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Critical to the development of an effecti cells d with the generation of showing high levels of HIV-DNA copies in

HIV/AIDS model is the production of an
animal model that reproduces long-last-
ing active replication of HIV-1 followed by
elicitation of virus-specific Immune re-
sponses. In this study, we constructed
humanized nonobese diabetic/severe
combined immunodeficiency (NOD/SCIDY
interleukin-2 receptor y-chain knockout
(IL2Ry™") (hNOG) mice by transplanting
human cord blood-derived hematopol-
etic stem cells that eventually developed

lymphoid follicle-like structures in lym-
phoid tissues. Expressions of CXCR4 and
CCRS5 antigens were recognized on CD4*
cells in peripheral blood, the spleen, and
bone marrow, while CCRS was not de-
tected on thymic CD4* T cells. The hNOG
mice showed marked, long-lasting vire-
mia after infection with both CCRS- and
CXCR4-tropic HIV-1 isclates for more than
the 40 days examined, with R5 virus—
infected animals showing high levels of

the thymus and spleen. Furthermore, we
detected both anti-HIV-1 Env gp120- and
Gag p24-specific antibodies in animals
showing a high rate of viral infection.
Thus, the hNOG mice mirror human sys-
temic HIV Infection by developing spe-
cific antibodies, suggesting that they may
have potential as an HIV/AIDS animal
model for the study of HIV pathogenesis
and immune responses. (Blood. 2007;
109:212-218)

into human B cells, T cells, and other
monocytes/macrophages and dendritic

Introduction

HIV-DNA copies in the spleen and bone
marrow, and X4 virus-infected animals
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Current animal models for either human immunodeficiency virus
type | (HIV-1) or simian immunodeficiency virus (SIV) suffer
from the lack of a system precisely mirroring human HIV infection
and the progression to disease state.! In current animal models with
HIV infection, such as chimpanzees, animals do not develop
AIDS.' Past ammal models for HIV infection have relied on
h ized severe combined immunodeficiency (hSCID) mice

Jels 1o study prospective anti-HIV drugs and vaccines. SCID-hu
(Thy/Liv) mice, engrafted with human fetal thymus and liver tissue
in the renal subcapsular region, were first reported as the small-
animal model.” Because human T cells are generated within the
engrafted thymus, this model has been used for the study of
thymopoiesis*® and hematopoiesis™ under the burden of HIV-1
infection. However, this model allows for a limited systemic HIV-1
infection, which is restricted mainly to the engrafted thymus.
Another HIV mouse model, hu-PBL-SCID mice engrafted with
human peripheral blood mononuclear cells (PBMCs),” has been
actively used as a tool in developing antiretroviral therapy.*'!
However, the infection persists for only a short time in association
with rapid loss of CD4" T cells because there is no active
hematopoiesis or thymopoiesis."'*!" Furthermore, these mouse

models fail to mirror cerain key aspects of the human immune
response, lacking normal lymphoid tissue and functional human
antigen-presenting cells such as dendritic cells (DCs).'" Thus,
although these lels are valuable as animal models for
HIV infection, the development of a mouse model more analogous
to human HIV infection is needed if we are to better understand
HIV pathogenesis and develop successful anti-HIV therapies and
preventive vaccines.

To solve the difficult issue about the development of an ideal
HIV mouse model, we initially selected a humanized nonobese
diabetic (NODVSCID interleukin-2 receptor (IL-2R) +y-chain
knockout (NOG) mouse'? as a model animal because it has been
suggested that multilineage cells, including human T, B, and
natural killer (NK) cells, differentiate in these mice when given
transplants of human CD34* hematopoietic stem cells,'® '™ In
the current study, we further reveal the kinetics of differentiation
of human B and T cells, monocytes/macrophages, and DCs in
the mice that received transplanis, and we characterize the
animals by infection with both CCRS (R5)- and CXCR4
(X4)-tropic HIV strains. Since our ANOG mice show stable and
systemic infection of both R3- and X4-tropic HIV for more than
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the 40 days studied, and HIV-specific anubodies are detectable
in the animals with high plasma viral loads and HIV-DNA copy
numbers, we also discuss the suitability of HIV-hNOG mice as
an animal model for HIV-1 infection.

Materials and methods

Transplantation of human CB-derived hematopoietic stem cells
in NOG mice

Human cord blood (CB) was obtained from Saiseiksi Central hospital
iMinato-ku, Tokyo, Jupan) und Tokyo Cord Blood Bank (Kutsushika-ku,
Tokyo, Japan) after obtaining informed consent. All research on human
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for munne FDCs; and HIV-1 Gag p24 (DAKO) for detection of infected
cells. Biotin-labeled goat FHab'); anti-mouse immunoglobulin (1g: ICN
Biomedicals, Aurora, OH)- or biotin-labeled mouse Fab'); snti-rat 1gG
(Jackson | R h Lab ics, West Grove, PA) was used as the

d Samples were treated with alkaline phosphatase (AP)
or hursmadldn pclond.me (HRP)-streptavidin conjugate (ZYMED Labora-
tories Inc, San Francisco, CA). BCIP/NBT, DAB, or AEC (all from DAKO)
was used for the visualization, Photographs were wken by light microscopy
(Leica DMRA; Leica Microsystems Wetzlar, Wetzlar, Germany) using
Leica HC PLAN APO lenses ( 102/0.40 NAPH1 ). Leica Q550 was used for
image processing.

Measurement of human Igs in mice plasma
Plasma ¢ stions of human IgM, 1gG, and IgA in NOG mice tha

subjects was approved by the Institutional Review Board of each i
participating in the project. CB mononuclear cells were separated by
Ficoll-Hypaque density gradient. CD34" hematopoietic stem cells were
isolated using a magnetic-activated cell sorting (MACS) Direct CD34
Progenitor Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) g to the facturer's instructions. More than 95% of
CD3" cells were positively selected after 2 time-enrichment manipula-
tions. Cells were either immediately used for the transplantation or frozen
until use, NOG mice were obtained from the Central Institute for
Expui:mmnl Animals (Kswasaki, lapan) and maintained under specific

hogen-free (SPF) fitions in the animal facility of the National
Im.ll!ut: of Infectious Diseases (NIID; Tokyo, Japan). Mice used in these
studies were free of known pathogenic vinises, herpes viruses, bacteria, and
parasites, They were housed in accordance with the Guidelines for Animal
Experi of the Japan A m for Laboratory Animal
Science (1987) under the Japanese Law Conceming the Protection and
Management of Animals, and were maintained in accordance with the
guidelings set forth by the Institutional Animal Care and Use Committee of
NID, Japan. Once approved by the Institutional Committee for Biosafety
Level 3 experiments, these studies were conducted at the Animal Center,
NIID, Japan, in 1 with the regy specifically stated i the
laboratory biosafety manual of the World Health Organization. Female
mice (6 to 10 weeks old) were iradiated (300 ¢Gy) and | X 10* w0
1.2 % 10° CD34" cells were intravenously injected within 12 hours,

Flow cytometry

The purity of CB-denved CD34" cells after separation wus evaluated by
double staining with FITCconjugated anti-human CD45 (J.33) and
PE-conjugated anti-human CD34 (Class 11 581) (all from Beckman
Coulter, Fullenon, CA). After transplantation (1-7 months), peripheral
blood, spleens, bone marow (BM), and thymi were coll I for Mow

received transplants of human stem cells were determined by conventional
human lg quantitation assay at BML Inc {(Tokyo, Japan)

Cells and viruses

Human embryonic kidney 293T cells and monkey kidney COS7 cells were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS)
and antibiotics. The 293T cells und COS7 cells were used for transfection of
DNA plasmids containing HIV-) jpese and simianhuman immunodefi-
ciency virus (SHIV)-C2/1, respectively. The SHIV-C2/1 strain contains the
env gene of pathogenic HIV-1 strain 89.6.'% Cell-free supematant was
collected und stored at —80°C before use. A primary climcal isolute,
HIV-1ypp. was kindly provided by Dr J. Sullivan of the University of
Massachusetts Medical School (Worcester, MA). PBMCs isolated from
HIV-1-seronegative individuals were cultured in RPMI 1640 supplemented
with 10% FBS and anubiotics with 5 pg of phytohemagglutinin (PHA ymL
for 3 or 7 days (PHA-PBMCs). HIV- | yy, was propagated in PHA-PBMCs,
and cell-free virus stocks were stored at —80°C.

The 50% tissue-culture infectious dose (TCIDy) was determined
using PHA-PBMCs and the endpoint dilution method, A 4-fold series of
dilution was prepared from the virus stock. and then cells were mixed
and cultured for 7 days for Xd=HIV-1 and 14 days for R5-HIV-] in
RPMI 1640 supplemented with 20% FBS and antibiotics. The endpoints
were determined by screening for the p24 antigen using Lumipulse
(Fujirevio, Tokyo, Japan).

HIV-1 infection

All procedures for the infection and maintenance of NOG mice were
performed in Biosafety Level 3 facilities at NIID under standard caging

cytometric analysis following staining with the following monoclonal
antibodies (mAbs); FITC.conjugated anti-human CD45 (1.33), CD3
{UCHT1), CD4 (13B8.2), CD19 (J4.119), CD45RO (UCHL1) (all from
Beckman Coulter), and CCRS (2D7: BD Pharmingen, San Diego, CA)
PE-conjugated anti-human CD4 (13B8.2), CD8 (B9.11), CDI19 (}4.119),
CDASRA (ALB11) (all from Beckman Coulter), and CXCR4 (44717, R&D
Systems, Minneapolis, MN): anti-mouse CD45 (YW62.3; Beckman
Coulier);, ECD-conjugated anti-human CD435 ().33; Beckman Coulter); and
PCS-conjugated anti-human CD8 (T8) and CDI4 (Rm052) (all from
Beckman Coulter). Flow cytometric analysis was conducted by 2- or
4-color staining using an EpicsXL (Beckman Couller).

Immunohistochemistry

Organs were snap-frozen following embedding in OCT compound (Sakura
Finetechnical, Tokyo, Japan). Frozen sections were air-dried and fixed in
acetone, HIV-l-infected organs were Imcd in 4% paraformaldehyde and

bedded in OCT compound followi jon in gradient sucrose
(5%-30%). Fixed samples were stained w|U| the rnllmvmg mAbs: anti—
human CD45 (1.22/4014: Nichirel, Tokyo, Japan), CD3 (UCHT!: DAKO,
Glostrup, Denmark), CD20 (1.26; DAKO), CD68 (KP1: DAKO). CD205
(MG38: eBioscience, San Diego, CA), and DRC-1 (R4723: DAKO) for
follicular dendnitic cells (FDCs): anti-mouse FDC-M1 (BD Pharmingen)

conditions. On days 102 10 132 after stem cell transplantation. 16 mice were
inoculated intravenously with RS-tropic HIV-1 jgese (65 000 TCIDs) or
Xd-ropic SHIV-C2/1 (50 000 TC1Dsq), On days |8 1o 43 after inoculation,
plasma was collected to determine HIV-RNA copy numbers, and spleen
cells were prepared as single-cell suspensions to analyze the CD/CDS ratio
using flow cytometry. A number (14) of other mice were inoculated
imtravenously with RS5-tropic HIV-1geqp (200 or 65000 TCIDg) or
Xdetropic HIV-1yy, (180 or 20 000 TCIDs) on days 126 w0 146 after
transplantation. On days 18 to 40 after inoculation, plasma was collected for
the determination of HIV-RNA copy numbers, and single-cell suspensions
of the spleen, BM, and thymus were prepared for HIV-DNA measurement

The CDCDS ratio in the spleen and percentages of human CD45” cells in
organs were analyzed using flow cytometry,

Virologic analysis

Plasma virl RNA copy numbers were measured using a real-time
quantification assay based on the TagMan system (Applied Biosystems,
Foster City, CA). Plasma viral RNA was extracted and purified using a
QlAamp Viral RNA Mini Kit (Qiagen. Valencia. CA). The RNA was
subjected to reverse transcription (RT) and amplification using a TagMan
One-Step RT—polymerase chain reaction (PCR) Master Mix Reagents Kit
(PE Biosystems, Foster City. CA) with HIV-1 gag consensus primers
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(forward, 5'-GGACATCAAGCAGCCATGCAA-3; and reverse, 5'-
TGCTATGTCACTTCCCCTTGG-3") and an HIV-1 gag consensus Tag-
Man probe (FAM-5"-ACCATCAATGAGGAAGCTGCAGAA-Y -TAMRA)
For SHIV.CY/1 analysis. primers (forward, 5'-AATGCAGAGCCCCAA-
GAAGAC-Y'; and reverse, 5'-GGACCAAGGCCTAAAAAACCC-3') and
a TagMan probe (FAM-5'-ACCATGTTATGGCCAAATGCCCAGAC-3'-
TAMRA) were designed for targeting the SIVmac239 gag region. ™ Probed
products were quantitatively I by their th e y with
the ABI7300 Real-Time PCR system (PE Biosystems). To obtain control
RNA for guantification. HIV-1 gag RNA and SIVmac239 gag RNA were
synthesized wsing T7 RNA polymerase and pKS460. Viral DNA was
extracted and purified using a QlAamp DNA Mini Kit (Qiagen). Determina-
tion of HIV-1 DNA copy numbers was performed by real-time PCR assay
with TaqMan Master mixture (PE Biosystems). Primers (forwand, 5'-
GGCTAACTAGGGAACCCACTG-3"; and reverse, 5 -CTGCTA-
GAGATTTTCCACACT-3") and probes (FAM-5'-TAGTGTGTGC-
CCGTCTGTTGTGTGAC-1"-TAMRA) were designed for targeting the
HIV-1 long terminal repeat region. R/US. The viral DNA was quantified
using LightCycler (Roche Diagnostics, Almere, The Netherlands), Viral
RNA and DNA were calculated based on the standard curve of control RNA
and DNA. All assays were carried out in duplicate.

HiV-antigen ELISA

Levels of anti-HIV-1 lgs against recombinamt HIV-lgm Env gpl20,
recombinant HIV-1yy Env gpl20, and recombinant HIV-1 s Gag p24 (all
from 1 D tics Inc. Wot MA) in plasma from HIV-1-
infected and -uninfected control mice were ined using a |
enzyme-linked immunosorbent assay (ELISA). Microplates (96-well) were
coated overnight with 200 ng/well antigens, and plasma diluted 1:20, 1:60,
and 1:180 with PBS were incubuted for | hour. AP-labeled anti-human lgs
(y, o and Sngmn -Aldrich, 5t Louis, MO) were used as secondary

ibodies. P henylphosphate (pNPP) Solution (WAKO Chemical
USA, Richmaond, \".»\I was used for the visualization. The enzyme reaction
was stopped by addition of 0.1 M NaOH and read at 405 nm. All assays
were carmied out in triplicate.

Statistical analysis

Duta were expressed as the mean value = standard deviation (SD)
Significant differences between data groups were determined by 2-sample
Student 1 test analysis, A P value less than (05 was considered significant.

Results
Reconstitution of human lymphoid systems in hNOG mice

The initial studies describing the construction of humanized
SCID mice used the human PBMC for infection of immunodefi-
ciency viruses.” 22! However, these hu-PBL-SCID mice showed
a partial infection to the RS virus and a relatively limited period
of viral replication. To construct a more suitable mouse model
mimicking HIV-1 infection in humans, we selected human CB
stem cells as a transplant for NOG mice. NOG mice were
inoculated intra ly with h CD34* hematopoietic
stem cells, and their development of human lymphoid systems
were then i. After transplantation (2 months), human
CD45"* leukocyles were recognized in both PB and the spleen,
but most of the cells were human B cells (Figure 1A). Human T
cells began to be recognized clearly in PB and the spleen 4
months after transplantation (Figure IB) and gradually in-
creased in level, as did human B cells (Figure 1C),

In Figure 1D, we summarized percentages of human CD3* T
cells in human CD45* cells from 38 mice from 39 to 213 days after
transplantation. Human CD3° T cells clearly increased 100 days
after transplantation in both PB and the spleen. Afler trunsplanta-
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Figure 1. Flow cytometric analysis of human T celis in the peripheral blood and
spleen In NOG mice glven Intravencus transplants of human CB-derived
CD34* cells. (A-C) Representative profiles of the mice 2 months (A], 4 months (B),

and 7 months (C) after transp The rato of to muring CD45"* calls and
ihat of human CD3* 1o CD19* cells show an incremantal incraase in human CD45 "
cells and human CO3° cells from 2 1o 7 months, (D) Change of net parcentages of
human CO3* T cells among human CD45* cells in pedpheral blood and the spieen
from 38 mice 38 to 213 days after transplaniation. (E) CD45RA is mare efficently
axpreased than CO45R0 on human CD3* T cells in splean. A gate was set on the
human CO45° p The M cell sorting (FACS) profile s
repfesantative ol 10 a group of 5 mice.

tion (4 months), human CD3* T cells in the spleen preferably
expressed CD45RA rather than CD45RO (70.8% = 13.4% and
27.3% = 38.8% in CD3 " T cells, respectively; n = 5; Figure 1E),
demonstrating that most of the T cells were in a naive state. In
addition, plasma taken from § mice 113 to 143 days after
transplantation showed that all mice produced human IgM, with
concentrations ranging from 0,025 to 0.5 g/L, and that human IgG
and IgA was also detected in some of the mice (ranges, 0.015-0,18
/L and 0.003-0.012 g/L. respectively) (data not shown).

By 7 ths after transplantation, h CD45° leukocyles
comprised more than 80% 1o 90% of mononuclear cells in the
spleen (Figure 1C), and most of the mice showed symptoms of a
wasting condition and a hunched back. Based upon these results,
we determined that the suitable period for HIV inoculation would
be 4 10 5 months afier transplantarion.

Formation of lymphoid structures, including
monocytes/macrophages, DCs, and FDCs

Next, using the hNOG mice at 4 months alter transplantation, we
investigated lymphoid structure formation and the development of
human monocyies, macrophages, DCs, and FDCs, which are very
important factors not only for elicitation of immune responses
against foreign antigens, but also for the spread of HIV-1 infection
in a body.**** Human CD14" monocyles were detected in PB, the
spleen, and BM using flow cytometry (Figure 2A). During
immunohistochemical analysis, human CD45° leukocytes gath-
ered in a form of follicle-like structures (FLSs) at the end of the
central artery in the spleen (Figure 2B). From a serial section of the
same region (Figure 2B-G), these structures consisted mainly of
human CD20* B cells (Figure 2C) admixed with a small number of
human CD3* T cells (Figure 2D). Hardly any human FDCs
positive for DRC-1 were detected (data not shown), whereas a
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human CD45

Figure 2. Flow cy ysls and ysis of the

P lon of myel yii kers in hNOG mice 4 months after ransplan-
tation. (A) Human CD14* ¥ phages are 7 In penp
blood, the spleen, and BM. [B-G) Immunchistochemical findings from serially
sectioned spleen for the expressions of human CD4E (B), human CD20 (C). human
CD3 (D), munine FOC (E), human CD205 (F), and human CDE8 (G). (H) Human
CD68* macrophages are also detected in the medulla of the LN and lung,
Visualization was performed with BCIP (B-D, F-G), DAB (E), and AEC (H). Onginal
magnification. - 100.

loose network of murine FDCs posinve for FDC-M| was recog-
nized in the distal portion of the FLSs (Figure 2E). Human CD205*
DCs were predominantly detected in a cluster form within the FLSs
(Figure 2F), while human CD68° macrophages were scattered
throughout the spleen (Figure 2G). Many human CD68 * macro-
phages were also observed in various other organs, including the
lymph nodes (LNs) and the lungs (Figure 2H).

Expression of HIV-1 coreceptors on CD4* cells
in various tissues

Since the development of lymphoid tissues was recognized in
hNOG mice, we focused on the expressions of HIV-1 coreceptors
CXCR4 and CCRS on human CD4* cells in these tissues, CXCR4
antigen was expressed in 36.5% %= 4.2% (n = 4) of the CD4" cells
in PB (Figure 3A) and 78.1% = 17.1% (n = 5) in the spleen
(Figure 3B). CCR5" cells were detected in 15.5% = 1.8% (n = 4)
of CD4" cells in PB and 28.6% = 12.6% (n = 5) in the spleen
(Figure 3A-B). In the thymus, CD4'CD8 * thymocytes existed in
82.9% *= 4.4% (n = 5) as well as small numbers of CD4'CD8

cells (6.4% = 2.4%; n = §5) and CD4-CD8" cells (7.7% = 3.0%:
n =5), with the CXCR4 antigen expressed in 50.1% = 4.5%
(n = 5) of CD4* cells, while, as with normal human thymocytes, ™
CCRS* cells were almost undetectable, with less than 1%
(0.6% = 0.1%; n=5) (Figure 3C). Human CD3" T cells and
CD14° monocytes in BM were detected only in 3.2% = 2.1% and
5.8% % 3.8%. respectively, while CD4* cells were recognized in
18.1% = 6.5%, with many expressing both CXCR4
(75.0% = 23.1%) and CCRS (81.3% = 6.6%: n = 5; Figure 3D).
Thus, distributions of HIV-1 coreceptor—positive cells in these
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lymphoid tissues suggest that the ANOG mice allow for sulficient
development of human cells to make the study of HIV-1 pathogen-
esis possible.

Both RS- and X4-tropic HIVs efficiently infect and replicate
in hNOG mice

In our preliminary study, using low and high doses of challenge
virus, no viral infection was detected in any of the virus-inoculated
hNOG mice at 7 days afier infection, while some showed detect-
able plasma viral loads at 14 days (data not shown), Then, we
prepared 16 hNOG mice that received transplants of stem cells and
inoculated them with a high dose of R5-tropic HIV-1 jzesy (65 000
TCIDg) and X4-tropic SHIV-C2/1 (50 000 TCIDe) intravenously
through the tail vein at 102 1o 132 days after transplantation. Upon
HIV-1gesr infection, viral copy numbers in plasma rose 1o a level
of 16X 10° o 5.8 X 10° copiessmL (n = 4) on day 33 and
2.0 % 10° to 4.7 % 10° copies/mL on day 43 (n = 4) (Figure 4A).
Moreover, for SHIV-C2/1 infection, viral copy numbers in plasma
were 1.6 X 10" to 3.2 X 10 copies/mL on day I8 (n =4) and
reached 5.4 X 10" o 1.1 X 10¥ copiessmL on day 42 (n =4;
Figure 4B). In these mice, no significant decline in the CD4/CDS
ratio was observed throughout entire period of follow-up for the
R5-tropic virus infection, while CD4 " cell decline was detected for
the X4-tropic virus infection on day 42 after infection (P = ,044)
but not on day 18 after infection (Figure 4C). Four mice that did not
receive transplants of human stem cells showed no detectable
levels of plasma viral load (less than 500 copies/mL) following
HIV/SHIV inoculation (data not shown ).

To confirm HIV infection, we used immunohistochemistry to
detect the presence of the p24 antigen of the HIV-1 Gag protein in
various tissues of mice showing viremia. p24° cells were clearly
identified in the spleen, LN, and lungs (Figure 4D), which include
macrophage-like cells.

Different distributions of R5- and X4-tropic viruses
in lymphoid tissues

A number of mice (14) were further analyzed for HIV-1 infection
on days 126 to 146 after transplantation with a low dose (200
TCIDy) or a high dose (65 000 TCIDy) of R5-tropic HIV-1 jpesp
and a low dose (180 TCIDy,) or a high dose (20 000 TCIDs,) of
Xd-tropic HIV- Iy, Consequently, 2 of the 4 mice given a low
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Figure 3. Surface exp jon of HIV-1 P on CD4* celis in various
organs of mice 4 ths after ph tion, A rep FACS profile of

human CXCR4 and CCAS on CD4* cells shows the existence of CXCR4'CD4" and
CCRS*CD4" cells in blood (A), spisan (B), and BM (D), but no CCR5°CD4* cels in
the thymus (C). BM results show that many CO4* cells are neither CD3* T celfls nor
C014* monocytes. A gale was sel on the human CD45* population.
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Figure 4. The numbers of RNA viral copies In plasma, CD4*/CD8* T-cell ratios
In the spleen, and p24 on in the | s istry of HIV/SHIV-
infected mice. (A) Viral copy numbers of 8 mice inoculated with a high infectious
dose of HIV-1 _pcey (B5 000 TCIDy) and killed on days 33 and 43 after inoculation. (B)
Viral copy numbers of 8 mice Inoculaled with a high infectious dosa of SHIV-C21
(50 000 TCIDy,) and killed on days 16 and 42 sher inoculation. Note that all the mice
showed high lavels of viremia thal lasted more than 40 days after inoculation. (C)
CD4/CD8 cell rafios in the spisens of 16 infected mice and 9 uninfected control mice
Control mice were not inoculated with HIV/SHIV and were killed on days 105 1o 186
after stem cell ransplantation. There was no significant rapid loss of CD4* cells In
HIV-1 sear-infected mice, while a decline of the CD4/CD8 ratio was detected in
SHIV-C2/1-infacted mice on day 42 alter infection compared with uninfected control
mice ("P < 05). The short bars indicate the means of each group. (D) P24* cells are
cleary observed in the spleen, LNs, and lungs. Armow indicates p24 positive for
macrophage-like celis. Original magnification, -~ 100.

dose of HIV-1gesr and 2 of the 3 mice given a low dose of
HIV-lyn, were successfully infected (Table 1), suggesting that
each dose represents an approximately 50% infectious dose of HIV
for hANOG mice. High HIV-DNA copy numbers were mainly
detected in the spleen and BM of the HIV-1 pegp —infected mice,
and in the thymus and spleen of the HIV- Ly ~infected mice, while
their BM showed lower copy numbers (Table 1).
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Generation ol HIV-specific antibodies in h(NOG mice at a high
multiplicity of infection

We then tested for generation of human antibodies against HIV-1
from these 14 mice by HIV antigen-specific ELISA. The sera of
mice no. 136-3 and no. 157-3 infected with HIV-1 ¢ and
HIV- 1. respectively. showed significant levels of human antibod-
ies specific for HIV-1jy-Env gpl20 (Figure 5A), HIV-1y-Env
gp 120 (Figure 5B), and HIV- | y15-Gag p24 (Figure 5C). In addition,
no. 157-4 sera from an HIV- 1y ~infected animal was also weakly
positive for their Env and Gag antigens. These animals showed
intense plasma viral loads and enhanced proviral DNA copies in the
spleen, BM, and thymus (Table 1), suggesting that hNOG mice
inoculated with high doses of HIV and showing high rates of viral
infection develop HIV-1-specific humoral immune responses that
are analogous io those seen in human anti-HTV B-cell responses.

Discussion

Current small-animal models fall short of accurately mirroring
human HIV-1 infection and thus have limited usefulness in
analyzing the natural course of its progression to the disease state
and in developing antiviral countermeasures. Although successful
HIV-1 infections in immunodeficiency mice humanized with
PBMCs have been reported,'*'2! transplanted human cells are
soon depleted and do not elicit virus-specific immune responses,
shedding liule light on pathogenesis and vaccine development. By
using NOG mice that received hematopoietic stem cell transplants
showing high rates of viral infection, we demonstrated HIV-
specific antibody responses and viral infection parameters. includ-
ing the following: (1) similar levels of susceptibility to both RS-
and Xd-tropic HIV-1; (2) high levels of viremia stably observed
over 40 days; (3) immunohistochemical detection of infected cells
in various organs; and (4) a distinct tissue distribution for RS-
versus X4-tropic HIV-1s.

Among CD4* T cells, CXCR4 antigen is primarily expressed
on naive and CCRS on activated or memory cells.® hu-PBL-SCID
mice become susceptible to R5-tropic HIV-1 straing.*7 since T cells

Table 1. Comparison of viral RNA copies In plasma and HIV-DNA coples in the spleen, BM, and thymus from hNOG mice receiving low- and

high-dose viral inoculations

Time atter RNA viral coa/cos HIV-DNA coples/10® human cells
Mouse ID no. HIV strain TCIDy I lation, d plesiml ratio Spleen BM Thymus
Low-dose viral inoculation group
1131 HIVA ncer 200 18 6240 18 T 11 785 3405
122 HIV-1 ncar 200 18 <500 12 < 100 < 100 <100
113-2 HIV ncar 200 40 6177 18 25855 27 920 3473
123 HIV-1 e e 200 40 =500 09 < 100 < 100 =100
112-4 HIV-1 wnie 180 18 72477 13 18873 100 ND
1134 HIV-1 e 180 40 70 667 03 4047 653 32163
11241 L1 [ 180 40 <500 0.9 < 100 < 100 < 100
High-dose viral inocutation group
136-3 HIV sacys 65 000 252 381 ['3.] 858 871 1 787 600 232 158
136-2 HIV-1 gacms 85 000 29 50 167 0.7 41172 54 521 B 600
1411 HIV-1 s 85000 30 67 667 22 27735 52 430 429
161-3 HIV-1 noas 65000 30 13 847 08 104 466 14 653 111 080
157-3 HIV-1 20000 n 1253 925 05 41 053 56 802 976 556
157-4 HIV-1 e 20000 N 147 973 06 3634 262 40 796
161-6 HIV-1ye 20 D00 k1 108 073 1.7 4 891 < 100 3673

Seven mice inoculated with a low Infectious dose of HIV-1 sesr (200 TCIDg) of HIV-1yse (180 TCID), and 7 mice receiving a high infectious dose of HIV-1 acss (85 000

TCiDg) or HV-=1 (20 000 TCIDg,) wera listed.
ND indicates not done
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Figure 5. Detection of anti-HIV-1 antibodies from the plasma of HIV-1-infected
mice. An ELISA assay was conducted by using plasma from 14 mice inoculated with
eithar HIV-1 e of HIV-1g, and from 2 uni control mice, R

(n = B) of the 14 HIV-1-incculated mice. and the 2 uninfected mice, arasmmm he
paneis. Measuremants of specific human antibodies for HIV. 1 s gp120 (A), HIV-14
gp 120 (B), and HIV-1yg p24 anfigens (C) wane srnwn Results are expressed as fhe

means fram trip assays in 3 diffy P

are initially activated in the xenogenic environment and then
become anergic.'* In contrast, SCID-hu (Thy/Liv) mice are more
susceptible to X4 than to RS strains® because HIV-1 infection is
restricted mainly to the engrafied thymus that is primarily com-
prised of immature T cells, suggesting that this model may not be
practical overt HIV infection. Our study represents the nrst attempt
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after infection not only with R5-tropic HIV-1 but also with
Xd-tropic HIV-1, Indeed, the BM of hNOG mice infected with
R5-tropic HIV-1 exhibited exceptionally elevated levels of HIV-
DNA copies. On the other hand. the thymus of X4-tropic HIV- Iy~
infected hNOG mice yielded large numbers of HIV-DNA copies,
which seemed to correlate with the predominant expression of
CXCR4 on the thymocytes., Thus, further observation is essential 1o
address whether ATDS symptoms such as considerable CD4 * T-cell
depletion and hematopoietic at li lly occur in
these mice,

It is noteworthy that human antibodies against both HIV-I
Env gpl20 and Gag p24 antigens were detected in mice no.
136-3, no. 157-3, and no. 157-4 afier exposure to high titers of
HIV-1, suggesting that hNOG mice have the ability to respond
to HIV-1 antigens. This encourages us to develop antibody-
based HIV vaccine candidates, although additional modifica-
tions are required for the stable induction of immune responses.
Importantly, since the seroconverted mice showed high viremia
and high numbers of proviral DNA copies in the spleen, BM,
and thymus, abundant viral production may stimulate human
B-cell responses against HIV-1 and generate specific antibodies.
These mice showed little or no detectable human 1gG against
HIV-1, as determined by Western bloi analysis (data not shown ),
suggesting that very low levels of class-switching occurred in
these mice, though further study is required.

In addition to the humoral immune responses, the induction of
primary T-cell responses is critical for the study of HIV-specific
immune responses and pathogenesis, as well as for vaccine

1es ¢

to infect NOG mice that received transp of | -
etic stem cells with HIV-1. Very similar infection rates were secn
for both RS and X4 strains in the mouse model. Flow cytometry
revealed both CXCR4°'CD4* and CCR5'CD4" cells in PB, the
spleen, and BM, but only CXCR4 on thymic CD4" T cells. It also
showed the scaltering of human macrophages, known o be
susceptible to RS5-tropic HIV-1 strains®™* and the source of
HIV-1, 22 throughout various organs. p24° macrophage-like
cells were detected in these organs after R5-tropic HIV-1jpesy
infection. These data may help explain the susceptibility of hNOG
mice to bath R5- and X4-tropic HIV strains and also shed light on
the active replenishment of these target cells in mice.

SCID mouse systems have been actively used in the evaluation
of anti-HIV-1 drugs.*'"" In most cases, HIV-1 detection levels
reach a peak within a month after inoculation and level off,
accompanied by CD4* T-cell depletion.*'*"* Although suitable for
short-term experiments, it is also true that these models require
large numbers of mice because of large variations in infection
efficiency. In contrast, very stable infections were noted in our
hNOG mice that were inoculated with a high dose of HIVs, They
did not show rapid CD4/CD8 decrease in spite of high levels of
viremia persisting for more than 40 days. Efficient hematopoiesis
and thymopoiesis of human cells probably compensated for the
loss of CD4° T cells, allowing for persistent infection. This
capacity of the hNOG mouse system makes it attractive as a model
for the long-term evaluation of anti-HIV-1 drugs. In addition to
destroying mature blood cells, altered hematopoiesis in BM and the
thymus has also been reported to be responsible for immunode fi-
ciency in patients with AIDS.*** To study hematopoictic abnormali-
ties in HIV-1 infection, both SCTD-hu (Thy/Liv) mice®*** and
SIV- or SHIV-infected macaque models® 7" have been used. The
current hNOG mouse system. in which human cells are efficiently
reproduced from stem cells and then settled into hematopoietic
organs, offers a promising model for the study of events that occur

develop Although we did not demonstrate the T-cell ability to
respond to virus antigens, human T cells from the spleen prolifer-
ated when stimulated with anti-h CD3 antibodies (data not
shown), indicating that the human T cells in the NOG mice that
received transplants of hematopoietic stem cells are capable of
responding to T-cell receptor-mediated signals and are expected 10
be able to elicit primary antigen-specific immune responses against
foreign antigens. To address whether the specific T-cell responses
may be induced will be one of the important studies.

In conclusion, the NOG mice that received transplants of human
hematopoietic stem cells successfully achieved systemic and
persistent infection with both RS-tropic and X4-tropic HIV-1, and

dh li responses against HIV-1. These capaci-
nes of the hNOG mouse model may be very attractive for the study
of HIV pathogenesis and humoral immune responses induced by
HIV vaceine candidates.
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Human immunodeficiency virus type 1 (HIV-1) utilizes the macro-
molecular machinery of the infected host cell to produce progeny
virus. The discovery of cellular factors that participate in HIV-1
replication pathways has provided further insight into the molec-
ular basis of virus-host cell interactions. Here, we report that the
suppressor of cytokine signaling 1 (SOCS1) is an inducible host
factor during HIV-1 infection and regulates the late stages of the
HIV-1 replication pathway. SOCS1 can directly bind to the matrix
and nucleocapsid regions of the HIV-1 p55 Gag polyprotein and
enhance its stability and trafficking, resulting in the efficient
production of HIV-1 particles via an IFN signaling-independent
mech The depletion of SOCS1 by siRNA reduces both the
targeted trafficking and assembly of HIV-1 Gag, resulting in its
accumulation as perinuclear solid aggregates that are eventually
subjected to lysosomal degradation. These results together indi-
cate that 5OCS1 is a crucial host factor that regulates the intracel-
lular dynamism of HIV-1 Gag and could therefore be a potential
new therapeutic target for AIDS and its related disorders.

AIDS | pathogenesis | drug target | lysozyme

H uman immunodeficiency virus type 1 (HIV-1) infection is a
multistep and multifactorial process mediated by a complex
series of virus—host cell interactions (1, 2). The molecular interac-
tions between host cell factors and HIV-1 are vital to our under-
standing of not only the nature of the resulting viral replication, but
also the subsequent cytopathogenesis that occurs in the infected
cells (3). The characterization of the genes in the host cells that are
up- or down-regulated upon HIV-1 infection could thercfore
provide a further elucidation of virus—host cell interactions and
identify putative molecular targets for the HIV-1 replication path-
way (4).

The HIV-1 p55 Gag protein consists of four domains that are
cleaved by the viral protease concomitantly with virus release. This
action generates the mature Gag protein comprising the matrix
(MA/p17), capsid (CA/p24), nucleocapsid (NC/p7), and p6 do-
mains, in addition to two small spacer peptides, SP1 and SP2 (5, 6).
The N-terminal portion of MA, which is myristoylated, facilitates
the targeting of Gag to the plasma membrane (PM), whereas CA
and NC promote Gag multimerization. p6 plays a central role in the
release of HI V-1 particles from PM by interacting with the vacuolar
sorting protein Tsgl0l and AIP1I/ALIX (7-9). Several recent
studies have implicated the presence of host factors in the control
of the intracellular trafficking of Gag. AP-35 is a recently charac-
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terized endosomal adaptor protein that binds directly to the MA
region of Gag and enhances its targeting to the multivesicular body
(MVB) during the early stages of particle assembly (10). The
trans-Golgi network (TGN)-associated protein hPOSH plays an-
other role in Gag transport by facilitating the egress of Gag cargo
vesicles from the TGN, where it assembles with envelope protein
(Env) before transport to PM (11). Although the involvement of
these host proteins in the regulation of intracellular Gag trafficking
has been proposed, the detailed molecular mechanisms underlying
this process are still not yet well characterized.

In our current work, we demonstrate that the suppressor of
cytokine signaling 1 (SOCSI1) directly binds HIV-1 Gag and
facilitates the intracellular trafficking and stability of this protein,
resulting in the efficient production of HIV-1 particles. These
results indicate that SOCS1 is a crucial host factor for efficient
HIV-1 production and could be an intriguing molecular target for
future treatment of AIDS and related discases.

Results

SOCS1 Is Induced upon HIV-1 Infection and Facilitates HIV-1 Replica-
tion via Posttranscriptional Mechanisms. We and others have shown
that HIV-1 infection can alter cellular gene expression patterns,
resulting in the modification of viral replication and impaired
homeostasis in the host cells (4, 12). Hence, to elucidate further the
genes and cellular pathways that participate in HIV-1 replication
processes, we performed serial analysis of gene expression (SAGE)
using either a HIV-1 or mock-infected human T cell line, MOLT-4
(12). Further detailed analysis of relatively low-abundance SAGE
tags identified SOCS] as a preferentially up-regulated gene after
HIV-1 infection. This finding was validated by both semiquantita-
tive RT-PCR and immunoblotting analysis with anti-SOCS1 anti-
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bodies (Fig. 1.4). In addition, SOCS! was found to be up-regulated
also in peripheral blood mononuclear cells (PBMC) from two
different individuals (following HIV infection, Fig. 18).

Our initial findings that SOCS1 is induced upon HIV-1 infection
prompted us to examine whether this gene product affects viral
replication. We first cotransfected 293T cells with a HIV-1 infec-
tious molecular clone, pNL4-3 (13), and also pcDNA-myc-SOCS1,
and then monitored the virus production levels in the resulting
supernatant. We then performed ELISA using an anti-p24 antibody
and found that wild-type SOCS] significantly increases the pro-
duction of HIV-1 in the cell supernatant in a dose-dependent
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days points were measured by ELISA.

manner (Fig. 1C Upper). In contrast, neither the SH2 domain-
defective mutant (R105E) nor the SOCS box deletion mutant (AS)
of SOCS1 could promote virus production to the same levels as wild
type, indicating that both domains are required for this enhance-
ment (Fig. 1D Upper). Furthermore, another SOCS box protein,
SOCS3, failed to augment HIV-1 replication in a parallel experi-
ment (Fig. 1D Upper), indicating that the role of SOCSI during
HIV-1 replication is specific.

We next performed immunoblotting analysis using cell lysates
and harvested virus particles in further parallel experiments (Fig. 1
C and D Lower). Consistent with our ELISA analysis, the expres-
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Fig. 2. SOCS1 interacts with HIV-1 Gag. (A) Ex- A
tracts of 2937 cells transfected with either empty
vector or Gag-FLAG were subjected to pull-down
analyses using glutathione-agarose beads with
GST-SOCS1 in the presence of 10 ng/ml ANase fol-
lowed by immunoblotting with anti-FLAG antibod-
ies. (B) Extracts of 2937 cells transiently expressing
myc-SOCS! and Gag-FLAG were subjected to im-
munoprecipitation (IP) with anti-FLAG monocional
antibodies in the presence of 10 ng/ml RNase fol-
lowed by immunobiotting (IB) analysis with either
anti-FLAG or anti-myc polyclonal antibodies. (C)
2937 cells were transiently transfected with Gag-
FLAG, and cell lysates were then subjected to im-
munoprecipitation with anti-FLAG antibodies fol-
lowed by immunoblotting with an antibody
directed against endogenous SOCS1. (D and £)
2937 cells expressing various myc-tagged SOCS1
mutants (schematically depicted in D) were ana-
lyzed by GST pull-down analysis with either GST or
GS5T-Gag recombinant protein (E). (F) GST fusion
proteins of the indicated regions of Gag were
bound to glutathione beads and incubated with
cell lysates from 2937 cells expressing myc-50CS1 in
the presence of 10 ng/ml RNase followed by immu-
noblotting with anti-myc antibodies. (G) 50CS51
binds pS5 Gag via either its MA or NC domains,
2937 cells were transfected with myc-S50CS1 and
cotransfected with Gag-FLAG, GagAMA-FLAG,
GagANC-FLAG, or GagAMAANC-FLAG. At 24 h af-
ter transfection, cell lysates treated with 10 ug/ml
ANase were subjected to coimmunoprecipitation
with anti-myc monoclonal antibodies followed by
immunaobiotting with anti-FLAG or anti-myc poly- AMA-src
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clonal antibodies. (H) Functional interaction of
SOCS1 with MA but not NC, 293T cells were trans-
fected with wild-type Gag, AMA-sre, or ANC-LZ
(Zy-p6) and cotransfected with either control vec
tor or SOCS1. Supernatant virus particles were then
collected after 24 h and subjected to immunoblot-
ting with anti-p24 antibody. Numerical values be
low the blots indicate fold induction of superna-
tant p55signal intensities derived by densitometry.

SN

- p55Gag
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10 21

(N Colocalization of SOCS1 with Gag. Hela cells were transiently transfected with Gag-GFP. Atter 24 h, the cells were fixed, permeabilized, and immunostained
with anti-50CS1 polyclonal antibody followed by fluorescently labeled secondary antibodies before confacal microscopy. (Scale bar: 10 um.)

sion of wild-type SOCS1, but neither its SH2 nor SOCS box mutant
counterparts, resulted in a marked and dose-dependent increase in
the level of intracellular Gag protein, particularly in the case of CA
(p24) and intermediate cleavage products corresponding to
MA-CA (p41) and CA-NC (p39). This increase was found to be
accompanied by an enhanced level of HIV-1 particle production in
the supernatant (Fig. 1 C and D Lower). These results together
indicated that SOCS1 facilitates HIV-1 particle production in
infected cells and that this role of SOCS1 requires the function of
both its SH2 and SOCS box domains. For further details about
SOCS1 interaction with MA and NC and SOCS1-enhanced particle
production, see supporting information (SI) Text.

To examine the morphological aspects of HIV-1 particle pro-
duction, transmission electron microscopy (TEM) was performed.
293T cells that had been cotransfected with pNL4-3, and either a
control vector or a SOCS1 expression construct, were subjected to
TEM analysis after fixation in glutaraldehyde. In SOCSI1-
transfected cells, a significantly increased number of mature virus
particles was observed on the surfaces of PM compared with the
control vector-transfected cells (Fig. 1E). There were also no
obvious malformations of the virus particles in SOCS1-expressing
cells, such as doublet formation or tethering to PM, which are
characteristic of particle budding arrest (14) (Fig. 1E). Consistent
with this observation, virions from SOCS1-transfected cells were
found to be infectious as control viruses in Jurkat cells when the
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same amounts of virus were infected (Fig. 1F). These results
together indicate that SOCS] enhances mature and infectious
HIV-1 particle formation.

To elucidate the specific step in HIV-1 production that is
enhanced by SOCS1, we next performed gene reporter assays using
either luciferase expression constructs under the control of wild-
type HIV-LTR (pLTR-luc), or a full-length provirus vector (pNL4-
3-luc) (15). Interestingly, SOCSI overexpression was found not to
affect the transcription of these reporter constructs (data not
shown), indicating that SOCS1 enhances HIV-1 replication via
posttranscriptional mechanisms during virus production.

SOCS1 Interacts with the HIV-1 Gag Protein. The results of our initial
experiments indicated that SOCS1 enhances HIV-1 production
via a posttranscriptional mechanism. We therefore next tested
whether SOCS1 could bind directly to HIV-1 Gag. GST pull-
down analysis using C-terminal FLAG-1agged p55 Gag (codon-
optimized) and GST-fused SOCS]1 revealed that p55 Gag un-
dergoes specific coprecipitation with GST-SOCS1 (Fig. 24).
Furthermore, both ectopically expressed myc-tagged SOCS1 and
endogenous SOCS1 were found to undergo coimmunoprecipi-
tation with Gag-FLAG in 293T cells (Fig. 2 B and C). Addi-
tionally, GST pull-down analysis with various SOCS1 mutants, as
depicted in Fig. 2D, further demonstrated that a mutant lacking
the both N-terminal and SH2 domain (AN-SH2) could not bind
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Fig.3. SOCS1 enhances both the
stability and trafficking of HIV-1
Gag. (A) Hela cells cotransfected
with pNL4-3 and either control
vector (EV) or SOCS1 were immu-
nostained with antibodies tar-
geting anti-p24 (CA). Confocal
microscopy with differential inter-
ference contrast (DIC) was then
performed. (Scale bars: 10 um.) (B)
2937 cells were transfected with
either a control empty vector (EV)
(Left) or myc-SOCS1 (Right) and
cotransfected with pNL4-3. After
48 h, cells were pulse-labeled with
[*5)methionine or [%S]cysteine
for 15 min and chased for the du-
rations indicated, Cell lysates and
pelleted supernatant virions were
immunoprecipitated with anti-

p24 antibodies followed by auto-
radiography. (C and D) Hela cells
seeded on poly-i-lysine-coated
cover slides were transfected with
either vector control or SOCS1, Af-
ter 24 h, cells were again trans-
fected with Gag-GFP for 3 h and

then treated with 100 ug/ml CHX ]

far 5 hto inhibit protein synthesis, g .
This treatment was followed by .
incubation with fresh medium;
then 150 min after the CHX re- i
lease, cells were fixed and sub- .

jected to confocal microscopy (C). (Scale bars: 10 um.) Cells with Gag protein on the plasma membrane were scored out of 200 transfected cells (D).

pS5 Gag, whereas an N-terminal or a SOCS box deletion did not
affect the binding of SOCS1 to Gag in 293T cells (Fig. 2E). This
finding indicates that the SH2 domain is important for the
interaction of SOCS1 with HIV-1 Gag. Interestingly, the R105E
mutant of SOCS1, which disrupts the function of the SH2
domain, still binds Gag (Fig. 2E), indicating that the Gag-
SOCS1 association is independent of the tyrosine phosphoryla-
tion of Gag, as is the case for both HPV-E7 and Vav (16, 17).

To elucidate the SOCS1-binding region of the Gag protein, GST
pull-downs with various GST-fused Gag domain constructs were
performed. SOCS1 was detected in glutathione bead precipitates
with GST-wild-type Gag, GST-Ap6, GST-MA, and GST-NC, but
not with other domain constructs (Fig. 2F), indicating that SOCSI1
interacts with Gag via its MA and NC domains. Consistent with
these results, the deletion of both the MA and NC domains of p55
Gag (AMAANC) completely abolishes its interaction with SOCS1
in coimmunoprecipitation experiments (Fig. 2G7). Furthermore, in
vitro analysis with purified proteins also demonstrated that SOCSI1
can indeed interact with both the MA and NC regions of HIV-1
Gag in the absence of nucleic acids or other proteins (SI Fig. 5),

We next wished to determine the functional interaction domain
in HIV-1 Gag through which SOCSI functions in terms of virus-like
particle production. To this end, we used a MA-deleted Gag mutant
with an N-terminal myristoyl tag derived from src (AMA-src) (18)
and also an NC-deleted Gag mutant with a GCN4 leucine zipper
in place of NC, which we herein denote as ANC-LZ but which has
been described as Zy -p6 (19). Both of these mutants have been
shown still to assemble and bud (18, 19). We found that SOCS1
overexpression can still augment the particle formation of both
wild-type Gag and ANC-LZ but not AMA-src (Fig. 2H), indicating
that the functional interaction between SOCS1 and HIV-1 Gag is
in fact mediated through MA.

To confirm further the direct interaction between SOCS1 and
Gag in cells, we examined the intracellular localization of these two
proteins. Confocal microscopy revealed that endogenous SOCS1
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forms dotted filamentous structures in the cytoplasm and that Gag
localizes in a very punctate pattern with SOCS1 from the perinu-
clear regions to the cell periphery (Fig. 2/). These data indicate that
SOCS! interacts with HIV-1 Gag in the cytoplasm during HIV-1
particle production.

S0CS1 Promotes both the Stability of Gag and Its Targeting to the
Plasma Membrane. Because we had found from our initial data that
SOCSI increases HIV-1 particle production as a result of its direct
interaction with intracellular Gag proteins, we next addressed
whether SOCSI1 positively regulates Gag stability and subsequent
trafficking to PM. Our immunofluorescent analysis with the anti-
p24 (CA) antibody initially revealed that SOCSI1 overexpression
increases the levels of Gag at PM when cotransfected with pNL4-3
at 48 h after transfection, although it was detected at PM in both
control and SOCS1-expressing cells (Fig. 34). Furthermore, the
levels of cytoplasmic Gag were found to be much lower in the
SOCS1-expressing cells compared with the control cells (Fig. 34).
These results indicate that SOCS1 enhances Gag trafficking to PM.

To examine next whether SOCS] affects the stability and traf-
ficking of newly synthesized Gag proteins, we performed pulse—
chase analysis. This experiment revealed that SOCS1 significantly
increases the stability of the intracellular p55 Gag polyprotein as
well as the levels of p24 in the supernatant (Fig. 38). Importantly,
p24 was detectable at an earlier time point and reached maximum
levels in a shorter period in the cell supernatant of SOCSI-
transfected cells compared with control vector-transfected cells
(Fig. 3B). This finding again suggests that SOCS]1 facilitates the
intracellular trafficking of newly synthesized Gag proteins to PM.

To confirm this hypothesis further, we performed cycloheximide
(CHX) analysis with HeLa cells transfected using either vector
control or SOCSI. After 24 h, cells were again transfected with
Gag-GFP for 3 h and treated with CHX for 5 h to inhibit protein
synthesis. Cells were then cultured in fresh medium without CHX
for an additional 150 min and subjected to confocal microscopy. At
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tants were then subjected to ELISA
analysis of p24 levels (8). (Q) 2937
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different SOCS 1-specific siRNAs (1 or Il). After selection with puromycin, the cells were then infected with HIV- 1.4 3 (multiplicity of infection, 0.1), and p24 antigen
levels in cell supernatant were measured by ELISA at the indicated time points. (H) Human primary CD4 T cells were separated from healthy donors and infected
with lentivirus vectors encoding either control- or SOCS1-siRNAL The cells were then infected with HIV-1yes (multiplicity of infection, 0.1), and p24 antigen levels

in cell supernatant were measured by ELISA at the indicated time points.

this time point, Gag-GFP was found to localize predominantly in a
perinuclear region in the control cells (Fig. 3C), whereas almost half
of the SOCS1-transfected cells exhibited Gag-GFP localization on
PM (Fig. 3D). These results again indicate that SOCS!1 efficiently
enhances the trafficking of newly synthesized Gag protein to PM.

The Targeted Disruption of SOCS1 Inhibits Gag Trafficking and HIV-1
Particle Production. To delineate further the role of SOCSI in the
trafficking of Gag and in subsequent HIV-1 particle production, we
depleted cellular SOCS1 by siRNA. The significant depletion of
SOCSI expression by two different SOCS1-specific siRNA con-
structs was confirmed by immunoblotting analysis (Fig. 4 4 and B).
Significantly, in cells cotransfected with pNL4-3 and SOCS1-
specific siRNAs, both HIV-1 particle release and the levels of
intracellular Gag protein are significantly decreased compared with
the control cells (Fig. 4 4 and B). Furthermore, the effects of
SOCS1-siRNA on the inhibition of HIV-1 particle production was
diminished by reexpression with a codon-optimized SOCS1 con-
struct that is resistant to these siRNAs (Fig. 4C), indicating that the
SOCS1 siRNA suppression of HIV-1 particle production depends
on the availability of endogenous SOCS1.
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Consistent with these observations, immunoflluorescent analysis
further revealed that the expression of SOCS1-siRNA dramatically
inhibits Gag trafficking such that Gag proteins accumulate in the
perinuclear regions as large solid aggregates, as has been reported
(20) (Fig. 4D). This finding indicates that SOCSI plays an essential
role in the Gag trafficking from perinuclear clusters to PM.
Interestingly, these discrete perinuclear clusters of Gag were found
to colocalize with lysosome markers, lysozyme, and partly with
AP-3, but neither with the late endosome MVB marker CD63 nor
the trans-Golgi marker TGN46, indicating that Gag is targeted for
degradation by lysosomes when the function of SOCSI is inhibited
(Fig. 4E). In support of this notion, the levels of intracellular Gag
were found to be significantly increased by treatment with a
lysosome inhibitor NH4Cl but not by a proteasome inhibitor
MG132in SOCS1-siRNA cells (Fig. 4F), further indicating that the
perinuclear clusters of Gag will undergo lysosomal degradation
rather than proteasomal degradation when optimal Gag transport
to PM is suppressed by the inhibition of SOCS1.

We next addressed whether targeted SOCSI1 inhibition would
affect HIV-1 particle production in human T cells. The effect of
SOCS]1 depletion was clearly evident in both HIV-1y 4.5-infected
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Jurkat cells and human primary CD4* T cells, which demonstrated
pronounced decreases in virus particle production in SOCSI-
siRNA-expressed cells compared with the controls (Fig. 4 G and
H). These results together indicate that the specific inhibition of
SOCS1 suppresses the optimal trafficking of Gag to PM, resulting
in the degradation of Gag in lysosomes, which in turn leads to the
efficient and reproducible inhibition of HI'V-1 particle production
in various types of human cells.

Discussion

In thiswork, we report that SOCS1 is an inducible host factor during
HIV-1 infection and plays a key role in the late stages of the viral
replication pathway via an IFN-independent mechanism (SI Fig. 6).
These results represent evidence that SOCS1 is a potent host factor
that facilitates HIV-1 particle production via posttranscriptional
mechanisms.

SOCSI has been shown to be a suppressor of several cytokine
signaling pathways, and like all SOCS family members it has a
central SH2 domain and a conserved C-terminal domain known as
the SOCS box (21, 22). Structure—function analyses have further
demonstrated that the SOCS1 SH2 domain is required for the
efficient binding of its substrates (23, 24). Indeed, our current
analyses have also revealed that the SH2 domain of SOCSI1 is
required for its interaction with the HIV-1 Gag protein. We have
shown from our present data that the SOCS box s also required for
SOCS1 to function during HIV-1 particle production.

The SOCS box-mediated function of SOCS1 is chiefly exerted
via its ubiquitin ligase activity (21, 25). Biochemical binding
studies have shown that the SOCS box of SOCSI interacts with
the elongin BC complex, a component of the ubiquitin/
proteasome pathway that forms an E3 ligase with Cul2 (or Cul5)
and Rbx-1 (21, 26, 27). We show from our current experiments
that the SOCS box is required for HIV-1 particle production,
indicating the involvement of the ubiquitin/proteasome pathway.
However, it is still unknown whether SOCS1 promotes the
ubiquitination of Gag and, if so, whether the mono- or poly-
ubiquitination of Gag would affect its trafficking and protein
stability. Further studies will be necessary to clarify the biological
significance of Gag ubiquitination.

Perlman and Resh (20) recently reported that newly synthesized
Gag first appears to be diffusely distributed in the cytoplasm,
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accumulates in perinuclear clusters, passes transiently through a
MVB-like compartment, and then traffics to PM. Consistent with
these observations, our current work also shows that Gag is
accumulated at perinuclear clusters as solid aggregates when its
targeting to PM is impaired because of the SOCSI inhibition.

Another aspect of SOCS1 function during HIV-1 infection was
proposed recently. Song et al. (28) reported that SOCS1-silenced
dendritic cells broadly induce the enhancement of HIV-1 Env-
specific CD8 " cytotoxic T lymphocytes and CD4™ T helper cells as
well as an antibody response. The induction of the SOCS1 gene in
HIV-1 infected cells might therefore disrupt a specific intracellular
immune response to HIV-1 in infected host cells.

Based on the strong evidence that we present in our current
work that SOCS1 positively regulates the late stages of HIV
replication, we conclude that SOCS1 is likely to be a valuable
therapeutic target not only for future treatments of AIDS and
related diseases, but also for a postexposure prophylaxis against
disease in HI'V-1-infected individuals.

Materials and Methods

Antibodies and Fluorescent Reagents. Antibodies and fluorescent reagents
were obtained from the following sources. Anti-CD63, anti-AP-3, anti-myc
(A-14), and anti-SOCS1 (H-93) were from Santa Cruz Biotechnology. Anti-
50CS1 was from Zymed Laboratories, Anti-FLAG (M2) and anti-HA (12CA5)
were from Sigma and Roche Diagnostics, respectively. Anti-HIV-p24 (Dako;
Cytomation), anti-STAT1, and anti-phospho-STAT! (Y¥701) were from BD
Transduction Laboratories. Sheep polyclonal anti-TGN46 was from GeneTex.

Plasmid Constructs. Expression constructs for SOCS1 have been described in
ref. 29. GST fusion constructs with specific regions derived from the codon-
optimized gag were generated (MA, CA, NC, p6, apb, full-length Gag) by
cloning into pGEX-2T (GE Healthcare Bio-Sciences) as described in ref. 30. For
retrovirus-mediated siRNA expression, pSUPER.retro.puro vector was di-
gested, as described in ref. 31, with the following sequences: SOCS1-siRNAI,
TCGAGCTGCTGGAGCACTA; SOCS1-siRNAI, GGCCAGAACCTTCCTCCTCTT;
control SIRNA, TCGTATGTTGTGTGGAATT.

Electron Microscopy. Transfected 293T cells were fixed with 2.5% glutaralde-
hyde and subjected to TEM, as described (14, 32).
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Induction of virus-specific CD8" cytotoxic T-lymphocyte (CTL) responses is a promising strategy for AIDS
vaccine development. However, it has remained unclear if or how long-term viral containment and disease
control are attainable by CTL-based nonsterile protection. Here, we present three rhesus macaques that
successfully maintained Env-independent vaccine-based control of simian immunodeficiency virus (SIV)
mac239 replication without disease progression for more than 3 years. SIV-specific neutralizing antibody
induction was inefficient in these controllers. Vaccine-induced Gag-specific CTLs were crucial for the chronic
as well as the primary viral control in one of them, whereas those Gag-specific CTL responses became
undetectable and CTLs specific for SIV antigens other than Gag, instead, became predominant in the chronic
phase in the other two controllers. A transient CD8" cell depletion experiment 3 years postinfection resulted
in transient reappearance of plasma viremia in these two animals, suggesting involvement of the SIV non-
Gag-specific CTLs in the chronic STV control. This sustained, neutralizing antibody-independent viral control
was accompanied with preservation of central memory CD4* T cells in the chronic phase, Our results suggest
that prophylactic CTL vaccine-based nonsterile protection can result in long-term viral containment by

adapted CTL responses for AIDS prevention.

Human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) infections induce acute, massive deple-
tion of CCR5™ CD4" effector memory T cells from mucosal
effector sites. This is followed by chronic immune activation
with gradual immune disruption leading to AIDS (7, 15, 20, 25,
26, 33, 34), Acute depletion has an impact on disease course
but does not dictate everything that happens in the chronic
phase (7, 26). It has also been suggested that persistent viral
replication-associated chronic immune activation may be crit-
ical for AIDS progression.

Virus-specific CD8" cytotoxic T-lymphocyte (CTL) re-
sponses are crucial for control of HIV and SIV replication (3,
8, 12. 18, 24, 29). Several vaccine regimens cliciting virus-
specific CTL responses have been developed and evaluated in
macaque AIDS models (6, 21). Some of them have shown
protective efficacies leading to viremia control in a model of
Xd-tropic simian-human immunodeficiency virus (SHIV) in-
fections (1, 16, 22, 23, 28, 31), However, assessment of the
ability of vaccines to ameliorate disease progression requires
analysis in macaque models of R5-tropic SIV infection (5).
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Although most CTL-based vaccine trials using rigorous SIV
challenges in Indian rhesus macaques have failed, some of
them have shown amelioration of acute memory CD4 " T-cell
depletion in the vaccinated animals with reduction in viral
loads out to a year postinfection (4, 13, 19, 35). These findings
have suggested that there may be a clinical benefit conferred by
CTL-based AIDS vaccines. Unfortunately, it is still unclear as
to how nonsterile protection conferred by prophylactic CTL-
based vaccines can result in long-term viral containment and
disease control.

We have previously developed a CTL-eliciting AIDS vaccine
regimen using a DNA-prime/Gag-expressing Sendai virus
(SeV-Gag) vector-boost (16, 32). Our regimen does not utilize
Env immunogen that may induce neutralizing antibodies, al-
though this antigen has been used in most of the vaccines
except for a few cases (16, 31, 35). We have evaluated efficacy
of this Env-independent vaccine against SIVmac239 challenge
in Burmese rhesus macaques and found neutralizing antibody-
independent, CTL-based control of primary SIV replication in
five of eight vaccinees (17). In the present study, we have
followed these macaques to examine if long-term viral contain-
ment without disease progression is possible by prophylactic
CTL-based AIDS vaccines.

MATERIALS AND METHODS

Animal experiments. Twelve Burmese rhesus macaques (Macaca mulania)
used in our | SIVmac239 chall P (17) were followed in the
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FIG.
viral loads (viral RNA copies/ml plasma); left panels, the seven noncontrollers; right panels, the five controllers. All seven nonconirollers developed
AIDS and were euthanized during the observation period (Table 1). Macagues V3, V6, and V8 received anti-CD8 antibody treatment starting from
week 118, week 156, and week 156, respectively.

present study. These macaques were maintained in accordance with the Guide-
line for Laboratory Animals of the National Institute of Infectious Diseases and
the National 1 of Bi dical Innovation. Four of them were naive,
whereas the other eight macaques received a DNA, vaccine followed by a single
hoost with SeV-Gag before an intravenous SIVmac239 challenge. The DNA,
CMV-SHIVAEN, used for the vaccination was constructed from an env- and
nef-deleted SHIVypyave molecular clone DNA (30) and has the genes encoding
SIVmac239 Gag, Pol, Vif, and Vpx, SIVmac239-HIV-1py, 3 chimerie Vpr, and
HIV-1y,),2 Tat and Rev as described previously (17). At the DNA vaccination,
animals received 5 mg of CMV-SHIVAEN DNA intramuscularly. Six weeks after
the DNA, prime. animals intranasally received a single boost with | 107 cell
infectious units of replication-competent SeV-Gag (V1. V2, V3, and Vd) or 6
1 eell infectious units of F-deleted replicution-defective F(-)SeV-Gag (9, 14,
32) Approximately 3 months after the boost, animals were challenged intrave-
nously with 1,000 507% tissue culture infective doses (TCIDy,) of S1Vmac2i9
(.

For CD8” cell depl animals received a single i cular i
of 10 mgkg of rmdy weight of monoclonal anti-CDS antibody {LM -TROT) pro-
vided hy Centocor (Malvern, PA) foll { by three intr lations of

lation

anti-CD8 Ab (V6 & V8)

1. Follow-up of the macaques afier SIVmac239 challenge. Upper panels, peripheral CD4 " Tcell counts (cells/ul); lower panels, plasma

byi ing using fl in isothiocyanate-conjugated anu-human CDS
antibody (DK25; Dnlm Kyoto, anum

All the were d when they sh i typical signs of
AIDS, such as reduction in peripheral CD4" T-cell counts, loss of body weight,
diarrhea, and general Aulopsy led lymph phy oF post-per-
sistent g lized lymphad hy conditions mn-n-s:cn{ Wll'l AIDS,

Quantitation ofylam viral loads. Plasma RNA was extracted using the High
Pure viral RNA kit (Roche Disgnostics, Tokyo, Japan). Serial fivefold dilutions
of RNA samples were amplified in quadruplicate by reverse transcription and
nested PCR using SIV gug-specific primers 10 determine the endpoint. Plasma
SIV RNA levels were calculated according to the Reed-Muench method as
described previously (17), The lower limit of detection is approximately 4 -~ 107
copies/ml.

Measurement of virus-specific neutralizing titers, Serial twofold dilutions of
heat-inactivated plasma were prepared in duplicate and mixed with 10 TCIDy,
of SIVmac239, In each mixture, § pl of diluted plasma was incubated with § pl
of virus. After a 45-min incub at room temp L each 10-ul wiis
added to 5§ 10° MT4 cells in a well of a 96-well plate. After 12 days of culture,
were harvested, Progeny virus production in the supernatants was

5 mp/kg cM-TS07 on days 3, 7, and 10 after the first inoculation. The anti-CD8
antibody administration started nt week 118 in macaque VS and ot week 156 in
macaques V6 and V8, CD8*™ T-cell depletion in peripheral blood was confirmed

cx:nmmc:i by enzvme-linked immunosorbent assay for detection of SIV p7 core
antigen (Beckman-Coulter, Tokyo, Japan) to determine the 100% neutralizing
endpoint. The lower limit of detection is a titer of |2,
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TABLE 1. Summury of responses in macaques challenged with STVmac239
VL of . :
CD4 count” at Opportunistic infection
Macaque group and no. MHC-1 haplot e Status’ %
. plotype Set poimt®  After wk 60 cuthanasia at autopsy”
Unvaccinated noncontrollers
90-088-1j >10* >10"  Euthanized at wk 161 158
N2 90-120-la =10 >10* Euthanized at wk 180 141 PCP
N3 90-122-1e =>10* > Euthanized at wk 104 393
N4 Y-010-1d =10 >10* Euthanized at wk 167 296 MV
Vaccinated noncontrollers
\4! 90-088-1 =10 >10*  Euthanized at wk 105 1y
V2 90-120-1b =10 Euthanized at wk 42 97 PCP
V7 90.122-Ie >10° >10* Euthanized at wk 77 k]
Vaccinated transient controllers
Vi 90-120-la <<4(K)} >0 Alive >3 yr
Vi 90-120-Ia <400 =>10* Euthanized at wk 154* 384
Vaceinated sustained controllers
9.1 20-Ia <400 <400 Alive >3 yr
Vo YW 122-1¢ <400 <400 Alive =3 yr*
V8 90-010-1d <400 =400 Alive >3 yr*
“ MHC-I haplotype was determined by reference strand-mediated conformation analysis as ihed previously (2, 17). MHC class | haplotypes 90-120-la and

90-120-Ib are derived from breeder R-90-120, 90-122-f¢ is from R-90-122, %0-000-ld is from R 0010, and H-H85- J'; 15 from R-90-088,

* Plasma viral load {VL in RNA copiesml plusmah around week 12,
© All seven rollers exhibited reducti

in peripheral CD4 Tecell count. Iuss of body weight. and general

k and were euthanized and subj i 1o

d an anti-CD8

autopsy to be confirmed as AIDS. Macaques V5, V6, and VB (indicated by ast
156, and 156, respectively.
¥ Peripheral CD4 T—l:cll Counts.

“PCP, p ystis pne CMV, ¢ J

us infection.

Measurement of virus-specific CTL responses. We measured virus-specific
CD8" T-cell levels by flow cytometric analysis of gamma interferon (IFN=y)
induction after specific stimulation as described previously (17). In brief, periph-
eral blood mononudear cells (PBMCs) were cocultured with autologous herpes-
vins papio-immortalized B-lymphoblastoid cell lines infected with a vaccinia
virus vector expressing STVmac239 Gag for Gag-specific stimulation or a vesic-
ular slnmmum virus G prnmn (VSV-G)-pseudotyped SIVGP] for SIV.specific

The dotyped virus was obtained by cotransfection of COS-1
cells with a VSV-G expression plasmid and the SIVGP1 DNA, an env- and
nef-deleted SHIV molecular clone DNA. Intracellular 1FN-y staining was per-
formed using a ('ymh.l.l‘\‘mpc‘_rm kit (Becton Dickinson. Tokwo, Japan). Peri-
dinin chlorophyl protei jugated anti-human CDS, alh)phyuocvanmmmu
gated uln-hulmm CD3, and phycoerythrin-conjugated anti-human 1FN-y

ibodies (Becton Dicki ) were used. Specific T-cell levels were calculaled
by subtracting nonspecific IFN-y~ T-cell frequencies from those after Gag-
specific or SIV-specific stimulation. Specific T-cell levels less than 100 cells per
million PBMC's are considered negative.

Immunostaining of CD4™ T-cell memory subsets. Frozen stocks of PBMCs
were thawed and snh;me;l to immunofluorescent staining by using fluorescein
isothi § anti-h D28, phycoerythrin-conjugated anti-hu-
man CDOS, pcrw.lum chiorophyll-conjugated anti-human CD4, and allophyco-
cyanin-conjugated anti-human CD3 monoclonal antibodies (Becton Dickinson),
Memory and central memory subsets of CD4 ™ T cells were delineated by CDYS ™~
and CD28* CDYS* phenotypes, resy ly, 4s described previously (27).

Statistical analysis. Central memory CD4° T=ell counts just beforc SV
challenge (at week zero) were nol sig y different bety the noncon-
trollers (n = 7) and the co (n = 5) by unpaired ¢ test. We calculated
ratios of the counts at week 12 to week 0, week 70 1o week 0, and week 70 to week

2 in each animal and performed an unpaired  test and nonparametric Mann-
Whitney U-test between the nonc Hlers and the cc by using Prism
software version 4.03 (GraphPad Software, Inc.. San Diego. CA),

RESULTS

Long-term viral containment without disease progression in
the sustained controllers. We followed up on our vaccinated
Burmese rhesus macaques used in the previous trial (17).

) were ibody for CD8 cell depletion at weeks 118,

These macaques were vaccinated using a DNA prime-SeV-
Gag boost, and they were challenged with STVmac239. Five of
eight vaccinees controlled viral replication and had undetect-
able plasma viremia at week 8 postchallenge. The remaining
three vaccinees (V1, V2, and V7) and all four unvaccinated
macaques (N1, N2, N3, and N4) failed to control viral repli-
cation. Of the five controllers, two macaques V3 and V5 (re-
ferred to as transient controllers) exhibited viremia reappear-
ance around week 60, but the other three, V4, V6, and V8
(referred to as sustained controllers), maintained viral control
(10).

In the present follow-up study, all seven noncontrollers, in-
cluding three vaccinees and four unvaccinated controls, exhib-
ited persistent viremia and a gradual decline in peripheral
CD4" T-cell counts (Fig. 1). All of them finally developed
AIDS and were euthanized at week 42 to 180 postchallenge
(Table 1), confirming that failure in control of SIVmac239
replication results in AIDS progression even in Burmese rhe-
sus macaques. In contrast, all three sustained controllers main-
tained viral control and preserved peripheral CD4™ T cells
without disease progression for more than 3 years (Fig. 1).

We then examined SIVmac239-specific neutralizing anti-
body responses by determining the end point plasma titers for
killing 10-TCIDy, virus replication on MT4 cells (Fig. 2). Our
vaccine regimens did not utilize Env as an immunogen, and no
neutralizing antibody responses were induced before challenge
in any of the vaccinees, Even after challenge, none of the
SIVmac239-challenged macaques showed detectable neutral-
izing antibody responses until 6 months. After that, neutraliz-
ing antibody responses became detectable in some of the non-
controllers. In contrast, no or little neutralizing antibody
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FI1G. 2. SIVmac239-specific neutralizing antibody levels in plasma.
Plasma titers for killing 10-TCID, STVmac23Y replication in the non-
controllers (top panel), including unvaccinated control animals, and in
the controllers (bottom panel) are shown.

responses were induced in the controllers, even in the chronic
phase.

Shift of antigens targeted by CTLs during the period of viral
control. CTLs from all five controllers selected Gag CTL es-
cape mutations soon after infection, indicating that vaccine-
induced Gag-specific CTL responses were crucial for viral con-
trol in the early phase of SIV infection (17). In one sustained
controller, macaque V4, possessing major histocompatibility
complex class I haplotype 90-120-la, Gag,,, »,, (IINEEAAD
WDL) epitope-specific CTLs and Gag.y,_.4, (SSYDEQIOW)
epitope-specific CTL responses likely played a central role in
control of viral replication in the chronic phase (10). We also
analyzed virus-specific CTL responses in the remaining two
sustained controllers, V6 and V8, to determine if vaccine-
induced Gag-specific CTL responses played a role in control of
viral replication in the chronic phase.

We measured Gag-specific and S1V-specific CTL frequen-
cies in macaques V6 and V8 (Fig. 3). In both macaques, Gag-
specific CTL frequencies were high around 2 months postchal-
lenge but then decreased to below detection levels around |

LONG-TERM CTL-BASED SIV CONTROL 5205

year postchallenge. In contrast, S1V-specific CTL responses
against epitopes in other SIV proteins were still detectable 3
years postchallenge. These results suggest that the vaccine-
induced Gag-specific CTL responses were diminished soon
after challenge and that there was then a predominance of
CTlLs specific for SIV-derived antigens other than Gag in the
chronic phase in both of the sustained controllers, V6 and V8.

Viremia reappearance by CD8" cell depletion in the sus-
tained controllers. In the sustained controllers, V6 and V8,
vaccine-induced Gag-specific CTLs involved in viremia control
in the early phase became undetectable after approximately 6
months, CTLs specific for SIV-derived antigens other than
Gag (referred to as SIV non-Gag-specific CTLs) were elicited
or expanded after challenge, and these became predominant in
the chronic phase. We then performed CD8" cell depletion
experiments to examine if these SIV non-Gag-specific CTL
responses played a role in the maintenance of viremia control
in the chronic phase. Administration of the monoclonal anti-
CDS8 antibody, cM-T807, to macaques V6 and V8 at week 156
postchallenge resulted in transient depletion of peripheral
CDE&" T lymphocytes (Fig. 4A). In both macaques, plasma
viremia reemerged in 1 or 2 weeks after the initial anti-CD8
antibody treatment and disappeared simultaneously with re-
covery of peripheral CD8" T lymphocytes in both of them
(Fig. 4B). These results support the notion that, in the sus-
tained controllers V6 and V8, these SIV non-Gag-specific CTL
responses, rather than vaccine-induced Gag-specific CTL.
played a crucial role in the control of SIV replication in the
chronic phase. Analysis of the returning wave of virus-specific
CTL responses revealed a predominance of SIV non-Gag-
specific CTLs (Fig. 4C).

We also administered the anti-CD8 antibody to macaque
V5, a transient controller, at week 118, In this macaque, accu-
mulation of multiple Gag CTL escape mutations resulted in
reappearance of plasma viremia around week 60. Transient
CD8" cell depletion by the anti-CDS8 antibody treatment re-
sulted in a 1-log increase in plasma viral loads (Fig. 1), sug-
gesting that CTLs still exerted pressure on the replication of
the escaped viruses at week 118 in this animal.

Long-term central memory CD4™ T-cell preservation in the
sustained controllers, It has recently been suggested that vac-
cine-based transient control of viral replication can ameliorate
central memory CD4 ™ T-cell loss in the early phase of SIV
infections. However, it is unclear if CTL-based sustained con-
trol of viral replication can contribute to memory CD4" T-cell
preservation in the chronic phase. We, therefore, compared
peripheral memory CD4 ™ T-cell counts at several time points,
prechallenge and around weeks 2, 12, 70, and 120 postchal-
lenge, in the noncontrollers and the controllers (Fig. 5). All the
noncontrollers showed significant but partial recovery of pe-
ripheral memory CD4" T-cell counts around week 12 after
transient loss during the acute phase. However, memory CD4 "
T-cell counts, especially central memory CD4 " T-cell counts at
week 12, were lower than prechallenge levels in the noncon-
trollers, By contrast, such a reduction was not observed in the
controllers, suggesting protection from acute memory CD4"
T-cell depletion.

A continuous reduction in memory CD4 " T-cell counts was
observed in the noncontrollers, The controllers. however,
showed no such reduction in memory CD4" T-cell counts out
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FIG. 4. CDS" cell depletion experiments starting at week 156 in sustained controllers V6 (left panels) and V8 (right panels). (A) Peripheral
CDE™ T-cell counts (per jul). (B) Plasma viral loads (viral RNA copies/ml plasma). (C) Virus-specific CTL responses at week 160 in V6 and at week
166 in V8. Dot plots gated on CD3™ lymphocytes after Gag-specific or S1V-specific stimulation are shown.

to week 70. At approximately week 120, all the sustained con-
trollers still showed preservation of memory and central mem-
ory CD4" T cells. In contrast, both of the transient controllers,
V3 and V5, experienced a reduction in central memory CD4”
T-cell counts, although reduction in memory CD4" T-cell
counts was observed in only one of them, These results suggest
that CTL-based vaccines that control viral replication can also
preserve central memory CD4" T cells even in the chronic
phase. Finally, statistical analysis revealed that there was no
significant reduction in central memory CD4™ T cells during

the period between weeks 12 and 70 in the controllers (Fig. 6).
Thus, CTL vaccine-based, sustained viral control can result in
preservation of central memory CD4" T cells in both the
chronic phase as well as the acute phase.

DISCUSSION
Here we followed three Burmese rhesus macaques that

maintained CTL vaccine-based control of SIVmac239 replica-
tion without disease progression for more than 3 years. The
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FIG. 5. Changes in peripheral memory CD4 ™ T-cell counts. Noncontrollers are indicated in black or blue, and controllers are indicated in red.
(A) Peripheral memory CD4” (CD4 " CD457 ) T-cell counts (per ul). (B) Peripheral central memory CD4* (CD4* CD95* CD28*) T-cell counts
(per pl). (C) Representative density plots (macaque V4 prechallenge) for determining peripheral memory CD4* T-cell percentages. The left pane!
is a density plot gated on lymphocytes, and in this plot, CD3™ CD4* lymphocytes are gated for the right panel of the density plot. In the right panel,
we determined the percentages of central memory (CDY5* CD28%) CD4" T cells and memory (CDY5~ CD28” plus CDY5™ CD28" ) CD4" T

cells.

set-point plasma viral loads in SIVmac239-infected Burmese
rhesus macaques may be lower than those usually observed in
SIVmac239%-infected Indian rhesus but are higher than those
typically observed in untreated humans infected with HIV-1.
All four of the naive control animals along with three vaccinees
failed to control viremia after SIVmac239 challenge. They also
experienced peripheral CD4™ T-cell loss and developed AIDS
in 3 years, indicating that this model of SIVmac239 infection in
Burmese rhesus macaques is adequate for evaluation of vac-
cine efficacies. Our finding of long-term control of viral repli-
cation and CD4 " T-cell preservation in three vaccinees in this

AIDS model underlines the potential of a prophylactic CTL-
based vaccine for AIDS prevention.

Our previous study revealed rapid selection of Gag CTL
escape mutations in all the controllers, indicating that vaccine-
induced Gag-specific CTL responses played an important role
in viral control in the early phase of 51V infection (17). In the
chronic phase, neutralizing antibody induction was still ineffi-
cient, and our results suggest long-term CTL-based viral con-
tainment. Indeed, the vaccine-induced Gag-specific CTL re-
sponses have been shown to play a crucial role in viral control
even in the chronic phase in one (V4) of three sustained

L1002 ‘L Kew uo 0Ayoy jo Ansisaiun 1e Biowse il woy papeoumoq




