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Simian immunodeficiency virus (SIV) of macaques isolate SIVmac239 is highly resistant to neutralization by
polyclonal antisera or monoclonal antibodies, a property that it shares with most primary isolates of human
immunodeficiency virus type 1 (HIV-1). This resistance is important for the ability of the virus to persist at
high levels in vivo. To explore the physical features of the viral envelope complex that contribute to the
neutralization-resistant phenotype, we examined a panel of SIVmac239 derivatives for sensitivity to neutral-
ization by a large collection of monoclonal antibodies (MAbs). These MAbs recognize both linear and confor-
mational epitopes throughout the viral envelope proteins. The variant viruses included three derivatives of
SIVmac239 with substitutions in specific N-linked glycosylation sites of gp120 and a fourth variant that lacked
the100 amino acids that encompass the V1 and V2 loops. Also included in this study was SIVmac316, a variant
of SIVmac239 with distributed mutations in env that confer significantly increased replicative capacity in tissue
macrophages. These viruses were chosen to represent a broad range of neutralization sensitivities based on
susceptibility to pooled, SIV-positive plasma. All three of these very different kinds of mutations (amino acid
substitutions, elimination of N-glycan attachment sites, and a 100-amino-acid deletion spanning variable loops
V1 and V2) dramatically increased sensitivity to neutralization by MAbs from multiple competition groups.
Thus, the mutations did not simply expose localized epitopes but rather conferred global increases in neu-
tralization sensitivity. The removal of specific N-glycan attachment sites from V1 and V2 led to increased
sensitivity to neutralization by antibodies recognizing epitopes from both within and outside of the V1-V2
sequence. Surprisingly, while most of the mutations that gave rise to increased sensitivity were located in the
N-terminal half of gp120 (surface subunit [SU]), the greatest increases in sensitivity were to MAbs recognizing
the C-terminal half of gp120 or the ectodomain of gp41 (transmembrane subunit [TM]). This reagent set and
information should now be useful for defining the physical, structural, thermodynamic, and kinetic factors that
influence relative sensitivity to antibody-mediated neutralization.

The acute stage of infection of humans with the human
immunodeficiency virus (HIV) or monkeys with the simian
immunodeficiency viruses (SIVs) is characterized by high lev-
els of viral replication and plasma viremia (30, 52, 67). Within
the first few weeks after acute infection, the levels of circulat-
ing virus drop dramatically, coincident with the appearance of
adaptive immune responses, including cytotoxic T lymphocytes
(CTLs) and antibodies. However, virus is not completely erad-
icated, and virus replication persists despite the presence of
readily detectable adaptive immune responses. Although anti-
genic escape plays a proven role in allowing persistent lentivi-
ral replication, it is increasingly clear that antigenic variation
alone does not explain the capacity of these viruses to persist
(32). Other factors that may contribute to chronic infection
include destruction of activated CD4� T lymphocytes, Nef-
mediated downmodulation of major histocompatibility com-

plexes (MHCs), and the accumulation of long-lived, cellular
reservoirs of infection (5, 13, 15, 16, 30, 67).

HIV-infected patients and experimentally infected rhesus
monkeys typically generate high levels of circulating antibodies
directed to epitopes in the viral envelope proteins. Although
such antibodies often react well with monomeric envelope
proteins and envelope-derived peptides, they have little or no
capacity to neutralize typical primary viral isolates in vitro (48).
This has led to the conclusion that the fully assembled viral
envelope complex is inherently resistant to recognition and
binding by the very antibodies its constituent proteins evoke
(55).

The viral envelope complex is a trimer of heterodimers, with
each heterodimer consisting of one gp120 (surface [SU]) sub-
unit and one gp41 (membrane-spanning, or transmembrane
[TM]) subunit (11, 12, 41, 45, 70). The fully assembled enve-
lope complex is expressed on the surface of infected cells and
incorporated into budding virions. Physical features of the Env
complex that contribute to its poor immunogenicity include the
arrangement of masking variable loop sequences on the ex-
posed surface of the complex, the occlusion of protein surfaces
by trimer formation, the presence of extensive N- and O-linked
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glycosylation, and the use of a two-receptor entry mechanism
(4, 10, 39). In particular, the CD4 binding site is relatively
recessed in the Env structure, and the coreceptor site is prob-
ably transiently exposed following receptor engagement (56).
However, these features alone are not sufficient to explain the
resistance of primary isolate (PI) viruses to neutralization.
T-cell line-adapted (TCLA) viral isolates retain the variable
loops, heavy glycosylation, and two-receptor entry mechanism
that typify PI viruses, yet TCLA isolates are generally much
more sensitive to antibody-mediated neutralization than their
PI counterparts (42, 48, 49). Therefore, it is probable that the
difference in neutralization phenotype of PI versus TCLA vi-
ruses reflects conformational adjustments in their respective
envelope complexes, differences in binding and entry kinetics,
or a combination of these factors (49).

The first strains of SIV were isolated from captive rhesus
macaques within 2 years of the reported identification of
HIV-1 as the causative agent of AIDS (3, 17, 25). As a direct
result, the SIV-infected macaque model for AIDS pathogene-
sis has been in continual use for almost 18 years. SIVs of
macaques (SIVmac) are very closely related to the human
pathogen HIV-2, and like HIV-1 and HIV-2, arose from cross-
species transmission of SIV from a naturally infected, nonhu-
man primate species (26, 27). As with HIV-1 and HIV-2, the
jump to a naive species resulted in the establishment and
spread of a persistent, pathogenic infectious agent. Experimen-
tal infection of macaques with SIVmac causes a reproducible
disease course identical in many aspects to HIV-1 infection in
human patients (19). Similarities include an acute phase char-
acterized by high levels of viremia, a reduction in viremia
coincident with the onset of adaptive immune responses, a
gradual decline in CD4� T cells, and a prolonged asymptom-
atic phase culminating in increased viral load and the devel-
opment of opportunistic infections. SIVmac239 is a molecular
clone of a pathogenic SIV isolate (58). Our extensive experi-
ence in manipulating and analyzing SIVmac239 has led to the
observation that SIVmac239 is highly resistant to antibody-
mediated neutralization, a property it shares with the majority
of clinically relevant, PIs of HIV-1 (32). Moreover, we have
previously shown that mutations in the SIVmac239 envelope
gene that impart sensitivity to antibody-mediated neutraliza-
tion without affecting inherent replicative capacity result in
long-term immunological control, suggesting that resistance is
important for the virus’ ability to persist at high levels in vivo
(33). Thus, the union in SIVmac239 of two properties—a
highly neutralization-resistant phenotype amenable to molec-
ular genetic analyses and a robust animal model for AIDS
pathogenesis—creates an ideal system for comprehensive stud-
ies of the role of the antibody response to infection and the
corresponding viral mechanisms for evading this response.

To begin to understand the physical basis for neutralization
resistance, we have assembled a panel of seven viruses that we
show here display a broad range of susceptibility to antibody-
mediated neutralization. These include the pathogenic isolate
SIVmac239 and five engineered variants that differ from the
parental SIVmac239 at defined positions in the envelope gene.
This panel is particularly useful for such studies, because dif-
ferential susceptibility to neutralization can be unambiguously
attributed to specific alterations in the envelope amino acid
sequence. In this report, we describe the effects of assorted

mutations in the envelope gene sequence on the degree and
breadth of antibody-mediated neutralization. In particular we
show that SIVmac316 and SIV�V1V2 are inherently sensitive
to neutralization by antibodies with a broad range of specific-
ities, whereas the SIVmac239 parental virus, which contains
identical sequences for most if not all of the same epitopes, is
not detectably neutralized by any of these same antibodies.

MATERIALS AND METHODS

Production of viral stocks. Virus stocks were produced by DEAE-dextran
transfection of appropriate target cells, either CEMx174 (SIVmac239, g46, g56,
SIV-M5, and SIVmac316) or the herpesvirus saimiri-immortalized rhesus mon-
key T-cell line Rh221-89 (SIV�V1V2). Full-length viral genomes were generated
by SphI digestion and ligation of separate plasmids containing the 5� and 3�
halves of the viral genomes, and the ligated DNA was used to transfect cells by
the DEAE-dextran method. Twenty-four hours prior to harvesting viral stocks,
the transfected cells were pelleted and resuspended in fresh media. Laboratory-
adapted, neutralization-sensitive SIVmac251lab was generated previously by ex-
tensive passage of uncloned SIVmac251 in culture (46). Viral content of har-
vested stocks was determined by p27 antigen capture assay (Coulter), and stocks
were aliquoted and stored at �80°C. The SIVmac316 isolate used in this study
contains eight of the nine coding changes originally described for this virus (50),
except that the stop codon at position 767 has been changed to code for glu-
tamine in order to restore the full-length cytoplasmic tail.

Neutralization assays. The neutralization sensitivity of each virus was tested by
using the secreted alkaline phosphatase (SEAP) reporter cell assay as described
previously (46). Aliquots of all virus stocks used in these experiments were
subject to serial twofold dilutions, and their titers were determined on SEAP
reporter cells. Virus equivalent to 2 ng of p27 capsid protein was chosen as the
lowest level of viral input sufficient to give a clear SEAP signal within the linear
range for all of the virus strains. SEAP activity was measured on the earliest days,
when levels were sufficiently over background to give reliable measurements:
usually ranging from 2.5 to 3 days for SIVmac239 and SIVmac316 to 7 days for
SIV�V1V2. The percent neutralization of SIVmac239, SIV-M5, and SIV�V1V2
by pooled SIV-positive plasma did not vary significantly over multiple days
postinfection.

To perform neutralization assays, 96-well plates were set up as follows. To the
first three columns, 25 �l of medium (RPMI 1640–10% fetal calf serum [FCS])
was added. To each of the other columns (no. 4 through 12), 25-�l aliquots of
successive twofold dilutions of test antibody or plasma in RPMI 1640–10% FCS
were added. Virus equivalent to 2 ng of p27 in a total volume of 75 �l was then
added to each well in columns 3 through 12. Virus-free medium was added to
columns 1 and 2 (mock). The plate was incubated for 1 h at room temperature.
After incubation, 40,000 target cells (pLNLTR-SEAP) in a volume of 100 �l
were added to each well. The plate was then placed into a humidified chamber
within a CO2 incubator at 37°C for 3 to 7 days. SEAP activity was measured
according to the manufacturer’s recommendations, with modifications as de-
scribed previously (46). Neutralization activity for all antibodies and plasma
samples was measured in duplicate and reported as the average of at least two
measurements.

RhMAbs. The production and characterization of rhesus macaque monoclonal
antibodies (RhMAbs) recognizing SIV envelope glycoproteins have been de-
scribed previously (14, 62). In the present study, the following RhMAbs were
used: 3.8E, 3.10C, H31, 3.10A, 5.5B, 3.11G, 3.11H, 1.11A, 1.1C, 3.11E, E31,
1.10A, C26, 3H3, and 3B3. An additional five RhMAbs, designated 3.7C, 3.5B,
3.5F, 3.4E, and 1.9C, were similarly derived by rhesus Epstein-Barr virus (EBV)
transformation of peripheral blood B cells from a rhesus monkey (Mm 387-96)
infected with the quintuple-glycosylation site mutant SIV-M5 (60). This monkey
developed neutralizing antibodies to fully glycosylated wild-type virus SIV-
mac239 (60). All RhMAbs were purified from supernatant culture fluids by
protein A affinity chromatography as described previously (62). Based on their
cross-competition binding patterns, the original panel of RhMAbs was placed
into eight competition groups. Neutralizing activity against SIV isolate SIV/17e
was found in three groups (V, VI, and VII) (14). Groups V and VII recognized
independent sites, but group VI RhMAbs showed considerable competitive
interactions with both groups V and VII and were further subdivided based on
their binding to a 45-kDa protease digestion fragment of SIVgp110 and the loss
of antibody binding to gp120 containing certain mutations in V4. The competi-
tion binding patterns of the five new RhMAbs were determined as previously
described (14).
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Rhesus Fab fragments. Phage display libraries were prepared from bone
marrow of two monkeys (Mm 346-95 and Mm 347-95) that exhibited neutralizing
antibody titers against the fully glycosylated wild-type virus SIVmac239. These
two monkeys were infected with SIVmac239 mutants lacking specific N-linked
glycosylation sites designated g45 and g46, respectively (60). Phage display li-
braries were prepared as described by Glamann et al. (28). Selection of phage-
display libraries was performed against SIVmac239 gp130 (obtained from the
AIDS Research and Reference Reagent Program) (29). The expression con-
structs were converted to express soluble Fabs, after which macaque Fab frag-
ments were expressed in Escherichia coli XL1 Blue and purified by affinity
column chromatography. Phage library selections and manipulations were per-
formed as described previously (20). Affinity chromatography was performed
with a rabbit antibody raised against rhesus macaque Fab fragments. Affinity
columns were prepared by capturing and cross-linking of the rabbit antibody to
a protein A column as described previously (2). Purified antibody was concen-
trated, dialyzed against phosphate-buffered saline (PBS), and filter sterilized.

Murine MAbs. The murine MAbs used in these experiments were obtained
from the AIDS Reagent Repository. The production and characterization of
these reagents have been described previously (35, 36). The limited amounts of
each antibody provided as ascites fluid necessitated presentation of neutraliza-
tion results as dilution titers.

ELISA. Reactivity against whole-lysed virions was measured by enzyme-linked
immunosorbent assay (ELISA) as described previously (18, 68). Briefly, flat-
bottom 96-well plates were coated with detergent-disrupted virions. Antibody
was added to the wells and allowed to react for 1 h at 37°C. The wells were then
washed with PBS containing 0.05% Tween 20, and an appropriate dilution of
alkaline peroxidase-conjugated secondary antibody was added. Next, each well
received 200 ml of p-nitrophenyl phosphate substrate solution (Kirkegaard &
Perry, Gaithersburg, Md.). After 30 min, 50 ml of 3 N NaOH was added to each
well, and the A410 was read.

RESULTS

Comparative neutralization using SIV-positive monkey
plasma. The genetic differences between SIVmac316, SIV-
mac239, and the g46, g56, SIV-M5, and SIV�V1V2 derivatives
of SIVmac239 are confined to the env gene and are known
precisely (Fig. 1). The replicative and pathogenic properties of
these viruses in vivo have been described elsewhere (17, 32, 33,
37, 44, 50, 58–60). With the exception of laboratory-adapted
SIVmac251 (SIVmac251lab), which is an uncloned, highly pas-
saged stock, all the viruses used in the experiments described
below were derived by transfection of immortalized T-cell lines
with molecularly cloned, genetically defined proviral DNA.
Viral stocks were harvested at or near the peak of virus pro-
duction following DNA transfection and were not passaged
further prior to use in neutralization assays.

Despite the fact that the sequences of these viruses differed
minimally from one another, they displayed a wide range of sus-
ceptibility to neutralization by SIV-positive monkey plasma. Typ-
ical results are depicted in Fig. 2. The parental virus SIVmac239
was routinely found to be resistant to antibody-mediated neutral-
ization, with neutralization detectable only at the lowest dilutions
(1:20 to 1:40) of pooled plasma from SIV-positive monkeys (Fig.
2). In contrast, SIV�V1V2 was found to be at least as sensitive to
SIV-positive plasma as SIVmac251lab. Fifty percent neutraliza-

FIG. 1. SIVmac239 and the derivative strains used in this study. The diagram at the top depicts the SIVmac239 envelope open reading frame,
with the approximate locations of the variable loops and membrane-spanning domains (shaded boxes), the gp120-gp41 cleavage site (arrow), and
the attachment sites for N-linked glycosylation indicated. Large numbers indicate amino acid positions in intervals of 100, and small numbers
identify individual N-glycan attachment sites. Mutations that define the derivative strains are depicted below. Amino acid substitutions relative to
SIVmac239 are indicated by the single-letter amino acid code of the new amino acid. The letter Q indicates an N-to-Q substitution that specifically
eliminates an N-glycan attachment site. The 100-amino-acid deletion in SIV�V1V2 is indicated by a line break.
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tion of SIV�V1V2 was achieved at dilutions �1:10,000 (Fig. 2D).
The sensitivity of SIVmac316 was similar to those of SIV�V1V2
and SIVmac251lab (Fig. 2E). Fifty percent neutralization of SIV-
mac239 derivative viruses with substitutions in two N-glycan at-
tachment sites (g45, g46, and g56) was achieved over a range of
dilutions, g45 typically being the least sensitive of the three mu-
tants (average 50% neutralization � 1:80), followed by g46 (1:
430) and then g56 (�1:2,773). A comparison of the three mutants
is also depicted in Fig. 2B. The sensitivity of the quintuple mutant
SIV-M5, which lacks the 5th, 6th, 8th, 12th, and 13th glycosylation
sites, was similar to that of g56 (Fig. 2C).

Neutralization by murine anti-gp120 MAbs. We next mea-
sured neutralization of all seven viruses by a panel of 17 mu-

rine MAbs. The panel consisted of MAbs directed against
various regions of gp120, including the N terminus; the C1
conserved domain; the V1, V2, and V3 loops; and conforma-
tional epitopes involving the V4 loop. Two MAbs recognizing
epitopes in the ectodomain of gp41 were also tested (35, 36).
None of the murine MAbs achieved 50% neutralization
against SIVmac239, even at dilutions of ascites as low as 1:20
(Table 1). Twelve of the 15 anti-gp120 murine MAbs had
measurable activity against at least one molecular variant of
SIVmac239 (g46, g56, SIV-M5, SIV316, or SIV�V1V2).
Among the three MAbs that did not neutralize any variant,
only one (VM18S) reacted strongly with whole-lysed SIV-
mac239 virions by ELISA (data not shown).

FIG. 2. Comparative neutralization of SIVmac239 and derivatives by SIV-positive plasma. The assays depicted are representative of multiple
comparisons performed with plasma samples from animals experimentally infected with SIV. Neutralization assays were performed as described
in Materials and Methods. (A) SIVmac239 versus laboratory-adapted SIVmac251. (B) SIVmac239 versus the g45, g46, and g56 double-N-glycan
attachment site mutants. (C) SIVmac239 and SIV-M5. (D) SIVmac239 and SIV�V1V2. (E) SIVmac239 and SIVmac316-TMopen.
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SIV�V1V2 and SIVmac316 both displayed considerable
neutralization sensitivity, in many cases equal to or exceeding
that of SIVmac251lab, with 50% neutralizing dilutions on the
order of 10�4 to 10�6 (Table 1). SIV�V1V2 and SIVmac316
were detectably neutralized by 8 of 15 and 4 of 7 anti-gp120
murine MAbs tested, respectively. MAb KK8, which recog-
nizes an epitope that maps to the V1-V2 region of gp120, did
not react with the SIV�V1V2 deletion mutant, confirming the
specificity of this antibody for determinants in the V1-V2 re-
gion of envelope (Table 1) (35, 36). The g46, g56, and M5
glycosylation attachment site mutants were also neutralized by
a majority of the murine MAbs, albeit at much lower dilutions
(range, 1:10 to 1:200).

Neutralization by anti-gp120 RhMAbs. Of particular rele-
vance to understanding the neutralization-resistant phenotype
of primary viral isolates are antibodies representing binding
specificities generated during actual viral infection. Therefore,
we extended our survey of MAb neutralization to include a
panel of MAbs derived from experimentally infected, SIV-
positive rhesus macaques. Twenty of the RhMabs used in this
study have been described previously, including their organi-
zation into nine separate groups based on pairwise competition
mapping (14). The experiments reported here included five
additional anti-SIV RhMAbs, which we have characterized
and assigned to the previously defined competition groups
(summarized in Table 2).

As with the murine MAbs, SIVmac239 was not effectively
neutralized by any of the RhMAbs tested (Fig. 3). Fifteen of
the 20 anti-gp120 RhMAbs had neutralizing activity against
two or more of the SIVmac239 variants. Of these, 10 also
neutralized SIVmac251lab (Table 3). Interestingly, the g46
virus, which lacks two glycosylation attachment sites in the V1
loop, was neutralized by a group VII antibody at high concen-
tration (RhMab 1.10A [10 �g/ml]), and the closely related
SIV-g56 mutant was also neutralized by 1.10A at high concen-

tration (15 �g/ml), as well as by a group VI RhMab (3.11E [6.3
�g/ml]). Thus, substitution of N-glycan attachment sites in the
N-terminal half of the gp120 amino acid sequence led to in-
creased sensitivity to antibodies recognizing epitopes in the
C-terminal half of the protein. Only 3 of the 20 MAbs showed
no neutralization activity against any of the variants.

All of the 14 RhMabs comprising groups IV, V, VI, and VII
had significant neutralizing activity against SIV316 and
SIV�V1V2 (Table 3). Six of these also had detectable activity
against SIV-M5, including at least one RhMAb from groups V,
VI, and VII. However, the concentration of these antibodies
required for effective neutralization of SIV-M5 was typically
much higher than for SIVmac316 or SIV�V1V2, requiring
anywhere from 2- to 50,000-fold more RhMab to achieve sim-
ilar reductions in infectivity (Table 3).

TABLE 1. Neutralization by murine anti-SIV MAbs

MAb Epitope
Neutralization activity for virusa

SIV239 g46 g56 M5 SIV251lab SIV316 �V1V2

KK17 NH2 � 30 10 10 �2,560 2 � 106 2 � 105

KK68 C1 � � � � � � �
KK65 V1 loop � 10 24 10 � ND �
KK8 V1-V2 � � 10 � 50 � �
KK42 V3 loop � 20 15 � �2,560 ND 1.5 � 105

KK45 V3 loop � � 10 � 160 ND 2.2 � 104

KK46 V3 loop � 20 � 10 �2,560 6.5 � 104 �1.3 � 106

Senv7.1 V4/conf.b � 60 20 25 �2,560 6 � 106 15
Senv101.1 V4/conf. � 42 15 � �2,560 ND �
KK5 V4/conf. � � � � 12 ND 3 � 104

KK9 V4/conf. � � � � � ND �1.3 � 106

KK15 gp41 � � � � � ND �
KK41 gp41 � 16 45 200 �2,560 �104 4.1 � 104

VM18s ?c � � � � � � �
KK57 ? � � � � 640 ND 6 � 104

Senv50.1 ? � � � � 50 ND �
Senv71.1 ? � � 10 � � ND �

a The numbers are the reciprocal of the dilution of ascites fluid required to reduce infectivity of the indicated virus by 50%. –, 50% neutralization was not achieved,
even at the lowest dilution (highest concentration) tested; �, the highest dilution (lowest concentration) tested still gave greater than 50% neutralization, and sufficient
dilutions were not performed to reach the 50% endpoint. ND, not determined.

b conf., conformational.
c ?, the precise epitope has not been determined.

TABLE 2. Assignment of RhMAbs to competition groups

RhMAb
competition

groupa

Reactivity with
45-kDa fragmentb

Sensitivity to
V4

mutationsc
Competition pattern

V
3.4E Yes No Inhibit group VI but not

group VII MAbs

VIb
1.9C No Yes Inhibit both group VI
3.5B and VII MAbs
3.5F

VIc
3.7C Yes Yes Inhibit both group V

and VII MAbs

a Competition groups were previously described (14).
b Fragment generated by V8 protease digestion of purified, recombinant

gp110.
c See references 14 and 31 for details.
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Collectively, competition groups IV, V, VI, and VII define
binding determinants found in the C-terminal half of the gp120
linear sequence, including elements of the V3 and V4 loops
(14, 62). SIV316 was neutralized by the group II and group III
MAbs, which recognize epitopes in the V1 and V2 variable
loops, respectively. It is interesting to note that the group II
and III RhMAbs did not neutralize any of the other variants
with intact V1 and V2 sequences (i.e., SIVmac239, g46, g56,
and SIV-M5). Three viruses, SIV�V1V2, SIVmac316, and
SIVmac251lab, were neutralized by RhMAb H31, one of the
three RhMAbs comprising competition group I; the other two
group I RhMAbs did not detectably neutralize any of the
viruses. Likewise, the sole MAb representing group VIII (3B3)
did not have detectable neutralizing activity against any of the
viral variants tested.

Neutralization by rhesus Fab fragments. Fab fragments de-
rived from rhesus monkeys experimentally infected with the
g45 and g46 variants of SIVmac239 were screened for neutral-
izing activity against a panel of eight viruses. A total of 14
rhesus-derived Fab fragments were tested. This included Fab
346-4, which has been mapped to an epitope in the V3 loop,
and 13 additional Fabs that compete with the KK9 MAb for
binding to soluble gp120 and are therefore likely to recognize

conformational epitopes involving the V3-V4 region of enve-
lope (data not shown). Fab b6, which recognizes the CD4
binding site of HIV-1 gp120, was included as a negative con-
trol. These 14 Fab fragments were obtained independently of
the rhesus MAbs described in the previous section.

The pattern of neutralization by the rhesus anti-SIV Fab
panel was similar to that observed with the murine and rhesus
MAbs. None of the Fab fragments achieved 50% neutraliza-
tion against SIVmac239. The g45 double-glycosylation mutant
was also not detectably neutralized by any of the Fabs. The g46
double-glycosylation mutant was neutralized by two Fabs, the
g56 virus by four, and the M5 quintuple-glycosylation mutant
by eight. SIV�V1V2 was neutralized by seven Fabs, at concen-
trations 1.5- to 20-fold less than those required for neutraliza-
tion of g46 or g56 (Table 4). Eight Fabs were tested against
SIVmac316. The sensitivity of SIVmac316 was similar to that
of SIV�V1V2, with 50% neutralizing concentrations ranging
from 0.0007 to 0.4 �g/ml.

Neutralization by an anti-gp41 MAb. The murine MAbs
KK15 and KK41 have been previously shown to react with
peptides derived from the N-terminal helical region of the SIV
TM protein gp41, and both antibodies recognize gp41 in West-
ern blots (36). Neither antibody neutralized SIVmac239 (Table

FIG. 3. Comparative neutralization by rhesus anti-gp120 MAbs. The figure depicts a representative set of neutralization curves, comparing
neutralization of the SIVmac239 parent (A), SIV-M5 (B), SIVmac251lab (C), and SIV�V1V2 (D) by seven different RhMAbs.
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1), consistent with previous reports (36). However, KK41 had
significant neutralizing activity against all five SIVmac239 vari-
ants tested in this report (Table 1 and Fig. 4). SIV-M5, SIV-
mac316, and SIV�V1V2 were particularly sensitive to KK41-
mediated neutralization, with 50% neutralization achieved at
dilutions on the order of 10�3 to 10�4 (Fig. 4). MAb KK15
binds to an epitope that closely overlaps the epitope recog-
nized by KK41 (36). However, KK15 did not neutralize any of
the variants tested. KK15 also reacted weakly with whole-lysed
virions by ELISA and did not react at all with SIVmac239 gp41
in Western blots (data not shown).

RhMAbs 1.7H, 4.9C, and 3.8F are thought to recognize
determinants in gp41 based on competition mapping, but do
not react in Western blots (J. Robinson, unpublished observa-
tions) and fail to bind whole-lysed virions of SIVmac239 or
recombinant envelope protein when measured by ELISA (data
not shown). None of these three antibodies had detectable
neutralizing activity against SIVmac239 or any of the viral
variants tested.

DISCUSSION

A collection of genetically defined derivatives was used to
investigate the neutralization-resistant phenotype of SIV-
mac239, a pathogenic molecular clone of SIV with the prop-
erties of a primary isolate. The viral variants included in the
panel differed from one another and the parental virus only at
specific sites in the envelope gene, allowing alterations in neu-
tralization profile to be attributed unambiguously to specific
changes in amino acid sequence. The sensitivity of each variant
to neutralization by SIV-positive animal plasma and a panel of
51 MAbs was determined by a quantitative neutralization as-
say. Although the specificities of the 51 MAbs were not all
precisely defined, collectively they represented at a minimum
10 distinct epitope competition groups throughout the SIV
envelope proteins (14, 35, 36, 62). These included antibodies
with specificity for the ectodomain of gp41; the N terminus,
V1, V2, and V3 loops of gp120; and multiple conformational
epitopes involving the V3-V4 region of gp120.

The cumulative results of pairwise neutralization assays in-
dicated that three very different mutational patterns in the SIV
envelope gene independently gave rise to similar increases in
breadth of neutralization sensitivity. SIVmac316, with eight
amino acid replacements throughout env; SIV-M5, which lacks
five N-glycan attachment sites; and SIV�V1V2, from which the
entire V1-V2 region has been removed, were all sensitive to
neutralization by antibodies from multiple competition groups.
SIVmac316 and SIV�V1V2 in particular displayed significant
increases in both breadth and degree of sensitivity compared to
the parental SIVmac239 strain from which they were derived.
Similar increases in sensitivity have been observed for HIV-1
strains engineered to contain deletions of the V1 and V2 loops
(9, 65, 69).

Strikingly, not one of the 37 MAbs or 14 rhesus Fabs tested
had significant neutralizing activity against SIVmac239. How-
ever, in most cases, neutralization was detected against at least
two or more viruses derived from SIVmac239. Since these
neutralization-sensitive variants only differ from SIVmac239
(and from one another) at a few defined sites in the envelope
gene, there is a very high probability that the primary amino

TABLE 3. Neutralizing activity of anti-gp120 RhMAbs by
competition group

MAb competition
group (binding

site)

Concn of MAb (�g/ml) reducing infectivity by 50%a

SIV239 g46 g56 M5 SIV251lab SIV316 �V1V2

I (NH2)
H31 � � � � 2.1 0.1 0.3
3.8E � � � � � � �
3.10C � � � � � � �

II (V1 loop)
3.10A � � � � � 0.1 �

III (V2 loop)
5.5B � � � � � 0.04 �

IV (V3 loop)
3.11G � � � � 3.5 0.6 0.4
3.11H � � � � 0.2 0.005 0.08

V
1.1C � � � �5.3 0.02 0.003 4.0
1.11A � � � � 0.09 0.01 2.5
3.4E � � � � � 0.002 0.04

VIa
3.11E � � 6.3 3.5 0.05 0.0009 0.001

VI
1.9C � � � 6.4 0.5 0.001 0.003
3.5B � � � � 0.04 0.002 0.0005
3.5F � � � � � 0.0001 0.004
3.7C � � � � 0.06 0.003 0.003
E31 � � � � � 0.0002 0.05

VII (V4)
3H3 � � � 10.0 � 0.003 0.002
C26 � � � 6.0 � 0.0008 0.0002
1.10A � 10.0 �15.6 15.0 3.8 0.004 0.0003

VIII (?)
3B3 � � � � � � �

a The numbers indicate the concentration of MAb required to reduce infec-
tivity of the indicated virus by 50%. �, neutralization was not detected. �,
neutralization was observed, but 50% neutralization was not achieved at the
highest concentration tested (typically 10 �g/ml or higher).

TABLE 4. Neutralizing activity of the rhesus anti-SIV Fab panol

Fab
Concn of Fab fragment (�g/ml) reducing infectivity by 50%a

SIV239 g45 g46 g56 M5 SIV316 �V1V2

346-4 � � � � ND ND 0.06
346-16h � � 1.5 0.5 0.2 0.003 0.05
346-19h � � � 0.6 1.3 0.02 0.4
346-23h � � � � � ND �
346-24h � � � � 3.4 0.4 �
346-25h � � � 12.5 ND ND 0.7
347-1h � � � � 6.9 0.01 0.7
347-2h � � 10.4 � ND ND ND
347-5h � � � � � 0.04 �
347-6h � � � � 0.9 ND �
347-10h � � � � 12.5 0.01 �
347-19h � � � � 33.6 ND 4.7
347-23h � � � 2.0 0.7 0.0007 0.1
B6 � � � � � � �

a The numbers indicate the concentration of Fab fragment required to reduce
infectivity of the indicated virus by 50%. �, 50% neutralization was not achieved
even at the highest concentration tested. ND, not determined.
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acid sequences that form the antibody binding sites are also
present in the parental SIVmac239 env gene. Therefore, for
most of these antibodies, it is unlikely that the lack of detect-
able neutralizing activity is due to sequence divergence be-
tween SIVmac239 and the immunogen or immunogens against
which the antibodies were initially raised.

Why then didn’t these antibodies neutralize the parental
SIVmac239 virus? One reasonable hypothesis is that the rele-
vant epitopes are simply not accessible to antibody in the
context of the envelope complex on SIVmac239 virions,
whereas the mutations that define the derivative strains in-
duced alterations in the envelope complex that resulted in
increased epitope exposure (49). A body of evidence now exists
to suggest that the envelope complex of primary HIV-1 isolates
assumes a closed conformation that is not readily accessible to
antibodies (42, 48, 56, 70) and that even small perturbations of
this conformation can shift the complex to favor a more open,
neutralization-sensitive form (40). The g45, g46, g56, and SIV-
mac316 envelope proteins have previously been shown to have
both decreased dependence on CD4 and increased sensitivity
to antibody-mediated neutralization in cell-cell fusion assays
(57). This observation and the results we describe here are
consistent with the hypothesis that mutations that confer neu-
tralization sensitivity result in conformational alterations in the
viral envelope proteins.

Although the hypothesis that there are global conforma-
tional changes in the mutant envelope spikes is an attractive
explanation for the broad increases in neutralization sensitivity
seen here, it is also possible that the increased sensitivity of the
mutants is due, at least in part, to a decrease in the number of

functional envelope spikes on the surface of virions. It has been
proposed that neutralization results when antibody binding
reduces the number of functional envelope spikes below the
minimum required for infectivity (38, 54). If this is the case,
then mutations in env that cause a decrease in the average
number of functional spikes per virion could contribute to an
increase in neutralization sensitivity. Such decreases in the
number of functional spikes could take the form of a physical
decrease in the overall number of incorporated spikes or could
result from an effective decrease in the number of functional
spikes due to an increase in the ratio of nonfunctional to
functional spikes.

The ease with which a virus gains entry into a target cell may
also be expected to influence its relative sensitivity to neutral-
ization by antibodies. This could in turn be influenced by af-
finity of the virus for receptor and coreceptor, or by the kinet-
ics of the fusion and entry process (21). For example, it has
been reported that CD4-independent strains of SIV such as
SIVmac316 are easier to neutralize in the absence of CD4 than
when both CD4 and a coreceptor are available (57). One
interpretation of this result is that interaction with CD4 effec-
tively improves the probability that the virus will engage a
coreceptor and begin the entry process before being bound by
a neutralizing antibody (57). It has also been shown that lower
concentrations of several antibodies were required to neutral-
ize SIV when cells expressing a suboptimal coreceptor for SIV
were used as target cells (23, 24). Subsequent to receptor and
coreceptor engagement, the virus and cell membranes must
fuse to permit release of the viral nucleocapsid into the cyto-
plasm of the target cell. As a result of structural rearrange-

FIG. 4. Neutralization of SIVmac239 (A) and derivatives SIV-M5 (B), SIVmac316 (C), and SIVmac239�V1V2 (D) by the murine anti-gp41
MAb KK41.
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ments that take place during the fusion process, epitopes that
are normally occluded within the envelope oligomer may be
transiently exposed to antibodies (22, 70). If so, one could
imagine that viruses that are more efficient at completing this
process may be proportionally less sensitive to neutralization
(21, 23, 57). It will be critical to differentiate the contributions
of entry efficiency, spike density, and epitope accessibility be-
fore the underlying mechanisms of neutralization resistance of
the parental virus can be fully appreciated.

The mutations that define the g45, g46, g56, SIV-M5, and
SIV�V1V2 variants used in this study are located in the N-
terminal half of the gp120 linear sequence and are concen-
trated in the V1-V2 region (Fig. 1). Moreover, four of the eight
substitutions in SIVmac316 are also located in the N-terminal
half of gp120. It is interesting therefore that the recognition
sites of a majority of the antibodies with strong neutralizing
activity against these strains were mapped to the C-terminal
half of gp120, particularly to determinants in the V3-V4 region
(Table 3). This raises the possibility that the two distinct re-
gions of gp120, the V1-V2 domain in the N-terminal half and
the region encompassing V3 throughV4 in the C-terminal half,
may be in close proximity and that elements of these two
regions could potentially interact with one another. In this
scenario, the substitutions in V1-V2 or the deletion of V1-V2
either results in unmasking of epitopes in V3-V4 or otherwise
disrupt interactions between distinct regions of gp120 leading
to exposure of epitopes that lie in the interface between the
two domains. These interactions could be intramolecular, in-
volving elements of the N-terminal and C-terminal halves
within the same gp120 protomer, but it is important to note
that the results are also consistent with a model in which the
V1V2 region of one gp120 molecule is juxtaposed with the
V3-V4 region of an adjacent gp120 molecule within the context
of a fully assembled envelope trimer (41). This model is also
consistent with the observation that RhMAbs directed against
V1-V2 and RhMAbs directed against V3-V4 don’t compete
with one another for binding to monomeric gp120 (which in-
dicates that the V1-V2 loops don’t mask V3-V4 epitopes in the
context of the monomer) (14, 62).

It is interesting that all of the variants of SIVmac239 de-
scribed here, most of which have mutations confined to the
gp120 subunit of Env, were also sensitive to neutralization by
the MAb KK41 (Table 1 and Fig. 4). Most epitopes of HIV-1
gp41 that have been mapped can be sorted into two groups,
referred to as cluster I and cluster II, depending on the region
of gp41 in which they are found. KK41 is specific for an epitope
that has been mapped to the “leucine-zipper” region in the
N-terminal portion of the gp41 ectodomain (36) and is there-
fore analogous to an HIV cluster I antibody. Cluster II
epitopes are located in the C-terminal, heptad repeat region of
the HIV-1 gp41 ectodomain. Although anti-gp41 antibodies
are abundant in HIV-infected patients, these antibodies typi-
cally have little or no neutralizing activity. In fact, it is thought
that much of the gp41 ectodomain is occluded by interactions
with gp120 or adjacent gp41 molecules (63). The only anti-
gp41 antibodies with significant, broad neutralizing activity
against HIV-1 bind to a region of gp41 adjacent to the mem-
brane-spanning domain (51, 71). These include the well-char-
acterized anti-gp41 MAb 2F5 (51) and at least two additional
antibodies with similar specificity (71).

We previously reported that changes in gp41 acquired dur-
ing passage of SIV�V1V2 in culture were able to compensate
for decreased infectivity engendered by the original, 100-ami-
no-acid deletion of V1-V2 (34). This observation, along with
our results showing that a variety of mutations in gp120 (in-
cluding removal of N-glycans or deletion of V1-V2) gave rise
to increased sensitivity to KK41, raises the possibility that the
N-terminal half of SIV gp120 interacts with the ectodomain of
gp41. These observations do not indicate whether this interac-
tion exists in the native envelope spike or occurs transiently at
some point during the entry process. For example, these mu-
tations may weaken the association between subunits of the
envelope complex, leading to increased accessibility to
epitopes that are otherwise occluded in the parental envelope
spike. Alternatively, these mutations could increase the half-
life of an intermediate in the entry process, during which ele-
ments of the fusion apparatus are more exposed to binding by
anti-gp41 antibodies. Recently published results of a compar-
ison of matched, neutralization-resistant and neutralization-
sensitive variants of the HIV-1 MN strain were similarly sug-
gestive of a role for the N-terminal half of HIV-1 gp120 in
interacting with the ectodomain of gp41 (43). Altogether, these
observations are indicative of a direct or indirect influence of
gp41 sequences on the conformation and function of the gp120
subunits.

Levels of resistance to MAbs similar to those we describe
here have also been observed in cell-cell fusion assays and
neutralization assays using virions pseudotyped with the SIV-
mac239 envelope complex (23, 57). The results of neutraliza-
tion assays with MAbs, Fab fragments and SIV-positive plasma
described here indicate that the unaltered SIVmac239 virion is
inherently resistant to neutralization by antienvelope antibod-
ies. Unlike the situation with HIV-1, individual MAbs with
potent neutralizing activity against SIVmac239 have not yet
been identified. Nonetheless, a number of observations suggest
that SIVmac239 and primary isolates of HIV-1 utilize similar
mechanisms to achieve the neutralization-resistant state. An-
tigenic escape from neutralizing antibody responses has been
well documented for SIVmac239 (6, 7), and patterns of se-
quence variation associated with escape map to variable re-
gions in envelope analogous to variable regions in the HIV-1
envelope (8). As with primary isolates of HIV-1, SIVmac239
can be readily neutralized by soluble CD4 (sCD4) (47, 64), and
pretreatment of SIVmac239 with subneutralizing concentra-
tions of sCD4 results in exposure of the coreceptor binding site
and increased sensitivity to neutralization by MAbs (57). Con-
centrations of sCD4 that neutralize infectivity of SIVmac239
by 50%, approximately 280 ng/ml (47), are similar to or even
less than the concentrations needed to neutralize primary iso-
lates of HIV-1 (1, 66). We have also frequently observed neu-
tralization of SIVmac239 by individual or pooled autologous
serum samples at low dilutions (1:20 to 1:100). Among primary
isolates of HIV-1, similar levels of resistance to neutralization
by sera have also been observed (48, 53, 61), indicating that the
degree of resistance displayed by SIVmac239 is not unique or
aberrant. Finally, the arrangement of conserved and variable
regions, positioning of N-glycans and disulfide bonds, use of
CD4 and CCR5 as receptors, and overall organization of the
HIV and SIV envelope trimers are very similar. Based on these
observations, it seems likely that the underlying mechanisms of
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neutralization resistance for SIVmac239 and primary isolates
of HIV-1 are similar.

To better understand the contribution of envelope structure
to the neutralization-resistant phenotype, it will be important
to precisely define the features of PI envelope complexes that
give rise to the resistant state. Because of its highly neutraliza-
tion-resistant phenotype, SIVmac239 is an ideal reagent for
molecular and biochemical exploration of the factors that con-
fer neutralization-resistance. This work and published studies
on both HIV-1 and SIV are beginning to reveal what some of
these factors may be. Better understanding of the neutraliza-
tion-resistant phenotype will hopefully instruct efforts to de-
sign Env-containing vaccines with the ability to elicit antibodies
with broad and potent neutralizing activity.
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