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In an attempt to generate broadly cross-reactive, neutralizing monoclonal antibodies (MAbs) to simian
immunodeficiency virus (SIV), we compared two immunization protocols using different preparations of
oligomeric SIV envelope (Env) glycoproteins. In the first protocol, mice were immunized with soluble gp140
(sgp140) from CP-MAC, a laboratory-adapted variant of SIVmacBK28. Hybridomas were screened by enzyme-
linked immunosorbent assay, and a panel of 65 MAbs that recognized epitopes throughout the Env protein was
generated. In general, these MAbs detected Env by Western blotting, were at least weakly positive in fluores-
cence-activated cell sorting (FACS) analysis of Env-expressing cells, and preferentially recognized monomeric
Env protein. A subset of these antibodies directed toward the V1/V2 loop, the V3 loop, or nonlinear epitopes
were capable of neutralizing CP-MAC, a closely related isolate (SIVmac1A11), and/or two more divergent
strains (SIVsmDB670 CL3 and SIVsm543-3E). In the second protocol, mice were immunized with unfixed
CP-MAC-infected cells and MAbs were screened for the ability to inhibit cell-cell fusion. In contrast to MAbs
generated against sgp140, the seven MAbs produced using this protocol did not react with Env by Western
blotting and were strongly positive by FACS analysis, and several reacted preferentially with oligomeric Env.
All seven MAbs potently neutralized SIVmac1A11, and several neutralized SIVsmDB670 CL3 and/or
SIVsm543-3E. MAbs that inhibited gp120 binding to CD4, CCR5, or both were identified in both groups. MAbs
to the V3 loop and one MAb reactive with the V1/V2 loop interfered with CCR5 binding, indicating that these
regions of Env play similar roles for SIV and human immunodeficiency virus. Remarkably, several of the MAbs
generated against infected cells blocked CCR5 binding in a V3-independent manner, suggesting that they may
recognize a region analogous to the conserved coreceptor binding site in gp120. Finally, all neutralizing MAbs
blocked infection through the alternate coreceptor STRL33 much more efficiently than infection through
CCR5, a finding that has important implications for SIV neutralization assays using CCR5-negative human
T-cell lines.

Human and simian immunodeficiency viruses (HIV and
SIV) are closely related retroviruses that produce AIDS in
humans and related immunodeficiency syndromes in some spe-
cies of macaques, respectively. SIV infection of rhesus ma-
caques has become an important animal model for HIV infec-
tion and AIDS in humans and for the development of an
effective HIV vaccine (20). Several reports have shown that the
humoral immune response can, under some circumstances,
protect nonhuman primates from infection by HIV, SIV, or
SHIVs (SIVs that are engineered to contain an HIV type 1
[HIV-1] Env protein) (28, 41, 57, 72, 79). In addition, infec-
tions by SIVs with partially deglycosylated Envs have gener-
ated neutralizing antibodies that can efficiently neutralize wild-
type virus in vitro (73), while immunization of mice with cells
expressing fusion-competent HIV-1 Env elicited humoral re-
sponses that could neutralize numerous primary virus isolates
in vitro (52). Finally, recent findings have shown that the pas-

sive administration of neutralizing monoclonal antibodies
(MAbs) could prevent mucosal and in utero transmission of
pathogenic SHIVs (3, 58). Collectively, these findings raise
hope that an appropriately designed Env-based immunogen
will generate a protective humoral response to HIV.

A key feature of any effective vaccine against HIV will be the
ability to protect against infection with multiple, divergent
isolates. Unfortunately, the humoral response elicited by
monomeric gp120 is not broadly cross-neutralizing, making it
unlikely that vaccination with this form of Env will prevent
infection by the heterogeneous viruses circulating in the gen-
eral population (10, 12). HIV and SIV Env glycoprotein is
expressed on the surface of the virus as a noncovalently linked
oligomer, and immunization with oligomeric Env preparations
has been shown to generate antibodies that preferentially rec-
ognize oligomeric Env (8, 24). A correlation between antibody
reactivity with oligomeric Env and neutralization ability has
been noted in several reports (30, 64, 69, 76). With these
studies in mind, we immunized mice with cell-associated or
soluble forms of oligomeric SIV Env in an attempt to elicit
broadly cross-reactive, neutralizing antibodies. A secondary
goal was to create a large panel of well-characterized MAbs
directed toward diverse epitopes throughout SIV Env; while
many antibodies to HIV have been described and their binding
sites have been determined, much less is known about the
antigenic structure of SIV Env. As will be described, a number
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of MAbs reactive with the V3 or V1/V2 loops or less well-
defined conformational determinants on gp120 derived from
both protocols were capable of neutralizing related and more
divergent isolates. Several of these MAbs have been shown to
interfere with Env binding to CD4 and/or the CCR5 corecep-
tor. A large number of nonneutralizing MAbs with epitopes
distributed throughout the Env protein have also been gener-
ated. This panel of well-characterized MAbs should be highly
useful for future structure-function and immunologic studies
of SIV Env.

MATERIALS AND METHODS

Preparation of purified SIV Env. The CP-MAC env gene (49) was cloned into
pSC65, and a premature stop codon was introduced just N terminal to the
membrane-spanning (transmembrane [TM]) domain using PCR-based mutagen-
esis. A recombinant vaccinia virus (vAE1) was made using this plasmid and the
Western Reserve vaccinia virus strain, using standard techniques (23). To gen-
erate recombinant protein, BHK cells were infected with vAE1 at a multiplicity
of infection of 10. Four hours post infection, cells were washed twice with
phosphate-buffered saline (PBS), and serum-free Dulbecco modified Eagle me-
dium (DMEM; Gibco-BRL) was added. Cell supernatant was harvested 24 h
postinfection, cleared by centrifugation, and filtered through a 0.45-mm-pore-size
filter. Triton X-100 was added to a final concentration of 0.05% to inactivate
vaccinia virus and sodium azide was added to 0.05% to prevent microbial growth.
Env protein was purified using wheat germ agglutinin coupled to agarose beads
(Vector Laboratories) for lectin affinity chromatography. Env was eluted in 1 M
N-acetyl-D-glucosamine (Sigma) in morpholineethanesulfonic acid (MES) buffer
(20 mM MES [pH 7.0], 0.13 M NaCl, 10 mM CaCl2), the sugar was removed by
buffer exchange with an Amicon stir cell fitted with a YM30 membrane (Ami-
con), and the remaining volume was concentrated to produce a purified protein
stock of 0.5 to 1 mg of soluble gp40 (sgp140) per ml. SIVmacCP-MAC gp120 was
produced by infecting 293T cells with the recombinant vaccinia virus vTF1.1
(which produces T7 polymerase [1]) at a multiplicity of infection of 10 for 1 h at
37°C and then transiently transfecting with a plasmid encoding CP-MAC gp120
under the control of the T7 promoter (pCR3.1; Invitrogen). This gp120 construct
was generated using a Quickchange mutagenesis kit (Stratagene) to introduce a
premature stop codon just N terminal to the gp120/gp41 cleavage site. The
SIVmac17E-Fr gp120 plasmid has been described elsewhere (25).

MAb production. For immunization protocols using soluble oligomeric Env,
BALB/c mice were immunized intradermally with 50 mg of CP-MAC sgp140
three times at 4-week intervals, with a final boost 4 days before hybridoma fusion
protocols were performed. The first immunization was done in Freund’s com-
plete adjuvant; incomplete Freund’s adjuvant was used for subsequent immuni-
zations. Splenocytes from a one animal were harvested and cells were fused with
SP2 myeloma cells as previously described (91). Of 200 uncloned hybridomas
that were initially reactive with sgp140 by enzyme-linked immunosorbent assay
(ELISA), 65 were derived from a single cell based on cloning efficiency and were
characterized further. For immunization protocols that utilized cell-associated
Env, mice received four intraperitoneal inoculations at 1-week intervals of 106

living SupT1 cells (in PBS) chronically infected with CP-MAC. Four days fol-
lowing the final inoculation, fusions were performed. Hybridomas were screened
in 96-well plates for the ability to inhibit syncytium formation of a 1:10 mix of
CP-MAC-infected to uninfected SupT1 cells at 24 h. Eight stable hybridoma cell
lines were obtained from two fusions. Of these, one, termed 12G5, was shown to
react with CXCR4 and has been described elsewhere (29); the other seven were
specific for SIV Env.

Velocity gradient centrifugation. Supernatants containing sgp140 or gp120
were concentrated 10-fold in a Centricon spin column (MWCO 50) and loaded
onto a 5 to 20% (wt/vol) continuous sucrose gradient. Samples were centrifuged
in an SW40 rotor at 40,000 rpm for 20 h at 4°C. Fractions were collected from the
bottom, and aliquots were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting with the anti-SIV gp120
antibody DA6. This MAb was generated in our lab to monomeric gp120 from
HIV-2/ST (provided by Ray Sweet, Smith Kline Beecham, King of Prussia, Pa.)
and has been shown to cross-react with many heterologous HIV-2 and SIV
gp120s. The DA6 epitope has been mapped to amino acids 76 to 99 of the
SIVmac251 gp120 (J. A. Hoxie, unpublished data).

Immunoblotting and immunoprecipitation. The ability of each MAb to detect
denatured, unpurified CP-MAC sgp140 was evaluated in Western blots of gels
after SDS-PAGE run under reducing conditions. Blots were blocked in
BLOTTO (PBS with 50 g of nonfat dry milk and 0.1% Tween 20), cut into strips,
and incubated with MAbs diluted in BLOTTO to 1 mg/ml. Bound antibody was
detected with goat anti-mouse conjugated to horseradish peroxidase (GAM-
HRP; Promega) and enhanced chemiluminescence (Amersham). Immunopre-
cipitations were performed using 50 ml of supernatant from cells infected with
vAE1 (harvested and used within 24 h), 50 ml of hybridoma supernatant, 25 ml
of protein A-agarose beads (diluted to a binding capacity of 4 mg/ml; Gibco-
BRL), and 350 ml of PBS. After 1 h of binding at room temperature (RT), the
beads were washed twice with cold PBS and 50 ml of 13 sample buffer with

b-mercaptoethanol was added. Samples were analyzed by SDS-PAGE and West-
ern blotted with DA6.

Flow cytometry. 293T cells were transiently transfected with plasmids encoding
full-length CP-MAC env and the cDNA version of rev (kindly supplied by Mike
Malim, University of Pennsylvania) by calcium phosphate precipitation; medium
containing 7.5 mM sodium butyrate was substituted 6 to 8 h posttransfection. The
next day, the cells were lifted with PBS, transferred to V-bottom 96-well plates,
and washed once with FACS (fluorescence-activated cell sorting) staining buffer
(PBS plus 2% fetal calf serum and 0.05% sodium azide). Cells were incubated
with 100 ml of hybridoma supernatant for 30 min at 4°C. Cells were then washed
twice with FACS staining buffer and incubated with horse anti-mouse phyco-
erythrin-conjugated secondary (Vector Laboratories) at 1 mg/ml for 30 min at
4°C in the dark. Cells were washed twice with FACS staining buffer, transferred
to FACS tubes, and analyzed with a Becton Dickinson FACScanner immediately
following staining. Purified anti-CP-MAC MAb 17A11 and the anti-HIV-1 IIIB
MAb D47 were used as positive and negative controls, respectively, in each
experiment, and mean channel fluorescence (MCF) values were normalized to
that of 17A11 for comparisons between experiments.

ELISAs. SIV Env ELISAs were performed in 96-well plates to which con-
canavalin A (ConA; Vector Laboratories) had been adsorbed in capture buffer
(20 mM Tris, 100 mM NaCl, 0.05% NaN3 [pH 8.5]) by incubation for 1 h at RT.
Plates were washed with PBS containing 0.05% Tween 20 and incubated with
sgp140- or gp120-containing supernatant diluted in PBS for 2 h at RT or over-
night at 4°C. Plates were washed and blocked with BLOTTO for 1 to 2 h at RT.
Primary antibodies were added as indicated for each experiment, and plates were
incubated for 1.5 to 2 h at RT. Plates were washed, and GAM-HRP secondary
antibody (Promega) was added at a dilution of 1:2,500 in BLOTTO without
azide. Following a final wash, 2,29-azinobis(3-ethylbenzthiazolinesulfonic acid)
(ABTS; Pierce) dissolved in substrate buffer (0.1 M sodium acetate, 0.1% Tween
20 [pH 4.2]) was added, and the optical density at 405 nm (OD405) was measured.
Competition ELISAs were carried out in the above manner on plates with
ConA-bound CP-MAC gp120 except that following incubation with competing
antibody (100 ml of hybridoma supernatant), the indicated biotinylated antibody
was added without washing and the plate was incubated for an additional 1.5 h
at RT. In competition ELISAs, streptavidin conjugated to HRP (Sigma) was
used for detection of the biotinylated antibody; binding of the competing anti-
bodies to gp120 was verified on a separate plate via detection with GAM-HRP.

Antipeptide ELISAs were performed by adsorbing the indicated peptides
(obtained from the EVA Project or generously provided by Hermann Staats at
Duke Medical Center) diluted to 1 mg/ml in capture buffer for 1 h at RT or
overnight at 4°C. Plates were then blocked with BLOTTO for 1 to 2 h at RT and
incubated with hybridoma supernatants diluted in BLOTTO to approximately 10
mg/ml for 1.5 h at RT. Plates were washed, and bound MAb detected with
GAM-HRP as described above.

ELISAs to detect antibodies that blocked soluble CD4 (sCD4) binding were
done using CP-MAC gp120 captured to 96-well plates coated with the 31C7
antibody recognizing the N terminus of SIV gp120. Plates were next blocked with
BLOTTO and incubated with MAb at 10 mg/ml for 1.5 h; then sCD4 (100 ml of
supernatant from cells infected with vCB5; kindly provided by Chris Broder) was
added without washing, and incubation continued for another 1.5 h. Bound sCD4
was detected using rabbit serum R1168 raised against sCD4 at a 1:500 dilution
for 30 min followed by a goat anti-rabbit detection antibody (Boehringer Mann-
heim) at 1:500 for 15 min. ABTS substrate was added, and OD405 values were
recorded.

ELISAs for the quantification of mouse immunoglobulin G (IgG) were per-
formed by adsorbing anti-mouse Ig antibody (Boehringer Mannheim) in capture
buffer (1.2 mg/ml) to 96-well plates for 1 h at RT or overnight at 4°C. Plates were
blocked with BLOTTO for at least 15 min, and serial dilutions of a mouse IgG
(Sigma) standard curve and unknowns were incubated for 1.5 h at RT. Bound
IgG was detected with GAM-HRP, and the linear portion of the standard curve
was used to calculate the mouse IgG concentration in the samples.

Reporter virus neutralization assays. Luciferase reporter viruses were pro-
duced by cotransfecting 293T cells with plasmids encoding SIV Env proteins
under the control of the cytomegalovirus promoter and with the NL-Luc-R2-E2

backbone plasmid (18, 19); fresh medium containing 7.5 mM sodium butyrate
was added 4 to 6 h posttransfection. Supernatant containing pseudotyped virus
was harvested 2 days posttransfection, preincubated for 1 h at 37°C with anti-Env
MAbs diluted in DMEM-10 (DMEM with 10% fetal calf serum [HyClone] and
1% penicillin-streptomycin [Gibco-BRL]), and used to infect 96-well plates of
GHOST target cells stably transduced with CD4 only (GHOST parent), CD4 and
human CCR5, or CD4 and human STRL33 (generously provided by Dan Litt-
man, Skirball Institute; low-passage GHOST cells were used for these experi-
ments). Infections were performed in DMEM-10 without supplements. Cells
were lysed in 0.5% Triton X-100 in PBS 3 to 4 days postinfection, and luciferase
in the cell lysate was quantified in a luminometer using luciferase reagent (Pro-
mega). Infections were done in duplicate; the duplicates were averaged for each
antibody dilution, and these averages were used to generate neutralization curves
from which 50 and 90% inhibitory concentrations (IC50 and IC90) were deter-
mined.

Direct Env binding assays. A 500-ml aliquot of unpurified SIVmac17E-Fr
gp120 (0.5 to 1 mg) was preincubated with 10 mg of MAb for 30 min at RT and
then incubated with 293T cells stably expressing high levels of rhesus CCR5 or
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with parental 293T cells for 1 h at 37°C. The cells were washed once with cold,
serum-free DMEM and lysed in 0.5% Triton X-100 in PBS with protease inhib-
itors (Complete; Boehringer Mannheim). Lysates were evaluated for bound Env
by SDS-PAGE and Western blotting with DA6.

RESULTS

Production of MAbs to soluble or cell-associated Env oli-
gomers. In general, antibody binding to oligomeric HIV-1 Env
correlates with virus neutralization better than binding to
monomeric gp120 (30, 64, 69, 76), and immunization with
oligomeric rather than monomeric Env results in more efficient
generation of antibodies to discontinuous epitopes (8, 24).
With these results in mind, we used two different forms of
oligomeric SIV Env protein as immunogens with the hope of
generating broadly cross-neutralizing MAbs. The Env protein
of CP-MAC, a lab-adapted variant of SIVmacBK28, was cho-
sen both because of its highly stable gp120/gp41 association
and because high levels of Env protein are expressed on the
surface of infected cells (49, 50). In the first protocol, mice
were immunized with purified, soluble CP-MAC gp140 gener-
ated by introducing a premature stop codon prior to the TM
domain of gp41. The cleavage site between gp120 and gp41 was
left intact with the expectation that the strong SU-TM associ-
ation between CP-MAC gp120 and gp41 would stabilize Env
oligomers (49). Purified sgp140 was subjected to sucrose ve-
locity gradient centrifugation to confirm the oligomeric status
of this construct. A separate gradient that contained only
monomeric gp120 was run in parallel. As shown in Fig. 1, the
sgp140 preparation included cleaved, monomeric gp120 as well
as uncleaved gp140, which could be separated into both oligo-
meric and monomeric fractions. The predominance of un-
cleaved Env in this preparation likely resulted from saturation
of the cellular protease responsible for Env cleavage due to the
high levels of protein expression obtained in this vaccinia virus-
driven system. Stable oligomers containing cleaved gp120 and
gp41 either were not present in these preparations or were not
stable to ultracentrifugation. Hybridomas produced from im-
munizations with this sgp140 preparation were screened by
ELISA for reactivity with the immunogen, and a total of 65
stable, clonal hybridoma cell lines were produced and evalu-
ated.

Given that high levels of uncleaved SIV Env oligomers were
present in the sgp140 immunogen and because Env cleavage is
important for coreceptor binding (25), we also immunized

mice with unfixed SupT1 cells that were chronically infected
with CP-MAC. As previously shown, these cells express high
levels of Env protein on the cell surface due to a Tyr-to-Cys
mutation in the gp41 cytoplasmic domain that eliminates an
Env endocytosis signal (50, 77). We screened these hybridomas
for the ability to inhibit CP-MAC-induced syncytium forma-
tion of SupT1 cells and obtained a total of 7 hybridomas that
potently inhibited syncytium formation. All seven MAbs re-
acted strongly with CP-MAC-infected, but not uninfected,
SupT1 cells by FACS analysis (data not shown).

Identification of MAbs recognizing linear epitopes. To de-
termine subunit reactivity and to discriminate between anti-
bodies recognizing linear and discontinuous epitopes, all
MAbs were screened for the ability to detect CP-MAC gp120
and sgp140 Env protein by Western blotting. Most of the
MAbs raised against sgp140 were at least weakly reactive with
Env by Western blotting. A subset of these MAbs are shown in
Fig. 2. The majority recognized epitopes in gp120, but 12 of 65
detected the truncated gp41 subunit. Interestingly, anti-gp41
MAbs displayed two distinct phenotypes. While 35C11 de-
tected both sgp140 and gp41, 200E11 recognized only the gp41
subunit by Western blotting (Fig. 2). MAb 200E11, but not
35C11, also detected gp41 homodimers under nonreducing
conditions, indicating that its epitope was exposed on oligo-
meric gp41 (data not shown). A small number of MAbs raised
against sgp140, including 55C8 and 115G2, were unable to
recognize CP-MAC gp140 or gp120 by Western blotting (Fig.
2 and Table 1). As both of these MAbs reacted strongly with
CP-MAC sgp140 by ELISA, this finding suggests that their
epitopes are lost when Env is subjected to SDS-PAGE and
Western blotting. Interestingly, the seven MAbs derived from
mice immunized with infected cells and selected for the ability
to inhibit syncytium formation did not detect Env by Western
blot under reducing conditions. However, under nonreducing

FIG. 1. Oligomeric nature of CP-MAC sgp140. Unpurified CP-MAC sgp140
(top) and gp120 (bottom) were concentrated 10-fold by low-speed centrifuga-
tion, loaded onto a 5 to 20% continuous sucrose gradient, and centrifuged at
40,000 rpm in an SW40 rotor at 4°C for 20 h. The gradient was separated into
approximately 1-ml fractions, and an aliquot of each was subjected to SDS-
PAGE under reducing conditions and Western blotting with an anti-gp120 MAb
(DA6). Samples of the input sgp140 and gp120 proteins were run in the far right
lanes as controls.

FIG. 2. Ability of the MAbs raised against sgp140 to detect Env by Western
blotting. Supernatant from vAE1-infected cells (bottom) or from cells expressing
only monomeric gp120 (top) was subjected to SDS-PAGE under reducing con-
ditions, blotted onto polyvinylidene difluoride membranes, blocked in BLOTTO,
and cut into strips which were incubated with the indicated MAbs at 1 mg/ml in
BLOTTO. Bound antibodies were detected with GAM-HRP and enhanced
chemiluminescence. An exposure is presented that allows Env detection with the
less effective antibodies. The anti-HIV-1 V3 loop antibody D47 is included as a
negative control.
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conditions, several reacted weakly with gp140 and gp120 (data
not shown) and all immunoprecipitated gp120 at least weakly
in the absence of gp41, indicating that their epitopes lie in the
gp120 subunit. Thus, as a group, these MAbs were strongly
dependent on Env conformation.

To further define the epitopes recognized by the panel of
MAbs, each was tested by ELISA against a series of overlap-
ping, 20-mer peptides covering the entire ectodomain of
SIVmac32H, as well as several peptides based on SIVmac251
sequences. As CP-MAC was derived from a molecular clone of
SIVmac251 (BK28) (49) and the 32H isolate is very closely
related to SIVmac251 (75), we expected that antibodies to
linear determinants in CP-MAC would recognize these pep-
tides. As shown in Fig. 3, three immunodominant regions in
gp120 were identified: (i) the N terminus (residues 21 to 70),
(ii) residues 81 to 100, and (iii) the V1/V2 region (residues 111
to 190). Antibodies that recognized epitopes in four other
regions were also identified (Fig. 3). Surprisingly, two MAbs
that did not recognize Env in Western blots reacted with pep-
tides: 55C8 reacted with a V1/V2 peptide (residues 161 to 180),
and 115G2 recognized a peptide from the gp120 N terminus
(residues 41 to 60). MAbs reactive with the gp41 ectodomain
by Western blotting were screened against overlapping pep-
tides from this subunit. Eleven of 12 anti-gp41 MAbs recog-
nized the previously identified immunodominant region (resi-
dues 601 to 620) containing the highly conserved disulfide

bond in gp41 (11, 33, 42, 45) (data not shown). The epitope of
the one anti-gp41 MAb not reactive with this peptide was
shifted slightly toward the C terminus (residues 611 to 630).
200E11 had a phenotype distinct from those of the other anti-
gp41 MAbs in it that failed to react with Env-expressing cells
by FACS (Table 1) and that it detected gp41 but not gp140 by
Western blotting (see above).

Determination of surface exposure of antibody epitopes. To
determine which MAbs recognized nondenatured Env protein,
immunoprecipitations were performed with fresh preparations
of sgp140 (containing a mixture of gp140, gp120, and gp41),
and Env was detected by Western blotting with the anti-gp120
MAb DA6. A representative blot showing several of these
MAbs is presented in Fig. 4, and the results for all antibodies
are summarized in Table 1. As expected, the majority of the
antibodies immunoprecipitated CP-MAC Env. However, sev-
eral antibodies immunoprecipitated freshly prepared sgp140
only weakly or not at all, suggesting that their epitopes are not
exposed on the folded Env protein (Table 1). MAb 8C7 (Fig.
4) and the other six MAbs generated against chronically in-
fected cells (not shown) immunoprecipitated CP-MAC gp140
and gp120.

To determine reactivity with native Env oligomers, MAbs
were evaluated by FACS analysis of 293T cells transiently
expressing CP-MAC Env. The majority of the cell-associated
Env in this case should be cleaved and oligomeric, although

TABLE 1. Summary of MAb propertiesa

Antibody Epitope No. of clones
Reactivity

Western IP FACS

Soluble gp140
47G6 21-40 3 11 1 1
136B10 31-50 1 11 1 11
179F10 41-50 2 11 1 1
115G2 41-60 3 2 1 1
12B9 76-99 6 11 1 1
152C10 81-99 3 11 1/2 2
163B9 81-100 1 11 2 2
22A 111-130 (V1) 3 11 1 11
55C8 161-180 (V1/V2) 4 2 1/2 1
171C2 171-190 (V1/V2) 2 11 1 11
71B7 271-290 1 1 1 2
48C4 281-290 2 1 1 1
36D5 321-340 (V3) 2 11 1 111
28E6 361-380 1 1 1 1
31C7 501-510 3 11 1 1
35C11 601-620 (TM) 11 1 1 11/1
200E11 611-630 (TM) 1 1 1 2
6B8 Group 1 (N terminal) 6 1 2 1/2
8H1 Group 2 (V1/V2) 1 11 1 11
189D5 Group 3 (N terminal 1 11 1 1
77D6 Group 4 (76-99) 6 11 1 1
123A2 Group 5 2 1 1 2

Infected cells
3E9 Conformational NA 2 11 11
4B11 CD4/CCR5 BS NA 2 11 11
5B11 CD4 BS NA 2 11 11
7D3 CCR5 BS NA 2 11 11
8C7 CD4/CCR5 BS NA 2 11 11
11F2 CCR5 BS NA 2 11 11
17A11 CD4/CCR5 BS NA 2 11 11

a One antibody from each epitope group is listed. The number of clones mapping to the same epitope (clones) and the reactivities of these clones in Western blots,
immunoprecipitations (IP), and FACS analysis are shown. Western and IP rankings are subjective relative to reference antibodies (DA6 and 8C7, respectively), FACS
rankings are relative to the MCF obtained with the 17A11 antibody (10 to 25% [1], 26 to 50% [11], or 50 to 100% [111] of the MCF obtained with 17A11 on that
day, minimum of two assays per antibody). Data for neutralizing MAbs are in boldface. NA, not applicable; BS, binding site.

VOL. 74, 2000 MECHANISMS OF SIV NEUTRALIZATION 7925



some gp120 shedding likely occurs despite the tight gp120-gp41
association in CP-MAC, and some uncleaved Env may be
present. Most MAbs were at least weakly reactive with CP-
MAC Env by FACS compared to a pcDNA3-transfected con-
trol (Table 1). Of note, several epitopes were highly exposed

on the native Env protein, including residues 31 to 50, the
V1/V2 loop, and particularly the V3 loop. These findings are
consistent with those previously reported for HIV-1 (64, 76, 80,
88). With the exception of 200E11, MAbs to gp41 were also
reactive by FACS, which may reflect binding to gp41 subunits
from which gp120 has been shed. All seven of the MAbs raised
to CP-MAC-infected cells were strongly positive by FACS,
giving MCF values equivalent to or greater than those ob-
tained with the V3 loop MAbs (data not shown).

Epitope mapping of MAbs directed against discontinuous
epitopes. A subset of the MAbs that did not react with SIV Env
peptides (8H1, 51G3, 77D6, 143C11, 155B4, and 189D5) were
biotinylated and used in competition ELISAs. Five competi-
tion groups were identified (Table 2). Group 1 included MAbs
that competed with each other and 136B10, which binds to
residues 31 to 50. Interestingly, N-terminal antibodies other
than 136B10 did not compete with group 1 antibodies for Env
binding (136B10 is the only MAb that recognized both the
21-40 and 31-50 peptides). Competition group 2 included only
8H1, which was blocked by MAbs reactive with residues in the

FIG. 3. Epitope mapping of MAbs using overlapping peptides in gp120. Antibodies produced from immunization with sgp140 were screened by ELISA for reactivity
with overlapping 20-mers representing almost the complete gp120 ectodomain. Antibodies that reached a signal-to-noise ratio of 3 or greater on a peptide were scored
as positive; most positive results represent signal/noise ratios of 10 or greater. Grey scale represents areas of overlap between adjacent peptides. The amino acid
sequence of BK28, not of the peptides, is shown. Mutations between BK28 and CP-MAC are E84K, R112K, R120K, M327R, and T475I. Disulfide bonds (loops) are
hypothetical and are based on the HIV-1 disulfide bonding pattern (39, 54).

FIG. 4. Immunoprecipitation of sgp140. Supernatant collected from vAE1-
infected cells was incubated with the indicated MAbs and protein A-beads, and
the immunoprecipitates were analyzed by Western blotting. Input supernatant is
shown as a standard (STD); negative controls are precipitations to which no
antibody (No MAb) or the irrelevant anti-CD4 MAb (Leu3A) was added. An
exposure is shown which allows the detection of Env precipitated by less efficient
antibodies.
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V1/V2 region. Groups 3 and 4 defined additional competition
groups within the gp120 N terminus. The binding of group 4
MAbs and those directed to residues 76 to 99 enhanced the
binding of the group 3 MAb 189D5 (approximately 120 and
150% of control, respectively), while antibodies to the N ter-
minus (residues 21 to 40) competed with MAb 189D5. MAbs
from an overlapping region in the N terminus (residues 21 to
70) enhanced binding of group 4 MAbs. Two antibodies that

did not fit into any of these groups were designated group 5.
The seven MAbs raised against infected cells competed for
Env binding with 189D5 (group 3, 40 to 60% of control) and
8H1 (group 2, 65 to 80% of control) but not 51G3 or 155B4
(group 1) or the anti-V3 loop MAbs 36D5 and 83F3.

Oligomer sensitivity of MAbs. To assess whether any of the
MAbs preferentially recognized oligomeric Env, ELISAs were
performed in parallel 96-well plates coated with ConA-cap-
tured CP-MAC gp120 or sgp140 (which, as shown in Fig. 1,
contains oligomeric, uncleaved gp140 and possibly gp120-gp41
oligomers prior to ultracentrifugation). The ratio of antibody
reactivity to plates coated with gp120 and with the sgp140-
containing preparation was calculated (Fig. 5). As the V3 loop
is predicted to be a highly exposed epitope and thus less likely
to be affected by oligomerization status, we set the average OD
for V3 loop MAbs 36D5 and 83F3 against gp120 and sgp140 at
a value of 1 and calculated the reactivity of the other MAbs
relative to this value. In this manner, differences in the amount
of gp120 or sgp140 captured to the plates were accounted for.
All of the antibodies generated against sgp140 reacted more
strongly with gp120 than with the oligomer-containing prepa-
ration, suggesting that these MAbs preferentially recognize
monomeric Env. Strikingly, of the five MAbs tested that were
raised to chronically infected cells, three (4E11, 5B11, and
8C7) were more reactive with the oligomer-containing Env
than with the monomeric gp120 preparation. Two MAbs from
this group, 3E9 and 11F2, did not react with gp120 by ELISA
and could not be analyzed in this manner. However, the finding
that these antibodies reacted with sgp140 by ELISA (not
shown) indicates that they also reacted preferentially with oli-
gomeric Env.

Neutralization profiles of the MAbs on target cells express-
ing CCR5 or alternate coreceptors. At least one MAb from
each epitope group listed in Table 1 was tested for the ability
to neutralize luciferase reporter viruses pseudotyped with CP-
MAC Env used to infect GHOST target cells expressing hu-
man CD4 and CCR5 (Table 3 and Fig. 6). Among MAbs

FIG. 5. MAb oligomer sensitivity. ELISAs using the indicated antibodies (at least one antibody from each category shown in Table 1) were conducted side-by-side
on plates coated with ConA-captured gp120 and oligomer-containing sgp140 (vAE1 supernatant). Background was subtracted, and the ratio of the OD405s on each plate
was calculated; values are standardized to the signal with the V3 loop MAb 36D5. Error bars represent the standard error of the mean. Two MAbs, 3E9 and 11F2,
were not tested in this assay due to their weak binding to monomeric gp120.

TABLE 2. Competition grouping of MAbs raised against sgp140
that do not map to peptidesa

Group MAb Competing MAb Enhancing MAb

1 6B8
51G3
86F4 136B10 only (31-50) NA
139A
155B4

2 8H1 161-180 (V1/V2) NA

3 189D5 21-40 Group 4, 76-99

4 77D6
107E5
113A 76-99 21-70
143C11
174D4

5 123A2 ND ND
181H8

a Supernatants from vAE1-infected cells were captured to 96-well plates with
ConA; after blocking with BLOTTO, competing MAbs were added. Following
incubation for 1.5 h, biotinylated antibody (which did not recognize any peptides)
was added without washing. Bound biotinylated antibodies were detected with
streptavidin conjugated to HRP. Antibodies were classified as competing (re-
duced biotinylated antibody binding by at least 50%) or enhancing (increased
biotinylated antibody binding to 150% or greater) as indicated. NA, not appli-
cable; ND, no data.
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generated against sgp140, the most potent neutralizing MAbs
recognized the V3 loop (36D5 and 83F3), with IC90s of 71 and
84 ng/ml, respectively (Fig. 6A and Table 3). In addition, many
of the MAbs that mapped to the V1/V2 loops neutralized
homologous virus under these conditions, although only one
(22A) reached an IC90 of ,50 mg/ml. In general, the IC50s of
anti-V1/V2 antibodies were 2 to 3 logs greater than those of
the anti-V3 loop MAbs. Weak neutralization activity was also
seen with group 1 MAbs 6B8, 51G3, and 155B4 (Table 3 and
Fig. 6A). As a group, these MAbs reacted weakly with Env by

Western blotting, failed to or inefficiently immunoprecipitated
gp120 and gp140, and were poorly reactive with Env-express-
ing cells in FACS assays. Although group 1 antibodies com-
peted with a single N-terminal antibody, 136B10, this N-ter-
minal antibody did not have an IC50 under 50 mg/ml. Taken
together, these results suggest that group 1 antibodies recog-
nize a conformational epitope that is not well exposed on the
native Env oligomer. No neutralizing activity was observed
with MAbs generated against sgp140 that reacted with other
epitopes (Table 3).

FIG. 6. Neutralization of SIVmacCP-MAC. Luciferase reporter viruses pseudotyped with the CP-MAC Env protein were preincubated for 1 h at 37°C with serial
dilutions of the indicated MAbs and used to infect GHOST-CCR5 cells. Cells were lysed 3 days postinfection, and luciferase activity in the cell lysate was quantified.
Mouse Ig (MIg) is included as a negative control. One representative experiment is shown for neutralizing antibodies raised against sgp140 (A) and antibodies raised
against chronically infected cells (B). Each data point represents averaged duplicates.

TABLE 3. Neutralization profiles of MAbs raised against sgp140a

MAb Epitope
CCR5 (ng/ml) STRL33 (ng/ml)

IC50 IC90 IC50 IC90

47G6 21-40 .50,000 .50,000 .50,000 .50,000
179F10 41-50 .50,000 .50,000 .50,000 .50,000
115G2 41-60 .50,000 .50,000 .50,000 .50,000
12B9 76-99 .50,000 .50,000 .50,000 .50,000
152C10 81-100 .50,000 .50,000 .50,000 .50,000
22A 111-130(V1) 1,143 41,333 21 1,600
53E6 111-130(V1) 12,600 >50,000 125 24,000
55C8 161-180(V1/V2) .50,000 .50,000 .50,000 .50,000
171C2 171-190(V1/V2) 467 >50,000 32 4,000
71B7 271-290 .50,000 .50,000 .50,000 .50,000
48C4 281-290 .50,000 .50,000 .50,000 .50,000
36D5 321-340(V3) 16 71 3 22
83F3 321-340(V3) 16 84 4 25
28E6 361-380 .50,000 .50,000 .50,000 .50,000
31C7 501-510 .50,000 .50,000 .50,000 .50,000
35C11 601-620 (TM) .50,000 .50,000 .50,000 .50,000
200E11 611-630 (TM) .50,000 .50,000 .50,000 .50,000
6B8 Group 1 7,000 >50,000 220 3,000
51G3 Group 1 850 50,000 95 3,375
155B4 Group 1 822 >50,000 95 13,000
8H1 Group 2 50,000 >50,000 3,667 >50,000
189D5 Group 3 .50,000 .50,000 .50,000 .50,000
77D6 Group 4 .50,000 .50,000 .50,000 .50,000
107E5 Group 4 .50,000 .50,000 .50,000 .50,000
143C11 Group 4 .50,000 .50,000 .50,000 .50,000

a At least one antibody from each epitope group was tested for the ability to neutralize luciferase reporter viruses pseudotyped with the CP-MAC Env protein when
used to infect GHOST-CCR5 or GHOST-STRL33 target cells. Each antibody was evaluated in a minimum of three or as many as seven experiments; IC50s and IC90s
were calculated for each experiment, and the average values are presented. Data for antibodies that were found to neutralize are in boldface.
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MAbs produced by immunization with chronically infected
cells were originally screened for the ability to block syncytium
formation and were thus predicted to possess neutralizing ac-
tivity against cell-free virus. As shown in Fig. 6B, all seven of
these MAbs potently neutralized reporter viruses pseudotyped
with the CP-MAC Env. The most potent neutralizing antibody
was 7D3, with an IC90 of 6 ng/ml (Table 4). 4E11 and 8C7 were
next in potency, displaying IC90s of 31 and 20 ng/ml, respec-
tively.

Both sets of MAbs were also screened for the ability to
inhibit infection of target cells expressing CD4 and STRL33
(Tables 3 and 4). As we have previously reported (26), al-
though the most efficient coreceptor for CP-MAC is CCR5,
STRL33 also supports infection by CP-MAC-pseudotyped re-
porter viruses. No additional neutralizing antibodies were
identified using the STRL33 target cells. However, eight of
nine neutralizing MAbs generated against sgp140 reached an
IC90 below 50 mg/ml on GHOST STRL33 cells, while only
three of these MAbs reached an IC90 below this level on
GHOST CCR5 target cells. Furthermore, all neutralizing
MAbs had lower IC50s when tested on STRL33-expressing
cells; in some cases, IC50s were 1 to 2 logs lower. This increase
in neutralization potency on STRL33-expressing target cells
was less apparent with MAbs that potently neutralized infec-
tion through CCR5. The rank orders of neutralization ability
were similar on both CCR5- and STRL33-expressing target
cells, although some variation was observed among antibodies
generated against chronically infected cells (Table 4). These
results suggest that infection through alternate coreceptors,
such as STRL33, is more readily neutralized than infection
using the principal SIV coreceptor, CCR5 (21).

MAbs capable of neutralizing the CP-MAC reporter virus
were next assayed for the ability to neutralize reporter viruses
pseudotyped with more divergent Envs. GHOST cells express-
ing human CD4 and CCR5 were used for these experiments,
and antibodies were tested at two concentrations, 50 or 10
mg/ml and 5 or 1 mg/ml, depending on their potency against
viruses pseudotyped with the homologous CP-MAC Env. In
general, MAbs raised against infected cells more efficiently
neutralized divergent isolates than those raised against purified
sgp140, with the exception of the two anti-V3 MAbs (36D5 and
83F3), which were similar to the infected cell MAbs in neu-
tralizing potency (Fig. 7). The typically neutralization-sensitive
isolate SIVmac1A11 (55), which is relatively closely related to
CP-MAC (93.1% similarity to CP-MAC in the Env protein),
was most sensitive to neutralization by these MAbs. SIV-
mac239, a related (94.2% similarity in Env) but classically
neutralization-resistant isolate, was resistant to all MAbs
tested (Fig. 7B). Infection by more divergent Envs,

SIVsmDB670 CL3 (2) (83.8% similarity in Env) and
SIVsm543-3E (37) (81.5% similarity in Env), was inhibited by
subsets of these MAbs (Fig. 7C and D). None of the MAbs
reached an IC90 against SIVsmDB670 CL3 or SIVsm543-3E at
concentrations tested. In general, the relative potency of the
MAbs against CP-MAC reporter viruses correlated with their
ability to neutralize more divergent isolates.

Effect of neutralizing MAbs on Env binding to CD4 and
CCR5. The ability of an antibody to prevent viral attachment to
target cells is a major determinant of its neutralization potency.
For HIV-1, most neutralizing antibodies either bind to the V3
loop and thereby disrupt coreceptor binding or interfere with
CD4 binding (9, 17, 62, 63, 82–84, 89). Both of these neutral-
ization mechanisms were evaluated for the subset of anti-SIV
Env MAbs shown to neutralize homologous virus (Table 3).
The ability of MAbs to inhibit gp120 binding to sCD4 was
evaluated by ELISA using unpurified, monomeric CP-MAC
gp120 (the sgp140 preparation was not used because it con-
tained significant amounts of uncleaved protein which binds
CD4 less efficiently [25]). Two neutralizing MAbs, 3E9 and
11F2, were not tested in this assay, as they did not bind CP-
MAC gp120 in this format. A representative experiment is
shown in Fig. 8. Several of the neutralizing MAbs blocked
binding of sCD4 to gp120, including four of the MAbs gener-
ated against chronically infected cells. Interestingly, the most
potent neutralizing antibody, 7D3, did not affect sCD4 binding.
Only one of the MAbs produced by immunization with sgp140,
171C2, interfered with CD4 binding. This MAb maps to the
V1/V2 loop and may be similar to a MAb to the SIVcpz V2
loop that has also been shown to block sCD4 binding (88).

To determine whether any of the neutralizing MAbs inter-
fered with coreceptor binding, their ability to block CD4-inde-
pendent gp120 binding to target cells expressing rhesus CCR5
was evaluated. SIVmac17E-Fr gp120 was used in this assay, as
this Env binds rhesus CCR5 very efficiently in the absence of
CD4 (25), thus allowing CCR5 binding to be measured without
the confounding effects of Env-CD4 binding. All MAbs used in
this assay recognized SIVmac17E-Fr gp120 by ELISA or im-
munoprecipitation, although as with the CP-MAC gp120, 3E9
and 11F2 were minimally reactive with this monomeric protein
(data not shown).

Remarkably, most of the neutralizing antibodies generated
against chronically infected cells efficiently blocked Env-CCR5
binding (Fig. 9); 8C7, 7D3, and 17A11 were the most potent
MAbs in this assay. In addition, the V3 loop antibodies 36D5
and 83F3, which did not affect Env-CD4 binding, also inhibited
gp120 binding to CCR5. 171C2, which recognizes the V1/V2
loop and partially inhibited CD4 binding, also decreased Env
binding to CCR5 in the absence of CD4, suggesting that the
V1/V2 loops contribute to CCR5 binding by SIV Env consis-
tent with their described role in HIV-1 tropism (7, 15, 34, 48).
Although 11F2 bound SIVmac17E-Fr gp120 poorly, this MAb
clearly interfered with Env-CCR5 binding. It is important to
note that none of the antibodies generated against chronically
infected cells competed with the anti-V3 loop MAbs 36D5 and
83F3 for sgp140 binding by ELISA (data not shown). This
result suggests that these MAbs do not block CCR5 binding
simply by masking a conformation-dependent epitope in the
V3 loop, but rather that they may interact with a conserved
chemokine receptor binding site similarly to the anti-HIV-1
MAb 17b (74). The coreceptor binding domain is likely to be
more exposed in CD4-independent isolates (38), and this may
have allowed for more efficient generation of antibodies
against this conserved domain, as CP-MAC is a CD4-indepen-
dent virus (25). Further studies will be required to test this
hypothesis.

TABLE 4. Neutralization profiles of MAbs raised against
chronically infected cellsa

MAb
CCR5 (ng/ml) STRL33 (ng/ml)

IC50 IC90 IC50 IC90

3E9 12 600 2 27
4E11 2 31 6 60
5B11 3 130 2 23
7D3 1 6 0.3 3
8C7 2 20 1 7
11F2 3 500 2 28
17A11 4 50 1 8

a The seven antibodies that inhibited syncytium formation were tested for
neutralization as described in the footnote to Table 3, and IC50s and IC90s were
calculated in the same manner.
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FIG. 7. Neutralization profiles of antibodies using heterologous SIV isolates. Neutralization assays were conducted as described for SIVmacCP-MAC but using
viruses pseudotyped with SIV Env clones SIVmac1A11 (A), SIVmac239 (B), SIVsmDB670 CL3 (C), and SIVsm543-3E (D). Antibodies were tested at two
concentrations depending on their potency: black bars, 10 mg/ml; black hatched bars, 1 mg/ml; grey bars, 50 mg/ml; grey hatched bars, 5 mg/ml. Values represent means
of averaged duplicates from three independent experiments; error bars represent standard error of the mean.
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DISCUSSION

Several studies have shown that the humoral immune re-
sponse can, under some circumstances, protect nonhuman pri-
mates from HIV or SIV infection (3, 28, 41, 57, 58, 72, 79). In
addition, recent immunization studies with partially deglyco-
sylated forms of SIV Env (73) and cell-associated fusion-com-
petent HIV-1 Env (52) have produced antibodies which are
effective against neutralization-resistant isolates. Collectively,
these findings suggest that an appropriately designed subunit
or noninfectious vaccine immunogen could produce a protec-
tive humoral immune response and encourage further studies
towards this goal (13).

Recent studies have helped identify features in Env that
should probably be recapitulated in Env-based immunogens in
order to engender an effective immune response. The HIV and
SIV Env protein, like those of most other enveloped viruses, is

expressed as a noncovalently associated oligomer. The binding
of antibodies to oligomeric HIV Env protein has been shown
to correlate with neutralization ability (30, 64, 69, 76), and
immunizations of mice or rabbits with various oligomeric
forms of HIV Env have indicated that, relative to immuniza-
tions with monomeric gp120, this approach results in an anti-
body response which more efficiently recognizes oligomeric
Env (8, 24). Several cross-reactive, neutralizing anti-HIV
MAbs have been obtained that react with functionally impor-
tant domains in the context of oligomeric Env, including
IgG1b12, which has a rare CD4 binding site specificity (14),
2G12, which binds to conserved carbohydrate moieties on
gp120 (87), and 2F5, which binds to a determinant in the
ectodomain of gp41 (11, 66, 71). Recent insights into the struc-
ture of HIV Env have helped to identify highly conserved
domains, including binding sites for CD4 and chemokine re-

FIG. 8. Ability of neutralizing MAbs to interfere with sCD4 binding to gp120. CP-MAC gp120 was attached to 96-well plates using an antibody directed against
the Env C terminus, and the plates were blocked by incubation in BLOTTO. The indicated antibodies were added followed 1.5 h later by sCD4 added without washing.
sCD4 binding was detected using a rabbit serum generated against sCD4 and goat anti-rabbit-HRP conjugate. Results are expressed relative to OD values obtained
when no anti-Env antibody was added (100%). A representative experiment is shown; identical results were obtained in a second assay.

FIG. 7—Continued.
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ceptors, that are likely to be important targets for neutralizing
antibodies (74, 90). It will be important to delineate the struc-
ture and ultimately the immunogenicity of these critical func-
tional domains in the context of the native oligomeric Env
protein.

While many neutralizing antibodies to HIV-1 have been
reported and their mechanisms of action have been deter-
mined (see reference 70 for a review), less is known about the
antigenic structure of SIV Env proteins and the mechanisms of
antibody-mediated neutralization (43). Neutralizing murine
and simian MAbs that react with conformational epitopes
within the SIV V1/V2, V3, and V4 variable loops (4–6, 32, 44,
45, 59) and that characteristically inhibit homologous but not
heterologous strains (32) have been described. However, while
one MAb that may interfere with CD4 binding has been re-
ported (5), antibodies that inhibit SIV-coreceptor interactions
have not been described, and the role of the V3 loop as a target
for neutralizing antibodies to SIV remains unclear (32, 40, 43,
45, 92). In addition, although humoral immune responses have
been characterized in infected macaques and in macaques im-
munized with SIV gp120 and sgp140 (81), little is known about
how the oligomeric structure of the SIV Env impacts the hu-
moral immune response. As with HIV-1, it is unclear what
types of immunogens will be required to generate broadly
neutralizing antibody responses. To begin to address these
questions, we produced and characterized a panel of murine
MAbs to two different forms of oligomeric SIV Env from
CP-MAC, a laboratory-passaged variant of SIVmacBK28 re-
markable for its stable gp120-gp41 interaction and high surface
Env expression (49). A panel of MAbs was produced which
recognize diverse epitopes throughout the SIV Env that should
be useful for further studies of SIV antigenic structure. Several
neutralization-competent MAbs were also identified.

Immunization with sgp140 yielded antibodies to SIV Env
that recognized 14 distinct peptide epitopes, 12 in gp120 and 2
in gp41, as well as several conformation-dependent MAbs that
were mapped into five competition groups. Most of the MAbs
generated from sgp140 immunization reacted at least weakly
with denatured SIV Env by Western blotting, and only a few of

these MAbs had potent neutralizing activity. Two MAbs di-
rected against the V3 loop (36D5 and 83F3) potently neutral-
ized viruses pseudotypes with Env derived from CP-MAC or
the related isolate, SIVmac1A11. Several neutralizing MAbs
with epitopes in the V1/V2 loops and less well-defined confor-
mationally sensitive binding sites were also identified. The low
proportion of the MAbs generated against sgp140 that neu-
tralized virus infection and recognized strictly conformation-
dependent epitopes could be due to several factors. Although
the CP-MAC molecular clone exhibits a tight gp120-gp41 as-
sociation (49), only uncleaved Env sedimented in the oligo-
meric fractions during velocity gradient sedimentation (Fig. 1).
Since gp120-gp41 cleavage appears to be a prerequisite for
efficient SIV Env CD4 and coreceptor binding (25), the failure
to generate stable, cleaved SIV Env oligomers could have
accounted, at least in part for, the low frequency of neutraliz-
ing antibodies generated using this immunogen. Furthermore,
a significant fraction of the sgp140 preparation may be mono-
meric (Fig. 1). Finally, secreted gp140 could differ from native
oligomeric Env in less obvious ways, as only half of the 72
MAbs produced against sgp140 recognized cell surface Env by
FACS analysis although all MAbs were reactive with sgp140 by
ELISA (Table 1 and data not shown). In summary, the high
fraction of uncleaved sgp140, the presence of monomeric pro-
tein, and/or conformational differences between sgp140 and
cell-associated oligomeric Env could have contributed to the
failure of this immunogen to elicit broadly cross-neutralizing
antibodies.

In contrast to MAbs induced by immunization with sgp140,
MAbs induced by live, infected cells were notable for their
conformational dependence, high reactivity with cell surface
Env, and potency in neutralization assays, including the ability
to neutralize at least some heterologous isolates. Differences in
the screening protocols clearly account for some of these find-
ings. While hybridomas derived using sgp140 were screened by
ELISA, hybridomas raised against infected cells were screened
for the ability to inhibit syncytium formation. However, all
seven infected cell MAbs reacted with CP-MAC sgp140 by
ELISA, indicating that had antibodies with these properties
been generated by immunization with sgp140, they could have
been identified by ELISA screening. It is possible that although
epitopes recognized by MAbs to cell-associated Env were re-
tained in CP-MAC sgp140, they were not immunogenic in the
context of a soluble protein. In addition, Env expressed on the
cell surface is likely to be fully cleaved, and oligomers may be
more stable in this context. Finally, although the CP-MAC-
infected SupT1 cells used in this protocol have undetectable
cell surface CD4 by FACS analysis (data not shown), it is
possible that some Env-CD4 complexes are formed in the
endoplasmic reticulum or on the cell surface at very low levels.
Since CD4 binding triggers conformational changes in SIV Env
that enable it to interact with CCR5 more efficiently (25, 27, 36,
56), such complexes may expose a conserved CCR5 binding
domain analogous to that shown for the HIV-1 gp120 (74);
immunization with fusion-competent Env has been previously
shown to induce potent, cross-reactive neutralizing antibodies
to HIV-1 (52). In summary, cell-associated Env induced effi-
cient, neutralizing MAbs at higher frequency than sgp140, and
these MAbs recognized distinct, conformational epitopes im-
portant for Env-CD4 and/or Env-CCR5 binding.

At least five classes of neutralizing MAbs were identified
following immunization with two different forms of oligomeric
SIV Env: (i) MAbs to the V3 loop (36D5 and 83F3), (ii) MAbs
recognizing the V1/V2 loop (8H1, 22A, 53E6, and 171C2), (iii)
group 1 conformational antibodies which overlap the N termi-
nus (6B8, 51G3, and 155B4), (iv) MAbs which interfere with

FIG. 9. Ability of neutralizing MAbs to block Env-CCR5 binding. Unpurified
SIV-17E-Fr gp120 was preincubated with no antibody (NO AB) or the indicated
MAbs for 30 min at RT, added to 293T cells stably expressing rhesus CCR5 or
parental 293T cells, and incubated for 1 h at 37°C. Cells were washed once and
lysed, and bound Env was detected by Western blotting with DA6. mIgG, mouse
IgG.
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CD4 binding site (171C2, 4E11, 5B11, 8C7, and 17A11), and
(v) MAbs that disrupt CCR5 binding (36D5, 83F3, 171C2,
4E11, 7D3, 8C7, 11F12, and 17A11). These findings are in
agreement with previously reported results for SIV and HIV-1
with the exception of the MAbs reacting with the V3 loop. For
HIV-1, V3 loop antibodies are among the most potent neu-
tralizing antibodies (10, 76) and have been shown to inhibit
HIV-1 gp120-chemokine receptor binding (35, 61, 85, 89). In
contrast, previous studies have reported that SIV MAbs that
recognize the V3 loop are nonneutralizing, suggesting that the
function of the V3 loop may be different for SIV and HIV-1
(32, 40, 45, 68), although there is evidence that the SIV V3
loop is involved in cell tropism (46). In our study, however,
anti-V3 loop antibodies potently neutralized homologous and
some heterologous viruses and blocked gp120 binding to
CCR5, indicating that the V3 loop plays identical roles in
chemokine receptor binding for SIV and HIV-1. The potency
of V3 loop MAbs against some heterologous SIV isolates may
be explained in part by the lesser variability in the SIV V3 loop
than in the V3 loop of HIV-1 (67).

Antibodies directed toward the V1/V2 loops have been iden-
tified in HIV-1-infected patients and in animals immunized
with a variety of HIV-1 Env preparations. In many but not all
cases these antibodies neutralized homologous isolates, al-
though as a group they were less potent than antibodies di-
rected to the V3 loop (31, 60, 65, 80, 88). Similarly, anti-V1/V2
antibodies have been previously reported to neutralize SIV (6,
22, 45, 47, 59), consistent with the results reported here for
MAbs 22A, 171C2, and 8H1. In general, antibodies to the N
and C termini of HIV-1 are not neutralizing, and our finding
that group 1 antibodies neutralize homologous virus (albeit
weakly) was somewhat surprising. It is possible that these
MAbs inhibit a conformational change in Env that is important
for fusion. With the exception of a single MAb described by
Babas et al. (5), few SIV antibodies directed against the CD4
binding site have been reported to date. Our MAbs that inhibit
CD4-binding (4E11, 5B11, 8C7, and 17A11, and 171C2) effi-
ciently neutralized CP-MAC reporter virus infection of CD4-
positive cells, as would be predicted from studies using HIV-1
(17, 63, 82, 84). Finally, several MAbs blocked Env-CCR5
binding; interestingly, these were the most potent neutralizing
antibodies against homologous virus and some heterologous
strains. Many of the MAbs that blocked CCR5 binding did so
independently of the V3 loop. This group may represent a
novel subset of neutralizing SIV MAbs that block CCR5 bind-
ing through interactions with the conserved coreceptor binding
site and should prove useful for a variety of future studies of
SIV Env structure.

Finally, an important conclusion from this work is that the
target cells used in neutralization assays can have a significant
impact on the observed potency of a neutralizing antibody.
Studies with HIV-1 have shown that chemokine receptor use
does not significantly affect neutralization sensitivity (16, 51,
86). However, these studies evaluated only infection of cells
expressing the major HIV coreceptors, CXCR4 and CCR5.
While CCR5 is the most efficient coreceptor for the majority of
SIV isolates, many strains are able to use alternative corecep-
tors such as STRL33 and GPR15 which are, in general, poorly
utilized by HIV-1 strains (21). When identical preparations of
CP-MAC-pseudotyped reporter viruses were used to infect
target GHOST cells expressing CD4 and either CCR5 or
STRL33, infection through STRL33 was blocked much more
efficiently than infection through CCR5. It is important to
consider that our neutralization studies were performed with
cells expressing high levels of coreceptor, and it is unclear how
well this in vitro neutralization protocol reflects conditions in

vivo. However, it is not surprising that virus entry through
STRL33 would be more easily blocked than infection through
CCR5 given that the SIV Envs that we have examined clearly
have lower affinities for STRL33 than CCR5 (25) and that
higher concentrations of STRL33 than of CCR5 are needed to
support virus infection (78). Thus, SIV neutralization protocols
using human T-cell lines that do not express CCR5 may be far
less stringent assays than protocols that employ target cells
expressing CCR5. This conclusion is supported by earlier find-
ings that several macaque seras capable of low-level neutral-
ization of SIVmac251 on CEMx174 target cells (a CCR5-neg-
ative cell line) were unable to prevent the infection of human
or rhesus peripheral blood mononuclear cells (which express
CCR5) even at low dilutions (53).

In summary, this panel of well-characterized anti-SIV Env
MAbs should be useful for future structural and immunologic
studies of SIV Env proteins. In addition, results using the two
immunization protocols suggest that Env-based immunogens
that maintain the native structure of the oligomeric Env pro-
tein can elicit MAbs that are broadly neutralizing. Future im-
munization protocols with alternate preparations of Env that
maintain this structure will be of considerable interest.
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