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TABLE 1. Reciprocal neutralization experiments
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TABLE 2. Control neutralization experiments

Serum sample and time Neutralization titer against:

Serum sample and time Neutralization titer against:

p-i.? (W) SIVmac239  T69BL1-12  T93V8-22 p-i.% (W) SIVmac239  T69BL1-12  T93V8-22
239 antisera, Mm243-86 239 antisera, Mm135-88
0 <20 <20 <20 12 <20 <20 <20
13 <20 <20 <20 20 80 <20 <20
23 <20 <20 <20 52 640 <20 <20
37 80 <20 <20 111 20 <20 <20
55 640 40 <20 131 80 <20 <20
79 160 40 <20 239 antisera, Mm206-86
102 80 20 20 12 <20 <20 <20
123 80 80 40 24 <20 <20 <20
149 40 <20 <20 53 320 <20 <20
1-12 antisera, Mm206-89 85 80 <20 <20
0 <20 <20 <20 137 20 <20 20
18 <20 160 <20
38 20 160 20 4 p.i., postinfection.
46 40 80 20
55 <20 20 <20
8-22 antisera, Mm262-89 persistent infection. All of the sera were tested against three
0 <20 <20 <20 cloned viruses (Tables 1 and 2). The same virus stock of each
;g <§g %g i% virus was used for all neutralization tests.
6 20 20 160 Sequential sera from Mm243-86, infected with parental
55 <20 <20 20 cloned SIVmac239, were found to neutralize SIVmac239

2 p.i., postinfection.

monkeys. In developing a neutralization assay for cloned
SIV, one is limited not only by lack of appropriate simian
cell lines but also by lack of permissive cell lines in general.
Rhesus monkey peripheral blood lymphocytes support the
growth of cloned SIVmac; however, only limited numbers of
peripheral blood lymphocytes can be obtained from a rhesus
monkey at one time and stable growth in culture occurs for
only a limited time span. Cloned SIVmac does replicate well,
however, in CEMx174 and MT4 cells.

A neutralization assay based on killing of MT4 cells by
uncloned SIVmac251 virus has been described previously
(7). Cloned SIVmac could not be used in this assay because
the cloned virus did not kill enough MT4 cells to score in this
assay. To obtain cells sufficiently sensitive to the killing
effects of cloned virus, the MT4 cell line was cloned as
described in Materials and Methods. One cloned cell line,
called MT4 DBI1-1, was used for further studies.

Virus titer determinations were performed with the cloned
MT4 cells. With 300,000 cells/ml as described previously (7),
complete cell killing was not achieved with the cloned MT4
cells. However, unlike the uncloned MT4 cells, cloned MT4
cells were capable of growing when seeded at low cell
densities (as low as 30,000 cells per ml) with no effect on
viability. When virus titer determinations were performed
with cloned MT4 cells at the lower cell density of 30,000 cells
per ml, complete cell killing was achieved for all three cloned
viruses (parental SIVmac239, variant 1-12, and variant 8-22).
Using the appropriate dilutions for each virus, pilot neutral-
ization tests revealed that sera from SIV-infected monkeys
could neutralize cloned SIVmac and protect cloned MT4
cells from cell death. This neutralization assay was therefore
used for further experiments.

Emergence of neutralization-resistant variants. By using
the MTT neutralization assay, neutralization titers were
determined for sequential serum samples from five SIV-
infected rhesus monkeys to determine whether neutraliza-
tion-resistant variants had emerged during the course of

much better than they neutralized variant viruses 1-12 and
8-22 (Table 1). The variant envelopes of 1-12 and 8-22 were
cloned from Mm243-86 at 69 and 93 weeks postinfection,
respectively. Sera taken either around or after the time of
isolation of these variant clones had detectable levels of
neutralizing antibodies against the variants, whereas sera
taken prior to cloning did not yield measurable neutralization
titers. Thus, there appeared to be delayed neutralizing-
antibody responses against the variants in Mm243-86. The
titers of neutralizing antibodies against variant viruses in the
late-time-point sera from Mm243-86, however, never
reached as high a level as against parental SIVmac239.

Sequential sera from two other animals infected with
parental virus (Mm135-88 and Mm206-86) were also tested
(Table 2). Sera from these two animals also neutralized the
parental virus SIVmac239 much better than they neutralized
the two variant viruses (Table 2).

Neutralization titers of sera from Mm243-86, Mm135-88,
and Mm206-86, all infected with SIVmac239, peaked at
approximately 1 year postinfection and subsequently de-
clined as the animals progressed toward AIDS (Tables 1 and
2). The latest serum sample from Mm243-86 was taken at the
time of death from AIDS (149 weeks). The latest samples
from Mm135-88 and Mm206-86 (131 and 137 weeks, respec-
tively) were taken just before death when the animals were
showing signs of AIDS.

Since neutralization titers against any particular virus are
not absolute measurements in any sense, the data with sera
from Mm243-86, Mm135-88, and Mm206-86 in Tables 1 and
2 cannot by themselves be used to argue for the emergence
of neutralization-resistant variants during persistent infec-
tion of Mm243-86. It is possible, for example, that stocks of
the 1-12 and 8-22 variants are less efficient than SIVmac239
at scoring in this neutralization assay.

To rule out this possibility and to control internally for the
results, reciprocal neutralization studies were performed
with sera from animals infected with variant virus. Results
from these cross-neutralization tests revealed that each
variant was indeed neutralized best by sera from monkeys
infected with the homologous virus (Table 1). Sera from
Mm?206-89, for example, which was inoculated with the 1-12
virus, neutralized 1-12 much better than they neutralized the
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FIG. 3. Radioimmunoprecipitation. Virus was concentrated by
centrifugation of supernatants from radiolabeled cells infected with
one of three cloned viruses: parental SIVmac239, variant 1-12, and
variant 8-22. Virions were disrupted with detergent and were
immunoprecipitated with the following polyclonal sera: SIV(+)
control sera from an SIV-positive monkey; SIV(—) control sera
from an SIV-negative monkey; SIVmac239 week 37, sera from
animal Mm243-86 infected with cloned SIVmac239; 1-12 week 18,
sera from animal Mm206-89 infected with cloned variant 1-12; and
8-22 week 18, sera from animal Mm262-89 infected with cloned
variant 8-22. Lanes labeled M represent molecular mass markers
expressed in kilodaltons.

other cloned viruses (Table 1). The antisera from Mm206-89
neutralized SIVmac239 and 8-22, but neutralization was
delayed and the titers were lower. Similarly, sera from
Mm?262-89, which was inoculated with the 8-22 virus, neu-
tralized 8-22 better than they neutralized the other cloned
viruses. The antisera from Mm262-89 also neutralized SIV
mac239 and 1-12, but again neutralization was delayed and
the titers were lower against these viruses. At certain time
points postinfection (week 18, for example), neutralization
titers of the 1-12 and 8-22 sera were as much as eightfold
higher (or more) against homologous virus than against
heterologous virus (Table 1).

Neutralization titers of sera from the two animals that
received variant viruses peaked slightly earlier than those of
sera from the three animals that received parental virus;
neutralization titers reached their highest levels by 18 to 46
weeks postinfection and had declined to lower levels after 1
year postinfection (Table 1). Mm206-89 died at 66 weeks
postinfection, whereas Mm262-89 is alive at 92 weeks postin-
fection.

Radioimmunoprecipitation. Week 37 serum from Mm243-86
and week 18 sera from Mm?206-89 and Mm262-89 displayed
dramatic differences in neutralization of the homologous
virus versus the heterologous virus (Table 1). The neutral-
ization titer of week 37 sera against the parental virus was
80, while it was less than 20 against each of the two variant
viruses. Conversely, the neutralization titer of week 18 sera
against each variant virus was 160, while it was <20 against
the parental virus. A radioimmunoprecipitation assay was
performed to determine whether these dramatic differences
in neutralization reflected differences in the ability of these
sera to bind parental versus variant envelope sequences. The
radioimmunoprecipitation assay revealed no significant dif-
ference in the ability of each sera to precipitate each of the
three envelope proteins (Fig. 3).

DISCUSSION

Seven recombinant clones expressing variant envelope
sequences of SIVmac239 were constructed so that immune
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selection during persistent infection could be studied. The
seven envelopes, originally isolated from Mm?243-86, were
selected on the basis of unique sequence differences in five
variable regions in gp120 (4). Three of seven recombinants
were replication competent in the CD4" human cell line
CEMx174. Although there were no obvious defects in the
envelope sequences of the four viruses which did not repli-
cate (such as stop codons or frameshifts), it is possible that
some of the individual amino acid changes resulted in the
inability of virus to replicate. Since the recombinants have
been tested on only one human cell line, it is also possible
that some of the variants are replication competent but
limited in their host cell range.

Because variant 3-18 appeared to replicate less efficiently
than the other viruses, our immune selection studies focused
on variants 1-12 and 8-22. As its full name implies,
T69BL1-12 was cloned from PCR-amplified total-cell DNA
prepared from peripheral blood mononuclear cells isolated at
69 weeks postinfection. Variant T93V8-22 was cloned from
PCR-amplified Hirt supernatant DNA prepared from cells
infected with virus isolated at 93 weeks postinfection. Using
variants 1-12 and 8-22 along with SIVmac239, a neutraliza-
tion assay was developed for these cloned viruses. The assay
was adapted from a procedure described previously for
uncloned SIVmac251 (7). Modifications of the assay for
cloned SIVmac included the use of cloned MT4 cells and
lower cell densities.

To analyze whether neutralizing-antibody responses are
responsible at least in part for selecting amino acid changes
in variable regions of env, it was necessary to determine
neutralization titers for a variety of virus-serum combina-
tions (Tables 1 and 2). One problem with comparing neutral-
ization titers of a particular serum against three different
viruses is normalization of the amount of virus. For the MTT
neutralization assay, the amount of virus to be used was
determined by finding the titer of the virus and taking the
highest dilution of virus which repeatedly and completely
induced cell killing. Therefore, the absolute amount of virus
in each assay may not be the same. Differences in a variety
of other parameters such as replication rate, spike density,
CD4 affinity, and gpl20-gp4l affinity may also affect the
neutralization process and thus influence the neutralization
titers that can be obtained with different viruses. For these
reasons, one-way neutralization studies, such as those with
the HIV-1 system (1, 13, 31, 51, 53), are not sufficient to
prove that specific neutralization-resistant variants have
emerged in individuals during persistent infection.

For the SIVmac studies described in this report, two-way
“reciprocal’’ neutralization studies were performed. First,
sera taken at various time points postinfection from three
animals infected with parental SIVmac239 were tested
against the three cloned viruses (Tables 1 and 2). Sera from
all three animals neutralized SIVmac239 better than they
neutralized either of the two variants. Sera taken from
Mm?243-86 at time points around or after the time of cloning
of 1-12 and 8-22 neutralized each of the two variants, but the
neutralization titers against the variants were lower than
against the parental virus. For the reciprocal experiment,
sera from animals infected with either 1-12 or 8-22 were used
to show that each variant was neutralized best by its
homologous antisera (Table 1). The resistance of the variants
to neutralization is particularly impressive when one consid-
ers that they still share 96.6% amino acid identity in gp120
and 97.2 to 98.6% amino acid identity in gp4l with the
parental SIVmac239. Radioimmunoprecipitation analysis
(Fig. 3) demonstrated that the dramatic differences in neu-
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tralization of the viruses were not associated with any
difference in the overall anti-gpl20 antibody reactivity.
Therefore, if gp120 is indeed the major target of neutralizing-
antibody responses, neutralizing antibodies probably repre-
sent only a small fraction of the total anti-gp120 antibody
population. The SIVmac immune-selection studies pre-
sented here offer the most definitive evidence to date that
neutralization-resistant variants emerge in an individual dur-
ing persistent infection with a primate lentivirus.

Reciprocal neutralization tests were reported in one pre-
vious EIAV study. Kono et al. (23) had previously inocu-
lated each of five horses with five different variant viruses;
the variant strains had been isolated over time from one
chronically infected horse. There were delayed neutralizing-
antibody responses against variant strains of EIAV in the
original animal, and type-specific neutralizing-antibody re-
sponses were generated in each of the five horses inoculated
with variant viruses. Although some of the sera displayed a
significant amount of cross-reactivity, each EIAV variant
was neutralized best by its homologous antisera. Results
with molecularly cloned SIVmac are similar to these early
results with uncloned EIAV. The availability of cloned
reagents in the SIV system will now allow us to define
genetic determinants for neutralization escape and to further
evaluate the selective forces operating in vivo during persis-
tent infection. Results from this defined system should allow
a clearer understanding of the role of antigenic variation and
immune selection in viral persistence and the pathogenesis
of AIDS.

Attempts to identify neutralization epitopes in the SIV
system indicate that conformational determinants may be
more important than linear determinants (15). Although the
V3 loop is often referred to as the principal neutralizing
determinant of HIV-1, there is no clear evidence to suggest
that V3 epitopes predominate over conformational epitopes
as targets of neutralizing antibody responses during the
natural course of HIV-1 infection in humans. It is not yet
known to what extent neutralizing antibodies in patient sera
are directed at linear versus conformational epitopes, vari-
able versus conserved, or V3 versus other domains. Haig-
wood et al. (12) have presented evidence for the role of at
least three HIV-1 gpl120 variable regions in recognition by
neutralizing antibodies. The cloned SIV variants and other
reagents described in this report will allow detailed investi-
gation of these issues at least in the SIV system.

The studies with SIVmac presented in this paper indicate
that the humoral branch of the immune system is at least one
of the selective forces operating on an array of variants
present in vivo. Cytotoxic T-lymphocyte and antibody-
dependent cell-mediated cytotoxicity responses could also
conceivably select for variant viral envelope sequences (29,
44). In addition to immune selection, other selective forces
may operate in vivo. For example, there may be selection for
things such as host, cell, and tissue tropism, replication rate,
syncytium-forming ability, CD4 affinity, gp120-gp41 affinity,
and cytopathic effect. In light of the complexity of lentiviral
diseases, there may indeed be multiple selective forces
operating simultaneously on any one particular envelope
region, and some of these selective forces may be stronger
than others. The well-defined SIVmac system described in
this report should facilitate precise delineation of which
selective forces are most important for driving change in
each variable region.
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