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ARTICLE INFO ABSTRACT

Article history: We previously reported that biodegradable amphiphilic poly('y-glutamic acid) nanoparticles (NPs) car-
Received 26 January 2010 rying the recombinant gp120 env protein of the human immunodeficiency virus type 1 (HIV-1) were
Received in revised form 6 April 2010 efficiently taken up by dendritic cells, and induced strong CD8* T cell responses against the gp120 in
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mice. To evaluate gp120-carrying NPs (gp120-NPs) as a vaccine candidate for HIV-1 infection, we vacci-
nated rhesus macaques with these gp120-NPs and examined the immune response and protective efficacy
against a challenge inoculation of simian and human immunodeficiency chimeric virus (SHIV), We found
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gmg;‘gne that gp120-NP vaccination induced stronger responses for both gp120-specific cellular and humoral
Biodegradable nanoparticles immunity than gp120-alone vaccination. After the challenge inoculation with SHIV, however, the peak
Adjuvant value of viral RNA in the peripheral blood was higher in the vaccinated groups, especially the gp120-NP

vaccinated group, than naive control group. Higher value of viral load was also maintained in gp120-NP
vaccinated group. Furthermore, CD4* T cells from the peripheral blood decreased more in the vaccinated
groups than the control group. Thus, induced immune responses against gp120 enclosed in NPs were
not effective for protection but, conversely enhanced the infection, although the gp120-NPs showed
a stronger induction of immune responses against the vaccinated antigen in rhesus macaques. These
results support the importance of determining immune correlate of protective immunity for vaccine
development against HIV-1 infection. .
© 2010 Elsevier Ltd. All rights reserved.

efficiently suppress virus replication in HIV-1-infected individuals

1. Introduction

The development of a human immunodeficiency virus type 1
(HIV-1) vaccine is much needed to prevent the continuing spread
of the acquired immunodeficiency syndrome (AIDS) pandemic
across the world [1]. The use of highly active antiretroviral therapy
(HAART) has achieved a reduced death rate due to AIDS. HAART can
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[2]. However, HAART is expensive, and the complete eradication
of the virus from infected patients by HAART does not seem pos-
sible, suggesting the necessity for long-term treatment. Moreover,
the side effects and emergence of drug resistant viruses limit the
long-term application of HAART [3]. Thus, an effective, safe and
affordable HIV-1 vaccine with prophylactic/therapeutic effects is
the most desirable for the eradication of HIV-1 infection,
Vaccination to induce an adaptive immune response is expected
for a broad range of infectious diseases. Traditional vaccines are
mainly composed of live attenuated viruses or whole inactivated
pathogens, and these vaccines often cause many unwanted side
effects [4]. With recent advances in biotechnology, new vaccine
strategies have been developed using part of the pathogen, such
as recombinant/synthetic proteins or peptides, or DNA encod-
ing for these proteins. Subunit vaccines are generally very safe,
with well-defined components. However, these antigens are often
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poorly immunogenic, and thus require the use of adjuvants or
vaccine delivery systems to induce adequate immunity [5-7]. Par-
ticulate adjuvants (e.g. micro/nanoparticles, emulsions, ISCOMS,
liposomes, virosomes and virus-like particles) have been widely
investigated in HIV vaccine delivery systems [8], Antigen uptake
by antigen presenting cells (APCs) is enhanced by the association
of these antigens with nano-sized particles, The adjuvant effect
of the nanoparticles appears to be largely a consequence of their
uptake into the APCs. Dendritic cells (DCs) are highly specialized
APCs that can activate naive T cells, and hence initiate primary
immune responses. Therefore, the active delivery of antigens to

 DCsis an important factor for the development of effective vaccines
[9,10].

Vaccines to prevent HIV infection have focused on the induction
of virus-specific neutralizing antibodies and cytotoxic T lympho-
cyte (CTL) responses. An important role of rieutralizing antibodies
for HIV-1 env has been demonstrated by the passive transfer of
these neutralizing antibodies in animal models. The passive trans-
fer of various human monoclonal antibodies can protect against
viral challenge [11-13]. However, it should be noted that for the
protection of viral transmission, a high-titer and an enormous
quantity of antibodies are needed. Similarly, HIV-1-specific CTL
responses have also been associated with the control of HIV-1 infec-
tion, The importance of CTL for HIV-1 infection is suggested by
the inverse correlation between anti-HIV-1 CTL responses and the
virus load in humans [14,15]. In addition, the depletion of CD§*
T cells through the infusion of anti-CD8 antibodies decreases the
control of viremia in infected macaques [16,17]. Therefore, recent
vaccine approaches have focused on eliciting CTL responses [ 18]. To
solve the problem of the poor immunogenicity of HIV-1 env, sev-
eral candidate adjuvants and delivery systems are currently being
investigated in rhesus macaques [19-22]. In fact, the first phase
I trial performed using the HIV-1 gp120-based vaccine candi-
date AIDSVAX from VaxGen was a failure [23]. Varying degrees of

_protection have been demonstrated in a number of vaccine trials
employing the use of a pathogenic simian immunodeficiency virus
(SIV) or a chimeric simian/human immunodeficiency virus (SHIV)
as the challenge virus [24].

In previous studies, we demonstrated that intranasal immu--
nization with inactivated HIV- or SHIV-capturing polystyrene
nanospheres (HIV-NS or SHIV-NS) could induce vaginal anti-HIV-
1 gp120 IgA and IgG antibodies in mice [25-27] and macaques,
and that SHIV-NS-immunized macaques exhibited partial protec-
tion when vaginally and systemically challenged with pathogenic
viruses [28]. These results clearly indicated that HIV-1-capturing
nanospheres are useful as adjuvant carriers for a prophylactic vac-
cine against HIV-1 infection. However, both biodegradability and
biocompatibility of the adjuvant carriers are required for medical
use. Therefore, the development of biodegradable nanoparticles
is indispensable for clinical applications [29]. To that end, we
have recently prepared protein-loaded biodegradable nanoparti-
cles composed of hydrophobically modified poly('y-glutamic acid)
(y-PGA) [30-33]. y-PGA is a naturally occurring water-soluble,
biodegradable, edible and non-toxic poly(amino acid)s that is
synthesized by certain strains of Bacillus. y-PGA hydrophobic
derivatives (y-hPGA) formed 200 nm-sized nanoparticles (NPs) in
water. These protein-encapsulated y-hPGA NPs were efficiently
taken up by immature mouse DCs. These y-hPGA NPs also had
adjuvant activity for DC maturation. Thus, y-hPGA NPs have
significant potential as an antigen carrier and as an adjuvant
for DCs |34,35]. Moreover, immunization with HIV-1 gp120- or
p24-encapsulated y-hPGA NPs strongly induced antigen-specific
cellular immunity in mice [35-37). These results suggest that HIV-
1-related antigen-carrying y-hPGA NPs provide a novel delivery
system, and function as an adjuvant for vaccination against HIV-1
infection.

In this study, we evaluated the immune responses in macaques
after intranasal and subcutaneous immunization with HIV-1
gp120-carrying y-hPGA NPs (gp120-NPs). Moreover, to determine
whether the vaccination by gp120-NPs can enhance the protective
effect against pathogenic viruses, the macaques were intravenously
challenged with SHIV-KU-2. Here we report the use of nanopar-
ticles as HIV-1 vaccine adjuvants. Our results demonstrated that
£p120-NPs have great potential for the induction of HIV-1 gp120-
specific cellular and humeoral immunity. However, the macaques
immunized with gp120-NPs had an augmented viral load. These
results may be helpful for the design of HIV-1 vaccines.

2. Materials and methods
2.1. Nanoparticles (NPs)

¥-PGA (number-average molecular weight, My =3.8 x 10°) was
kindly provided by Meiji Seika Co., Ltd., Tokyo, Japan. The synthetic
procedures for the y-hPGA NPs consisting of y-PGA conjugated
with L-phenylalanine ethylester (y-PGA-graft-Phe) and protein-
carrying y-hPGA NPs have been described previously [35,36]. The
mean diameter of the y-hPGA NPs in aqueous solution was mea-
sured by a dynamic light scattering (DLS) method using a Zetasizer
Nano ZS (Malvern Instruments, UK). The diameter of the NPs was
about 200nm.

2.2. Preparation of gp120-encapsulated y-hPGA NPs for
intranasal vaccination

Recombinant HIV-1 Ill; envelope glycoprotein gp120 (Immuno
Diagnostics, Woburn, MA) was chosen for the immunization
experiments, and encapsulated into the y-hPGA NPs (gp120-NPs).
To prepare the gp120-encapsulated y-hPGA NP, y-PGA-graft-Phe
(10mg/ml in DMSO) was added to the same volume (500 I} of
500 p.g/m! recombinant gp120 to yield a translucent solution. The
resulting solution was centrifuged at 14,000 x g for 15-min, repeat-
edly rinsed to remove the organic solvents, and prepared to a
final particle concentration of 20 mgfml. The gp120 loading con-
tent into the NPs was measured by the Lowry method, as previously
described [35]. The amount of encapsulated gp120 into the NPs was
10 g per mg NP.

2.3. Preparation of gp120-surface immobilized y~-hPGA NPs for
subcutaneous vaccination

To prepare the gp120-immobilized y-hPGA NPs, the carboxyl
group of the y-hPGA NPs (10 mg/ml) was first activated by water-
soluble carbodiimide (1mg/m!) for 20min. The NPs (5mg/ml)
obtained by centrifugation (14,000 x g for 15 min) were suspended
in 125 pg/ml gp120, and the mixture was incubated at 4°C for 24 h.
After the reaction, the centrifuged NPs were washed twice with PBS.
The resulting solution was prepared to a final particle concentra-
tion of 20 mg/ml. The amount of gp120 immobilized onto the NPs
was 10 g per mg NP.

2.4. Animals

Nine rhesus macaques (Macaca mulatta) of the Indian origin,
which spread in Japan, were used in this study. All macaques were
serologically negative for simian immunodeficiency virus (SIV} and
simian T cell lymphotropic virus type 1. The macaques were housed
inP3 level isolators throughout the experimental period. All exper-
iments were carried out in accordance with regulations approved
by the Institutional Animal Care and Use Committee of the Institute
for virus Research, Kyoto University.



A. Himeno et al. f Vaccine 28 (2010) 5377-5385 5379

2.5. Vaccination of macaques

Prior to immunization, the macaques were anesthetized by an
intramuscular injection of ketamine chloride. Nine macaques were
divided into three groups. Three macaques in the gp120-NP group
(MM471, MM472 and MM473) were immunized with gp120-
carring y-hPGA NPs, gp120-alone group (MM471, MM472 and
MMA473) were immunized with gp120 only, and the 3 macaques
in the PBS group (MM474, MM475 and MM476) were immunized
with phosphate buffered saline (PBS) as a naive control. Each of
thrée macaques was intranasally immunized at 0, 4, and 8 weeks.
Ateachimmunization, 0.5 ml of the inoculum (containing 100 g of
gp120 proteinencapsulated into or not into 10 mg of NP) was slowly
dripped using a pipette tip into both nasal cavities, In addition, these
macaques received subcutaneous injections in close proximity to
the axillary lymph nodes at 12 and 16 weeks with 1.5ml of the
inoculum containing 300 g of gp120 immobilized onto or not onto
30mg of NP.

2.6. Challenge inoculation to macaques

SHIV KU-2 was used in the experiments. SHIV KU-2 is a poly-
clonal chimeric SHIV generated by in vivo passage of SHIV-4,
containing the envelope gene of HIV-1 HXBc2 [38]. The SHIV-KU-2
virus stock for the challenge experiments was produced by culture
in rhesus macaque peripheral blood mononuclear cells (PBMCs),
and stored in liquid nitrogen until use. The 50% tissue culture
infectious dose (TCIDsq) of the virus stock was determined by cul-
ture in M8166 cells. At 4 weeks after the last immunization, all
nine macaques were intravenously challenged with SHIV-KU-2,
For the intravenous challenge, macaques were anesthetized, and
then 1 x 105 TCiDsg of the virus inoculum was used, Blood samples
were periodically collected from all macaques. The PBMCs were
separated from ACD-A blood by Percoll density centrifugation.

2.7. Quantitative analysis of anti-HIV-1 gp120 IgG and IgA
antibodies

HIV-1 gp120-specific IgG and IgA antibody levels in the plasma
were measured by an ELISA method. A 96-well microplate (Nunc-
Immuno™ Modules, Maxisorp™, Nalga-Nunc, Rochester, NY) was
coated with recombinant HIV-1 Illg gp120 (Immuno Diagnostics)
at a concentration of 1 ug/ml in 0.1 M Na,CO3-NaHCO3 buffer (pH
9.6). The plate was left over night at 4°C, washed with washing
buffer (containing 0.15M NaCl and 0.05% Tween 20), and treated
with a blocking buffer (1% BSA, 1% skim milk in washing buffer)
for 2h at room temperature. To measure the IgG and IgA anti-
bodies, the plasma was 100-fold diluted with blocking buffer, and
applied to the plate. The plate was the incubated overnight at 4°C.
After washing with washing buffer, peroxidase-conjugated goat
anti-monkey IgG or IgA (Kirkegaard & Perry Laboratories, Gaithers-
burg, MD) was added to the plate and incubated for 2 h at room
temperature. The plate was then washed, and treated with O-
phenylenediamine dehydrochloride (OPD, Wako Pure Chemical,
Osaka, Japan) for 5 min and stopped with 2N H;504. The specific
absorbances were read at 490/690 nmwith a microplate reader. The
titers of anti-HIV1/2 antibodies in the plasma of all macaques after
challenge with SHIV-KU-2 were measured by the particle agghu-
tination (PA) method (Genedia HIV-1/2 mix PA kit, Fujirebio Inc,,
Tokyo, Japan) following the manufacturer's recommendations.

2.8. Antigen specific proliferation assay
PBMCs from the vaccinated macaques were cultured in tripli-

cate ina 96-well plate (2 x 105 cells{well) with 200 ! of RPMI 1640
medium in the presence of 0.5 pg recombinant HIV-1 lllz gp120

(Immuno Diagnostics) or 1 g SIVimac2s1 P27 purified native pro-
tein (Advanced Biotechnologies, Inc., Columbia, MD') for 72 h. Next,
the antigen specific proliferations were measured by BrdU incorpo-
ration into the stimulated PBMCs using a cell proliferation ELISA kit
(Roche Diagnostic CmbH, Mannheim, Germany) following the man-
ufacturer’s recommendations. The stimulation index (SI) for cell
activity was calculated using the following formula: stimulation
index (SI)=(0D stimulated — blank)/(OD non-stimulated —blank).
A Sl value above 2.5 was considered as ‘antigen-specific’ stimula-
tion. Concanavalin A (Con A) was used as a polyclonal stimulator
positive control. .

2.9. IFN-y ELISPOT assay

An enzyme-linked immunospot (ELISPOT) assay was performed
by stimulating unfractionated PBMCs with recombinant HIV-
1 lllg gp120 (Immuno Diagnostics) or SIVmacs1 p27 purified
native protein (Advanced Biotechnologies). MultiScreen 96-Well
Plates (Millipore Corporation, Bedford, MA) were coated overnight
(100 wljwell) at 37°C with diluted monoclonal antibody GZ-4
(MABTECH Inc., Mariemont, OH). The plates were then washed
3 times with PBS (-) containing 0.25% Tween 20 (PBS/0.25%
Tween 20), The PBMCs were plated in triplicate at 5 x 10%/well
in 200 pl with either medium alone, 0.5 ug HIV-1 gp120 or 1 pg
SIVinac2s1 p27. Following a 72 hincubation at 37 °C, the plates were
washed 3 times with PBS/0.25% Tween 20 and incubated for 4h
at 37°C with a 1:1000 dilution of biotinylated monoclonal anti-
body 7-B6-1 (MABTECH Inc). Following 3 washes with PBSf0.25%
Tween 20, the plates were incubated for 2h at room tempera-
ture with a 1:1000 dilution of streptavidin-alkaline phosphatase
(MABTECH Inc). The plate was developed with a BCIP:NBT:0.1M
Tris buffer solution (1:1:10) mixture (Kirkegaard & Perry Labora-
tories, Gaithersburg, Maryland). Thereafter, the plate was washed
3 times with PBS/0.25% Tween 20, and the reaction stopped by tap
water, the plate air dried, and the spots were then read. The mean
number of spots from triplicate wells was then calculated for each
animal. The data were expressed as the mean number of spots per
108 PBMC.

2.10. Quantification of plasma viral RNA loads

Virion-associated SHIV RNA loads in the plasma were measured
by real-time reverse transeription (RT)-PCR assay [39]. Briefly, total
RNA was prepared from the plasma (140 pl) of each macaque with
a QlAamp Viral RNA kit (QIAGEN, Hilden, Germany). RT reactions
and PCR were performed by a Platinum qRT-PCR ThermoScript
One-Step System (Invitrogen, Carlsbad, CA} using the following
primers for the gag region: SIV2-696F (5'-GGA AAT TAC CCA GTA
CAA CAA ATAGG-3'), and SIV2-784R (5-TCT ATC AAT TTIT ACC
CAGGCA TTT A-3'). A labeled probe, SIV2-731T (5'-Fam-TGTCCA
CCT GCC ATT AAG CCC G-Tamra-3'), was used for the detection
of the PCR products. These reactions were performed with a Prism
7700 Sequence Detector (Applied Biosystems, Foster City, CA) and
analyzed using the manufacturer’s software, For each run, a stan-
dard curve was generated from dilutions whose copy numbers
were known, and the RNA in the plasma samples was quantified
based on the standard curve. Under these conditions, the detection
limit was 1000 copies/ml.

2.11. Flow cytometric analysis

The frequency of CD4* T lymphocytes in the whole blood
was examined by flow cytometry. Blood samples were immunos-
tained with anti-CD3 (FN-18-FITC; Bio Source, Camarillo, CA),
anti-CD4 (L200-APC; Becton-Dickinson, Franklin Lakes, NJ),
anti-CD8 (SK1-PerCP; Becton-Dickinson), anti-CD28 (CD28.2-PE;

v
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Fig. 1. gp120-specific (A) IFN-y ELISPOT responses and (B) proliferation responses in PBMCs from macaques immunized with gp120-NPs, gp120-alone and PBS control. The
PBMCs from immunized macaques were collected at an interval of 1-week. The results of three individual macaques per group are shown. The white arrows indicate the
times of intranasal immunization, and the black arrows indicate the times of subcutaneous immunization, (A) The number of [FN-vy secreting PBMCs detected by ELISPOT
after stimulation with gp120. The data represent the mean number of spots per million cells detected in duplicate cultures, after subtracting the mean number of spots found
in duplicate control cultures of PBMCs in medium alone, (B) The proliferation of the PBMCs was.measured by Brd-U uptake after stimulation with gp120, and is expressed
as the stimulation index (SI), as described in Section 2. The cut off value was 2.5-for the SI.

Coulter-Immunotec) and anti-CD95 (DX2-FITC; Becton-Dickinson)
antibodies. After hemolysis of the whole blood using FACS™ Lysing
Solution (BD PhorMingen, San Diego, CA), each labeled lymphocyte
was analyzed on d FACScalibur™ (Becton-Dickinson). The blood
was assayed with an automated blood cell counter (F-820; Sysmex,
Kabe, Japan).

3. Results
3.1. Vaccination of macaques with gp120-NPs

It is known that gp120-NPs induced efficient cellular immune
responses after only one single intranasal immunization in mice
[36]. At the beginning, we expected that the gp120-NPs would
induce an immune response by very few vaccinations. Nine
macaques were intranasally immunized with gp120-NPs (MM471,
MM472 and MM473: gp120-NP group), gp120-alone (MM468,
MM469 and MM478: gp120-alone group) or PBS as naive controls
(MM474, MM475 and MM476: PBS group). However, all macaques
had to be subcutaneously immunized twice with additional vacci-
nations, because their immune responses were insufficient after 3
intranasal immunizations.

To examine whether HIV-1 gp120-specific cellular immunity
was induced in the vaccinated macaques, the number of gp120-
specific spot forming cells (SFCs) secreting IFN-+y of PBMCs in each
macaque group were measured by an ELISPOT assay (Fig. 1A). In
all macaques from the PBS group, less than 3 gp120-specific SFC
spots were detected throughout the measurement period. On the

other hand, in all macaques from the gp120-alone and gp120-NP
groups, more than 5 spots of gp120-specific SFCs were detected.
The increase of gp120-specific SFCs in the gp120-NP group was
earlier than in the gp120-alone group.

Next, we measured the antigen specific proliferation activities
by determining the ratio of Brd-U incorporated by PBMCs in the
presence of HIV-1 gp120 (Fig. 1B). In the PBS group, gp120-specific
proliferation activities were not detected during the measurement
period (stimulation index: SI<2.5). Furthermore, in the gp120-
alone and gp120-NP groups, no significant proliferative responses

- weredetected throughout the intranasal immunization period. But

after subcutaneous immunization in the gp120-alone and gp120-
NP groups, an increase in the activities (SI>2.5) was detected.
Higher proliferative responses were observed in all macaques from
the gp120-NP group than in the gp120-alone group.

To examine whether gp120-specific humoral immunities were
induced in the vaccinated macaques, we measured anti-gp120-
specific antibody levels in the plasma with the ELISA method
(Fig. 2). Although, plasma anti-gp120-specific IgG and IgA antibod-
ies were non-specifically detected at higher levels in one macague
from the PBS group (MM476), no significant increase in titer was
observed in PBS group throughout the measurement period. Fur-
thermore, in the gp120-alone and gp120-NP groups, no significant
increase in titer was detected throughout the intranasal immuniza-
tion period except for the plasma anti-gp120 IgG antibodies from
one macaque (MM469) in the gp120-alone group. After subcuta-
neous immunization, in all macaques from the gp120-alone and
£p120-NP groups, both plasma anti-gp120 IgG and IgA antibodies
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were clearly increased. A higher titer was detected in all macaques
from the gp120-NP group than in the gp120-alone group. Thus,
additional subcutaneous immunizations of 300 pg of gp120 anti-
geninduced clearimmune responses in the macaques, althoughthe
first 3 bouts ofintranasal immunizations with 100 j.g of gp120 anti-
gen were insufficient. The induced cellular and humoral immune
responses were higher in the gp120-NP group than in the gp120-
alone group.

3.2. Intravenous challenge of the vaccinated macaques with
SHIV-KU-2

To evaluate the protective effects provided by immunization
with gp120-NP, a pathogenic virus, SHIV-KU-2, was intravenously
challenged to vaccinated macaques 4 weeks after the last immu-
nization. The plasma viral RNA lead and CD4* T cell counts in the
peripheral blood were then monitored.

The plasma viral RNA load in two macaques from the PBS group
(MM474 and 475) increased with a peak of 105-107 copies/ml at
1-week post challenge (wpc), and one macaque (MM476) showed
over 108 copies{ml after 2 wpc. Then, the viral load in all macaques
decreased to below the 104 copies/ml after 10 wpc (Fig. 3). On the
other hand, in all macaques from the gp120-alone and gp120-
NP groups, the viral RNA load peaked at over 108 copies/ml at
2wpc. Furthermore, two of the three macaques in the gp120-NP
group (MM472 and 473) showed aver 10° copies/ml after 10wpc,
although the viral RNA load of the other macaques decreased to
below 107 copies/ml at those time points. Thus, the challenged virus
had replicated more in the vaccinated groups than in the PBS con-
trol group. Furthermore, this tendency was more intense in the
gp120-NP group than in the gp120-alone group.

The number of CD4* T cells in the peripheral blood of all
‘macaques in the gpi20-alone and gp120-NP groups decreased
drastically to below 20% of the pre-challenge levels by 3wpc,

although the CD4* T cells were not so severely decreased in two
of the three macaques in the PBS control group (MM474 and 475)
(Fig. 4A). Thereafter, in two macaques from the gp120-NP group
(MM472 and MM473) and ene macaque from the gp120-alone
group (MM469) remained below 20% of the pre-challenge levels
until 12 wpc, according to the results of the plasma viral RNA load.
Thus, the CD4* T cells in the peripheral blood were more severely
decreased in the vaccinated groups than in the PBS control group.
Furthermore, this tendency was more pronounce in the gp120-NP
group than in the gp120-alone group.

To understand the decrease in the CD4* T cell population in the
peripheral blood in more detail, we analyzed the CD4* T cell sub-
populations using a CD95 marker. In two of the three macaques
from the PBS group (MM474 and MM475), the CD95™ naive CD4*
T cell subpopulation remained over 30% after challenge (Fig. 4B).
On the other hand, in all macaques from the gp120-alone and
gp120-NP groups and one macaque from the PBS group (MM476),
the naive CD4* T cell subpopulation decreased to below 20%. In
all macaques, the CD95* memory CD4* T cell subpopulation tran-
siently increased at 1 wpc and thereafter, in most of the macaques,
it was maintained at the pre-challenge levels (20-40%) except for
two macaques from the gp120-NP group (MM472 and MM473).
The memory CD4* T cell population of these macaques decreased
to below 10% after 3 wpc, and did not recover until 12 wpc (data not
shown). Thus, in those macaques who showed a high viral load and
severe CD4* T cell depletion, the memory CD4* T cell subpopulation
was more severely injured as compared to the other macaques.

3.3. Virus-specific immune responses after the challenge infection
of SHIV-KU-2

To assess the systemic immune responses in vaccinated -
macaques after the intravenous challenge infection, the virus-
specific antibody levels in the plasma of macaques challenged
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with SHIV-KU-2 were measured by the particle agglutination test
(Table 1).In the gp120-alone and gp120-NP groups, the initial anti-
body responses were delayed as compared to the PBS group. In
particular, MM472 and MM473 of the gp120-NP group had high
viralloads, and the antibody titers were also low in these macaques.
These results suggest that there was no protective effect against
SHIV-KU-2 in both gp120-NP and gp120-alone groups, in contrast
to the immunization-increased viral proliferation.

To assess the effects of the immunization, the lymphocyte pro-
liferation activities after SHIV-KU-2challenge were measured by
determining the ratio of Brd-U incorporated by PBMCs in the
presence of HIV-1 gp120 and SIV p27 (Fig..5). First, the gp120-

specific lymphocyte proliferation activities were increased in two
macaques from the PBS group at 2,4 (MM476) and 8 wpc (MM475).
In two macaques from the gp120-alone group (MM468 and
MM469), an increase in proliferative activities could be detected at
2 and 3 wpc. On the other hand, in three macaques from the gp120-
NP group, an increase in proliferative responses was observed after
Twpc (MM472 and MM473) and 2 wpc (MM471). In other words,
the increase in activity in the gp120-NP group could be detected
earlier than any other group. p27-specific lymphocyte proliferation
activities were increased in three macaques from the PBS group
at 2wpc (MM475 and MM476) and 3 wpc (MM474). After 4wpc
in the PBS group, higher proliferative responses were observed in
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Table 1
HIV-1/2 specific antibody responses in the plasma obtained from vaccinated macaques after the intravenous SHIV-KU-2 challenge.
Groups Macaques Weeks post challenge (wpc)
1 2 3 4 6 8 10 12
PBS MM474 n.d. 4096 >16,384 >16,384 >16,384 >16,384 >16,384 >16,384
MM475 n.d. 4096 >16,384 >16,384 >16,384 »16384 >16,384 >16,384
MM476 n.d. 8192 >16,384 >16,384 >16,384 >16,384 >16,384 -
gp120 MM468 nd. 1024 1024 4096 >16,384 >16,384 >16,384 >16,384
MM469 nd. 4096 >16,384 >16,384 >16,384 >16,384 >16,384 >16,384
MM478 nd. 256 512 8192 >16,384 >16,384 >16,384 »16,384
gp120-NPs MM471 n.d. 4096 >16,384 »16,384 >16,384 >16384 >16,384 >16,384
MM472 32 4096 4096 2048 >16,384 8192 4096 2048
MM473 n.d. 1024 1024 256 512 512 256 128

Antibodies to HIV gag p24 and env gp41 in the plasma were measured by the PA method. The data indicated as the titer of serial dilution. n.d.: not detected.

all macaques. In all macaques from the gp120-alone group, the
increase in activity could be detected after 2 wpc. Onthe other hand,
in only one macaque from the gp120-NP group (MM471) with a
low viral load, an increase in activity was observed after 3wpc.
In the gp120-NP and gp120-alone groups, an increased plasma
viral RNA load, and a reduction in CD4* T cells in the peripheral
blood, and gp120-specific lymphocyte proliferation were identified
at 1-3wpc. However, in the PBS group, p27-specific lymphocyte
proliferation was identified at the same time, and was higher than
in the immunized group after 4wpc. These results suggest that
immunization with gp120-NPs or gp120-alone enhanced gp120-
specific immunity, but immunity to the gp120 antigen did not
become effective against viral infection or viral proliferation.

4. Discussion

Polymeric nanoparticles have been investigated as an efficient
delivery system to APCs for a protein antigen [40). Therefore

biodegradable NPs consisting of y-PGA derived from Bacillus repre-
sent a system with efficient immune induction [41-48] and safety
[45,46], since it is specifically taken up by dedicated APCs such
as DCs [34,44], and is easily disintegrated by proteases [49]. In
immune induction experiments using mice with HIV-1 env-gp120
carrying y-hPGA NPs (gp120-NPs), it was shown that both cellu-
lar and humoral immune responses were efficiently induced by a
low number of vaccinations, suggesting the possibility of use as an
efficient vaccine candidate for HIV-1 infection [36]. However, it is
unknown whether the immune responses induced in the mouse
have protective effects against HIV infection, because HIV-1 is not
contagious to mice. Therefore, we immunized rhesus macaques
with gp120-NPs in this study to clarify the immune induction
capabilities of gp120-NPs and their protective effects against viral
infection using a SHIV infection system, because this could not be
confirmed with the mouse model.

In the mouse experiments, potent specific cellular immunity
was induced with a single intranasal administration of gp120-NPs

PBS gp120" op120-NPs.
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[36]. It has also been reported that mucosal immunization with
an HIV-1 vaccine can induce mucosal and systemic HIV-1-specific
humoral and cellular immune responses in macaques [20,50,51].
Therefore, we selected intranasal immunization as the admin-
istration route of vaccines. However, we determined that three
intranasal administrations with 100 pg of gp120-NPs were not able
to induce a sufficientimmune response in the macaques. Therefore,
we performed two additional subcutaneous administrations with
300 pug of gp120-NPs. In this experiment, 100 g of gp120 was used
for each nasal administration. This quantity was decided by a calcu-
lation from the optimal amount per weight obtained from mouse
experiments. Other research groups administered it intramuscu-
larly or subcutaneously, with more amount of gp120, and obtained
antigen-specific cellular immunity and antibody responses [52,53],
although they used a different antigen delivery system. In our
particulate delivery system, a greater amount of antigen was nec-
essary to induce a specific immune response in macaques than in
mice. An additional two subcutaneous administrations with 300 g
of gp120-NPs induced not only cellular immune responses, but
also humoral antibody responses (IgG and IgA), which was poorly
induced in the mouse experiments [35], indicating a boost effect in
macaques. After the subcutaneous immunization, the increase in
gp120-specific IFN-y producing cells, the increase in gp120-specific
cell proliferation activity and the anti-gp120 antibody titer (IgG
-and IgA) in the plasma were confirmed in all macaques immunized
with gp120-NPs and gp120-alone, In both cellular and humoral
immune responses, the degree of immune induction was clearly
stronger in the gp120-NP immunized macaques thanin the gp120-
alone immunized macaques. Thus, it became clear that y-hPGA NPs
had an immune reinforcement effect not only in the mice, but also
in the rhesus macaques. However, the numbers of gp120-specific
SFCs in the gp120-NP group obtained from ELISPT assay were low
at less than 10 spots per million PBMCs. These results suggest that
antigen-specific CD8 T cell responses were not or poorly induced by
the vaccination of gp120-NPs. Consequently, CD4 T cell responses
were primarily enhanced in macaques immunized with gp120-NPs,
To examine the protective effects of the gp120-specific immune
responses induced by gp120-NPs against viral infection, a chal-
lenge inoculation with pathogenic SHIV-KU2 was performed in
immunized macaques. Against our expectations, no protective
effect was observed. Instead, a promotion of viral growth was
observed in immunized macaques as compared to naive con-
trol macaques. Furtherrnore, the degree of reinforcement of the
infection was stronger in the gp120-NP immunized macaques
than in the gp120-alone immunized macaques. The gp120-specific
immune responses induced by vaccination correlated with the pro-
motion of viral growth in between groups. However, there was no
definite the correlation between the immune responses and viral
road of within-group. Since the target cells for primate lentivirus
infection are immune cells such as CD4* T cells and macrophages,
the only useful immune reaction should be activated protection
against viral infection. In other words, there is a case for pro-
moting viral replication by inappropriate or insufficient immune
responses. For example, there were some antibodies reinforcing
the HIV-1 infection [54,55], and HIV-1 is preferentially contagious
to memory CD4* T cells, which are specific for HIV-1 antigens [56].
In this study, we used gp120 as the antigen based on the result
that the immune response against env was better than that against
gag in a mouse study [36,37]. The number of CD4* T cells in the
peripheral blood decreased conspicuously at the same time as the
immune response specific for gp120 appeared early after virus
inoculation in the gp120-NP and gp120-alone vaccinated groups.
Onthe other hand, inthe naive control group, the immune response
specific for p27 (gag) was detected, but not the immune response
specific for gp120 (env) early after the virus inoculation, Thus, the
CD4* T cells in the peripheral blood were maintained without any
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decrease in 2 out of 3 naive control macaques. Recently, it has
been reported that the strength of the specific immune response
against gag, i.e. the internal protein structure of the virus is cor-
related to the decrease in the quantity of virus in the peripheral
blood of HIV-1 infected patients. In contrast, the strength of the
specific immune responses against the env in the crust protein and
accessory proteins are correlated to the increase in the quantity of
blood virus [57]. Our result that the vaccination of rhesus macaques
inducing a specific immune response against env-gp120 showed
an enhancement of viral replication was consistent with the obser-
vations in HIV-1 infected patients, supporting the importance of
antigen selection for HIV-1 vaccine development. Moreover, some
groups have recently argued that activated CD4* T cells induced by
vaccination in macaques can be an attractive target for SIV infection
[58,59]. 1t is likely that the macaques immunized with gp120-
NPs were primarily enhanced gp120-specific CD4 T cell responses
but not CD8 T cell. The balance of CD4 and CD8 T cell mediated
responses induced by vaccination may be critical in determining
viral exclusion and replication.

The total picture of the immune system which is truly important
for infection contrel in individuals infected with the AIDS virus is
not yet clarified, and the further accumulation of basic information
about the immune correlates for protective immunity is neces-
sary. In our previous project, the partial protective effects of viral
replication was obtained in vaccinated macaques by using differ-
ent nanoparticles connecting the inactivated whole virus particles,
not a refined protein [28]. The whole virion is considered to include
many kinds of antigens acting for infection restraint andfor promo-
tion. It may be possible to induce only effective immune responses
acting for infection restraint with a biodegradable nanoparticle vac-
cine, distinguishing the restraint-related and promotion-related .
antigens by a detailed examination of the antigen enclosed in the y-
hPGA NPs in the future. Although cell-mediated immunity against
peptide epitopes of viral structural proteins is the mainstream for
vaccine development research, other poorly analyzed target anti-
gens such as glycolipids, lipoproteins and nuclear antigens may also
have to be examined.

In this study, it was demonstrated that biodegradable nanopar-
ticles composed of amphiphilic y-PGA have a reinforcement effect
for immune responses, and have an impact on important immune
cell populations participating in viral replication in infected indi-
viduals, although the result was the opposite to our expectation. It
is important to ascertain the correct antigen stimulation to guide
the patient's immunity to act on infection defense and viral repli-
cation restraint effectively using a primate experimental infection
model. These biodegradable nanoparticles are expected to be useful
as an antigen delivery tool in AIDS vaccine development research.
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A new pathogenic R5-tropic simian/human immunodeficiency virus (SHIV) was generated following serial .
passaging in rhesus macaques. All 13 animals inoculated with SHIV ., passaged lineages experienced marked
depletions of CD4™ T cells. Ten of these infected monkeys became normal progressors (NPs) and had gradual
losses of both memory and naive CD4* T lymphocytes, generated antiviral CD4* and CD8* T cell responses,
and sustained chronic immune activation while maintaining variable levels of plasma viremia (10 to 10° RNA
copies/ml for up to 3 years postinfection [p.i.]). To date, five NPs developed AIDS associated with opportunistic
infections cansed by Preumocystis carinii, Mycobacterium avium, and Campylobacter coli that required eutha-
nasia between weeks 100 and 199 p.i. Three other NPs have experienced marked depletions of circulating CD4*
T Iymphocytes (92 to 154 cells/pl) following I to 2 years of infection. When tested for coreceptor usage, the
viruses isolated from four NPs at the time of their euthanasia remained RS tropic. Three of the 13 SHIV, ;-
inoculated macaques experienced a rapid-progressor syndrome characterized by sustained plasma viremia of
>1 x 107 RNA copies/ml and rapid irreversible loss of memory CD4* T cells that required euthanasia between
weeks 19 and 23 postinfection. The sustained viremia, associated depletion of CD4* T lymphocytes, and
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induction of AIDS make the SHIV,,; lineage of viruses a potentially valuable reagent for vaccine studies.

Simian immunodeficiency virus (SIV)/macaque models of
AIDS have been extensively used as surrogates for human
immunodeficiency virus type 1 (HIV-1) in studies of virus-
induced immunopathogenesis and vaccine development. As is
observed for the HIVs recovered from a majority of individuals
during the asymptomatic phase of their infections, pathogenic
S1Vs utilize the CCRS coreceptor to enter their CD4* T lym-
phocyte targets in vivo (36). This leads to the elimination of
memory CD4* T cells circulating in the blood and residing at
effector sites (gastrointestinal [GI] tract, mucosal surfaces, and
lung), particularly during acute HIV and SIV infections (5, 29,
32, 49). In contrast to naturally occurring SIVs and HIVs,
SIV/HIV chimeric viruses (simian/human immunodeficiency
viruses [SHIVSs]) were constructed in the laboratory by insert-
ing a large segment of the HIV genome, including the env
gene, into the genetic backbone of the molecularly cloned
STV paco30 (44). SHIVs were developed because they expressed
the HIV envelope glycoprotein and could be used in vaccine

* Corresponding author. Mailing address: Bldg, 4, Room 315A, 4
Center Drive MSC 0460, National Institutes of Health, Bethesda, MD
20892-0460. Phone: (301) 496-4012. Fax: (301) 402-0226. E-mail: malm
@nih.gov,

F Present address: Laboratory of Primate Models, Institute for Virus
Research, Kyoto University, 53 Shogoinkawaramachi, Sakyo-ku, Kyoto
606-8507, Japan.

t Supplemental material for this article may be found at http:/jjvi
.asm.org/.

¥ Published ahead of print on 10 February 2010.

4769

experiments to evaluate neutralizing antibodies (NAbs) clic-
ited by HIV-1 gp120 immunogens. The commonly used patho-
genic SHIVs generated high levels (107 to 10® RNA copies/ml)
of plasma viremia and induced an extremely rapid, systemic,
and nearly complete depletion of the entire CD4™ T cell pop-
ulation, resulting in death from immunodeficiency beginning at
3 months postinoculation (23, 26, 41). Unlike SIVs, however,
these pathogenic SHIVs exclusively targeted CXCR4-express-
ing CD4> T cells during infections of rhesus monkeys (36).
Despite their extraordinary virulence, most vaccine regimens
(naked DNA, peptides, proteins, inactivated virions, recombi-
nant modified vaccinia virus Ankara (MVA), and DNA prime/
recombinant viral-vector boosting) were effective in controlling
intravenous (i.v.) and mucosal X4-tropic SHIV challenges (1,
3, 33, 42, 46). When it became apparent that the same vac-
cination strategies that were effective in suppressing patho-
genic SHIVs failed to control SIV infections, concerns were
raised about whether X4 SHIVs were appropriate surro-
gates for HIV in vaccine experiments (13).

The unusual biological properties of the X4 SHIVs plus the
discrepant outcomes of SIV and X4 SHIV vaccine experiments
have become a driving force for developing CCRS5-utilizing
(R5) SHIVs. Although several clade B and clade C R5-tropic
SHIVs have been constructed (7, 15, 21, 30, 38), the SHIV g6,
lineage viruses are the best-characterized and most widely used
R5 SHIVs (20). They have been employed in microbicide (10),
neutralizing monoclonal antibody (MAb) passive-transfer (16,
17), and vaccination (2) studies.
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In the aftermath of the failed STEP HIV vaccine trial, there
was general consensus that additional SIVs and SHIVs should
be developed, particularly for use as heterologous challenge
viruses in vaccine studies (12). With this goal in mind, we
report the generation of a new pathogenic R5-tropic SHIV
bearing the env gene from the HIV-1,4, isolate (14). HIV-1,4,
was selected because it is a prototypical macrophage-tropic
strain (8), uses CCRS for cell entry (53), and has the potential
for eliciting NAbs against HIV-1 gp120, and we had previously
constructed a full-length infectious molecular clone (pHIV-
1,pg) (48). Based on previous experience in obtaining patho-
genic X4-tropic SHIVs, serial passaging in macaques, treated
with an anti-CD8 MAD at the time of virus inoculation, was
used to expedite the adaptation of R5-SHIV sequences in a
nonhuman primate host. Of the 13 animals inoculated with in
vivo-passaged SHIV 41,54, (see below) and its immediate de-
rivatives, 10 exhibited a normal-progressor (NP) phenotype,
sustaining gradual depletions of both memory and naive CD4*
T cells from the circulation and memory CD4™ T cells at an
effector site (lung) while maintaining variable viral- RNA loads
(10° to 10° RNA copies/ml) for up to 3 years postinfection
(p.i.). Five of these monkeys developed immunodeficiency with
associated opportunistic infections requiring euthanasia. Three
other NPs currently have total CD4* T cell counts of 92 to 154
cells/ul plasma after 1 to 2 years of infection. The remaining 3
of the 13 SHIV 4pg-inoculated macaques experienced a rapid-
progressor (RP) clinical course and were euthanized between
weeks 19 and 23 p.i. because of intractable diarrhea and
marked weight loss. The sustained viremia, associated deple-
tion of CD4* T lymphocytes, and induction of AIDS make the
SHIV 5y lineage of viruses a potentially valuable reagent for
vaccine studies, ’

MATERIALS AND METHODS

Construction of SHIV 4. SHIV 1 contains the env gene from the R5-tropic
HIV-1,,, (14)-derived molecular clone pHIV opg (48). A 3.04-kb segment from
PHIV 4, including a portion of the vpr gene and the entire tat, rev, vpu, and env
genes, was PCR amplified using the forward primer TGAAACTTATGGGGA
TACTTGGGC, which begins at nucleotide 141 of the AD8 vpr gene, allowing the
incorporation of a unique EcoRI site, located 21 nucleotides downstream from
the primer, into the PCR product. The reverse PCR primer (TCCACCCATAA
GCTTATAGCAAAGTCCTTTCCAAGCCC) generated a HindITI site adjacent
to and encompassing the last 2 nucleotides of the env reading frame, as well as
a substitution of a Thr for a Leu 3 codons upstream from the env termination
codon. PCRs were performed using 10 pmol each of the forward and reverse
primers, Platinum PCR SuperMix High Fidelity (Invitrogen), and 1 pl of
pHIV s in a final volume of 50 pl. The reaction mixtures were heated to 94°C
for 2 min, followed by 30 cycles of 94°C for 20 5, 59°C for 30 s, and 70°C for 3 min
and a 7-min extension at 70°C. The PCR product was gel extracted using a
Qiaquick gel extraction kit (Qiagen) and digested with EcoRI and HindIll, and
the resulting 3.04-kb restriction fragment was cloned directly into the previously
described and similarly digested pSHIV gy, (45) to generate pSHIV o pg. DNA
sequencing of the entire 3.04-kb insert in pSHIV 4 g was conducted to verify that
no spurious changes had been introduced during the PCR amplification and
cloning.

Preparation of SHIV,pg virus stocks. HeLa cells were transfected with 25 jug
of pSHIV 5 pg, and the virus present in the supernatant at 48 h was pelleted in an
ultracentrifuge and resuspended in RPMI 1640 medium as previously described
(52). Stocks of the cloned SHIV s, were prepared by infecting PM1 cells (31)
or concanavalin A (ConA)-activated rhesus monkey peripheral blood mononu-
clear cells (PBMC) with the HeLa-derived SHIV 5pq, as previously described
(23, 24), and pooling the supematant media at the times of peak reverse tran-
scriptase (RT) production from both infections.

SHIV g stock 2 (SHIV spg4,) was prepared from PBMC and bone marrow
(BM), spleen, and lymph node (LN) samples collected from macaque CK1G on
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TABLE 1. Infection of rhesus macaques with SHIV sz, and
immediate derivatives

Inoculum

Animal

. SHIV Ang s

Blood transfusion from CJ8B (wk 60)

Blood transfusion from CJ8B (wk 60}
...Lymph node virus® (SHIV spgaorn, 3.2 X 10°

TCIDyg) from CI8B (wk 59) )
CI35uniieeiins Lymph node virus (SHIV spg401 v, 3.2 X 10° TCIDsp)
: from CI8B (wk 59)
CI3V.iennnnen. PBMC virus? (SHIV opgsopemo 3-9 X 10* TCID,,)
from CK15 + CIS8 (wk 4)
CK5G.......... PBMC virus (SHIV ypgezpamc 3.9 X 10* TCIDs,)
from CK15 + CJ58 (wk 4)
DB99............. Blood transfusion from CJ8B (wk 117) + CK15
(wk 57) + CJ58 (wk 57)
DAlZ........... Blood transfusion from CJ8B (wk 117) + CK15

(wk 57) + CI58 (wk 57)
Blood transfusion from DA1Z (wk 1) + DB99 (wk 1)
Blood transfusion from DA1Z (wk 1) + DB99 (wk 1)
SHIV 5 g4, passaged in vitro for 30 days
IVA.DB#Z.ED’ 4.3 X 105 TCIDso)
(6] B — SHIVADS8#2 passaged in vitro for 30 days
(SHIV s pgs.a30 43 X 10° TCIDs;)

? Lymph node virus: SHIV o5, derivative prepared from the supernatant me-
dium collected from cocultures of lymph node suspensions plus PBMC, recov-
ered from animal CJ8B at week 59 p.i., and PBMC from uninfected rhesus
monkeys.

2 PBMC virus: SHIV 154 derivative prepared from the supernatant medium
collected from cocultures of PBMC, recovered from the indicated infected ani-
mals at week 4 p.i., and PBMC from uninfected rhesus monkeys.

day 6 p.i. Cell suspensions from axillary, inguinal, iliac, and mesenteric LNs,
PBMC, and BM were cocultivated with PBMC from uninfected animals; the
culture supernatants were monitored daily for RT activity, pooled, and desig-
nated SHIV spg4, The infectious titer of SHIV spgs, was 1.5 X 10° tissue
culture infective doses (TCIDs,)/ml, as determined in rhesus macaque PBMC.

SHIV zps lymph node virus (SHIV ,pg ) was prepared from supernatant
medium collected from cocultures of lymph node suspensions plus PBMC re-
covered from animal CJ8B at week 59 p.i. (Table 1) and PBMC from uninfected
rhesus monkeys. The infectious titer of SHIV 4 pgp n Was 6.4 X 10° TCIDsq/ml, as
determined in rhesus macaque PBMC.

SHIV ppg PBMC virus (SHIV spgppmce) Was prepared from supematant me-
dium collected from cocultures of PBMC recovered and pooled from animals
CK15 and CJ58 at week 4 p.i. (Table 1) and PBMC from uninfected rhesus
monkeys. The infectious titer of SHIV spgpppic was 1.1 X 10* TCIDsy/ml, as
determined in rhesus macaque PBMC.

SHIV spg#2.430 Was prepared by infecting ConA-stimulated pig-tailed ma-
caque (PT) PBMC with SHIV spgu,. Fresh ConA-stimulated PT PBMC were
added to the infected cultures on days 10 and 20, and the supernatant medium
collected on day 30, designated SHIV 4542 430, had an infectious titer of 8.5 X
10* TCIDsy/ml, as determined in rhesus macaque PBMC,

Virus replication assay in rhesus monkey PBMC. The preparation and infec-
tion of rhesus monkey PBMC have been described previously (25). Briefly,
PBMC stimulated with concanavalin A and cultured in the presence of recom-
binant human interleukin-2 (IL-2) were spinoculated (1,200 X g for 1 h) (37) with
virus normalized for RT activity. Virus replication was assessed by RT assay of
the culture supernatant as described above.

Animal experiments. Rhesus macaques (Macaca mulatia) were maintained in
accordance with the guidelines of the Committee on Care and Use of Laboratory
Animals (9) and were housed in a biosafety level 2 facility; biosafety level 3
practices were followed. Phlebotomies, i.v. virus inoculations, euthanasia, and
tissue sample collections were performed as previously described (11). Bron-
choalveolar lavage (BAL) fluid lymphocytes were prepared from uninfected and
infected animals using a pediatric bronchoscope (Olympus BF3C40; Olympus
America, Inc., Melville, NY), as previously described (22). )

Serial in vivo passaging of SHIV ypg was initiated by transferring whole blood
(10 ml) and BM (2 ml) to a recipient animal previously treated with the anti-
CD8* T cell-depleting MAb cM-T807 (10 mg/kg of body weight) on days 1 and
+3 p.i. In subsequent passages, spleen, LN (axillary, inguinal, iliac, and mesen-
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teric), PBMC, and BM cell suspensions were prepared from infected donors at
the time of necropsy and transferred (1 X 108 to 3 X 10° mononuclear cells and
1 % 10° to 10 X 10° BM cells) to a new recipient by the i.v., intraperitoneal (i.p.),
and BM routes.

Quantitation of proviral-DNA and plasma viral-RNA levels, The number of
viral-DNA copies in PBMC was measured by quantitative DNA PCR (45).
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 Sl'V,,,m”-inoculated rhesus macaques (11).

Lymphocyte i P typing and data lysis, EDTA-treated blood
samples and BAL fluid lymphocytes were stained for flow cytometric analysis as
described previously (34, 36), using combinations of the following fluorochrome-
conjugated MAbs: CD3 (fluorescein isothiocyanate [FITC] or phycoerythrin
[PE]), CD4 (PE, peridinin chlorophyll protein-Cy5.5 [PerCP-Cy5.5}, or allophy-
cocyanin [APC]), CD8 (PerCP or APC), CD28 (FITC or PE), CD95 (APC), and
Ki-67 (FITC or PE). All antibodies were obtained from BD Biosciences (San
Diego, CA), and samples were analyzed by four-color flow cytometry (FACS-
Calibur; BD Biosciences Immunocytometry Systems). Data analysis was per-
formed using CellQuest Pro (BD Biosciences) and FlowJo (TreeStar, Inc., San
Carlos, CA). For Ki-67 staining, cells were fixed with fluorescence-activated cell
sorter (FACS) lysing solution (Becton Dickinson), treated with FACS perme-
abilization buffer 2 (Becton Dickinson), and stained with Ki-67 MAb or a control
isotype IgG1. In this study, naive CD4* T cells were identified by their CD95'*
CD28"e" phenotype, whereas memory CD4* T cells were CD95bih CD2ghigk or
CD95"sh CD28"°" in the CD4* small lymphocyte gate (36, 39).

Intracellular-cytokine assays. Stimulation was performed on frozen lympho-
cytes as described previously (40). Freshly thawed lymphocytes were resuspended
(105/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
experiment. Peptides used to stimulate SIV-specifie T cells were 15 amino acids
(aa) in Iength, overlapping by 11 amino acids, and encompassed SIV,,,c230 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 Corp.,
Carlsbad CA), followed by staining with anti-CD3 Alexa 700 (BD Biosciences),
anti-CD4 Cy5.5-PE (eBioscience Inc., San Diego, CA), anti-CD8 Pacific Blue
(BD Biosciences), and anti-CD95 Cy5-PE (BD Biosciences). The cells were then
fixed, permeabilized, and stained with anti-gamma interferon (IFN-y) Cy7-PE
(BD Biosciences), anti-IL-2 APC (BD Biosciences), tumor necrosis factor (TNF)
FITC (BD Biosciences), and Mipl- PE (BD Biosciences). SIV-specific CD8 T
cell responses are reported as the frequency of memory CD8 T cells, gated by
characteristic light scatter properties; then as Aqua Blue™, CD3*, CD8*, CD4",
or CD95*; and by production of either TNF or Mip-1p. All data are reported
after background subtraction,

Virus neutralization assays. Autologous plasma samples (1:20 dilution) from
SHIV ,pyg-infected macaques were incubated with (i) the same uncloned SHIV-
apsg derivative used for inoculation or (i) the SHIV zpg isolated from PBMC at
week 4 p.i. (for monkeys CJ58 and CK15) in quadruplicate in 96-well flat-bottom
culture plates in a total volume of 50 ul for 1 h at 37°C. Prechallenge plasma
samples from each animal served as controls. Freshly trypsinized TZM-bl cells
(50) (1.5 X 10* in 150 p! Dulbecco’s modified Eagle’s medium [DMEM] con-
taining 20 pg/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, measured as relative light units (RLU), present in cell lysates was

determined as previously described (51), and the average neutralization activity
for each plasma sample was determined. The average number of RLU for the
prechallenge plasma controls ranged from 1 X 10° to 2 X 10% Any sample
resulting in a 50% reduction of luciferase activity compared to that obtained with
the uninfected control sample was considered positive for NAbs. To determine
neutralizing-antibody titers, 40 pl of diluted virus, sufficient to generate the
desired numbers of RLU, was mixed with 10 pl of appropriately diluted plasma
samples in a 96-well plate and incubated for 1 h at 37°C, TZM-bl cells were
added, cultures were maintained for an additional 28 h, and intracellular lucif-
erase activity was measured as described above.

Coreceptor utilization assays. Freshly trypsinized TZM-bl cells (1 X 10* per
well) in 135 p! DMEM containing 10% fetal calf serum (FCS) and DEAE
dextran (15 pg/ml) were seeded in flat-bottom 96-well plates. Twenty-five mi-
croliters of coreceptor antagonists (AD101 against CCRS5, AMD3100 against
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CXCRA4, or both, at final concentrations ranging from 0.1 nM to 1,000 nM) was
added to each well. Following incubation for 1 h at 37°C, 10 TCIDs;, of replica-
tion-competent virus, determined in TZM-bl cells as previously described, in 40
wl was added to each well. After 24 h of incubation at 37°C, luciferase activity was
determined. The percent infectivity reported was derived from the mean of
quadruplicate assays. ’

To generate 293T cell-derived SHIV 5 g pseudotyped viruses, two separate
plasmids were constructed. The first (pNLenvl) contained a frameshifted muta-
tion in the leader peptide region of gpl20 (43). Plasmids expressing the
SHIV spgrig+) and SHIV,pgricy env genmes [pCMV-ADS(RIG+) and
ADB(RIG—)] were generated by reverse transcription-PCR of plasma viral
RNA, collected from macaque DB99 at the time of euthanasia, and subcloning
into NotI and (newly created) Xbal sites of the pCMVbeta expression plasmid
(Clonetech, Palo Alto, CA). Both plasmids [pNLenvl and pCMV-ADB(RIG) in
a 51 ratio] were cotransfected into 293T cells using Lipofectamine 2000 (In-
vitrogen, Carlsbad, CA). The titers of pseudotyped-virus preparations were de-
termined, and they were assayed for coreceptor usage 48 h following infection of
TZM-bl cells, as described for replication-competent virus.

RESULTS

Construction of a CCRS5-tropic SHIV. We previously re-
ported the construction of a full-length infectious HIV-1 mo-
lecular clone (pHIV-1,1,) derived from the prototypical mac-
rophage-tropic CCR5-utilizing HIV-1,,, isolate (14, 48). A
SHIV expressing the env gene from pHIV 4g Was obtained by
inserting the 3.04-kb EcoRI-to-HindIII DNA fragment (in-
cluding a portion of vpr and the entire tat, rev, vpu, and env
genes) into the genetic background of pSHIVy,, (45), as
described in Materials and Methods. The resulting molecular
clone, pSHIV , g, directed the production of progeny virions
following the transfection of HeLa cells. Virus stocks were
prepared by infecting PM1 cells or ConA-stimulated rhesus
PBMC with virions pelleted from HeLa cell transfection cul-
ture supernatants.

It is not generally appreciated how daunting it is to generate
an R5-tropic SHIV able to maintain detectable levels of set-
point viremia, exclusively target memory CD4* T cells, and
induce immunodeficiency in inoculated rhesus monkeys. Sim-
ply replacing orthologous SIV sequences with a DNA segment
including a CCR5-utilizing HIV-1 env gene does not usuaily
result in a SHIV exhibiting robust replication kinetics in vivo_
and a disease-inducing phenotype. This was, in fact, the case
for SHIV ppg: levels of plasma viremia following virus inocu-
lation (1 ml of undiluted virus by the iv., i.p., and BM routes)
were promptly and durable suppressed, and the numbers of
memory CD4™ T lymphocytes did not change appreciably, as
shown for a representative infected animal (CJ7H) in Fig. 1a.
To be certain that we were on the right track with respect to
the targeting and elimination of memory, not naive, CD4* T
cells in vivo, a second macaque (CJ9F) was treated with the
CD8* T lymphocyte-depleting MAb cM-T807 24 h prior to
SHIV 5 g inoculation, as well as on days 3 and 6 post-virus
infection, to promote a vigorous in vivo infection, Unlike un-
treated macaque CJ7H, the levels of plasma viral RNA in
monkey CI9F rapidly rose to 3.8 X 107 copies/mt by day 10 p.i.
and were associated with a rapid and irreversible decline of
circulating memory CD4* T cells (Fig. 1b). In contrast, the
numbers of naive CD4* T lymphocytes in animal CJ9F were
maintained in the 600- to 800-cell/ul range during this period.
This result, therefore, confirmed that SHIV 54 could sustain
high virus loads and preferentially target the memory CD4* T



4772 NISHIMURA ET AL.

A

J. VIROL.

a b Anticosmab
@day -1, 3 and 6p.i.

% 1400 CJ?H 1.0E+07 - g_ 500 CJQF 1.0E+10 _
4 1200 & 4 as0 108009 £
o 1.0E+06 o 400 Er0p M
9 1000 ?—S ‘1’ 350 1.0E+0 g
F e 106405 O = s00f 10E407 &
b3 g 3 250 10E406 =
o 6w 1.0E+04 (E O 200 1.0E+05 T
> 2 & 150 ‘ E:
T 400 g S 1.0E+04 &
2 108403 = 100 =
5 200 [rri 1.0E403
= s

0 @@t 1.0E+02 [s] F 1.0E+02

(1] 10 20 30 40 50 60 [~ MEMORY CDA*T-CELL/tl 2 4 6 8 10 12 14 16
WEEKS p.i. ~@— VIRAL RNA COPIES/m WEEKS p.i.

FIG. 1. Infectivity of the original SHIV ypq in rhesus monkeys. Macaques CJ7H (a) and CJ9F (b) were inoculated with 1 ml of undiluted
SHIV spg by the iv., i.p., and BM routes. Macaque CI9F was treated with the depleting anti-CD8 MAb ¢cM-T807 as indicated.

cell subset in vivo, but only in an animal with a compromised
immune system.

In vivo passaging of SHIV , ;5. The prompt control of plasma
viremia and the nonpathogenic phenotype of SHIV ,e ob-
served in untreated macaques were reminiscent of the infec-
tivity patterns observed with first-generation X4-tropic SHIVs
(28, 44). We therefore initiated serial animal-to-animal pas-
saging of SHIV g with macaque CJ9F as the “founder” in-
fected monkey (Fig. 2a). This approach had previously been
used to generate X4 SHIVs exhibiting more robust replicative
and pathogenic properties (26, 41). Unfortunately, in vivo se-
rial passaging of virus to optimize infectivity is an empirical and
stochastic process. One never knows when or if an RS SHIV
has acquired an augmented replicative phenotype. The ulti-
mate proof that such a change has occurred requires the inoc-
ulation of additional animals and waiting several months to
assess the resultant viral replication kinetics and CD4* T cell
dynamics.

The strategy employed was to maximize the emergence of
disease-inducing SHIV variants, putatively present in an in-

Week 13 Week 15
PBMC, Spleen Blood, Spleen

Week 12
Blood, BM

creasingly genetically diverse virus population, by serially
transferring large numbers of infected cells by i.v., i.p., and BM
routes into recipient animals previously treated with an anti-
CDS8 depleting MAD. As indicated in Fig. 2a, whole blood and
bone marrow cells were transferred from macaque CI9F to
macaque H681 by these three routes. In subsequent passages,
cell suspensions were prepared from spleen, LN (axillary, in-
guinal, iliac, and mesenteric), PBMC, and BM cells collected at
the time of necropsy, as described in Materials and Methods.
With one exception (macaque CJ7F), the depleting anti-CDS8
MAb was administered to a recipient animal on days —1 and
+3 p.. to facilitate unrestricted replication in vivo. Animal
CIJ7F did not receive anti-CD8 MAb-at the time of virus trans-
fer to investigate the possibility that SHIV 51, had acquired
improved replication properties in vivo following the initial two
in vivo passages. Because this was not the case (its plasma
viral-RNA loads had declined to 360 RNA copies/ml at week
10 p.i.), macaque CJ7F was treated with anti-CD8 MAb at
week 13 p.i. and sustained an immediate burst of virus produc-
tion that reached 1.4 X 10° RNA copies/m] of plasma at week

Ray &
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FIG. 2. Serial animal-to-animal passage of SHIV spg. (a) Passage history of SHIV spg and origin of SHIV ppgs». (b) Rhesus monkey PBMC
were infected with SHIV spg or the passaged SHIV spgy, virus stock, normalized for RT activity. CPM, counts per minute.
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FIG. 3. SHIV zpgs, induces sustained plasma viremia and loss of CD4 T cells in an inoculated rhesus macaque. Plasma viremia and the
percentage of BAL fluid CD4" T cells (a) or the absolute numbers of circulating CD4* T cells (b) in rhesus macaque CJ8B inoculated
intravenously with SHIV ypg4, are shown. RT-PCR, reverse transcription-PCR.

14 p.i. CJ7F was euthanized at week 15 p.i,, and cell suspen-
sions were prepared as described above and transferred by the
iv., ip., and BM routes into macaque CKI1A, previously
treated with anti-CD8 MAbD (Fig. 2a). Following the fifth in
vivo passage, macaque CK1G was euthanized on day 6 p.i., and
cell suspensions, prepared at the time of necropsy, were cocul-
tivated with ConA-stimulated PBMC from uninfected rhesus
monkeys as described in Materials and Methods; the culture
supernatants were monitored for the presence of reverse tran-
scriptase activity, pooled, and designated SHIV ypg4,.
Inoculation of rhesus macaques with SHIV,pg., and its
" immediate derivatives resulted in sustained plasma viremia
and loss of CD4* T lymphocytes. To ascertain whether serial
passaging of SHIV g in vivo had resulted in the acquisition of
improved replicative properties, ConA-stimulated'rhesus mon-
key PBMC were infected with SHIV zpgu, OF the starting
SHIV g virus preparation, both normalized for RT activity.
As shown in Fig. 2b, SHIV spgu, replicated to much higher
levels in cultured macaque PBMC than the original SHIV .
To determine whether this improved infectivity of SHIV s pg4s
for rhesus PBMC was correlated with augmented replication in
an animal not treated with the depleting anti-CD8 MAb, ma-
caque CJ8B was inoculated iv. with 1.5 X 10* TCIDs, of
SHIV spgss- As shown in Fig. 3a, this monkey experienced a

marked but transient depletion of memory CD4* T cells in

BAL specimens during the acute infection and maintained
detectable levels of plasma viremia. Because animal CJ8B
subsequently experienced a decline in the total circulating
CD4* T lymphocyte population from 565 to 175 cells/pl at
week 56 p.i. (Fig. 3b), whole blood or virus propagated ex vivo
from CJ8B lymph node suspensions (lymph node virus
[SHIV spgrn]) Was inoculated into four additional macaques
(CK15, CJ58, CE8J, and CJ35) (Fig. 4). Four other animals
(DB99, DA1Z, A4E008, and DA4W) received blood transfu-
sions, and two (CJ3V and CK5G) were inoculated with PBMC
coculture virus (SHIV ,pgpemc) derived from monkeys CK15
and CJ58 (Fig. 4). In addition, because it was unknown at the
time of its preparation whether SHIV g4, had acquired aug-
mented in vivo infectivity properties, SHIV ,pg4, Was propa-
gated for an additional 30 days ex vivo in macaque PBMC as
described in Materials and Methods. Because the resulting
derivative, designated SHIV ppgus 430, €Xhibited robust infec-
tivity in both pigtailed and rhesus macaque PBMC (data not

shown), it was inoculated intravenously into two rhesus mon-
keys (CLSA and CL98) (Fig. 4). The inocula used to infect
rhesus monkeys with SHIV 4,54, and its immediate derivatives
are listed in Table 1. None of these monkeys received the
depleting anti-CD8 MAb.

Ten of the 13 animals infected with SHIV zpg, Or its im-
mediate derivatives experienced an NP clinical course charac-
terized by set-point virus loads that varied widely (from less
than 10° to more than 10° RNA copies/ml) and a gradual
depletion of circulating CD4™ T lymphocytes (Fig. 5a and b).
Transient, and in some cases quite significant, losses of mem-
ory CD4™ T cells in BAL samples was a common finding
during the acute infection (Fig. 5c). The loss of circulating
CD4* T lymphocytes in the 10 SHIV g -infected NPs af-
fected both memory and naive subsets (Fig. 6). With one ex-
ception (monkey CJ35), these animals sustained depletions of
circulating memory CD4™ T cells to the 200-cell/ul level by
week 100. NPs also experienced increased memory CD4™ T
lymphocyte turnover, as monitored by Ki-67 expression, par-
ticularly during the first 10 weeks and the final stages of the
infection (see Fig. S1 in the supplemental material). The loss
of naive CD4* T lymphocytes in NP monkeys was even more
profound. By week 80 p.i., this subset had declined to below
100 cells/pl in all of the animals (Fig. 6b). At the time of their
euthanasia, five NPs (CJ8B, CES8J, CJ3V, CK15, and CL98)
had only 1, 3, 6, 12, and 68 circulating naive CD4* T cells/pl,
respectively. We previously reported that SIVsmES543-infected
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FIG. 4. SHIV spg«, and its immediate derivatives cause immuno-
deficiency in rhesus macaques. The dashed arrows indicate virus trans-
fer by blood transfusion. The thick arrows indicate LN or PBMC
specimens used to generate virus stocks by coculturing with PBMC
from uninfected donors. T, euthanized animals.
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FIG. 5. Total CD4™ T lymphocytes are gradually lost in normal progressors following infection with SHIV spg4, and its immediate derivatives.
The levels of plasma viremia (a), absolute numbers of peripheral CD4* T cells (b), and percentages of BAL fluid CD4* T cells (c) are shown. The
five normal progressors that developed AIDS and were euthanized are indicated (1)-

NPs had also experienced a marked loss of naive CD4* T cells
as early as 20 weeks p.i. (35). It was therefore not unexpected
that NP SHIV ,pg-infected monkeys might also sustain a de-
pletion of their naive CD4* T cell subset.

Three of the 13 macaques inoculated with SHIV g4, and
its immediate derivatives became RPs, requiring euthanasia
between weeks 19 and 23 p.i. because of anorexia, intractable
diarrhea, and marked weight loss (Fig. 7). Virus set points in
the RPs exceeded 107 RNA copies/ml, memory CD4* T cells
in BAL specimens rapidly and irreversibly declined, and at the
time of death, all of the animals had sustained marked losses of
circulating CD4™ T cells.

Immune responses to SHIV ;¢ In the context of its use as a
challenge virus in vaccine experiments, it was important to
show that SHIV g elicited both cellular and humoral im-
mune responses during infections of rhesus monkeys. There-
fore, anti-SHIV g Gag-specific CD8% T lymphocyte re-

sponses were measured by flow cytometry for 6 of the 10 NPs
by intracellular staining of cells expressing TNF-a and/or
IFN-y following stimulation with a 15-mer peptide pool
spanning SIV ,,.,30 Gag. The levels of virus-specific CD8* T
cells in this group of rhesus monkeys ranged from 0.33 to
1.68% during the second year of their infection (see the
table in the supplemental material). A similar analysis of
Gag-specific responses in memory CD4™ T cells at these
times in the same animals indicated that 0.90 to 2.90%
expressed TNF-a and/or IFN-y (see the table in the supple-
mental material).

NADbs were detected in several of the NPs during the course
of their infections (Fig. 8). The seven macaques evaluated had
been inoculated with SHIV ,1¢., or two immediate derivatives
(SHIV apssorn and SHIV peuoppyc)- Plasma neutralizing
activity directed against the same virus used for animal chal-
lenge was evaluated in monkeys CJ8B, CESJ, CJ35, CJ3V, and
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infection are shown. f, euthanized animals.

CK5G. The neutralization sensitivity of autologous virus
(SHIV ppg#2pMmc) Was monitored using plasma collected from
PBMC of macaques CK15 and CJ58 (Fig. 4). The time of
appearance of neutralization activity varied widely (week 20 to
week 78 p.i.) and was generally correlated with levels of set-
point viremia. In the three macaques producing the highest
levels of anti-SHIV 53 NAbs, the actual 50% inhibitory con-
centration (ICs,) neutralization titers determined by limiting
plasma dilution were 1:159 (CJ8B at week 89), 1:102 (CJ58 at
week 30), and 1:143 (CES8]J at week 52).

Coreceptor usage by SHIV,,; lineage viruses. The env gene
of SHIV 4 was derived from the prototypical macrophage-
tropic HIV-144,, previously shown to use CCRS for cell entry
(53). When tested in a TZM-bl entry assay with inhibitors that
specifically target CXCR4 or CCRS5, the original SHIV 4y,

- SHIV ppg, (data not shown), and SHIV ppg.0r  €xclusively
utilized CCRS5 (see Fig. S2 in the supplemental material). The
marked depletion of circulating naive CD4* T cells in all
SHIV opg NPs (Fig. 6b) raised the possibility that a coreceptor
switch had occurred, enabling these viruses to enter and elim-
inate naive CD4* T cells, which express high levels of surface
CXCR4, but not CCRS5. Accordingly, virus was recovered from
three NPs (CK15, CE8J, and CL98) immediately prior to eu-
thanasia. When tested for coreceptor usage, the viruses iso-
lated from all three NPs remained R5 tropic (see Fig. S2 in the
supplemental material), indicating that the loss of naive CD4*
T cells was not due to direct virus-induced cell killing.

As noted earlier, three monkeys infected with SHIV , g0
derivatives exhibited an RP phenotype. By week 10 p.i., these
macaques (DB99, A4E008, and CL5A) had experienced mas-
sive loss of memory CD4™ T cells in samples collected by BAL
(Fig. 7c) but had little change in the number of circulating
naive CD4" T lymphocytes (data not shown). However, by
week 19 p.i., the levels of total CD4™ T cells in the blood
had declined significantly in all three RPs (Fig. 7b), raising
again the possibility that coreceptor usage might have
changed. To assess a possible coreceptor switch, virus was
collected from RP monkeys DB99 and A4E008 at the time
of euthanasia and evaluated in the TZM-bl assay with spe-
cific CXCR4 and CCRS inhibitors. As shown in Fig. 9a,
blocking the entry of SHIV spg ppoo required both inhibi-
tors, whereas SHIV zpg asp00s Was inhibited only by the

CCRS inhibitor. This result indicates that SHIV s g ppoo had
acquired the capacity to use CXCR4 during its infection of
macaque DB99 and that SHIV zpg aspo0s had remained R5
tropic. ‘

Reverse transcription-PCR cloning and sequencing of env
genes amplified from the plasma of macaque DB99 at the time
of its euthanasia revealed that 28 of 29 recovered clones con-
tained a 3-aa insertion (RIG) located 2 residues upstream of
the GPGR sequence in the crown of the gp120 V3 region (Fig.
9b). A similar analysis of the env gene from virus circulating in
monkey A4E008 revealed a different 3-aa insertion (HIG) at
the same location in its V3 loop. The V3 loop sequences
amplified from the plasma of both animals at week 2 p.i. did
not contain any insertion. The gp120 region amplified from the
third RP (macaque CL5A) at the time of euthanasia contained
no insertion (Fig. 9b).

One of the 28 viral-DNA clones amplified from macaque
DB99 plasma at the time of euthanasia containing the RIG
insertion in V3 and the single clone simultaneously obtained
from this animal lacking the V3 insertion were used to prepare
pseudotyped virus for testing in the entry assay, as described in
Materials and Methods. As shown in Fig. 9c, the V3 RIG
insertion conferred usage of both CCR5 and CXCR4 corecep-
tors on SHIV , s pg(riG-+) compared to the exclusive utilization
of CCRS by SHIV sspg(ric-y Which lacks the gp120 V3 in-
sertion.

SHIV pg-infected macaques developed immunodeficiency.
The clinical statuses and disease outcomes of all 13 animals
inoculated with SHIV syg4, and its immediate derivatives dur-
ing a 2- to 3-year observation period are presented in Table 2.
As noted above, 10 of these 13 macaques were NPs and expe-
rienced gradual and irreversible depletions of both memory
and naive CD4" T lymphocyte subsets (Fig. 6). Five of these
animals were euthanized with symptoms of AIDS, and 3 addi-
tional NPs currently have CD4™ T cell counts ranging from 92
to 154 cells/ul plasma (Table 2). Histopathological studies
performed on, specimens collected at the time of necropsy
revealed the presence of Prneumocystis carinii, Mycobacterium
avium, and Campylobacter coli infections in individual
macaques (see Fig. S3 in the supplemental material). In addi-
tion, 3 of the 13 R5-SHIV-infected monkeys experienced an
RP syndrome characterized by sustained plasma viremia of
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>1 X 107 RNA copies/ml; rapid and irreversible loss of mem-
ory CD4* T cells in the blood and at an effector site (BAL);
and intractable diarrhea, anorexia, and weight loss requiring
euthanasia between weeks 19 and 23 p.i.

DISCUSSION

The results presented clearly show that the geperation of a
pathogenic R5-SHIV was not a trivial undertaking. Animal-to-
animal passaging eventually gave rise to SHIV g4, pOssess-
ing greatly augmented infectivity for rhesus PBMC compared
to the starting SHIV 5, construct. Although it was not appre-
ciated at the time, SHIV ypg4, had also acquired improved in

vivo properties, as evidenced by its and its immediate deriva-
tives’ capacity to cause fatal immunodeficiency in 8 of 13 in-
oculated rhesus monkeys (Fig. 4 and Table 2). The most con-
sistent and distinguishing property of the passaged SHIV ,,g
family of viruses during infections of rhesus macaques was the
slow and unremitting loss of both memory and naive CD4* T
cells (Fig. 6), a pattern of depletion observed in all 10 NPs.
Surprisingly, and in contrast to both SIVmac and SIVsmE
lineages, the pace of CD4* T lymphocyte decline was not -
correlated with plasma virus loads. Although the geometric
mean plasma viral-RNA level at week 50 in the SHIV -
infected monkey cohort was 1.7 X 10° RNA copies/ml, the
set-point virus loads varied widely in the 10 infected animals
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FIG. 8. Neutralizing-antibody activities detected in normal-progressor macaques following infection with SHIV 55,44, or its immediate deriv-
atives. Plasma samples (1:20 dilution) from the indicated SHIV ,p¢-infected macaques were incubated in quadruplicate for 1 h at 37°C with the
virus isolates shown in parentheses and then used as an inoculum to infect TZM-bl cells. The luciferase activity present in cell lysates at 28 h p.i.
was measured, and the average percent neutralization activity in plasma af each time point was determined. Prechallenge plasma samples served
as negative controls and baselines for zero neutralizing-antibody activity.
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with viruses (SHIV spg pagg and SHIV spg_asrq0s) recovered from rapid progressors DB99 and A4E008, respectively, in the presence of the
indicated amounts of the small-molecule coreceptor inhibitors AD101 (CCRS), AMD 3100 (CXCR4), or both. SIV,, 23 and SHIV g 10rc17
were also analyzed as representative RS-tropic and dual-tropic viruses, respectively. The luciferase activities present in cell Iysates 24 h p.i.
were measured, and percent infectivities were determined in the absence or presence of coreceptor inhibitors. (b) gp120 sequences from the
N-terminal V3 regions of SHIV ,p4 variants, recovered from three RP animals, were aligned with the starting SHIV g V3 loop. The V3
regions of the R5-tropic SHIVgg 65p3 and its SHIVgry4; proqy derivative, which also emerged in an RP, are included in the alignment. (c)
Coreceptor utilization of virus, pseudotyped with Envs present in RP DB99 at the time of necropsy, containing or lacking the 3-aa RIG V3

loop insertion.



