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Abstract
Plasma viremia decreases coincident with the appearance of virus-specific CD8+ T cells during acute
HIV or SIV infection. This finding, along with demonstrations of viral mutational escape from
CD8+ T-cell responses and transient increase in plasma viremia after depletion of CD8+ T cells in
SIV-infected monkeys strongly suggest a role for CD8+ T cells in controlling HIV/SIV. However,
direct quantitative or qualitative correlates between CD8+ T-cell activity and virus control have not
been established. To directly assess the impact of large numbers of virus-specific CD8+ T cells
present at time of SIV infection, we transferred in vitro expanded autologous central and effector
memory-derived Gag CM9-, Nef YY9- and Vif WY8-specific CD8+ T-cell clones to acutely infected
rhesus macaques. The cells persisted in PBMC between 4 and 9 days but were not detected in gut-
associated lymphoid tissue or lymph nodes. Interestingly, a high frequency of the infused cells
localized to the lungs where they persisted at high frequency for more than 6 weeks. While persisting
cells in the lungs were antigen reactive, there was no measurable effect on virus load. Sequencing
of virus from the animal receiving Nef YY9-specific CD8+ T cells demonstrated an escape mutation
in this epitope less than 3 weeks post infection, consistent with immune selection pressure by the
infused cells. These studies establish methods for adoptive transfer of autologous SIV-specific
CD8+ T cells for evaluating immune control during acute infection, and demonstrate that infused
cells retain function and persist for at least 2 months in specific tissues.
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Introduction
Despite more than 2 decades of intensive research, an efficacious vaccine against HIV and
AIDS is lacking. Passive immunization using HIV neutralizing antibodies can provide
sterilizing immunity against pathogenic HIV/SIV hybrid viruses (SHIV) in non-human primate
(NHP) models (1-3). However, vaccine induction of broadly cross reactive neutralizing
antibody responses that will likely be necessary for protection remains elusive, leading to an
intense complementary research effort focusing on vaccines that can maximize the potential
of adaptive cellular immunity (4-7).

Multiple indirect lines of evidence suggest that HIV and SIV virus replication can be partially
controlled by CD8+ T-cell responses: i) the temporal correlation between CD8+ T cell
expansion and reduced viremia during acute infection (8-10), ii) mutations leading to escape
in defined viral CD8+ T-cell epitopes (11-14), iii) CD8+ cell depletion studies giving rise to
increased viremia (15-17), as well as iv) partial viral control after vaccine induction of CD8+

T cell responses in the absence of neutralizing antibody, under certain experimental conditions
(4-9,18-21). However, no consistent cellular immune correlate with viral control has been
demonstrated in HIV-infected patients or SIV-infected macaques asserting long-term control
of viral replication, i.e. long-term non-progressors (LTNP, reviewed in (22)). Also, a recent
clinical trial aimed at generating HIV-reactive T-cell responses failed to induce measurable
protection against infection or reduce viral load after infection (23). The failure of current
CD8+ T cell-based vaccines in HIV- and SIV-induced disease could be due to a quantitative
defect, i.e. current vaccine protocols fail to generate a strong enough CD8+ T-cell response.
Alternatively, the vaccines might not induce a qualitatively appropriate response with a
phenotype suitable for viral control, or a combination of the two.

Adoptive transfer of antigen-specific T cells using syngeneic cells from inbred mice has helped
to define effector mechanisms for immune-based tumor suppression (reviewed in (24)), as well
as protection against some viral infections (25,26). The achievements using murine models led
to clinical protocols where patient CD8+ T cells specific for tumor-associated antigens or virus
are generated and expanded in vitro to large numbers, and then adoptively transferred to the
autologous host. Notwithstanding problems with in vivo persistence of infused T cells, positive
clinical effects have been reported using T cells against different malignancies (27-30) and
viral infections (31). Therefore, it has been suggested that adoptive transfer of SIV-specific
CD8+ T cells could be an important tool for determining what phenotype is critical for effective
SIV suppression in vivo (32,33). One impediment to these types of studies is the difficulty in
generation/isolation, long-term maintenance, and large scale expansion of virus-specific
macaque T-cell clones in vitro. A study by Berger et al., in Macaca nemestrina using CMV as
a model viral infection, made strides towards establishing such methods, with adoptive
transfers of antigen-specific CD8+ T cells (34). Building on this protocol, we have developed
methods to efficiently generate, maintain and expand SIV-specific CD8+ T-cell clones from
SIV-infected rhesus macaques (35).

It has been suggested that current vaccines against SIV/HIV fail because by the time the
memory CD8+ T-cell responses expand after the viral challenge, usually 2-3 weeks post
infection (36), the virus has gained an upper hand during this crucial delay and the immune
system can not catch up: a model described as the “too little too late” hypothesis (37). In this
study, we investigated whether large numbers of SIV-specific CD8+ T cells can impact the
acute course of infection. To this end, we generated and characterized central and effector
memory-derived CD8+ T-cell clones from SIV DNA vaccinated rhesus macaques specific for
epitopes within the SIV proteins Gag, Nef and Vif and performed autologous adoptive transfers
after large scale expansion. The hosts were intravenously challenged with high dose
SIVmac239 three days before the CD8+ T cell adoptive transfers. The impact of the transferred
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cells was monitored by tracking their distribution and persistence, measuring the viral load and
assessing disease progression.

Materials and Methods
Animals and generation of SIV-specific CD8+ and autologous CD4+ T-cell clones

SIV-specific CD8+ T cells were generated from PBMC isolated from 2 uninfected Indian
Rhesus macaques, Macaca mulatta (DBN2; Mamu A*01+/A*02+ and AZ15; Mamu A*02+ )
two months after a third immunization using electroporation and SIV DNA vaccine constructs.
The DNA vaccine contructs consisted of full length SIVmac239 Gag, Pol, Vif, Tat and Nef
sequences as previously described ((38), Patel et al., submitted for publication and Rosati et
al., submitted for publication) and an optimized rhesus IL-12 expression plasmid as adjuvant
(Jalah et al., in preparation). CD8+ T-cell clones against the SIV Gag181-189CM9 epitope
(CM9) or pools of 15-mer overlapping peptides spanning SIV Gag and the accessory proteins
Nef, Vif and regulatory protein Tat (Acc) were generated from PBMC from DBN2, and against
the Gag and Acc peptide pools for AZ15, as described previously (39). Briefly, isolated PBMC
were sorted into CD8+ central and effector memory T cells based on CD28, CD95 and CCR7
expression (central memory, TCM: CD28+CD95+CCR7+; effector memory, TEM:
CD28−CD95+CCR7−; further details in next section) (Fig. 1). The sorted TCM and TEM cell
fractions were stimulated for 1 week with irradiated autologous PBMC pulsed with CM9
peptide (1 μg/mL: SynPep Corp., Dublin, CA) (40), SIV Gag or Acc peptide pools (1 μg/mL:
NIH AIDS Research and Reference Reagent Program, Germantown, MD) and the cells
restimulated weekly with peptide-pulsed, irradiated autologous PBMC in the presence of
recombinant human IL-2 (50 IU/mL: NIH AIDS Research and Reference Reagent Program).
Following 2 rounds of peptide stimulation, the virus-specific CD8+ T cells were cloned by
limiting dilution and maintained essentially as described in Riddell et al., (41) and Berger et
al., (42) using bi-weekly stimulation with anti-CD3 monoclonal antibody (mAb) (30 ng/mL;
clone SP34-2; BD Biosciences, San Jose, CA) and irradiated human PBMC and human
Epstein-Barr virus transformed B-cell lines (TM B-LCL; kindly provided by Drs. S.R. Riddell
and P. D. Greenberg, FHCRC, Seattle, WA) as feeder cells, but without anti-CD28 mAb
stimulation. APC and feeder cells were irradiated in a Mark I Cs137 γ-irradiator (Shepherd &
Associates, San Fernando, CA) at 6,000 and 12,500 rad for PBMC and TM B-LCL,
respectively. Positive wells were tested for antigen specificity by flow cytometry using
intracellular cytokine staining (ICS) for IFN-γ production and, in the case of SIV Gag CM9-
specific CD8+ T cells, by staining with a CM9 peptide MHC class I/tetramer (Beckman Coulter,
Miami, FL). SIV non-specific autologous CD4+ T-cell clones were generated from PBMC
from DBN2 and AZ15 as described (39). Animal care was according to the guidelines of the
Committee on the Care and Use of Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council, and the Health and Human Services guidelines “Guide
for the Care and Use of Laboratory Animals” (National Research Council, 1996, National
Academy Press, Washington, D.C.), under an Institutional Animal Care and Use Committee
approved protocol.

Cell sorting and flow cytometry
Whole PBMC were stained with flourochrome conjugated mAbs (all mAbs from BD
Biosciences, unless otherwise indicated) to CD4 (clone L200), CD8 (clone SK1), CD14 (clone
MφP9), CD20 (clone 2H7), CD28 (clone CD28.2; Beckman Coulter), CD62L (clone SK11),
CCR7 (clone 150503; R&D systems, Minneapolis, MN) and CD95 (clone DX2). The CD8+

T-cell fractions were then sorted into TCM (CD28+CD95+CCR7+) and TEM
(CD28−CD95+CCR7−) by flow cytometry using a BD FACS Aria (BD Biosciences) prior to
SIV peptide stimulation and cloning (Fig. 1). TEM clones were further sorted for the CD8+ T
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cell degranulation marker CD107a after SIV peptide stimulation using flourochrome
conjugated CD107a mAb (clone H4A3).

Epitope mapping
CD8+ T cell epitopes were mapped by stimulation for 18-24 h with pools of 15-mer overlapping
peptides spanning the entire SIV Gag and Acc peptide sequences in a peptide matrix IFN-γ
ELISpot as described (43). Assays were repeated with each individual 15-mer or derivative 9-
mer, for SIV Gag CM9 and Nef159-167YY9 (YY9) (44), or 8-mer, for SIV Vif97-104WY8
(WY8) (44,45), peptide to confirm the epitope specificity.

In vitro functional and phenotypic characterization of CD8+ T-cell clones
In vitro reactivity of the virus-specific TCM- and TEM-derived CD8+ T-cell clones was assessed
by measuring intracellular IFN-γ and surface CD107a expression following stimulation with
autologous PBMC pulsed with SIV Gag CM9, Nef YY9, Vif WY8 peptides or the relevant
Gag or Acc peptide pools and SIVmac239-infected autologous CD4+ T cells. Briefly, CD8+ T-
cell clones were co-cultured with PBMC that were pre-pulsed for 1 h with the appropriate
peptide or peptide pool (1 μg/mL), or with virus-infected autologous CD4+ T cells as described
(35); a CD8+:CD4+ T cell ratio of 1:1 was used in 0.5 mL suspension of 1 × 106 cells total in
5 mL polypropylene tubes. Non-pulsed autologous PBMC or uninfected autologous CD4+ T
cells were included as negative control APC. PE conjugated anti-human CD107a mAb was
added to the cell suspensions before incubation. Monensin, 20 μL/test of a 1:20 dilution, (Golgi
stop™; BD Biosciences) was added after 1 h of incubation and the cells incubated for additional
4 h. Cells were washed and surface and intracellular stained with PerCP-Cy5.5 conjugated anti-
human CD8 mAb and FITC conjugated anti-human IFN-γ mAb (clone 4S.B3), respectively.
Samples were acquired on a BD FACSCalibur flow cytometer (BD Biosciences) and data
analyses performed using FCS Express Version 3 (De Novo Software, Los Angeles, CA). Dead
cells were excluded from the analyses based on forward versus side scatter gating, and at least
100,000 live cell events collected for each sample.

Virus-specific CD8+ T-cell clones with confirmed in vitro reactivity to cognate peptide-pulsed
or SIV-infected autologous CD4+ T cells were analyzed for surface expression of chemokine
receptors/homing markers as well as PD-1 using the following mAbs (all mAbs were from BD
Biosciences, unless otherwise indicated): CCR5 (clone 3A9), CCR7 (clone 150503), CCR8
(clone 191704, R&D Systems), CCR9 (clone 112509.111, R&D Systems), CD103 (clone
2G5), α4β7 (clone ACT1) and PD-1 (R&D Systems, catalog number BAF1086). An anti-
human CD45 mAb (clone HI30) that does not cross-react with rhesus macaque cells was
included to exclude human feeder cells. Sample acquisition and analyses was as described in
Bolton et al. (submitted for publication).

Virus stocks
Virus stocks for infection of CD4+ T cells used as APC in in vitro assays were produced by
transfection of HEK293T cells with SIVmac239 using TransIt®-293 reagent (Mirus
Corporation, Madison, WI) as described (46). CD4+ T cells were infected by incubating with
aliquots of virus stock for 2-3 h using the Viromag magnetofection™ reagents; a ratio of 7.5
μl of beads per mL of clarified transfection supernatant was used as recommended by the
manufacturer (OzBiosciences, Marseille, France). Virus stocks with ~1 × 109 viral RNA copies
Eq/mL in a volume of 250 μL were added per 1×106 CD4+ T cells. Virus exposed CD4+ T
cells were cultured for 7 days, with IL-2 addition every 2-3 days at a final concentration of 50
IU/mL prior to use as APC to ensure optimal numbers of SIV-infected cells (35).
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Infection of rhesus macaques
A stock of SIVmac239 with an in vivo titer of 3.2×105 AID50/mL was used for animal infections.
This virus stock was a kind gift from Dr Ronald C. Desrosiers of the New England Regional
Primate Research Center, Harvard Medical School, Southborough, MA (17). All three
monkeys were infected 7 months after the third DNA vaccine administration intravenously
(via the saphenous vein) and three days prior to CD8+ T cell infusion using a dose of 100
AID50.

In vitro CD8+ T cell expansion, adoptive transfer and monitoring of persistence in vivo
Two Gag CM9- and Vif WY8-specific CD8+ T-cell clones (one clone of each specificity
TCM- and the other TEM-derived) from DBN2 as well as one Vif WY8-specific TCM-derived
and two Nef YY9-specific TEM-derived CD8+ T-cell clones from AZ15 were selected for
expansion and adoptive transfer. CD8+ T-cell clones were selected based on in vitro reactivity
(IFN-γ, CD107a) to autologous peptide-pulsed PBMC and virus-infected CD4+ T cells. The
CD8+ T-cell clones of interest were expanded in vitro for 6-8 weeks through repeated cycles
of bi-weekly stimulation with anti-CD3 mAb (BD Biosciences) and irradiated human PBMC
and human TM B-LCL as feeder cells to obtain billions of cells of each clone as described
(35,39). To track the tissue distribution and in vivo persistence of infused cells, half of each
clonal population was stained with a fluorescent dye, TCM and TEM labeled with PKH26 (red
dye; Sigma-Aldrich, St. Louis, MO) and CFSE (green dye; Invitrogen, Carlsbad, CA),
respectively, and then pooled with their unlabeled counterparts.

TCM and TEM clones from each animal were combined, washed extensively, resuspended in
50 mL saline solution supplemented with 2% autologous serum, and infused (1.5 mL/min)
intravenously to the autologous animal. AZ15 and DBN2 were infused with approximately 4
and 12 billion CD8+ T cells total, respectively. The animals were administered low dose
(104 U/kg/day) IL-2 daily for 10 days to support infused T cell survival and proliferation
(24), as was the control. Blood was collected from all three monkeys before and 30 min post
infusion for the 2 monkeys that received cells and then from all three monkeys every other day
during the first week post infusion and once a week thereafter. Bronchoalveolar lavage (BAL),
gut-associated lymphoid tissue (GALT) and lymph node (LN) samples were also collected
from all three animals 2 and 9 days post infusion (i.e. days 5 and 12 post challenge) and BAL
once a week thereafter. Blood, BAL, GALT and LN biopsies were collected 3 weeks prior to
virus challenge and 6 months after receiving the third DNA vaccine immunization to determine
the baseline (memory vaccine-induced) CD8+ T-cell responses to SIV Gag and Acc peptide.
CD4+ T-cell counts were monitored using BD Tru Count™ absolute cell counting tubes,
according to the manufacturer's recommendations (BD Biosciences).

Viral DNA and RNA measurements
Cell-associated viral DNA was extracted from PBMC, BAL, LN and GALT samples using the
Qiagen DNA Mini Kit as recommended by the manufacturer (Qiagen, Valencia, CA). The
copy numbers of SIV DNA (gag-specific target) and of the macaque CCR5 gene, for cell
equivalents, were co-determined in a duplex format QPCR. The assay was as described in Cline
et al., (47) with omission of the reverse transcription step, and with the addition of primers and
probe (100 nM final concentration each) specific for the macaque CCR5 sequence and use of
the plasmid pR1-D, of the Macaca mulatta CCR5 gene promoter region (48) as a quantitation
standard (Genbank Acc. No. AF252567;
http://www.ncbi.nlm.nih.gov/nuccore/9488623?report=genbank; this was a kind donation of
Dr. Sunil K. Ahuja of the University of Texas Health Science Center, San Antonio, Texas).
The duplex QPCR assay was run on an MX3000P™ instrument (Stratagene, La Jolla, CA) and
results are reported as nominal SIV gag DNA copy numbers per 100,000 cell equivalents
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determined by copy numbers of the CCR5 sequence and based on 2 nominal copies of CCR5
per rhesus macaque cell (M. Piatak, unpublished results).

Viral RNA was extracted from plasma, BAL, LN and GALT samples essentially as described
previously (47). Viral replication was quantified using a FRET probe-based real time RT-PCR
(TaqMan) assay described (17,47). All RT-PCR reactions were run on ABI Prism 7700
Sequence Detection System and the fluorescent signal-based quantitation of viral RNA copy
numbers in test samples were determined by ABI sequence detection software (Applied
Biosystems, Foster City, CA).

Sequencing of SIVmac239 regions encoding relevant CD8+ T cell epitopes
SIVmac239 regions encoding Gag CM9, Nef YY9, Tat28-35SL8 (SL8), and Vif WY8 were
sequenced as described (47). Briefly, cell-free plasma was obtained by centrifugation of EDTA
anti-coagulated whole blood on a Ficoll density gradient and viral RNA extracted for use in
RT-PCR as previously reported (47). RT was performed by using SuperScript first strand
synthesis system for RT-PCR (Invitrogen). PCR reactions were carried out in 50 μL volumes;
the PCR buffer contained 200 μM dNTP, 300 nM of each primer, 1.5 mM MgCl2 and 1.0 unit
of platinum Taq polymerase. The PCR conditions were 94°C for 2 min followed by 45 cycles
of 94°C for 30 sec, 52°C for 30 sec and 72°C for 30 sec. The primers for each epitope were;
CM9 pair: 5’-ATGCCAAAACAAGTAGACCA-3’ and 5’-
GATCCTGACGGCTCCCTAAG-3’, YY9 pair: 5’-GAGGCCAAAAGTTCCCCTAA-3’ and
5’-TCTTGCGGTTAGCCTTCTTC-3’, SL8 pair: 5’-AACCATGGGATGAATGGGTA-3’
and 5’-GCCTTAGCCTTTTTCGGAGT-3’ and WY8 pair: 5’-
GTTTGCTATGTGCCCCATTT-3’ and 5’-TGTTTCCAGGTGGGATTCTC-3’. Both strands
of each amplicon were directly sequenced and nucleotide sequences were aligned pair wise to
the GenBank SIVmac239 sequence (Accession no. M33262.1;
http://www.ncbi.nlm.nih.gov/nuccore/334647?report=Summary) (49). Nucleotide changes in
and around the region encoding the epitope resulting in amino acid replacements as well as
silent mutations were noted.

Results
Generation and characterization of SIV-specific TCM- and TEM-derived CD8+ T-cell clones

Attempts by our group to in vitro prime SIV-specific CD8+ T-cell clones from naïve rhesus
macaques for use in autologous adoptive transfer studies using autologous peripheral blood
monocyte-derived dendritic cells pulsed with viral peptides failed to generate clones of
sufficient functional avidity to react to SIV-infected cells in vitro (data not shown). To facilitate
efficient priming, we therefore chose to prime a cohort of rhesus macaques by DNA vaccination
using electroporation of a mixture of optimized plasmids expressing the SIVmac239 proteins
Gag, Pol, Nef, Tat and Vif, and an optimized rhesus IL-12 expression plasmid as adjuvant. All
vaccinated monkeys mounted robust cellular and humoral responses to the relevant SIV
antigens after three rounds of vaccination; the detailed analyses of the vaccine-induced
responses are being reported elsewhere (Patel et al., submitted for publication). Virus-specific
CD8+ T-cell clones were generated from two of the DNA vaccinated animals (DBN2, Mamu
A*01+/A*02+; AZ15, Mamu A*02+) two months after the third DNA immunization. A third
vaccinated monkey (DBK1, Mamu A*01+), was used as a control for vaccine-induced antiviral
effect. Given a recent report by Berger et al., showing enhanced survival/persistence of TCM-
compared to TEM-derived CMV-specific CD8+ T-cell clones in vivo (34), we sorted CD8+ T
cells from PBMC from DBN2 and AZ15 into TCM and TEM based on CD28, CD95 and CCR7
expression (TCM: CD28+CD95+CCR7+ and TEM: CD28−CD95+CCR7−) (Fig. 1) prior to
stimulation with SIV peptides or peptide pools and limiting dilution cloning (35,39). We
reasoned that targeting multiple epitopes from more than one SIV protein would provide a
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better chance for infused virus-specific CD8+ T cells to have an impact on virus replication in
infected monkeys. We therefore isolated multiple CD8+ T-cell clones specific for the Mamu
A*01-restricted SIV Gag CM9 epitope, and the Mamu A*02-restricted SIV Nef YY9, and Vif
WY8 epitopes for their ability to produce IFN-γ and the CD8+ T cell degranulation marker
CD107a upon peptide stimulation, as well as to proliferate robustly (data not shown). The
clones were analyzed for intracellular IFN-γ and surface CD107a expression by flow cytometry
following stimulation with SIV peptide-pulsed autologous PBMC and SIV-infected autologous
CD4+ T-cell clones.

From these analyses, we selected a series of clones from the two macaques for infusion (Table
1). These TCM and TEM clones showed robust IFN-γ (Fig. 2A) and CD107a responses (data
not shown) to peptide-pulsed APCs and to autologous SIV-infected CD4+ T cells (Fig. 2B), a
more biologically relevant stimulus. Regardless of TCM or TEM origin, all clones had obtained
an effector memory phenotype (CD8+CD28−CD95+CCR7−) after in vitro culture (Fig. 2C;
data not shown), consistent with previous observations by Berger et al., for CMV-specific
clones from M. nemestrina (34). Comprehensive analyses of the CD8+ T-cell clones selected
for adoptive transfer for surface expression of chemokine receptors/homing markers and the
marker of T-cell exhaustion, PD-1, showed clonal differences in the pattern and levels of
expression of these markers after in vitro expansion not related to their in vivo origin i.e.,
TCM versus TEM. Overall, most of the clones were CCR5high, but showed low to negative
expression of CCR9, CCR7 and CCR8 while expression of the gut homing markers, α4β7 and
CD103, or the exhaustion marker, PD-1, varied between the clones (Supplemental Fig. 1;
example for one TCM- and one TEM-derived clone).

Challenge with SIVmac239 and adoptive transfer of autologous SIV-specific CD8+ T-cell
clones

Data from a parallel study with chronically infected rhesus macaques showed limited
persistence of infused autologous virus-specific CD8+ T cells in PBMC (Bolton et al.,
submitted for publication). Thus, adoptive transfer at time of infection could result in clearance
of infused cells before appreciable virus replication starts. To avoid this scenario and to ensure
that the maximum numbers of infused cells are present at time of a limited infection, the
monkeys were infected intravenously with 100 AID50 of SIVmac239 virus three days before T
cell adoptive transfer. Plasma viral loads were analyzed on day 3 post infection (day of infusion)
by highly sensitive QPCR, and all three animals showed low but detectable viremia (AZ15 =
180 RNA copies/mL; DBN2 = 1200 copies/mL; DBK1 = 200 copies/mL; limit of detection >
30 RNA copies/mL).

SIV Gag CM9- and Vif WY8-specific clones (one TCM- and TEM-derived clone of each
specificity) from DBN2 and two TEM-derived Nef YY9 and one TCM-derived Vif WY8-
specific CD8+ T-cell clones from AZ15 were expanded in vitro to obtain 0.8-6×109 cells of
each clone (Table 1). To track the different clones after transfer, half of the cells of each clonal
population were stained with a fluorescent dye: TCM and TEM were labeled with PKH26 and
CFSE, respectively. The cells were pooled and infused intravenously to the autologous animal.
The animals received a low dose (104 U/kg/day) of IL-2 for 10 days post infusion to support
survival and proliferation. Because Picker et al., have previously shown that increased CD4+

T cell activation following IL-15 treatment does not elevate plasma viremia in chronically
infected rhesus macaques (50), we did not anticipate any effects of IL-2 on viral load. The
treatment was well tolerated and no adverse effects were observed.
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SIV-specific TCM- and TEM-derived CD8+ T cells show clonal differences in persistence in
vivo independent of TCM versus TEM origin

To assess the immediate engraftment of infused cells, we analyzed the CD3+CD8+ fraction of
the lymphocyte gate in the 30 min post infusion blood samples for labeled cells (Fig. 3A).
Taking into account that only half of the infused cells were labeled, approximately 5.6 and
16% of the CD8+ fraction of PBMC collected 30 min post infusion from AZ15 and DBN2,
respectively, were infused cells (Fig. 3B). The TCM-derived infused cells were approximately
4 and 8% of the CD8+ T-cell fraction in PBMC from AZ15 and DBN2, respectively, and the
corresponding numbers for TEM-derived cells were approximately 1.4 and 8%. The higher
overall frequencies of the infused CD8+ T cells seen 30 min post infusion in PBMC from DBN2
correlated with the 3-fold higher number of cells infused in this monkey compared to AZ15
(Table 1). The frequency of labeled cells in PBMC declined with a similar kinetics in both
animals and although present at day 4, no labeled cells could be detected by day 9 post infusion.
The TCM-derived cells from AZ15 persisted better in PBMC than the TEM-derived clones,
despite the close to 1.5-fold higher frequency of TEM- compared to TCM-derived cells in the
initial pool of infused CD8+ T cells for this monkey. In contrast, the TEM-derived clones, which
were about 1.5-fold more frequent than the TCM-derived cells in the initial pool of infused
cells, persisted better in DBN2. To determine homing to lymphoid and mucosal tissue, biopsies
from LN and GALT samples were analyzed on days 2 and 9 post infusion but no labeled cells
could be detected in either tissue at any of these time points (Fig. 3C). Thus, the differences
we observed in persistence of infused SIV-specific CD8+ T-cell clones in PBMC seemed to
be clonal in nature, and not related to their TCM or TEM origin.

Transferred SIV-specific CD8+ T cells show no discernable impact on plasma virus load or
CD4+ T cell preservation

To assess the effect of the transferred virus-specific CD8+ T cells on virus replication in
vivo, we measured viral RNA and DNA levels by QPCR in blood, LN and GALT samples at
different time points post infection. While one infused monkey had a slightly faster kinetics
and higher peak plasma RNA compared with the control and second infused animal, similar
levels of plasma viral RNA (Fig. 4A) and cell-associated viral DNA and RNA per 100,000
PBMC (Fig. 4B) were observed for all three monkeys at ramp-up as well as set point. Similar
to our findings in PBMC, comparable levels of cell-associated viral DNA and RNA were
observed in LN and GALT biopsies (Table II). At certain time-points, viral load data from the
control animal were elevated in either tissue compared with infused monkeys, but this was
reversed at other time-points. Thus, the infused virus-specific CD8+ T cells had no measurable
effect on either the amount of plasma virus or the number of infected cells in PBMC, LN or
gut mucosa; the DNA vaccination, as used in the present study, did not appear to provide
meaningful acute protective effect against high-dose intravenous challenge with SIVmac239.

We next investigated if virus-specific CD8+ T cell infusion during the acute phase of infection
would lead to better preservation of CD4+ T cells. There was a steady loss of CD4+ T cells
during the first week post challenge dipping to below 50% of pre-challenge baseline counts
for AZ15 and DBK1, or as low as 20% for DBN2, before rebounding to a set point of about
60% of the frequency seen on the day of challenge (day 0) for all three monkeys (Fig. 4C).
Thus, there was no measurable effect of the SIV-specific CD8+ T cell infusions on the CD4+

T cell counts.

Adoptively transferred SIV-specific CD8+ T cells persist for more than 6 weeks in lungs with
no apparent impact on local viral load

BAL represents a conveniently sampled compartment for assessment of immune responses at
a mucosal site and it has been shown that lymphocytes present in the lungs share similarities
with those present in the upper gastrointestinal tract (51). BAL samples were collected on day
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2 post infusion and once a week thereafter and the frequency of CD3+CD8+PKH26+ (TCM)
and CFSE+ (TEM) cells in the lungs of the monkeys was determined by flow cytometry.

After adjusting for labeling and assuming comparable survival and persistence of stained and
unstained cells, the infused cells (PKH26+ and CFSE+) made up about 50 and 84% of CD8+

T cells in BAL samples from AZ15 and DBN2, respectively, 48 h post infusion (Fig. 5A).
Strikingly, the infused cells persisted for a long period in the lungs with substantial frequencies
observed more than 6 weeks post infusion (e.g ~14% of CD8+ T cells in BAL from DBN2 on
day 45 post infusion were infused cells) (Fig. 5A). Similar to our observation in PBMC, the
TCM-derived CD8+ T-cell clones persisted in the lungs longer than the TEM-derived cells in
AZ15 while the TEM-derived cells in DBN2 showed better persistence than TCM-derived cells.

Because the infused virus-specific CD8+ T cells persisted for long periods in the lungs, we
investigated if virus could be detected in BAL. BAL supernatant or cell pellets from BAL were
used to measure cell-free viral RNA or cell-associated viral DNA and RNA by QPCR. We
detected cell-free and cell-associated viral RNA and DNA in BAL from all three animals (Fig.
5B). Initially the levels were similar, but from 4 weeks post infection the two Mamu A*01+

animals, DBN2 and DBK1, showed greater than 1-log lower cell-free and cell-associated viral
load than the Mamu A*01 negative monkey, AZ15. Our data thus indicate that even though
the infused virus-specific CD8+ T cells persisted in the lungs, they did not have any measurable
effect on virus load in this mucosal compartment.

Adoptively transferred SIV-specific CD8+ T cells recovered from lungs one month post
infusion retain antigen specific reactivity

Due to our finding of comparable virus load in the animals infused with virus-specific CD8+

T cells and the control monkey, we investigated whether the infused cells retained functional
activities. Cells recovered from BAL samples collected five weeks after infection (day 32 post
infusion) in DBN2 were stimulated with the SIV Gag CM9 peptide or Acc peptide pool and
the frequency of IFN-γ-producing cells determined by flow cytometry. Approximately 12%
of BAL-derived CD8+ T cells from DBN2 (Mamu*A01+) responded to SIV Gag CM9 peptide
stimulation. When BAL cells from DBN2 were gated based on PKH26 and CFSE staining,
2% and 61% of the PKH26+ (TCM) and CFSE+ (TEM) cells, respectively, responded to SIV
Gag CM9 peptide (Fig. 5C). The corresponding numbers for SIV Acc peptide pool reactive
CD8+ T cells in BAL samples from DBN2 were approximately 18, 17 and 3.5%, respectively.
As seen in Fig. 5A, few infused cells persisted in AZ15 at the time point for this analysis (day
32 post infusion). However, despite the low frequency, 11 and 40% of the persisting
PKH26+ (TCM) and CFSE+ (TEM) cells, respectively, in BAL from this monkey showed IFN-
γ responses following stimulation with SIV Acc peptide pool (data not shown). Thus, infused
CD8+ T cells persisting in the lungs retained antigen specificity and reactivity 32 days post
infusion.

Endogenous CD8+ T cell responses to SIV are moderately reduced in magnitude but the
kinetics of anamnestic expansion are not affected by SIV-specific CD8+ T cell infusion

To investigate the potential impact of the infused CD8+ T cells on the magnitude and kinetics
of endogenous responses, we next analyzed the development of virus-induced CD8+ T cell
responses in the animals. The frequencies of SIV Gag CM9 and Tat SL8 responding CD8+ T
cells in PBMC from the Mamu A*01+ animals, DBN2 (infused) and DBK1 (control), collected
pre-infection and at two different time points post infection were determined by MHC class I/
tetramer staining followed by flow cytometry (Fig. 6A). Overall, both animals had a similar
expansion of endogenous CM9- and SL8-specific responses, with DBN2 having a somewhat
lower response.
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A similar pattern was observed when we evaluated virus-specific T-cell function by measuring
the percentage of IFN-γ-producing CD8+ T cells in PBMC following stimulation with SIV
Gag CM9, Tat SL8 and Acc peptide pool by flow cytometry (Fig. 6B) or the number of IFN-
γ-producing cells in PBMC in response to these antigens by ELISpot (Fig. 6C). Thus, while
the baseline levels of the endogenous vaccine-induced responses as well as the kinetics of
development of virus-specific CD8+ T cell responses following challenge were similar for the
infused animal DBN2 and the control animal DBK1, the CD8+ T-cell responses post challenge
were somewhat higher in the control monkey. In line with the diminished endogenous
responses in DBN2 compared with the control DBK1, we observed an escape mutation in the
SIV Tat SL8 epitope between 3 and 8 weeks post infection in virus recovered from plasma
from DBK1 but not from virus in DBN2 (data not shown). Because escape mutations are known
to occur in this epitope very early during acute infection (36,45), our finding may suggest a
skewing of the early endogenous response, with a dampened Tat SL8 response in DBN2
following infusion of CD8+ T cells specific to other epitopes (Gag CM9 and Vif WY8)
compared to the control animal DBK1. Our observation of slightly higher frequencies of SIV
Tat SL8 MHC class I/tetramer positive (Fig. 6A) and SIV Tat SL8-reactive CD8+ T cells (Fig.
6B and C) in PBMC from the control monkey, DBK1, compared to the test monkey, DBN2,
further point to a possible dampening of the endogenous responses in DBN2, although the
differences did not reach statistical significance given our small sample size.

We next investigated if the diversity of the endogenous virus-induced CD8+ T cell responses
was affected by the adoptive transfer. PBMC samples from all three monkeys were collected
on day 42 post challenge (i.e. day 39 post infusion for AZ15 and DBN2) and stimulated with
peptide pools spanning the entire Gag, Pol, Env and Acc SIV proteins and IFN-γ production
measured by ELISpot. We could not detect consistent differences in SIV responses between
infused animals AZ15 and DBN2, and the control DBK1 (Fig. 6D). The higher frequencies of
SIV Gag peptide pool responding cells in PBMC from DBN2 and DBK1 compared to AZ15,
seem to be largely due to the robust SIV Gag CM9-specific responses seen in these Mamu
A*01+ monkeys (Fig. 6A). Overall, a similar spectrum of virus-induced endogenous CD8+ T
cell responses was observed in PBMC from all three monkeys with a somewhat higher
magnitude of SIV Acc- and Gag-induced endogenous responses seen in the control animal,
DBK1.

Early selection for escape mutation in the Nef159-167YY9 epitope after adoptive transfer of
virus-specific CD8+ T cells

Given the lack of a measurable effect of the infused CD8+ T cells on virus load in plasma or
BAL, we investigated if amino acid changes had occurred in any of the targeted epitopes before
the peak in endogenous virus-induced CD8+ T cell responses normally seen after 3 weeks post
infection (36,45). Regions spanning the CD8+ T cell epitopes, SIV Gag CM9, Nef YY9 and
Vif WY8, were sequenced from virus extracted from plasma, and analyzed for amino acid
changes 1, 2, 3, 5 and 9 weeks post infection.

Sequencing of plasma virus from animal AZ15 revealed an A to T switch in the codon for the
second amino acid (a.a) of the Mamu A*02-restricted SIV Nef YY9 epitope, leading to a
Threonine to Serine (T2S) change between days 12 and 20 post infection (days 9 and 17 post
infusion) (Table 3). This represented an amino acid replacement in the vast majority of the
sequenced virus by this time point (<3 weeks post infection) as detected by the chromatogram
from bulk sequencing (Fig. 7). There was an additional point mutation in the Nef YY9 epitope
in virus from this monkey between days 38-63 post infection, with an A to T switch in the
codon for the last a.a of the epitope leading to a tyrosine to phenylalanine switch (Y9F). The
latter mutation was observed in circulating virus from the Mamu A*01/A*02 positive animal
DBN2 by the same time point, but this animal did not receive T cells targeting this epitope. As
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expected, no mutation was seen in this epitope in virus from the control Mamu A*02 negative
monkey DBK1 (data not shown). No amino acid changes where observed in the SIV Gag CM9
or Vif WY8 epitopes by week 9 post infection.

To test if any of the Nef YY9 mutations represented escape from CD8+ T cell recognition,
IFN-γ responses by a Nef YY9-specific CD8+ T-cell clone was measured by flow cytometry
following stimulation with autologous PBMC pulsed with synthetic WT and variant peptides.
All three mutations (T2S alone, T2S and Y9F, and Y9F alone) resulted in diminished or
complete loss of recognition of the variant peptide as demonstrated by markedly reduced IFN-
γ responses (Table 3). Overall, our data showing a rapid escape in the Nef YY9 epitope in
plasma virus from the animal AZ15 suggest a role of the infused CD8+ T cells on viral escape.

Discussion
A number of conditions must be achieved for autologous adoptive T-cell transfer to function
as a tool for dissecting the role of CD8+ T cells during acute SIV/HIV infection. The first is
reliable and consistent means of expansion of cells from a single cell to hundreds of millions,
and this must be accomplished while maintaining the specificity and functional phenotype of
the T cells. After adoptive transfer, the cells must home to and persist in tissues where viral
replication takes place while maintaining their effector function. Targeting a diverse epitope
repertoire and preferentially epitopes with a high fitness cost following mutations should help
avoid viral escape.

Building on a method for cloning and expansion of human CD8+ T cells that was recently
adapted for use in generation of CMV-specific CD8+ T-cell clones from M. nemestrina (34,
41), we developed a protocol for isolating and maintaining TCM- and TEM-derived SIV-specific
T-cell clones from rhesus macaques (35,39) immunized with a DNA vaccine construct. We
were able to maintain CD8+ T-cell clones in culture for more than 5 months while
characterizing them prior to adoptive transfer, thus overcoming one of the main problems
hampering large scale autologous adoptive transfer of CD8+ T-cell clones in NHP models of
HIV; the inability to keep rhesus macaque-derived SIV-specific CD8+ T-cell clones in culture
for prolonged periods of time. Berger et al., showed that adoptively transferred TCM-derived
CMV-specific T-cell clones persist better in PBMC compared with TEM-derived clones (34).
We could not detect a consistent difference between TCM- and TEM-derived clones in our
model, with a TCM-derived clone persisting better in one animal, and TEM-derived clones in
the other. In a parallel set of experiments infusing autologous virus-specific CD8+ T cells intra-
peritoneally (i.p.) compared to i.v. to rhesus macaques during chronic SIV infection, we found
better persistence of i.p. compared to i.v. infused cells in PBMC (Bolton et al., submitted for
publication). However, regardless of the route of infusion (i.p. versus i.v.), and similar to the
infusions during acute infection, we observed clonal differences in persistence of the infused
cells independent of their origin. This suggests that unknown clonal differences, independent
of TCM/TEM origin, played an important role in determining survival in vivo. The difference
between the two systems could be due to differences in the disease models, differences between
M. nemestrina and M. mulatta, or subtle differences in the protocols used for generating the
original clones. For example while we sorted TCM and TEM as CD28+CD95+CCR7+ and
CD28−CD95+CCR7− CD8+ T-cell fractions, respectively, the TCM and TEM populations
described in Berger et al., (34) were CD62L+CD28+Fashi and CD62L−CD28−Fashi CD8+ T
cells, respectively. Furthermore, we did not try to maintain our TCM with IL-15 or IL-7 to
improve in vivo survival.

The limited persistence of transferred antigen specific CD8+ T-cell clones in PBMC compared
with bulk uncharacterized CD4+ (52) or CD8+ (53) lymphocytes is possibly related to the
extensive in vitro culture of the antigen-specific cells before transfer. Although the infused
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cells were found to express α4β7 and CD103, markers commonly associated with homing to
the gut, no infused cells could be detected in GALT and LN biopsies analyzed on day 2 post
infusion. Similar results were obtained by Bolton et al., (submitted for publication) in a
hemiallogeneic as well as autologous adoptive transfer model in the acute and chronic phase
of infection, respectively. This suggests that the transferred T cells had either limited homing
to these organs that are important for acute viral replication, or alternatively, that they did home
there but were killed, possibly after contact with infected cells. Irrespective of the mechanism
involved, the poor or lack of persistence of the infused cells in the GALT in this model, may
partly explain the lack of an effect on viral replication in the ramp up phase as well as peak
and set point viral load. Strikingly, whereas the infused cells could be detected only for a week
in PBMC and not at all in LN and GALT, the cells persisted long-term in the lungs (BAL) and
were antigen-reactive ex vivo. However, virologic analysis did not show any evidence of anti-
viral effect in vivo. We detected cell free SIV RNA as well as cell-associated viral RNA and
DNA in BAL in the infused monkeys and the control, at levels similar to those reported by
others for SIV-infected rhesus macaques (54). Our route of infusion, via the femoral vein,
entails initial passage through the pulmonary vasculature before gaining access to the systemic
arterial circulation. It is possible that a substantial proportion of the infused cells were trapped
in this tissue in a non-specific manner, and thus did not enter the arterial circulation and
consequently failed to home to the LN or GALT. This together with the data on i.p. versus i.v.
infusion by Bolton et al., (submitted for publication) suggest that different routes of infusion
can affect homing and persistence of adoptively transferred cells. In addition, transfection of
T cells to induce overexpression of receptors like α4β7, that promote homing to gut mucosa
(reviewed in (55)), is currently being evaluated. To improve persistence in vivo, IL-15, which
has been shown to provide a stronger survival and proliferation signal to antigen experienced
cells than the low-dose IL-2 used in the current study (34,50), as well as transduction with
genes that enhance cell survival like telomerase (39,56) could also be evaluated. However, it
is important to underscore that the long-term persistence of transferred T cells in the lungs
(BAL), together with their preserved capacity to respond to antigen stimulation ex vivo, point
to an intrinsic capacity of the infused cells to survive and maintain function in vivo.

When we investigated the effect of the infused CD8+ T cells on the magnitude and kinetics of
the endogenous virus-induced T-cell responses, a bias could be detected suggesting a
dampening of the total SIV-induced response in animals that received transferred T cells with
no detectable effect on the kinetics of the response. However, more infusions will be needed
to address whether the observed slight decrease in the magnitude of the endogenous responses
is statistically and biologically relevant. Measures of disease progression in the three animals
(CD4 counts and viral load) have remained stable and similar between the test and control
monkey out to day 200 post infection (data not shown).

A key impediment for CD8+ T-cell based vaccines and immunotherapy against HIV/SIV is
the high rate of mutations in the virus leading to escape in T-cell epitopes (reviewed in (57)).
We detected a very early (less than 3 weeks post infection) mutation in the Mamu A*02-
restricted Nef YY9 epitope (T2S) in plasma virus from AZ15, before the peak in the
endogenous virus-specific CD8+ T-cell response (36). This early mutation markedly reduced
recognition by the cognate CD8+ T-cell clones, suggesting that the infused Nef YY9-specific
CD8+ T-cell clones may have exerted a selective pressure on replicating virus. DBN2, the other
Mamu A*02-positive monkey which did not receive CD8+ T cells specific for this epitope, did
not develop mutations until 5 weeks post infection. Still, given the limited number of animals
in the study, more experiments will be needed to determine the exact role of the transferred
cells on the emergence of this escape mutation. Using a more diverse specificity of transferred
clones as well as targeting epitopes less likely to mutate due to high fitness cost to the virus
would presumably be of benefit.
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The route of experimental SIV challenge that presumably reflects the most common mode of
natural HIV infection is a limiting dose mucosal challenge, repeated until the animal is infected
(58), typified by the involvement of only one or a few variants in establishment of the initial
systemic infection (59). It is probable that a limiting dose mucosal challenge would give
adoptively transferred SIV-specific T cells a better chance to impact the infection than the high
dose i.v. challenge used in this study. High-dose i.v. challenge has recently been shown to
result in infection by more than 20 (and possibly several-fold higher) founder viruses (60). It
is possible that the transferred T cells were able to significantly reduce the number of founder
viruses, but that this did not result in a biologically significant reduction in viral load. This is
in agreement with the recent report by Hansen et al., suggesting that persistently activated
CD8+ T cells can protect some animals from SIV challenge, but fail to impact the viral load
in vaccinated animals that do get infected (61). Logistically, the repeated low-dose mucosal
challenge approach is complex and labor intensive to apply in our model because the billions
of expanded T cells can not be kept ready for infusion in a practical and manageable way. In
addition, failing to lead to productive infection may prime cellular or humoral responses,
further confounding the interpretation of the experiment. However, an optimized high-dose
mucosal (as opposed to repeated low dose mucosal or high dose i.v) challenge model that better
reflects the most common natural infection could be evaluated in future studies.

In conclusion, this first effort to prevent or significantly diminish the effects of acute SIV
infection by adoptive transfer of large numbers of autologous SIV-specific CD8+ T-cell clones
revealed a number of critical observations: i) SIV-specific CD8+ T-cell clones from rhesus
macaques can be generated, characterized and expanded to numbers sufficient for adoptive
transfer, ii) infusion of large numbers of T cells was safe with no adverse reactions detected,
iii) the infused cells persisted and remained functional in lungs for an extended period of time
(more than 2 months), but showed limited persistence and/or homing to gut mucosa and lymph-
nodes, iv) viral sequence analysis suggested that infusion of SIV-specific CD8+ T-cell clones
exerted immune pressure on the virus and finally, v) CD8+ T cell transfer did not impact the
viral peak or set-point in a detectable way. Further experiments will address if the lack of impact
on virus load is associated with the failure to demonstrate homing/persistence of the cells in
gut mucosal tissues, and also investigate the impact of transferring clones with more diverse
specificities. Alternatively, it is possible that CD8+ T cells exert a limited effect during acute
SIV infection, and that the presented results reflect that reality. Finally, the described methods
for adoptive transfer of macaque T-cell clones will also provide an important tool for
immunological studies of different NHP infectious disease models.
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Figure 1.
Gating strategy and flow cytometry sorting analysis of central (TCM) and effector (TEM)
memory CD8+ T-cell populations from a rhesus macaque (DBN2) immunized with a DNA
vaccine construct containing full length SIVmac239 Gag, Pol, Vif, Tat, and Nef sequences.
CD8+ lymphocytes were singlet-gated and defined as memory cells based on surface
expression of CD95. TCM and TEM fractions were further defined and sorted based on CD28
and CCR7 expression.
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Figure 2.
TCM- and TEM-derived CD8+ T-cell clones exhibit similar functional reactivity and both
display an effector memory surface phenotype after culture in vitro. TCM- and TEM-derived
SIV-specific CD8+ T-cell clones from two rhesus macaques, AZ15 and DBN2, were stimulated
with PBMC pulsed with the appropriate peptides (A) or autologous SIV-infected CD4+ T-cell
clones (B). IFN-γ-expression by the TCM- and TEM-derived clones was measured by ICS and
flow cytometry. The surface phenotype of TCM- and TEM-derived clones was determined using
flourochrome conjugated mAbs to CD28 and CD95 followed by flow cytometric analyzes (C).
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Figure 3.
Intravenously infused ex vivo expanded virus-specific TCM- and TEM-derived CD8+ T-cell
clones show similar distribution and persistence in vivo. Half of the clonal population of
TCM- and TEM-derived virus-specific CD8+ T-cell clones from two rhesus macaques, DBN2
and AZ15, were stained with PKH26 and CFSE, respectively, and the pool of stained and
unstained cells adoptively transferred to the monkeys. The distribution and persistence of the
infused cells was analyzed by flow cytometry by gating for the CD3+CD8+ T-cell fraction of
the “live gate” of the forward and side scatter plot (A). PBMC (B), LN and GALT (C) samples
were analyzed at indicated time points post infusion.
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Figure 4.
Adoptive transfer of ex vivo expanded virus-specific CD8+ T-cell clones show no measurable
effect on the virus load or the number of circulating CD4+ T cells in peripheral blood. Virus
load in two animals infused with virus-specific CD8+ T cells, DBN2 and AZ15, as well as a
control animal, DBK1, was determined on day 0, 3 (day of infusion), 4, 5 and 7 post challenge
and once a week thereafter, by analyzing cell-free plasma viral RNA (A) or cell-associated
viral DNA (B) levels by QPCR. The frequency of circulating CD4+ T cells in PBMC was
determined using the BD Tru Count™ kit (C).
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Figure 5.
T cell persistence, function and viral load in BAL samples. (A) Virus-specific TCM- and
TEM-derived CD8+ T-cell clones from two rhesus macaques, DBN2 and AZ15, half of which
were stained with PKH26 and CFSE, respectively, were infused 3 days after challenge with
SIVmac239. Infused cells were tracked using flow cytometry at indicated time points (B). Cell-
free viral RNA and cell-associated viral DNA and RNA were determined at indicated time-
points by QPCR. DBN2 and AZ15 received virus-specific CD8+ T cells. Grey dashed lines
show threshold of detection of cell-associated viral DNA and RNA (>10 copies/100,000 cells).
(C) Cells from BAL from DBN2 were stimulated with SIV Acc peptide pool or the SIV Gag
CM9 peptide as indicated. The frequency of IFN-γ-expressing cells was determined by ICS
and flow cytometry.
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Figure 6.
Adoptive transfer of virus-specific CD8+ T cells does not significantly affect the endogenous
SIV-specific T-cell response. (A) PBMC collected at the indicated time points from the two
Mamu A*01 positive monkeys, DBN2 and DBK1 were stained with SIV Tat SL8 or Gag CM9
tetramers and CD8 mAb. (B) PBMC from DBN2 and DBK1 collected pre- and post- infusion
were stimulated with SIV Tat SL8, Gag CM9 and Acc peptide pool and the percentage of
CD8+ IFN-γ-producing T cells determined by flow cytometry, or (C) the number of IFN-γ-
producing cells determined by ELISpot. (D) PBMC from AZ15, DBN2 and DBK1 collected
on day 39 post infusion were stimulated with SIV Acc, Env, Gag and Pol peptide pools and
the number of antigen-induced IFN-γ-producing T cells determined by ELISpot.
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Figure 7.
Escape mutation in the SIV Nef159-167YY9 epitope detected <3 weeks post infection. Virus
isolated from plasma collected from the Mamu A*02-positive monkey AZ15 on days 12 and
20 after challenge with SIVmac239 (days 9 and 17 post T cell infusion) was analyzed by direct
sequencing spanning the SIV Nef YY9 epitope. The nucleotide change is highlighted by black
circles with the encoded amino acid indicated.
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Table I

CD8+ T cell specificities, MHC class I restriction and number of cells infused

Monkey ID (Mamu) CD8+ T cell specificity
(origin)a

Mamu restriction bNumber of
cells
infused

AZ15 (A*02)

Nef-YY9-7 (TEM) A*02 0.8×109

Nef-YY9-12 (TEM) A*02 1.4×109

Vif-WY8-10 (TCM) A*02 1.6×109

DBN2 (A*01/*02)

Gag-CM9-18c (TEM) A*01 5.8×109

Gag-CM9-19 (TCM) A*01 2.6×109

Vif-WY8-4 (TCM) A*02 2.1×109

Vif-WY8-39 (TEM) A*02 1.6×109

DBK1 (A*01) No CD8+ T cells N/A N/A

a
CD8+ T cells from AZ15 and DBN2 were sorted based on surface phenotype (central memory T cells, TCM:

CD28+CD95+CCR7+; effector memory T cells, TEM: CD28− CD95+CCR7−) before generation of SIV-specific lines,
cloning and characterization in vitro.
b
Total number of cells of each clone included in pool of cells infused intravenously; half of the cells from each clone were

stained with either PKH26 (TCM) or CFSE (TEM). N/A, not applicable.
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Table III

Mutations in CD8+ T cell epitope, SIV Nef YY9, following adoptive transfer

Monkey ID Peptide sequencec Sample dated % IFN-γ-producing cellse

AZ15 a(A*02) Nef159-167YY9b YTSGPGIRY
(wild type)

74

YSSGPGIRY (T2S variant) 9-17 (12-20) 44

  YSSGPGIRF (T2S; Y9F
variant)

35-60 (38-63) 4

DBN2 a(A*01/*02) YTSGPGIRF (Y9F variant) 35-60 (38-63) 27

a
Monkey MHC class I (Mamu) type of interest.

b
Mamu A*02-restricted epitope.

c
Wild type epitope sequence and observed mutations in virus isolated from acutely infected rhesus macaques; amino acid

replacements in variant peptides underlined in bold.
d
Time frame in days post infusion (infection) when mutation was observed i.e. mutation not seen at lower time point in range

but seen at higher time point.
e
Frequency of cells positive for IFN-γ in clonal population of CD8+ T cells generated against WT peptide after stimulation

with APC pulsed with 2 μg/mL of WT or variant peptide; analyses by ICS and flow cytometry.
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