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The antibody responses elicited in rhesus macaques immunized with soluble human immunodeficiency virus
(HIV) Env gp140 proteins derived from the R5-tropic HIV-1 SF162 virus were analyzed and compared to the
broadly reactive neutralizing antibody responses elicited during chronic infection of a macaque with a simian/
human immunodeficiency virus (SHIV) expressing the HIV-1 SF162 Env, SHIV;,.p4 and humans infected
with heterologous HIV-1 isolates. Four gp140 immunogens were evaluated: SF162gp140, AV2gp140 (lacking
the crown of the V2 loop), AV3gp140 (lacking the crown of the V3 loop), and AV2AV3gp140 (lacking both the
V2 and V3 loop crowns). SF162gp140 and AV2gp140 have been previously evaluated by our group in a pilot
study, but here, a more comprehensive analysis of their immunogenic properties was performed. All four gp140
immunogens elicited stronger anti-gp120 than anti-gp41 antibodies and potent homologous neutralizing
antibodies (NAbs) that primarily targeted the first hypervariable region (V1 loop) of gp120, although
SF162gp140 also elicited anti-V3 NAbs. Heterologous NAbs were elicited by SF162gp140 and AV2gp140 but
were weak in potency and narrow in specificity. No heterologous NAbs were elicited by AV3gp140 or
AV2AV3gp140. In contrast, the SHIVgg,4,p,-infected macaque and HIV-infected humans generated similar
titers of anti-gp120 and anti-gp41 antibodies and NAbs of significant breadth against primary HIV-1 isolates,
which did not target the V1 loop. The difference in V1 loop immunogenicity between soluble gp140 and
virion-associated gp160 Env proteins derived from SF162 may be the basis for the observed difference in the

breadth of neutralization in sera from the immunized and infected animals studied here.

The envelope gene of the human immunodeficiency virus
type 1 (HIV-1) encodes the viral envelope glycoprotein gp160,
which mediates the binding and fusion of the virus with target
cells. The functional form of the HIV envelope glycoprotein
(Env) on the surface of infectious virions is believed to be a
trimer (12, 52, 94), although nonfunctional forms of Env are
also present on the virion surface (60). HIV Env is the target
of neutralizing antibodies (NAbs), and several passive antibody
infusion studies have indicated that the presence of high titers
of NAbs directed to the challenge virus at the time of viral
exposure can protect from infection (41, 56, 57, 68, 78). There-
fore, the design of HIV Env-derived immunogens capable of
eliciting relevant NAb responses could greatly benefit HIV
vaccine efforts.

Soluble mimics of the Env trimer comprising all of gp120
and the extracellular portion of gp41, termed gp140, have been
engineered and tested as immunogens in an attempt to elicit
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NAbs (1, 3, 7, 13, 21-23, 26, 27, 34, 35, 46, 49, 53, 80, 92).
Opverall, these constructs appear to be more effective in elicit-
ing cross-reactive NAb responses than soluble monomeric
gp120 immunogens (1, 3, 23, 34, 46, 49, 92), but the breadth of
neutralizing responses elicited by the currently available solu-
ble gp140 trimers is still limited. Several groups, including ours,
are attempting to engineer soluble gp140 constructs on which
the immunogenicity of the most variable Env regions, those
against which NAbs with narrow breadth of activity are be-
lieved to be elicited, is eliminated or greatly reduced while the
immunogenicity of conserved regions is increased (1, 14, 17,
24, 28, 36, 39, 40, 43, 44, 47, 50, 51, 53-55, 59, 66, 67, 72, 77).
Although it is hoped that a reduction in the immunogenicity of
the more variable regions of Env will result in a concomitant
increase in the immunogenicity of the more conserved regions
against which cross-reactive NADbs are elicited, this has not yet
been achieved. Furthermore, it is not possible to accurately
predict the immunogenic properties of particular HIV Env
regions by their antigenic properties (14, 50, 51, 77).

To increase our understanding of the relationship between
epitope presentation and immunogenicity on HIV Env immu-
nogens, an iterative approach in which the immunogenic prop-
erties of newly designed HIV Env immunogens are correlated
with their structural and biophysical properties is required. To
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this end, we and others have been immunizing animals with
gpl40 proteins and analyzing the potency, breadth, and
epitope specificities of the NAbs elicited (3, 49, 77, 80).

We previously reported on the engineering as well as the
antigenic and immunogenic characterization of soluble tri-
meric gp140 proteins derived from the R5-tropic HIV-1 SF162
virus (1, 80). SF162 was chosen because it is highly susceptible
to neutralization by broadly reactive NAbs (74), suggesting
that the epitopes these NAbs recognize are efficiently exposed
on SF162 Env, and immunization with SF162 Env-derived con-
structs may result in the generation of such NAbs. In a pilot
study, SF162gp140 and a derivative lacking part of the second
variable region (V2), termed AV2gp140, both elicited homol-
ogous NADs in rabbits and macaques as well as NAbs against
certain heterologous HIV viruses, including primary HIV-1
isolates (1). Our initial analysis indicated that a portion of the
antibodies elicited by these two gp140s bound linear epitopes
in the V3 loop (80). Because those pilot studies were con-
ducted with a small number of animals and the overall heter-
ologous NAD responses were weak and narrow in breadth, we
wanted to confirm the findings in a larger number of animals as
well as expand the studies by including gp140 constructs with
additional modifications. We hypothesized that the elicitation
of linear anti-V3 antibodies might explain the limited breadth
of neutralization of those immune sera. Therefore, in the cur-
rent study, we engineered two additional gpl140 constructs
lacking the V3 loop: one derived from SF162gp140, termed
AV3gp140, and the second derived from AV2gp140, and
termed AV2AV3gpl140. We reevaluated the immunogenic
properties of SF162gp140 and AV2gp140 in greater detail and
compared them to the immunogenic properties of AV3gp140
and AV2AV3gp140.

The breadth of neutralization and epitope specificity of the
antibodies elicited by these four immunogens were also com-
pared to those of antibodies elicited in a macaque infected with
the simian/human immunodeficiency virus SHIVgg¢op4 (8),
which expresses an Env similar to the HIV-1 SF162 Env. This
animal developed broadly reactive NAbs during the course of
infection, suggesting that the SF162 Env is capable of eliciting
such NAbs. We also compared the epitope specificity of pooled
human serum immunoglobulin G (IgG) from patients infected
with heterologous HIVs, which generated cross-reactive NAb
responses, to that of the above-mentioned gpl140-immunized
and SHIV g, 4,p4-infected macaque. Such a comparative anal-
ysis may assist in the design of improved gp140 immunogens.

MATERIALS AND METHODS

Cells. Human embryonic kidney 293T cells and the U87 human astroglioma
cell line expressing human CD4 and CCRS were cultured in complete Dulbecco’s
minimal essential medium (DMEM) as previously described (74). The HeLa-
derived TZM-bl cell line (from David Montefiori, Duke University, Durham,
NC), stably expressing human CD4, CCRS, and CXCR4 and containing cassettes
for beta-galactosidase and firefly luciferase (Luc), both under control of the
HIV-1 long terminal repeat, was cultured in complete DMEM. The canine
thymocyte cell line CF2.CD4Th.CCRS5 (25) was cultured in complete DMEM
supplemented with G418 (0.6 mg/ml) and hygromycin (0.15 mg/ml).

Antibodies. Reagents recognizing the CD4-binding site (CD4BS) were CD4-
1gG (PROS542), obtained from Progenics Pharmaceuticals Inc. (Tarrytown, NY);
the monoclonal antibodies (MAbs) IgG1b12 and IgG1b6, both provided by
Dennis Burton (The Scripps Research Institute, La Jolla, CA) (9); and F105,
obtained through the AIDS Research and Reference Reagent Program (ARRRP),
Division of AIDS, NIAID, NIH, from Marshall Posner (70, 86). MAb 17b,
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directed to a CD4-induced (CD4i) epitope (85), and the anti-V3 MAb LE311
were provided by James Robinson (Tulane University, New Orleans, LA). The
anti-V1 MAb P3C8 was isolated from a mouse immunized with AV2gp140, and
the anti-V3 MAb P3E1 was isolated from a mouse immunized with SF162gp140
(Derby and Stamatatos, unpublished data). The human anti-V3 MAb 447D (18,
29, 33) was provided by Susan Zolla-Pazner and Mirek Gorny (New York
University, New York, NY). Fab X5 (61) was provided by Dimiter Dimitrov
(National Cancer Institute, Frederick, MD). The anti-V2 MAb G3.4 was pro-
vided by Michael Fung (Tanox, Houston, TX) (38). Anti-gp41 MAbs 2F5 and
4E10 (96) were obtained through the ARRRP, as were MAb 2G12, directed to
a complex glycan epitope on gp120 (73, 75), and the HIV-positive IgG pool
(HIVIG). Four-domain soluble CD4 (sCD4) was from Chiron Co.

Proteins and peptides. Purified monomeric SF162gp120, trimeric SF162gp140,
and trimeric AV2gp140 proteins were provided by Chiron Co. The HxB2 gp41
ectodomain lacking the fusion peptide, membrane-spanning, and cytoplasmic
domains was purchased from Viral Therapeutics (Ithaca, NY). Chimeric proteins
(CP) containing the V3 loop of JR-CSF (V3-CP) or the V1V2 region of SF162
(V1V2-CP) on the backbone of the murine leukemia virus (MLV) envelope
glycoprotein gp70 (45) were provided by Abraham Pinter (Public Health Re-
search Institute, Newark, NJ).

Peptides derived from the V1 and V2 variable regions of the SF162 Env as well
as a scrambled V3 peptide were purchased from Sigma-Genosys (The Wood-
lands, TX). An SF162 V3 peptide was provided by Chiron Co., and V4 and V5
peptides, derived from the SHIV g 4,p3 Env, were obtained through the ARRRP.
Two gp4l peptides derived from the epitopes of MAbs 2F5 and 4E10 were
provided by John Mascola and Richard Wyatt (VRC/NIH, Bethesda, MD). The
sequences of all above-mentioned peptides are as follows: V1 whole, represent-
ing the sequence of the V1 loop between the cysteines, TNLKNATNTKSSNW
KEMDRGEIK; V2 N terminus, representing the amino-terminal side of the V2
loop, TTSIRNKMQKEYALF; V2 C terminus, representing the carboxy-termi-
nal side of the V2 loop, YKLDVVPIDNDNTSY; V2 base, representing the five
amino-terminal and five carboxy-terminal amino acids of the V2 loop linked by
the GAG tripeptide as is present on the SF162AV2 Env (81), CSFKVGAGKL
INC; V3 crown, representing the 14 central amino acids of the V3 loop, CTRK
SITIGPGRAFYC; V3 scramble (used as a control), TRKSFYATPGRAITIG;
seven overlapping peptides spanning the V4 loop of SHIVgg6,p3, Which has a
sequence identical to HIV-1 SF162, CGGEFFYCNSTQLFN, FFYCNSTQLFN
STWN, NSTQLENSTWNNTIG, LENSTWNNTIGPNNT, TWNNTIGPNNTN
GTI, TIGPNNTNGTITLPC, and NNTNGTITLPCRIKQ; six overlapping pep-
tides spanning the V5 loop of SHIVgg;62p3, IRCSSNITGLLLTRD, SNITGLL
LTRDGGR(K)E, GLLLTRDGGR(K)EV(I)G(S)NT, TRDGGR(K)EV(I)G(S)
NTTEIF, GR(K)EV(I)G(S)NTTEIFRPGG, and G(S)NTTEIFRPGGGDMR
(these sequences differ from that of HIV-1 SF162 at the amino acids indicated in
parentheses, which are those found in SF162 preceded by the amino acid found
in SHIVgg42p3); peptide spanning the epitope of MAb 2F5, NEQELLELDKW
ASLWN; and peptide spanning the epitope of 4E10, NWFDITNWLWYIRKKK.

Generation of AV3gp140 and AV2AV3gp140 DNA constructs. The generation
of pEMC* DNA vectors encoding SF162gp140 and the derivative AV2gp140 has
been described previously (1, 82), as has the construction of the gp160 versions
of SF162 and AV?2 lacking the crown of V3, termed AV3 and AV2AV3, respec-
tively (74). gp140 versions of AV3 and AV2AV3 were generated by introducing
two stop codons immediately upstream of the transmembrane region of gp41.
For each construct, two versions were engineered: gp140C (used during the
DNA phase of immunization; see below), in which the cleavage site between
gp120 and gp41 remained intact, and gp140F (used during recombinant Env
immunization; see below), in which the cleavage site was eliminated by site-
directed mutagenesis to aid in protein stability for purification (79).

The templates for the AV3 mutagenesis were the above-mentioned “cleaved”
and “fused” forms of SF162gp140 and AV2gp140 in pUC18 vectors. Each gp140
insert was flanked by a 5’ Nhel site and a 3’ Clal site, which were used for
subsequent subcloning into the pEMC* vector. To create the 21-amino-acid V3
deletion while introducing the Gly-Ala-Gly (GAG) tripeptide linker in its place,
a forward primer, AV3F (5'-CAATAATGGAGCTGGAGATATAAGAC AAG
CAC-3'), and a reverse primer, AV3R (5'-TATATCTCCAGCTCCATTATTG
TTAGGTCTTG-3"), which overlapped the deletion and introduced GAG
(shown in the primer sequence by the underlined nucleotides), were designed.
Two separate first-round PCRs were performed (reactions A and B). In reaction
A, primer AV3R and an outer forward primer at the 5’ end of gp140, gp160F
(5'-GGACCATAGTGTACATAGAATACAG-3"), were used, and in reaction
B, AV3F and an outer reverse primer at the 3’ end of gp140, env8R (5'-CACA
ATCCTCGCTGCAATCAAG-3'), were used. These reactions generated sepa-
rately the 5’ and 3’ halves of each gp140 construct. In the second round of PCR,
the products of the two first-round PCRs were combined and amplified with
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primers gpl160F and env8R to generate full-length gp140 constructs. These final
PCR products were ligated into TOPO TA cloning vectors, digested with Nhel
and Clal, and subcloned into the pEMC* expression vector (15). All of the
mutagenesis reactions were performed using the Expand High Fidelity PCR
system (Roche). Following mutagenesis, the entire gp140 was sequenced to
verify the introduction of the desired deletions and the absence of any additional
mutations. For immunization, an endotoxin-free GIGA prep kit (QIAGEN,
Valencia, CA) was used to generate sterile endotoxin-free preparations of each
gp140C and control plasmid.

Protein expression and Western blotting. 293T cells were transiently trans-
fected with 5 pg of pPEMC* DNA vectors expressing SF162gp140, AV2gp140,
AV3gp140, or AV2AV3gp140 as previously described (82). In some cases, the
cells were cotransfected with 5 ug of a plasmid encoding the cellular cleavage
enzyme furin (5). Supernatants were collected 48 h posttransfection.

Transfection supernatants were subjected to electrophoresis on 6% Tris-gly-
cine gels (Invitrogen). Proteins were transferred to Immobilon P membranes
(Millipore, Billerica, MA), blocked, and probed with the mouse anti-V1 MAb
P3C8 (1 pg/ml) or the human anti-gp41 MAb 2F5 (2 pg/ml) overnight at 4°C.
Membranes were incubated with goat anti-mouse IgG (heavy plus light chains)-
horseradish peroxidase (1:5,000; Bio-Rad, Hercules, CA) or goat anti-human
1gG (heavy plus light chains)-horseradish peroxidase (1:3,000; Bio-Rad) antibod-
ies and washed, and protein bands were visualized by enhanced chemilumines-
cence (Amersham, Piscataway, NJ).

Production and purification of gp140 proteins for immunization purposes.
Purification of SF162gp140F and AV2gpl40F trimeric proteins has been de-
scribed previously (79). Similar methods were used to purify the AV3gp140F and
AV2AV3gpl40F proteins. Briefly, suspension-adapted 293T cells were trans-
fected with pEMC* vectors encoding AV3gp140F or AV2AV3gp140F. gp140
proteins in the supernatants were purified first on Galanthus nivalis lectin-
agarose and then on DEAE resin. Eluted trimeric gp140-containing fractions
were pooled, concentrated, and size fractionated on a Superdex-200 column
(Pfizer Pharmacia, New York, NY) (79).

Antigenicity of purified gp140Fs by ELISA. Epitope exposure on the purified
trimeric gp140 proteins was determined by enzyme-linked immunosorbent assay
(ELISA) according to the previously described protocol (80).

Macaques. All animals in this study were Indian rhesus macaques. Those
immunized with AV3gp140 (n = 3) or AV2AV3gp140 (n = 3) or mock immu-
nized (n = 3) were housed at the Tulane National Primate Research Center
(Covington, LA). Those immunized with SF162gp140 (n = 6) and AV2gp140
(n = 6) were part of a separate challenge study (91) and were housed at the
Washington National Primate Research Center (Seattle, WA). The macaque
that was chronically infected with SHIVgg 4,p, (animal C640) was previously
described by our group (8).

Immunization protocol. All macaques were immunized by the DNA prime
plus protein boost vaccination method as previously described (1, 8, 91). Animals
received three monthly immunizations with 2 mg of DNA encoding the appro-
priate gp140C (or the empty vector for mock immunizations) in 1 ml of endo-
toxin-free water. The DNA was delivered both intramuscularly (0.8 mg at two
sites in the quadriceps muscle) and intradermally (0.2 mg at two sites). Following
the third DNA immunization (7 months for the SF162gp140 and AV2gp140
groups and 12 months for the AV3gp140, AV2AV3gp140, and mock groups), the
animals were immunized intramuscularly in the deltoids with 0.1 mg of the
corresponding recombinant purified soluble gpl40F proteins emulsified in
MF-59 adjuvant (Chiron) in a final volume of 0.5 ml per animal. During recom-
binant protein boost, the SF162gp140- and AV2gp140-immunized animals were
also immunized a fourth time with DNA vectors. The AV3gpl40 and
AV2AV3gp140 animals were immunized with the recombinant protein alone.
The mock-immunized group received adjuvant alone. At the time of each im-
munization as well as intermittently in the time between the DNA and protein
phases of immunization, the animals were bled, and the plasma was isolated and
stored at —80°C. Before use, plasma was heat inactivated for 1 h at 56°C and
centrifuged at 16,000 X g for 10 min. At 2, 4, and 6 weeks after protein boost,
serum rather than plasma was similarly isolated and stored at —80°C until use.

Purification of IgG from macaque serum. Heat-inactivated sera (preimmuni-
zation and from 2 weeks after recombinant protein boost) from macaques in
each group were pooled, and the serum IgG was isolated by affinity purification
on protein A/G agarose (Pierce) columns according to the manufacturer’s in-
structions. IgG was eluted using imidazole, pH 2.0 (Pierce). The binding of each
fraction to SF162gp140 was determined by ELISA, and the anti-SF162gp140
IgG-containing fractions were pooled, diluted 2,000-fold in phosphate-buffered
saline (PBS), and concentrated by centrifugation through an Amicon Ultra-15
50-kDa-cutoff filter (Millipore). The concentration of the final product was
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determined by UV absorbance at 280 nm in comparison with a bovine gamma
globulin standard (Bio-Rad).

Determination of anti-Env binding antibody titers. Relative endpoint serum
antibody titers were determined by ELISA as previously described (1, 80, 91)
on plates coated overnight with SF162gp120, HxB2 gp41, V1V2gg4,-CP, or
V3,r.csp-CP proteins (50 ng/well in 100 mM NaHCO3) at room temperature or
with peptides derived from the gp120 variable regions or the gp41 epitopes for
2F5 and 4E10 (100 ng/well in 200 mM NaHCO3;) at 37°C. Relative endpoint
antibody titers were determined by subtracting twice the preimmunization or
preinfection optical density at 490 nm (OD,q,) from the postimmunization or
postinfection OD,q, at each serum dilution and determining the serum dilution
at which the resulting value was zero.

Production of single-round-competent viruses. Luciferase reporter viruses ca-
pable of only a single round of replication were generated as previously described
with a few minor modifications (74). 293T cell transfections were performed
using the Gene Juice transfection reagent (Invitrogen). In most cases, viruses
were concentrated through an Amicon Ultra-15 100-kDa-cutoff filter (Millipore)
to enhance the infectious titer per milliliter. Pseudovirus p24 content was assayed
using a kit from the NIH ARRRP.

Single-round-competent virions that expressed the following Env proteins
were generated: SF162, 89.6, ADA, JRFL, and YU2 (all isolates from chronic
infection) and 6535, SS1196, REJO, and RHPA (primary isolates collected
within 3 months following HIV infection [48]). Pseudoviruses expressing an
SF162 Env with mutations in the 2F5 and 4E10 epitopes (A2F5.4E10 Env,
provided by John Mascola and Richard Wyatt) that abrogate the binding of the
corresponding MAbs were also generated. Single-round-competent virions ex-
pressing the unrelated amphotropic MLV Env were also generated and used as
negative controls in neutralization assays. Finally, pseudoviruses that did not
express an Env protein (Aenv) were generated and used as negative controls
during virus-cell entry assays.

Neutralization assays. TZM-bl cells (3 X 10 cells in 100 ul of medium) or
U87 CD4 CCRS cells (7 X 10? cells in 100 pl of medium) were seeded in 96-well
flat-bottomed tissue culture plates (Corning) and allowed to adhere overnight.
Macaque sera collected prior to the initiation of immunization or infection
(prebleeds) and sera collected at 2 and 4 weeks following immunization with
recombinant gp140 or at various times after SHIVgg 4op4 infection (immune
sera) were titrated and incubated in triplicate with an equal volume of pseudovi-
rus for 1 h at 37°C in 96-well U-bottomed tissue culture plates (Corning). The
amount of single-round-competent virus used was predetermined to give a cell-
associated Luc reading of 10° to 10° relative luciferase units (RLU) per well. The
sera-virus mixture was added to Polybrene-treated cells for 72 h at 37°C. The
cells were lysed in 1X cell culture lysis buffer (Promega, Madison, WI) per the
manufacturer’s instructions and frozen at —80°C. The cell lysate was thawed and
transferred to a black 96-well plate (for TZM-bl cells) or a white 96-well plate
(for U87 cells). Luc substrate (Promega) was added, and the RLU per well were
recorded on a Fluoroskan Ascent fluorimeter (Thermo electron) according to
the manufacturer’s instructions. Percent neutralization at each serum dilution
was calculated from the reduction in single-round-competent virus entry in the
presence of immune sera relative to the entry in the presence of the prebleed sera
from that animal as described mathematically here: [(RLU,;chicca = RLUjmmune)/
RLU epieea] X 100.

When purified macaque serum IgG or human serum IgG (HIVIG) was used
in the neutralization assay, the following changes were made to the above
protocol: the virus-IgG mixture was incubated with cells for only 3 h, after which
the cells were washed and received fresh medium. Following 48 h of incubation,
the cells were lysed as described above.

Epitope mapping of neutralizing antibodies. (i) Detection of serum neutral-
izing antibodies to gpl20 epitopes. For detection of serum NAbs to linear
epitopes in gp120 defined by the peptides described above, serial dilutions of sera
(20 pl) were incubated in triplicate with an equal volume of peptide (10 wg/ml
during this incubation step) for 1 h at 37°C prior to incubation with 20 pl of
single-round-competent virus for 1 h at 37°C. In other experiments, we used the
above-mentioned chimeric proteins (CP) expressing the V1V2 or V3 HIV-1 Env
regions on the MLV background. Fifty microliters of the sera-peptide (or CP)-
virus mixture was then incubated with Polybrene-treated U87 CD4 CCRS5 cells
for 72 h at 37°C, the cells were lysed, and Luc was read as described above. The
percent reduction in neutralization in the presence of the competing agent was
determined at the serum dilution that resulted in 70% inhibition of infection in
the absence of peptide or CP. As a control for a potential effect of peptide or CP
on neutralization, we evaluated the effect of the V3 peptide and the V3-CP on
SF162 pseudovirus infectivity in the absence of immune sera and found that at 10
pg/ml, neither the peptide nor the CP had an effect.
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(i) Detection of 2F5- and 4E10-like neutralizing antibodies in sera. To de-
termine whether 2F5- or 4E10-like NAbs were elicited during gp140 immuniza-
tion or during SHIVgg,4-p, or HIV-1 infection, we preabsorbed sera with 2F5 or
4E10 peptides, as described above. We also used a second approach, during
which the neutralizing potential of serum was evaluated against a virus express-
ing the A2F5.4E10 Env. This virus is resistant to 2F5- or 4E10-mediated neu-
tralization but is susceptible to other MAbs (J. R. Mascola, personal communi-
cations and data presented below).

(iii) Post-CD4 neutralization assay. A modified version of a recently described
assay for detection of antibodies that bind to CD4-induced epitopes (20) was
employed. Briefly, single-round-competent SF162 virus (20 wl) was first incu-
bated without or with an equal volume of sCD4 for 1 h at 37°C at an sCD4
concentration (0.3 pg/ml) that results in less than 50% inhibition of infection.
Serially diluted immune sera (20 pl) were then added to the sCD4-virus mixture
for another hour at 37°C, and 50 wl of the mixture was added to Polybrene-
treated TZM-bl cells for 72 h at 37°C. The percent neutralization in the presence
of sCD4 was determined at the 50% inhibitory concentration (ICs,) in the
absence of sCD4.

(iv) Virus capture competition. Virus capture by MAbs has been described
previously (10, 11, 31, 58, 60, 62, 64, 69). The epitope reactivity profiles of sera
were determined by their ability to inhibit capture of virus-like particles (VLPs)
expressing the JRFL Env by a panel of MAbs. Microwells were coated with
MAbs representing major epitope clusters overnight at 5 wg/ml. The wells were
then washed and blocked with 3% bovine serum albumin in PBS. Graded dilu-
tions of macaque sera were added to the virus, and the virus-serum mixtures were
then added to MAb-coated ELISA wells for 3 h followed by washing with PBS.
CF2.CD4.CCRS cells were overlaid, and 2 days later infection was measured by
assaying Luc as described above. The reciprocal serum dilution that inhibited
MAD-mediated virus capture by 50% was recorded. Because the JRFL VLPs
may be neutralized by the competing antibody, VLPs also expressed on their
surfaces vesicular stomatitis virus G (an amphotropic and highly fusogenic mol-
ecule) to provide a readout of captured virus irrespective of neutralization, as
previously described (60).

SHIVgg62p4 challenge. Six weeks following immunization with the recombi-
nant HIV Env gp140, the macaques in the AV3gp140, AV2AV3gp140, and mock
groups were challenged intravenously with 100 50% tissue culture infective doses
of cell-free SHIVgp 4,p4- Blood was collected every week for the first month
postchallenge and monthly thereafter. The viral RNA copy number in plasma
was determined by branched-chain DNA amplification assay (Bayer Reference
Testing Laboratory, Tarrytown, NY) in which the lower limit of detection is 125
RNA copies per ml. Statistical analysis of peak viremia was performed using a
two-tailed ¢ test on the log-transformed values for peak virus RNA.

RESULTS

Expression and processing of SF162gp140, AV2gp140,
AV3gp140, and AV2AV3gp140. The expression and fusogenic
potentials of SF162-derived gp160 proteins lacking parts of the
V2 and/or the V3 loops have been reported previously (74, 83),
as has the expression of soluble gp140 forms of these proteins,
SF162gp140 and AV2gpl40 (82). Here we generated
AV3gp140 and AV2AV3gp140 constructs and compared their
expression and recognition by MAbs to those of SF162gp140
and AV2gp140. All gp140C and gpl40F proteins were ex-
pressed and secreted into the culture medium (see Fig. S1A
and B in the supplemental material), indicating that neither
the deletion of the V2 and/or V3 loops nor the elimination of
the gp120-gp41 cleavage site abrogated protein expression or
processing, which is in agreement with previous reports (72,
82, 89).

As expected, in the supernatants of gp140F-expressing cells,
a single HIV Env protein species was present (see Fig. S1A in
the supplemental material). In the supernatants of gp140C-
expressing cells, however, two species were present (see Fig.
S1B in the supplemental material): one species of higher mo-
lecular weight (MW) that was recognized by both the anti-
gp120 MAb P3C8 and the anti-gp41 MAb 2F5 and a second
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species of a lower MW that was recognized only by P3C8.
Coexpression of the cellular protease furin during transfection
with the gp140Cs resulted in the presence of only the lower-MW
species, recognized by only P3CS8, in the supernatant (see Fig.
S1B in the supplemental material). Therefore, the higher-MW
protein species most likely corresponds to gp140 that is not
properly cleaved due to its overexpression and saturation of
the cellular cleavage machinery (4, 5). The coexpression of
furin, which, as expected, had no effect on the noncleavable
gp140F proteins (see Fig. S1A in the supplemental material),
resulted in complete processing of gp140C (see Fig. S1B in the
supplemental material). Under the denaturing conditions of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
gp140C dissociated into gp120 (see Fig. S1B in the supplemen-
tal material) and the extracellular part of gp4l (4, 5; not
shown).

Antigenic characterization of purified trimeric gp140 pro-
teins. Several groups have shown that monomers, dimers, tri-
mers, and other oligomeric species are present in supernatants
of cells transfected with DNA vectors expressing gp140 pro-
teins (3, 60, 76, 79). We purified the trimers from the other
gp140 Env forms as previously described (79). Purified trimeric
SF162gp140F, AV2gp140F, AV3gp140F, and AV2AV3gpl140F
proteins (containing less than 5% of other gp140 Env forms
[data not shown]) were evaluated by ELISA to determine
whether and how the modifications affected the exposure of
various gp120 and gp41 epitopes (Fig. 1). The mouse anti-V3
MAb P3E1 (which neutralizes SF162 efficiently; see below)
and the well-characterized neutralizing anti-V3 MAb 447D
recognized SF162gp140 and AV2gpl40 equally and, as ex-
pected, failed to recognize AV3gp140 or AV2AV3gp140. The
anti-V1 MAb P3C8 (which also neutralizes SF162 efficiently;
see below) recognized all four proteins equally. The epitope
for MAb 2G12, a conformational array of closely spaced high-
mannose sugars on gpl20, was also equally exposed on all
gp140 proteins. Another MADb that recognized all four proteins
equally and with high affinity was the anti-gp41 MADb 2FS5,
although the anti-gp41l MAb 4E10, which recognizes an
epitope directly C-terminal to the epitope of 2F5, was recog-
nized less efficiently on the V2- and V3-deleted proteins than
on SF162gp140. Deletion of the crown of the V2 loop reduced
the binding of MAb G3.4 to its epitope at the base of V2 (84).
It appears that deletion of the V3 loop itself had an effect on the
binding of G3.4, since this antibody recognized AV3gp140 less
efficiently than SF162gp140 and recognized AV2AV3gp140
less efficiently than AV2gp140. The negative effect of V3 loop
deletion on G3.4 binding observed in this study is in contrast to
results from a previous study (95) in which the binding of G3.4
to modified monomeric gp120s derived from JRFL was exam-
ined. It is possible that the V2 loops of SF162 and JRFL are
differentially positioned. It is also possible that the observed
differences are due to the use of gp140 and not gp120 as a
binding target for G3.4 in our studies.

The 17b MAD, which preferentially recognizes its epitope on
gp120 in the CD4-bound configuration, bound to SF162gp140
and AV3gp140 more efficiently than AV2gp140 and AV2AV3gp140.
Two anti-CD4BS MADs, b12 and F105, which recognize over-
lapping epitopes in the CD4BS (65, 87), bound their epitopes
on SF162gp140, but deletion of the V2 or V3 loops reduced
their binding. These results are consistent with previous data
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FIG. 1. Recognition of gp140s by MAbs. The binding of MAbs directed to linear and conformational gp120 and gp41 epitopes on SF162gp140F
(filled squares), AV2gp140F (open diamonds), AV3gp140F (filled circles), and AV2AV3gp140F (open squares) was determined as discussed in

Materials and Methods.

that have implicated the V2 and V3 loops in the binding of
certain anti-CD4BS MAbs (65, 71, 95).

Taken together, these antigenicity results are consistent with
previous reports indicating that the exposure of distinct neu-
tralization epitopes on HIV Env is differentially affected by the
V2 and/or V3 loops. In the case of the SF162-derived Env
gp140s examined here, the removal of the V2 and/or V3 loops
reduced the exposure of certain epitopes in the CD4-binding
site and epitopes that become preferentially exposed upon
Env-CD4 binding. To examine whether and how these modi-
fications and the absence of the V2 and/or V3 loops affect the
ability of these gpl140 proteins to elicit anti-HIV NAbs, we
immunized macaques and compared the neutralization poten-
tials and epitope specificities of the elicited antibodies.

Antibodies elicited during immunization or infection with
homologous SHIVg,4,ps and heterologous HIV-1. Relative
endpoint titers for serum antibodies specific for gp120 and
gp41 throughout the immunization course were determined
for all groups (Table 1). Both the individual titers for each
animal and the median titer for each group are reported. Little
to no binding antibody was detectable by ELISA during the
DNA phase of the immunization protocol (data not shown),

similar to what we have described in our previous studies (1, 8).
Following recombinant HIV Env gp140F protein boosting, all
animals developed anti-HIV Env binding antibodies against
both gp120 and gp41. These titers peaked at 2 weeks after
protein boost and subsequently declined in most animals over
the next several weeks (Table 1 and data not shown).

Within each group as a whole (as well as in most individual
animals), the median titer of anti-gp120 antibodies was greater
(2- to 20-fold) than the median titer of anti-gp41 antibodies,
suggesting that gp120 is more immunogenic than gp41 on the
gp140 proteins. The apparent lower titers of anti-gp41 than
anti-gp120 antibodies could also be related to the use of the
homologous SF162gp120 and heterologous HxB2 gp41 pro-
teins (91% amino acid homology with the corresponding re-
gion from SF162gp41).

The AV2gpl140 immunogen elicited the highest anti-gp41
antibody titers of all the gp140 immunogens tested here (Table
1). It appears, therefore, that deletion of V2 alters the immu-
nogenicity of certain gp41 epitopes. Such an increase in immu-
nogenicity could be related to an increase in exposure of cer-
tain epitopes, but these epitopes do not include the 2F5
epitope, which was equally exposed on all gp140 proteins, or
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FIG. 2. Recognition of gp140s by serum antibodies. Sera collected 4 weeks following the recombinant gp140 immunization step from the
immunized animals, from the SHIVgg, 4,p,-infected macaque, C640, at day 643 postinfection and HIVIG were added to ELISA wells coated with
the indicated gp140s, and the binding of serum IgG was determined. Sera from each immunized group were pooled. Preimmunization or
preinfection sera were used as a control for nonspecific binding, and the means with standard deviation of results from three separate experiments

are shown.

the 4E10 epitope, which was less exposed on the modified
gp140s than on SF162gp140 (Fig. 1 and additional data pre-
sented below). In general, within each group, the animals with
the highest response to gp120 also had the highest response to
gp41, suggesting that some animals responded better to immu-
nization than others, leading to the development in these an-
imals of a higher total concentration of HIV Env-specific IgG.

In addition to the gpl140-immunized macaques, we also in-
vestigated the antibody responses elicited during infection of
macaque C640 with SHIV g 4,p4, Which expresses the homol-
ogous (SF162) Env, and in HIVIG, which is serum IgG pooled
from several humans infected with heterologous HIV-1 iso-
lates. These macaque and human sera were chosen for com-
parison because they contained broadly reactive NADbs (see
below). Overall, sera from the infected animal and from hu-
mans had much higher anti-Env antibody titers than the gp140
immune sera (Table 1). Also, sera from the SHIV g gops-in-
fected animal, C640, collected between 6 months and 2 years
postinfection had either roughly equal titers of anti-gp120 and
anti-gp41 antibodies or higher titers to gp4l than gp120.
HIVIG contained approximately 10-fold-higher titers of anti-
gp41 than anti-gp120 antibodies.

Serum antibody reactivity with SF162gp140, AV2gp140,
AV3gp140, and AV2AV3gp140. To determine whether deletion
of V2 and/or V3 from SF162gp140 created new immunogenic
epitopes (neoepitopes), we investigated how immune sera col-

lected from the animals immunized with the four gp140 im-
munogens recognized these proteins (Fig. 2). For these exper-
iments, we pooled the sera from animals within each
immunized group. The relative recognition of these proteins by
SHIVggi6op4 sera and HIVIG was also determined. The
SF162gp140 and AV2gp140 proteins were similarly recognized
by the SF162gp140- and AV2gp140-elicited serum antibodies.
However, the gp140 proteins with deletions in the V3 loop
were less efficiently recognized by these sera. This most likely
suggests that SF162gp140 did not elicit antibodies to the V2
loop and that a fraction of the antibodies elicited by both
SF162gp140 and AV2gp140 were directed to the V3 loop.
Sera from animals immunized with either AV3gp140 or
AV2AV3gpl40 recognized all four gpl40 proteins similarly,
suggesting that deletion of the V3 loop from SF162gp140 or
AV2gp140 did not create neoepitopes on these proteins.

In contrast, serum antibodies from the SHIV ¢, 4,p4-infected
animal and HIVIG recognized the SF162gp140 protein more
efficiently than AV2gp140 (Fig. 2). The gp140s containing de-
letions in the V3 loop were less efficiently recognized. The
decreased recognition of the V3-deleted proteins might be
explained in part by the presence of V3-directed antibodies in
these sera. The somewhat weaker binding to V2-deleted pro-
teins may be due to the presence of V2-directed antibodies in
the sera or to antibodies directed to non-V2 epitopes which
become masked or eliminated by V2 deletion, for example,
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TABLE 2. Epitope specificity of serum neutralizing antibodies
50% Neutralization titer (ICs)* % Reduction in neutralization at the 1C, Percent increase
Group Animal in nel:}tlralll(z:atlon
2 wpb 4 wpb Vi VIV2-CP V3 V3CP V3sa 2F5 4EI0 i oD
SF162 A02177 4,050 + 354 1,917 =567 24% = 6% 41% = 11% 7% * 6% — — — —
A02179 4,050 £ 354 733 £231 61% *=24% 52% *4% 9% *8% — — - —
A02186 1,180 = 113 260 = 14 —° 33% *+23% 16% = 7% 14% — — -
A02188 4,200 + 1,414 3,500 =707 55% £ 1% 54% * 6% 9% *2% — — - —
02193 390 = 113 27535 41% =5% 36% = 18% 8% *2% 9% — —_- -
Median 4,050 733 41% 41% 9% — — - — 30% * 5%
AV2 02187 687 = 103 23797 63% *4% 46% 5% 20% = 1% — — - —
A02183 823 + 282 695 = 148 55% * 2% 48% * 8% 1% *5% — — —- —
02184 640 = 53 190 =14 53% *0% 44% =3% 5% *2% — — - —
A02178 1,047 = 81 505 =219 26% =8% 32% * 15% — — — - —
Median 755 371 54% 45% 6% — — —_- - 28% * 15%
AV3 AV28 850 =212 225+92 67% *4% 70% *4% — — — - —
BD59 413 £ 4 193 = 116 72% = 11% 70% * 4% — — — - —
CD15 280 = 113 140 98 79% 0% 71% 1% — — — - —
Median 413 193 72% 70% — — — —_- - 27% * 7%
AV2AV3 CN63 142 = 40 106 =48 88% =2% 62% *17% — — — - —
M733 120 = 21 9313 64% 0% 55% *7% — — — - —
N422 1,335 = 474 633 =350 49% * 6% 50% * 0% — — — —  —
Median 142 106 64% 55% — — — - — 33% + 7%
Mock AM10 — — ND/ ND ND ND ND ND ND ND
AM94 — — ND ND ND ND ND ND ND ND
AP18 — — ND ND ND ND ND ND ND ND
Median — — ND ND ND ND ND ND ND ND
SHIVpops  C640, day 178 17,500 + 3,535 — — 36% — _— _ ND ND
C640, day 304 40,000 = 20,000 — 36% 10% — — — ND ND
C640, day 643 5,000 = 50 — — 18% 19% — —_- - 25% * 0%
HIVIG# 1358 — — 33% 29%  — —_- - 29% = 1%

@ Sera were collected 2 and 4 weeks following the gp140 immunization (wpb). Serum from animal C640 was collected at the indicated days post-SHIV g ¢,p, infection.

?V3 scr., V3 scrambled peptide.
¢ Peptides recognized by MAbs 2F5 and 4E10.

4 This indicates detection of NAbs following incubation of pseudovirus with soluble CD4.

¢ —, <5% reduction in the presence of peptide/chimeric protein.
/ND denotes not done.
& Titers recorded for HIVIG are in pg/ml.

CD4BS epitopes (Fig. 1). SHIV g 6ops serum antibodies and
HIVIG recognized the gpl40 proteins with a similar pattern.

Neutralization of SF162 virus by immune sera. The neutral-
izing potential of serum antibodies from the immunized ani-
mals was first evaluated against the homologous SF162 virus.
Neutralization of individual or pooled sera (Table 2 and Fig. 3)
was determined. All four gp140 immunogens elicited homolo-
gous anti-SF162 NAbs. The titers of anti-SF162 NAbs declined
in all animals from week 2 to week 4 after recombinant gp140
immunization (Table 2), which is similar to what we observed
with the binding antibody titers (Table 1). Immunization with
V2- or V3-deleted gp140 proteins elicited lower titers of ho-
mologous anti-SF162 NAbs (Table 2 and Fig. 3). Sera from the
SHIV g 62pa-infected macaque, C640, contained higher titers
of anti-SF162 NAbs than the sera collected from the gp140-
immunized animals, consistent with the higher overall anti-Env
antibody titers in sera from the SHIVgg,gps-infected animal
(Table 1). HIVIG also contained anti-SF162 NAbs but at
lower titers than the SHIVgg4,p,4 sera (assuming 10 mg/ml for
serum IgG) (42) (Table 2 and Fig. 3).

Heterologous neutralization by purified serum IgG. We pre-
viously reported that immunization with SF162gp140 and
AV2gpl140 elicited antibodies capable of neutralizing certain
heterologous isolates although the cross-reactive NADb re-
sponses were narrow in breadth and weak in potency (1). Here
we determined whether elimination of the V3 loop from these
immunogens improved the elicitation of cross-reactive NAbs
(Table 3). Initial experiments with high concentrations of sera
from the AV3gp140- and AV2AV3gpl40-immunized animals
indicated that these sera had unusually high cell-killing activity
and this resulted in an artificial enhancement of their neutral-
izing potential. We therefore decided to purify IgG from the
sera of all immunized animals and directly test their neutral-
izing potential against SF162 and heterologous isolates. Sera
from the animals of each group were pooled prior to IgG
purification. Pooled IgG from the immunized animals as well
as the HIV-positive IgG pool, HIVIG, were used at a concen-
tration of 10 mg/ml, which is approximately the concentration
of IgG in normal human serum (42). Due to the limited quan-
tity of serum from the SHIVgg, 4,ps-infected animal, C640,
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FIG. 3. Neutralization of SF162 by immune sera and HIVIG. Pooled sera collected from gp140-imunized animals 4 weeks after protein boost
or from mock-immunized animals, sera collected from the SHIVg,4,ps-infected macaque, C640, at days 178, 304, and 643 postinfection, and
HIVIG were tested for neutralization against SF162. The percent neutralization was calculated using preimmunization or preinfection sera as
described in Materials and Methods. The lowest serum dilution tested was 1:20. The highest HIVIG concentration was 0.5 mg/ml, which is roughly

equivalent to a 1:20 serum dilution.

serum from this animal was used at a 1:20 dilution, which is
equivalent to 0.5 mg/ml. In these neutralization experiments,
the unrelated virus, MLV, was used as a control for nonspecific
IgG-associated neutralizing activity. A serum IgG was consid-
ered to have anti-HIV neutralizing activity against a particular
isolate when the percent neutralization obtained against that
isolate was greater than 1 standard deviation above the percent
neutralization recorded with that serum IgG against MLV.
Purified serum IgG from all immunized groups neutralized
the homologous SF162 virus very efficiently (Table 3), which
indicates that the neutralizing activity of the sera (Table 2
and Fig. 3) was IgG mediated. HIVIG (at 10 mg/ml) and
SHIVgg6-p4-derived sera (at a 1:20 serum dilution, which cor-
responds to approximately 0.5 mg/ml IgG) also potently neu-
tralized SF162. At that IgG concentration, HIVIG potently
neutralized all the heterologous HIV-1 isolates tested here,
while SHIVgp,,ps sera neutralized (to various degrees) all
isolates except RHPA (Table 3). The differential abilities of
SHIVgi62p4 sera and HIVIG to neutralize RHPA is most
likely due to the presence of certain antibodies in HIVIG, but
not in SHIVggeps sera, that recognize a particular Env
epitope. The greater potency with which HIVIG neutralized
the remaining heterologous isolates is most likely related to the

fact that the concentration of IgG used in these assays was
20-fold greater for HIVIG than for the SHIVg,4op4 sera. In
contrast, serum IgG from any of the four gpl40-immunized
groups failed to neutralize RHPA, ADA, JRFL, and YU2.
Serum IgG elicited by SF162gp140 and AV2gp140 did neutral-
ize 89.6, SS1196, 6535, and REJO, with the potency of neu-
tralization by the AV2gp140-elicited serum IgG being lower. In
contrast, serum IgG from the groups immunized with
AV3gp140 and AV2AV3gp140 showed only weak neutralizing
activity against 89.6 and REJO, and 6535 was weakly neutralized
by only the AV3gp140-elicited serum IgG. Finally, infection of
YU2 was slightly enhanced by all of the gp140-elicted IgGs,
although it was neutralized efficiently by both SHIVgg6opa
sera and HIVIG.

Epitope mapping. The difference in neutralization breadth
between the gp140-immunized and SHIVgg, opa-infected ani-
mals could be due to the observed differences in the total
anti-Env antibodies present in those sera or to differences in
the epitope specificity of antibodies present in the sera (Fig. 2).
To address this, we first performed epitope mapping studies in
an ELISA format using SF162 Env-derived peptides (Table 1).
A scrambled V3 peptide, used as a control for nonspecific
binding by sera, was not recognized by any of the sera tested or

TABLE 3. Neutralization of heterologous isolates by purified serum IgG

% Neutralization at 10 mg/ml IgG*

Group SF162 89.6 SS1196 6535 REJO RHPA ADA JRFL YU2 MLV
SF162gp140 98+48 158+155 145+127 1.2+£20.7
AV2gp140 100+£203 136+£179 94110 11674
AV3gp140 72156 87+26.2 16.1%18.6 122+ 16.0
AV2AV3gp140 6.0+ 31. 56+ 100 -8.5 4.7 10.2+9.5
C640 (day 643)b 714+153 77.0+£16.9 2441166 813163 87.0+22 90#213
HIVIG 11.5+9.1

“ The values are the average with standard deviation of results from two independent experiments performed in duplicate. The C640 sera were tested at a 1:20 serum
dilution and not 10 mg/ml. Red, >90% neutralization; yellow, 70.0 to 89.9% neutralization; green, 50.0 to 69.9% neutralization; blue, <50% neutralization but above

background; gray, background; purple, enhancement of infection.
b Sera from the SHIVgp4opa-infected animal at 643 days postinfection.
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by the MAb P3E1 directed to the V3 loop crown (Table 1 and
data not shown). Antibodies to the V4 or V5 regions were not
detectable in any of the sera from the gp140-immunized ani-
mals, irrespective of the gp140 immunogen, although they were
detectable at a very low level in the sera from the SHIVgg; copa-
infected animal. The absence of significant titers of V4- and
V5-specific responses is not surprising, since the V4 and V5
regions of the HIV Env are highly glycosylated and are not
expected to be very immunogenic (88). HIVIG also contained
antibodies capable of binding to these regions even though the
peptides used here were derived from HIV-1 SF162 while
HIVIG was isolated from humans infected with heterologous
HIV-1 isolates. Antibodies against the V2 loop were undetect-
able in the SF162gp140 sera, in accordance with our previous
observations (80), or in AV3gp140 sera. Similarly, the V2 loop
was not immunogenic on the surface of SF162 Env-expressing
infectious SHIVgg;4,p4 Virions, and HIVIG contained no an-
tibodies capable of recognizing peptides derived from the
SF162 V2 loop.

In contrast to the low immunogenicity of the V2, V4, and V5
regions, both the V1 and V3 loops elicited antibodies during
immunization and during infection (Table 1). In fact, the V1
loop was immunogenic on all gp140 proteins, and V1-specific
antibodies accounted for approximately 10 to 25% of the total
anti-gp120 antibodies present in sera from the gpl140-immu-
nized animals (based on ELISA assays). While deletion of V2
did not affect the elicitation of anti-V1 antibodies, deletion of
V3 enhanced both the actual titer of anti-V1 antibodies and
their relative proportion in the total gp120-specific pool. The
crown of the V3 loop was immunogenic on both SF162gp140
and AV2gp140 although much less so than the V1 loop. These
results are in accordance with the reduced binding of sera from
SF162gp140- and AV2gpl140-immunized animals to the V3-
deleted proteins (Fig. 2). As expected, antibodies against the
crown of the V3 loop were absent from the AV3gp140 and
AV2AV3gpl40 sera.

Similar to the gp140-immunized animals, the SHIVgg sopa-
infected animal elicited higher anti-V1 than anti-V3 antibody
responses, especially during the early stages of infection (Table
1). However, the relative ratio of anti-V1 to anti-V3 antibodies
was lower in the SHIVgg 4ps-infected animal than in the
gp140-immunized animals. The antibodies present in HIVIG
had a different ratio of epitope specificity than those observed
in either gpl40-immunized or SHIVgg,4ps-infected animal
sera, since antibodies specific for the V3 region were present at
a threefold higher titer than those specific for the V1 region.
This may in part explain the greater breadth of neutralization
recorded with HIVIG than SHIV g, 4,p4 sera (Table 3). How-
ever, as seen in the SHIVgg 4,p4-infected animal, V1- and
V3-specific antibodies represented only a small fraction of the
total anti-gp120 antibodies in HIVIG (Table 1). In part, these
results obtained with HIVIG may be related to the use of
SF162-derived peptides for these experiments.

The above results were obtained with peptides as targets for
serum antibodies, and most likely they report on the relative
titers of antibodies recognizing linear epitopes on HIV Env. To
examine whether the gp140 proteins elicited antibodies that
recognize conformational epitopes within the V1, V2, and V3
regions, we used CPs which, on the background of MLV Env,
express the V1V2 region of SF162 or the V3 region of JR-CSF.
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The relative antibody titers to V1V2-CP were higher than
those to the V1 peptide for the SF162gp140-, AV2gp140-, and
AV3gp140-immunized animals (Table 1). This is not surpris-
ing, since the CPs are recognized by antibodies to linear and
conformational epitopes, while the V1 peptide is most likely
recognized only by antibodies to linear epitopes. Alternatively,
antibodies to conformational epitopes on V2 may be present in
those sera and recognize V1V2-CP but not the V2 peptides.
Interestingly, the dual deletion of the V2 and V3 loops resulted
in higher antibody titers to the V1 peptide than the V1V2-CP,
suggesting that the animals immunized with AV2AV3gp140
made predominantly antibodies to linear V1 epitopes that are
not efficiently exposed on the V1V2-CP.

Higher relative antibody titers were also recorded against
V3-CP than the V3 peptide in the SF162gp140 and AV2gp140
sera (Table 1), again most likely because the sera also contain
antibodies to conformational V3 epitopes.

The SHIVgp¢-ps-infected animal also had higher titers of
antibodies to the V1V2-CP and V3-CP than the corresponding
peptides (Table 1). The relative ratio of antibodies recognizing
the CPs over the peptides also increased over the course of
infection. Early (day 178) during infection, the ratio of anti-
V1V2-CP to anti-V1 peptide antibodies was approximately 3,
while later during infection (days 304 and 643), this ratio in-
creased to 100. The ratio of anti-V3-CP to anti-V3 peptide
antibodies was high (around 30 to 40) at 178 and 304 days
postinfection and increased (close to 100) at 643 days postin-
fection. The above results suggest that during the course of
SHIV g 62p4 infection, more and more antibodies to confor-
mational epitopes on the V1V2 and V3 regions were gener-
ated. Although immunization with our gp140 constructs also
resulted in the generation of higher titers of antibodies to
conformational than linear V1V2 or V3 epitopes, the relative
ratio of antibodies to conformational versus linear epitopes
was lower than that recorded during SHIVgg,4,p, infection.

Similar to the results with the SHIVgg,4,ps-derived sera, a
higher proportion of antibodies in HIVIG recognized the chi-
meric proteins than the corresponding linear peptides (Table
1). This is not a surprise, since HIVIG was isolated from
patients infected with viruses other than SF162 and therefore
any cross-reactive antibodies present in these sera would most
likely recognize conformational epitopes rather than linear
amino acid sequences.

Mapping the epitopes recognized by NAbs in immunized
and infected animals or humans. Antibodies can bind to their
epitopes on Env-derived peptides or CPs in ELISA assays
without recognizing these epitopes on the virion-associated
Env. Thus, although the epitope mapping studies described
above provide information on the immunogenic properties of
specific epitopes on gpl40 proteins, they do not inform us
about whether antibodies to a given epitope actually neutralize
HIV. To address this directly, we performed “epitope interfer-
ence” neutralization experiments during which the neutralizing
potency of sera was determined in the absence or presence of
the peptides and CPs discussed above. In these experiments,
reductions in serum neutralizing potency were recorded at the
serum dilution that resulted in 70% inhibition of infection of
SF162 in the absence of peptide (IC,). The mean reduction in
serum neutralizing potency at that serum dilution from two to
three independent experiments is recorded in Table 2 as the
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FIG. 4. Mapping the epitopes of anti-SF162 neutralizing antibodies. (A) Peptide-mediated interference of SF162 neutralization by sera from
the AV2AV3gp140-immunized macaque CN63. Neutralization was performed in the absence (filled symbols and solid lines) and presence (open
symbols and dashed lines) of V1 (squares) or V3 (circles) peptides. The percent reduction in neutralization at the IC, is indicated. (B) Peptide-
mediated interference of SF162 neutralization by sera from the SHIVgp,,p,s-infected macaque C640. The symbols are the same as in panel A.
(C) Neutralization of SF162 and A2F5.4E10 by MAbs. IgG1b12, squares; 2F5, circles; 4E10, triangles; SF162, filled symbols; and A2F5.4E10, open
symbols. (D) Neutralization of SF162 and A2F5.4E10 by pooled sera from the immunized animals and from the SHIV g, ¢,p,s-infected animal. The
1C,, is shown for each serum pool on SF162 (black bars), and neutralization at the IC,, for SF162 is shown for each serum pool on A2F5.4E10

(white bars).

percent reduction in neutralization, and the medians of those
means for each group are also shown.

(i) V1V2 and V3 epitopes. We first examined the contribu-
tion of V1- and V3-directed antibodies to neutralization of
SF162 (Table 2), since epitopes in these regions were immu-
nogenic on the gp140 proteins (Table 1). In control experi-
ments, we showed that the neutralization potentials of P3C8
(anti-V1) and P3E1 (anti-V3) against SF162 were reduced by
81% and 93%, respectively, in the presence of the correspond-
ing V1 and V3 peptides (10 pg/ml) (see Fig. S2A in the sup-
plemental material). As expected, the neutralizing activity of
the anti-gp41 MAD 4E10 was unaffected by the presence of the
V3 peptide (see Fig. S2A in the supplemental material), and a
scrambled V3 peptide did not significantly affect the neutral-
izing potency of any of the MAbs or sera tested (Table 2),
although it resulted in a 6% reduction in neutralization by the
anti-V3 MADb P3EL1 (see Fig. S2A in the supplemental mate-

rial). As a result, during these experiments any reduction in
serum neutralizing activity of less than 5% was considered to
be nonspecific. Preincubation of sera from the gp140-immu-
nized animals with the V1 peptide significantly reduced the
serum neutralizing activity. The group medians were between
41% (in the case of SF162gp140 sera) and 72% (in the case of
AV3gp140 sera) (Table 2). The highest median reduction was
recorded with the AV3gp140 sera, and the highest reduction in
an individual animal was recorded with animal CN63 (88%
reduction in neutralizing potency) in the AV2AV3gp140 group
(Fig. 4A and Table 2). These results indicate that a large
fraction of the NAbs present in sera from gp140-immunized
animals, regardless of the gpl140 immunogen used, was di-
rected to the V1 loop, and this was particularly evident in sera
from animals immunized with V3-deleted immunogens and
consistent with the high titers of binding antibodies to V1 in
these animals (Table 1). In contrast, the neutralizing activity of
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serum antibodies from the SHIVgg, 4 ps-infected animal was
unaffected by preincubation with the V1 peptide (Fig. 4B and
Table 2), irrespective of the time the sera were collected during
infection. Similarly, preincubation of HIVIG with the V1 pep-
tide did not reduce its neutralizing activity (Table 2). These
results, obtained by preincubation of sera with the V1 peptide,
are supported by the finding that the SF162 virus from which
the V1 loop had been deleted (AV1) was resistant to neutral-
ization by sera from the gp140-immunized animals but not by
sera from the SHIVgg,4p4-infected animal (see Table S1 in
the supplemental material).

As expected, the neutralizing potency of sera from the
AV3gp140- and AV2AV3gpl140-immunized animals was unaf-
fected by the V3 peptide (Fig. 4A and Table 2). Consistent
with the low but detectable titer of binding antibodies to the
V3 peptide in sera from SF162gp140- and AV2gp140-immu-
nized animals, the neutralizing activity of SF162gp140-elicted
serum antibodies was reduced by 9% and that of AV2gp140-
elicited antibodies was reduced by 6% following preincubation
with the V3 peptide (Table 2). Interestingly, the SF162gp140-
immunized animal (A02186) with the highest percentage
(16%) of V3-specific NAbs had no detectable V1-specific
NADs. Preabsorption with the V3 peptide of sera collected
early during SHIVgg 4ps infection (day 178) resulted in a
greater reduction in serum neutralizing activity than that re-
corded with sera collected later during infection (Fig. 4B and
Table 2). Approximately 33% of the anti-SF162 neutralizing
activity of HIVIG was also blocked by preabsorption with the
SF162-derived V3 peptide (Table 2).

Although the SF162-derived V3 peptide was capable of ab-
sorbing NADbs present in sera from all of the SF162gp140-
immunized animals, this was not the case when the JR-CSF-
derived V3-CP was used (Table 2). In addition, although the
neutralizing activity of serum antibodies from the SHIVg;4opa-
infected macaque was reduced by preincubation with the V3
peptide at all times tested postinfection, absorption with the
V3-CP resulted in a reduction in neutralizing activity only at
the latest time point tested (643 days postinfection) (Table 2),
in keeping with the preponderance of conformation-depen-
dent V3 binding antibodies on that day (Table 1). Thus, it
appears that during SHIVgg,4,p4 infection, NAbs to confor-
mational V3 epitopes are generated, while the gp140 immu-
nogens used here do not elicit such antibodies, even though
low titers of conformational V3 binding antibodies were
present in the sera from some of the SF162gp140- and
AV2gp140-immunized animals (Table 1). Most likely, these
antibodies are not present at high titers, and they may not bind
to the virion surface, although they bind to the V3-CP (JR-
CSF). Despite the higher titer of binding antibodies to V3-CP
than to the V3 peptide in HIVIG, the neutralizing activity of
HIVIG was reduced to similar degrees by the V3 peptide and
the V3-CP (Table 2).

Preabsorption of gpl40-elicted serum antibodies with the
V1V2-CP resulted in a reduction of neutralizing activity simi-
lar to that recorded with the V1 peptide (Table 2), indicating
that, as suggested by the ELISA epitope mapping data (Table 1),
the V1-specific NAbs elicited by immunization were directed to
linear epitopes. In contrast, the neutralizing activity of HIVIG
was not affected by absorption with V1V2-CP (Table 2). In-
terestingly, the neutralizing activity of serum antibodies from
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the SHIVgg, sopa-infected animal was reduced by absorption
with the V1V2-CP only at 304 days after SHIVgp 4,p4 infec-
tion. This suggests that conformational NAbs against the V1V2
region of the SF162 Env were transiently elicited in that ani-
mal.

(ii) gp41 membrane-proximal external region epitopes. The
highly conserved epitopes for the broadly neutralizing MAbs
2F5 and 4E10 are present and exposed on all four gp140
immunogens tested here (Fig. 1). We therefore examined
whether or not our gp140 immunogens elicited 2F5- or 4E10-
like NAbs and whether HIVIG or SHIV,6,p4 Sera contained
such NAbs.

Two methodologies were used to detect the presence of 2F5-
and 4E10-like NAbs in macaque sera and HIVIG. First, sera
were absorbed with peptides spanning the 2F5 and 4E10
epitopes. Control experiments indicated that, indeed, these
peptides absorbed the neutralizing activity of the correspond-
ing MADs, while no effect was observed on the neutralization
of the anti-CD4BS MADb IgG1b12 (see Fig. S2A in the supple-
mental material). However, no effect on the neutralizing po-
tency of any of the sera tested was evident (Table 2). Second,
we used an SF162 virus that expresses a modified Env with
mutations in the 2F5 and 4E10 epitopes, termed A2F5.4E10.
These mutations render the virus resistant to neutralization by
2F5 and 4E10 while having no effect on the susceptibility of the
virus to other unrelated MAbs, such as IgG1b12 (Fig. 4C). It is
anticipated that if NAbs directed to the 2F5 or 4E10 epitopes
were present in the immune sera, the sera would neutralize
A2F5.4E10 less efficiently than SF162. If such NAbs were not
present in the sera, then the two viruses would be equally
susceptible to neutralization by the tested sera. The SF162 and
A2F5.4E10 viruses were similarly susceptible to neutralization
by all sera tested (Fig. 4D), indicating that 2F5- or 4E10-like
NAbs were not present (at least to a level that was detectable
by the assays used here) in sera from the gpl40-immunized
animals or the SHIVgp4,ps-infected animal or in HIVIG.
These results indicate that the neutralizing activity associated
with those sera was 2F5 and 4E10 independent.

(iii) Post-CD4-binding epitopes. Epitopes induced upon the
binding of gp120 to CD4 have recently been recognized as
highly conserved across lentiviruses and highly immunogenic
during infection (20). To determine whether our gp140 immu-
nogens elicit CD4-induced (CD4i) antibodies and whether
such antibodies are present in sera from the SHIVgg copa-
infected animals that display broad neutralizing activity, we
preincubated SF162 without or with sCD4 (at concentrations
that do not induce more than 50% inhibition of infection in the
absence of serum) and then added the virus-sCD4 mixture to
serially diluted pooled sera from each gp140-immunized group
of animals. Neutralization of the sCD4-treated and untreated
viruses was compared, and the increase in neutralization in the
presence of sCD4 was determined at the serum dilution that
resulted in 50% inhibition of infection in the absence of sCD4.
This increase in neutralizing potency at the ICy, is recorded in
Table 2 as the percent increase in neutralization. As a control
in this experiment, we demonstrated that neutralization of
SF162 by the CD4i MADb 17b was enhanced in a concentration-
dependent manner by preincubation with sCD4 (see Fig. S2B
in the supplemental material). The preincubation of SF162
with sCD4 resulted in an increase in the neutralizing activity
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TABLE 4. Epitope specificities of serum antibodies determined by MAb binding competition
Neutralization Competition titer®
G Binding to JRFL of JRFL” CD4BS V3
roup gp120¢ Glycan CD4i (X5/  Cluster I
Standard  After CD4 b6 15 b2 (01D gy W/ sCDY) (7B2)
SF162gp140 5,000 <100 6,000 <100 <100 <100 <100 125 250 <100 <100
AV2gp140 4,000 <100 3,000 100 225 <100 <100 100 500 <100 <100
AV3gp140 10,000 <100 120 <100 100 <100 <100 100 500 150 <100
AV2AV3gp140 17,000 <100 <100 100 125 <100 <100 <100 150 <100 <100
SHIVgg6op4” 150,000 250 >30,000 300,000 500 <100 500 17,000 70,000 24,000 >25,000
Prebleed” <1,000 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100
Self” 0.01 0.08  0.02 0.2 0.008 0.008 0.005 0.005

“ Values indicate the reciprocal serum dilution resulting in half-maximal binding.
® Values indicate reciprocal serum dilution resulting in 50% neutralization in the absence of sSCD4 (standard) or following preincubation of viruses with sCD4 (after

CD4).

¢ Values indicate the reciprocal serum dilution at which MAb-mediated virus capture was competed 50%.

@ For SHIVgg4op4, the sera tested were collected 643 days postinfection.

¢ For prebleed, preimmunization sera pooled from all animals were included in all groups.
/Self denotes competition with the same MAD used for capture recorded in pg/ml.

of sera from all gpl40-immunized groups and from the
SHIV g 6ps-infected animal and the HIV-1-infected humans
(HIVIG) (Table 2). Here we need to emphasize that incuba-
tion of virions with sCD4 exposes diverse epitopes, including
epitopes interacting with coreceptor molecules (such as the
17b epitope), V3 epitopes, and others (19). We were unable to
detect any differences in the titers of these various types of
antibodies between the different gp140 sera because the assay
reports on the binding of antibodies to different types of
epitopes that become exposed upon sCD4 binding. Further-
more, we could not detect significant differences in the fre-
quency of CD4i antibodies between the gpl40 sera and
SHIV g 62p4 sera or HIVIG.

(iv) Characterization of serum antibody epitopes by compe-
tition with MAbs. We next determined the ability of serially
diluted sera to inhibit virus capture by specific MAbs (60). In
these experiments, single-round-competent virions expressing
the JRFL Env were used in conjunction with pooled sera
from each immunized group collected 4 weeks following the
recombinant gpl140 immunization step and sera from the
SHIVgg 6-ps-infected animal (Table 4). In certain instances,
the virus was incubated with sCD4 prior to its incubation with
sera. As a positive control, virus was preincubated with the
same MADb used for capture (self competition). As a negative
control, a pool of preimmunization sera from all of the animals
was shown to have no effect on virus binding to the MAbs
tested. In these experiments, we did not use HIVIG.

Immunization with the four gp140 immunogens resulted in
the generation of binding antibodies to JRFL gp120 (Table 4),
suggesting that antibodies to epitopes which are conserved
between SF162 and JRFL were elicited; however, these anti-
bodies did not neutralize the JRFL virus. Their titers were
lower than those elicited during SHIV g 4-p, infection (similar
to what we observed with the homologous SF162gp120 [Table
1]). Although neutralization of JRFL was not recorded with
any of the gp140 sera, it was observed with the SHIVgg 4op4
sera. Interestingly, however, when JRFL was preincubated
with sCD4, it became neutralizable by the gp140 sera (the
exception being the AV2AV3gp140 sera). This indicates that
the gpl40 immunogens used here (with the exception of

AV2AV3gp140) elicited low titers of antibodies to conserved
Env regions, but these epitopes were not accessible on the
virus during virus-cell fusion.

Concerning the presence of antibodies that bind to epitopes
overlapping the CD4BS on the HIV Env, b12-like antibodies
were not detected in any of the gp140 sera or in sera from the
SHIVgg 6ops-infected animal (Table 4), suggesting that such
antibodies did not contribute to the neutralizing potential of
these sera. However, 15e- and b6-like antibodies that are able
to neutralize only the most sensitive HIV isolates (6) were
generated during SHIVgg6,p, infection and may have been
present at very low titers in sera from macaques immunized
with the V2- and/or V3-deleted gp140 immunogens although
none were detected in sera from the SF162gp140-immunized
animals. Interestingly, low titers of antibodies capable of block-
ing the binding of 2G12 were present in the SHIV g 4,p4 SeTa
but not in any of the gp140 sera. As expected from the neu-
tralization results discussed above, antibodies that bind to neu-
tralization epitopes that preferentially become exposed follow-
ing the interaction of Env with CD4 were present in low titers
in sera from the gp140-immunized animals and in higher titers
in the SHIVgg¢ps-infected animal. Such antibodies com-
prised mostly anti-V3 antibodies (as indicated by the presence
of LE311-like antibodies). CD4i antibodies (as indicated by the
presence of X5-like antibodies) were elicited at low titers by
AV3gp140 but not by the other immunogens. Of note, al-
though antibodies like LE311 captured JRFL in the absence of
sCD4 preincubation, they did so most effectively once the virus
was preincubated with sCD4. In contrast, X5 does not capture
JRFL in the absence of sCD4 pretreatment (19).

The fact that sera from the AV3gp140- and AV2AV3gp140-
immunized animals competed the binding of JRFL to the
anti-V3 MADb LE311 (Table 4) is most likely due to the pres-
ence of antibodies in those sera that sterically prevent the
binding of virions to certain anti-V3 antibodies, such as LE311.

We also examined whether antibodies to the gp41 cluster I
region were generated, because this region is immunodomi-
nant in gp41 and has been demonstrated to be highly immu-
nogenic during HIV-1 infection of humans (63, 90). To assess
whether this region was similarly immunogenic on our gp140
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immunogens and on the surface of SHIV g 4,p4 Virions, we com-
peted capture of virus to the cluster I-specific MAb 7B2 with sera
(Table 4). Only serum antibodies from the SHIVgg qop4-in-
fected animal were able to compete out capture by the MAb
7B2, indicating that during SHIVgg4,p, infection, as during
HIV infection, the gp41 cluster I region is highly immunogenic,
while it is poorly immunogenic on our gpl40 immunogens.
Therefore, the greater immunogenicity of the extracellular
gp41 region during SHIV g 6,p4 infection compared to gp140
immunization (Table 1) is most likely due to the generation of
anti-cluster I antibodies during infection.

Previous immunization reduced peak viremia following
homologous challenge. We have previously shown that immu-
nization with SF162gp140 and AV2gp140 results in the gener-
ation of homologous NAbs that reduce SHIVgg6,p,4 replica-
tion in macaques challenged intravenously, even in the absence
of antiviral CD8"-T-cell-mediated immune responses (8).
Here we examined whether the antibodies elicited by
AV3gp140 and AV2AV3gpl40 also affect SHIVgp 4op4 repli-
cation in vivo. As mentioned above, the SF162gp140- and
AV2gp140-immunized animals were part of a different chal-
lenge study during which the animals were challenged with the
heterologous SHIV 89.6P virus (91). Six weeks following im-
munization with recombinant AV3gp140 or AV2AV3gp140
proteins, two animals in the AV3gp140 group, all three animals
in the AV2AV3gp140 group, as well as three mock-immunized
animals were intravenously challenged with SHIVgg, sopa. Al-
though none of the animals was protected from infection (ster-
ilizing immunity), peak viremia levels (at 2 weeks postchal-
lenge) were lower in the immunized animals than in controls
(see Table S2 in the supplemental material). The number of
animals used per group was insufficient to perform a statistical
analysis on each group of immunized macaques separately
compared to the controls. However, a statistically significant
reduction in peak viremia was reached (P = 0.05) when the
AV3gpl140- and AV2AV3gpl40-immunized animals were
grouped. Although the number of animals used here is very
small to draw solid conclusions, the results suggest that NAbs
that target regions other than the crown of the V3 loop that
were present in the AV3gp140 and AV2AV3gp140 sera were
capable of blunting homologous in vivo replication. Since
these two immunogens elicited robust anti-V1 NAb re-
sponses (Table 2), it is possible that the dampening of viral
replication recorded here was due to such antibodies. Addi-
tional studies are required to define the relative contributions
of the various types of NAbs elicited during immunization (or
infection) in controlling viral replication in vivo.

DISCUSSION

The neutralizing antibody response elicited during immuni-
zation with our four SF162-derived gp140 immunogens was
primarily due to Vl1-directed antibodies. Immunization with
gp140 proteins lacking the V3 loop individually or in combi-
nation with the V2 loop resulted in increased titers of anti-V1
NADs. This may be a consequence of a loss in the interaction
between the V1 and V3 loops within the Env trimer resulting
in more effective exposure of certain V1 loop epitopes (16),
which do not include the epitope recognized by MAb P3CS,
which recognized the V3 loop-deleted gp140s as efficiently as
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SF162gp140. Alternatively, the relative immunogenicity of V1
may be boosted by any modification that reduces the immu-
nogenicity of V3, such as has been shown on the HxB2 gp120
Env by the addition of a glycosylation site to the V3 crown (28).
This focusing of the immune response to the V1 region upon
gp140 immunization in part explains the narrow breadth of
neutralizing activities elicited by our immunogens. The V1
region is highly variable, and thus it is expected that anti-V1
antibodies elicited by SF162-derived gp140 Env will not bind to
the virion-associated V1 loops of heterologous isolates. During
SHIV g 62p4 infection, anti-V1 binding antibodies were gen-
erated, but their titers decreased over time. This decrease in
titer could be due to a gradual decrease in V1 immunogenicity
due to amino acid changes within V1 or due to changes in
other Env regions that occur during SHIVgg4,p4 replication
and which could affect the presentation of V1. Alternatively, it
could be due to the use of a V1 peptide derived from the
SF162/SHIV g 62p4 Env which does not have the same amino
acid composition as the V1 sequence of the viral variants that
gradually emerged during SHIVgg,4,p, infection and against
which variant V1 sequence antibodies may have been elicited
late in infection. However, even with sera collected early dur-
ing infection (when limited V1 variation was observed [data
not shown]), we did not record a significant contribution of
anti-V1 antibodies to the neutralizing potential of sera from
the SHIVgg, gops-infected animal. Thus, although the neutral-
izing activity of gp140 sera was primarily focused on the V1
loop, that of SHIVgg4.ps sera targeted other Env regions.
Since the V1 peptide used here to detect the presence of
anti-V1 antibodies spans almost the entire V1 loop of SF162
Env, we do not know at this point whether the anti-V1 anti-
body response targeted multiple epitopes or one specific im-
munodominant epitope, as has been recently shown by others
using YU2-derived Env immunogens (49). The fact that sig-
nificant titers of anti-V1 antibodies are elicited by immuniza-
tion with SF162, YU2, HxB2, and W61D-derived Env immu-
nogens (2, 28, 37, 49) suggests that the V1 loop will be
immunogenic on soluble HIV Env constructs in general. Of
course, the relative immunogenicity of the V1 loop and of
other Env regions will depend on the Env background and on
the oligomeric structure of the immunogen. For example, im-
munization with group M consensus Env results in the gener-
ation of primarily anti-V3 NAbs (27). Nevertheless, based on
previous results obtained with monomeric gp120 (37) and
those presented here obtained with trimeric gp140 constructs,
it appears that the V1 loop is highly immunogenic on the
SF162 Env.

In part, the immunogenic properties of the V1 loop are
related to its exposure on the SF162 Env. Our antigenicity
studies with the recently isolated mouse anti-V1 antibody,
P3CS8, indicate that the epitope recognized by this MAD is well
exposed on all four gp140 constructs examined here. However,
relative epitope exposure may not necessarily predict epitope
immunogenicity. The epitope of bl2 is also present on
SF162¢gp140, and bl2 can efficiently neutralize SHIV g 6op4,
yet bl2-like antibodies were not detectable in the gp140-im-
munized or SHIV g 4,p4-infected animals. It remains unclear
why anti-V1 antibodies were readily elicited during immuniza-
tion with this gp140 immunogen but b12-like antibodies were
not. However, our results are in general agreement with those
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previously reported by others that b12 epitope exposure does
not correlate well with b12 epitope immunogenicity (77).
Similarly, we did not detect the generation of 2F5- or 4E10-
like antibodies during immunization or during SHIV g 6op4
infection, even though these two antibodies recognize their
epitopes on the gp140 immunogens used here and neutralize
SF162 (74).

Our SF162gp140 immunogen elicited anti-V3 antibodies,
and deletion of the V2 and/or V3 loops reduced their titers.
This most likely is due to alterations in the positioning of the
V3 loop with respect to other Env regions when the V2 loop is
eliminated that may alter its immunogenic properties. The
anti-V3 NADs elicited by SF162gp140 targeted mostly linear
epitopes (although two animals in this group, A02186 and
02193, appeared to also generate low titers of conformational
anti-V3 antibodies). Since sera elicited by gp140 constructs
lacking the V3 loop showed significantly reduced heterolo-
gous neutralizing activity compared with sera elicited by
SF162gp140, we believe that the limited cross-neutralizing
activity recorded with the SF162gp140 immunogen was due
to the presence of such anti-V3 NAbs. In contrast, the
SHIV g 6-p4-infected macaque gradually developed anti-V3
NADs that recognized both linear and conformational epitopes
on V3 (similar to what we observed with HIVIG). Anti-V3
antibodies that recognize conformational epitopes have a
broader neutralizing potential than anti-V3 antibodies that
recognize linear epitopes (30, 32). Thus, the conformational
anti-V3 antibodies present in the SHIVgg4,p4 sera collected
on the later days of infection most likely contributed to the
broad neutralizing activity associated with those sera. In fact,
the breadth of neutralization associated with the SHIV g 42p4
sera increased over time (data not shown). Of note, conforma-
tional anti-V3 antibodies were detected with the use of a chi-
meric protein expressing the JR-CSF V3 loop and not that of
SF162. This supports the proposal that the conformational V3
antibodies present in SHIVgp4,p4 S€Ta recognize a common
V3 loop structure.

Differences between the binding titer of certain antibodies
and their neutralizing activity were noted. For example, animal
A02177 had a higher titer of anti-V1 antibodies than animal
A02179, but the anti-V1 antibodies from A02179 had a higher
neutralizing activity than those of A02177. It is possible that
different animals developed antibodies against different re-
gions of the V1 loop, some of which may be more exposed on
the virion surface than others. A more detailed mapping of the
epitope specificities of the V1 antibodies elicited during im-
munization might provide information that would explain this
observation. Alternatively, differences between binding and
neutralization could be due to differences in the presentation
of the V1 loop on virions, on gp140 proteins, and as peptides
on ELISA plates.

All four gp140 immunogens elicited homologous NAbs de-
spite the fact that some had major deletions in the V2 and V3
regions. This is most likely due to the fact that SF162 is sus-
ceptible to neutralization by antibodies that bind to diverse
epitopes on gp120 (6, 74). This contrasts with results obtained
during immunizations with modified Env immunogens derived
from either the DH12 or HxB2 Env’s (47, 53). However, de-
letion of the V3 loop from our gp140 immunogens reduced the
titer of homologous NAbs, indicating that V3 loop-directed
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antibodies are significant contributors to the homologous neu-
tralization recorded with the sera from the SF162gp140-immu-
nized animals. It is also possible that the differences in immu-
nization protocol between the SF162gp140 and AV2gp140
groups compared with the AV3gpl40 and AV2AV3gpl40
groups (lack of a fourth DNA immunization and longer rest
period between the DNA and protein phases of immunization)
contributed to the observed differences in titer. However, dif-
ferences in binding antibody titers between the SF162gp140
and AV2gp140 groups (as well as between the AV3gp140 and
AV2AV3gp140 groups) were evident even though the animals
were immunized with the same protocol. In contrast to our
previous observations (1), here the AV2gp140-immunized an-
imals did not elicit broader NADb responses than the
SF162gp140-immunized animals. Individual animals respond
to immunization or infection differently, and even though in
the previous study the two animals immunized with AV2gp140
showed an enhancement modest in neutralization breadth
(and weak in potency) compared to SF162gp140-immunized
animals, this most likely was not related to differences in the
immunogenic properties of the SF162gp140 and AV2gp140
proteins.

The four gp140 immunogens elicited low titers of antibodies
that bind to CD4-induced V3 loop epitopes. The SHIVgg;copa-
infected animal elicited higher titers of such antibodies and
also elicited high titers of CD4i antibodies. Such antibodies
may have contributed to the cross-neutralizing activity associ-
ated with the SHIV g 4,p4 sera. Further studies are required to
assess in more detail the participation of such antibodies dur-
ing heterologous neutralization by these sera.

The development of broader NAb responses during infec-
tion with a SHIVgg 4,p4 that expresses the SF162 Env than
during immunization with SF162-derived gp140 immunogens
could be explained in different ways. The gp140 immunogens
tested here do not perfectly mimic the Env structure present
on infectious virions, and as a result, they may not present key
neutralization epitopes as efficiently to the immune system.
For example, during the DNA phase of immunization the
animals received the “cleaved” versions of our gp140 immu-
nogens (gp140C). Based on our in vitro expression results, we
expect that various forms of gpl140C, some of which were
properly processed and some of which were not, were ex-
pressed in vivo. These distinct forms may differentially prime
for the development of relevant NAb responses. During the
recombinant protein immunization phase, we use the “fused”
version of our gpl40 immunogens (gpl40F), and such struc-
tures may also not present relevant neutralization epitopes in
the most effective way, as has been suggested by others (4, 76).
A second possibility is that broader NAb responses may have
developed in the SHIV g 4,p4-infected animal due to contin-
uous viral replication which provided a sustained Env presen-
tation to B cells during infection. A third possibility is that
broader neutralizing responses may have developed due to the
evolution of the viral Env in these animals. Such evolution may
gradually focus the immune response to conserved epitopes on
the viral Env or, alternatively, to successive variants of the
variable regions of Env. HIVIG also contained broadly reac-
tive NADs, but our studies indicate that their epitopes may be
different from those elicited during SHIV g, 4,p, infection.

Overall, our studies suggest that in order for gp140 immu-
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nogens to elicit broad neutralizing anti-HIV antibody re-
sponses, efforts should be made to reduce the immunogenicity
of the V1 region on such constructs. Potentially, this could be
achieved by deleting the V1 loop from those immunogens.
However, even the deletion of the V1 loop may not result in
the enhancement of the immunogenicity of more conserved
Env epitopes (93). Immunization with Env proteins lacking the
V1 loop, either alone or in combination with other loops, has
not yet elicited high titers of broadly reactive NAbs (93), and
in fact in certain cases, V1 deletion abrogated homologous
NADb responses (47, 53). In the case of SF162, deletion of the
V1 loop renders this virus less susceptible to CD4BS NAbs
(74), suggesting that the modification may in fact reduce the
exposure, and potentially the immunogenicity, of CD4BS
epitopes. If this is the case, alternative approaches need to be
developed to deal with the high immunogenicity of the V1 loop
on gp140 constructs.
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