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Human immunodeficiency virus (HIV)-positive individuals can be superinfected with different virus strains.
Individuals who control an initial HIV infection are therefore still at risk for subsequent infection with divergent
viruses, but the barriers to such superinfection remain unclear. Here we tested long-term nonprogressors’ (LTNPs’)
susceptibility to superinfection using Indian rhesus macaques that express the major histocompatibility complex
class I (MHC-I) allele Mamu-B*17, which is associated with control of the pathogenic AIDS virus SIVmac239. The
Mamu-B*17-restricted CD8� T cell repertoire is focused almost entirely on 5 epitopes. We engineered a series of
SIVmac239 variants bearing mutations in 3, 4, or all 5 of these epitopes and used them to serially challenge 2
Mamu-B*17-positive LTNPs. None of the escape variants caused breakthrough replication in LTNPs, although they
readily infected Mamu-B*17-negative naive macaques. In vitro competing coculture assays and examination of viral
evolution in hosts lacking Mamu-B*17 suggested that the mutant viruses had negligible defects in replicative fitness.
Both LTNPs maintained robust immune responses, including simian immunodeficiency virus (SIV)-specific CD8�

and CD4� T cells and neutralizing antibodies. Our results suggest that escape mutations in epitopes bound by
“protective” MHC-I molecules may not be sufficient to establish superinfection in LTNPs.

The correlates of protection against human immunodefi-
ciency virus (HIV) remain unknown, despite 25 years of re-
search. For this reason there has been increasing interest in
individuals who effectively control virus replication. Long-term
nonprogressors (LTNPs) are HIV-infected individuals who re-
main clinically healthy for years and even decades. A subset of
LTNPs, “elite controllers” (ECs), spontaneously control HIV
replication in plasma to levels below the threshold of detection
in commercial assays, currently 50 viral genomic RNA (vRNA)
copies/ml plasma (12). Defining the mechanisms by which
LTNPs and ECs establish and maintain effective control over
virus replication, as well as understanding potential limits to
this control, may provide critical insights into the types of
immune responses that successful HIV vaccines should elicit.

Several lines of evidence suggest that virus-specific CD8� T
cell responses play a key role in the effective control of HIV
replication. Resolution of acute viremia is temporally associ-
ated with the appearance of CD8� T cell responses in most
subjects (5, 27). Elite control is associated with expression of
certain human leukocyte antigen (HLA) class I alleles, in par-

ticular HLA-B27 and -B57 (7, 8, 13, 18, 20, 38). CD8� T cell
populations restricted by these molecules are immunodomi-
nant during acute infection (1) and frequently select for escape
mutant viruses (14, 25, 28, 46). Notably, when such escape
mutant viruses are transmitted to HLA-B27- or HLA-B57-
positive individuals, these individuals are frequently unable to
control virus replication, despite their expression of “protec-
tive” HLA alleles (10, 19).

An animal model of HIV control can complement studies of
human LTNPs/ECs in several key ways, including unequivocal
knowledge of the infecting virus sequence and the timing of
infection, as well as providing opportunities to perform inter-
ventions that cannot be done in humans. It is therefore striking
that a subset of Indian-origin rhesus macaques (Macaca mu-
latta) are able to durably control replication of pathogenic
simian immunodeficiency viruses (SIVs) in a fashion similar to
that of human LTNPs/ECs. Control of SIV replication is as-
sociated with the major histocompatibility complex class I
(MHC-I) alleles Mamu-B*17 (59) and -B*08 (30). Transient
depletion of CD8� cells in ECs resulted in a loss of contain-
ment of virus replication, and control was reestablished when
CD8� cells repopulated the periphery (17). This animal model
has thus provided further evidence that ongoing CD8� T cell
responses are critical for maintaining durable control over
AIDS virus replication.

Studies of both humans and macaques have suggested that
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individuals who maintain low viremia after an initial immuno-
deficiency virus challenge can be superinfected with viruses
whose sequences diverge from that of the initial infecting virus.
Macaques vaccinated with a live attenuated SIV initially con-
trolled challenge with a divergent pathogenic virus isolate but
later experienced breakthrough viremia and progressed to
AIDS. The breakthrough viruses had mosaic genomes result-
ing from multiple recombination events between the vaccine
and challenge strains, which yielded viruses capable of persis-
tent high-titer replication (50). A human subject who main-
tained virus loads below 5,000 copies/ml plasma following
structured therapy interruption in the acute phase of HIV
infection was later superinfected with a second clade B virus
with sequence differences in multiple epitopes recognized by
his CD8� T cells, which caused a marked increase in viremia
(2). A subsequent study of breakthrough virus replication
showed that loss of control over HIV replication was the result
of superinfection and subsequent selection for recombinant
viruses bearing escape mutations in immunodominant CD8� T
cell epitopes (52).

Here we tested the hypothesis that ECs and LTNPs are
susceptible to challenge with viruses bearing mutations in
CD8� T cell epitopes bound by “protective” MHC-I mole-
cules. We reasoned that challenge with viruses harboring con-
sensus escape mutations in Mamu-B*17-restricted epitopes
could “dissect out” the CD8� T cell populations responsible
for durable control of SIVmac239, resulting in superinfection.
The Mamu-B*17-restricted CD8� T cell repertoire is focused
on 5 epitopes in most LTNPs, ECs, and normal progressors
expressing this molecule (34). We therefore constructed a se-
ries of SIVmac239 variants encoding escape mutations in
Mamu-B*17-restricted epitopes and used them to challenge
Mamu-B*17-positive macaques, one an LTNP and one an EC,
that had controlled an initial infection with SIVmac239.

MATERIALS AND METHODS

Animals. Rhesus macaques (Macaca mulatta) of Indian descent were housed
at the Wisconsin National Primate Research Center (WNPRC), assigned to
institutional animal care and use committee (IACUC)-approved protocols and
cared for according to the National Research Council’s Guide for the Care and
Use of Laboratory Animals (39). Animals were screened for the presence of a
panel of MHC-I alleles by PCR with sequence-specific primers (PCR-SSP) as
described previously (24). Mamu-B*17-positive elite controllers rhAJ11 and
r95071 were infected intrarectally with wild-type SIVmac239 nefopen (49) as
part of previous studies (37, 59).

Viruses and inoculations. For this study, animals were inoculated intrave-
nously with 100 50% tissue culture infective doses (TCID50) of SIVmac239
variant viruses. After infection, plasma virus loads were measured using a quan-
titative reverse transcription (QRT)-PCR assay targeting the gag gene as de-
scribed previously (9, 54).

To produce variant viruses bearing escape mutations in Mamu-B*17-restricted
CD8� T cell epitopes, we first identified nonsynonymous substitutions that com-
monly occurred in Mamu-B*17-positive progressor macaques with high-level
chronic viremia (15, 34, 41; G. E. May, E. J. León, N. J. Maness, and T. C.
Friedrich, unpublished data). We reasoned that these mutations would be most
likely to confer effective escape from Mamu-B*17-restricted CD8� T cells while
minimizing costs to viral replicative fitness. The wild-type and mutant sequences
of Mamu-B*17-restricted epitopes are presented in Table 1. We introduced
targeted substitutions into the SIVmac239 molecular clone by the use of muta-
genic primers with the QuikChange site-directed mutagenesis kit (Stratagene,
Cedar Creek, TX). Cycling conditions for mutagenesis reactions were as follows:
95° for 1 min; then 15 cycles of 95° for 50 s, 60° for 50 s, and 68° for 10 min; and
a final extension of 68° for 7 min. To rescue infectious SIV viruses, we transfected
Vero cells with plasmid DNA, cocultured these cells with CEMx174 cells for 2

days, and then harvested viruses in cell-free supernatant approximately 6 days
later. This procedure has previously been described in detail (15, 54).

Competition assays to measure viral replicative fitness. We assessed the
replicative fitness of cloned mutant viruses using a newly developed in vitro
competing coculture assay. Briefly, we produced a reference virus bearing a
genetic “barcode” of synonymous substitutions in gag that abrogated binding of
the primers and probes used in our standard QRT-PCR diagnostic assay. Sim-
ilarly, primers and probes specific for the “barcoded” virus, which we termed
SIVmac239-10s, do not amplify wild-type SIVmac239 sequences, allowing for
specific quantitation of wild-type and reference viruses in the same sample. In
7-day competing coculture assays, SIVmac239-10s showed no detectable fitness
defect in comparison with wild-type SIVmac239, as we recently described (54).

To compare the growth levels of mutant viruses and SIVmac239-10s, fresh
peripheral blood mononuclear cells (PBMC) were isolated from an SIV-naive
rhesus macaque and incubated overnight at 37°C in RPMI containing 10% fetal
bovine serum (FBS) and 5 �g/ml phytohemagglutinin (PHA). Approximately
18 h later, PBMC were washed twice with phosphate-buffered saline (PBS) and
resuspended at 4 million cells/ml in R10 containing 20 units interleukin-2 (IL-2)
per ml (R10-20). Two million PBMC were then infected with a total amount of
virus equivalent to of 50 million vRNA copies by adding the appropriate volume
of virus and incubating at 37°C for 4 h. PBMC were then washed twice with R10
to remove the virus and plated in duplicate in a 24-well plate at one million
PBMC/well in 2 ml R10-20. Viral supernatant (1 ml) was harvested at days 1, 3,
5, and 7 postinfection. Absolute quantification of SIVmac239-10s and mutant
viruses was performed using duplicate samples in a QRT-PCR as described
previously (54).

Tracking evolution of viruses in vivo. vRNA was extracted from plasma using
the Qiagen MinElute kit (Qiagen, Valencia, CA) or by guanidium thiocyanate
extraction. Overlapping amplicons representing all SIVmac239 open reading
frames (ORF) were amplified using the Qiagen one-step RT-PCR kit and
SIVmac239-specific primer pairs as previously described (17, 29). cDNA was
sequenced on a 3730 DNA analyzer (Applied Biosystems, Foster City, CA),
and sequences were assembled using CodonCode Aligner (CodonCode,
Deadham, MA).

Tracking cellular immune responses: intracellular cytokine staining. We used
intracellular cytokine staining as previously described (17) to enumerate lym-
phocytes secreting cytokines to SIV antigens in elite controllers. Briefly, freshly
isolated PBMC were incubated with 5 �M peptide(s) and antibodies against
CD28 (clone L293) and CD49d (clone 9F10) for 1.5 h at 37°C, after which 10 �g
brefeldin A was added to halt extracellular transport. Cells were incubated a
further 5 h, washed and stained for surface expression of CD4 (allophycocyanin
[APC]-labeled clone SK3) and CD8 (peridinin chlorophyll protein [PerCP]-
labeled clone SK1), and fixed overnight in 1% paraformaldehyde at 4°C. The
following day, cells were permeabilized in buffer containing 0.1% saponin and
stained for expression of the cytokines gamma interferon (IFN-�; fluorescein
isothiocyanate [FITC]-labeled clone 4S.B3) and IL-2 (phycoerythrin [PE]-la-
beled clone MQ1-17H12). All antibodies were obtained from BD Biosciences
and were titrated for optimal staining. After intracellular staining, PBMC were
fixed in 1% paraformaldehyde for 2 h at 4°C. Events were then collected on a
FACSCalibur flow cytometer and analyzed with FlowJo software (Tree Star,
Ashland, OR).

Tracking cellular immune responses: ELISPOT. We used an IFN-� enzyme-
linked immunospot (ELISPOT) assay to measure responses to Mamu-B*17-
restricted CD8� T cell epitopes. Assays were performed as described previously
(57), using 100,000 PBMC and 10 �M synthetic peptide (or 10-fold serial dilu-

TABLE 1. Sequences and Mamu-B*17 binding efficiencies of wild-
type and mutant epitope peptides

SIV strain Epitope Sequencea IC50
(nM) Reference

Wild type Vif HW8 HLEVQGYW 29 35
3�, 4�, 5� Vif HW8 H1Y YLEVQGYW 434 35
Wild type Env FW9 FHEAVQAVW 7 35
3�, 4�, 5� Env FW9 H2Y FYEAVQAVW 1,313 35
Wild type Nef IW9 IRYPKTFGW 7.6 16
3�, 4�, 5� Nef IW9 I1T, T6I TRYPKIFGW 339 16
Wild type Nef MW9 MHPAQTSQW 3.7 35
4�, 5� Nef MW9 M1V VHPAQTSQW 294 35
Wild type Cryptic RW9 RHLAFKCLW 32 34
5� Cryptic RW9 W9R RHLAFKCLR 948 34

aBold type indicates positions of sequence substitution.
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tions of peptide) per well in precoated ELISpotPLUS kits (Mabtech, Cincinnati,
OH). All samples were run in duplicate, and negative (no peptide) and positive
(concanavalin A) controls were included on each plate.

Neutralization assays. Pseudoviruses were generated in 293T cells, and neu-
tralization with single-round infectious SIVmac239 pseudovirus was performed
using TZM-bl cells as targets for infection as described previously (60). Briefly,
pseudovirus was previously titrated on TZM-bl cells, and a predetermined
amount of virus that produced �300,000 relative light units (RLUs) was incu-
bated for 1 h at 37°C with serially diluted sera and control CD4 IgG2. TZM-bl
cells were resuspended in medium containing a final concentration of dextran at
20 �g/ml, washed, counted, and plated at 1 � 105 cells per well over the
incubated solution of virus and sera for an additional 48 h. The degree of virus
neutralization by macaque serum was calculated by measuring luciferase activity.
The wells were aspirated and washed once with PBS, and 60 �l of luciferase cell
culture lysis reagent (Promega, Madison, WI) was added. The lysate was mixed
by pipetting, 50 �l was transferred to a round-bottom plate (Corning, Corning,
NY), and the plate was centrifuged at 1,800 � g for 10 min at 4°C. Twenty �l was
transferred to an opaque assay plate (Corning), and the luciferase activity was
measured on a luminometer (EG&G Berthold LB 96V; Perkin Elmer, Gaith-
ersburg, MD) by using a luciferase assay reagent (Promega, Madison, WI).

Enzyme-linked immunosorbent assays (ELISAs) for detection of Env-binding
antibodies. Recombinant gp130 SIVmac239 was coated onto the wells of micro-
titer plates (Corning) at a concentration of 5 �g/ml by incubation overnight at
4°C. The plates were washed four times with PBS-0.05% Tween 20 and blocked
with 4% milk solution (Bio-Rad, Hercules, CA). After washing, serial dilutions
of serum samples were applied to the plate and incubated for 2 h at room
temperature. A CD4 IgG2 antibody standard curve was run on each plate. The
plates were washed again, goat anti-human IgG Fc fragment-specific antibody
coupled to alkaline phosphatase (Pierce/Thermo Fisher Scientific, Rockford, IL)
was added, and the plates were incubated for 1 h at room temperature. The
plates were washed, and bound conjugate was detected with p-nitrophenyl phos-
phate substrate (Sigma, St. Louis, MO).

RESULTS

In a previous study, we transiently depleted CD8� cells from
the periphery in a cohort of rhesus macaques of Indian descent
that had exhibited elite control of pathogenic SIVmac239 (17).
The treatment interrupted the animals’ ability to control SIV
replication, indicating that ongoing CD8� cell responses were
required to maintain EC status. For the present study, we
monitored long-term trends in viremia in CD8� cell-depleted
ECs. Control over SIV replication appeared to be more stable
following transient CD8� cell depletion in the Mamu-B*17-
positive ECs than in ECs that did not express this allele (Fig.
1). We therefore further examined the mechanism of MHC-I-
associated elite control after CD8� cell depletion in Mamu-
B*17-positive ECs. For this study, we used 2 Mamu-B*17-
positive ECs that also expressed the high-frequency MHC-I
allele Mamu-A*02. Both of these animals maintained ex-
tremely low plasma viremia prior to CD8� cell depletion (geo-
metric mean chronic phase virus load of �200 copies/ml) (17).
Following CD8� cell depletion, one animal, rhAJ11, con-
trolled virus replication to a level below the limit of detection.
In the other animal, r95071, a new steady-state level of viremia
of �10,000 copies/ml was established. Therefore, although it
maintained low viremia after CD8� cell depletion, r95071
could no longer be considered an EC. For this study we will
refer to both animals using the broader terms “LTNPs” or
“controllers.”

Few fixed amino acid replacements in virus replicating in
Mamu-B*17-positive ECs. We previously determined that the
SIV-specific Mamu-B*17-restricted CD8� T cell repertoire is
restricted to 5 epitopes in the majority of animals infected with
SIVmac239 (34), so we focused our analysis on regions of the
viral genome encoding these epitopes. We found few complete

substitutions in Mamu-B*17-restricted epitope sequences in
ECs expressing this allele in recrudescent virus replicating dur-
ing the period of CD8� cell depletion: only the Nef IW9
epitope, which is immunodominant in acute infection of
Mamu-B*17-positive animals, harbored substitutions in all 4
Mamu-B*17-positive ECs in our study (Fig. 2). In addition, a
histidine-to-glutamine (H-to-Q) substitution at position 2 of
the Env FW9 epitope appeared to be fixed in the virus of one
animal, r95096, at both 2 weeks and 1 year following CD8� cell
depletion (Fig. 2). Although we observed apparently complete
substitutions in other epitopes 2 weeks after CD8� cell deple-
tion, they were lost over time in replicating virus. These results
are consistent with an earlier study in which we observed in-
frequent amino acid substitutions in Mamu-B*17-positive ECs
(34). They also suggest a paradox: Mamu-B*17-restricted
CD8� T cell responses appear to be associated with effective
control of SIV replication, are focused on a relatively narrow
repertoire, and yet do not seem to exert strong selective pres-
sure on replicating viruses. Since Mamu-B*17-restricted CD8�

T cell epitope sequences do accumulate mutations in Mamu-
B*17-positive progressors, we next asked whether viruses en-
coding such mutations might establish breakthrough infection
in Mamu-B*17-positive controllers.

Mamu-B*17-positive LTNPs resist rechallenge with escape
mutant SIV. We used site-directed mutagenesis to produce
variants of the SIVmac239 molecular clone encoding epitope
substitutions that had been observed in Mamu-B*17-positive
macaques with persistently high viremia (Table 1). When mul-
tiple escape variants had been identified for a particular
epitope, we introduced substitutions that reduced binding to
Mamu-B*17 by the greatest degree in in vitro assays.

FIG. 1. SIVmac239 replication in elite controller macaques during
and after transient depletion of CD8� cells. Six SIV elite controllers
were transiently depleted of CD8� cells in a previous study (17) and
were followed for a year afterwards for the present study. Plasma
viremia was measured using a quantitative RT-PCR assay targeting
SIV gag. Mamu-B*17-positive ECs are shown in blue traces with solid
symbols. Mamu-B*17-negative animals are depicted with red traces
and open symbols. Known MHC-I alleles expressed by each EC are
listed. “Set point” represents the geometric mean plasma virus load for
each animal from 12 weeks postinfection until 4 weeks prior to CD8�

cell depletion. Anti-CD8 antibody was administered on study day 0.
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In total, we produced 3 mutant SIV virus species bearing
mutations in 3, 4, or all 5 CD8� T cell epitopes that constitute
the Mamu-B*17-restricted repertoire (called 3�SIV, 4�SIV,
or 5�SIV). We then serially rechallenged 2 Mamu-B*17-pos-
itive controllers with each of these viruses, each time also
challenging 2 Mamu-B*17-negative control animals that had
not previously been infected with SIV. To ensure a stringent
challenge, we administered 100 TCID50 of virus intravenously.
3�SIV encoded putative escape substitutions in Vif HW8, Env
FW9, and Nef IW9 (Table 1). This virus caused persistent high
viremia in 2 Mamu-B*17-negative control animals. In contrast,
virus loads in the controllers remained steady for more than 6
months following 3�SIV challenge, except for a single “blip”
of 1,500 copies/ml plasma 21 days after 3�SIV challenge in
animal rhAJ11 (Fig. 3a).

We next challenged the LTNPs with 4�SIV, which harbored
the same mutations as 3�SIV, as well as a substitution in the
subdominant Nef MW9 epitope. Animal rhAJ11’s CD8� T cell
repertoire had been focused exclusively on this epitope imme-
diately following CD8� cell depletion treatment (17), so we
reasoned that 4�SIV might be more likely than 3�SIV to
cause breakthrough virus replication in LTNPs. However, this
virus also failed to disrupt the LTNPs’ control over SIV rep-
lication, although it replicated in Mamu-B*17-negative control
animals (Fig. 3b). 5�SIV, which encodes all escape mutations
in 4�SIV as well as a substitution in the cRW9 epitope en-
coded by a cryptic open reading frame overlapping the env
ORF (33), was our final challenge virus. We inoculated the 2
Mamu-B*17-positive controllers with 5�SIV 90 days after the
4�SIV challenge. 5�SIV also failed to cause breakthrough
viremia in the 2 Mamu-B*17-positive controllers, despite its
ability to replicate to high titer in vivo in previously uninfected
Mamu-B*17-negative animals (Fig. 3b).

Animal r95071 experienced increasing viremia beginning ap-
proximately 3 months after 5�SIV challenge (Fig. 3b). Inter-
estingly, however, we did not detect sequences representing
3�SIV, 4�SIV, or 5�SIV in either controller at any time
point after inoculation (data not shown). Together, our data

FIG. 2. Few amino acid substitutions in Mamu-B*17-restricted epitopes become fixed in controllers. We directly sequenced plasma virus
amplicons from Mamu-B*17-positive and -negative controllers at 2 weeks and 1 year after CD8� cell depletion to identify nonsynonymous
substitutions in the 5 epitopes constituting the Mamu-B*17-restricted repertoire. Codons matching the SIVmac239 sequence are represented with
dots. Nonsynonymous substitutions are shown by the corresponding single-letter amino acid codes. Capital letters indicate complete replacement
as detected by Sanger sequencing, while lowercase letters indicate sites of mixed-base heterogeneity. “na” indicates that we were unable to amplify
viral cDNA from animal rhAJ11, whose virus load was undetectable throughout most of the study period.

FIG. 3. Engineered escape mutant viruses replicate in Mamu-
B*17-negative control animals but do not cause breakthrough viremia
in Mamu-B*17-positive LTNPs. We inoculated 2 Mamu-B*17-positive
LTNPs with a series of engineered escape variants of SIVmac239.
Each inoculation was 100 TCID50 given intravenously. Two previously
uninfected Mamu-B*17-negative control animals were also inoculated
with each mutant virus. Mutant viruses were inoculated at time points
indicated with arrows. (a) 3�SIV productively infected and caused
high-level persistent viremia in 2 control animals (gray traces and open
symbols), while virus loads in the 2 LTNPs (black traces and solid
symbols) were unchanged. (b) Viremia remained steady in LTNPs
(black) after challenge with 4�SIV and 5�SIV, while both of these
viruses caused persistent infection of previously uninfected controls
(gray).
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indicate that viruses bearing escape substitutions in Mamu-
B*17-restricted epitopes are replication competent in vivo, but
these substitutions do not confer the ability to superinfect
Mamu-B*17-positive LTNPs. Furthermore, mutant virus chal-
lenge does not appear to have influenced the eventual failure
of immune control in the viremic LTNP animal r95071.

Substitutions in Mamu-B*17-restricted epitopes have neg-
ligible effects on viral fitness. We next assessed the replicative
abilities of the mutant viruses in competing coculture with a
reference virus using an assay we recently described (54).
When 3�SIV, 4�SIV, or 5�SIV was inoculated either in
equal proportions to the reference virus (SIVmac239-10s) or in
10-fold excess, we detected a small downward trend in the
proportion of epitope mutant viruses in the culture over the
7-day assay, although these differences were not significant
(Fig. 4a). These results suggest that 3�SIV, 4�SIV, and
5�SIV are not seriously impaired in their growth capacities,
but it is possible that more subtle fitness differences would have
been detectable in competing coculture assays lasting longer
than 7 days.

Mutations in HIV and SIV epitopes that are under evolu-

tionary constraints frequently revert to wild type upon trans-
mission to individuals that lack the MHC-I allele that restricts
the selecting CD8� T cell response (6, 15, 28, 32). We there-
fore sequenced SIV genomic regions encoding Mamu-B*17-
restricted epitopes in plasma from the 6 previously uninfected
animals during chronic infection with 3�SIV, 4�SIV, or
5�SIV. The engineered escape mutations were completely
maintained in 4 of 5 epitopes in the absence of Mamu-B*17-
mediated selection pressure (Fig. 4b). The only epitope in
which we found evidence of reversion to the wild type was Nef
IW9. One of the engineered substitutions (epitope position 1
threonine to isoleucine; T1I) was lost over time in 5 of 6
Mamu-B*17-negative animals, while the other, I6T, reverted
completely to wild type only in r02017, the animal that survived
the longest following SIV infection (Fig. 4b). Strikingly, all
engineered viral mutations were completely preserved in ani-
mal r02007, which was euthanized 105 days after infection with
extremely high virus loads (�1.8 � 108 copies/ml) (Fig. 3b) and
signs of rapidly progressive disease. These mutations in Mamu-
B*17-restricted CD8� T cells thus do not prevent high-titer
virus replication and do not frequently revert in the absence of
Mamu-B*17-mediated selection in vivo. Together, our results
suggest that the putative escape mutations used in our study,
including those in Nef IW9, exact negligible costs to viral
replicative fitness.

Cellular immune response breadth and magnitude follow-
ing serial rechallenge of LTNPs. When CD8� T cells repop-
ulated the periphery after transient depletion in our earlier
study, we observed high-frequency responses in ECs against
epitopes that had been subdominant in acute infection (17). In
animal rhAJ11, the returning CD8� T cell response was fo-
cused on a single epitope, the Mamu-B*17-restricted Nef
MW9 (Fig. 5a). In contrast, animal r95071 recognized at least
19 different SIVmac239 epitopes (4 presented by Mamu-B*17,
6 by Mamu-A*02, and 9 by unknown MHC-I molecules) (Fig.
5b). In this study, intracellular cytokine staining (ICS) assays
detecting IFN-� revealed that prior to challenge with the first
mutant virus, animal rhAJ11’s CD8� T cell repertoire had
broadened to include 5 distinct epitopes (2 Mamu-B*17 and 3
Mamu-A*02) (Fig. 5a), while r95071’s repertoire had nar-
rowed to focus on 13 (3 Mamu-B*17, 4 Mamu-A*02, and 6 of
unknown restriction) (Fig. 5b). Interestingly, both the epitopic
breadth (Fig. 5a and b) and the total magnitude (Fig. 5c and d)
of CD8� T cell responses remained relatively constant follow-
ing challenge with each mutant virus. Strikingly, however, the
contribution of Mamu-B*17-restricted CD8� T cells to the
total SIV-specific cellular immune response waned dramati-
cally in rhAJ11 over the course of the study. Before challenge
with 3�SIV, Mamu-B*17-restricted populations accounted for
over 60% of the total SIV peptide-specific CD8� T cell re-
sponse by magnitude in this animal, but by 8 weeks after
challenge with 5�SIV, Mamu-B*17-restricted cells made up
only 20% of the total CD8� T cell response (Fig. 5a and c). In
contrast, the proportion of Mamu-B*17-restricted SIV-specific
CD8� T cells in r95071 oscillated around a mean of 35% of the
total response by magnitude throughout the rechallenge study
(Fig. 5b and d).

We also consistently detected SIV-specific CD4� T cell re-
sponses in both LTNPs. The total magnitude of these re-
sponses was strongest in both animals immediately after CD8�

FIG. 4. Mutations in Mamu-B*17-restricted CD8� T cell epitopes
exact negligible costs to viral fitness. We assessed the fitness of engi-
neered escape mutant viruses in vitro using a novel competing cocul-
ture assay that we recently described (54) and in vivo by sequencing
plasma virus replicating in chronically infected Mamu-B*17-negative
control animals. (a) Mutant viruses were mixed at defined ratios with
the reference strain SIVmac239-10s and used to infect macaque
PBMC, and each viral species was quantified in separate QRT-PCRs at
the indicated time points after inoculation as described in Materials
and Methods. We calculated the proportion of mutant virus species
present in each sample by dividing the number of mutant virus genome
copies by the number of reference virus copies. Shown are data from
four independent experiments with inoculum ratios of mutant to ref-
erence of 10:1 (gray) or 1:1 (black). Error bars indicate standard error
of the mean for each time point. (b) We sequenced regions encoding
the 5 Mamu-B*17-restricted CD8� T cell epitopes in plasma virus
from Mamu-B*17-negative animals infected with 3�SIV, 4�SIV, or
5�SIV at the indicated number of days postinfection (dpi).
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cell depletion, but throughout the study, frequencies of SIV
peptide-specific CD4� T cells ranged between 0.01% and
0.25% in rhAJ11 and 0.15% and 1.4% in r95071 (Fig. 6a).
There was no apparent correlation between the timing of chal-
lenges with mutant SIV constructs and fluctuations in the mag-
nitude of the CD4� T cell response. CD4� T cells from both
animals consistently recognized multiple distinct SIV peptide
pools (rhAJ11, 1 to 9 pools; r95071, 5 to 12 pools) (data not
shown). Neither animal’s total CD4� T cell count showed a

significant decline over the course of the study (data not
shown).

LTNPs’ CD8� T cell repertoires evolve with time and in-
clude responses against epitope variants. Since the LTNPs
maintained detectable CD4� T cell responses, we reasoned
that they could have made CD8� T cell responses to the
mutant epitopes encoded by 3�SIV, 4�SIV, and 5�SIV that
played a role in their ability to resist superinfection. Indeed,
IFN-� ELISPOT analysis revealed that rhAJ11’s strong Nef

FIG. 5. Breadth and magnitude of SIV-specific CD8� T cell responses in LTNPs following serial challenge with escape mutant SIV.
SIV-specific CD8� T cell responses were assessed by stimulating PBMC with pooled synthetic peptides representing the entire SIVmac239
proteome as well as individual peptides bound by Mamu-B*17 and Mamu-A*02, which were both expressed by both LTNPs. Expression of IFN-�
was assessed by intracellular cytokine staining (ICS) at the indicated time points after CD8 depletion treatment and challenge with 3�SIV, 4�SIV,
and 5�SIV. (a and b) Bars are plotted against the left y axis and indicate the number of distinct peptides recognized by each animal that were
presented by Mamu-B*17, Mamu-A*02, or undetermined MHC-I molecules. Lines are plotted against the right y axis and indicate the proportion
of the total SIV-specific response accounted for by Mamu-B*17-restricted CD8� T cells (calculated as the frequency of all Mamu-B*17-restricted
CD8� T cell populations divided by the total frequency of all SIV-specific CD8� T cells). (c and d) Bars depict the frequency of CD8� T cells
recognizing peptides presented by Mamu-B*17 or other MHC-I molecules. Note that only Mamu-B*17- and -A*02-restricted peptides were tested
in rhAJ11 at 4 weeks prior to CD8� cell depletion due to the limited number of available PBMC.
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MW9-specific population included cells that recognized the
position 1 methionine-to-valine (M1V) variant carried by the
4�SIV and 5�SIV mutant viruses (Fig. 7a), although this
epitope sequence was never detected in the animal’s autolo-
gous virus (data not shown). Interestingly, populations specific
for a different Mamu-B*17-restricted epitope, Env FW9, and 2
variants became detectable in rhAJ11 prior to the rechallenge
study. These responses increased in magnitude after challenge
with 3�SIV, despite the fact that the epitope variant encoded
by the mutant viruses, Env FW9 H2Y, is predicted to bind only
weakly if at all to Mamu-B*17 (50% inhibitory concentration
[IC50] of 1,313 nM) (Table 1).

In contrast, the ability of CD8� T cells from r95071 to
recognize variant Mamu-B*17-restricted peptides decreased
over the course of the study. CD8� T cell populations in this
animal recognized multiple variants of Vif HW8 and Nef IW9
around the time of CD8� cell depletion, but these populations,
together with the previously immunodominant response
against wild-type Vif HW8, waned in frequency during the
serial rechallenge study. Instead, we detected a response
against the cryptic epitope cEnv RW9 that increased in fre-
quency after challenge with 3�SIV and 4�SIV; the Env cRW9
sequence is intact in each of these viruses. However, cEnv
RW9-specific CD8� T cells declined in frequency following
challenge with 5�SIV, which harbored a potent escape muta-
tion in this epitope (Fig. 7b), even though we could not detect
the emergence of variation in this epitope in r95071’s autolo-
gous virus (data not shown).

Neutralizing and Env-binding antibody responses are de-
tected in chronic infection of both controllers and progressors.
Since particular CD8� T cell responses did not appear to be
associated with the LTNPs’ ability to control superinfection
with escape mutant viruses, we measured both neutralizing and

Env gp130-binding antibody responses to SIVmac239 in the
controllers and previously uninfected animals. Both LTNPs
had detectable neutralizing antibodies prior to the serial re-
challenge experiments, which were maintained throughout the
study period at similar titers; serum from both LTNPs had 50%
neutralizing activity at dilutions between 1:100 and 1:500 (Fig.
8a and b). By the time of necropsy, all Mamu-B*17-negative
control animals had also developed detectable neutralizing
antibody responses, with titers comparable to those observed
with the LTNPs (Fig. 8c). Measurements of serum antibodies
capable of binding SIVmac239 Env gp130 revealed that the
LTNPs had total serum antibody titers similar to those of 3 of
6 previously uninfected animals, while the other 3 previously
uninfected animals made only weak total antibody responses
(data not shown). Our results therefore show that controllers’
antibody responses in chronic infection are similar to those
observed with progressors. Importantly, although this level of
neutralizing activity was not capable of effectively controlling
virus replication in the chronic phase of an initial infection in
the Mamu-B*17-negative control animals, neutralizing anti-

FIG. 6. Breadth and magnitude of SIV-specific CD4� T cell re-
sponses in LTNPs following serial challenges with escape mutant SIV.
Frequencies of CD4� T cells responding to SIVmac239 peptides were
measured by ICS as described in the legend to Fig. 5. Bars indicate the
sum of the frequencies of all CD4� T cells responding to SIV peptides
in rhAJ11 or r95071. “nt” indicates that, due to limited availability of
PBMC, CD4� T cell responses to the entire viral proteome were not
measured prior to CD8� cell depletion in rhAJ11.

FIG. 7. Evolution of responses to variant Mamu-B*17-restricted
CD8� T cell epitopes in LTNPs. We assessed the ability of cryopre-
served PBMC from LTNPs to recognize variant Mamu-B*17 peptides
in an IFN-� ELISPOT assay. Results are displayed as the frequency of
spot-forming cells (SFC) per million PBMC. Peptides that elicited a
response at at least one time point are shown. Broken lines indicate
wild-type epitope sequences; solid lines indicate epitope variants.
CD8� cell depletion and challenges with mutant viruses occurred at
the indicated time points. (a) rhAJ11 responded to variants of Nef
MW9 and Env FW9. (b) r95071 responded to variants of Vif HW8, Nef
IW9, and Nef MW9. In addition, a response to the cryptic epitope
cEnv RW9 emerged beginning after CD8� cell depletion.
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bodies may have played an important role in protecting the
LTNPs against superinfection.

DISCUSSION

The SIV-infected macaque model offers an important com-
plement to the study of human control of HIV replication,
since it allows for the control of key parameters, such as the
strain of the infecting virus as well as the timing and dose of
infection. Strikingly, Asian macaques exhibit MHC-associated
control of pathogenic SIV that is very similar to that observed
with humans (30, 42, 59). Transient depletion of CD8� cells in
ECs interrupts this control (17). The protective MHC-I mole-
cules Mamu-B*08 and HLA-B27 even bind similar peptides
(31). In the present study, we sought to identify particular
epitope-specific CD8� T cell populations restricted by the pro-
tective MHC-I molecule Mamu-B*17 that were required for
long-term control of the molecularly cloned virus SIVmac239
by serially challenging Mamu-B*17-positive controllers with
SIVmac239 variants encoding putative escape mutations in

increasing numbers of Mamu-B*17-restricted epitopes. These
engineered escape mutant viruses appeared replicatively fit in
vitro and in vivo, with the potential exception of a small cost to
viral fitness associated with one of the substitutions in Nef
IW9. Nonetheless, they failed to cause superinfection in the
two LTNPs in this study.

Exposure to viruses bearing amino acid substitutions in
CD8� T cell epitopes was thought to play a key role in the
superinfection of some HIV-positive subjects that maintained
low viremia after a first infection (2, 52). Indeed, recent studies
suggest that HIV superinfection may be more common than
was initially believed (47, 48), so it is perhaps surprising that
these animals control serial challenges with viruses bearing
mutations in epitopes that are targeted by an apparently pro-
tective cellular immune response. However, the envelope se-
quences of the variant viruses used to challenge the LTNPs in
this study were identical to those of SIVmac239 except for the
single amino acid substitution in the FW9 CD8� T cell epitope
located in gp41. It is therefore possible that the neutralizing
antibody responses that we detected in the LTNPs made an

FIG. 8. Neutralizing antibody responses to SIVmac239 in LTNPs and Mamu-B*17-negative control animals. We measured neutralizing
antibody levels against SIVmac239 in macaques’ plasma or serum in a pseudotyped-virion assay. We tested samples taken from Mamu-B*17-
positive LTNPs rhAJ11 (a) and r95071 (b) prior to challenge with 3�SIV (baseline) and at the indicated times after challenge with mutant viruses.
We also measured neutralizing antibody titers in the six Mamu-B*17-negative control animals (c) at 7 to 12 weeks postinfection (peri-acute) and
at the time of sacrifice (tod). (d) The chimeric monoclonal antibody CD4-IgG2 was used as a positive control, while plasma from an uninfected
macaque served as a negative control. Positive- and negative-control samples were tested in triplicate; error bars represent standard error of the
mean computed for each antibody/serum concentration.
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important contribution to their immunity to superinfection.
Early passive transfer studies in macaques suggested that rel-
atively high serum concentrations of neutralizing antibody
might be required to achieve protection against intravenous or
mucosal challenge (35, 44, 51), but more recent investigations
suggest that substantially lower antibody titers can protect ma-
caques against acquisition of simian-human immunodeficiency
viruses (SHIVs) administered in a multiple-low-dose mucosal
challenge regimen (21–23). Moreover, in one study, even very
low titers of passively transferred monoclonal antibody 2G12
provided sterilizing protection in 2 of 4 animals against vaginal
challenge with a dose of SHIV that productively infected 5 of
5 animals after a single challenge (36). While it is difficult to
directly compare data from these previous studies to our own
due to the different routes, doses, and strains of challenge
viruses used, as well as the different assays used to measure
antibody activity, together they suggest that virus-specific neu-
tralizing antibody responses do indeed play an important role
in the LTNPs’ resistance to superinfection.

Studies aimed at identifying the mechanisms tying “protec-
tive” genotypes to the outcome of successful control of HIV
have yet to yield conclusive results. In perhaps the best-char-
acterized system, it appears that recognition of the Gag KK10
epitope is critical for the control of HIV replication associated
with HLA-B27 (19, 20, 25). There are some indications that
HLA-B57� ECs can make de novo responses to epitope vari-
ants (3) and can maintain control of emerging escape viruses
(40), though the extent to which variant-specific responses are
present in HLA-B57� progressors remains uncertain. In our
study, it is possible that the brief viral recrudescence during
CD8� cell depletion acted to “boost” particular SIV-specific
CD8� T cell responses, stimulating a more diverse CD8� T
cell repertoire that helped to control subsequent challenges. In
support of this interpretation, responses to variants of Nef
MW9 and Env FW9 emerged over time in animal rhAJ11,
peaking after challenge with 4�SIV, even as viremia remained
undetectable in this animal. In contrast, the frequencies of
almost all variant-specific CD8� T cells dwindled with time in
r95071 and were barely detectable by the time it was chal-
lenged with 5�SIV. r95071’s virus load remained steady at
around 5,000 copies/ml until 3 months after 5�SIV challenge,
when it began to steadily increase. Interestingly, this increasing
viremia was not associated with a loss of SIV-specific CD4� T
cell responses or a decline in the CD4� T cell count. We
speculate that the continuing coevolution of the virus and
CD8� T cell response could have played a role in rhAJ11’s
stable control of virus replication, while a lack of such coevo-
lution eventually impaired r95071’s ability to contain viremia,
leading to its steadily increasing viremia.

CD8� T cells may also exert control over immunodeficiency
virus replication via noncytolytic mechanisms (56). Strong in
vivo evidence for such activity emerged recently from two in-
dependent studies showing that transient CD8� cell depletion
had no effect on the decay of viremia in macaques initiating
antiretroviral therapy (26, 58), suggesting that the mechanism
by which CD8� T cells control virus replication is not mainly
via direct lysis of infected cells. Could the relative lack of
diversification in Mamu-B*17-restricted epitopes in ECs’ au-
tologous virus indicate that ECs mount CD8� T cell responses
with particularly potent noncytolytic effector activities, irre-

spective of their epitope specificity? It seems likely that even
noncytolytic effector functions in CD8� T cells would have to
be stimulated by T cell receptor interactions with MHC-I mol-
ecules presenting viral antigens. Efficacious CD8� T cell re-
sponses associated with Mamu-B*17 expression would there-
fore be expected to exert selective pressure on replicating
viruses irrespective of whether their main effector activities
were cytolytic or noncytolytic. Indeed, in other studies, muta-
tions in Mamu-B*17-restricted CD8� T cell epitopes were
commonly observed with the majority of progressors and even
some ECs that express this MHC-I molecule (17, 34), but not
in animals that lack Mamu-B*17, indicating that Mamu-B*17-
restricted CD8� T cells do indeed exert detectable selective
pressure on the virus, whether through cytolytic or other
means. Thus, our data cannot be used to distinguish the rela-
tive contributions of noncytolytic mechanisms and direct cyto-
lysis to immune control.

It must be noted that our study has several important limi-
tations. First, in our screens for cross-reactive CD8� T cells, we
used a single, relatively high peptide concentration (1 �M). It
has previously been reported that the ability of variant peptides
at such concentrations to stimulate cytokine secretion does not
always correlate with antiviral activity (55), but in that study,
there was a direct correlation between recognition of variant
Nef IW9 peptides by T cells from a Mamu-B*17-positive EC in
an ELISPOT assay and the ability of polyclonal CD8� T cell
lines from that animal to suppress mutant virus replication
(55). Moreover, we have previously shown that Mamu-B*17-
restricted CD8� T cell responses from both controllers and
progressors tend to be of low avidity, and even some progres-
sor animals have CD8� T cell populations capable of recog-
nizing common epitope variants (34). Together, our data and
those from previous studies suggest that Mamu-B*17-positive
ECs/LTNPs make CD8� T cell responses capable of recogniz-
ing some variant epitopes, but it seems likely that variant-
specific CD8� T cell responses cannot alone account for these
LTNPs’ resistance to superinfection with escape variant vi-
ruses.

Several studies have also shown that ECs/LTNPs tend to
maintain “higher-quality,” polyfunctional HIV-specific CD8�

T cell responses longer than progressors do (4, 43) and that
ECs’ CD8� T cells lack signs of functional exhaustion (11, 45,
53), but it is still not clear whether these attributes are the
cause or the effect of nonprogressive infection. Unfortunately,
investigations of CD8� T cell response “quality” were beyond
the scope of the present study, so we cannot draw conclusions
about the impact of response “quality” on these animals’ ability
to control SIV replication and resist superinfection. Also, al-
though the majority of epitope-specific CD8� T cells are likely
to secrete IFN-� in response to peptide stimulation, here we
did not specifically assay other effector functions, such as mark-
ers of cytolysis. CD8� T cells capable of cytolysis, but not
IFN-� secretion, would therefore not have been detected in
the present study.

Here we showed that 2 Mamu-B*17-positive LTNPs resisted
superinfection with mutant viruses engineered to express es-
cape mutations in Mamu-B*17-restricted CD8� T cell
epitopes. Since the sequence of the challenge viruses otherwise
matched that of the original infecting strain, it is likely that a
broad array of immune responses, including neutralizing anti-
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bodies, CD4� T cells, and perhaps variant-specific CD8� T
cells, all played important roles in this resistance.

Although the number of animals in this study is small, we
believe our results highlight an important concept: establishing
effective control over AIDS virus replication and maintaining
that control may in fact be distinct processes, with different
immune responses playing differential roles in each process.
Accordingly, in a previous study, Valentine et al. observed that
SIVmac239 variants bearing escape mutations in 8 Mamu-
B*08-restricted CD8� T cell epitopes were poorly controlled
by animals expressing this molecule, which is associated with
highly effective control of wild-type SIVmac239 (54). Their
study used previously uninfected animals and did not examine
Mamu-B*08-positive ECs’ ability to resist superinfection with
the mutant viruses. We speculate that effective CD8� T cell
responses may be the main contributor to establishing elite
control and that limiting virus replication to low levels soon
after infection allows for the development of a full complement
of immune responses that at later times can act in concert to
stably contain virus replication and resist superinfection. If this
hypothesis is correct, attempts to dissect the correlates of elite
control may lead to different conclusions based on the stage of
infection in which subjects (animal or human) are studied.
Understanding both acute-phase correlates of establishing
elite control or chronic-phase correlates of maintaining control
and resisting superinfection will undoubtedly inform the search
for an effective AIDS vaccine.
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