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While the simian immunodeficiency virus (SIV)-infected rhesus monkey is an important animal model for
human immunodeficiency virus type 1 (HIV-1) infection of humans, much remains to be learned about the
evolution of the humoral immune response in this model. In HIV-1 infection, autologous neutralizing anti-
bodies emerge 2 to 3 months after infection. However, the ontogeny of the SIV-specific neutralizing antibody
response in mucosally infected animals has not been defined. We characterized the kinetics of the autologous
neutralizing antibody response to the transmitted/founder SIVmac251 using a pseudovirion-based TZM-bl cell
assay and monitored env sequence evolution using single-genome amplification in four rhesus animals that
were infected via intrarectal inoculations. We show that the SIVmac251 founder viruses induced neutralizing
antibodies at 5 to 8 months after infection. Despite their slow emergence and low titers, these neutralizing
antibodies selected for escape mutants that harbored substitutions and deletions in variable region 1 (V1), V2,
and V4 of Env. The neutralizing antibody response was initially focused on V4 at 5 to 8 months after infection
and then targeted V1/V2 and V4 by 16 months. These findings reveal a striking delay in the development of
neutralizing antibodies in SIVmac-infected animals, thus raising questions concerning the suitability of
SIVmac251 as a challenge strain to screen AIDS vaccines that elicit neutralizing antibodies as a means to
prevent virus acquisition. They also illustrate the capacity of the SIVmac quasispecies to modify antigenic
determinants in response to very modest titers of neutralizing antibodies.

While neutralizing antibodies (Nabs) mediate protection
in humans against a diversity of viral pathogens (38, 53, 72),
it is unclear how they impact human immunodeficiency virus
type 1 (HIV-1) infection. One reason that the contribution
of neutralizing antibodies to the control of HIV-1 remains
uncertain is that HIV-specific neutralizing antibodies de-
velop relatively late in natural infection. High titers of HIV-
specific autologous neutralizing antibodies usually emerge
as late as 2 to 3 months after infection and continue to
evolve throughout the first years of infection (18, 25, 57, 66,
74). Such neutralizing antibodies have been shown to influ-
ence HIV-1 evolution within a host and to be responsible for
viral escape mutations (47, 48, 58, 59). A better understand-
ing of why there is a prolonged time associated with the
maturation of the neutralizing antibody response in HIV-1
infection and whether conserved viral epitopes exist that
could mediate antibody protection is important for the de-
velopment of effective HIV-1 vaccine strategies.

The simian immunodeficiency virus (SIV)/rhesus macaque
model of AIDS provides an important system to study AIDS

immunopathogenesis and to evaluate HIV-1 vaccine strategies.
SIVmac251, an uncloned, pathogenic, CCR5-tropic virus iso-
late comprised of a swarm of quasispecies that are closely
related (33), and SIVmac239, an infectious molecular clone
derived from SIVmac251, are the two most commonly used
rhesus monkey SIV challenge viruses utilized in AIDS vaccine
research in the nonhuman primate (NHP) model. SIVmac239
has been shown to be relatively resistant to antibody-mediated
neutralization by both autologous antibodies and a wide range
of monoclonal antibodies (29, 30). The env sequence evolution
in SIVmac239-infected rhesus monkeys and SIVMne-CL8-in-
fected pigtailed macaques has been well described (8, 50, 51).
Some of these changes in Env have been shown to result in
viral escape from neutralizing antibodies (7, 10, 34, 60). In
particular, a recent study by Sato et al. characterized SIV-
mac239 env sequence changes that were associated with viral
escape in a rhesus monkey with an unusually high titer of
neutralizing antibodies after intravenous infection (67). How-
ever, the antibody-mediated neutralization of SIVmac251 has
not been tested rigorously using standardized assays that are
currently being used to measure neutralization of HIV-1,
thereby precluding a direct comparison of the neutralization
sensitivities of HIV-1 and SIV. Furthermore, it is also unclear
whether more typical titers of neutralizing antibodies against
SIV239/251 exert selection pressure on the viral population in
animals that acquire infection mucosally.
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The aims of this study were to elucidate the kinetics of the
neutralizing antibody response against the transmitted viruses
and the sequence evolution of env in association with humoral
immunity in mucosally infected rhesus macaques. We hypoth-
esized that a low titer of SIVmac Env-specific neutralizing
antibodies exerts potent selection pressure on the viral quasi-
species. To test this hypothesis, we utilized a pseudovirion-
based TZM-bl reporter gene neutralization assay and single
genome amplification (SGA) in order to characterize the hu-
moral immune pressures driving viral sequence evolution in
four rhesus monkeys that were infected with SIVmac251 via
intrarectal inoculations.

MATERIALS AND METHODS

Study animals. Four adult rhesus monkeys (Macaca mulatta) were used in this
study. All animals were housed at Bioqual (Rockville, MD) and maintained in
accordance with the Association for Assessment and Accreditation of Labora-
tory Animals with the approval of the Animal Care and Use Committees of the
National Institutes of Health and Harvard Medical School.

SIV challenge stocks. The SIVmac251 isolate used in this study is a cell-free
uncloned pathogenic stock that was expanded on human peripheral blood mono-
nuclear cells (PBMCs). The viral quasispecies in the inoculum have previously
been characterized and shown to be 99% similar in Env sequence identity (33).
To initiate infection, animals were intrarectally exposed to 6 weekly doses of
either 6.3 � 107 or 6.3 � 106 RNA copies of SIVmac251 (39). Plasma viral-RNA
(vRNA) levels after infection were measured by an ultrasensitive branched-DNA
amplification assay with a detection limit of 125 copies per ml (Bayer Diagnos-
tics, Berkeley, CA).

Viral-RNA extraction and cDNA synthesis. Viral RNAs were extracted using
the QIAamp Viral RNA Mini kit (Qiagen). RNA was eluted and immediately
subjected to cDNA synthesis. Reverse transcription (RT) of RNA to single-
stranded cDNA was performed using SuperScript III reverse transcription ac-
cording to the manufacturer’s recommendations (Invitrogen). In brief, each
cDNA reaction mixture included 1� RT buffer, 0.5 mM each deoxynucleoside
triphosphate, 5 mM dithiothreitol, 2 U/ml RNaseOut (RNase inhibitor), 10 U/ml
of SuperScript III reverse transcriptase, and 0.25 mM antisense primer R1
(5�-TGTAATAAATCCCTTCCAGTCCCCCC-3�). The mixture was incubated
at 50°C for 60 min, followed by an increase in temperature to 55°C for an
additional 60 min. The reaction mixture was then heat inactivated at 70°C for 15
min and treated with 2 U of RNase H at 37°C for 20 min. The newly synthesized
cDNA was used immediately or frozen at �80°C.

SGA. cDNA was serially diluted and distributed among wells of replicate
96-well plates to identify a dilution at which PCR-positive wells constituted
�30% of the total number of reactions, as previously described (64). At this
dilution, most wells contained amplicons derived from a single cDNA molecule.
This was confirmed in every positive well by direct sequencing of the amplicon
and inspection of the sequence for mixed bases, which would be indicative of
priming from more than one original template or the introduction of PCR error
in early cycles. Any sequence with mixed bases was excluded from further anal-
ysis. PCR amplification was performed in the presence of 1� High Fidelity
polymerase in a 20-�l reaction mixture (Invitrogen). The first-round PCR prim-
ers included sense primer F6476 (5�-GTGTTGCATACCATTGCCAGTTTTG-
3�) and antisense primer R9339 (5�-GTCATCATCTTCCTCATCTACATC-3�).
PCR was performed in MicroAmp 96-well reaction plates (Applied Biosystems)
with the following PCR parameters: 1 cycle of 94°C for 2 min and 35 cycles of a
denaturing step of 94°C for 15 s, an annealing step of 54°C for 30 s, and an
extension step of 68°C for 4 min, followed by a final extension of 68°C for 10 min.
Next, 2 �l of the first-round PCR product was added to a second-round PCR
mixture that included the sense primer F6484 (5�-ACCATTGCCAGTTTTGTT
TTCTTA-3�) and antisense primer R9283 (5�-TCTCTTCAGCTGGGTTTCTC
C-3�). The second-round PCR was performed under the same conditions used
for the first-round PCR but with a total of 45 cycles. Amplicons (2.8 kb) con-
taining tat, rev, and env were inspected on precast 1% agarose 96-well E gels
(Invitrogen).

Env sequencing and analysis. Both DNA strands on env amplicons were
directly sequenced using partially overlapping fragments. Individual sequence
fragments for each amplicon were assembled and edited using the Sequencher
program version 4.7 (Gene Codes, Ann Arbor, MI). Inspection of individual
chromatograms allowed the confirmation of amplicons derived from single ver-

sus multiple templates. The absence of mixed bases at each nucleotide position
throughout env was taken as evidence of SGA from a single vRNA/cDNA
template. This quality control measure allowed us to exclude from the analysis
amplicons that resulted from PCR-generated in vitro recombination events or
Taq polymerase errors and to obtain individual SIV env sequences that propor-
tionately represented those circulating in vivo. All alignments were initially made
with ClustalW and further codon aligned using HIVAlign (http://www.hiv.lanl
.gov/content/sequence/HMM/HmmAlign.html). Each nucleotide base and amino
acid residue of SIVmac251 was numbered according to the corresponding posi-
tion in Env of SIVmac239 (accession no. M33262). The SIVmac251 isolate that
was used to initiate infection in this cohort of animals contained three amino acid
insertions in variable region 1 (V1) compared to a SIVmac239 clone at residue
134. The amino acid insertions were given the number of the residue prior to the
insertion with a letter to denote each inserted residue.

A maximum-likelihood tree of the gap-stripped nucleotide sequences from all
animals was constructed using PhyML (version 2.4.4) and the general time
reversible plus gamma (GTR�gamma) substitution model. The locations of
nonsynonymous substitutions were visualized with Highlighter plots (http:
//www.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter.html) without
gap stripping. For clarity, identical sequences were not included. For each se-
quence, V1 (amino acids 114 to 153), V2 (152 to 205), V3 (312 to 343), V4 (403
to 431), and V5 (469 to 481) corresponding to the SIVmac239 envelope amino
acid residues were defined based on the previously published crystal and tomo-
graphic structures of HIV-1 and SIVmac239 (11, 42). The numbers of amino
acids and predicted N-linked glycosylation sites in each segment were deter-
mined through manual counting and by using the tool available at http:///www
.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html. Each clone was
scored for the presence of the canonical PNG motif (Asn-X-Ser/Thr, where
X represents any residue other than proline).

Methods for detecting positive selection. Complementary analytic methods
were used to identify nucleotide positions enriched for positive selection
throughout infection in all animals. Three tests were used to identify single sites
and localized regions of selection, as previously described (24, 70). The enriched-
mutation statistic was computed by counting the mutations in a sliding window of
45 nucleotides (nt). The clustered-mutation statistic used a 27-nt sliding window
to identify putative cytotoxic and neutralizing antibody epitopes composed of 9
amino acids. Both statistics compare observed mutations per window with null
distributions by randomly permuting the locations of mutations in each se-
quence. For the enriched-mutation statistic, the P value is the number of ran-
domized windows that contain at least the observed number of mutations divided
by the number of permuted replicates. For the clustered-mutation statistic, P
values result from Fisher’s exact test. The false-discovery rate (q) was computed
to correct for multiple testing, using a q value of �0.1 to detect windows where
significant differences between observed and shuffled mutations occurred. The
code, written in R and Perl, to perform these window-based statistics for positive
selection can be found at ftp://ftp-t10.lanl.gov/pub/WindowSelectionStatistics.

Third, protein-coding regions for all Env proteins were tested for specific
codons under positive selection in each animal using fixed-effects likelihood
(FEL) (35, 55). A neighbor-joining tree and a nucleotide substitution model were
computed for each aligned gene before FEL analysis. Sites with greater nonsyn-
onymous than synonymous substitution rates (dN � dS) and P values of �0.2
were taken as significant for positive selection. FEL results were not corrected
for multiple testing. We verified the robustness of the results in the presence of
alternative substitution models, discarding sites whose significance could not be
repeated using another substitution model.

Amino acid substitutions in viral variants that evolved in late infection at 16 to
22 months postinfection (p.i.) across all animals were also identified using Fish-
er’s exact test with phylogenetic correction (3, 36). Briefly, the state of the
immediate ancestor for each sequence was inferred, and a 2-by-2 contingency
table of substitution counts was built for each amino acid position. Fisher’s exact
test was used on the contingency table to find significant associations between
recurring amino acid substitutions and time in infection under the null hypoth-
esis that the prevalence of substitutions was independent of time. To adjust for
multiple tests, we computed false-discovery rates and report results for q values
of �0.5% and required that substitutions be observed independently in at least
3 of 4 animals.

Construction of pseudovirus. The representative env variants were cloned into
pcDNA3.1 (Invitrogen, Carlsbad, CA), transformed into TOP10F� chemically
competent cells, and selected with ampicillin. Inserts were confirmed by restric-
tion digestion and direct sequencing. 293T cells were transfected with Lipo-
fectamine (Qiagen, Valencia, CA) according to the manufacturer’s instructions.
Cells were plated to 80% confluence in a T75 flask, and 14 �g total DNA with
a 6:1 SIVmac239�env backbone-to-env ratio was prepared in a mixture of Dul-
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becco’s modified Eagle’s medium (Invitrogen), as previously described (2). Vi-
ruses were harvested 24 h later, made cell free by filtration through 0.45-�m
filters, and stored at �80°C until they were used. The pseudovirus was titrated on
TZM-bl cells, and 200 50% tissue culture infective doses were added to each
neutralization assay.

Neutralizing antibody assay. Plasma from each animal was tested at week �1
(preinfection) and 3, 5, 8, 16, and 22 months p.i. Neutralizing antibodies were
measured in a luciferase reporter gene assay that utilized TZM-bl cells as de-
scribed previously (45). The 50% inhibitory dose (ID50) titer was defined as the
plasma dilution that resulted in a 50% reduction in relative luminescence units
(RLU) compared to virus control wells after subtraction of cell control RLU.
Any sample that did not have a detectable ID50 titer at a dilution of 1:10 was
reported as �10.

RESULTS

Plasma viral RNA levels following SIVmac251 intrarectal
infection. To characterize the autologous neutralizing antibody
response and the env sequence evolution in animals that ac-
quired infection mucosally, we infected a cohort of rhesus
monkeys with SIVmac251 via repeated, low-dose intrarectal
inoculations (39). These monkeys were members of a cohort of
animals in which the transmitted/founder (T/F) viruses had
been characterized (33). Each animal became infected with
one T/F virus after 1 to 6 rectal exposures. The viral replication
kinetics after mucosal infection was typical of SIVmac251 rep-
lication in naïve rhesus monkeys infected by the intravenous
route. All animals developed uniform peak plasma viral RNA
levels of 7 log units at 14 days after infection, followed by
sustained viremia of 3 to 5 log units of measurable plasma viral
RNA at 70 days p.i., as previously shown (33, 76). These ani-
mals were monitored for 2 years after infection and typed for
major histocompatibility complex (MHC) class I alleles Mamu-
A*01, Mamu-A*02, Mamu-B*08, and Mamu-B*17, and their
haplotypes are indicated in Table 1.

Autologous neutralizing antibodies to transmitted/founder
SIVmac251 develop 5 to 8 months after infection. Traditionally,
studies demonstrating the relative resistance of SIV to antibody-
mediated neutralization were done using primary viruses in cell-
killing assays (23, 27, 46). More recently, a laboratory-adapted
strain of SIVmac251 (TCLA-SIVmac251) has been utilized
to measure neutralizing antibody titers to SIVmac251 (45).
However, this assay likely does not accurately reflect the true
neutralization capacities of antibodies, due to the extreme sen-
sitivity of TCLA-SIVmac251 to neutralization. A more neu-
tralization-resistant Env clone obtained from in vitro-pas-
saged stock of SIVmac251 (SIVmac251CS.41) has also been
utilized in pseudovirus-based neutralization assays (76).

However, the sequence of this Env differs significantly from
that of the Envs in the inoculum stock that was used in the
present study. Therefore, to assess the kinetics of the autol-
ogous neutralizing antibodies to the T/F viruses that initi-
ated infection in each animal, we generated pseudoviruses
that expressed the specific T/F Env in each animal.

The sensitivity of the transmitted Env to neutralization was
evaluated using autologous plasma samples at various intervals
p.i. using TZM.bl neutralization assays. The ability of matched
plasma antibody to neutralize the founder virus in each monkey is
shown as percent neutralization in Fig. 1. The presence of neu-
tralizing antibodies against the founder virus was detected as early
as 3 months p.i. (open gray squares), although this neutralization
did not reach the 50% inhibitory level. By 5 months p.i., plasma
from monkeys PBE and CR2A demonstrated neutralization
against the transmitted/founder SIVmac251 Env with ID50 titers
of 13 and 23, respectively (as indicated in parentheses). Animals
CP1W and CR53 developed autologous neutralizing antibodies
by 8 months p.i., with ID50 titers of 16 and 53, respectively. The
titer of antibodies that neutralized the founder virus increased
throughout infection in all 4 animals. Monkeys CR53 and CR2A
developed the highest titers of autologous neutralizing antibodies
with ID50 titers of 177 and 376 at 16 and 22 months p.i., respec-
tively. The use of the same pseudovirus-based TZM-bl neutral-
ization as those utilized to measure the autologous neutralizing
antibody titers against HIV-1 allowed us to compare the relative
strengths of the neutralizing antibody responses generated to
HIV-1 and SIV. Therefore, based on our data, the neutralizing
antibody response to SIVmac251 was lower in titer and more
delayed than that reported in HIV-1-infected humans.

Sequence diversity and divergence. To investigate whether
neutralizing antibodies exerted pressure on the evolution of
viral quasispecies, we analyzed the env sequence evolution in
all 4 animals from the time of peak viremia to 22 months p.i.
Thirty to 40 env fragments were derived from plasma samples
by single genome amplification at each time point p.i. Each
amplicon was sequenced directly without cloning, and the se-
quence chromatograms were unambiguous at every position.
To examine the genetic relationships among the virus se-
quences, a maximum-likelihood tree was constructed from env
sequences present in the inoculum; at peak viremia; at 5 or 8
months p.i., when neutralizing antibodies were first detected;
and at 16 and 22 months p.i., when the observed neutralizing
activity reached its peak (Fig. 2). The maximum env diversity
among all animals was 3.9%, while the viral sequence diversity

TABLE 1. Selection in chronic infection for SIV variants with deletions in variable loops 1 and 4

Monkey MHC class I
allele(s)a

16 months p.i. 	no. (%)
 22 months p.i. 	no. (%)


�V1b �V4c �V1 and V4d Totale �V1 �V4 �V1 and V4 Total

PBE Mamu-A2� 16/57 (28) 0/57 (0) 38/57 (67) 54/57 (95) 9/18 (50) 6/18 (33) 2/18 (11) 17/18 (94)
CPIW Mamu-A1�/B8� 1/47 (2) 34/47 (72) 8/47 (17) 43/47 (91) 14/16 (88) 0/16 (0) 2/16 (12) 16/16 (100)
CR2A Mamu-A1�/A2� 3/30 (10) 6/30 (20) 21/30 (70) 30/30 (100) 0/12 (0) 3/12 (25) 9/12 (75) 12/12 (100)
CR53 Mamu-A1�/B17� 9/28 (32) 7/28 (25) 8/28 (29) 24/28 (86) 7/14 (53) 0/14 (0) 7/14 (47) 14/14 (100)

a Defined alleles expressed by each monkey.
b Number of viruses containing deletions in only Env V1 out of the total number of viruses sequenced.
c Viral quasispecies containing deletions in only Env V4 out of the total number of quasispecies.
d Number of viral clones containing deletions in both Env V1 and V4 out of the total number of clones.
e Total number of viral clones containing deletions in either V1 or V4 out of the total number of quasispecies.
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within one animal ranged from 1.7% in animal CR53 to 2.3%
in animal PBE. None of the env sequences obtained from the
inoculum matched the divergent quasispecies at later times
during infection, suggesting that env evolution in chronic in-
fection did not represent the common outgrowth of minor
preexisting sequences in the inoculum.

Env diversification clustered in V1/2 and V4. To elucidate
whether viral variants that evolved in these infected monkeys
shared common mutations that might be determinants for im-
mune recognition, we used Highlighter analysis to locate non-
synonymous env mutations in animals PBE and CP1W (Fig.
3A) and CR2A and CR53 (Fig. 4A) from the time of peak
viremia to 22 months p.i. For this analysis, identical sequences
were not included in the Highlighter plot. Compared to viruses
in the challenge stock, the transmitted viruses at ramp-up and
peak viremia contained stochastic mutations without evidence
for positive selection (33). However, by 5 or 8 months p.i.,
approximately 50% of the viral quasispecies in each animal
harbored an R424Q/W substitution in V4. Although there
were also other amino acid changes nearby, the R424Q/W
mutation was the only substitution observed in all animals at
the time points when neutralizing antibodies were first de-
tected. Furthermore, from 5 or 8 months p.i. to 22 months p.i.,
there was a continued trend toward additional nonsynonymous
mutations in V1/2 and V4 in all 4 animals. These data
indicate sustained evolution of the variable regions in re-
sponse to persistent selection pressure throughout the first 2
years of SIVmac251 infection.

We were interested in identifying common antibody recog-
nition motifs shared by all animals that could have mediated
viral escape from neutralizing antibodies. Therefore, four dis-
tinct statistical tests were used to identify sites of positive
selection in viral variants from peak viremia to 22 months p.i.
(Fig. 3B and 4B). In the enriched-mutation test (turquoise
peaks), a sliding window of 45 bases was used to identify
concentrated nucleotide mutations. The clustered-mutation
test (purple peaks) identified clustered nucleotide mutations in
a 27-base sliding window, thereby detecting positive selection
in potential T-cell or B-cell epitopes. These 2 tests showed that
clustered amino acid changes in V1/2, constant region 3 (C3),
and V4 were positively selected in all 4 animals.

Additionally, we used a tree-based statistic, HYPHY FEL,
that detects increases in the ratio of nonsynonymous to synon-
ymous substitution rates at each codon with a likelihood ratio
test to identify viral codons under positive selection. Using this
test, 14 discrete codons in env (green peaks) showed evidence
of strong mutational selection in at least 3 of the 4 animals by
16 to 22 months p.i. Further analysis using Fisher’s exact test
confirmed residues 127, 128, 134, 135, 136, 138, 345, 415, and
416 as sites of recurring mutations in Env in all animals. Of
note, residues 420, 421, and 424 were identified by FEL statis-
tics as positively selected. However, these residues were not
evaluated using Fisher’s test, since the majority of the studied
clones had deletions at these residues. Taken together, the
common mutations that evolved in all 4 animals by 22 month
p.i. appeared to cluster in V1/2, C3, and V4. Very few changes

FIG. 1. Autologous neutralizing antibodies after SIVmac251 infection. Plasmas from 4 SIVmac251-infected animals, PBE (A), CP1W (B),
CR2A (C), and CR53 (D), were tested at multiple time points p.i. for neutralizing antibodies against the founder env-pseudotyped virus isolated
from matched animals. Percent neutralization is plotted along the y axes, and the reciprocal log10 plasma dilution (from 101 to 108) is plotted along
the x axes. The dotted lines indicate 50% neutralization. The gray symbols and lines indicate time points when the reduction in neutralization was
below the 50% neutralization level (ID50 titers � 10), and the black symbols and lines indicate time points when the reduction in neutralization
scored above 50%. ID50 titers are indicated in parentheses.
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FIG. 2. Phylogenetic analysis of env quasispecies from the 4 monkeys infected with SIVmac251. The maximum-likelihood tree is rooted on the
consensus of the inoculum (blue circles). Sequences from each monkey clustered together and are represented by similarly colored symbols, as
indicated. The transmitted viruses at peak viremia in each monkey are represented by open circles, viruses from 5 to 8 months (Mo) p.i. by open
triangles, and quasispecies from 16 months p.i. by open squares and 22 months p.i. by closed squares. The scale bar indicates a genetic distance
of 0.001 (1 nucleotide difference per 1,000 sites) in the phylogram.
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FIG. 3. Accumulation of env nucleotide sequence changes in replicating viruses after intrarectal SIVmac251 infection. (A) Highlighter
alignment of env genes that were transmitted from the inoculum (black rectangle at top right of each alignment), at peak viremia (dark blue
rectangles), or 5 or 8 (green rectangles), 16 (light blue rectangles), and 22 (yellow rectangles) months p.i. in animals PBE and CP1W. Each
horizontal line on the vertical axis depicts individual Env variants sequenced at various time points postinfection. Identical sequences were removed
for clarity. The red tic marks indicate differences that are nonsynonymous in the env coding frame. Deletions are indicated by gray tics. The
horizontal axis indicates the amino acid position in the Env alignment. (B) Identification of putative sites of positive selection using three
independent tests. The horizontal axis indicates the nucleotide positions in env, aligned to SIVmac239 (nt 6604 to 9108), and the vertical axis
indicates the statistical significance for each of the three tests. The tests for enriched mutations and clustered mutations (turquoise and purple bars,
respectively) used sliding windows of 45 and 27 nt, respectively. The FEL test from HYPHY is a tree-based statistic that identifies single codons
under positive selection (green bars). For reference, the black boxes depict the locations of V1 to V5 in gp120, and the horizontal lines depict the
locations of gp41, tat exon 2, rev exon 2, and nef (in reading frames 1, 3, 2, and 3, respectively). The asterisks denote Env variants from each animal
that were cloned for further neutralization testing.
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accumulated in V3 or V5, suggesting that substitutions in these
regions did not confer a selective advantage for the virus dur-
ing in vivo replication.

Env mutations resulted in shortened V1/2 and V4 loops and
shifts in predicted glycans. We observed a consistent shorten-

ing of V1 and V4 of SIVmac251 env over the course of infec-
tion in these monkeys (gray bars in Fig. 3A and 4A). At 16 and
22 months p.i., the majority of circulating Env variants in each
animal contained 3 to 5 amino acid deletions in V1, V4, or both
compared to Env from the time of peak viremia (Table 1).

FIG. 4. Accumulation of env nucleotide sequence changes in replicating viruses after infection. (A) Highlighter alignment of env genes from animals
CR2A and CR53. The time points p.i. when env genes were sequenced are indicated. The red tic marks represent nonsynonymous mutations, while
deletions are indicated by gray tics. (B) Identification of putative sites of positive selection using nonrandom-mutation and clustered-mutation statistics
and the FEL test. The asterisks denote Env variants from each animal that were cloned for further neutralization testing.
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FIG. 5. Comparison of the amino acid sequences of the variable regions of SIVmac251 gp120. The sequences of representative Env clones obtained
throughout infection are aligned to the Env that was transmitted to each animal from the SIVmac251 inoculum, which is shown at the top. The first amino
acid residue in the alignment represents residue number 101 in the SIVmac239 Env. The name of each Env sequence identifies the monkey and the time
point when the variant was isolated. The dots represent amino acid identity and the dashes represent deletions. Variable regions V1 through V5 are
boxed. The amino acid residue number is on the right of each row. Yellow highlights amino acids that represent a consensus sequence for PNGs that
have been shifted, deleted, or added. PNGs in variable regions that remained unchanged throughout infection are highlighted in gray. A potential
O-linked glycan attachment site in the V1 region is underlined. These Env variants were cloned for further neutralization testing.
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There was considerable variability in the deletions in V1 and
relative homogeneity in the deletions in V4 of these viruses
(Fig. 3 to 5). To compare the lengths of env V1 and V4 of the
Env variants isolated at 16 and 22 months p.i. to those isolated
at peak infection, we counted the amino acids in these regions
and summarized the distributions as minimum, median, and
maximum lengths of V1 and V4 per animal (Table 2). The
minimum and median numbers of amino acids were lower in
V1 and V4 in viruses circulating at 16 to 22 months p.i. than in
viruses at the time of peak viremia. Moreover, consistent with
previous reports characterizing the env sequence evolution in
SIVmac species, we observed that P421 in V4 of Env was
deleted in the majority of the viral clones isolated during
chronic infection (67). The lengths of V2, V3, and V5 re-
mained constant throughout infection in all 4 monkeys.

To assess the statistical significance of the lengths of V1 and
V4 over the course of infection, we used a 2-sided binomial test
on the direction of changes in the lengths of the variable
regions. This test does not assume independence among se-
quences from the same animal. We counted the distinct
changes (insertions or deletions) and compared the observed
proportion of deletion events to the null expectation of 50%.
In V1, we observed 3 distinct insertion events and 22 deletion
events. Therefore, the observed V1 changes are biased toward
deletions with statistical significance (P � 0.00016; 95% con-
fidence interval [CI] � 69 to 97%). Similarly, we observed 3
different deletion events and no insertions in V4, with a trend
toward statistical significance (P � 0.25).

In addition to playing an important role in the structure and
function of Env, carbohydrates have been shown to modulate
the antigenicity and sensitivity of HIV-1/SIV to neutralizing
antibodies (6, 10, 15, 26, 67, 74). Therefore, we determined
whether the amino acid substitutions/deletions observed in
Env variants isolated during chronic infection resulted in
changes in potential N- and O-linked glycosylation sites. We
compared the number of predicted potential N-linked glyco-
sylation sites (PNGs) in env V1 to V5 of viruses isolated during
peak viremia and chronic infection at 16 and 22 months p.i.
(Fig. 5 and Table 3). Seventeen of the 21 glycans in Env were
conserved throughout the course of infection in all animals,
consistent with the hypothesis that lentiviral envelopes main-

tain a core set of glycans that are important in producing a
functional protein (4). Fourteen of the 17 conserved glycans
were in the constant regions of Env. As Env accrued mutations
during the course of infection, substitutions eliminating N-
glycan attachment sites were associated with the coincidental
creation of new attachment sites. Interestingly, with the excep-
tion of the PNG introduced by the K254N substitution in C2 of
animal CR53, nearly all of the changes in PNGs occurred
within limited windows in V1/2 and V4 of SIV Env. Several
PNG sites were either shifted or deleted in V1 and V2 (resi-
dues 135, 138, 146, 148, 198, 200, and 202), while PNGs were
added in V4 due to a change of aspartic acid to asparagine at
amino acid position 415. Env sequences at peak viremia con-
tained a median of 8 PNGs in V1/2 and no PNGs in V4 (Table
3). In contrast, Env sequences isolated from chronic infection
had 1 or 2 fewer PNGs in V1/2 and 1 more PNG in V4 in Env.
There were no changes in PNGs in V3 and V5 between peak
viremia and chronic infection. Additionally, changes in resi-
dues 127, 128, 129, 130, 131, 132, and 134 in many Env variants
sampled during chronic infection may have resulted in poten-
tial losses and additions of O-linked glycans in the serine/
threnonine-rich stretch within V1 (124TKSSTITTTAPTTPNT
TSTKS141).

We also used a binomial test on the changes in the number
of PNG sites in each animal over the course of infection. In V1,
all 4 animals contained env genes with fewer PNGs in chronic
infection than in peak viremia (P � 0.125). Similarly, each
animal exhibited at least one env with one additional PNG site
in V4 during chronic infection (P � 0.125). Although the
observations regarding the evolution of the lengths of the vari-
able loops and PNGs over the course of infection were not all
statistically significant due to the small number of animals,
these data suggest that mutations in V1/2 and V4 likely con-
ferred a fitness advantage on SIV variants that resulted in their
accumulation and eventual predominance as major variants in
chronic infection.

Viral variants evade recognition by autologous neutralizing
antibodies. The emergence of Env variants with nonsynony-
mous nucleotide substitutions and deletions in V1/2 and V4
suggested that substantial selection pressure was being exerted
on the replicating virus population in vivo. Since these animals

TABLE 2. V1 and V4 lengths of SIVmac251 at peak viremia and during chronic infection

Variable
region Animal

Peak viremia Chronic infectiona

No. of
sequencesb Medianc Minimumd Maximume No. of

sequences Median Minimum Maximum

V1 PBE 24 40 40 40 42 39 34 40
CP1W 42 40 40 40 27 39 33 40
CR2A 26 40 40 40 36 36 35 41
CR53 30 40 40 40 38 39 33 43

V4 PBE 24 29 29 29 42 22 22 29
CP1W 42 29 29 29 27 21 21 29
CR2A 26 29 29 29 36 22 22 29
CR53 30 29 29 29 38 25 25 29

a env clones from 16 and 22 months postinfection.
b Number of env sequences per animal amplified by single-genome amplification.
c Median number of amino acids in V1 and V4 per animal.
d Mininum number of amino acids in V1 and V4 per animal.
e Maximum number of amino acids in V1 and V4 per animal.
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had different MHC class I haplotypes and therefore likely
restricted divergent cytotoxic-T-lymphocyte (CTL) epitopes,
we hypothesized that the common Env mutations in V1/2 and
V4 observed in all 4 animals likely emerged as a result of viral
escape from neutralizing antibodies. To determine whether the
diversification of env was a consequence of selective pressure
from the host humoral immune response, we tested the abili-
ties of autologous plasma samples to neutralize representative
Env variants isolated during the intermediate stage (5 or 8
months p.i.) and late stage (16 and 22 months p.i.) of infection
from each monkey. Representative Env variants were selected
because they contained the most prevalent mutations in each
animal at the chosen time points. The Env variants from each
animal that were tested in neutralizing assays are denoted by
asterisks in Fig. 3 and 4.

At 5 months p.i., when the neutralizing antibody titer to the
founder Env in animal PBE was 13, 50% of Env variants
circulating in the animal harbored an R424Q substitution in
V4 (Fig. 3A). This mutation was also observed in the other 3
animals at the time when neutralizing antibodies against their
respective founder viruses were detected. An Env variant iso-
lated from PBE (PBE�V4.Mo5.D1) containing this mutation
was not neutralized by contemporaneous plasma or by later
plasma at 8 months p.i., when the ID50 titer to the founder Env
increased to 17 (Fig. 6A). Although the difference in the ID50

titers to the wild-type and variant R424Q Env proteins is small
due to the low titers of neutralizing antibodies, their kinetics
and the env sequence evolution suggest that an R424Q muta-
tion in Env might have mediated early viral escape from the
humoral immune response. Interestingly, this Env escape vari-

ant became sensitive to neutralization by plasma obtained later
at 16 months p.i., indicating that neutralizing antibodies
evolved to contain the R424Q Env variant that emerged earlier
at 5 months p.i. Neutralizing antibodies that targeted early
viral escape mutants appeared to exert further immune pres-
sure on the viral population, as demonstrated by the continued
env sequence evolution between 5 and 16 months p.i. To de-
termine whether Env variants with additional substitutions and
deletions in V1/2 and V4 were neutralization escape muta-
tions, we generated pseudoviruses with representative env vari-
ants at 16 and 22 months p.i. from animal PBE. Env variant
PBE�V1/V4.Mo16.G12 represented 60% of the clones at 16
months p.i., while PBE�V1/V4.Mo22.E1 and PBE�V1/
V4.Mo22.E9 were codominant clones at 22 months p.i. These
Env variants isolated from PBE during chronic infection were not
recognized by contemporaneous plasma samples, indicating that
they were also neutralization escape mutants (Fig. 6A).

In animal CP1W, a variant Env (CP1W�V4.Mo8.E9) har-
boring R420G and R424Q mutations in V4 was isolated at 8
months p.i., when the autologous neutralizing antibodies were
first detected in the animal. This mutant Env was not neutral-
ized by contemporaneous plasma from monkey CP1W but was
sensitive to neutralizing antibodies at later time points (Fig.
6B). An Env variant containing a deletion in V4 isolated later
at 16 months p.i. (CP1W�V1/V4.Mo16.39) also represented
an escape variant. This virus was not neutralized by plasma
sampled at 16 months p.i. but was sensitive to de novo neutral-
izing antibody responses at later time points. Finally, we did
not detect neutralizing antibodies against an Env variant iso-
lated at 22 months p.i. that harbored substitutions and dele-

TABLE 3. Potential N-linked glycosylation sites in SIVmac251 at peak viremia and during chronic infection

Variable
region Animal

Peak viremia Chronic infectiona

Medianc Minimumd Maximume Median Minimum Maximum

V1b PBE 3 3 3 2 2 3
CP1W 3 3 3 2 1 3
CR2A 3 3 3 3 2 3
CR53 3 3 3 3 2 3

V2 PBE 5 5 5 5 4 5
CP1W 5 5 5 5 4 5
CR2A 5 5 5 5 4 5
CR53 5 5 5 4 4 5

V3 PBE 1 1 1 1 1 1
CP1W 1 1 1 1 1 1
CR2A 1 1 1 1 1 1
CR53 1 1 1 1 1 1

V4 PBE 0 0 0 1 0 1
CP1W 0 0 0 0 0 1
CR2A 0 0 0 1 1 1
CR53 0 0 0 0 0 1

V5 PBE 2 2 2 2 2 2
CP1W 2 2 2 2 2 2
CR2A 2 2 2 2 2 2
CR53 2 2 2 2 2 2

a env sequences from 16 and 22 months postinfection.
b Potential N-linked glycosylation motifs (NXS/T) in V1 to V5 were deduced and counted.
c Median number of PNG motifs per animal.
d Mininum number of PNG motifs per animal.
e Maximum number of PNG motifs per animal.
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tions in V1 and V4 (CP1W�V1/V4.Mo22.A1), indicating that
this Env was an escape mutant that arose late in infection. We
were not able to test the neutralization sensitivity of �V1 Env
pseudoviruses from CP1W at 22 months p.i. because we could
not generate these pseudoviruses at a high titer.

A similar pattern of sequential viral escapes from the autol-
ogous neutralizing antibodies was also observed in animals
CR2A and CR53. We were not able to recover infectious
pseudoviruses containing variant Envs from 5 to 8 months p.i.
from animals CR2A and CR53, at the time when autologous
neutralizing antibodies against the founder Envs were first
observed. An Env clone from animal CR2A (CR2A�V1/
V4.Mo16.2) that contained deletions in both V1 and V4 was
not neutralized by contemporaneous plasma (Fig. 6C). In
animal CR53, Env variants CR53�V1/V4.Mo16.14 and
CR53�V1/V4.Mo16.37, from 16 months p.i., were also not
neutralized by contemporaneous plasma from the matched
animals (Fig. 6D). These data demonstrate that Env clones
containing deletions/mutations in V1, V4, or both regions were
neutralization escape variants and that escape mutants were
neutralized only by plasmas obtained a number of months after
their emergence.

Interestingly, the escape Env variants in 3 of 4 animals
(CP1W, PBE, and CR53) induced titers of neutralizing anti-
bodies higher than those generated against the founder Env
(Fig. 6A, B, and D), suggesting that mutations in V1/2 and V4
of SIVmac251 are associated with an increase in the neutral-

ization sensitivity of the Env. These data raise the possibility
that the amino acid substitutions that allowed the transmitted
SIVmac251 to escape immune recognition by autologous an-
tibodies paradoxically rendered it more susceptible to subse-
quent antibody neutralization. The emergence of novel escape
viruses beyond 16 months p.i. in these animals and the in-
creased susceptibility of the escape variants to subsequent neu-
tralization indicate that neutralizing antibodies specific for es-
cape variants of SIVmac251 exerted continuous selective
pressure that shaped the evolution of the viral quasispecies
even during chronic infection.

DISCUSSION

Rhesus monkeys infected with a genetically defined quasi-
species of SIVmac251 provide an important model system for
studying the relationship between an infecting primate immu-
nodeficiency virus, viral evolution, and immune responses. Us-
ing a standardized pseudovirion-based TZM-bl reporter gene
assay that is widely used to measure neutralizing antibodies to
HIV-1, we demonstrated that autologous neutralizing antibod-
ies directed against the transmitted/founder SIVmac251 strains
were not detected until 5 to 8 months p.i. in mucosally infected
monkeys. Combining single-genome amplification sequencing
with statistical analyses and phenotypic testing, we showed that
autologous neutralizing antibodies exerted selection pressure
on SIVmac251 despite their low titers and late emergence. The

FIG. 6. Neutralizing antibodies against autologous viral variants. The panels show the ability of autologous plasma sampled over time following
infection to neutralize the founder virus and mutant viruses in animals PBE (A), CP1W (B), CR2A (C), and CR53 (D). The x axes indicate the
times when plasma samples were collected, and ID50 titers are shown on the y axes. The ID50 titers against the autologous founder Envs over the
course of infection are represented by solid lines and filled circles, while the neutralization titers against the mutant Env are depicted by dotted
lines and open symbols. The time points p.i. when viral variants were isolated and the mutations/deletions these mutant viruses contain are
indicated in parentheses.
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Env sequence evolution was uniquely mapped in relation to
the transmitted/founder viruses from a quasispecies inoculum.
Finally, we demonstrated that secondary de novo antibody re-
sponses to escape variants spurred continuous Env evolution
throughout infection.

The results presented in this study show that antibody-me-
diated neutralization of SIV is a complex and dynamic process.
This evolution is similar to what has been shown recently in a
cohort of drug-naïve, chronically HIV-1-infected individuals
who control viral replication (44). Both HIV-1- and SIV-spe-
cific neutralizing antibodies appear to influence Env sequence
evolution in vivo, even at low titers. Viral evolution and the
dynamic production of autologous Nabs continue in both
chronic HIV-1 and SIVmac infections (22, 40, 44, 48, 59).
Similar to the autologous neutralizing antibody response and
viral evolution in HIV controllers, we also observed increases
in autologous neutralizing antibody titers against SIVmac251
escape variants isolated at 5 to 8 months p.i., suggesting that
the development of autologous neutralizing antibodies limits
certain Env variants over the course of infection. These inter-
mediate escape variants were neutralized by emerging neutral-
izing antibodies that drove the continuous evolution of novel
escape Env variants with common sequence mutations in V1/2
and V4 at 16 and 22 months p.i. in all 4 animals. Some of these
late escape Env variants remained resistant to autologous neu-
tralization, while others remained sensitive to Nabs at the later
time points. The present data are also consistent with previous
studies demonstrating that sequence evolution in V1/2 and V4
resulted in the loss of Env recognition by at least one class of
conformation-dependent antibodies that neutralized HIV-1
and SIV infectivity (1, 4, 7, 9, 10, 13, 17, 23, 28, 29, 31, 32, 34,
37, 47, 48, 52, 58–61, 65, 67–69, 71, 75).

A constellation of changes was observed throughout Env at
16 months p.i. It is possible that some of these mutations
reflected selection by Fc� receptor-mediated antibody activity,
CTL, and changes in cell tropism (16, 19, 21, 43, 49, 54). The
Env mutations in the present study most likely do not repre-
sent genetic imprints from antibody-dependent cell-mediated
cytotoxicity, because they emerged late in infection. It is also
unlikely that the common mutations in V1/2 and V4 emerged
as a result of viral escape from cytotoxic T lymphocytes, since
these animals had disparate MHC class I haplotypes. However,
since there are known CD8� T-cell epitopes in the C2, C3, and
gp41 regions of Env, some of the substitutions we observed in
these regions may reflect CTL escape mutations (56). Al-
though mutations in gp41 have also been shown to affect the
sensitivity of Env to antibody neutralization (20), we did not
directly evaluate the contribution of gp41 polymorphisms in
mediating escape from neutralizing antibodies, since there
were no common amino acid residues in the gp41 region that
were temporally selected in all animals. Similarly, we also chose
not to evaluate substitutions that occurred in a region where env
and nef reading frames overlapped, since it is unclear how these
polymorphisms relate to neutralizing antibodies.

In the transmission of clade A, C, and D HIV-1 from donors
to recipients, a shortening of the Env variable loops has been
associated with increased virus sensitivity to antibody-medi-
ated neutralization (12, 17, 62). This phenomenon is followed
by a lengthening of the env variable regions in HIV, simian-
human immunodeficiency virus (SHIV), and certain strains of

SIV during infection that is associated with a greater resistance
to antibody neutralization (4, 41, 51, 58, 60, 63). In contrast, we
observed that V1/2 and V4 shortened to escape from antibody
recognition as the infection progressed from the acute to the
chronic phase in SIVmac251-infected animals. In this cohort of
animals, the shortening of the Env variable loops throughout
infection was associated with decreased virus sensitivity to an-
tibody neutralization rather than increased sensitivity, as ob-
served in HIV-1. Nevertheless, despite the strain-specific se-
quence changes in the variable region, the Env changes in the
genetically diverse primate immunodeficiency viruses all re-
sulted in alterations in the Env glycosylation pattern.

The mechanisms underlying the escape of SIV from neutral-
izing antibodies are complex. Mutations can facilitate virus
escape from neutralizing antibodies by altering the antibody
binding domains through changes in glycosylation or direct
alteration of neutralization epitopes (59). Alternatively, muta-
tions can also alter regions of the virus that are distant from the
antibody binding site and, in so doing, abrogate antibody bind-
ing by altering the envelope protein conformation (14, 73). We
were not able to spatially model the amino acid residues that
were identified as being involved in neutralizing antibody rec-
ognition in SIVmac251 Env, because the sites we identified as
significant for selection in V1/2 and V4 were deleted in the
SIVmac239 gp120 crystal structure of Chen et al. (11). Fur-
thermore, our attempts to functionally delineate the specific
residues in V1/2 and V4 that were directly responsible for
resistance to antibody-mediated neutralization have been com-
plicated by the context-dependent nature of the variable loop
domains (data not shown). These findings emphasize the im-
portance of the interactions between noncontiguous regions of
the virus in forming quaternary epitopes (1, 14).

Paradoxically, variant SIVs that successfully evaded anti-
body neutralization became more sensitive to recognition by
neutralizing antibodies that developed later in infection. This
observation is consistent with previous reports of emerging
HIV-1/SIV variants in infected individuals (5, 37). These data
indicate that mutations in V1/2 and V4 of SIV Env may have
induced a conformational change in the trimeric Env spike
structure that increased the accessibility of the variable loops
to antibody-mediated neutralization or led to the exposure of
conserved domains for antibody recognition.

The present findings have important implications for HIV-1
vaccine development. SIVmac251 appears to be more difficult
to neutralize than HIV-1, given that autologous neutralizing
antibodies emerge later and at lower titers than have been
described for HIV-1. This raises the possibility that the use of
SIVmac251 as a challenge virus for AIDS vaccine studies in
NHPs may be too stringent, because it may not accurately
predict the ability of vaccine candidates to elicit neutralizing
antibodies that protect against virus acquisition. Therefore, the
results of preclinical vaccine trials evaluating the acquisition of
infection utilizing SIVmac251 as a challenge virus should be
interpreted accordingly. These data also suggest that HIV-1/
SIV evolve in relatively similar patterns, and common antibody
recognition motifs that may serve as common vulnerabilities
can be identified. In addition, there may be constraints on the
ability of primate immunodeficiency viruses to diverge to evade
neutralizing antibodies. The need to retain envelope function
and mask important epitopes of the protein likely constrains
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the plasticity of Env. Therefore, the stereotypic pattern of viral
escape mutations may provide avenues for designing vaccina-
tion strategies that force the immune evasion of viral quasi-
species into pathways that either exact a fitness cost or lead to
the exposure of critical epitopes for immune recognition. Ul-
timately, the elucidation of the genetic determinants for viral
escape relative to the transmitted/founder viruses in infected
individuals will yield a broader understanding of antigenic vari-
ation and immune selection. Our results demonstrate the value
of combining virological, immunological, and bioinformatics
analyses in identifying important properties of the neutralizing
antibody response during HIV-1/SIV infection.
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