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Abstract

Human immunodeficiency virus type 1 (HIV-1) hardly replicates in Old World monkeys. Recently, a mutant HIV-1 clone, NL-DT5R, in
which a small part of gag and the entire vif gene are replaced with SIVmac239-derived ones, was shown to be able to replicate in pigtail monkeys
but not in rhesus monkeys (RM). In the present study, we found that a modified monkey-tropic HIV-1 (HIV-1mt), MN4-5S, acquired the ability
to replicate efficiently in cynomolgus monkeys as compared with the NL-DT5R, while neither NL-DTSR nor MN4-58S replicated in RM cells.
These results suggest that multiple determinants may be involved in the restriction of HIV-1 replication in macaques, depending on the species of
macaques. The new HIV-1mt clone will be useful for studying molecular mechanisms by which anti-viral host factors regulate HIV-1 replication

in macaques.

© 2010 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: HIV-1; Old World monkey; TRIM5a

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) produc-
tively infects only humans but not Old World monkeys
(OWM) such as cynomolgus monkeys (CM) or rhesus
monkeys (RM), whereas RM-derived simian immunodefi-
ciency virus (SIVmac) can efficiently replicate in OWM.
Because of this species barrier, alternative monkey models
using SIVmac or simian/human immunodeficiency viruses
(SHIV) have been used for AIDS research [1—4]. However,

* Corresponding author. Primate Research Institute, Kyoto University,
Inuyama 484-8506, Japan. Tel.: +81 568 63 0440; fax: +81 568 63 0459.
E-mail address: aKari@pri.kyoto-u.ac.jp (H. Akari).
! A.S. and M.N. contributed equally to this work.

detailed analyses of molecular mechanisms of the pathogen-
esis of HIV-1 have been hampered by the lack of appropriate
non-human primate models for HIV-1 infection.

The mechanistic basis for the inability of HIV-1 to replicate
in OWM cells has remained unclear. Recently, a number of
intrinsic anti-HIV-1 cellular factors, including tripartite motif
protein 5a (TRIM5a), Cyclophilin A (CypA), apolipoprotein B
mRNA-editing catalytic polypeptide (APOBEC3) family and
Tetherin were discovered in OWM cells [5,6]. TRIMS5a
strongly suppresses HIV-1 replication, mainly by affecting the
viral disassembly step, resulting in a decrease of reverse tran-
scription products [7,8]. CypA acts as a regulator promoting
TRIMSa-mediated restriction of HIV-1 [8]. APOBECS is also
a major regulator of HIV-1 replication [9,10]. APOBEC3 exerts
its inhibitory effect mainly by inducing G to A hypermutation

1286-4579/$ - see front matter © 2010 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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into the viral genome due to its cytidine deaminase activity,
while hypermutation-independent inhibitory activity at the
stage of reverse transcription is also evident [11]. Tetherin, also
referred to as a BST-2, was identified as an intrinsic anti-viral
factor that restricts the egress of HIV-1 by tethering virions to
the host cell surface [12,13]. Importantly, HIV-1 can counteract
human APOBEC3 activity by utilizing the viral accessory
protein Vif, whereas it cannot counteract OWM APOBEC3
[14]. Similarly, HIV-1 counteracts human Tetherin activity by
utilizing another viral accessory protein Vpu, whereas HIV-1
does not counteract OWM Tetherin activity [15].

In an attempt to generate a monkey-tropic HIV-1 (HIV-
1mt), Kamada et al. constructed an HIV-1 variant carrying
minimal SIVmac-derived sequences to overcome the restric-
‘tion factors [16]. The prototype HIV-1 clone NL-DT5R had
a sequence encoding an SIVmac loop between alpha helices 4
and 5 (L4/5) of capsid gene (CA) and the entire vif gene,
which relieved the inhibitory effects on viral replication by
restriction factors CypA, TRIMSa and APOBEC3. NL-DT5R
was able to replicate in pigtail monkeys (PM) in vivo as well
as in vitro, as reported by Igarashi et al. [17]. Although NL-
DT5R induced immune responses in infected animals, the
virus did not establish persistent infection.

In the present study, we sought to adapt NL-DT5R to CM
by performing long-term passage in CM-derived HSC-F cells.
We successfully obtained a modified HIV-1mt clone having
several mutations. Additionally, we inserted an SIVmac loop
between alpha helices 6 and 7 (L6/7) of CA [18]. The resultant
clone named MN4-5S was found to replicate efficiently and to
induce strong immune responses in infected CM, suggesting
the impact of viral adaptation.
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2. Materials and methods

2.1. Plasmid construction

The HIV-1 derivatives were constructed on a background of
an infectious molecular clone, NL4-3 [19]. NL-DT5R, a cloned
virus containing SIVmac239 L4/5 and the entire vif gene, was
reported previously by Kamada et al. [16]. In addition,
NL-DT562, a virus having an R5-tropic SF162-derived env
gene on a background of NL-DT5R, was used in this study [20].
After long passage of NL-DT5R and NL-DT562 in cynomolgus
T cell line HSC-F [21], several mutations were appeared in both
viral genomes, and then all of them were inserted into
NL-DT5R by gene-engineering techniques. Consequently,
a clone having 14 nucleotide substitutions in its genome was
constructed and named MN4-5. Among these substitutions, 7
were non-synonymous mutations. The structure of the clone is
shown in Fig. 1. A part of L6/7 of CA (aa residues 120—122;
HNP) of MN4-5 was also replaced with the corresponding
segment of SIVmac239 CA (aa residues 120—123; RQQN) by
means of site-directed mutagenesis as described previously in
Ref. [18]. The resultant construct was designated MN4-5S.

2.2. Cells and viruses

Human embryonic kidney cell line HEK293T was main-
tained in DMEM supplemented with 10% fetal bovine serum,
100 units/ml of penicillin and 100 pg/ml of streptomycin
(Sigma). Monkey peripheral blood mononuclear cells
(PBMCs) were separated with a standard Ficoll density
gradient separation method and cultured in R-10 composed of

nef

vpr env

JLTR

nef

vif

vpx vpr env JLTR

vif
vpr 3LTR
t5195a g5693a
g5156a g5611a
H g59%44a

g9191a
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g7606a

g6915a

nef

3LTR
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g7684;
95%44a nef
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Fig. 1. Structure of HIV-1mt clones used in this study. The positions of nucleotide mutations are indicated by arrows in this figure. Among nucleotide substitutions,

the positions of non-synonymous mutations are indicated in red.
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RPMI-1640 medium supplemented with 10% fetal bovine
serum, 100 units/ml of penicillin and 100 pg/ml of strepto-
mycin (Sigma). The growth kinetics of each HIV-1 clone were
examined in activated CD8" cell-depleted PBMCs. Briefly,
separated PBMCs were reacted with a PE-labeled anti-CDS8
antibody and then treated with anti-PE magnetic beads. After
washing, CD8™ cell-depleted PBMCs were negatively sepa-
rated by using MACS columns (Miltenyi Biotec). For stimu-
lation, CD8™ cell-depleted PBMCs were first cultured in R-10
containing 1 pg/ml of concanavalin A (Sigma) for 2 days
followed by culture in R-10 supplemented with 100 U/ml IL-2
(Shionogi) for more 2 days. The cells were then infected with
100 ng of p24 of HIV-1 and the culture supernatant was
collected periodically. HSC-F, a cynomolgus monkey-derived
CD4% T cell line [21], was cultured in R-10.

Virus stocks were prepared as follows: sub-confluent
HEK293T cells were transfected with proviral DNA using
Lipofectamine2000 reagent according to the manufacturer’s
instructions. At 42 h after transfection, culture supernatants
were centrifuged, filtrated with a 0.45 pm filter, and aliquoted
as virus stocks for in vitro experiments. For preparation of
viral stocks for in vivo experiments, CD8* cell-depleted
PBMCs were infected with the HEK293T-derived stocks as
described above. After washing, the cells were maintained for
several days and the culture supernatants were collected and
stored as described above.

2.3. Reverse transcription (RT) assay

Virion-associated RT activity was measured as described
previously in Ref. [22]. HSC-F cells (1 x 10°%) were infected
with equal amounts of viruses (1 x 107 RT units). Viral growth
kinetics was determined by RT production in the culture
supernatants.

2.4. Animal experiments

Healthy adult cynomolgus monkeys were used in this study.
All animals were confirmed to be negative for simian retro-
virus and were housed in individual isolators in a biosafety
level 3 facility and maintained according to the National
Institute of Biomedical Innovation rules and guidelines for
experimental animal welfare. Bleeding and viral inoculation
were performed under ketamine hydrochloride anesthesia.
Viral stocks for inoculation were inoculated into each animal.
The profiles of plasma viral RNA loads, circulating CD4* and
CD8™ T lymphocytes were evaluated as described below.

2.5. Flow cytometry and immunophenotyping of
peripheral blood lymphocytes

Immunophenotyping of freshly isolated PBMCs was per-
formed according to standard procedures using multicolor
flow cytometry performed with a FACSCantoll (Becton
Dickinson). CD4" and CD8™ T cells were identified using
monoclonal antibodies (mAbs) to CD3 (clone SP34-2, BD
Pharmingen), CD4 (clone L200, BD Pharmingen) and CD8

(clone DK25, DAKO). Flow cytometric acquisition and anal-
ysis of samples was performed on at least 10,000 events
collected by a flow cytometer driven by FACSDiVa software.

2.6. Analysis of anti-viral antibody response

Plasma samples from infected animals were first heat-
inactivated at 56 °C for 30 min. Then, 100-fold diluted
samples were reacted with commercially available anti-HIV-1
antibody detection strips (New LAV Blot I, Bio-Rad)
according to the manufacture’s instructions.

2.7. In vivo depletion of CD8" lymphocytes

Infected animals received an anti-CD8 mAb (cM-T807) as
follows: 10 mg/kg (body weight) inoculation subcutaneously
at 42 days post infection (DPI), followed by 5 mg/kg inocu-
lation intravenously at 45, 49, and 52 DPI. The cM-T807 mAb
was provided by the NIH Nonhuman Primate Reagent
Resource. To repeatedly confirm the depletion of CD8™ cells
in the presence of cM-T807, an anti-CD8 mAb (clone DK25,
DAKO) was used as reported previously in Ref. [23].

2.8. Quantification of viral RNA

Total RNA was collected from monkey plasma using a High
Pure Viral RNA Kit (Roche Diagnostics) according to the
manufacturer’s instructions. Viral RNA was quantified with
a quantitative real-time PCR system using TagMan One-Step
RT-PCR Master Mix Reagents (Applied Biosystems). The
primers and probe used in this study were as follows: Forward
primer: HIVgag683 (+) (5'-CTCTCGACGCAGGACTCGGC-
TTGCT-3’); Reverse primer: HIVgag803 (—) (5-GCTCT-
CGCACCCATCTCTCTCCTTCTAGCC-3'); Probe: HIVgag
TagMan 720R748 (FAM-GCAAGAGGCGAGRGGCGGC-
GACTGGTGAG-TAMRA). The quantification and data anal-
ysis were performed using the iQ5 Real-Time PCR Detection
System (Bio-Rad). The detection limit of this assay was 400-
copies/ml plasma.

3. Results

3.1. Growth properties of prototype HIV-1mt clone,
NL-DT5R in macaques in vitro and in vivo

We first examined the replication properties of prototype
HIV-1mt NL-DT5R in CD8" cell-depleted PBMCs of CM and
RM. NL-DT3R replicated in the cells of CM but not in those
of RM (Fig. 2). We next examined the in vivo replication
properties of NL-DTSR in CM. Viral stocks for inoculation
were prepared with CD8™ cell-depleted CM PBMCs as
described above. Then, two monkeys were infected with
NL-DT5R intravenously and bled periodically. As shown in
Fig. 3A, NL-DT5R established infection as indicated by
detectable levels of plasma viremia and an anti-HIV-1 anti-
body response, although the viral level was marginal (about
1 x 10° copies/ml) and disappeared at 4 weeks post infection.
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Fig. 2. Growth properties of the NL-DT5SR in CD8" cell-depleted PBMCs
from CM (A) and RM (B). The cells were infected with NL-DT5R and the
viral replication was monitored by p24 antigen in the culture supernatants
using a p24 quantitative ELISA kit. Animal identifications are indicated at the
top of each panel.

These results indicated that although CM appeared permissive
for NL-DT5R as compared with RM, the mutations introduced
in NL-DT5R were not still sufficient to overcome the
restriction by host factor(s) of these macaques.

3.2. MN4-58 showed improved replication capability in
CM CDS8" cell-depleted PBMCs

In order to improve the replication capability of HIV-1mt in
CM, we conducted long-term passage of NL-DT5R in HSC-F
cells. Additionally, NL-DT562, having an R5-tropic env gene
on a background of NL-DT5R, was also passaged long-term in
HSC-F cells. We found that the passaging improved the growth
of the viruses (data not shown), and then viral clones were
obtained after the long-term passaging and sequenced. Ten
nucleotide substitutions were identified in the NL-DT5R-
derived clone and 4 nucleotide substitutions (except for the env
gene) in the NL-DT562-derived clone. These 14 nucleotide

substitutions (7 of which were non-synonymous mutations)
were assembled and introduced into NL-DT5R. The resultant
clone was named MN4-5, and its structure is shown in Fig. 1.
We previously found that insertion of an STVmac loop between
alpha helices 6 and 7 (L6/7) of CA into the corresponding
region in HIV-1 significantly enhanced the viral replication in
HSC-F cells and PBMCs of CM by relieving the inhibitory
effect of TRIMS5a [18]. We therefore inserted an SIVmac-
derived L6/7 sequence into MN4-5. The resultant clone was
named MN4-5S (Fig. 1). In order to examine the impact of these
modifications on the viral replication, we analyzed the repli-
cation properties of this “adapted” virus in HSC-F cells and
CD8™ cell-depleted PBMCs of CM. MN4-5 showed higher
replication as compared with NL-DT5R in both types of cells
(Figs. 4 and 5). Moreover, MN4-5S showed enhanced growth
capability in the cells as compared with the parental clones,
NL-DT5R and MN4-5 (Figs. 4 and 5).

Notably, MN4-5S did not show any replication in RM cells
(data not shown), indicating that the combination of the
mutations introduced in NL-DTSR may be effective for escape
from the restriction in CM cells but not in RM cells.

3.3. MN4-5S induced greater viremia in CM as
compared with parental clone, NL-DT5R

Since MN4-5S showed enhanced ability to replicate in CM
cells, we next examined the viral replication in vivo. The stock
of MN4-58S virus was inoculated into 3 CM. MN4-5S induced
10-fold higher viremia in infected animals at 2—3 weeks after
infection (Fig. 6A), as compared with that induced by
NL-DT5R (see Fig. 3). This result was consistent with the in
vitro result (Fig. 5) and demonstrated that the mutations
inserted into NL-DTSR contributed to enhancement of viral
replication in vivo. In addition, at the acute phase of infection
a slight decrease of CD4™ T cells was observed (Fig. 6B). The
viremia became undetectable at 6 weeks after infection.
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Fig. 3. Profiles of plasma viral RNA loads (A) and anti-HIV-1 antibody responses (B) in CM infected with NL-DTSR. Mf97-108 (open circles) and Mf97-070
(closed diamonds) were used in this study. Viral stocks for inoculation were prepared in CD8™ cell-depleted PBMCs, and then 6.1 ng p24 of HIV-1 were inoculated
into each animal. Commercially available diagnostic HIV-1 Western blotting strips were reacted with 100-fold diluted monkey plasma. Plasma from HIV-1-
infected or uninfected individuals was used as a positive or a negative control, respectively.
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Fig. 4. Growth properties of HIV-Imt in HSC-F cells. The cells were infected
with a series of HIV-1mt derivatives. The viral replication was monitored by
RT activity in the culture supernatants.

Thereafter, antibody response against MN4-5S was observed
in infected animals (Fig. 6C). As indicated by comparison
with the lane of the positive control as a standard, the degree
of antibody response seemed to be stronger than that against
NL-DTS5R (see Figs. 3B and 6C). Next we attempted to clarify
the role of CD8" lymphocytes in the disappearance of
viremia. We conducted in vivo depletion of CD8" cells by
using a method reported previously [23]. We found that the
reappearance of viremia was observed in all monkeys tested in
parallel with the decline of CD8" T cells after the anti-CD8
mAb administration (Fig. 6A and D). This result indicated that
CD8" T cells had a critical role in the control of HIV-1mt
replication and suggested that the virus was able to infect
latently in vivo.

4. Discussion

In the present study, we found that a modified HIV-1mt,
MN4-58, acquired greater ability to replicate in CM than

A. Saito et al. / Microbes and Infection 13 (2011) 58—64

NL-DTS5R, and that both the SIVmac-derived L6/7 (HNP120-
122 > RQQNI120-123 of CA) and a series of substitutions
identified by long-term passage of NL-DT5R in HSC-F cells
contributed to this ability (Fig. 1). We recently showed that the
substitution of L6/7 relieved the inhibitory effect of TRIM5a
[18]. Additionally, our preliminary data suggest that non-
synonymous mutations in the integrase and env genes are
likely to be critical for the improved activity (Nomaguchi
et al., manuscript in preparation). It is possible that these
adaptive mutations may optimize the interaction between host
and viral proteins.

It seemed that the growth kinetics of NL-DT5R in PM were
comparable with those of MN4-5S in CM, which had peak
levels in acute viremia of approximately 10* copies/ml [17]. It
is therefore likely that PM may exhibit better susceptibility to
HIV-1mt than CM. It is possible that the greater susceptibility
of PM to HIV-1mt replication could be due to the genotype of
TRIMS, because PM usually expresses a chimera between
TRIMS5a and CypA, so-called TRIM-Cyp, whose anti-HIV-1
activity is defective [24].

One unexpected finding in this study was that MN4-5S was
unable to replicate in PBMCs of RM (data not shown), which
was in contrast with the greater susceptibility of RM to SIV-
mac infection. Our results suggested that RM was most
resistant to HIV-Imt replication among the three macaque
species. Since our HIV-1mt clones (NL-DT5R and MN4-5)
were established on the basis of information obtained from
serial passages of the viruses in CM-derived cells, it may be
reasonable to consider that these viruses were consequently
optimized to CM. Alternatively, it is also possible that anti-
HIV-1 activities such as TRIM5a. and APOBEC3 of RM could
be greater than those of other macaques. Further studies are in
progress to address these questions.
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Fig. 5. Growth properties of HIV-1mt in CD8™ cell-depleted PBMCs from four CM. The cells were infected with a series of HIV-1mt derivatives. The viral replication
was monitored by p24 antigen in the culture supernatants using a p24 quantitative ELISA kit. Animal identifications are indicated at the top of each panel.
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We demonstrated that the reappearance of viremia was
observed in all monkeys tested in parallel with decline of
CD8™" T cells after anti-CD8 mAb administration (Fig. 6A and
D). This result indicated that HIV-1-specific CD8* T cells had
a critical role in the control of HIV-1mt replication and sug-
gested that the virus may be able to infect latently in vivo. In
order to establish a set point viremia and persistent infection,
further modifications of HIV-1mt may be required to enable
potent escape from the anti-viral immune response.

Further mechanistic characterization of anti-HIV-1 restric-
tion factors will help in the construction of highly replicative
and pathogenic HIV-1mt clones. As in the case of SHIV, in
vivo passage of the virus could be a conventional and
straightforward procedure for achieving such purposes [4].
However, the results of our study demonstrate that selective
modification of HIV-Imt based on available knowledge
regarding the molecular machineries is an alternative and

powerful way. We are now in the process of developing the
next generation of HIV-1mt that will acquire growth ability
and pathogenicity in macaques as well as in humans.
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TIM1 haplotype may control the disease progression
to AIDS in a HIV-1-infected female cohort in Thailand

Nuanjun Wichukchinda®', Toshiaki Nakajima®', Nongluk Saipradit?,
Emi E. Nakayama©, Hitoshi Ohtani®, Archawin Rojanawiwat?,
Panita Pathipvanich?, Koya Ariyoshi®, Pathom Sawanpanyalert®,
Tatsuo Shioda®" and Akinori Kimura®’

Objective: To investigate association of TIM1 sequence variations with HIV/AIDS
progression.

Introduction: HIV-1 infected individuals have wide variations in disease progression
including AIDS. T cell immunoglobulin and mucin 1 (TIM1) is a cell surface protein
involved in the regulation of Th1/Th2 immune response.
Materials and methods: We sequenced the highly polymorphic exon 4 of TIM1 from
246 individuals of HIV-1 infected Thai female cohort to determine their T/M1 haplo-
types. Associations of TIM1 haplotypes with baseline clinical data (sero-status, plasma
viral load, CD4 cell count, and symptomatic AIDS) and survival status during 3 years of
follow-up were evaluated.
Results: Seven TIM1 haplotypes, D3-A, D4, D3-C, D1, W-A, W-C, and D3-C*, were
found in the cohort. Patients possessing the D3-A haplotype showed trends towards
higher CD4* cell count (P=0.06) and lower proportion of AIDS-related symptoms
(P=0.022) than the other patients at the baseline. Kaplan—Meier analysis demonstrated
that patients carrying the D3-A haplotype had a better survival rates (P=0.019) than the
others. D3-A haplotypes was tightly linked to the lower expression levels of TIMT.
Conclusion: T/M1 D3-A haplotype is associated with the delay of disease progression
to AIDS in the HIV-1 infected Thai females.
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hepatitis A cellular receptor 1 (HAV'CR1) because it was

originally identified as a receptor for hepatitis A virus [3].
TIM1 is also known as kidney injury molecule 1 (KIM1)

Introduction

T-cell immunoglobulin (Ig) and mucin domain (TIM)

proteins, which expressed on T cells, play a central role in
regulating Thi-cell and Th2-cell mediated immune
response [1,2]. The genes for human TIM proteins are
located on chromosome 5q31-33 and include three
members; TIM1, TIM3, and TIM4. TIM1 is called a

[4] and encodes for 359-amino acid membrane protein
containing a putative signal sequence (residues 1-20), Ig
domain (residues 21—121), mucin domain (residues 130—
205), transmembrane (residues 291-311), and 50-amino
acid long cytoplasmic tail [5].
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TIM1 is associated with Th2 type immune responses and
selectively expressed on Th2 cell [1,6]. Human TIM1
exhibits a high degree of amino-acid variability in the
extracellular mucin domain encoded by exon 4 [7].
Because mucin domain is involved in the recognition of
molecules outside the cells, it was suggested that TIM1
might have been under the selective pressure in the course
of human evolution, and the variation in this gene might
be involved in the difference in the susceptibility to
immune-related diseases including infectious and auto-
immune diseases. There are several reports on the
association of polymorphisms in TIM1 with allergic
diseases [8—12]. In addition, Nuchnoi et al. [13] have
recently reported that a TIMI promoter haplotype,
which was linked to higher expression of TIM1, was
associated with the resistance to cerebral malaria in Thais.

HIV-1 infection is characterized by its chronic disease
course, in which CD4" T cells gradually decrease that is
followed by the dysfunction of host immune system.
During the course of HIV-infection, the balance between
Th1 and Th2 immune responses played a crucial role in
the control of viral replication [14,15]. Therefore, it is
highly possible that polymorphisms of genes involved in
the Thl and Th2 immune responses potentially
contribute to the disease progression to AIDS and/or
the susceptibility to HIV-1 infection.

In this study, we investigated the association of TIM1
polymorphisms with the disease progression of HIV/
AIDS in 246 HIV-1-infected Thai females. It was found
that the TIM1 haplotype D3-A significantly delayed the

progression to AIDS.

Materials and method

Individuals

We investigated a cohort composed of 246 HIV-1-
infected women obtained from the HIV clinic in the Day
Care Center of Lampang Hospital in north Thailand
between July 6, 2000 and July 12, 2001 as described
previously [16]. They were recruited when they visited
the clinic. Although the dates of HIV infection and
seroconversion were not assessed or estimated for the
individuals, they were free from antiretroviral drug at the
time of recruitment. We also investigated 74 exposed
seronegative (ESN) Thai women [17]. For a control
group, we collected blood samples from 119 female blood
donors at the blood bank of the same hospital. EDTA-
blood was taken from each individual at the time of
recruitment, and separated for plasma and pack red cell.
Plasma HIV-1 RINA copy number was measured by using
a commercially available kit (Amplicor HIV-1 Monitor
Test; Roche Molecular System, Inc. Branchburg, New
Jersey, USA), which had a lower limit of detection at
400 copies/ml. CD4™" cell count was measured by using

FACScan (BD Biosciences, California, USA). The
survival status of participants until 1 October 2003 was
ascertained from the cohort database, mailing letters, and
death certificates at the Lampang Provincial Health
Office. Data were double entered and validated using the
access program. This study was approved by the Ethical
Review Committee for Research in Human individuals,
Ministry of Public Health, Thailand in January 2000.

Genotyping

Genomic DNA was extracted and purified from the
frozen buffy coat by using QIAamp DNA Blood Mini
kit (QIAGEN GmbH, Hiden, Germany). Each sample
was analyzed for polymorphisms in the TIMI-exon 4
by direct sequencing. The primer pair, forward
5-GGGCAATGACCAAGATTGAC-3 and reverse
5'-ACCTTGATACAATGCCCTGG-3/, was used to
amplify the 470-bp fragment of TIMI-exon 4 by
polymerase chain reaction (PCR) that was performed
in a total volume of 25l containing 20-50ng of
genomic DNA, 100 nmol/1 of each dNTPs, 0.2 pmol/l
of each primer, 2.5 mmol/l of MgCl,, and 0.5 U of Taq
DNA polymerase (Immolase DNA polymerase; Bioline
USA, Inc. Massachusetts, USA). Amplification profile
included initial incubation at 94°C for 5 min, 30 cycles of
94°C for 305, 55°C for 30 s and 72°C for 30ss, followed by
a final extension at 72°C for 5min. The PCR products
were purified by sephadex gel centrifugation, and 1 pl
of purified product was then used as a template for
sequencing using BigDye Terminator v 3.1 cycle
sequencing kit (Applied Biosystems, Foster City,
California, USA) in a total volume of 10 pl containing
the PCR forward primer. Sequence analysis was done by
ABI Prism 3100 Genetic Analyzer and SeqScape software
version 2.5 (Applied Biosystems). Determination of
TIM1 haplotypes was base on the previous report [7].
Because there were four common insertion/deletion
polymorphisms in TIMI-exon 4, each pattern of
heterozygous samples was also analyzed by clonin Ng the
PCR product into a plasmid vector (TOPO™
Cloning Kit; Invitrogen, Carlsbad, Cahforma USA)
according to the manufacturer’s instruction and six
colonies of each sample were sequenced to further

determine the TIM1 haplotypes.

Quantification of TIM1 transcript in human B
lymphoblastoid cell lines

Human B lymphoblastoid cell lines were cultured in
RPMI medium 1640 supplemented with 10% fetal
bovine serum under 5% CO,. Cells were collected at
growing phase and approximately 107 cells were subjected
to total cellular RNA preparation by RINeasy mini kit
(Qiagen). One microgram of RNA was used to synthesize
cDNA by Superscript II reverse transcriptase (Invitrogen)
according to the manufacturer’ instruction. Quantitative
real-time PCR used iCycler iQ Real-Time PCR
Detection System (Bio-Rad) and iQ SYBR Green
Supermix kit (Bio-Rad) to measure relative amount of

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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mRINA by cycle threshold. Expression level of TIM1 was
normalized by the expression level of GAPDH and the
ratio of TIM1/GAPDH was arbitrarily expressed as
arbitrary unit (AU) for comparison of the expression
levels in different cell lines. Primers and probe for
quantification of TIM1 and GAPDH transcripts are as
follows TIM1 sense primer 5'-CCACCAGCTCACCA
TTGTACT-3'; antisense primer 5-TCTGCTTGGA
CTTCCTTTTCA-3'. GAPDH primer sequences are as
follows sense primer 5'-CTTCACCACCATGGAGA
AGGC-3'; antisense 5'-GGCATGGACTGTGGTCAT
GAG-3'. Relative expression level was expressed
arbitrarily as the ratio of TIM1/GAPDH.

Statistical analysis

Association of TIM1 haplotype with the disease pro-
gression was assessed with respect to baseline clinical data
including plasma viral load, CD4 cell count, proportion of
symptomatic AIDS, and survival status during the follow-
up period for 3 years. Continuous variables of two groups
with different genetic background were compared by a
two-tailed nonparametric Kruskal—Wallis test. Qualitative
variables of two groups were compared by a chi-squared
test, and the statistical significance was not corrected for
multiple testing. Significance in Kaplan—Meier analysis
was assessed by a log-rank test. Statistical analyses were
carried out using Epi Info version 3.01 (US-CDC). Crude
and adjusted hazard (HR) and their 95% confidence
intervals (CI) were calculated by Cox proportional hazard
models using StatView (SAS Institute Inc., Cary, North
Carolina, USA). For adjustment of CD4 cell count,
patients were categorized into three groups, namely, those
with CD4 cell count (cells/pl) below 50, those with
50—199, and those with 200 and over.

Result

TIM1-exon 4 haplotype distribution in Thais

We previously reported a total of eleven TIM1 haplotypes
in various ethnic groups [7]. In the present study, six out
ofthe 11 TIM1 haplotypes were found in the studied Thai
population that was composed of 246 antiretroviral drug-

Table 1. TIM1 haplotypes found in the Thai population.

free HIV-positives, 74 ESNs, and 119 controls, with the
most prevalent haplotype D3-A (Table 1). In addition, we
found a novel haplotype (D3-C*) in one individual
carrying a frame-shift mutation, a single base (A) deletion
at the 3rd codon of amino acid residue 207. The
distribution of TIM1 haplotypes did not differ among the
HIV-positives, ESNs, and controls, suggesting that the
TIMT1 haplotypes were not associated with the suscepti-
bility or resistance to the HIV-1 infection (Table 1).

TIM1 haplotype and disease status of HIV-1
infection viral load, CD4 cell count, and clinical
status

We analyzed viral load, CD4 cell count, and clinical status
among the antiretroviral drug-free women at the recruit-
ment by stratifying the individuals according to their TIM1
genotypes. We found that patients homozygous or
heterozygous for the D3-A haplotype showed a tendency
towards higher CD4" cell count (P=0.06) than patients
with other genotypes. Further analyses revealed that the
patients carrying the D3-A haplotype had lower pro-
portion of AIDS-related symptoms (P=0.021) than the
other patients, although the difference was not statistically
significant after the correction of P values for multiple
testing (Table 2).

We also found that the D3-C haplotype behaved opposite
way to the D3-A haplotype, although there were only two
nucleotide differences between the D3-A and D3-C
haplotypes (Table 1). CD4 cell count was lower in the
patients homozygous or heterozygous for the D3-C
haplotype than in those with the other genotypes, although
the difference did not reach statistical significance
(P=0.07). Further analysis on the proportion of AIDS-
related symptoms showed marginally significant difference
(P=0.05). The other TIM1 haplotypes did not show any
apparent association with the HIV-1 disease status.

TIM1 haplotype and survival status

Because the cross-sectional study demonstrated a possible
association of TIM1 D3-A haplotype with relatively
benign disease status of HIV infection, we intended to

Polymorphic site Haplotype frequency
18 bp
3 bp deletion 3 bp 1 bp deletion HIV-  ESN*"  Control”?

TIM1 T>C deletion (6AA 161- C>T deletion (frameshift A>G G>T infected (2n= 2n=
haplotype (Thr158Met) (Thr160del) 166 del)  (Pro180Leu) (Thr201del) fs207) (Thr208Ala) (Thr208Thr) (2n=492) 148) 238)
W-A T w w C w w G G 0.018 0 0.008
W-C T w w C w w A G 0.002 0 0

D1 C del w T w w A T 0.016 0.020 0.008
D3-A C w del C w w A G 0.652 0.676 0.697
D3-C T w del C w w G G 0.112 0.149 0.092
D3-Ck T w del C w del G G 0.002 0 0

D4 T w w C del w A G 0.205 0.155 0.193

#1; exposed seronegative individuals. #2; healthy blood donors.
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investigate the association of TIM1 D3-A haplotype with
the disease progression to AIDS. Among 246 HIV-
positive individuals, we obtained follow-up information
from 238 individuals (96.7%) with the median (inter-
quaternary range) of follow-up day at 964 (495-1072)
days. The details of follow-up information were reported
in our previous study [16]. During the follow-up period,
65 cases died. When we used death as a marker for the
disease progression to AIDS, we found that mortality rate
of patients possessing the D3-A haplotype was slightly
lower than the other patients (Table 2). Kaplan—Meier
analysis showed significantly better survival for the D3-A
haplotype-carriers than the others (P=0.044, log-rank
test) (Fig. 1a).

In addition, during the follow-up period, 55 patients had
started antiretroviral drug treatment. To adjust the
possible effects of antiretroviral treatment on survival,
we subtracted the number of days after the patients started
the antiretroviral drug from the observation period. As
shown in Fig. 1b, we obtained almost identical results to
those shown in Fig. la. The statistical significance of
better survival of patients carrying the D3-A haplotype
was found (P=0.019), even after the adjustment for the
effect of antiretroviral treatment. We also compared the
survival prognosis between the homozygous and hetero-
zygous D3-A haplotype carriers for the possible gene
dosage effect, but no difference in the survival curves
between them was observed (data not shown). These
results suggested that the D3-A haplotype could exert a
dominant effect on the HIV-1 diseases progression. On
the contrary, Kaplan—Meier analysis showed that no other
haplotypes significantly affected the survival prognosis in
our population samples (data not shown).

The risk of death for patients carrying the D3-A
haplotype during the untreated period was significantly
lower than the other patients [hazard ratio (HR) =0.51,
Cox model; 95% confidential interval (CI) = 0.29-0.90].
HR conferred by the D3-A haplotype did not
significantly change after the adjustment for age
(HR =0.52; 95% CI=0.29-0.92), plasma viral load
(HR =0.51; 95% CI=0.29-0.91), or the presence of
other risk factors, RANTES-28G (HR =0.56; 95%
CI=0.31-0.99) or IL4-589T HR =0.47; 95%
CI=0.27-0.84), in which we previously observed
apparent protective effects against the disease progression
in the same set of samples [16]. On the contrary,
adjustment for the baseline CD4 cell count diminished
the significant protective effect of D3-A haplotype
(HR =0.72; 95% CI=0.40—1.28), suggesting that the
protective effect conferred by the D3-A haplotype may be
due to its effect on the CD4 cell count.

TIM1 D3-A haplotype and the expression of
TIM1

We investigated the association between the TIM1
haplotypes and the expression levels of TIM1 in B

IQR; Interqualtile range, PYO; person years of observation. W-C and D3-C* were not shown because only one heterozygote was observed.
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Fig. 1. Kaplan—Meier analysis of the effect of TIM1 haplotype on the disease progression of HIV-1/AIDS. Kaplan-Meier analyses
on the survival in the antiretroviral drug-free HIV-1 infected Thai females during the total follow-up period (a) or untreated period
(b). In (a) and (b), patients were stratified by the presence and absence, respectively, of the D3-A haplotype.

lymphoblastoid cell lines. The amounts of TIM1 mRNA
were normalized by GAPDH mRNA among 22 cell
lines. As shown in Fig. 2a, the cell lines homozygous or
heterozygous for the D3-A haplotype expressed signifi-
cantly lower levels of TIM1 than those with other
genotypes [D3-A carrier (n= 14) vs. noncarrier (n=8);
5.49+£2.10 AU vs. 7.56 £1.85 AU, P=0.042, two-
tailed Mann—Whitney test).

We also analyzed the associations of two tightly linked
promoter sequence  variations, 17702919  and
rs41297577, with the expression levels of TIMI.
Although these two promoter SNPs were reported to

be significantly associated with higher expression levels of

TIM1 [13], we could not replicate the associations; there
was virtually no difference in the TIM1 expression
depending on the SNP genotypes or SNP haplotypes
(Fig. 2b and c).

Discussion

We demonstrated that TIM1 D3-A haplotype was
associated with slower progression to HIV-related disease
in a Thai cohort. Although the statistical significance for
the association of D3-A haplotype with HIV-related

symptoms in the cross sectional study was lost after the
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Fig. 2. Correlation between the TIM1 polymorphisms and the expression levels of TIM7 in B lymphoblastoid cell lines.
Expression levels of TIM1 were represented by cycle threshold values calculated from quantitative real-time PCR evaluation for
TIM1 transcripts normalized by the GAPDH transcripts. The ratio of TIMT/GAPDH was used to compare the expression levels in
different B cell lines stratified by the presence or absence of D3-A haplotype (a), rs7702919 genotype (b), and rs41297577

genotype (c).
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adjustment for multiple testing, Kaplan—Meier analysis
showed that the patients carrying the D3-A haplotype
followed a better survival prognosis during the untreated
clinical course than the others. We also found that
the TIM1 expression level was lower in the cells with the
D3-A haplotype than those without D3-A haplotype.

It has been reported that TIM1 was expressed in the Th2
type CD4™ cells and played crucial roles in the regulation of
Th1/Th2 balance by promoting Th2 cells and augmenting
Th2 cytokine production [1,2]. A six-amino-acid inser-
tion/deletion polymorphism, which is tightly linked to the
D3-A haplotype (Table 1), has been reported to be
associated with the susceptibility to atopic disease in HAV-
seropositive individuals [8—12]. It is suggested that the
effect on Th1/Th2-subset differentiation appears to be a
plausible mechanism how the TIM1 polymorphism
determines the susceptibility to atopic disease, because
this polymorphism did not affect the infectious rates of
HAV. It follows from these lines of evidence that the TIM1
D3-A haplotype might be associated with low levels of
Th2 promotion due to low expression of TIM1. Low levels
of Th2 promotion would result in enhanced Th1 type
responses. It is possible that the enhanced Thl type
immune responses in the HIV-1 infected individuals
promote proliferation of CCR5-expressing CD4™ cells,
which can enhance the replication of HIV-1 in the infected
cells and lead to the rapid progression to AIDS.

On the contrary, however, it is also possible that Th1 type
immune responses may promote the proliferation of
cytotoxic T cells that can suppress the HIV-1 replication
in the infected individuals and lead to the slow
progression to AIDS as observed in the study presented
here. In the present study, we observed that individuals
carrying the D3-A haplotype possessed relatively
increased number of CD4™ cells (Table 2) and CD8"
cell (data not shown) at the baseline. It has been reported
that in-vitro stimulation of CD4" T cells with a TIM1-
specific monoclonal antibody enhanced the T-cell
proliferation, suggesting that TIM1 haplotypes and the
expression levels of TIM 1 might be linked to CD4 " and/
or CD8" T-cell counts. It is thus necessary to analyze the
number of CD4" T cells and the proportion of Th1/Th2
CD4" T cells in individuals with different TIM1
haplotypes to clarify the effect of D3-A haplotype on
the regulation of Th1/Th2 balance in the initial course of
HIV-1 infection.

Nuchnoi et al. [13] reported an association of TIMT1
promoter haplotypes with the susceptibility to cerebral
malaria. They also reported that the promoter haplotype
associated with the resistance to cerebral malaria showed a
higher expression of TIM1. We, however, could not
replicate the associations of promoter SNPs with the
TIM1 expression in this study. We also studied the
structure of linkage disequilibrium in TIM1 by using
three ethnic population samples from African—American,

Caucasian, and Japanese. Sequence variations in exon 4 of
TIM1 were not in significant linkage disequilibrium with
the promoter SNPs (data not shown). These observations
suggested that the association between the D3-A
haplotype and TIM1 expression was not depending on
the promoter SNPs.

Among 439 Thais analyzed in the present study, we
identified a novel frame-shift mutation, a single base (A)
deletion at the 3rd-codon of amino acid residue 207. This
deletion causes a premature termination of TIM1 protein,
resulting in a production of aberrantly truncated protein of
220 amino acids long. Therefore, individuals with this rare
allele would produce nonfunctional TIM1, because the
truncated protein should lack the transmembrane region
and cytoplasmic tail. The effect of this frameshift mutation
on the HIV-1 infection and/or disease progression to AIDS
may be interesting, but we could not obtain definite
findings, because there was only one case with this
mutation. Further epidemiological studies using larger
population samples are required to clarify the impact of the
frameshift mutation on the susceptibility to HIV-1/AIDS.

There are several limitations in our study. First, accurate
time of HIV infection and dates of seroconversion were not
available in our HIV-infected individuals. To study the
exact effects of TIM 1 haplotypes on the disease progression
and survival time, information on the HIV infection and
seroconversion will help further inspections. Second, this is
the first report of the association. It is hence to investigate
another cohort to replicate the finding. Third, our cohort
was composed of HIV-infected women and there might be
sex difference. Then, it is worth testing whether the effect
of TIMT1 haplotypes could be found in male cohorts.
Finally, this study was performed in a Thai population.
Because the contribution of a genetic factor could be
different depending on the races or ethnic groups, study
in other ethnic groups is needed to further confirm
the association of TIM1 haplotypes with the disease status
and/or disease progression of HIV/AIDS.

In conclusion, we revealed that a common TIMI1
haplotype D3-A was associated with the relatively slow
disease progression in HIV-infected Thai women. We also
demonstrated that this haplotype was linked to the
decreased expression of TIM1. These observations
suggested that the TIM1 haplotype might have impacts
on the susceptibility to HIV-1/AIDS via altered Th1/
Th2-subset differentiation.
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Table 1. Associations between Apolipoprotein B Messenger RNA (mRNA) Editing Enzyme, Catalytic Polypeptide-Like 3B (APO-
BEC3B) Deletion and Susceptibility to Human Immunodeficiency Virus (HIV) Infection and AIDS

No. (% No. (%

Population, of HI\/—ir(\fe::ted of coilt(;c))l 1¥6 D 0+Dwhn 'vs D + DD
genotype or allele  subjects or alleles  subjects or alleles OR (95% CI) P? OR (95% ClI) p° OR (95% CI) P?
Japanese ‘ 0.937 (0.653-1.343) .791 0.650 (0.275-1.538) .426 1.031 (0.645-1.648) .995

I 45 (47.4) 128 (48.1)

ID 43 {45.3) 108 {41.0)

D/D 7(7.4) 29 (10.9)

! 133 (70.0) 365 (68.6)

D 57 (30.0) 167 (31.4)
Indian 0.907 (0.637-1.291) .651 1.215 (0.425-3473) .796 0.853 (0.569-1.281) .508

I 181 (72.1) 139 (68.8)

D 61 (24.3) 57 (28.2)

D/D 9 (3.6) 6 (3.0

| 423 (84.3) 335 (82.9)

D 79 (15.7) 69 (17.1)

NOTE. CI, confidence interval; OR, odds ratio.

2 52 test.
® Fisher exact test.

No Evidence

of an Association
between the APOBEC3B
Deletion Polymorphism
and Susceptibility to HIV
Infection and AIDS

in Japanese and Indian
Populations

To the Editor—The apolipoprotein B
messenger RNA (mRNA) editing en-
zyme, catalytic polypeptide-like (APO-
BEC) family of genes for antiviral cy-
tidine deaminases plays crucial roles in
the intracellular defense mechanism
against human immunodeficiency vi-
rus type 1 (HIV-1) [1-3]. APOBEC3B, a
member of the APOBEC gene family
and a 29.5-kb deletion that occurs be-
tween exon 5 of APOBEC3A and exon
8 of APOBEC3B, is commonly observed
in the human population [4]. This de-
letion results in the complete loss of the
APOBEC3B coding region in the ge-
nome [4].

It was reported by An et al [5) that
individuals who are homozygous for the
deletion allele of APOBEC3B had an in-

creased the risk of HIV-1 infection and
AIDS progression; this conclusion was
based on studies of 2 ethnic populations,
European Americans and African Amer-
icans. However, in their study the ho-
mozygotes were not observed in 724 Eu-
ropean American control subjects and the
distribution of genotypes among these
control subjects significantly departed
from the Hardy-Weinberg equilibrium.
Thus, further replication studies are re-
quired to clarify the impact of APOBEC3B
deletion on susceptibility to HIV infection
and AIDS. Because the frequencies of the
APOBEC3B deletion allele were found to
be ~0.075 and ~0.039 in European Amer-
icans and African Americans, respectively,
the expected numbers of individuals who
are homozygous for the APOBEC3B de-
letion allele should be extremely low. On
the other hand, the APOBEC3B deletion
allele is more commonly observed in Asian
populations [4], which are advantageous
for studying the impact of the APOBEC3B
deletion allele on susceptibility to HIV in-
fection and AIDS.

We have investigated the association be-
tween the APOBEC3B deletion allele and
susceptibility to HIV infection and AIDS
in samples from 2 Asian populations, Jap-
anese and Indian, which were previously
analyzed for an association with poly-
morphisms in tripartite motif-containing
S5c [6]. We obtained no evidence to sup-
port this association. The frequencies of
the APOBEC3B deletion allele and of
APOBEC3B deletion allele homozygotes
did not differ between HIV-1-infected
subjects and control subjects in either eth-
nic population (Table 1). In addition, a
meta-analysis based on the results from
the study of An et al [5] and from our
study showed no statistical significance for
the association between the APOBEC3B
deletion and susceptibility to HIV infec-
tion and AIDS. The odds ratio for the
APOBEC3B deletion allele was 1.046 (95%
confidence interval, 0.896-1.221; P =
.572), and that for APOBEC3B deletion
allele homozygotes was 1.223 (95% con-
fidence interval, 0.660-2.267; P = .523).

We also evaluated the effects of
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APOBEC3B deletion on chronic HIV-
1 infection. Ninety-five HIV-1-infected
Japanese subjects with hemophilia were
divided into 2 groups on the basis of their
clinical courses during follow-up period
of >15 years: one group of 48 subjects
who maintained their CD4" T cell counts
at =200 cells/uL without antiretroviral
treatment (nonprogressors), and another
group of 47 subjects who required anti-
retroviral treatment because of depletion
of their CD4" T cells below this level
(slow progressors). When the frequencies
of the APOBEC3B deletion allele and of
homozygotes were compared between
these 2 groups, there was no significant
difference in the distribution of the allele
(frequency, 0.323 in nonprogressors Vs
0.277 in slow progressors) or homozy-
gotes (frequency, 0.083 in nonprogres-
sors vs 0.084 in slow progressors).

In addition, we found no effects of
APOBEC3B deletion on HIV-1 load and
CD4" T cell count. The data for HIV-1
load were available for 75 of 95 HIV-
l-infected Japanese subjects and 76
of 251 HIV-l-infected Indian subjects.
No significant correlations between the
APOBEC3B genotypes and HIV-1 load
were observed in either the Japanese pop-
ulation (mean =* standard error [SE]
HIV RNA load for I/I genotype, 1.94 =
0.30 log,, copies/mL; mean * SE HIV
RNA load for I/D genotype, 2.43 =
0.30 log,, copies/mL; mean + SE HIV
RNA load for D/D genotype, 2.13 =
0.77 log,, copies/mL) or the Indian pop-
ulation (mean + SE HIV RNA load for
I/I genotype, 4.33 = 0.16 log,, copies/
mL; mean + SE HIV RNA load for I/D
genotype, 4.14 + 0.24 log,, copies/mL;
mean HIV RNA load for D/D geno-
type, 5.02 log,, copies/mL). The data for
CD4" T cell count were available for 203
of 251 HIV-l-infected Indian subjects,
and there were no associations between
the APOBEC3B insertion/deletion geno-
types and the CD4" T cell count (mean
+ SE cell count for I/I genotype,
332.3 &+ 17.7 cells/uL; mean * SE cell
count for I/D genotype, 393.2 * 35.5

cells/uL; mean * SE cell count for D/D
genotype, 344 + 76.9 cells/uL).

It has been reported that APOBEC3G
and APOBEC3F play major roles in the
APOBEC3-mediated defense against HIV-
1 infection [1-3]; however, HIV-1 has a
defense against the anti-HIV effects of
APOBEC3G and APOBEC3F through the
Vif-induced degradation of APOBEC3
proteins. On the contrary, APOBEC3B has
been reported to be resistant against the
Vif-induced degradation of APOBECS3 |2,
7-9], which may be advantageous in the
host defense against HIV-1 infection.
However, the expression of APOBEC3B is
usually absent in the lymphoid cells that
serve as targets for HIV-1 infection [2, 9,
10], which may be the reason that the
APOBEC3B deletion was not associated
with the susceptibility to HIV infection
and AIDS.

In conclusion, we found that the de-
letion polymorphism of APOBEC3B had
no effect on susceptibility to HIV infection
and AIDS in Japanese or Indian popula-
tions. Further studies will be required to
clarify the impact of APOBEC3B deletion
on the susceptibility to HIV infection and
AIDS in still other populations.
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Abstract

HIV vaccine development has been hampered by issues such as undefined correlates of protection and extensive diversity
of HIV. We addressed these issues using a previously established SIV-macaque model in which SIV mutants with deletions of
multiple gp120 N-glycans function as potent live attenuated vaccines to induce near-sterile immunity against the parental
pathogenic SIVmac239. In this study, we investigated the protective efficacy of these mutants against a highly pathogenic
heterologous SIVsmE543-3 delivered intravenously to rhesus macaques with diverse MHC genotypes. All 11 vaccinated
macaques contained the acute-phase infection with blood viral loads below the level of detection between 4 and 10 weeks
postchallenge (pc), following a transient but marginal peak of viral replication at 2 weeks in only half of the challenged
animals. In the chronic phase, seven vaccinees contained viral replication for over 80 weeks pc, while four did not.
Neutralizing antibodies against challenge virus were not detected. Although overall levels of SIV specific T cell responses did
not correlate with containment of acute and chronic viral replication, a critical role of cellular responses in the containment
of viral replication was suggested. Emergence of viruses with altered fitness due to recombination between the vaccine and
challenge viruses and increased gp120 glycosylation was linked to the failure to control SIV. These results demonstrate the
induction of effective protective immune responses in a significant number of animals against heterologous virus by
infection with deglycosylated attenuated SIV mutants in macaques with highly diverse MHC background. These findings
suggest that broad HIV cross clade protection is possible, even in hosts with diverse genetic backgrounds. In summary,
results of this study indicate that deglycosylated live-attenuated vaccines may provide a platform for the elucidation of
correlates of protection needed for a successful HIV vaccine against diverse isolates.
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Introduction

Molecular epidemiological studies have revealed the existence
of an extensive degree of diversity of HIV-1 isolates [1]. HIV-1 is
classified in three major groups (M, N, O) based on their
geographical origin. Group M represents the predominant HIV-1
circulating through the world and has been divided into more than
10 subtypes (clades) as well as increasing number of circulating
recombinant forms (CRF) primarily due to error-prone viral

@ PLoS ONE | www.plosone.org

reverse transcriptase and the occurrence of super-infections. This
diversity is continuously expanding worldwide and is a major
obstacle for the successful development of an AIDS vaccine. While
the generation of a vaccine capable to prevent transmission of
HIV isolates endemic in a particular area remains an unfulfilled
task, protection against phylogenetically distant viruses represents
an even more formidable hurdle. The failure and dismal success of
HIV-1 vaccine trials that have been conducted so far has
prompted a re-emphasis for more basic studies concerning vaccine
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design against heterologous challenge viruses, which can at present
only be addressed in a macaque model. One of the pre-conditions
for the objective assessment of the protective efficacy against a
heterologous strain would be that the macaque model used should
have the capacity to confer sterile or near-sterile immunity against
the homologous virus challenge.

SIVmac239 infected rhesus macaques gradually develop AIDS
after a variable period of chronic infection. In order to investigate
the role and function of the glycan shield of the viral envelope, we
previously developed a panel of deglycosylated mutants from this
pathogenic STVmac239 backbone [2]. Among these mutants, one
mutant with five MN-glycans deleted (A5G) was found to be
profoundly attenuated in rhesus macaques. Thus, while the acute
primary viremia showed viral peaks undistinguishable from those
measured in animals infected with the wild-type SIVmac239
infection, viral load during the chronic phase was contained at or
below the level of detection [3]. More importantly, these A5G
“immunized” macaques during the chronic phase manifested
near-sterile immunity when challenged with the homologous wild-
type SIVmac239, and the animals showed neither evolution of
pathogenic revertants nor clinical disease manifestation during a
10 year follow up period. While it is clear that similar live
attenuated HIV-1 vaccines will not likely be utilized in humans, it
is extremely important to have an animal model that shows
protection against heterologous challenge virus so that minimally
such a model can be exploited to identify reproducible immune
correlates of protection. We therefore reasoned that our
SIVmac239-deglycosylation platform may provide an unique
opportunity to test and analyze protection against challenge with
heterologous isolates.

The studies reported herein utilized a series of four deglycosy-
lated SIVmac239 mutants as potential live attenuated vaccine
viruses and the SIVsmE543-3 isolate [4] as the heterologous
challenge virus. We submit that the diversities between the vaccine
viruses and the challenge virus are equivalent to those found
between major HIV-1 subtypes. Thus, this heterologous challenge
model provides an ideal model to assess the potential of and define
the conditions for cross-subtype (clade) protection against HIV.

The natural protective effects of select rhesus macaque (Mamu)
MHC class I alleles such as Mamu B*08, Mamu B*17, Mamu
A*Q1 and the MHC class I haplotype 90120-Ia have been shown
to be associated with better control of SIV [5,6,7,8,9]. In sharp
contrast, protection by the deglycosylated SIV mutants exhibited
no such selectivity; protection was achieved in all 9 rhesus
macaques tested so far, which were later found to be indeed
genetically highly diverse. Previous human cohort studies revealed
that individuals who demonstrated control of HIV infection
without any treatment, called long-term non-progressors and elite
controllers, have common genetic properties associated with
susceptibility to HIV or anti-viral host responses [10,11,12].
However, candidate vaccines that are aimed at targeting outbred
human population will have to show effectiveness in humans with
diverse genetic backgrounds. In order to minimize the contribu-
tion of particular positive or negative genetic background,
macaques possessing the above described elite genotypes were
therefore eliminated from the studies reported herein. Further-
more, the macaques were grouped based on the genetic data so
that each group comprised animals with an essentially similar
genetically diverse background.

We herein report data from a series of studies that support the
concept that cross-subtype control of HIV-1 is theoretically
possible irrespective of genetic background. Data derived herein
demonstrate a critical role that glycosylation plays in not only
conferring attenuation of SIV/HIV but also the potential role
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glycosylation plays in conferring pathogenic properties to viruses
that emerge following challenge with heterologous viruses.

Results

Genetic diversity of the challenge virus from the vaccine
virus

SIVs are as diverse as the HIV-1 subtypes in group M, and at
present a total of 9 different SIV lineages have been identified
[13]. SIVmac239 belongs to lineage 8. We have generated a
variety of modified candidate live vaccine strains by the
introduction of deglycosylation mutations into multiple A-
glycosylation sites of the gpl20 of SIVmac239 (Fig. 1). The
heterologous challenge virus used in this study is the molecularly
cloned pathogenic strain SIVsmE543-3 that belongs to lineage 1.
SIVmac239 and SIVsmE543-3 possess 23 and 22 MN-glycosylation
sites, respectively, and as seen their topologies in the gp120 protein
backbones are almost the same (Fig. 1).

At first, we compared the amino acid sequence differences for
the individual viral proteins between SIVmac239 and
SIVsmE543-3 (Table 1). The genetic differences varied from
7.9% for Pol to 35.9% for Tat. We then compared the diversity
between the 2 SIV strains utilized herein with the intra-subtype or
inter-subtype diversities in the HIV-1 isolates and found that the
differences between SIVsmE543-3 and SIVmac239 were signifi-
cantly greater than any intra-subtype diversities of HIV-1
(Table 1). For the inter-subtype diversity analysis, we used
subtypes B and C and a circulating recombinant CRFO1_AE as
reference strains that are predominantly circulating in Asian
countries. The data indicated that the differences between the two
SIV strains were as high or higher as those found among the three
HIV-1 subtypes. These results validate the use of SIVmac239 as
the parental virus for live attenuated vaccine virus and the
SIVsmE543-3 as the heterologous challenge virus in the rhesus
macaque model of human AIDS.

Properties of the 3 new deglycosylation mutants as live
attenuated candidate vaccines

We previously reported that A5G, a SIVmac239 molecular
clone with quintuple deglycosylation mutations behaved as a live-
attenuated virus in vivo [2,3]. In addition to A5G, we tested three
newly constructed deglycosylated mutants of SIVmac239 viruses,
A5G-verl, A5G-ver2 and A3G as potential candidate vaccines in
this study (Fig. 1). They differ by the sites or numbers of N-
glycosylation sites mutated in gp120 (Fig. 1). All four deglycosy-
lated mutants replicated well in rhesus peripheral blood mononu-
clear cells (PBMC) in vitro, and the replication kinetics were
similar to SIVmac239 ([2], and data not shown). However,
differences were noted in the rate of replication in macrophage
cultures and sensitivity to neutralizing antibodies (NAb) (data not
shown). To investigate whether these differences translated into
altered in vivo properties such as viral replication kinetics in rhesus
macaques, reduced pathogenicity and potential vaccine properties,
12 animals were inoculated intravenously in groups of three with
100 TCIDs of each of the four mutants (Fig. 2 A). Since the
MHC types have been shown to significantly influence the
outcome of HIV/SIV infection in their respective hosts, we chose
macaques which did not inherit any of the known elite MHC
alleles [5,6,7,8,9] (File S1). Furthermore, to minimize the possible
influence of other MHC types, we distributed the animals evenly
into vaccine and control groups such that each group comprised
animals with randomized MHC alleles (File S1).

Consistent with our previous studies [3], the prototypic vaccine
strain A5G, replicated as robustly as the SIVmac239 in macaques
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Figure 1. Live attenuated vaccines with deglycosylation mutations. N-glycosylation sites (vertical bars) localized within gp120 of SIVmac239
and SIVsmE543-3 are shown. SIVmac239 and SIVsmES543-3 have 23 and 22 N-glycosylation sites, respectively. The position of N-glycosylation sites
mutated to remove the specific glycans for A5G, A5Gver-1, A5Gver-2, and A3G were indicated and constructed by site-directed mutagenesis based
on SIVmac239. V1 to V5 indicate variable region 1 to 5 respectively. C-loop indicates the constant loop region within SIVmac239 [15].

doi:10.1371/journal.pone.0011678.g001

with peak plasma viral loads (VL) of ~10” copies/ml at 2 weeks
post infection (pi) (Figs. 2A and 3). However, subsequently the VL
of A5G rapidly declined to a level around or below the level of
detection (100 copies/ml) whereas relatively high VL persisted in
SIVmac239-infected macaques (Figs. 2A and 3). Essentially the
kinetics of viremia observed with the three deglycosylation
mutants, A5G-verl, A5G-ver2 and A3G were similar to that seen
with A5G (Fig. 2 A).

It has been well established that STVmac239 elicits poor NAb in
macaques [14]. In contrast, a deglycosylation mutant derived from
SIVmac239 elicited higher NAb than SIVmac239, but levels of
NAb responses varied among the animals [15]. Thus, we

determined levels of potential NAb responses against each animal’s
respective infecting virus. Consistent with our previous results,
most macaques infected with each of the deglycosylated SIVs
induced NAb (Fig. 2 B). However, the levels of NAb responses
differed among the four groups, with a decreasing order of
magnitude for NAb responses from A5G-ver2>A5G-
verl >A3G>A5G. We detected no NAb response in two animals
(MmO0301 in the A5G group and Mm0304 in the A3G group), and
delayed and relatively weak responses in three animals (Mm0409
in the A5G group, Mm0511 in the A5G-verl group, and Mm0516
in the A3G group) (Fig. 2 B). Regardless of the levels of NADb, all 12
animals infected with the deglycosylation mutant viruses contained

Table 1. Differences between the vaccine and challenge SIV and inter-subtype differences of HIV-1.
Viral proteins  SIV® HIV®
'  mac239 vs. Intra-subtype (A, B, C, D, F1,
smE543-3 «a,mosqns,-wmme) lnur—snbtypt : L
Bvs.C B vs. CRF01 C vs. CRFO1
 Mean  SE. ‘Mean  SE
Gag 1.1 4.3-7.1 10.2 1.2 1 1.4 12.8 15
e 2865 w0 o s W
Env 18.2 7.7-124 19.2 18.7 14
e w2 o s0dd iooBs T - e
Tat 359 9.9-18.1 288 4.7 319 49 274 43
Vif 17.8 7.0-14.2 205 213 28
Vpx 8.1 NAC NA NA
o L R
“Percentage amino acid sequence differences per site from averaging overall sequence pairs between the subtypes.
percent amino acid sequence differences per protein.
“Not applicable.
doi:10.1371/journal.pone.0011678.t001
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