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We investigated whether a 28-day course of potent antiretroviral therapy, initiated at a time point (48 h
postinoculation) following simian immunodeficiency virus (SIV) inoculation when the acquisition of a viral
infection was virtually assured, would sufficiently sensitize the immune system and result in controlled virus
replication when treatment was stopped. The administration of tenofovir 48 h after SIV inoculation to six
Mamu-A*01-negative rhesus macaques did, in fact, potently suppress virus replication in all of the treated
rhesus macaques, but plasma viral RNA rapidly became detectable in all six animals following its cessation.
Unexpectedly, the viral set points in the treated monkeys became established at two distinct levels. Three
controller macaques had chronic phase virus loads in the range of 1 X 10° RNA copies/ml, whereas three
noncontroller animals had set points of 2 X 10° to 8§ x 10° RNA copies/ml. All of the noncontroller monkeys
died with symptoms of immunodeficiency by week 60 postinfection, whereas two of the three controller animals
were alive at week 80. Interestingly, the three controller macaques each carried major histocompatibility
complex class I alleles that previously were reported to confer protection against SIV, and two of these animals

generated cytotoxic T-lymphocyte escape viral variants during the course of their infections.

Acute human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) infections are characterized by
the extensive and rapid killing of memory CD4™" T lympho-
cytes at multiple effector sites, including the gastrointestinal
tract (1, 5, 10, 17, 18, 31). Previous studies have utilized tran-
sient early postinoculation antiretroviral therapy (ART) to
blunt the acute infection and to preserve the integrity of the
immune system. Initiating a 28-day course of the reverse trans-
criptase (RT) inhibitor tenofovir (PMPA) at 24 h post inocu-
lation (p.i.) of rhesus macaques with either SIVmac239 or
SIVsmE660 potently suppressed virus replication during and
following drug administration (11, 12). In contrast, extending
the time of treatment start from 24 to 72 h after SIVsmE660
infection resulted in two of four animals becoming viremic
during the 28-day course of therapy and generating measurable
levels of plasma viral RNA in all four monkeys following the
cessation of ART (12).

Based on these reports, which suggested that ART started
at 24 h potently aborted the SIV infection, we elected to
delay the treatment after virus inoculation until 48 h p.i. to
permit a controlled establishment of the viral infection and
possibly enable a sensitized immune system to control virus
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replication when PMPA treatment was discontinued. Ac-
cordingly, we treated six Mamu-A*01-negative Indian-origin
rhesus macaques with the RT inhibitor beginning at 48 h p.i.
Although virus replication (monitored by RT-PCR and cell-
associated DNA PCR) was effectively suppressed and mem-
ory CD4™" T cells in the blood and at an effector site (lung)
were preserved, plasma viremia became detectable in all six
of the treated animals immediately following the cessation
of ART. Interestingly, by 15 weeks p.i., the plasma viral
RNA set points of the treated monkeys had become estab-
lished at two distinct levels. Three animals (termed noncon-
trollers) had plasma viral RNA loads in the range of 10° to
10° viral RNA copies/ml (similar to untreated SIV-inocu-
lated macaques), and three monkeys (termed controllers)
had viral loads in the range of 107 viral RNA copies/ml.
Analyses of the major histocompatibility complex (MHC)
class I alleles in the tenofovir-treated cohort revealed that
the three controllers carried genes (Mamu-B*08, Mamu-
B*29, and Mamu-A*02) previously associated with the sup-
pression of virus replication in SIV-inoculated rhesus ma-
caques (15, 20, 25). Nevertheless, two of the controller
macaques began to experience the loss of memory CD4" T
cells at months 9 and 11 postchallenge, respectively. This
was accompanied by marked increases in the levels of their
set point viremia, from approximately 10> RNA copies/ml to
10° to 10° RNA copies/ml. Changes in immunodominant
restricting CD8™ T-cell epitopes were observed in two of the
controller macaques. At week 80 p.i., only two tenofovir-
treated animals, both bearing protective MHC alleles, re-
mained alive.
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MATERIALS AND METHODS

Virus and animal experiments. The origin and preparation of the tissue cul-
ture-derived SIVmac239 stocks from molecular clones have been described pre-
viously (7, 21). Adult rhesus macaques (Macaca mulatta), weighing between 4.7
and 6.2 kg, were maintained in accordance with the guidelines of the Committee
on Care and Use of Laboratory Animals (3) and were housed in a biosafety level
2 facility; biosafety level 3 practices were followed. All rhesus macaques were
Mamu-A*01 negative.

Tenofovir treatment of SIVmac239-infected rhesus macaques. Tenofovir {9-
[2-(R)-(phosphonometoxy)propyl]adenine} was generously provided by Norbert
Bischofberger, Gilead Science, Inc. (Foster City, CA). An aqueous solution (200
mg/ml) of PMPA was prepared after adjusting the pH to 7.0 with NaOH and
filtration through a membrane filter (pore size, 0.22 wm) as previously described
(30). Tenofovir was intramuscularly administered (30 mg/kg of body weight)
every 24 h for 4 weeks, starting at 48 h p.i. with 100 50% tissue culture infectious
doses (TCIDs;) of SIVmac239.

Quantitation of proviral DNA and plasma viral RNA levels. The number of
viral DNA copies in peripheral blood mononuclear cells was measured by quan-
titative DNA PCR (29). Viral RNA levels in plasma were determined by real-
time reverse transcription-PCR (ABI Prism 7700 sequence detection system;
Applied Biosystems, Foster City, CA) as previously reported, using reverse-
transcribed viral RNA in plasma samples from SIVmac239-inoculated rhesus
macaques (4).

Amplification of viral RNA to identify SIV escape variants. To analyze SIV
variants bearing mutations affecting epitopes restricted by MHC class I alleles,
plasma viral RNA was extracted using a QlAamp viral RNA mini-kit (Qiagen) and
then reverse transcribed using SuperScript IIT First-Strand Synthesis SuperMix (In-
vitrogen). PCR amplifications were performed using primer sets SIVmac239(1407-
1436)-F (TGTAGTATGGGCAGCAAATGAATTAGATAG) and SIVmac239
(2701-2681)-R (GGTCCTCTGGGGGAGCAGTTG) for the GY9 Mamu-A*(02
epitope, STVmac239(5093-5116)-F (ATTGGCAGGCAGATGGCCTATTAC) and
SIVmac239(6454-6431)-R (CCATGGTTCCCTTTGTGGTCCTTC) for the RL8
and RL9 Mamu-B*08 epitopes, STVmac239(7005-7027)-F (GGGATACTTGGGG
AACAACTCAG) and STVmac239(9380-9358)-R (CAGATCTCCAGACGGCCT
GGACC) for the RY8 Mamu-A*02 epitope, STVmac239(9381-9405)-F (CGACA
GAGACTCTTGCGGGCGCGTG) and SIVmac239(10129-10104)-R (CTGTTTC
AGCGAGTTTCCTTCTTGTC) for YY9 of the Mamu-A*02 epitope, and the RL9
and RL10 Mamu-B*08 epitopes. The PCRs were performed using 10 pmol of each
forward and reverse primer, Platinum PCR SuperMix High Fidelity (Invitrogen),
and 1 pl of viral cDNA in a final volume of 50 pl. The reaction mixtures were heated
to 94°C for 2 min, followed by 32 cycles of denaturing at 94°C for 20 s, annealing at
58°C for 30 s, and extension at 68°C for 2 min. A final extension was conducted at
68°C for 7 min. PCR products were gel extracted using a Qiaquick gel extraction kit
(Qiagen), cloned into pCR2.1 TOPO cloning vector (Invitrogen), and then se-
quenced.

Lymphocyte immunophenotyping in monkey BAL fluid and peripheral blood.
Bronchoalveolar lavage (BAL) lymphocytes were prepared from uninfected do-
nor animals and SIV-inoculated animals by using a pediatric bronchoscope
(BF3C40; Olympus America, Inc., Melville, NY), as previously described (7).
The BAL fluid was filtered through a 70-pm-pore-size cell strainer (BD Falcon,
Bedford, MA) and centrifuged, and the cell pellet was washed three times with
1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO)-phosphate buffered
saline (1% BSA-PBS). The cells were resuspended in mouse immunoglobulin
(Ig) (1 mg/ml)-1% BSA-PBS. EDTA-treated blood samples and cells from BAL
specimens were stained for flow-cytometric analysis as described previously (22,
23) using combinations of the following fluorochrome-conjugated monoclonal
antibodies (MAbs): CD3 (phycoerythrin [PE]), CD4 (peridinin chlorophyll pro-
tein-Cy5.5 [PerCP-Cy5.5]), CD8 (PerCP or allophycocyanin [APC]), CD28 (flu-
orescein isothiocyanate [FITC] or PE), or CD95 (APC). All antibodies were
obtained from BD Biosciences (San Diego, CA), samples were analyzed by
four-color flow cytometry (FACSCalibur; BD Biosciences Immunocytometry
Systems), and data analysis was performed using CellQuest Pro (BD Biosciences,
San Diego, CA). In this study, naive CD4" T cells were identified by their
CD95" CD28"e" phenotype, whereas memory CD4™ T cells were CD95high
CD28Mgh or CDY5hiEM CD28!°Y in the CD4* small lymphocyte gate (27).

Intracellular cytokine assays. Stimulation was performed on frozen lympho-
cytes as described previously (28). Freshly thawed lymphocytes were resuspended
(10%ml) in RPMI medium supplemented with antibiotics and glutamine. Anti-
CD28 conjugated to Alexa 594-PE was used for costimulation. Staphylococcus
enterotoxin B (1 pg/ml; Sigma-Aldrich, St. Louis, MO) was used to stimulate T
cells mitogenically through the T-cell receptor as a positive control. A negative
control (cells treated only with costimulatory anti-CD28) was included in every
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experiment. Peptides used to stimulate SIV-specific T cells were 15 amino acids
in length, overlapping by 11 amino acids, and encompassed SIVmac239 Gag
(New England Peptide, Gardner, MA). The concentration of each peptide was 2
pg/ml for stimulations, which were performed in the presence of brefeldin-A
(BFA; 1 pg/ml; Sigma-Aldrich, St. Louis, MO) for 16 h at 37°C. All cells were
surface stained with the dead cell exclusion dye Aqua Blue (Invitrogen Corpo-
ration, Carlsbad, CA), followed by staining with anti-CD3 Alexa700 (BD), anti-
CD4 Cy5.5-PE (eBioscience Inc., San Diego, CA), anti-CD8 Pacific Blue (BD),
and anti-CD95 Cy5-PE (BD). Cells then were fixed, permeabilized, stained with
anti-gamma interferon (IFN-y) Cy7-PE (BD), anti-interleukin-2 (IL-2) APC
(BD), tumor necrosis factor (TNF) FITC (BD), and Mipl-B PE (BD) and
analyzed by flow cytometry (FACSAria; BD Biosciences Immunocytometry Sys-
tems). SIV-specific CD8 T-cell responses are reported as the frequency of mem-
ory CD8 T cells gated by characteristic light scatter properties, and then as Aqua
blue-negative, CD3*, CD8", CD4~, CD95", and by the production of either
TNF or Mip-1pB. All data are reported after background subtraction.

Cells also were purified from freshly collected BAL specimens as described
above and resuspended in RPMI 1640 medium (Cambrex Bio Science, Walk-
ersville, MD) supplemented with 10% fetal bovine serum (HyClone, Loagan,
UT), 2 mM L-glutamine, 1 mM sodium pyruvate, and 100 U/ml penicillin-0.1
mg/ml streptomycin (Sigma-Aldrich, St. Louis, MO). The cells then were stim-
ulated with the SIVmac239 Gag peptide pool at a concentration of 10 wM. After
2 h of incubation, BFA (Sigma) was added to block protein transport, and
following four additional hours of incubation, the cells were stained for flow
cytometry using combinations of the following fluorochrome-conjugated MAbs:
CD3 (FITC) and CDS8 (PerCP). For IFN-vy staining, cells were treated with
fluorescence-activated cell sorting permeabilization buffer 2 (Becton Dickinson)
and stained with CD69 (PE) and IFN-y (APC) MAbs. All antibodies were
obtained from BD Biosciences (San Diego, CA). IFN-y production in CD8" T
cells was analyzed with a FACSCalibur. The percentage of IFN-y-producing
memory CD8" T cells in BAL samples was calculated after subtracting values
obtained with contemporaneously analyzed mock-infected cells.

MHC class I ¢cDNA cloning and sequencing. The cloning of Mamu-A and
Mamu-B cDNA from rhesus macaques was performed by RT-PCR amplification
as described previously (9). Briefly, total cellular RNA was extracted from acti-
vated rhesus peripheral blood mononuclear cells using TRI reagent (Molecular
Research Center, Cincinnati, OH). Complete Mamu-A and Mamu-B cDNAs
were generated using the 3’ rapid amplification of cDNA ends (RACE) adapter
from the First Choice RLM RACE kit (Ambion, Austin, TX). PCR amplifica-
tions were performed using sense primer Mane5UA (GATTCTCCGCAGACG
CCCA), Mane5UA20 (GATTCTCCGCAGACGCCAA), Mane5SUB2 (AAAGT
CTCCTCAGACGCCGA), or Mane5UB3 (AGAGTCTCCTCAGACCCCAA),
oligonucleotides annealing in the 5'-untranslated region of Mamu-A or -B
c¢DNA, and the 3’ RACE outer reverse primer. The PCR mixtures contained 50
mM potassium acetate, 1.5 mM MgSO,, 10 mM Tris-HCI, pH 9.0, 0.2 mM each
dGTP, dCTP, dATP, and dTTP, 20 pmol of each sense and reverse primers, and
5 U of Super Tag Plus DNA polymerase (Ambion, Austin, TX). Each reaction
mixture contained 2 wl of cDNA in a final volume of 50 pl. The reaction mixtures
were heated at 95°C for 3 min, and then amplification was conducted for 30
cycles as follows: denatured for 30 s at 95°C, annealed for 30 s at 59°C, and
extended for 90 s at 72°C. A final extension was conducted for 7 min at 72°C.
PCR products were gel purified using a Qiaquick gel extraction kit (Qiagen,
Valencia, CA) and then cloned into pCR2.1 TOPO cloning vector (Invitrogen,
Carlsbad, CA). Insert-containing clones were identified after restriction analysis
using EcoRI and then were sequenced using an Applied Biosystems 3130XL
genetic analyzer.

Sequence analysis and allele identification. Sequences were aligned using the
Clustal W program of MacVector 10.0.2 software (MacVector Inc., Cary, NC)
with a panel of 56 Mamu-A and 157 Mamu-B published alleles. Phylogenetic
trees were constructed based on the alignment using the neighbor-joining
method of the software. Genetic distances were estimated using Kimura’s two-
parameter method. Alleles were identified based on the close clustering of
cloned sequences with known alleles.

Western blot analysis. For immunoblotting, SIVmac239 particles were con-
centrated by ultracentrifugation (100,000 X g for 75 min by using a Type 55 rotor
in an Optima XL-100K Ultracentrifuge; Beckman Coulter, Fullerton, CA). The
virus pellet was resuspended in PBS and subjected to ultracentrifugation through
20% sucrose in PBS (200,000 X g for 75 min in an SW55 rotor using an Optima
XL-100K Ultracentrifuge; Beckman Coulter). After incubation with sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer,
viral proteins were resolved by SDS-PAGE and transferred to a polyvinylidene
difluoride membrane (Invitrolon PVDF; Invitrogen, Carlsbad, CA). The mem-
branes were incubated with serially collected plasma samples (diluted 1:500),
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TABLE 1. Experimental protocol

SIVmac239 . Tenofovir Tenofovir

Animal inoculum size Tenofovir dose initiation time duration
kg/day) . .
(TCIDs) (mg/ point (h p.i.) (days)

CLS8P 100 30 48 28
DA14 100 30 48 28
DA21 100 30 48 28
DAG63 100 30 48 28
DAS87 100 30 48 28
DBO05 100 30 48 28
CK2G 100 None
CL33 100 None

which had been preadsorbed with sonicated lysate of Escherichia coli and MT-4
cells, and then with goat anti-monkey IgG conjugated with horseradish peroxi-
dase (Santa Cruz Biotechnology, Santa Cruz, CA). Protein bands were visualized
on X-ray film (Kodak Biomax MR) after incubation with chemiluminescent
substrate (Western Blotting Luminol Reagent; Santa Cruz Biotechnology, Santa
Cruz, CA).

Anti-SIV Env ELISA. Anti-SIV gp130 Env-specific IgGs in monkey plasma
were detected and quantified by end point dilution enzyme-linked immunosor-
bent assay (ELISA). Flat-bottomed 96-well plates (Corning, Lowell, MA) were
coated with purified recombinant SIVmac239 gp130 (6) that had been obtained
from the NIH AIDS Research and Reference Reagent Program, Division of
AIDS, National Institute of Allergy and Infectious Diseases, NIH. The coated
plates first were blocked with 4% nonfat milk in PBS and then incubated with
serially diluted (in 4% nonfat milk-PBS) samples of macaque plasma (with a
starting dilution of 1:100) for 1 h at 37°C, followed by an overnight incubation at
4°C. Horseradish peroxidase-conjugated polyclonal goat anti-monkey IgG (Nor-
dic Immunological Laboratories, The Netherlands) (1:2,000 dilution in 4% non-
fat milk-PBS) was used as the secondary antibody. Incubated plates were devel-
oped with 2,2"-azino-bis liquid substrate (Sigma-Aldrich, St. Louis, MO), and the
endpoint titers, defined as the reciprocal of the highest dilution giving an absor-
bance reading of more than three times the mean of the preimmune serum at the
same dilution, were determined (8).

Virus neutralization assays. Plasma samples (1:20 dilution) from PMPA-
treated and untreated SIV-infected macaques were incubated with SIVmac239
in quadruplicate in a total volume of 50 pl for 1 h at 37°C in 96-well flat-
bottomed culture plates. Samples from uninfected animals served as controls.
Freshly trypsinized TZM-bl cells (33) (1 X 10* in 150 pl Dulbecco’s modified
essential medium containing 20 wg/ml DEAE dextran) were added to each well,
and the cultures were maintained in a 37°C incubator for 28 h. The amount of
virus-induced luciferase activity present in cell lysates was determined using a
commercially available luciferase assay kit (Invitrogen Corporation, Carlsbad,
CA), and the average neutralization activity for each plasma sample was deter-
mined. Any sample resulting in a 50% reduction of luciferase activity compared
to that obtained with the uninfected control sample was considered positive for
neutralizing antibodies (NAbs).

RESULTS

The aim of this study was to administer a proven ART
regimen very early during acute SIV infection that would ef-
fectively suppress virus replication, and to ascertain whether
immune responses would be sufficiently activated during drug
administration to control virus replication following treatment
cessation. As indicated in Table 1, six Mamu-A*01-negative
Indian-origin rhesus macaques were inoculated intravenously
with 100 TCIDs,, of SIVmac239; treatment with PMPA com-
menced at 48 h p.i. This time for treatment initiation was
selected based on two previous reports: the first showed that
tenofovir administration beginning at 24 h p.i. resulted in no
measurable plasma viremia during, or 6 weeks following, ART
in three of four animals infected with SIVSmE660 (12); and the
second showed that treatment initiated 24 h after SIVmac239
inoculation led to low to unmeasurable plasma viral RNA
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levels during 28 days of PMPA therapy or for an additional 6
weeks following the discontinuation of ART (11). When teno-
fovir treatment was delayed until 72 h p.i., SIVSmE660 viremia
was detectable during the 4-week course of therapy in two of
four monkeys and in four of four animals following the cessa-
tion of drug administration (12). Thus, the start of ART at 48 h
p.i. would ensure SIV acquisition and the possible stimulation
of the immune system while limiting injury to the CD4 " T-cell
population. Two age-matched untreated but SIV-infected ma-
caques served as controls (Table 1).

PMPA potently suppresses virus replication during acute
SIV infection. As expected, the two untreated animals inocu-
lated with 100 TCIDy, SIVmac239 developed peak levels of
plasma viremia (5.6 X 10° and 7.1 X 10° RNA copies/ml,
respectively) and high frequencies of cell-associated viral DNA
on day 14 p.i. (Fig. 1). In contrast, no plasma viral RNA was
measurable in four of the six tenofovir-treated macaques (the
limit of detection is 100 viral RNA copies/ml) during the
4-week course of antiretroviral administration. One treated
monkey (DA87) had detectable SIV RNA in its plasma on
days 3 (4.3 X 10? copies/ml) and 7 (1.8 X 10* copies/ml) p.i.
and none thereafter; a second (DA21) had persistent low levels
of viremia (730 to 4,600 RNA copies/ml) throughout the pe-
riod of tenofovir administration. The level of cell-associated
viral DNA was below the threshold of detection in all six of the
SIV-infected and PMPA-treated monkeys (the limit of detec-
tion is 1 infected cell per 10° cells). Taken together, these
results indicate that the p.i. ART was highly effective; plasma
viremia during the first 4 weeks after SIV inoculation had been
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FIG. 1. Plasma viral RNA and cell-associated DNA levels during

acute SIV infections. Sequential viral RNA (a) and DNA (b) loads are
shown. Tenofovir-treated and untreated animals are indicated in Table 1.
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FIG. 2. SIV controller and noncontroller animals establish two distinct levels of set point viremia. Levels of plasma viral RNA (a) and
circulating memory CD4 " T cells (b) and the percentage of CD4" T cells in BAL specimens (c) during the 80 weeks of SIV infection are shown.
Controller (red), noncontroller (blue), and untreated (black) monkeys are indicated.

reduced at least 3 to 4 logs in the cohort of treated infected
macaques.

Within 7 to 14 days of stopping PMPA therapy, however,
SIV replication became detectable in all of the treated mon-
keys (Fig. 1a). The levels of peak plasma viremia ranged from
3.2 X 10* to 1.3 X 10”7 RNA copies/ml, with a geometric mean
(6.7 X 10°) that was approximately 10-fold lower than that
observed in the untreated control macaques 4 to 5 weeks
earlier. Cell-associated viral DNA, which was not detected
during tenofovir administration in any of the treated monkeys,
became measurable only after the cessation of ART (Fig. 1b).
The two treated animals (CL8P and DA14) with the highest

levels of peak plasma viremia also had the highest levels of
cell-associated viral DNA.

Viral set points in PMPA-treated monkeys were established at
two distinct levels. The six recipients of tenofovir resolved their
acute SIV infections by week 15 p.i. (Fig. 2a). Interestingly, three
of these monkeys (DA87, DA63, and DBO0S5) controlled their
plasma viral loads to relatively low levels, whereas the other three
drug-treated macaques (DA21, CL8P, and DA14) had viral set
points that were several hundredfold higher. At week 22 p.i., the
geometric mean plasma virus load for the three controller animals
was 1.33 X 10° RNA copies/ml. In contrast, the comparable set
point value for the three noncontroller monkeys was 3.6 X 10°
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TABLE 2. Virus-specific immune responses measured in circulating
CD8™ T cells
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TABLE 3. Virus-specific immune responses measured in BAL
CD8™ T cells

SIV Gag-specific

SIV Gag-specific

Monkey Status WK p.i. response® Monkey Status WK p.i. response®
DBO05 Controller 2.0 0.18 DA14 Noncontroller 2.0 1.90
DBO05 Controller 6.0 0.50 DA14 Noncontroller 6.0 3.69
DBO05 Controller 16.0 0.82 DA14 Noncontroller 10.0 1.18
DAS87 Controller 34 0.18 CLS8P Noncontroller 3.0 3.32
DAS7 Controller 5.4 0.21 CL8P Noncontroller 5.0 0.36
DAS87 Controller 16.0 0.92 CLS8P Noncontroller 7.0 0.71
CL8P Noncontroller 13.0 0.38
DAG63 Controller 2.0 0.16
DA63 Controller 6.0 0.20 DBO05 Controller 2.0 0.84
DAG63 Controller 16.0 0.32 DBO05 Controller 6.0 0.77
DBO05 Controller 10.0 1.56
DA14 Noncontroller 4.1 1.07
DA14 Noncontroller 8.0 1.20 DAG63 Controller 3.0 1.31
DA14 Noncontroller 16.0 2.70 DAG63 Controller 5.0 1.18
DAG63 Controller 7.0 1.64
DA21 Noncontroller 34 0.37 DAG63 Controller 13.0 1.36
DA21 Noncontroller 6.4 0.11 - -
DA21 Noncontroller 16.0 1.20 “ The frequency of CD8" T cells in BAL fluid that produce IFN-y and CD69
after subtracting the frequency of CD8" T cells that spontaneously produce
CLS8P Noncontroller 2.0 0.00 [FN-y and CD69.
CL8P Noncontroller 6.0 0.04
CL33 Untreated 3.0 0.97
CL33 Untreated 5.0 0.10 Virus-specific immune responses in tenofovir-treated ani-
CL33 Untreated 14.0 0.27 mals. A major premise underlying the administration of
CL2G Untreated 20 0.16 PMPA at 48 h p.i. was that by potently suppressing SIV rep-
CL2G Untreated 6.0 0.20 lication and preventing severe injury to the memory CD4*
CL2G Untreated 16.0 0.32 T-lymphocyte population during acute SIV infection, the im-

“ The frequency of CD8" CD4~ memory T cells that produce TNF and/or
Mip-1p after subtracting the frequency of memory CD8" T cells that spontane-
ously produce TNF and/or Mip-1B.

RNA copies/ml. The latter level was in the same general range as
that observed for the two untreated SIV-infected control animals.
Not unexpectedly, the untreated macaques experienced de-
pletions of memory CD4" T cells both in the blood and at an
effector site (lung) during acute SIV infection (Fig. 2b and c).
In contrast, this CD4 " T-cell subset was preserved in all six of
the infected animals during PMPA administration. However,
two patterns of memory CD4™" T-cell dynamics were observed
in the drug-treated cohort after the discontinuation of ART
that correlated with the two distinct levels of set point viremia.
This is best seen with the CD4* T lymphocytes recovered by
BAL (Fig. 2c). The three noncontroller monkeys experienced
a nearly complete loss of CD4" T cells in BAL specimens by
week 22, which was delayed relative to that observed in the
untreated macaques. Two of the noncontrollers also sustained
depletions of this T-lymphocyte subset in the blood (Fig. 2b).
In contrast, two of the controller animals (DA63 and DBO05)
experienced no depletion of CD4" T cells in BAL samples
during the first 6 months of their SIV infections, while the third
controller (DA87) sustained a moderate loss of this lympho-
cyte subset. The loss of BAL fluid CD4" T cells in macaque
DAS87 may reflect its 10- to 20-fold-higher levels of peak vire-
mia following the cessation of tenofovir therapy compared to
that of the two other controller animals (DA63 and DBO05)
(Fig. 1a), which experienced no decline of this T-cell subset.

mune system would be stimulated by low residual levels of
virus production and generate a protective antiviral response
when ART was stopped. We therefore initially examined
whether T-cell-mediated immunity was induced in the treated
macaques during the period in which they received ART. SIV
Gag-specific CD8" T-cell responses were measured by intra-
cellular staining for the production of either TNF or Mip-13
after stimulation with a peptide pool containing 125 15mer
peptides (overlapping by 11 amino acids) spanning STVmac239
Gag. As shown in Table 2, the frequency of virus-specific
CD8™ T cells remained at background levels during the period
of tenofovir therapy, except for macaque DA14. As noted
earlier, DA14 generated the highest levels of peak plasma
viremia (1.3 X 107 RNA copies/ml) following drug treatment,
possibly accounting for the elevated frequency of SIV-specific
CD8™ T cells measured in this animal at week 4.1. All five of
the PMPA recipients, tested at week 16 p.i., generated in-
creased frequencies of virus-specific CD8" T lymphocytes, pre-
sumably reflecting several months of antigen stimulation. In
four of these animals, the responses at late times exceeded
those measured for the untreated macaques.

SIV Gag-specific CD8" T-cell responses also were assessed
in specimens recovered by BAL of four tenofovir-treated ma-
caques by intracellular staining for IFN-vy following stimulation
with the same SIVmac239 Gag peptide pool (Table 3). In-
creased frequencies of virus-specific CD8* T lymphocytes
were detected both during and following the cessation of
PMPA therapy. In general, the SIV Gag-specific responses
were higher in the two noncontroller macaques (DA14 and
CL8P), particularly during and immediately following drug
administration.
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FIG. 3. Profiles of anti-SIV antibody responses of noncontroller and controller monkeys. (a) SIV proteins, prepared from detergent-treated
pelleted particles, were transferred to PVDF membranes following PAGE and incubated with a 1:500 dilution of serially collected plasma samples
from two noncontroller monkeys (upper) and two controller monkeys (bottom). The positions of SIV gp120 envelope glycoproteins and p27 CA
are indicated. A plasma sample (diluted 1:500) collected from a chronically STVmac239-infected monkey was used as a positive control in lane P.

(b) Anti-SIV gp120 ELISA titers.

SIV-specific humoral responses initially were assessed by
Western blot analyses using plasma samples from two control-
ler and two noncontroller animals. As shown in Fig. 3a, anti-
body reacting with gp130 was delayed (weeks 11 to 13) in
noncontrollers CL8P and DA14 compared to its earlier ap-
pearance (weeks 7 to 9) in controllers DA63 and DB05. An-
tiviral binding antibody, as measured by ELISA in all six
treated macaques at week 10 p.i., revealed that two of the
controller monkeys (DB05 and DB87) had generated the high-
est (1:12,500) anti-gp130 titers (Fig. 3b).

Virus neutralization assays were performed using TZM-bl
cells and intact SIVmac239 virions in combination with plasma
specimens recovered at weeks 10 and 22. No anti-SIVmac239
NADb activity was detected in any of the treated or untreated
macaques at either time point with samples diluted 1:20 (data
not shown).

The three controller monkeys express protective MHC class
I alleles. The establishment of two distinct levels of viral set
points in the six Mamu-A*01-negative, SIV-infected, tenofovir-
treated recipients raised the possibility that this outcome might

be genetically determined. It is now recognized that the ex-
pression of certain MHC class I alleles is strongly associated
with reduced plasma viremia and slower disease progression in
HIV- and SIV-infected humans and macaques, respectively (2,
15, 19, 20, 25, 34). In the rhesus macaque, MHC class I alleles
associated with the control of SIV replication include Mamu-
A*01, Mamu-A*02, Mamu-B*08, Mamu-B*17, and Mamu-
B*29 (13, 15, 20, 25, 34). The MHC class I alleles expressed by
the controller and noncontroller animals were determined fol-
lowing the RT-PCR amplification, cloning, and sequencing of
full-length cDNAs for Mamu-A and Mamu-B alleles. Individ-
ual alleles were identified by comparing each cloned sequence
to a database of published rhesus MHC class I sequences
representing 56 Mamu-A and 157 Mamu-B alleles. This ex-
haustive approach was used to obtain a broad view of the MHC
class I allele repertoire expressed in each macaque and to
avoid limiting the analysis to only a few previously identified
MHC alleles.

The repertoire of Mamu-A and Mamu-B alleles expressed
by the six tenofovir-treated monkeys was very heterogeneous
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TABLE 4. MHC class I alleles expressed by each SIV-infected tenofovir-treated rhesus macaque”

Animal Mamu-A allele(s) Mamu-B allele(s)

Noncontroller

RhDA21 A*08 A*1302 A*1303 B*12 B*38 B*71 B*30-like

B*46-like B*74-like B*09-like

RhDA14 A*1403 B*12 B*74-like new B new B

RhCLS8P A*0602 B*19 B*24 B*52 B*55-like
Controller

RhDAS7 A*06 A*07-like B*01 B*08 new B

RhDBO05 A*02 A*04 A*1403 B*7301 B*31-like B*74-like

RhDAG63 A*0602 A*28-like B*290101 B*61 B*55-like B*09-like

“The MHC alleles in bold have previously been reported to suppress SIV replication or are present at increased frequencies within elite controller cohorts (15, 34).

and included 10 Mamu-A and 17 Mamu-B alleles that had
been identified previously (Table 4). No single MHC class I
allele determined the segregation of our cohort into two dis-
tinct groups. Some MHC class I alleles (Mamu-A*0602 and
Mamu-A*1403) that were present in both controller and non-
controller monkeys clearly were not involved in suppressing
SIV replication in the former group. Two noncontroller ma-
caques had a combination of Mamu-B alleles known to be
present on the same haplotype (DA21, Mamu-B*12, Mamu-
B*38, and Mamu-B*30; CLSP, Mamu-B*19 and Mamu-B*24)
(26). Interestingly, two of the three controllers (DA87 and
DAG63) carried MHC alleles (Mamu-B*08 and Mamu-
B*290101) previously reported to suppress SIV replication (15,
34). The third controller (DB05) expressed Mamu-A*02, an
allele found at increased frequency within an elite controller
cohort and associated with a partial reduction of plasma viral
load in both the acute and the chronic phases of SIV infection
(15). In contrast, none of the MHC class I alleles associated
with reduced plasma viremia and slower disease progression
were found in the three noncontroller monkeys.

Long-term effects of PMPA therapy. After week 20, the
three noncontroller macaques continued to experience high set
point plasma viremia levels (10° to 10° RNA copies/ml) and
barely detectable CD4" T cells in BAL specimens (Fig. 2).
These animals subsequently became symptomatic and were
euthanized at weeks 34, 54, and 60, respectively, because of
intractable diarrhea, anorexia, and marked weight loss. The
control of plasma viremia varied greatly among the three con-
troller monkeys. As shown in Fig. 2a, the plasma viral load in
animal DAG63 began to increase after week 27 p.i., reaching a
set point of 2 X 10> RNA copies/ml by week 36 p.i. This
increase in plasma viremia was accompanied by modest de-
clines of memory CD4" T lymphocytes in blood and BAL
samples in DA63 (Fig. 2b and c). Similarly, animal DB0S5 began
to lose control of SIV replication after week 35 and experi-
enced severe losses of memory CD4™ T cells from both the
blood and BAL specimens. Macaque DB05 had to be eutha-
nized at week 80 p.i. because of its deteriorating clinical status.
The third SIV controller (DAS87) has maintained remarkably
low levels of plasma viremia. Its plasma virus load at week
78 p.i. was 127 RNA copies/ml, and levels of memory CD4" T
lymphocytes, in both the blood and BAL fluid, have been
durably maintained.

Antiviral cytotoxic T-lymphocyte (CTL) responses in SIV-
infected macaques are known to select for viral escape variants

bearing mutations in, or close to, epitopes restricted by the
selecting MHC class I alleles. We investigated if efficient im-
mune responses restricted by protective MHC alleles led to
viral evolution in controller macaques. The analysis was limited
to virus present in RhDB05 and RhDAS87, animals carrying
Mamu-A*02 and Mamu-B*08, respectively, since several CTL
epitopes have been characterized for these two MHC alleles
but not for Mamu-B*290101 (14, 16, 32). Viral sequences
encoding Gag, Env, Vif, or Nef were amplified from plasma
samples. In viral sequences obtained from the Mamu-A*02
controller macaque RhDBO05 at week 80 p.i., amino acid sub-
stitutions were identified in three Mamu-A*02-restricted
epitopes (Gag GY9, Env RYS, and Nef YY9) (Fig. 4). Simi-
larly, viral escape mutants in three Mamu-B*08-restricted
epitopes (Vif RL9, Vif RLS, and Nef RL9) were detected in
samples from the Mamu-B*08-positive macaque RhDAS87 at
week 78 p.i. Additionally, an alanine-to-proline substitution
also was found one amino acid upstream from the Mamu-B*08
restricted epitope Nef RL10. This mutation, observed previ-
ously in SIV-infected Mamu-B*08-positive macaques, likely
affects the proper generation of Mamu-B*08 binding peptide
by the proteasome (14). Therefore, the presence of protective
MHC alleles in two controller macaques was associated with
the selection of CTL escape variants, suggesting that CTL
activity restricted by protective MHC alleles played a role in
controlling plasma viremia.

Thus, of the original six tenofovir-treated monkeys, only two

RhDB0O5 (A*02 epitopes)

Gag GY9 Env RY8 Nef YY9

GSENLKSLY RTLLSRVY YTSGPGIRY

Kkkkkkkkk  (3)
*KDKkKkkkkk  (3)
Akkkkkkxx (1)

KEKKKKKE  (4) KRKKKKDKRK (7])
*kk kKRN (1)

KRk kkk (1)

RhDA87 (B*08 epitopes)

Vvif RL9 Vif RLS8 Nef RL10 Nef RL9

RRAIRGEQL RRDNRRGL (A) RRHRILDIYL RRLTARGLL

Thkkkxkkkk () HKGkkkkkx (8) (P) *hhxxkxkkkk (6) EX*A**k*K%  (6)

FIG. 4. Amino acid changes associated with SIV escape variants in
Mamu-B*-08- and Mamu-A*02-bearing rhesus macaques. The number
of independent clones sequenced is indicated in parentheses. The Nef
RL10 sequence contains an amino acid residue immediately N-termi-
nal to the epitope, alanine (A), which has undergone mutation.
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remained alive at week 80 p.i. Both carried protective MHC
class I alleles. One (DA63), however, had high levels of plasma
viremia and declining levels of CD4 " T cells and was destined
to develop immunodeficiency.

DISCUSSION

In these experiments, we have investigated whether a 28-day
course of potent ART, initiated at a time (48 h p.i.) following
SIV inoculation when the acquisition of a viral infection was
virtually assured, would sufficiently sensitize the immune sys-
tem to result in controlled virus replication when treatment
was stopped. The administration of tenofovir 48 h after SIV
inoculation did, in fact, delay virus replication in all of the
treated rhesus macaques. However, the three animals deriving
the greatest benefit (lowering the viral set point by nearly 3 logs
for 6 months) were genetically privileged; they carried MHC
class I alleles associated with the suppression of virus replica-
tion. The three PMPA-treated animals bearing nonprotective
MHC alleles were not as fortunate; they generated levels of set
point viremia comparable to that observed in control animals,
and all three have died with symptoms of immunodeficiency.

This study is an extension of two previous reports describing
ART initiated very early during acute SIV infection. When
Lifson et al. initiated tenofovir treatment at 24 h p.i., three of
four SIVsmE660-infected macaques experienced sterilizing
protection both during and following drug administration (12).
If PMPA was started at 72 h p.i., two of four animals became
viremic during the 28-day course of therapy, and virus replica-
tion was measurable in all four monkeys following the cessa-
tion of ART. In a separate study using SIVmac239-inoculated
animals also treated with PMPA beginning at 24 h p.i., the
levels of viremia were low to undetectable during or following
ART (11). However, in contrast to the SIVsSmE660 macaque
recipients of tenofovir, which generated SIV-specific prolifer-
ative responses in the absence of detectable virus replication
during ART administration and resisted rechallenge, the
treated SIVmac239 monkeys failed to produce measurable im-
mune responses and readily became infected following rechal-
lenge with homologous virus.

Therefore, 48 h after SIVmac239 infection seemed to be the
appropriate time to begin tenofovir therapy. The establishment
of an SIV infection would be ensured, and the possible devel-
opment of effective immune responses might occur at a time
when virus-induced damage to the immune system had been
minimized. Our results show that PMPA was effective in sup-
pressing SIV replication during the 4 weeks of ART. Cell-
associated viral DNA was undetectable in all six treated mon-
keys, and plasma viremia was below detection limits in four of
the six macaques. In addition, memory CD4" T cells in the
blood and at an effector site (lungs) were maintained at pre-
infection levels in all six animals during drug administration.
Thus, the experimental regimen used had permitted infection
acquisition, suppressed virus replication, and prevented injury
to the immune system.

Unfortunately, however, all six of the PMPA-treated mon-
keys produced modest to high levels of plasma viremia within
1 to 2 weeks of ART cessation, suggesting that the potent
suppression of virus replication mediated by 4 weeks of teno-
fovir treatment resulted in insufficient immune stimulation de-

J. VIROL.

spite the preservation of the CD4" T-lymphocyte population.
As had been reported previously by Lifson et al. for PMPA
therapy initiated at 24 h p.i. in SIVmac239-inoculated monkeys
(11), we also observed low to background levels of anti-SIV-
mac239 immune responses in circulating CD8" T cells during
the 28-day course of treatment that was started at 48 h p.i.
(Table 2). However, SIV Gag-specific responses were measur-
able in CD8™" T cells present in BAL specimens obtained from
most of the macaques during the period of PMPA therapy
(Table 3), but this immune sensitization appeared to have
minimal long-term effects.

Given that Mamu-A*01-negative and otherwise randomly
selected macaques were used in this study, initially we were
intrigued by the resolution of viral set points at two discrete
levels, differing by 300-fold, in controller and noncontroller
animals at week 15 p.i. In the three controller animals, set
points were maintained at a range of 1 X 10° RNA copies/ml
plasma for the initial 6 months of their viral infections. This
degree of control rarely is observed in SIVmac239-infected
Indian-origin rhesus macaques. To determine whether any vi-
rologic or immunologic parameter could predict controller or
noncontroller status, data collected during and immediately
following tenofovir treatment was evaluated retrospectively.
Clearly, peak viremia following ART was not a predictor of the
subsequent clinical course. For example, and not unexpectedly,
the mean level of peak plasma viremia immediately following
the cessation of PMPA treatment was 20-fold lower in control-
ler than in noncontroller animals (1 X 10° and 2.1 X 10° RNA
copies/ml, respectively) (Fig. 1b). Nevertheless, one controller
macaque (DBO05), with a relatively low peak virus load (4.0 X
10* RNA copies/ml), eventually died from immunodeficiency
at week 80 p.i., whereas another controller monkey (DAS87),
with the highest peak viremia (8.3 X 10° RNA copies/ml at
week 6 p.i.), was asymptomatic, with a plasma load of only 127
RNA copies/ml at week 78 p.i.

Similarly, the frequencies of circulating virus-specific CD8*
T lymphocytes present during or immediately after PMPA
treatment did not predict which animals were destined to be-
come controllers or noncontrollers. The levels of these SIV-
specific CD8" T cells were low to undetectable during the
4-week course of tenofovir therapy and increased in both
groups following the cessation of ART. As noted earlier, SIV
Gag-specific CD8" T-cell responses in BAL samples were
higher in two noncontroller animals during and immediately
following drug administration, most likely reflecting somewhat
higher levels of antigen production in these macaques rather
than foretelling clinical outcomes.

ELISA and immunoblotting experiments both revealed that
the controller macaques generated earlier and higher-titer anti-
SIV gp130 antibody responses compared to those of the non-
controllers. However, because virus-specific NAbs were unde-
tectable at weeks 10 and 22 in both controller and
noncontroller macaques, the significance of the binding anti-
body results presently is unclear.

As noted earlier, the establishment of viral set points at
either high or low levels in the treated monkeys correlated with
the presence of MHC class I alleles that are reported to control
SIV replication. Only controller animals carried protective
MHC alleles, and every one suppressed its set point viremia at
or below the level of 10° viral RNA copies/ml for at least 6
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months. The emergence of CTL escape variants in two of the
controller macaques suggested that CTL activity restricted by
protective MHC alleles played a role in controlling plasma
viremia when ART was discontinued. One could ask whether
the suppression of virus replication observed in the controller
group of treated animals simply reflected the presence of pro-
tective MHC alleles rather than a consequence of early posti-
noculation PMPA therapy. At present, we have no direct ex-
perimental data supporting the latter suggestion, although
some previously published reports pertaining to SIV elite con-
trollers are relevant to this question. The Mamu-B*08 allele
previously has been reported to be overrepresented in a sig-
nificant fraction (38%) of SIV elite controllers (15). Although
SIV-infected Mamu-B*08" rhesus macaques do not experi-
ence significant reductions in peak viremia during acute infec-
tions, they are able to reduce set point virus loads by 7.3-fold
compared to the loads of other elite controllers. In this regard,
the suppression of plasma viremia to 127 RNA copies/ml at
week 78 p.i. in monkey DAS87 (carrying the Mamu-B*08 allele)
would appear to be quite unusual. In addition, although
Mamu-A*02" and Mamu-B*29"* macaques also are overrep-
resented in elite controller cohorts, their capacity to suppress
set point viremia is quite limited compared to that of the more
potent control reported for Mamu-B*08 and Mamu-B*17 (15).
It was surprising, therefore, that controller macaques DBO05
and DAG63, carrying the Mamu-A*02 and Mamu-B*29 alleles,
respectively, were able to effectively control plasma viremia to
the range of 10° viral RNA copies/ml for 6 to 9 months. In the
context of previously published studies, the potent suppression
of virus replication in these two animals may not be due solely
to the modest protective effects of the Mamu-A*02 and Mamu-
B*29 alleles.

Clearly, the prevention of immediate virus-induced damage
to the immune system mediated by p.i. ART by itself did not
lead to augmented immunologic responses capable of control-
ling SIV in monkeys not bearing protective MHC alleles.
These results emphasize the incredibly narrow window of op-
portunity for controlling de novo SIV and, by extension, HIV
infections in individuals not bearing protective MHC alleles.
Starting PMPA treatment at 24 h did confer the durable con-
trol of SIV replication in most, but not all, inoculated animals.
ART commencing at 48 h p.i. clearly was too late; the sup-
pression of virus replication at 48 h p.i. did not sensitize the
immune system for subsequent control SIV replication but
merely delayed the emergence of detectable virus. In this con-
text, we have reported previously that the transfer of high titers
of antiviral NAbs at 6 h p.i., but not at 24 h p.i., potently
controlled virus replication in the macaque model (24), com-
pressing even further the time interval between lentivirus ex-
posure and successful antiviral intervention.
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