved
functional Env spikes. The V3-directed MAb 447-52D can neu-
tralize JRFL at relatively high concentrations, exceeding 50 �g/
ml, and did recognize the spikes better than the nonneutraliz-

FIG 1 Schematics of JRFL trimers and inoculation regimen. (A) Left, JRFL
cleaved, cell surface trimers are modeled on the surface of a transiently trans-
fected 233T cell. The trimer density (blue mesh) is based upon the work of Liu
et al. (60), and the crystal structure of the core gp120 is modeled as a trimer into
this density. Right, schematic depiction of the soluble JRFL gp140-F trimer
with the genetically fused foldon (F) motif in place of the HIV-1 Env gp41
transmembrane region. (B) Timeline and parameters of the EP plasmid DNA
prime (brown) and trimer boost (blue) regimen in NHPs are shown with
inoculations and bleeds to isolate sera for analysis as indicated.

FIG 2 FACS-based binding curves of MAbs to the cell surface JRFL-cleaved trimers. (A) The glycan-related bNabs; (B) the CD4bs-directed bNabs; (C)
nonneutralizing or non-bNabs; (D and E) an arbitrary MFI value at approximately 900 maximal MFI at the highest MAb concentrations tested (dashed lines)
correlated with the ability of PGT135 and 447-52D to weakly neutralize JRFL pseudovirus. The other MAbs that bind at levels below the observed cutoff MFI
shown cannot neutralize JRFL, a clear correlate of binding with MAb neutralization capacity.
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ing MAbs, such as F105 or the cluster I, gp41-directed MAb,
F240. There appeared to be a semiquantitative level of binding,
roughly exceeding 900 MFI at the highest antibody concentra-
tion used in the assay, which correlated with the ability to neu-
tralize JRFL (Fig. 2D and E).

Binding kinetics to the JRFL gp140-F trimers. As shown in
Fig. 3A, stable and homogenous JRFL gp140-F glycoproteins were
purified from the supernatants of the 293F cells as described pre-
viously. In brief, following lectin affinity chromatography, chela-
tion affinity chromatography, and SEC, the purified gp140-F oli-
gomers were homogenous and trimeric as verified by blue native
PAGE. We sought to determine the recognition of the purified
JRFL gp140-F trimers by selected Env-specific MAbs displaying
neutralizing and nonneutralizing capacity. Therefore, we per-
formed kinetic binding measurements on the JRFL gp140-F trim-
ers captured on the surface of the Octet red probe with selected
monomeric Fabs in solution as analytes. Using this assay format, it
is more straightforward to accurately assess on rate, off rate, and
affinity to trimer Env in the absence of the often confounding
avidity effects when using bivalent IgG as the analyte.

High-affinity binding was observed for the glycan-related
bNab, PGT128, and most of the CD4bs-directed antibodies exam-
ined (Fig. 4). These data suggest that the structure of the Env
critical for binding to these antibodies is intact and in some ways
approximates the native trimeric spike conformation. The on rate
for the Fab derived from CD4i antibody, 17b, was markedly slower
than that for the other Fabs examined, such as the CD4bs-directed
bNabs, VRC01, PGV04, and b12. Therefore, we assessed 17b bind-
ing as a full IgG along with the bNabs PGV04 and VRC03, from
which we had difficulty generating functional Fabs. The 17b bind-
ing results suggest that the JRFL trimers (in a pre-CD4 bound
state) do not well expose the nonneutralizing 17b epitope, which
overlaps with the coreceptor binding site. This binding profile is
consistent with the lack of coreceptor exposure or formation on
the native viral trimer. Furthermore, 17b recognition of the trim-
ers could be induced by sCD4, also consistent with a well-folded
trimer (see Fig. S1 in the supplemental material). However, the
JRFL virus nonneutralizing CD4bs antibodies, F105 and b6 (Fig.
4; see also Table S1 in the supplemental material), efficiently rec-
ognized these trimers, suggesting that the JRFL gp140-F trimers
are not optimal mimetics of the functional spike. This is in con-
trast to the cleaved JRFL cell surface trimers, which display a more
restricted antigenic profile, as shown above.

EP of Env plasmid DNA elicits IgG binding titers that are
boosted by protein trimers. To evaluate the capacity of cleaved
trimers to prime for the elicitation of broadly neutralizing anti-

body responses, we inoculated NHPs at weeks 0, 4, and 8 by elec-
troporation (EP) with plasmid DNA encoding JRFL cell surface,
cleavage-competent Env [pSVIII JRFL(�)�CT]. Plasmid DNA
encoding HIV Tat was coadministered in two ratios relative to the
concentration of the Env plasmid (1:1 and 1:20), since we had not
yet evaluated this parameter in vivo. Tat expression is required for
efficient transcription of the Env structural mRNA from the
HIV-1 LTR promoter used in this vector. Note that both plasmids
would need to enter the same cell following EP to mediate efficient
cell surface JRFL Env expression, another aspect of this approach
not previously evaluated in vivo. In other groups of animals, we
assessed plasmid DNA expressing codon-optimized cell surface
JRFL Env under the control of the CMV promoter and with a
heterologous CD5 leader, a means of Env expression that doesn’t
result in efficient cleavage in vitro. The CMV promoter-driven
plasmid vector expressing soluble JRFL gp140-F trimers was used
to assess priming by the uncleaved soluble gp140 trimers com-
pared to the cell surface gp160 Env. For the latter two plasmids,
Tat expression is not required for efficient transcription and elon-
gation of Env mRNA. The animals in each group received three
DNA inoculations, which for the purpose of this study are consid-
ered a “prime,” before receiving JRFL gp140-F protein trimers as
two boosts in adjuvant. The final group of animals, comprised of
three NHPs, did not receive any Env plasmid DNA priming but
did receive the two inoculations with JRFL gp140-F trimer protein
formulated in adjuvant. Preimmune bleeds were obtained and
analyzed similarly as negative controls for the study, and we also
included 2 NHPs that were inoculated with PBS instead of Env
(see Fig. S5 in the supplemental material).

Following completion of the inoculation regimens, serum
samples were collected from animals 2 weeks after each inocula-
tion of DNA EP and were tested for the presence of antibodies
recognizing JRFL gp140-F protein by ELISA. Virtually no ELISA
binding titers of JRFL gp140-specific IgG antibodies could be de-
tected following the first Env plasmid DNA inoculation (Fig. 5);
however, IgG antibody titers increased after subsequent immuni-
zations in all of the DNA EP-inoculated animals (Fig. 5). Further-
more, the antibody titer increased by approximately 20-fold after
a single JRFL gp140-F trimeric protein boost. Antibody titers in
the sera from the animals inoculated a single time with JRFL pro-
tein trimers were relatively low but detectable (as indicated in Fig.
5, bottom left). These data suggest that DNA priming by EP re-
sulted in JRFL Env expression in vivo and induction of Env-spe-
cific antibody responses. Similar levels of antibody titers were ob-
served in animals that received two inoculations of JRFL gp140-F
trimers (Fig. 5, underlying red curves) and in animals that re-

FIG 3 Purification of JRFL gp140-F trimers. (A) The SEC profile of affinity-purified JRFL gp140-F(His6) trimers; the fractions of the major peak containing the
trimeric proteins are indicated in red. (B) These fractions were pooled and rerun by SEC to confirm that the purity of the JRFL gp140-F proteins were near
homogeneity. (C) The blue native gel analysis of JRFL gp140-F trimers (right lane) with the molecular mass markers (left lane).
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ceived three DNA inoculations followed by two protein boosts,
where the responses were roughly 100-fold-increased over the
three DNA priming inoculations alone.

One concern when presenting the trimeric, cleaved but labile
HIV-1 spike by genetic means is that the spike might dissociate
over time and generate soluble gp120 or gp41 six-helix bundle
remnants on the cell surface. These dissociation products might
then be presented to the immune system and drive irrelevant an-
tibody specificities. We therefore examined if the DNA priming
with the cleaved spikes would generate gp41-directed antibody
responses, indicative of such dissociation events. To test for this
possibility, we examined serum binding to recombinant gp41 by
ELISA and binding to a peptide derived from the immunodomi-
nant cluster 1 region of gp41, an epitope region that is exposed
when gp41 acquires the six-helix bundle conformation. After the
three EP DNA primes, the responses to the recombinant gp41
were detectable but low, perhaps not surprising since the overall
gp140 binding titers were relatively low following DNA inocula-
tion alone (see Fig. S2 to S4 in the supplemental material). After
one protein boost, the cross-reactive gp41 titers increased consid-
erably, and this increased to even higher levels after two protein

boosts. Surprisingly, even though there was detectable overall
gp41 binding elicited following the protein boost, responses to the
cluster 1 peptide, which is quite well recognized by the human
cluster 1 MAb, 7B2, remained low following all JRFL Env trimer
inoculations, although this is reputed to be the most immuno-
genic gp41 epitope during infection.

Neutralization of pseudoviruses by Env-elicited antisera.
Next, we performed analysis of the sera derived from the JRFL
trimer-immunized NHPs by both TZM-bl and A3R5 neutraliza-
tion assays. The TZM-bl assay is a fully validated and standardized
HIV-1 neutralization assay (44); the A3R5 assay (34) is more sen-
sitive and is currently undergoing formal validation. Results from
both assays are summarized in Fig. 5 and 6.

As seen in Fig. 6, in the TZM-bl assay, there was considerable
neutralization detectable against tier 1A viruses. In fact, for some
sera, one can detect neutralization after the three plasmid EP DNA
inoculations alone (see Fig. S5 in the supplemental material).
Comparison of the 50% infective dose (ID50) neutralization val-
ues between the different immunization regimens is shown in Fig.
6 (see Materials and Methods). For ease of visual comparison, the
values are color coded as described. Essentially, the “hotter” the

FIG 4 Binding kinetics of selected Fabs and IgGs to the JRFL gp140-F trimers. Recognition of purified JRFL gp140-F trimeric protein by the Fabs of the
glycan-directed PGT128, the CD4bs-neutralizing VRC01 and b12 and nonneutralizing F105, and the CD4i-directed 17b was assessed by Octet using bio-layer
interferometry; representative curves are shown. We had difficulty generating functional Fabs for the bNabs PGV04 and VRC03, so we assessed binding of the full
IgGs for PGV04 and VRC03 compared to 17b as assessed by Octet bio-layer interferometry as described above.
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color (i.e., red), the more the serum could be diluted and still
inhibit 50% of viral entry. For example, the neutralization activity
increased substantially when the DNA priming was followed by
one protein boost in most animals (see Fig. S5). After the single
protein boost, reasonable titers of neutralization were detected
against the clade B and clade C tier 1 viruses MN, HXBc2, SF162,
BaL, and MW965 in most animals from each of the experimental
groups receiving this regimen (see Fig. S5). As expected, no neu-
tralization was detectable in animals AM18, AP24, and AP33 after
a single protein inoculation, as these animals had not received the
Env plasmid DNA prime. In contrast, most animals inoculated
with DNA three times displayed neutralizing activity following
one protein inoculation that further increased in potency and
breadth following the second protein inoculation (Fig. 7; see Fig.
S5 in the supplemental material). Note that against the more sen-
sitive viruses in the TZM-bl assay, following DNA and two protein
boosts, some ID50 titers approached or exceeded a dilution factor
of 50,000. Additionally, there were substantial titers detected
against the generally more resistant tier 1B isolates, such as S1196
and BaL, against which robust neutralizing responses are not usu-
ally achieved (32). These data suggest that the DNA primed the
animals for elicitation of potent neutralizing antibodies after a
single protein boost, which was boosted further by the second
trimer protein inoculation.

Interestingly, sporadic but modest neutralization activity was
detected against the tier 2 isolates JRFL, SC422, and ZM109 but
only and exclusively in the animals that received the DNA priming
and only following the two additional JRFL trimer protein boosts.
Although the tier 2 neutralization is infrequent, for the six tier 2
viruses analyzed, there is detectable neutralization in 16 of the 66
instances (Fig. 6A, above the black bar). This contrasts to the pro-
tein-alone group in which there was no detectable tier 2 virus
neutralization detected in the 18 cases tested (below the black bar),
and this difference is statistically significant (P � 0.027: Fig. 6B,

left). Compared to our previous immunization studies in NHPs
with recombinant YU2 gp140-F trimers inoculated at shorter
monthly intervals, this is the first time that we have observed this
level of neutralization in the TZM-bl assay against the more resis-
tant tier 2 isolates (32). If one evaluates the data by each group
individually, there is a statistically significant difference between
groups (P � 0.022), but this difference cannot be attributed to any
specific regimen (see Fig. S6 in the supplemental material). Note
that no apparent difference was observed between the non-codon-
optimized env DNA and the codon-optimized env cell surface or
genes encoding the soluble JRFL gp140-F trimers each used for
priming the Env-specific B cell responses. Additionally, if we com-
pared JRFL trimer-elicited neutralization to YU2 trimer-elicited
neutralization in the TZM-bl assay, the JRFL trimers also gener-
ated higher titers for several clade B isolates (P 	 0.0001) and one
clade C isolate (see Fig. 6B).

Encouraged by detectable tier 2 neutralization in the TZM-bl
assay, we next analyzed the serum neutralization capacity against
several tier 2 isolates in the more sensitive A3R5 assay. In the A3R5
assay, we observed much more potent and consistent neutraliza-
tion of both tier 2 clade B and tier 2 clade C HIV-1 isolates and one
tier 1 clade isolate, CAP45 (Fig. 7; see also Fig. S7 in the supple-
mental material). This tier 2 neutralization activity was not depen-
dent upon DNA priming, as such neutralization was observed
even in the three NHPs that received two protein inoculations in
adjuvant without prior Env DNA inoculation. Note that, impor-
tantly, and to place the A3R5 neutralization results in context, the
responses that are reported here, measured against tier 2 viruses in
the same A3R5 assay and performance laboratory, are superior to
the responses detected in immune sera generated from human
clinical trials of Env candidates, including those assessed in
Vax003 and RV144 (34). For the latter human clinical trial, which
resulted in modest efficacy of protection (47), there was essentially
no detectable neutralization of tier 2 isolates generated from vac-
cinee sera (34). Similarly, the primate neutralizing responses elic-
ited by the JRFL trimers as reported here exceeded those generated
in both the Vax004 and HVTN 049 human clinical trials (D. Mon-
tefiori, personal communication).

To assess further the context of the JRFL trimer-elicited A3R5
tier 2 neutralizing activity, we compared neutralizing activity that
we had previously elicited by 5 inoculations of the YU2 gp140-F
trimers formulated in adjuvant into NHPs (32). As seen in the Fig.
7B scatter plot comparisons, the sera elicited by 5 inoculations of
the JRFL trimers displayed significantly higher geometric mean
titers (GMT) than did the YU2 trimers when analyzed on the same
virus isolates (P � 0.037 for clade B and P � 0.003 for clade C),
suggesting that the JRFL trimers elicit more potent neutralizing
titers of the tier 2 isolates examined. The precise neutralization
titers elicited by the YU2 gp140-F trimers in the A3R5 assay used
to generate the scatter plot in Fig. 7 are shown in Fig. S8 in the
supplemental material.

JRFL trimer-elicited A3R5 tier 2 neutralization maps to the
HIV-1 CD4bs. In our previous NHP studies, we were able to map
neutralization elicited by the YU2 gp140-F trimers to the CD4bs
using the HXBc2 virus (32, 48), which we confirmed with selected
sera in our current study. To expand this analysis, we sought to
determine if any of the regimens used here elicited CD4bs-di-
rected Nab responses against a tier 2 isolate in the A3R5 assay. To
detect CD4bs-directed neutralization, we performed differential
protein competition assays using a system previously described

FIG 5 ELISA binding titers to JRFL gp140-F trimers elicited by DNA EP of cell
surface trimers and protein boosting. The presence of anti-Env-specific anti-
body in serum samples derived from the trimer-inoculated NHPs was detected
by binding to trimeric JRFL gp140-F immobilized to the solid phase by ELISA.
The sera from NHPs inoculated with PBS were included as negative controls
(A034 and AP05), and there was no detectable binding of prebleed sera. Top
left and right panels depict the ELISAs performed with antisera collected after
1 and 3 EP DNA immunizations, respectively. The bottom left and right panels
show the results of ELISA performed with antisera collected after 3 DNA im-
munizations followed by 1 and 2 trimeric protein boosts, respectively. The
symbols and the animal numbers shown on the right designate the individual
NHPs from which serum was isolated.
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FIG 6 TZM-bl ID50 values from the sera of trimer-inoculated NHPs. (A) ID50 neutralization values compared to the corresponding prebled sera of different groups of
immunized NHP sera were tested against HIV-1 isolates in a standard TZM-bl assay. Lower-dose values were obtained with sera collected after 3 DNA inoculations, and
increasingly higher neutralization titers were obtained with sera collected after 1 protein boost or 2 protein boosts. ID50 values from 50 to 99 are coded in yellow, those
from 100 to 999 are highlighted in orange, and the values above 1,000 are marked in red. Neutralization values above the black bar are derived from DNA-primed, trimer
protein-boosted animals, whereas values below the black bar are derived from animals immunized with trimer protein alone. Sera derived from PBS-inoculated animals
were used as negative controls for HIV-1 neutralization specificity, and the sera derived from Env-inoculated animals was confirmed not to neutralize virus pseudotyped
with murine leukemia virus (MuLV) Env (see Fig. S5 in the supplemental material). (B) Left, scatter plot of ID50 values comparing 2 JRFL trimer protein-elicited
neutralization values to 3 DNA and 2 trimer protein-elicited neutralization values. Right, scatter plot comparing JRFL trimer-elicited titers (2 and 5 inoculations) to YU2
gp140-F trimer-elicited titers after 5 inoculations (short intervals of 1 month) on viruses MN, HXBc2, SF162, BaL, SS1196, JRFL, YU2, 6535, and MW965. The plotted
JRFL values are derived from the data shown in panel A, and the YU2 trimer-elicited TZM-bl titers were previously described (32). The horizontal bars indicate the
geometric mean of the ID50 values.
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FIG 7 Tier 2 A3R5 ID50 values from the sera of trimer-inoculated NHPs. (A) ID50 neutralization values of JRFL Env-immunized NHP sera were tested against tier 2
HIV-1 isolates and one tier 1 isolate (CAP45) in the A3R5 assay. IC50s from 20 to 99 are coded in yellow, and those from 100 to 999 are highlighted in orange, and the
values above 1,000 are marked in red. Neutralization values above the black bar are derived from DNA-primed, trimer protein-boosted animals, whereas values below
the black bar are derived from animals immunized with trimer protein alone. Sera from the PBS-inoculated animals and prebleed sera were used as negative controls for
neutralization specificity. (B) Scatter plot of A3R5 ID50 values comparing JRFL-elicited sera following 5 inoculations (3 DNA and 2 protein) to YU2 trimer protein-
elicited antisera following 5 inoculations of protein for the five viruses tested: SC22, RHPA, CH58, Ce1086, and DU151 (see the numeric values in Fig. S7 in the
supplemental material). The horizontal bars indicate the geometric mean of the ID50 values.
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that employs modified gp120 core glycoproteins (39). In brief, we
used a pair of probes, TriMut and TriMut 368/370 gp120 cores,
which contain three mutations in the gp120 bridging sheet region
[423(I/M), 425(N/K), and 431(G/E)] that eliminate CD4 binding
but do not affect recognition by any of the known CD4bs antibod-
ies (39, 49). Because the TriMut core proteins are rendered CD4
binding defective by these modifications, they can be directly
added into the HIV entry assay and do not interfere with the
CD4-dependent virus entry process. The first probe, TriMut 368/
370, contains two additional mutations in the CD4 binding loop
[368(D/R) and 370(E/F)] which specifically eliminate recognition
by most, but not all, CD4bs-directed antibodies. Recognition by
all known CD4bs MAbs can be eliminated by a third change in the
CD4 binding region at residue 474 (50), which was used to gener-
ate TriMut 368/370/474. Specificity to detect CD4bs-directed
neutralization by direct addition to the neutralization assay was
verified using VRC01, a broadly neutralizing human antibody di-
rected to CD4bs. For each serum sample, three neutralization as-
says were performed with TriMut, TriMut 368/370, or cell-culture
medium (mock) added to the neutralization assay. As a control,
and as seen, VRC01-meditated neutralization of SC22 could be
absorbed by the TriMut core but not by the TriMut 368/370 or
TriMut 368/370/474 cores, validating the differential neutraliza-
tion absorption process (Fig. 8A). Using this assay with the tier 2

isolate, SC22, CD4bs-directed neutralization of selected sera was
mapped to the CD4bs by this differential absorption process (Fig.
8). Note that in serum sample AL74, the TriMut core could adsorb
out all neutralization; however, following 368/370 adsorption,
some residual neutralization remained, indicating some of the
activity was directed against this site. The 368/370/474 failed to
adsorb out any neutralization, indicating that for most sera tested,
neutralization at the CD4bs is 368/370 focused; however, for this
serum sample, there was some activity also directed against the
474 residue-containing portion of the general CD4 binding re-
gion.

DISCUSSION

In this study, we assessed the capacity of HIV-1 Env trimers based
upon the primary isolate, JRFL, to elicit broadly neutralizing an-
tibodies in primates. Thereby, we inoculated NHPs with DNA
encoding fully cleaved cell surface JRFL trimers to preferentially
elicit B cells bearing B cell receptors capable of accessing conserved
and shielded neutralizing epitopes on these cleaved spikes. In con-
trast to two forms of cell surface JRFL Env, we also included a
DNA prime consisting of soluble, uncleaved gp140-F trimers. We
then boosted the DNA-primed Env-specific antibody responses
by two inoculations of soluble JRFL spikes administered in adju-
vant. Interestingly, infrequent but detectable tier 2 neutralizing
activity was observed in the TZM-bl assay, and this activity was
dependent upon plasmid DNA priming and the longer interval
used in this prime-boost regimen than the shorter regimen con-
sisting of two protein inoculations alone. The tier 2 neutralizing
capacity of the elicited sera did not appear to be dependent upon
priming with cell surface-cleaved JRFL Env, as priming with sol-
uble trimer DNA also generated such activity. Consistent with
these data, previous studies have demonstrated improved neutral-
ization following HIV-1 Env DNA prime-protein boost regimens
compared to inoculation of Env gp120 protein alone (51–55). In
the more sensitive A3R5 assay, we observed high to modest tier 2
neutralization of all clade B and clade C isolates tested in the serum
of most trimer-inoculated animals. However, A3R5-detectable
neutralizing activity was not dependent upon Env DNA priming,
as two inoculations with the soluble JRFL trimers alone elicited
such activity, which was superior to our previous study using
YU2-foldon trimers. This improvement might be due to the lon-
ger prime-boost interval, the Adjuplex adjuvant used in the cur-
rent study, or the strain differences in the derivation of the Env
trimers.

The binding data of the cell surface JRFL trimers presented in
Fig. 2 reinforce our previous observations that these cleaved trim-
ers are selectively recognized by bNabs but not by nonneutralizing
or non-broadly neutralizing, gp120-specific MAbs. This associa-
tion implies that the neutralizing antibodies have relatively rapid
on rates and relatively slow off rates to the functional spike com-
pared to those of the non-bNabs and the nonneutralizing MAbs.
That MAb recognition above the threshold level identified in our
binding analysis (Fig. 2B) correlated with general neutralization
capacity of these antibodies supports the notion that MAb recog-
nition of the cleaved JRFL cell surface trimers is essentially a sur-
rogate binding assay that can predict neutralization capacity of
gp120-directed MAbs.

The binding kinetics of selected Fabs and IgGs to the soluble JRFL
gp140-F trimers presented in Fig. 4 indicated that the JRFL trimers
possess some properties consistent with the native Env spike. How-

FIG 8 CD4bs mapping of selected NHP sera. Shown are differential protein
inhibition curves of neutralization using the TriMut core containing the triple
mutations (I423M, N425K, and G431E), TriMut 368/370 core containing two
additional mutations (D368R and E370F), and a third TriMut 368/370/474
core containing the 368/370 and 474 mutations as designated. The different
protein probes were serially diluted and added to the MAb or serum to either
a fixed concentration of VRC01 (top) or a fixed dilution of sera. Following
incubation, the mixtures were assessed in the neutralization assay to determine
the capacity to block the neutralization either by no protein (blank) or TriMut
core or the CD4bs knockout cores TriMut 368/370 or TriMut 368/370/474.
The differential protein inhibition effects were evaluated by the extent of neu-
tralization detected in the A3R5 assay.
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ever, that these trimers are recognized by nonneutralizing antibodies
F105 and b6 indicates that these trimers are not optimal mimetics of
functional, cleaved Env spikes. However, our hypothesis was that
since we primed B cell responses with the cleaved spikes by DNA EP,
which presents only epitopes recognized by the bNabs, such cell sur-
face-presented trimers might activate B cells possessing antibody
specificities capable of penetrating the spike shields, which can be
expanded upon boosting with the soluble trimers even if they are less
faithful mimics of the functional spike. That Env proteins expressed
from the non-codon-optimized cleavage-competent Env vector,
which is cleaved in 293T cells, and the codon-optimized cleavage
competent Env, which is not cleaved in 293 cells, were roughly equiv-
alent suggests that the role of Env cleavage in this study requires fur-
ther investigation. A recent study demonstrates more complete
gp160 precursor cleavage in human osteosarcoma (HOS) cells com-
pared to expression of the same Envs in 293 cells, indicating that in the
muscle cells transfected in vivo by EP, there could be more precursor
cleavage ongoing than anticipated from our in vitro data (56, 57).

The ELISA binding data shown in Fig. 5 clearly demonstrate
that the EP DNA trimer priming elicits Env-specific binding titers,
beyond the usual capacity of plasmid DNAs delivered by other
means, such as needle injection of DNA or gene gun delivery (57).
These other DNA delivery means prime B cell responses that can
be boosted by subsequent protein inoculation, but with lower ti-
ters than detected here. That two proteins in adjuvant elicited
similar binding titers to a single boost of protein primed by DNA
suggested that a DNA prime was essentially equal to a protein
prime at the quantitative level of binding antibodies, as has been
observed in several other studies using a similar DNA prime-pro-
tein boost format (51–55).

The neutralization data presented in the validated TZM-bl as-
say, in contrast with the neutralization data presented in the A3R5
assay, are the most critical results that are comparatively assessed
in this study. A recent previous report analyzing antisera gener-
ated by repeated clade C trimer inoculation into guinea pigs also
reported detectable clade C-matched tier 2 neutralizing activity in
the A3R5 assay (58), consistent with the cross-clade neutralization
observed in our current study. The current JRFL trimer-elicited
titers exceeded previous peak neutralization detected in the A3R5
assay in the modestly successful human clinical trial RV144 and
the higher responses in the nonefficacious trial, Vax003 (34). Al-
though there are many different variables between the human
clinical trials and the primate preclinical study described here, the
comparative data performed in the same laboratory with sera
from each of the studies provide some context to interpret the
JRFL Env-elicited A3R5 neutralization data. In the analysis of
these previous studies, the short-lived kinetics of the response to
Env was also examined. Here, we did not examine the durability of
the B cell response; however, in similar Env immunogenicity stud-
ies, gp120-directed antibody responses did wane over time (59)
and would be expected to do so as well here.

One interesting observation is that although the binding titers
elicited by the three DNA priming inoculations were of relatively
low magnitude, in a few sera, HIV-1 neutralization could be de-
tected. This indicates that although EP of plasmid DNA may not
elicit antibodies of high magnitude, the level of neutralizing activ-
ity might be higher relative to the elicited quantitative binding
titers. These results suggest that priming with plasmid DNA ex-
pressing cleaved, cell surface-presented (JRFL) trimers, which se-
lectively present broadly neutralizing determinants, might more

efficiently promote neutralizing antibodies, especially if this
means of presentation can be rendered more immunogenic. How-
ever, as noted previously, priming with DNA encoding uncleaved
gp140-F trimers, followed by protein boosting, also elicited de-
tectable tier 2 neutralizing activity. Finally, mapping studies indi-
cate that for the tier 2 clade B isolate, SC22, most of the neutraliz-
ing activity could be mapped to the CD4bs, consistent with our
previous study where approximately 10% of the B cell response to
the YU2 gp140-F trimers is directed toward this region (33). Such
results bode well for eliciting neutralizing antibodies against this
conserved neutralizing surface of HIV-1 Env.

In sum, this study presents interesting results in the so far gen-
erally futile quest to elicit broadly neutralizing HIV-1 antibodies
by Env vaccination into small animals or primates. The results
suggest, consistent with previous studies (36, 51, 52, 54, 55), that
genetic priming with Env DNA to the primate immune system
may enhance the ability of soluble spike Env mimetics to elicit tier
2 broadly neutralizing antibodies. And that perhaps one pathway
forward would be to enhance the immunogenicity of the Env
prime by, for example, presenting more stable and antigenically
well-structured Env trimers to the B cell immune repertoire.
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