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An attenuated derivative of simian immunodeficiency virus strain 239 deleted of V1-V2 sequences in the
envelope gene (SIV239AV1-V2) was used for vaccine/challenge experiments in rhesus monkeys. Peak levels of
viral RNA in plasma of 10* to 10%° copies/ml in the weeks immediately following inoculation of STV239AV1-V2
were 10- to 1,000-fold lower than those observed with parental SIV239 (~107- copies/ml). Viral loads consis-
tently remained below 200 copies/ml after 8 weeks of infection by the attenuated SIV239AV1-V2 strain. Viral
localization experiments revealed large numbers of infected cells within organized lymphoid nodules of the
colonic gut-associated lymphoid tissue at 14 days; double-labeling experiments indicated that 93.5% of the
virally infected cells at this site were positive for the macrophage marker CD68. Cellular and humoral immune
responses measured principally by gamma interferon enzyme-linked immunospot and neutralization assays
were variable in the five vaccinated monkeys. One monkey had responses in these assays comparable to or only
slightly less than those observed in monkeys infected with parental, wild-type SIV239. Four of the vaccinated
monkeys, however, had low, marginal, or undetectable responses in these same assays. These five vaccinated
monkeys and three naive control monkeys were subsequently challenged intravenously with wild-type SIV239.
Three of the five vaccinated monkeys, including the one with strong anti-SIV immune responses, were strongly
protected against the challenge on the basis of viral load measurements. Surprisingly, two of the vaccinated
monkeys were strongly protected against SIV239 challenge despite the presence of cellular anti-SIV responses
of low-frequency and low-titer anti-SIV antibody responses. These results indicate that high-titer anti-SIV
antibody responses and high-frequency anti-SIV cellular immune responses measurable by standard assays
from the peripheral blood are not needed to achieve strong vaccine protection, even against a difficult,

neutralization-resistant strain such as SIV239.

The characteristics of human immunodeficiency virus type 1
(HIV-1) infection suggest major difficulty for the development
of a preventive vaccine (19, 23). Pessimism regarding the pros-
pects for a vaccine is derived at least in part from the ability of
HIV-1 to continually replicate in the face of apparently strong
host immune responses, resistance to antibody-mediated neu-
tralization, and the extensive sequence diversity in field strains
of the virus. Lack of knowledge regarding the key components
of a protective immune response also remains a major scien-
tific obstacle. Vaccine/challenge experiments with macaque
monkeys have been used to evaluate the properties and rela-
tive effectiveness of different vaccine approaches and to gauge
the formidable nature of these difficulties.

One lesson that has been learned from vaccine/challenge
experiments with macaque monkeys is the importance of chal-
lenge strain on outcome. Vaccinated monkeys that have been
challenged with strains of simian immunodeficiency virus
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(SIV) with an HIV-1 envelope (SHIV) have almost invariably
exhibited strong, long-term protection against disease, irre-
spective of the nature of the vaccine. Even peptide immuno-
gens have protected against SHIV-induced disease (6, 12, 38).
Vaccine approaches that have protected against SHIV chal-
lenge include DNA (5, 13), recombinant poxvirus (4), recom-
binant adenovirus (57), other viral recombinants (18, 55),
prime and boost protocols (3, 53, 65), and purified protein (10,
64). Vaccine protection against pathogenic SIV strains such as
SIV239, SIV251, and SIV-E660 has been much more difficult
to achieve (2, 11, 27, 63). The identical replication-defective
gag-recombinant adenovirus that provided strong protection
against SHIV challenge (57) provided little or no protection
against SIV239 challenge (11). Disappointing levels of protec-
tion against SIV have often been observed in the face of ap-
parently robust vaccine-induced immune responses (see, for
example, Vogel et al. [63] and Casimiro et al. [11]). Some
partial vaccine protections against these SIV strains have been
achieved by recombinant poxvirus (7, 50), replication-compe-
tent recombinant adenovirus (51), replication-defective adeno-
virus (66), recombinant poliovirus (15), recombinant Venezu-
elan equine encephalitis virus (18), and recombinant Sendai
virus (44).

Differences between the biological properties of the SIV
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strains and those of the SHIV strains used for the above-
mentioned studies provide clues as to what may be responsible
for the differences in outcome. These SIV strains are difficult
to neutralize (26, 34), use CCRS as a coreceptor for entry into
cells (21, 52), and induce a chronic, progressive disease course
(17), and this course is independent of the infectious dose (17).
The SHIV strains used for the above-mentioned studies are
easier to neutralize, use CXCR4 for entry, and induce an acute
decline in CD4 counts, and the disease course is dose depen-
dent (29, 30, 48, 54). These SIV strains, like HIV-1 in humans,
exhibit a marked preference for CD4* CCR5" memory cells,
in contrast to the acutely pathogenic SHIV strains which prin-
cipally target naive cells (48).

Live, attenuated strains of SIV have provided the strongest
vaccine protection by far against SIV challenge. Although clin-
ical use of a live, attenuated HIV vaccine is not being consid-
ered, understanding the basis of the strong protection afforded
by live, attenuated SIV strains remains an important research
objective for the insights that can be provided. Most of the
attenuated SIV strains that have been used lack a functional
nef gene (16, 31, 58, 67). Shacklett et al. (56) used an attenu-
ated SIV strain with modifications in the gp41 transmembrane
protein for protection. Here, we describe strong vaccine pro-
tection by a replication-competent SIV strain lacking 100
amino acids from the essential gp120 envelope protein in the
absence of overtly robust immune responses.

MATERIALS AND METHODS

Monkey infections. Stocks of SIV were prepared by transfection of cultured
cells with cloned DNA and harvest of the cell-free supernatant at or near the
peak of virus production. The rhesus monkey T-cell line 221 has been described
previously (1). Monkeys were infected by intravenous inoculation. When virus
stock was diluted for inoculation, RPMI medium without serum was used. The
concentrations of p27 were determined by antigen capture with a Coulter kit
according to the manufacturer’s recommendations.

Rhesus macaques (Macaca mulatta) were housed at the New England Primate
Research Center in an animal biosafety level 3 containment facility in accordance
with standards of the Association for Assessment and Accreditation of Labora-
tory Animal Care and the Harvard Medical School Animal Care and Use Com-
mittee. Research was conducted according to the principles described in the
Guide for the Care and Use of Laboratory Animals and was approved by the
Harvard Medical School Animal Care and Use Committee (47). Monkeys were
typed for 10 Mamu class I alleles by sequence-specific PCR (35, 37). All animals
were also tested and found to be free of simian retrovirus type D, SIV, simian
T-lymphotrophic virus type 1, and herpes B virus prior to assignment.

Preparation of rhesus macaque PBMC. Rhesus macaque peripheral blood
mononuclear cells (PBMC) were isolated from fresh citrate blood by density
gradient centrifugation (Ficoll 1077; Sigma). For analysis of viral replication in
culture, lymphocytes in PBMC samples were activated for 72 h with 1 wg of
phytohemagglutinin (Sigma, St. Louis, MO) per ml R10, washed in RPMI 1640,
and incubated in R10 supplemented with 10% interleukin-2 overnight before
infection.

Major histocompatibility complex (MHC) class I tetramer staining. Periph-
eral blood was analyzed by four-color flow cytometry for SIV-specific CD8" T
cells. Whole blood (100 pl) was stained for 25 min at 37°C with CD3-fluorescein
isothiocyanate (Becton Dickinson, San Jose, CA) and CD8-PerCP (Becton Dick-
inson) monoclonal antibodies and allophycocyanin-conjugated Mamu-A*01
Gag; ;.10 tetramers (generously provided by John Altman, Emory University).
Samples were then treated for 10 min with fluorescence-activated cell sorter
lysing solution (Becton Dickinson) to remove erythrocytes. Cells were washed
and fixed in 2% paraformaldehyde—phosphate-buffered saline. Data were col-
lected on a FACSCalibur flow cytometer (Becton Dickinson) and analyzed using
the FlowJo software package (Tree Star, San Carlos, CA).

IFN-y ELISPOT assays. Gamma interferon (IFN-y)-producing T-cell re-
sponses were enumerated using an enzyme-linked immunospot (ELISPOT) as-
say for detection of macaque IFN-y (Mabtech, Mariemont, OH). PBMC were
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stimulated in duplicate wells at 3 X 10%, 1 X 10°, and 3 X 10* cells per well with
peptide pools (15-mer peptides overlapping by 11 amino acids at 2.5 ug/ml each)
representing the complete amino acid sequences of SIVmac239 proteins. Pep-
tides were either synthesized by the Massachusetts General Hospital core pep-
tide facility or obtained from the AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, NIAID, NIH. PBMC were incubated overnight in
multiscreen plates (Millipore) coated with an IFN-y capture antibody, and spots
representing IFN-y-producing T cells were detected in an enzyme-linked, color-
imetric assay for bound IFN-y. For analyses of purified CD8" lymphocytes,
PBMC were depleted by StemSep negative cell separation (Stem Cell Technol-
ogies, Vancouver, British Columbia), resulting in cell populations with less than
8% residual CD4™ T cells. Spots were counted using an automated ELISPOT
plate reader (Zellnet Consulting, New York, NY). To determine the frequency
of virus-specific IFN-y-producing T cells per million PBMC, the number of
background spots in medium control wells was subtracted from the number of
spots in peptide-stimulated wells. Based on analysis of ELISPOT responses to
Gag and Env in unimmunized control monkeys, >40 spot-forming cells (SFC)
per 10° PBMC was considered significant.

ICS analysis. Detection of antigen-specific T lymphocytes by use of intracel-
lular cytokine staining (ICS) was performed as previously described (24) with
minor modifications. Briefly, thawed cryopreserved PBMC were incubated with
an SIV Gag peptide pool or R10 medium alone for 6 h at 37°C in the presence
of cross-linked costimulatory anti-CD28 and anti-CD49d and brefeldin A
(Sigma, 10 pg/ml), which was added to the culture for the last 4.5 h of stimula-
tion. Stimulated cells were surface stained with PerCP-conjugated anti-CD4
antibody and subsequently fixed and permeabilized using FACS lysing solution
(BD Biosciences) and FACS permeabilizing solution (BD Biosciences). Perme-
abilized cells were incubated with PE-conjugated anti-CD69 and an anti-tumor
necrosis factor alpha (anti-TNF-a) antibody conjugated to allophycocyanin.
Samples were analyzed on a FACSCalibur (BD Biosciences), lymphocytes were
gated on forward and side scatter, and the proportions of CD3* CD4" and
CD3" CD4~ T lymphocytes coexpressing CD69 and TNF-a were determined
using FloJo (Tree Star, Ashland, OR). All values are reported with the frequency
of TNF* CD69" events in unstimulated cells (which was <0.05%) subtracted.

Analysis of SIV-specific antibody responses. Binding of antibodies to SIV
proteins was analyzed by Western blot analysis. Commercially available SIV
Western blot strips (ZeptoMetrix, Buffalo, NY) were probed with plasma sam-
ples at a dilution of 1:100 and developed according to the manufacturer’s in-
structions. Titers of neutralizing antibodies to SIV239, to the laboratory-adapted
strain SIV251, and to SIV239AV1-V2 were determined by the ability to block
infection of CEMx174SIV-SEAP cells harboring a Tat-inducible SEAP reporter
construct as described previously (45). Serial twofold dilutions of plasma were
incubated with virus at 100 pl per well in 96-well plates for 1 h before the
addition of 4 X 10* CEMx174SIVSEAP cells (100 pl) for a final volume of 200
wl. After 48 to 72 h for SIV239 and laboratory-adapted strain SIV251 and longer
periods for STV239AV1-V2, 18 ul of supernatant was removed and SEAP activity
was determined using a Phospha-Light SEAP detection kit (Applied Biosystems,
Foster City, CA) and a LumaPlate reader. Control wells for mock-infected cells
and virus treated with pooled SIV-negative plasma were used to determine
background and maximal SEAP production, respectively. The percent neutral-
ization was calculated from the mean SEAP counts at each plasma dilution
divided by the maximal SEAP counts after subtracting background activity. Fifty
percent neutralization titers were calculated as the reciprocal of the plasma
dilution at which infectivity was reduced by 50%.

Viral loads and CD4* T-cell counts. Viral loads in plasma were determined
using a quantitative real-time reverse transcriptase PCR assay (41). CD4" T-
lymphocyte counts were calculated from the total lymphocyte population as
determined by complete blood count analysis and the percentage of CD4 T cells
as determined by flow cytometry (68).

Viral localization. To examine distribution during acute viremia, immunohis-
tochemistry and in situ hybridization for STVmac were performed on formalin-
fixed paraffin-embedded tissues as previously described (43). Immunofluores-
cence and confocal microscopy were performed using a previously described
protocol (25). Macrophages were labeled using the anti-CD68 monoclonal an-
tibody (KP1, 5 wg/ml; DAKO, Carpenteria, CA) followed by a fluorochrome-
conjugated donkey anti-mouse immunoglobulin G secondary antibody (donkey
anti-mouse 488; Molecular Probes, Eugene, OR). Sections were then stained for
SIV by using an anti-SIVnef monoclonal antibody (KK75, 5 pg/ml; kindly pro-
vided by K. Kent and C. Arnold through the NIBSC Centre for AIDS Reagents)
followed by a fluorochrome-conjugated donkey anti-goat immunoglobulin G
secondary antibody (donkey anti-goat 568; Molecular Probes, Eugene, OR).
Confocal microscopy was performed using a Leica TCS SP laser scanning mi-
croscope (Leica Microsystems, Exton, PA) fitted with a Leica objective (1.4
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FIG. 1. Viral RNA loads in plasma during the vaccine phase. A stock of SIV239AV1-V2Anef produced in CEMX174 cells was used for
inoculation of all six monkeys on day (d) 0, and a stock of SIV239AV1-V2 produced in the rhesus monkey 221 cell line was used for inoculation
of all six animals again on week 72 (w72). Virus containing 50 ng p27 was used for the inoculation of each animal on day 0, and virus containing
52 ng p27 was used for the inoculation of each animal at week 72. Plasma samples were obtained at the indicated times and used for quantitation
of levels of viral RNA as described in Materials and Methods. The dashed line indicates the copy limit of detection for these analyses.

numerical aperture; PL APO) and using Leica image software. Colocalization for
SIV and dendritic cell markers was examined by first performing in situ hybrid-
ization for SIV nucleic acid, using a 5-bromo,4-chloro,3-indolylphosphate
(BCIP)-nitroblue tetrazolium chromogen, followed by immunohistochemistry
for DC-SIGN (clone 120612; R & D Systems), using a gold label technique.

RESULTS

Vaccine phase. A derivative of SIV239 lacking 100 amino
acids that encompass all of the V1-V2 region of gp120 Env is
still replication competent but requires point mutations in Env,
particularly in gp41, for optimal replication (32). We prepared
a stock of SIV239AV1-V2Anef by transfection of cloned DNA
into CEMX174 cells and harvest of the supernatant 28 days
following transfection. The deletion in nef has also been pre-
viously described (20, 36). This stock virus contained 72 ng/ml
p27 as determined by antigen capture measurements. Each of
six rhesus monkeys was inoculated intravenously with this
SIV239AV1-V2Anef stock, containing 50 ng p27. On the basis
of viral loads in plasma, SIV recovery, and anti-SIV antibody
responses as determined by an enzyme-linked immunosorbent
assay, only one of the six inoculated monkeys showed clear
evidence of a take of the infection (Fig. 1 and Table 1). This
infected monkey, 117-93, exhibited peak viral loads and a
strength of anti-SIV antibody response that were similar to the
loads and responses in an initial two monkeys that were in-
fected with SIV239AV1-V2 described previously (33).

Because of the apparent lack of take in five of the six inoculated
rhesus monkeys, we prepared a new stock by different means for
reinoculation of these same monkeys. A stock of SIV239AV1-V2
with an intact nef gene was produced by transfection of cloned
DNA into the rhesus monkey 221 T-cell line and harvest of the
supernatant 27 days after transfection. This SIV239AV1-V2 stock
contained 52 ng/ml p27. Each of the six rhesus monkeys was
inoculated with this STV239AV1-V2 stock, containing 52 ng p27,

72 weeks after the initial inoculation. On the basis of viral loads in
plasma, SIV recovery, and anti-SIV antibody responses, four of
the five monkeys that were refractory to the initial inoculation
became infected following the second inoculation at week 72 (Fig.
1 and Table 1). One of the six monkeys, 139-99, showed no clear
evidence of a take of infection from either of the two inoculations
(Fig. 1 and Table 1). Monkey 117-93, which was clearly infected
from the first inoculation, was apparently “protected” against the
SIV239AV1-V2 challenge at week 72 in that viral RNA loads
were not detected in the plasma of this animal after the second
inoculation.

Challenge phase. All six of these rhesus monkeys and three
unvaccinated controls were challenged intravenously with 20
intravenous infectious doses of SIV239 110 weeks after the
initial inoculation of SIV239AV1-V2Anef, 38 weeks after the
inoculation of SIV239AV1-V2. Blood samples were taken at
regular intervals following the wild-type (WT) SIV239 chal-
lenge to monitor a number of parameters, including viral RNA
loads in plasma. The three control monkeys showed a typical
spike in viral RNA loads in plasma 14 to 20 days following the

TABLE 1. Summary of “takes” of SIV239AV1-V2 inoculations

Animal Virus loads Antibodies Virus loads Antibodies

after first after first after second after second

no. inoculation” inoculation inoculation” inoculation

117-93 Yes Yes (persisting) No Persisting
379-89 No No Yes Yes
535-99 No No Yes Yes
536-99 No No Yes Yes
526-99 No No Yes Yes
139-99 No No No No

“ SIV239AV1-V2Anef (>400 viral RNA copy equivalents per ml of plasma).
? SIV239AV1-V2 (>200 viral RNA copy equivalents per ml of plasma).
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FIG. 2. Viral RNA loads in plasma during the challenge phase. A stock of SIV239 was used for challenge of all six vaccinated monkeys and
three naive controls on day 0 of the challenge phase, 110 weeks after the initial inoculation of SIV239AV1-V2nef. Monkeys were challenged
intravenously with 20 intravenous infectious doses of SIV239 (0.0031 ng p27). This titers of this stock were previously determined by the
intravenous route in rhesus monkeys (39), and this stock was successfully used by our laboratories and the laboratories of others on numerous
occasions (2, 22, 27, 63). Plasma samples were obtained at the indicated times relative to SIV239 challenge and used for quantitation of levels of
viral RNA as described in Materials and Methods. Open symbols illustrate the data of the three naive controls. The copy limit of detection for
most of these assays was 30 or lower. Samples with RNA levels below the limit of reliable detection were assigned a value of 10 for the purpose

of graphing.

SIV239 inoculation (Fig. 2). The average value of 5 X 107
RNA copies per ml of plasma in these three control monkeys
compares favorably with results for historical controls that
have received this same challenge stock (3 X 10" RNA copies
per ml) (33). One of three control monkeys (39-01) developed
soaring viral loads, and this monkey was a rapid progressor in
that it had to be sacrificed because of ill health 14 weeks after
the WT SIV239 challenge. One of the other control monkeys
(322-92) was unusual in that its viral loads were progressively
brought under control, to fewer than 10,000 RNA copies per
ml by 3 months after infection and fewer than 1,000 RNA
copies per ml by 6 months after infection. Monkey 322-92 was
Mamu-A*04 positive (Mamu-A*04") but negative for the

B*08 and B*17 alleles which have been associated with im-
proved control of SIV replication (42, 69) (Table 2). The other
control animal was more typical of Indian origin rhesus mon-
keys infected with SIV239 that are not rapid progressors (33)
in that its viral loads 8 to 30 weeks after infection were in the
1 X 10° to 3 X 10° range (Fig. 2).

Three of the five rhesus monkeys that had a “take” of V1-
V2-deleted vaccine were strongly protected against the WT
challenge. Monkeys 117-93, 379-89, and 535-99 had viral loads
of fewer than 100 RNA copy equivalents per ml of plasma at all
11 samplings over an 8-month period, including weeks 1, 2, 3,
and 4 postchallenge (Fig. 2). Vaccinated monkeys 536-99 and
526-99 showed partial and no protection, respectively. The

TABLE 2. MHC typing*

Result for indicated allele

Monkey no. Vaccine
A*01 A*02 A*03 A*04 A*08 A*11 B*01 B*03 B*04 B*08 B*17
117-93 AV1AV2 + - - — + - + — — — _
379-89 AV1AV2 - + — + - - — — — — —
526-99 AV1AV2 + - - — + - — — — — _
535-99 AV1AV2 - - - + - - + — — + —
536-99 AV1AV2 - - - — + - — — — — _
139-99 AV1-V2 = - — + - — — — — — _
322-92 None - - — + — — _ _ _ _ _
333-95 None + — - - - + — — — _ _

“ND, not done.
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FIG. 3. Western blot reactivity of plasma. Plasma samples taken on
the day of challenge with WT SIV239 and 12 weeks postchallenge (w12pc)
were reacted with SIV proteins on commercial Western blot strips.

postchallenge viral loads at peak height in 536-99 were 3 logs
lower than those seen in unvaccinated control monkeys (Fig.
2). Vaccinated monkey 526-99 exhibited no discernible protec-
tive effects against subsequent challenge. Monkey 139-99,
which exhibited no “take” of either of the vaccine strain inoc-
ulations, also exhibited postchallenge viral loads that were
indistinguishable from those in unvaccinated control monkeys
(Fig. 2).

Immune response measurements. Plasma samples taken on
the day of challenge with WT SIV239 were reacted with SIV
proteins on commercial Western blot strips (Fig. 3). Only
plasma samples from 117-93 and 379-99 scored positive for the
presence of anti-SIV antibodies as determined by Western blot
analysis at this time point. 117-93 showed the strongest reac-
tivity. Monkeys that were not strongly protected against chal-
lenge (monkeys 536-99, 526-99, and 139-99) exhibited strong
inductions of anti-SIV antibodies as determined by Western
blot analysis by 12 weeks postchallenge (Fig. 3). Naive control
monkeys that were not rapid progressors (322-92 and 333-95)
also showed strong inductions of anti-SIV antibodies as deter-
mined by Western blot analysis. Strongly protected monkeys
535-99 and 117-93 showed increases in anti-SIV antibodies as
determined by Western blot analysis from the day of challenge
to 12 weeks postchallenge (Fig. 3). Strongly protected monkey
379-99 showed little or no increase in anti-SIV antibodies as
determined by Western blot analysis.

Plasma samples taken at various times during vaccine and
challenge phases were used to assess the ability to neutralize
the infectivity of SIV239, laboratory-adapted strain SIV251,
and SIV239AV1-V2. None of the plasma samples tested had
measurable neutralizing activity against the difficult-to-neu-
tralize strain SIV239. The easier-to-neutralize, laboratory-
adapted strain SIV251 was neutralized by many of the plasma

VACCINE PROTECTION BY LIVE, ATTENUATED SIV 4139

samples (Fig. 4 and Table 3). Plasma from 117-93, but not that
from the other monkeys, showed neutralizing activity against
laboratory-adapted strain SIV251 after the SIV239AVI1-
V2Anef inoculation, prior to the SIV239AV1-V2 inoculation.
Low but consistent neutralizing activity was detected beginning
8 weeks after SIV239AV1-V2 inoculation of 379-89, and this
activity persisted through the challenge phase at similar levels.
Strongly increased levels of neutralizing activity were observed
after WT SIV239 challenge in the vaccinated monkeys that
were not strongly protected (536-99, 526-99, and the “no-vac-
cine-take” monkey 139-99) (Table 3). Protected monkey
535-99 exhibited a low titer of 1:25 at 8 weeks after
SIV239AV1-V2 inoculation, but neutralizing activity greater
than 50% at a 1:20 dilution was not observed again, even after
WT SIV239 challenge. It should be noted that, except for
117-93, the vaccine phase neutralizing titers in the vaccinated
monkeys were extremely low. Pools of SIV-positive (SIV™)
plasma from infected monkeys yielded titers of 1:1,920 to
1:5,260 against laboratory-adapted strain SIV251 in the same
assays run in parallel.

Day-of-challenge plasma samples from all monkeys were
also analyzed for neutralizing activity against the extremely
sensitive strain SIV239AV1-V2. In this case, neutralizing ac-
tivity was detected in all five vaccinated monkeys with a vaccine
“take” (Table 4). The rank order of titers was the same as that
observed with laboratory-adapted strain SIV251 (Tables 3 and
4). Again, except for 117-93, the titers were in general ex-
tremely low compared to the titers of 1:20,480 and 1:17,920 in
two different pools of SIV™" rhesus monkey plasma in the same
assay run in parallel. Monkey 536-99 had the second highest
titer of neutralizing antibodies after 117-93 (Table 3 and 4),
and 536-99 was not one of the three strongly protected mon-
keys.

Anti-SIV IFN-y ELISPOT responses were measured at 10
different time points, including time points prior to and after
challenge (weeks —5 to +12 relative to the day of challenge),
by using fresh PBMC samples. Separate assays were run with
Gag peptide pools and with Env peptide pools. Strongly pro-
tected monkey 117-93 showed 1,100 to 1,500 SFC per million
responsive to Gag prior to challenge and 1,200 to 1,700 SFC
per million responsive to Gag after challenge (Fig. 5A).
Strongly protected monkey 379-89 showed fewer than 50 to
200 SFC per million responsive to Gag prior to challenge and
very similar levels after challenge (Fig. SA). Strongly protected
monkey 535-99 showed fewer than 50 SFC per million respon-
sive to Gag both prior to and after challenge (Fig. 5A). Mon-
key 536-99, which exhibited little or no protection, showed 100
SFC per million responsive to Gag at only one of three time
points prior to challenge but consistently exhibited 300 to 520
SFC per million responsive to Gag after challenge. Neither
526-99 nor 139-99 (the unprotected monkeys) had detectable
ELISPOT reactivity prior to challenge, but both had relatively
strong responses to Gag (1,000 to 1,800 SFC/10° PBMC) de-
tectable 2 weeks after infection. The unvaccinated control
monkeys 322-92, 333-95, and 39-01 developed lower levels of
anti-IFN-y ELISPOT responses (300 to 800 SFC/10° cells) in
the weeks following challenge (Fig. 5A).

Vaccinated monkeys 117-93 and 526-99 and control monkey
333-95 were Mamu-A*017", which allowed analysis of CD8
responses by staining with MHC class I tetramers. Monkey
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FIG. 4. Neutralizing activity in plasma. Serial dilutions of plasma were used to measure the ability to neutralize laboratory-adapted strain
SIV251 in the CEMX174 SIV-LTR-SEAP reporter cell line (45). Data from only selected time points are shown. Top, day of initial inoculation
with SIV239AV1-V2Anef; bottom, day of WT SIV239 challenge. Fifty percent neutralization titers are presented in Table 3.

117-93 showed consistent, persisting levels of Mamu-A*01
Gag-CM9 tetramer staining in the range of 0.15 to 0.3% of
CD8™ peripheral blood T lymphocytes prior to and after chal-
lenge (Fig. 6). Monkey 117-93 showed a spike in Tat tetramer
staining 21 days after the SIV239AV1-V2 inoculation (Fig. 6),

suggesting that, despite the absence of measurable viral loads
following this inoculation of this monkey, there was sufficient
viral replication to stimulate a recall response to this epitope.
Monkey 526-99 showed clear Gag-CM9 and Tat-SL8 re-
sponses, as measured by tetramer staining at multiple time
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TABLE 3. Neutralization of laboratory-adapted strain SIV251¢

Titer at indicated time point”

Monkey no.

Day of V1EV2 WK 8 p.i. Wk 28 p.i. Da&gﬁg{;’fg Wk 2 pe. Wk 12 pec. WK 26 p.c.
Mm 379-89 Negative 1:160 1:80 1:80 1:120 1:60 1:80
Mm 535-99 Negative 1:25 Negative Negative Negative Negative Negative
Mm 536-99 Negative 1:640 1:140 1:240 1:240 1:2,240 1:4,480
Mm 117-93 1:320 1:560 1:480 1:1,120 1:1,120 1:640 1:1,920
Mm 526-99 Negative 1:25 Negative Negative Negative 1:800 1:2,560
Mm 139-99 Negative Negative Negative Negative Negative 1:2,560 >1:5,120
Mm 322-92 ND ND ND Negative Negative 1:1,280 1:2,560
Mm 333-95 ND ND ND Negative Negative 1:1,280 1:4,480
Mm 39-01 ND ND ND Negative Negative Negative ND

“ Dilutions that yielded 50% neutralization are shown. Different pools of SIV" rhesus monkey plasma gave titers of 1:1,920 to 1:5,120 when tested in parallel with

these assays. p.i., postinoculation; p.c., after WT SIV239 challenge; ND, not done.

16 July 2002.
€9 April 2003.

points following the SIV239AV1-V2 inoculation, which subse-
quently waned to background levels. The persistence of the
Gag tetramer response in 117-93 contrasts with its lack of
persistence in 526-99. Both Gag and Tat tetramer responses
increased in the unprotected monkey 526-99 by 2 weeks after
the WT SIV239 challenge (Fig. 6).

Lower numbers of Env-specific cells were observed with
ELISPOT, but the results closely parallel those obtained with
the Gag ELISPOT assays. Monkey 117-93 consistently had
persistent anti-Env IFN-y ELISPOT responses of 200 to 600
SFC/10° both before and after challenge (Fig. 5B). Before
challenge, IFN-vy anti-Env ELISPOT responses in the other
eight animals were around or below the limit of detection (Fig.
5B). Seven of the nine monkeys had readily detectable IFN-y
anti-Env ELISPOT responses by 3 weeks after challenge (Fig.
5B). However, strongly protected monkeys 379-89 and 535-99
did not have detectable anti-Env IFN-y ELISPOT activity
around the time of challenge (week —2) or at any time point
immediately after challenge (Fig. 5B).

ELISPOT responses were also performed using CD8" lym-
phocytes purified from PBMC that were cryopreserved on the
day of challenge. Cells were stimulated with overlapping pep-
tide pools corresponding to all SIV proteins. Significant re-
sponses from 117-93 were observed only for Gag and Env, and
these responses were consistent with those obtained using
fresh PBMC (Table 5). Macaque 379-89 had measurable re-

TABLE 4. Neutralization of SIV239AV1-V2*
Titer on day of

Monkey no. SIV239 challenge
Mm 379-89 1:1,280
Mm 535-99 1:160

Mm 536-99 1:4,480
Mm 117-93 1:17,920
Mm 526-99 1:40

Mm 139-99 Negative
Mm 322-92 Negative
Mm 33395 Negative
Mm 39-01 Negative

“ Dilutions that yielded 50% neutralization with plasma taken on the day of
WT SIV239 challenge are shown. Different pools of SIV* rhesus monkey plasma
gave titers of 1:17,920 and 1:20,480 when tested in parallel with these assays.

sponses to Gag and the Vif/Vpr/Vpx pool that were just above
the limit of detection and a significant response to Nef. No
significant responses to any protein were observed in 526-99,
535-99, or 536-99 (Table 5).

We also carried out ICS on cryopreserved samples of PBMC
from selected vaccinated animals prior to challenge. As pre-
dicted from ELISPOT and tetramer assays, the strongly pro-
tected animal 117-93 had relatively strong CD4 (0.75%) and
CD8 (1.7%) responses to Gag (Fig. 7). Significant CD8" but
not CD4" T-cell responses were observed in the poorly pro-
tected macaque 536-99 (Fig. 7). No significant responses were
observed prior to challenge in the unvaccinated animal 333-95.
Lack of sufficient cryopreserved PBMC precluded analysis of
prechallenge samples in the remaining animals.

SIV239AV1-V2 tissue and cell distribution. Distribution of
SIV239AV1-V2 was independently investigated with a separate
group of immunologically normal adult rhesus macaques follow-
ing intravenous inoculation of SIV239AV1-V2 containing 100 ng
of p27. At 2 weeks postinoculation, viral antigen was localized by
immunohistochemistry and the presence of viral RNA was visu-
alized by in situ hybridization using multiple organs, including
thymus, peripheral and mesenteric lymph nodes, spleen, and co-
lon. The greatest viral burden was found principally within the
organized lymphoid follicles of colonic gut-associated lymphoid
tissue (Fig. 8A and B). Virally infected cells were absent from the
lamina propria of the small and large intestines. Within these
organized lymphoid follicles, there were on average 4.5 viral pos-
itive cells per 40X field, compared to <0.1 positive cells for spleen
or peripheral lymph node. With the SIVmac239 parental strain,
large numbers of SIV-infected cells are typically found in the
lamina propria of the large and small intestines by 14 days fol-
lowing inoculation (60, 62).

The lamina propria contains predominantly activated and
terminally differentiated lymphocytes and is considered an ef-
fector lymphoid tissue. Lymphocytes within the organized lym-
phoid follicles are mostly naive and are considered to be within
the inductive compartment of the lymphoid tissue. The initial
targets of WT SIVmac239 infection in the gastrointestinal tract
are believed to be terminally differentiated lymphocytes within
the effector lymphoid compartment, the lamina propria (60,
62). In contrast, SIV239AV1-V2 was localized principally to
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FIG. 5. Cellular responses measured by IFN-y ELISPOT. The abilities of SIV peptide pools to elicit IFN-y secretion in cultured PBMC by
ELISPOT assay were quantitated as described in Materials and Methods. The indicated weeks are relative to SIV239 challenge. (A) Gag peptide

pool. (B) Env peptide pool.

the organized lymphoid follicles of gut-associated lymphoid
tissue at 14 days in our current study. At this acute time point,
virus could not be detected in brain, lung, liver, bone marrow,
kidney, or male or female reproductive tract, suggesting that
viral tropism had not been expanded by deletion of the V1-V2

loops. By 28 days following inoculation, SIV could not be
localized by these means in any tissue of two additional animals
examined; however, moderate-to-marked follicular hyperpla-
sia was present in peripheral and mesenteric lymph nodes.
To further define infected cell types, confocal microscopy was
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FIG. 6. MHC class I tetramer staining of SIV-specific CD8" cells. MCH class I tetramers for the Mamu A*01 gag CM9 epitope and the Mamu
A*01 tat SL8 epitope were used to stain CD8" cells from the Mamu-A*01" monkeys in the study. Mm 333-95 is the naive, unvaccinated control

monkey that was Mamu-A*01". d, day; w, week.

performed to identify early targets of SIV239AV1-V2 infection.
Double-label experiments for SIV and CD3 or CD68 were con-
ducted on gastrointestinal and lymphoid tissues. These analyses
revealed tissue macrophages to be the predominant cell type
infected (Fig. 8C). A total of 93.5% of SIV-infected cells in gas-
trointestinal lymphoid tissue were also positive for the macro-
phage marker KP1. CD3" T lymphocytes appeared to constitute
the remainder of the SIV™ cells. This contrasts with the results for
strains SIV239, STVmac251, and SIVmac316, for which lympho-
cytes remain the principal target cell at early time points (8).
Studies done to assess colocalization for a dendritic cell marker by
immunohistochemistry and that for SIV nucleic acid by in situ
hybridization failed to demonstrate productive infection of DC-
SIGN-positive cells (Fig. 8D).

DISCUSSION

Immunization with live, attenuated strains of SIV has pro-
vided the most robust protection from challenge with patho-

TABLE 5. ELISPOT responses to SIV peptide pools by CD8*
T cells from vaccinated animals®

No. of SPC for indicated peptide

Monkey no.
Gag Env Nef Tat Rev V3P Pol
535-99 0 0 0 0 0 0 0
117-93 264 53 0 0 0 0 0
379-89 0 0 172 0 0 40 0
526-99 0 0 0 0 0 0 0
536-99 0 0 0 0 0 0 0

¢ ELISPOT assays were performed using thawed, cryopreserved PBMC from
the day of challenge that were depleted of CD4" T cells, resulting in >90%
CD8™ T cells. Results are reported as numbers of SPC per 10° CD8" T cells.
® Pool of Vpr, Vpx, and Vif peptides.

genic SIV demonstrated to date, but the basis of this protec-
tion and the immune correlates associated with it have
remained obscure. In the current studies, we vaccinated ani-
mals with attenuated SIV strains in which 100 amino acids had
been deleted from the V1-V2 loop coding sequences, with or
without an intact nef coding sequence. Animals were initially
inoculated with the AV1-V2Anef construct but were subse-
quently immunized using a AV1-V2 stock after a failure to
demonstrate a take of the AV1-V2Anef virus in most of the
animals. The basis for the variability of the take, particularly in
the first set of SIV239AV1-V2Anef inoculations, is not entirely
clear at this time. There are several possible explanations or
contributing factors. The absence of nef may have sufficiently
debilitated this already attenuated strain such that its infectiv-
ity for rhesus monkeys is limited (59). Also, this stock was
produced in the human TxB hybrid cell line CEMx174; it is
possible that compensatory changes that adapted its replica-
tion to CEMx174 cells may not have served the virus well for
replication in rhesus monkeys. However, the take of
SIV239AV1-V2Anef was exceptionally strong and durable in
monkey 117-93. It is possible that a minor variant was respon-
sible for the exceptionally good outgrowth in monkey 117-93.
Further work will be needed to define the sequence changes
that adapt V1-V2-deleted SIV to optimal replication in rhesus
monkeys and the nature of the cells that support replication in
vivo.

The vaccine protections in monkeys 379-89 and 535-99 are
particularly remarkable considering how unimpressive the
anti-SIV immune responses were in these two animals. The
protection in these two cases cannot be explained by the lack of
infectious WT SIV239 in the challenge inoculum. Over the
several years previous to this challenge, we had inoculated nine
naive control rhesus monkeys with the same dose of the same
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FIG. 7. ICS analysis of SIV Gag-specific responses in vaccinated and unvaccinated animals. Cryopreserved PBMC obtained 5 weeks before
challenge were stimulated with an SIV Gag peptide pool and responding cells identified based on upregulation of CD69 and TNF-«. Background
levels of CD69" TNF-a* cells in unstimulated samples ranged from 0.0% to 0.05% and were subtracted from the reported values of responding

cells.

stock by the same route as part of four separate studies and all
became infected. The three naive control monkeys challenged
in parallel in the current experiments also became infected.
Control monkeys receiving the same dose of the same chal-
lenge virus subsequent to these studies have also all become
infected. In addition, monkey 535-99, together with 117-93,
appeared to have increased levels of anti-SIV antibodies mea-
surable by Western blot analysis following the challenge.
Monkey 535-99 had no detectable anti-SIV neutralizing ac-
tivity even to the laboratory-adapted, neutralization-sensitive
strain SIV251 on the day of challenge and a weak titer of 1:160
against the very neutralization-sensitive strain SIV239AV1-V2.
This monkey also did not have anti-SIV antibodies detectable
by Western blot analysis on the day of challenge. Monkey
379-89 had a paltry 50% neutralization titer of 1:80 for labo-
ratory-adapted strain SIV251 on the day of challenge. This
contrasts with the results for monkeys infected with WT
SIV239 or nef-deleted SIV239, which typically exhibit titers of
1:3,000 to 1:6,000 against laboratory-adapted strain SIV251 in
this same assay. Neither of these monkeys raised detectable
neutralizing activity against SIV239. Monkeys 535-99 and
379-89 also had undetectable or low anti-SIV Gag and Env
IFN-y ELISPOT activity around the time of challenge and
after challenge. This remarkable control in the absence of
potent anti-SIV immune responses measurable by standard
assays from the peripheral blood (Table 6) is reminiscent of
the control exhibited in monkeys treated with the reverse
transcriptase inhibitor tenofovir for 28 days starting 24 h after

intravenous SIV inoculation (40, 41). However, this contrasts
markedly with results from Horton et al. (27), Vogel et al. (63),
and Casimiro et al. (11) in which anti-SIV immune responses
of high magnitude were achieved by DNA prime and recom-
binant poxvirus or recombinant adenovirus boosting; these im-
pressive anti-SIV immune responses measured with compara-
ble assays provided little or no protection against the same
challenge stock of homologous SIV2309.

What could be responsible for the remarkable protections
reported here and in the experiments of Lifson et al. (40, 41)?
Quite clearly, there must be something special about the na-
ture of the immune response in monkeys 535-99 and 379-89.
Perhaps a relatively small number of viral-specific, reactive
cells in the periphery have particularly good effector function,
or perhaps the presence of appropriate viral-specific helper
cell activity may be critical for containment of the challenge
virus. Although we detected significant SIV-specific CD4" T-
cell responses to Gag in strongly protected monkey 117-93,
these studies could not be performed with 535-99 and 379-89.
The expression of all viral gene products by the vaccine could
also be a critical factor; however, whole-proteome ELISPOT
analysis with a subset of vaccinated animals revealed only lim-
ited responses to proteins other than Gag and Env. It is also
possible that a localized immune response in gut-associated
lymphoid tissue, not necessarily evident in the periphery, is
critical for the protection. It is now generally believed that
CCRS-using SIVs and HIVs replicate principally in the gut-
associated lymphoid tissue in the early days and weeks follow-
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FIG. 8. Tissue distribution of SIVmac239AV1V2 during acute viremia. (A and B) Localization by immunohistochemistry of SIVmac239AV1V2
in gut-associated lymphoid tissue revealed viral infection primarily of organized lymphoid nodules and absence from the lamina propria.
(C) Colocalization of SIV and CD68 in the mesenteric lymph node of SIVmac239AV1V2 inoculated rhesus macaque revealed that 93.5% of
SIV-infected cells are also CD68 positive. Images for individual panels (red, CD68 [KP-1]; green, SIV nef; and blue, ToPro-3 nuclear marker) are
shown on the right and merged to form a composite image on the left. Yellow-to-orange areas indicate colocalization of SIV and CD68.
(D) Colocalization failed to demonstrate that DC-SIGN-expressing dendritic cells were targeted. SIV-infected cells demonstrated by in situ
hybridization are in blue (arrows); DC-SIGN-positive dendritic cells demonstrated by immunohistochemistry are in black.

ing primary infection (9, 46, 60). This location is where acti-
vated, CCR5-positive memory cells that are the ideal targets
for viral replication predominate. It is conceivable that early,
effective containment at that site during the vaccine phase
could provide effective immunity against a CCR5-using virus
challenge even when the challenge virus is administered intra-
venously.

By 14 days after infection with SIV239AV1-V2, viral repli-
cation vastly predominated in the gut-associated lymphoid
compartment on the basis of in situ hybridization and immu-
nohistochemical staining. This is similar to what has been ob-
served previously for CCR5-using SIV239 (60, 62) and more
recently for early infection of humans with HIV-1 (9, 46).
Although it was not specifically measured in this study, it is rea-
sonable to think that significant immune responses were present
in the gut where SIV239AV1-V2 was predominantly replicating in
our studies described here. Recent analysis of a larger cohort of
macaques infected with SIV239AV1-V2 has revealed detection of
SIV-specific CD8" T cells in rectal biopsies, in some cases at
increased frequencies compared with those observed in periph-
eral blood (R. P. Johnson and R. C. Desrosiers, unpublished

data). In any event, future comprehensive studies will be neces-
sary in order to better define the range of adaptive immune
responses induced by SIV239AV1-V2.

Lymphocytes within organized lymphoid follicles are mostly
naive and are considered to be within the inductive compart-
ment of the gut lymphoid tissue. Our in situ measurements
demonstrate a distribution of SIV239AV1-V2 principally
within the inductive compartment of the gastrointestinal tract
at 14 days. The lamina propria contains predominately acti-
vated and terminally differentiated lymphocytes and is consid-
ered effector lymphoid tissue. At 14 days of infection with WT
SIV239, virus-positive cells have been found mostly in the
lamina propria (60, 61). Only later do WT virus-positive cells
predominate in the inductive sites. It thus appears that either
SIV239AV1-V2 has an altered tropism for the preferential site
of replication in the gut or this highly attenuated derivative is
already largely cleared from the lamina propria by 14 days
after infection.

The cell specificity of SIV239AV1-V2 in vivo also appeared
to be highly unusual in that the vast majority of infected cells
were macrophages at 14 days. Since SIV239AV1-V2 is able to
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infect cells to some extent in vitro in the absence of CD4 (32),
the unusual cell specificity could reflect an altered cell tropism
for SIV239AV1-V2. However, it is also possible that macro-
phages could represent long-lived reservoirs of SIV production
in the face of effective immune responses to this highly atten-
uated derivative (28, 49).

Better understanding of the key factors responsible for the
protection in our studies and those of Lifson et al. (40, 41)
could potentially yield valuable insights for the design of suc-
cessful vaccine approaches against HIV/AIDS. This is espe-
cially true in light of the recent failure of the Merck recombi-
nant adenovirus product to demonstrate efficacy in field trials
(14). Many of the vaccine design efforts to date have focused
on increasing the magnitude of immune responses measured in
the periphery by standard assays. Our results and those of
Lifson et al. (40, 41) suggest that this may not be the appro-
priate tack. Perhaps all we need is to reproduce the nature of
the immune responses, however low in magnitude, present in
monkeys 379-89 and 535-99. Of course, even if we can figure
out what those are and how best to induce them, we will still
need to overcome the enormous problem of field strain diver-

sity.
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