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Summary

We isolated the first HIV-1 infectious molecular clone (IMC) (des-
ignated as O0OCN-HH040.NX22) for CRFO8_BC that is responsible for
IDU epidemic in southeastern China. 00CN-HH040.NX22 replicated to
high titers in PBMCs and utilized only CCRS as a coreceptor for entry.
00CN-HHO040.NX22 showed the identical recombinant structure with
CRFO08_BC reference strain. A potential sequence signature unique to
CRF08_BC was observed in the enhancer region of LTR. O0CN-
HHO040.NX22 will be a useful tool to delineate the biological and virological
properties of CRFO8_BC and may also be used in design for vaccine
candidates to limit the epidemic in southeastern China.

Introduction

The infectious molecular clones (IMCs) of HIV-1 have been critical
tools for systemic evaluation for delineating the mechanisms of viral
replication and pathogenesis.

Phylogenetic analyses of globally circulating viral strains have iden-
tified three distinct groups of HIV-1 (M, N, and O), and 11 genetic
subtypes and subsubtypes (A, A2, B, C, D, F1, F2, G, H, J, and K), and
15 circulating recombinant forms (CRFs) within the major group (M).
Two closely-related CRFs, CRF07_BC and CRF08_BC, are emerging
strains that play a critical role in the epidemic among injecting drug
users (IDUs) in China [1, 2], where the cumulative number of HIV
cases would be expected to reach 10 million by 2010 with the current
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rate of increase (30%) [3]. CRF07_BC was distributed among IDUs in
Xinjiang Province in northwestern China [2], while CRF08_BC was
circulating widely among IDUs in Guangxi Province [1] and eastern
part of Yunnan Province in southeastern China [4].

In the present study, we report the construction of the first replica-
tion-competent molecular clone of CRFO8_BC and will discuss on its
structural and biological properties.

Materials and Methods

A CRF08_BC strain (00CN-HH040) was isolated from an IDU in
Yunnan Province. The infectious molecular clone was reconstituted by
PCR-based amplification-cloning method [5, 6], involving the direct
ligation of 8.3-kb proviral amplicons into a recovery vector carrying
two functional LTRs (Fig. 1). The infectivities to peripheral blood
mononuclear cells (PBMCs) and primary macrophages and coreceptor
usages were examined. The complete HIV-1 nucleotide sequence was
determined and subjected to the recombination breakpoint analyses
(bootscanning and informative site analyses) to verify the subtype structure.

Results

Reconstitution and biological characterization of an
infectious molecular clone of CRFO8_BC

An infectious molecular clone for CRFO8_BC was isolated by two-
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Fig. 1. Schematic representation of the genetic reconstitution of infectious molecular
clone of CRFO8_BC (0OOCN-HH040.NX22). Narl (N); Xhol (X).
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step reconstitution strategy, as illustrated in Fig. 1. We identified one
clone, designated O0OCN-HHO040.NX22, that was capable of replicating
in PHA/IL-2-stimulated PBMCs to high titers, comparable to parental
primary isolate. This clone utilized CCRS5 as a coreceptor for entry, but
did not replicate in primary macrophages.

Structural characterization of infectious molecular clone
O0OCN-HHO40.NX22

The complete nucleotide sequence of OOCN-HHO040.NX22 was de-
termined to ensure that this-clone indeed belongs to CRF08_BC. The
phylogenetic tree analysis of the complete genome of 0OCN-HHO040.NX22
showed that.it was clustered tightly with CRF08_BC reference strains
with high bootstrap support (100%). The recombination breakpoint analyses
(bootscanning and informative site analyses) corroborated that 00CN-
HHO040.NX22 shared identical structural profile with CRF08_BC refer-
ence strain (98CNO006) (Fig.2).

Sequence signatures specific to CRFO8_BC

The nucleotide sequence signatures unique to CRF08_BC were iden-
tified in enhancer-promoter region in LTR. All known CRF08_BC (5 of
5) harbored three complete sets of NFkB sites in LLTRs, which are
common among most of subtype C family. 00CN-HH040.NX22 dis-
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Fig. 2. Recombinant structure of 00CN-HHO40.NX22. (A) Bootscanning analyses of
CRF08_BC reference strain (98CN0O06) (left) and O00CN-HHO40.NX22 (right) with
subtypes B’ (RL42) and C (95IN21068) reference strains. subtype D (NDK) and
CRFO1_AEFE (93TH253) are used as distantly related references. The bootstrap values
are plotted for a window of 500-bp moving in increments of 50-bp along the align-
ment. (B) Deduced subtype structure of OOCN-HH040.NX22.
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plays three-NF-xB configuration similar to other subtype C strains, but
it harbors a C to T substitution in proximal NFxB binding motif in both
5’ and 3° L'TR regions. 00CN-HH040.NX?22 retains the other sequence
signature that appears to be specific to CRFO8_BC [7]: i.e., the spacer
sequence between two distal NFkB sites (NFkB II and NFkB HI) of
00CN-HHO040.NX22 was comprised of two nucleotides (5'-GC-3"), similar
to all known CRF08_BC strains (4 of 4) [7].

Conclusions

In the present study, we described the structural and biological char-
acterization of the first infectious molecular clone of CRF08_BC (00CN-
HHO040.NX22): This clone was reconstituted from primary HIV-1
CRFO08_BC strain isolated from eastern part of Yunnan Province of
China, where CRFO8_BC is a principal circulating strain among IDUs
[4]. This represents the first report of the isolation of a replication-
competent HIV-1 molecular clone of CRF0O8_BC. It may facilitate the
study to investigate the differences in the virological and immunologi-
cal properties and to develop clade-specific molecular and immunologi-
cal reagents. This clone may also be used for designing novel immunogens
to limit the epidemic in southeastern China.
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We identified an unusual case of human immunodeficiency
virus type 1 (HIV-1) infection in a patient (GM43) who ex-
hibited a persistently low antibody response and undetect-
able viral load during a 5-year follow-up period. GM43 har-
bored HIV-1 circulating recombinant form 01_AE with gross
deletions in the nefflong terminal repeat (LTR) region. The
sizes of the deletions increased progressively from 84 to >400
bp during the 5-year period. GM43 appeared to have acquired
defective variants from her husband. The genetic alterations
in the neffLTR region were remarkably similar to those that
have been reported in slow progressors (such as the slow
progressors in the Sydney Blood Bank Cohort). The present
study is the first report of slow disease progression due to
gross genetic alterations in the neff/LTR region in a person
infected with an HIV-1 non-subtype B strain.

Rates of disease progression vary among individuals infected
with HIV-1, because of the complex interplay between host
genetic and irnmunologic factors and the pathogenic potential
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of the infecting virus. The viral nef gene is one of the crucial
determinants of disease progression, as has been demonstrated
in animal models [1-3]. That the nef gene is a key factor for
disease progression in humans is strongly supported by the
finding that some long-term nonprogressors (ETNPs) with low
viral loads (despite 10-14 years of HIV-1 infection) carry vi-
ruses with gross deletions [4-6] or small structural defects and
mutations [7] in the nef gene.

The nef gene is known to have pleiotropic functions, including
down-regulation of the cell-surface expression of CD4 and class
I major histocompatibility complex (MHC) molecules, enhance-
ment of viral replication and infectivity, induction of cytokine
and chemokine expression by T cells and macrophages, and
blockage of proapoptotic signaling by HIV-1-infected cells (re-
viewed in Geyer et al [8]). A large number of cellular interaction
partners critical to nef gene functions have been identified, and
the binding sites have been mapped to distinct locations within
the Nef protein (reviewed in Geyer et al. [8]).

Although the genetic alterations in the nef gene that are
associated with slow disease progression have been identified
in HIV-1 subtype B in US and European populations [4-7], it
remains unclear whether these alterations are found only in the
subtype B lineage. In the present study, we identified attenu-
ated variants of HIV-1 circulating recombinant form 01_AE
(CRFO1_AE) that harbored gross deletions in the nefflong ter-
minal repeat (LTR) region in an asymptomatic patient (GM43)
who had an unusually weak antibody response and an unde-
tectable viral load during a 5-year follow-up period, demon-
strating the association between rnef/LTR deletions and slow
disease progression with respect to infection with a non-sub-
type B strain.

Patients, materials, and methods. Informed consent was
obtained from the patients, and the study was conducted in
accordance with the clinical research guidelines of Japan. An-
tibodies to HIV-1 were detected by use of the Serodia HIV-1
gelatin particle agglutination (PA) test (Fujirebio), and West-
ern-blot (WB) analysis (LAV Blot I, Bio-Rad) was used for
confirmation. Plasma HIV-1 RNA loads were measured by the
ultrasensitive method with the Amplicor HIV-1 Monitor Kit
(version 1.5; Roche Diagnostics), which allows the sensitive
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Figure 1. Changes in serological and virological parameters in patient GM43. A, Profiles of serological and virological parameters. Top, Detection
of proviral HIV-1 DNA by nested polymerase chain reaction (PCR) for gag (p24), env (C2/V3), and the nef/long terminal repeat {LTR} region. Antibody
{Ab) titers (determined by the Serodia HIV-1 gelatin particle agglutination [PA] test) are also shown. ~, negative; +, positive; A, the size (in base
pairs) of the deletion in the nef/LTR region in major PCR products; WB, Western blot. Midale, CD4* cell count, in cells per microliter of blood (white
circles). Bottom, Plasma HIV-1 RNA load, in copies per milliliter of blood {log scale) (black diamonds). HIV-1 proviral genomes were analyzed by use
of the serum samples collected at the indicated time points {I-V}. HIV-1 was isolated from GM43 for the first time in February 2002 {time point V.
B, WB analysis {LAV Blot I; Bio-Rad) for GM43 and her husband, GM46. Strips 1~10 are for serum samples serially collected between January and
October 1996, and strips | and Il are for serum samples collected in July 1997 {time point I} and December 1998 (time point Il). d, day; m, month.
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Figure 2.  Genomic organization of the nef/long terminal repeat (LTR) region. A, Schematic drawing of the genomic structure of HIV-1 circulating
recombinant form (CRF) 01_AE CM240 [12] for the corresponding region, at top. The genomic organizations of HIV-1 isolates from patient GM43 and
her husband, GM46, and of HIV-1 variant C18 {an attenuated variant of HIV-1 subtype B detected in the Sydney Blood Bank Cohort [5]) are shown
for comparison, Black bars represent amplified sequences, and white bars represent deletions. The nucleotide positions are shown relative to CM240.
The numbers in the white bars represent the sizes of the deletions. m, month; PPT, polypurine tract. B, Comparison of the genetic organization of the
nef/LTR region in GMA43-20, a major quasispecies {A391) found in GM43, with that of C18 [5]. C, Sequence landmarks and the sites of deletions in
the nef/LTR region in GM43-20. C18 carries a 23-bp duplication comprised of a single set of NF-«B and Spl sequences.
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Figure 2.  {Continued.)

detection of HIV-1 RNA from both HIV-1 subtype B and non—
subtype B strains, including CRFO1_AE [9]. Replication-com-
petent HIV-1 strains were isolated by cocultivation with CD8-
depleted peripheral-blood mononuclear cells (PBMCs) from
healthy donors. PBMCs were activated by use of anti-CD3 an-
tibody (CLB-CD3; PeliCluster), instead of the standard acti-
vation stimuli of phytohemagglutinin and interleukin-2, to im-
prove the efficiency of isolation [10, 11].

The nef/LTR regions of HIV-1 provirus genomes were am-
plified by nested polymerase chain reaction (PCR), with the
outer primers Env43F14 (sense; 5-GAGTTAGGCAGGGATA-
CTCAC-3'; positions 7892-7912 of the genome of CM240, the
HIV-1 CRFO1_AE reference strain [12]) and 3'LTR43R16 (an-
tisense; 5-TAAGCACTCAAGGCAAGC-3'; positions 9202-9185
of the genome of CM240) and the inner primers Env43F15
(sense; 5-AGCCTGTGCCTCTTCAGCTACCA-3'; positions 8052—
8083 of the genome of CM240) and MSRS5 (antisense; 5'-GCA-
CTCAAGGCAAGCTTTATTGAGGCT-3'; positions 9199-9173
of the genome of CM240). The nucleotide sequences of both
strands were determined by the BigDye Terminator cycle se-

CGCEAGCTCTC T CC

TECT

quencing method, using a Prism 310 DNA Sequencer (Applied
Biosystems). Nucleotide sequences (GenBank accession num-
bers AB193797-AB193800) were aligned by use of CLUSTAL
W (version 1.4). Phylogenetic trees were constructed by the
neighbor-joining method, based on Kimura’s 2-parameter dis-
tance matrix with 100 bootstrap replicates. Analyses were im-
plemented by use of PHYLIP (version 3.573) [13].

Results.  GM43 is a 28-year-old Thai woman who has lived
in Japan for the past 6 years. GM43 was infected with HIV-1
via her husband, GM46. GM46 had contracted HIV-1 via het-
erosexual contact before 1995, presumably in Thailand. Both
GM43 and GM46 remain healthy and do not have any clinical
symptoms. There is no indication of HIV-2 infection. In Jan-
uary 1996, serologic tests conducted for GM43 at her 18th week
of pregnancy (her first visit) showed low marginal HIV-1 se-
ropositivity, with a PA antibody titer of 1:16 (figure 1A4). In-
determinate WB results (1+ reactivity for gp160 only) persist-
ed for GM43 throughout an 18-month observation period,
whereas GM46 was unequivocally positive by WB (figure 1B).
Empirically, in most HIV-1-infected patients, PA antibodytiters
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exceed 1:10° within 2 weeks of seroconversion and reach 1:10*
one month after seroconversion. However, in GM43, low PA
antibody titers (<1:10%) persisted for 1.5 years, and it took >4.5
years until her PA antibody titer reached 1:10* (figure 14).

In parallel with this slow process of seroconversion, GM43’s
plasma HIV-1 RNA load was persistently below the limit of
detection by PCR (<50 copies/mL) during a 4.5-year period
(figure 1A). HIV-1 proviral DNAs were amplified by nested
PCR for the env (C2/V3) region only in July 1997 and for both
the gag (p17) and env (C2/V3) regions in December 1998 (fig-
ure 1A), providing conclusive evidence that GM43 was infected
with HIV-1. During the first 3 years after seroconversion,
GM43’s CD4" cell count gradually decreased, from 1074 to 600
cells/uL, as her plasma HIV-1 RNA load gradually increased,
but her CD4" cell count remained stable thereafter, at 400-600
cells/uL (figure 14).

To investigate the mechanism of this unusual clinical course,
we examined the structural features of the nef/LTR region that
are known to be associated with slow disease progression [4~
6]. The neffLTR regions of HIV-1 proviral genomes were am-
plified by nested PCR from the PBMC DNAs sampled at 5
different time points between July 1997 and February 2002
(time points I-V, as shown in figure 1). Although the expected
size of amplicons of the neffLTR region of the intact HIV-1
genome is 1140 bp, the resulting amplified fragments ranged
in size from 500 to 1000 bp, indicating the existence of deletions
of ~100--500 bp in the #ef/LTR region.

To further characterize the genetic alterations in the »nef/LTR
region for GM43, we molecularly cloned (by the TA cloning
method) the PCR products and determined the nucleotide se-
quences of 16-39 independent PCR clones at each time point.
Nucleotide-sequence alignment revealed progressive deletions
in the nef/LTR region over time (figure 2). Plasma HIV-1 RNA
load was detectable after the increased deletions in the neffLTR
region (time points III-V). A replication-competent HIV-1
strain (GM43-23) was isolated for the first time at time point
V. The HIV-1 quasispecies with the 391-bp nef/LTR deletion
(A391) appeared to constitute a major functional (replication-
competent) segment of the proviral population in GM43,

We next analyzed the structural characteristics of the HIV-
1 genomes for GM46. We attempted to amplify the neffLTR
region by PCR at 7 time points (time points 46-1 through 46-
7, as shown in figure 2A) between 1996 and 1997 (GM46 then
dropped out of the follow-up). At all sampling points except
the first (46-1), both full-sized and smaller-sized PCR products
(containing deletions ranging in size from 12 to 472 bp) were
amplified (figure 24) in independent PCR amplification ex-
periments. Although we were not able to establish the exact
frequency of defective genomes in GM46, considerable pro-
portions of the HIV-1 quasispecies in GM46 appeared to con-
tain gross genetic alterations in the nef/LTR region, especially

at later time points. In contrast, no appreciable defects in the
nef/[LTR region were detected among 73 other CRFO1_AE-in-
fected individuals (of both Japanese and Thai nationality) in
Japan. Phylogenetic-tree analysis based on nucleotide sequences
of env (C2/V3) and the nef/LTR region revealed that HIV-1
sequences from GM43 and GM46 formed a monophyletic clus-
ter within CRF01_AE, with high bootstrap support (100% and
98%, respectively) (data not shown). Furthermore, this GM43/
GM46 cluster was distinct from other CRFO1_AE local control
sequences sampled in the same geographical region. These find-
ings strongly suggest that GM43 was indeed infected via her
husband. However, none of the deletions detected in GM46
were identical to those detected in GM43 (figure 2).

The genetic organization of neff[LTR deletions detected in
GM43 and GM46 are summarized in figure 2. Two large de-
letions were detected. The first large deletion was located in
the amino-terminal half of the nef gene that does not overlap
with the LTR sequences. The second large deletion was mapped
to the neffU3—overlapping region. One or 2 small, additional
deletions followed the 2 large deletions. Most of the first large
deletion removed the highly conserved acidic (EEEE) domain
and (Pxx), motif, which are essential for Nef function. However,
the downstream deletions located in the neffU3 region left intact
the polypurine tract (3'-PPT), NF-«B, and Spl binding sites and
the TATA box (figure 2), which are indispensable for HIV-1
replication, as was reported in the previous studies of defective
subtype B variants in US and European populations [4-6].

The overall structural configuration of the ngfLTR deletions

found in the CRFOI_AE variant infecting GM43 was remarkably
similar to that of the attenuated HIV-1 variant C18 (which be-
longs to HIV-1 subtype B) detected in the Sydney Blood Bank
Cohort [5] (figure 24 and 2B). Of note, the sequence features
unique to CRFOI1_AE—including the GABP motif (5-ACTT-
CCG-3'), a single NF-«B [14], an unusual TATA box (5-TAAAA-
3), and a 2-nt bulge in TAR stems (figure 2)—were detected in
GM43. No appreciable direct repeats that may have caused the
deletion in the neffLTR region [6] were detected in GM43.
We have identified a unique case of CRFO1_AE
infection, in which a patient, GM43, experienced an unusually
slow increase in HIV-1 antibody titers and had an undetectable
viral load over a prolonged period of time. GM43 carried at-
tenuated viral variants with a range of nef/LTR deletions that
were similar to those found in LTNPs infected with HIV-1
subtype B [4-6]. The present study is the first report dem-
onstrating the association between gross nef/LTR deletions and
slow disease progression in a patient infected with a non—sub-
type B strain.

As can be seen in figure 2, striking similarities in the alter-
ation of the nef[LTR region between subtype B and CRFO1_AE
were observed. The genetic alterations observed in the nef/[LTR
region of an attenuated subtype B variant detected in the Sydney

Discussion.
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Blood Bank Cohort (isolate C18 [5]) and the CRFO1_AE var-
iants found in GM43 in the present study removed most of
the sequence elements essential for Nef functions—including
the highly conserved acidic (EEEE) domain that is required for
the down-regulation of class I MHC molecules and the (Pxx),
motif mediating the interaction between Nefand signaling mol-
ecules—and placed downstream sequences out of frame (figure
2). Although a number of deletions were present in the nef
region that overlapped U3 in the LTR region, none of these
alterations affected cis-acting elements known to be critical for
viral replication, including the 3-PPT, the U3 terminal se-
quences, the TATA box, and the NF-«B and Spl binding sites.
This convergent manner of evolution of such genetic alterations
in the nef/LTR sequences implies the presence of the strong
selection pressures that maintain the replication capacities in
defective HIV-1 genomes.

Phylogenetic-tree analysis demonstrated that GM43 acquired
CRFO1_AE from her husband, GM46. Interestingly, GM46 was
also found to harbor unique sets of nef/LTR deletions, although
the profiles of the deletions detected in GM46 were not identical
to those detected in GM43 (figure 2). It is tempting to speculate
that the defective genomes detected in GM43 may have evolved
from a minor viral quasispecies carried by GM46 that was not
detected in the present study or that was present only transiently
at the time of transmission to GM43. If this is the case, the
lack of selection for functional nefalleles in GM43 during trans-
mission and/or establishment of infection from GM46 is rather
surprising, because functional forms of nef alleles are quickly
and efficiently selected for in rhesus monkeys infected exper-
imentally with nefdefective simian immunodeficiency virus [1].
This suggests that, in certain patients, attenuated viral variants
might have a selective advantage over HIV-1 strains with an
intact nef allele. For instance, an efficient immune response
may contribute to the selection of nef-defective viruses that
could escape the cytotoxic T lymphocyte recognition that is
critical to the effective control of viral replication [15]. In light
of the identification of this unique case of CRFO1_AE infection,
a systematic search for the viral and host factors that influence
disease progression may be warranted—especially in less-stud-
ied regions of the HIV-1 epidemic, such as in developing coun-
tries in Asia—with a slow increase in antibody titer used as a
convenient marker.
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Influence of Glycosylation on the Efficacy of an Env-Based Vaccine
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The envelope glycoprotein (Env) of human immunodeficiency viruses (HIVs) and simian immunodeficiency
viruses (SIVs) is heavily glycosylated, and this featnre has been speculated to be a reason for the insufficient
immune control of these viruses by their hosts. In a macaque AIDS model, we demonstrated that quintuple
deglycosylation in Env altered a pathogenic virns, S1Vmac239, into a novel attenuated mutant virus (A5G). In
A5G-infected animals, strong protective immunity against STVimac239 was elicited. These HIV and SIV studies
suggested that an understanding of the role of glycosylation is critical in defining not only the virological
properties but also the immunogenicity of Env, suggesting that glycosylation in Env conld be modified for the
development of effective vaccines. To examine the effect of deglycosylation, we constructed prime-boost vaccines
consisting of Env from SIVmac239 and A5G and compared their immunogenicities and vaccine efficacies by
challenge infection with STVmac239. Vaccination-indnced immune responses differed between the two vaccine
groups. Both Env-specific cellular and humoral responses were higher in wild-type (wt)-Env-immunized
animals than in A5G Env-immunized animals. Following the challenge, viral loads in SIVmac239 Env (wi-
Env)-immunized animals were significantly lower than in vector controls, with controlled viral replication in
the chronic phase. Unexpectedly, viral loads in ASG Env-immunized animals were indistinguishable from
those in vector controls. This study demonstrated that the prime-boost Env vaccine was effective against
homologous SIVmac239 challenge. Changes in glycosylation affected both cell-mediated and humoral immune

responses and vaccine efficacy.

Primate lentiviruses, human immunodeficiency viruses
(HIVs), and simian immunodeficiency viruses (SIVs) share
common genetic and biological properties. As SIVmac, origi-
nally isolated from macaques in primate research centers in the
United States, causes AIDS in macaques with remarkable sim-
ilarities to HIV type 1 (HIV-1) infection in humans, this AIDS
monkey model has been utilized to study vaccine development
and the pathogenesis of HIV infection (for reviews, see refer-
ences 10, 14, 17, 43, and 47).

HIV/SIV infection in the host consists of two phases, the
primary infection and chronic infection. During the primary

* Corresponding author. Mailing address: Tsukuba Primate Re-
search Center, National Instjtute of Biomedical Innovation, 1 Hachi-
mandai, Tsukuba, Ibaraki 305-0843, Japan. Phone: 81-29-837-2121.
Fax: 81-29-837-0218. E-mail: mori@aibio.go.jp.

infection, extensive viral replication and dissemination of the
infection occur. In chronic infection, viral replication continues
for a long period, eventually leading to AIDS. Due to the host
immune response against the infection, these two phases are
separated by a set point at which the viral load reaches its
lowest level. The viral loads of the set point and chronic infec-
tion are inversely correlated with the control of SIV/HIV in-
fection and predict disease progression (25, 31); however, it
remains unclear which host responses determine the viral Ioads
of the set point and chronic infection. Nevertheless, virus-
specific immune responses have been implicated in the host’s
control of the infection. Cellular immunity, such as that shown
by cytotoxic T lymphocytes (CTL) and helper T cells, has been
reported to correlate with the control of HIV/SIV infection
(for reviews, see references 2, 24, 28, and 39). The role of the
neutralizing antibody (NAb) in the control of infection and the
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emergence of escape mutants has also been reported previ-
ously (7, 16, 51).

Despite these immune responses against HIV/SIV infection,
humans and macaques fail to contain the infection due to the
virus properties. HIV/SIV infects major target cells, such as
CD4™" T cells and macrophages, by binding viral envelope
glycoproteins (Env) to cellular surface proteins and CD4 and
chemokine receptors (CCRS, CXCR4, or others) on target
cells (5, 32). Since viral entry consists of multiple steps (virion
binding to these viral receptors, conformational change of Env,
and fusion between the virion and the cellular membrane) and
the critical parts of Env used in these steps are exposed only
during each step, naturaily generated antibodies are only partly
effective in preventing HIV/SIV infection in their hosts (7, 8).
Primary isolates can be neutralized to various degrees by HIV-
infected patient serum but not by contemporaneous autolo-
gous samples. Consequently, escape mutants against preexist-
ing NAD are selectively replicated (51). Thus, effective NAb is
rarely induced in HIV/SIV infection (8, 10). This could partly
explain the failure of Env-based vaccine trials against HIV-1
{8, 50).

The heavy glycosylation of Env is a unique feature of HIV/
SIV that is distinctive from features of other enveloped viruses
and is significantly related to their neutralization-resistant
property (8, 29, 44). We therefore assumed that the insufficient
immune containment of HIV/SIV might be due to heavy gly-
cosylation in Env and that the removal of some glycans might
allow the host to mount a protective immune response against
the infection. Thus, we studied the influence of deglycosylation
on the replication of SIVmac239 in a T-cell line and created a
quintuple deglycosylation mutant of SIVmac239 (ASG), which
has maximal removal of N-glycans at amino acid residues 79,
146, 171, 460, and 479 in Env and retains a replication capa-
bility similar to that of SIVmac239 in phytohemagglutinin-
stimulated rhesus peripheral blood mononuclear cells (PBMCs)
(36, 40). We then examined the infection of rhesus macaques
with AS5G; although ASG was replicated as extensively as
SIVmac239 during the primary infection, the subsequent ASG
infection was restricted to a level less than the detection sen-
sitivity of a plasma viral load assay by 8 weeks postinfection
(pi.), in contrast to high chronic viral replication in SIVmac239
infection. Furthermore, an almost sterilizing immunity against
SIVmac239 was induced in A5G-infected animals (36). Inter-
estingly, another quintuple-deglycosylation-mutation strain
with mutations at amino acid residues 146, 156, 184, 244, and
247 in Env was created (44) and was demonstrated to share
common features with A5G in viral replication in animals and
in functions as an attenuated vaccine (20). Since these two
viruses share only one deglycosylation mutation and other mu-
tations distributed differently in surface envelope protein
gp120 (SU), these two studies suggest that heavily glycosylated
Env determines the pathogenicity of HIV/SIV.

To dissect the mechanism for notable containment of A5G
infection after primary infection, we hypothesized that the Env
of ASG, a viral protein that differs from that in SIVmac239,
might elicit protective immunity against SIVmac239, because
deglycosylation in Env might alter antigenic properties such as
B-cell and T-cell epitopes and enhance the protective immu-
nity against SIVmac239. For this purpose, we immunized an-
imals with Env of A5G (A5G Env) or Env of SIVmac239 (the

GLYCOSYLATION OF Env IN AIDS VACCINE 10387

wild type; wt Env), and examined the effect of these vaccina-
tions against SIVmac239 infection.

MATERIALS AND METHODS

Generation of SU DNA vaccines. DNA vaccine plasmids expressing SIV
mac239 SU or A5G SU, pJWSUmac239 and pJWSUmacAS5G, were constructed
using the expression vector pTW4303 (45). To produce secreted SU efficiently,
the native signal sequence in the SIVmac239 SU gene was replaced with the
human tissue plasminogen activator signal in plasmid pJW4303, and a termina-
tion codon was created at the cleavage site for SU transmembrane (TM) protein
(9). An SIVmac239 SU or A5G SU DNA sequence was amplified with a pair of
primers, SUmacA (5-TGTGCTAGCTATGTCACAGTCTTTTATGGTGTAC-
3’} and SUmacB (5'-CCAGGATCCTATTACCTCTTCACATCTGTGGGGG
C-3"). The SUmacA primer consisted of nucleotides (nt) 6923 to 6955 of the
SIVmac239 sequence (GenBank accession number M33262) and the boldface
nucleotides, which were changed to create a Nhel site; primer SUmacB consisted
of nt 8412 to 8381 and the boldface nucleotides, which were changed to create a
BamHI site, and the underlined nucleotides, which generated tandem termina-
tion codons. The PCR-amplified fragments were digested with Nhel and BamHI
and cloned into the Nhel- and BamHI-digested eukaryotic expression vector
pIW4303 to yield pJWSUmac239 and pJWSUmacASG. These plasmids were
prepared using a Plasmid Mega kit (QIAGEN, Tokyo, Japan).

Generation of Env vaccinia vaccines, Recombinant vaccinia viruses expressing
Env of SIVmac239 or A5G, WRvvmac239 or WRwASG, respectively, were
constructed using a vaccinia virus WR strain (WRvv) as described previously
(15). To excise the entire coding region of the env gene from the cloned SIV
plasmid, BamHI and Smal sites were introduced by in vitro mutagenesis at 5'-
and 3'-end-flanking sites of the env gene, respectively. Primer B-6808 (5'-GAA
AGAGAAGAAGGATCCCGAAAAAGG-3') consisted of nt 6796 to 9822 and
the underlined mutations of the BamHI site; S-9537 (5'-TATGAATACTCCC
GGGAGAAACCC-3") consisted of nt 9527 to 9550 and the underlined muta-
tions of the Smal site. DNA fragments containing the env gene of SIVmac239 or
A5G were isolated by digesting the mutated plasmids with BamHI and Smal and
were cloned into the Smal- and BamHI-digested vaccinia virus vector plasmid
pNZ68K2. To transfer the env gene from a recombinant plasmid to WRvv, the
standard homologous recommbination method using CV-1 cells was performed.
Env expression in the recombinant vaccinia virus was confirmed by immunopre-
cipitation. The function of Env was confirmed by CD4- and CCRS-dependent
fusion activity. The recombinant Env-expressing vaccinia viruses obtained were
propagated and titrated in CV-1cells. The two recombinant viruses were prop-
agated with similar kinetics in CV-1 cells.

Expression of SU-expressing plasmids and Env-expressing vaccinia virus in
vitro. CV-1 cells were transfected with equal amounts of the following SU-
expressing plasmids: pJWSUmac239, pJWSUmacA5G, or the vector pJW4303.
Secreted SU metabolically labeled with **S protein labeling mix (PerkinElmer,
Boston, MA) in culture supernatant was concentrated, immunoprecipitated with
plasma from SIVmac239-infected monkeys, and then analyzed by sodium dode-
cyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) as described previously
(40). To examine Env-expressing vaccinia viruses, CV-1 cells were infected with
WRwmac239, WRwWASG, or WRwv at a multiplicity of infection of 10, meta-
bolically labeled with S protein labeling mix overnight, lysed, immunoprecipi-
tated with plasma from SIVmac239-infected monkeys, and then analyzed by
SDS-PAGE as described for the expression of SU-expressing plasmids.

Animals, immunization, and challenge. Twelve juvenile rhesus macaques from
Myanmar or Laos that were seronegative for SIV, simian T-cell lymphotropic
virus, B virus, and type D retroviruses were used. As the polymorphism of major
histocom patibility complex (MHC) genes influenced cellular immune responses
against SIV/HIV infection, MHC II haplotypes and alleles of the macaques were
determined (data not shown). All animals were housed in individual cages and
maintained according to the rules and guidelines for experimental animal welfare
stated by the National Institute of Infectious Diseases. As shown in Fig. 1, the 12
animals were divided into three immunization groups of four animals each: the
SIVmac239 (wt)-Env immunization group (MmO000S, Mm0007, Mm0010,
Mm0012), the ASG Env immunization group (Mm0001, Mm0002, Mm(003,
Mm0009), and the vector control immunization group (Mm0004, MmO006,
Mm0008, Mm0011). All animals were inoculated with 1 mg of plasmid DNA in
1 ml of saline, one into each quadriceps femoris at 0, 4, and 8 weeks after the
initial prime immunization (weeks p.p.). The boost consisted of § X 107 PFU of
vaccinia virus in 1 ml of phosphate-buffered saline (PBS), administered in two
0.1-ml intradermal inoculations, one into the skin of each femur, and two 0.4-ml
inoculations, one into each quadriceps femoris at 21 weeks p.p. All animals were
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FIG. 1. Outline of immunization, challenge infection, and blood sampling. Twelve juvenile rhesus macaques were divided into three immu-
nization groups of four animals each: the wt-Env immunization group (Mm0005, Mm0007, Mm0010, and Mm0012), the ASG Env immunization
group (Mm0001, Mm0002, Mm0003, and Mm0009), and the vector control immunization group (Mm0004, Mm0006, Mm0008, and Mm0011).
Animals were inoculated with a DNA vaccine (pfWSUmac239 for the wt-Env vaccine group, pJWSUASG for the A5G Env vaccine group, and
pIW4303 for the vector control group) at 0, 4, and 8 weeks p.p. The boost vaccine consisted of vaccinia virus (WRwWENVmac239 for the wt-Env
vaccine group, WRvENVASG for the ASG Env vaccine group, and the WR strain for the vector control group) administered at 21 weeks p.p. All
animals were challenged with 10 TCIDs, of STVmac239 intravenously at 28 weeks p.p. w, weeks; d, day.

challenged with 10 50% tissue culture infective doses (TCIDs;,) of STVmac239
intravenously at 28 weeks p.p.

Viral load measurement. To monitor SIV infection, the plasma viral load was
measured by the real-time-PCR method described previously (36). Viral RNA
was isolated from plasma from the infected animals using a commercial viral-
RNA isolation kit (PE Applied Biosystems, Urayasu, Japan). SIV gag RNA was
amplified and quantified using a commercial RNA reverse transcription (RT)-
PCR kit (TagMan EZ RT-PCR; PE Applied Biosystems) with the two gag
primers, namely, the forward primer 1224F (5'-AATGCAGAGCCCCAAGAA
GAC-3'), the reverse primer 1326R (5-GGACCAAGGCCTAAAAAACCC-
3"), and TagMan probe 1272T (6-carboxyfluorescein-5'-ACCATGTTATGGCC
AAATGCCCAGAC-3’-6-carboxymethylrhodamine). Purified viral RNA (10 1)
was reverse transcribed and amplified in a MicroAmp optical 96-well reaction
plate (PE Applied Biosystems) according to the manufacturer’s instructions and
with the following thermal cycle conditions: 1 cycle of three sequential incuba-
tions (S0°C for 2 min, 60°C for 30 min, and 95°C for § min) and then 50 cycles
of amplification (95°C for 5 s, 62°C for 30 s) in a 7000 Prism sequence detection
system (PE Applied Biosystems). In vitro RNA transcripts were quantified by
optical density at 260 nm (OD,4,) measurement and branched DNA assay for
SIV viral RNA (Bayer Diagnostics, Tarrytown, N.Y.). RNA equivalent to 10 to
107 copies per reaction was used as the standard for each assay. The detection
sensitivity of plasma viral RNA using this method was 1,000 copies/ml.

Flow cytometry. CD4 depletion was monitored by measuring the percentage of
CD4* T cells, memory cells (CD29 high CD4*) T cells (48) in PBMCs. PBMC
samples were purified from a citrate anticoagulant containing blood using stan-
dard Ficoll-Hypaque gradient centrifugation. For flow cytometry, 2 X 10°
PBMCs were reacted with fluorescein isothiocyanate or phycoerythrin-labeled
antibodies (anti-human CD4, Nu-Th/I [Nichirei, Tokyo, Japan}; anti-human
CD8, Leu2a [Becton Dickinson, San Jose, CA]; anti-human CD29, 4B4 [Coulter,
Miami, FL}, anti-monkey CD3, FN-18 [Biosource, Camarillo, CA}; and anti-
human CD20, Leulé [Becton Dickinson, San Jose, CA]) as previously described
(36, 37, 48).

Peptides. Overlapping peptides were synthesized by Emory University, Micro-
chemical Facility, Winship Cancer Center (Atlanta, GA.). All SIVmac239 viral
proteins except Env, Gag, Pol, Vif, Vpr, Vpx, Tat, Rev, and Nef were covered by
consecutive 20-mer peptides overlapped by 12 amino acids. Env of STVmac239
was covered by 72 consecutive 25-mer peptides overlapped by 13 amino acids.
Peptides were dissolved in PBS with 10% dimethy! sulfoxide (Sigma Chemical,
St. Louis, Mo.).

r8eV, Recombinant Sendai viruses (rSeV') expressing STVmac239 Gag, SU, or
A5G SU were used to infect herpesvirus papio-transformed B-lymphoblastoid
cell lines (B-LCLs) to prepare autologous B-LCLs presenting these viral anti-
gens. rSeV Gag expressing unprocessed SIVmac239 Gag and pS5 (22, 23) and
r8eV SU and rSeV/ASG SU expressing wt SU and ASG SU were constructed as
described previously (52) and were also used to infect autologous B-LCLs.

Anti-SIV ELISA, A 1:100 dilution of each plasma sample in PBS (pH 7.4)
containing a blocking reagent (Dainippon Seiyaku, Osaka, Japan) was assayed
for SIV-specific antibody by using a standard enzyme-linked immunosorbent
assay (ELISA) technique with 96-well plates precoated with SIVmac239 virion
lysate. The OD,o, was measured using a microplate reader (range of absorbance
with linearity, 0 to 3.0; Tecan Japan, Tokyo, Japan) and utilized as a relative
measurement of the antibody titer.

ELISPOT assay. Virus-specific CD4* T cells and CD8* T cells in PBMCs
were measured using a monkey y-IFN ELISPOT assay kit (U-CyTech, Utrecht,
The Netherlands).

Cryopreserved PBMCs were thawed and cultured overnight in R-10 medium
(RPMI 1640 {Sigma] supplemented with 10% heat-inactivated, defined fetal
bovine serum [HyClone, Logan, Utah], 55 wM 2-mercaptoethanol, 50 U/ml
penicillin, and 50 pg/ml streptomycin). PBMCs were subjected to the depletion
of CD4™ cells with magnet beads coated with anti-human CD4 Ab (Dynal ASA,
Oslo, Norway) or subjected to the depletion of CD8* cells with magnet beads
coated with anti-human CD8 Ab (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). Depletion of CD4* or CD8* cells from PBMCs was confirmed by flow
cytometry. Using this depletion method, more than 95% of CD4* or CD8 cells
were removed from PBMCs. These PBMCs were used for ELISPOT assay for
virus-specific CD8* T cells and virus-specific CD4* T cells. Virus-specific stim-
ulation of T cells was performed with autologous B-LCLs pulsed with pooled
peptides for Pol, Vif, Vpx, Vpr, Tat, Rev, and Nef or B-LCLs infected with an
rSeV for Gag, wt Env, and A5G Env. B-LCLs were incubated with pooled
peptides corresponding to each viral protein at a final concentration of 2 pg/ml
or infected with rSeV at a multiplicity of infection of 10 at 37°C overnight.
Peptide-pulsed or infected B-LCLs were inactivated with long-wave UV irradi-
ation (19) in the presence of 10 pwg/ml psoralen (Sigma) for 10 min at a distance
of 3.5 cm from a UV light, washed three times with R-10, and then used as
stimulators in an ELISPOT assay. CD4* or CD8" cell-depleted PBMCs were
cultured with these stimulators in an anti-y-IFN Ab-coated ELISPOT plate
(U-CyTech) overnight according to the protocol for the kit. Spots on the
ELISPOT plate were imaged using an Olympus model SZX12 microscope
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FIG. 2. Expression of SU and Env by SU-expressing DNA vaccines
and Env-expressing vaccinia viruses. A: SU secreted in supernatant
from CV-1 cells transfected with SU-expressing plasmids. Lane 1,
pIW4303 vector; lane 2, pfWSUmac239; lane 3, pJWSUmacASG. B:
Env in cell lysates of CV-1 cells infected with recombinant vaccinia
viruses. Lane 1, WRvv; lane 2, WRvwmac239; lane 3, WRwWASG.

(Olympus, Tokyo, Japan) equipped with a digital camera, PDMCle/OL (Po-
laroid, Cambridge, MA), and analyzed using a personal computer with MAC
SCOPE version 2.61 (Mitani Corporation, Toyama, Japan). The results were
calculated as numbers of spot-forming cells (SFC) per million PBMCs after
subtraction of the background.

Neutralization assay. The original protocol of this neutralization assay was
reported by Means et al. (29). Plasma that was heat inactivated at 56°C for 30 min
was serially diluted and incubated with a fixed concentration of SIVmac239,
A5G, or a macrophage-tropic SIV, 239/envMERT, at room temperature for 1 h.
CEMx174/SIVLTR-SEAP cells were added to the mixture and then incubated at
37°C for 3 days. Secreted alkaline phosphatase activity in the culture supernatant
was measured using a Phospha-Light System (Applied Biosystems). Chemilumi-
nescence was detected with a Wallac Microbeta plate reader.

Statistical analysis. Statistical analysis was based on the Mann-Whitney test
and performed using GraphPad Prism 4.0 software.

RESULTS

Experimental design. We adopted a DNA prime-vaccinia
virus boost regimen to immunize rhesus macaques with wt Env
or A5G Env as shown in Fig. 1. Twelve macaques were immu-
nized at 0, 4, and 8 weeks after the initial prime immunization
{weeks p.p.) with one of three different DNA expression plas-
mids (n = 4): pfWSUmac239 expressing SU of SIVmac239,
pIWSUASG expressing SU of A5G, or the vector pJW4303. At
21 weeks p.p., all animals were boosted with recombinant WR
vaccinia viruses expressing the respective Env proteins: vac-
cinia virus expressing Env of SIVmac239, vaccinia virus ex-
pressing Env of A5G, or vaccinia virus (Fig. 1).

Expression of SU DNA plasmids and Env vaccinia viruses in
vitro and in animals. Although A5G replicated similarly to
wild-type SIVmac239 in animals (36), quintuple deglycosyla-
tion might affect the expression of SU in a plasmid vector and
the expression of Env in the vaccinia virus vector. Thus, we
examined the expression of these vaccines in CV-1 cells. SU
expressions in the wild-type plasmid (pJWSUmac239) and in
the deglycosylated SU plasmid (pJWSUmacAS5G) were at sim-
ilar levels (Fig. 2A). The expression and processing of Env in
the wild type (WRvENVmac239) and in the deglycosylated
Env mutant vaccinia virus (WRwWENVASG) were also at sim-
ilar Ievels (Fig. 2B). The reduced molecular size of the proteins
due to deglycosylation was confirmed by PAGE (Fig. 2). As the
amount of secreted SU in the supernatant by DNA transfec-
tion was comparable to that of Env in the cell lysate from CV-1
cells infected with WRvvEnv, a high expression of SU was
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achieved in a rev-independent manner by the pYW403 expres-
sion plasmid as described previously (9).

The expression of Env vaccines in the immunized animals
was indirectly estimated by Env-specific antibody responses
measured by a peptide ELISA using overlapping Env peptides.
Env peptide-specific Ab was detected from 11 weeks p.p. after
immunization with DNA vaccines, whereas there was no sig-
nificant difference in the titers and the specificity of the re-
sponses between the two vaccine groups (data not shown),
suggesting similar amounts of Env expressed in animals immu-
nized with either Env vaccine. To examine the protective effect
of the Env vaccines, all animals were challenged with 10
TCID s, of STVmac239 intravenously at 28 weeks p.p.

Cellular immune responses elicited by Env vaccines. The
DNA prime-vaccinja virus boost regimen has been used in
many studies, has successfully induced a high frequency of
virus-specific CD8™ T cells in macaques, and has conferred
protective immunity against chimeric simian/human immuno-
deficiency virus (SHIV) (3, 27, 45). We therefore examined the
vaccine-induced Env-specific T-cell responses by IFN-y ELIS-
POT assay. Since deglycosylation in Env might change T-cell
epitopes in SIVmac239, we measured the wt-SU and A5G
SU-specific T-cell response by using autologous B-LCLs in-
fected with recombinant Sendai viruses expressing either wt
SU and/or A5G SU, respectively.

Although there was a tendency for more ELISPOT-positive
cells to be observed by homologous SU than heterologous SU,
comparable results were obtained by both assays (Fig. 3A and
B). As vaccinated animals were challenged with STVmac239,
the results from the wt-SU assay were subsequently used to
assess the SU-specific immune response. Immunization with
the DNA vaccine induced only marginal SU-specific CD8* T
cells or CD4* T cells at 11 weeks p.p.; however, boost immu-
nization with recombinant WR vaccinia virus significantly in-
creased SU-specific CD8* T cells and CD4* T cells in PBMCs
at 26 weeks p.p. (Fig. 3A, B, and C). Notably, STVmac239 Env
(wi Env) induced twofold more SU-specific CD8 T cells (mean,
770 SFC per million PBMCs; range, 540 to 880) responding to
wt SU than A5G Env (mean, 320; range, 110 to 400) (P =
0.029) (Fig. 3A and C). Similarly, twofold more SU-specific
CD4* T cells were observed in wt-Env vaccinees (mean, 1,260;
range, 840 1o 1,710) than in A5G Env vaccinees (mean, 680,
range, 150 to 1,260) at 26 weeks p.p. (P = 0.11) (Fig. 3B and
C). Thus, a twofold-greater number of both SU-specific CD4™*
T cells and CD8" T cells were induced in STVmac239 Env
vaccinees than in A5G Env vaccinees at 26 weeks p.p. In vector
controls, only negligible SU-specific CD4™ T cells and CD8* T
cells were detected in PBMCs at 26 weeks p.p. (Fig. 3A and B).

Humoral immune response elicited with Env vaccines. The
anti-Env Ab titer was examined by SIVmac239 virion lysate
ELISA. Anti-SIV Ab was detected in both wt-Env vaccinees
and A5G Env vaccinees after an rVV boost (Fig. 4) (26 weeks
p.p.). Anti-SIV Ab titers were comparable between the two
vaccine groups.

Next, we cxamined the NAb against either STVmac239,
A5G, or a macrophage-tropic mutant, 239%nv/MERT (33, 35),
in the two vaccine groups. Macrophage-tropic SIVs were
highly susceptible to neutralization by plasma from most STV-
infected macaques (29), whereas SIVmac239 was highly resis-
tant to neutralization as were most clinical isolates of HIV-1
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FIG. 3. Env-specific CD4™ T-cell and CD8" T-cell responses in 12 macaques. A: Env-specific CD8" T cells in PBMCs were measured by
ELISPOT assay for IFN-v in three groups. B: Env-specific CD4™ T cells in PBMCs were measured by ELISPOT assay for IFN-y in three groups.
ELISPOT results are colored as follows: A5G SU-specific T cells (red), wt-SU-specific T cells (green), and TM-specific T cells (yellow). Arrows
with a dotted line, arrows with broken line, and arrows with a solid line indicate the time of the third DNA vaccination at 8 weeks p.p., the time
of the vaccine boost at 21 weeks p.p., and the time of SIVmac239 challenge at 28 weeks p.p,, respectively. C: Comparison of SU-specific CD8* T cells
and CD4* T cells in PBMCs among the wt-Env vaccine group, the A5G Env vaccine group, and the vector control group at 26 weeks p.p. and 4, 7, and
12 days p.i. The numbers of SFC responding to SIVmac239 SU were used to compare the effects of the two vaccines. w, weeks; d, days.

(21, 29, 30). Plasma at 26 weeks p.p. from all immunized
animals failed to neutralize not only SIVmac239 but also a
multiple-deglycosylation-mutation strain, A5G (Table 1); in
contrast, these plasma specimens did neutralize 239%nv/
MERT. Furthermore, a marked difference was observed be-
tween the two vaccine groups. The NAD titer in the wi-Env
vaccine group was eightfold higher than in the A5G Env vac-
cine group (Table 1). The difference of this immune response
between the two vaccine groups was significant (P = 0.029).
SIV replication in Env-immunized animals. As described
above, wt-Env vaccine and A5G Env vaccine induced different
magnitudes of virus-specific cellular and humoral immunity in

macaques. To examine the effect of the two vaccines, we chal-
lenged the vaccinated animals with SIVmac239. Viral loads in
vector controls were mostly consistent with our previous results
with STVmac239-infected rhesus macaques (36, 48). The mean
peak viral load at 2 weeks p.i. was 1.4 X 107 copies/ml, with a
range of 0.5 X 107 t0 2.2 X 107 copies/ml. Viral loads in chronic
infection diverged into two patterns (Fig. 5A). Subsequent to
the set point at 20 weeks p.i., the viral loads in three animals
increased more than 10* copies/ml. In contrast, viral loads in
one animal (Mm0011) remained as low as 1,000 copies/ml up
to 45 weeks p.i.

Compared with the vector controls, viral loads in wt-Env
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FIG. 4. Humoral immune response during immunization and after challenge infection. The OD,,, was used as a relative measurement of

anti-SIV ELISA antibody titer.

vaccinees were markedly reduced (Fig. 5B). Peak viral loads at
2 weeks p.i. (mean, 1 X 10° copies/ml; range, 0.8 X 10°t0 1.2
X 10° copies/ml) were 1-log lower than those in the vector
controls. Furthermore, viral loads decreased to as low as 1,000
copies/ml by 8 to 20 weeks p.i., remaining low until autopsy at
45 weeks p.i.

Unexpectedly, viral loads in the A5G Env vaccine group
resembled those in vector controls (Fig. 5C). Peak viral loads
(mean, 2.4 X 10° copies/ml; range, 0.9X 10° to 4.2 X 10°
copies/ml) were slightly lower than those in vector controls. Set
points and viral loads in the chronic phase were similar to
those of vector controls.

In summary, as shown by the mean viral loads in primary and
chronic infection (Fig. 5D) and statistical analysis (Fig. SE),
the effects of vaccination differed between the wi-Env vaccine
and A5G Env vaccine. In the effect on primary infection (up to
6 weeks p.i.), wt-Env vaccination decreased viral loads more
extensively and significantly than A5G Env vaccination (P =

TABLE 1. Neutralizing-antibody titers in the vaccinated macaques
at 26 weeks p.p. -

Neutralizing-antibody titer®

Vaccine Animal Mean®
SIVmac239 ASG 239/envMERT

wt-Env Mm0005 <20 <20 800
Mm0007 <20 <20 400

400
Mm0010 <20 <20 400
Mm0012 <20 <20 200
ASG-Env  Mm0001 <20 <20 100
Mm0002 <20 <20 20

50
Mm0003 <20 <20 100
MmO0009 <20 <20 50

¢ Reciprocal of the dilution of plasma giving 50% inhibition of SIV replication.
b The difference in NAD levels between the two vaccine groups was significant
(P = 0.0029).

0.029 versus P = 0.057); however, in chronic infection (viral
loads after 8 weeks p.i.), significant reductions in viral loads
compared with those in vector controls were seen only in the
wt-Env vaccine group and not the A5G Env vaccine group (Fig.
5E). Collectively, wt-Env vaccination induced significantly ef-
fective immunity to control SIVmac239 infection, whereas
A5G Env vaccination induced a marginal effect seen only in
primary and not in chronic infection.

CD4* T-cell subsets in PBMCs. CD4 cell depletion is a
primary manifestation indicating immune disorder in HIV/SIV
infection. As CD4 depletion results from HIV/SIV infection in
lymphatic tissue, it correlates with the extent of viral replica-
tion. Accordingly, viral loads were correlated mostly with CD4
depletion (Fig. 5 and 6A). Despite fluctuations due to immu-
nizations and the challenge infection, the percentage of CD4™
T cells in wt-Env-immunized animals in the chronic phase
recovered to the levels at the initiation of the experiment. By
contrast, in vector controls and A5G Env vaccinees, the per-
centage of CD4™ T cells decreased in the chronic phase.
Among them, an extensive decrease in CD4™ T cells occurred
in animals with high viral loads in the chronic phase (Mm0001,
Mm0008, and MmO0009) (Fig. 5 and 6A). However, in the other
animals, the levels of CD4* T cells remained as before the
challenge (Mm0003, Mm0011).

A subset of CD4" CD29 high cells, approximately corre-
sponding to memory CD4™ T cells, is useful for diagnosing a
deterioration in the immune function in animals with AIDS
(26, 38, 48). Although this parameter usually correlates with
the percentage of CD4* T cells, remarkable differences were
noted between two Env vaccine groups after the challenge
infection. First, all animals in the wi-Env vaccine group showed
an increased percentage of this subset in the chronic phase
(Fig. 6B). Second, three of the ASG Env vaccinees had a
marked decrease after the challenge infection (MmO0001,
Mm0002 and MmO0009), whereas the remaining animal
(Mm0003) showed an increased percentage of this subset. In
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FIG. 5. Plasma viral loads after STVmac239 challenge infection. Plasma viral load was measured by real-time PCR with a detection limit of
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Viral load was determined by averaging over a period of time.

vector controls, this subset remained in the range before the
challenge infection in all animals but one (Fig. 6B).
Env-specific-T-cell immunity after the challenge infection.
The magnitude of Env-specific T cells after the challenge in-
fection is assumed to be influenced not only by vaccination but
also by viral replication. Namely, SU-specific T cells at 4 days
p.i. and those at 12 days p.i. were likely influenced by the
former and the latter respectively. The magnitudes of SU-
specific CD4* T cells and CD8™ T cells at 4 days p.i. were
comparable to those before challenge at 26 weeks p.p. (Fig. 3A
and B); therefore, twofold-more SU-specific CD8" T cells and
CD4™* T cells were present in wt-Env vaccinees than in A5G
Env vaccinees up to 4 days p.i. (Fig. 3C). However, this differ-
ence in the magnitudes of SU-specific CD8* T and CD4* T
cells was not sustained at 7 and 12 days p.i. (Fig. 3C). Present
with robust viral replication in primary infection, SU-specific
CD4™" T cells immediately decreased to an undetectable level
at 12 days p.i. In contrast, SU-specific CD8" T cells increased
(Fig. 3A and B). Subsequently, SU-specific CD8" T cells grad-
ually decreased to very low or undetectable levels by 34 weeks
p.i. (Fig. 3A). Thus, vaccine-induced SU-specific CD8" T and
CD4* T cells were sustained only for a short period of time
after challenge infection in both Env vaccine groups.
SIV-specific T-cell immnnity afier challenge infection. De-
spite an Env vaccination, robust SIV infection occurred shortly
after the challenge infection (Fig. 5B and C). Consequently,

SIV-specific CD8™ T cells and CD4™ T cells were elicited not
only in vector controls but also in Env vaccine groups (Fig. 7A
and B). To examine the effect of these SIV-specific T cells on
the contro] of SIV infection, all animals were divided into SIV
infection-controlled (controlled) and SIV infection-uncon-
trolled (uncontrolled) animals. Viral loads in chronic infection
and the percentage of CD4% cells in PBMCs were used to
classify the animals as controlled or uncontrolled (Fig. 6A). All
animals in the wt-Env vaccine group, Mm00011 in vector con-
trols, and Mm0003 in the A5G Env vaccine group were
grouped as control animals. The remaining animals, MmO0004,
MmO0006, and MmOO08 in vector controls and MmO001,
Mm0002, and MmO0009 in the A5G Env vaccine group were
grouped as uncontrolled animals. Notably, SIV-specific CD4™"
T cells as well as the percentage of CD4" CD29H cells re-
mained high in the chronic phase in controlled animals (Fig.
7B and 6B, respectively).

Although overall SIV-specific CD8" T cells were high in
Env-vaccinated controlled animals, such correlation was not
seen in vector controls grouped as uncontrolled animals (Fig.
7A). Therefore, to examine the relevance of virus-specific T
cells to the contro] of SIV infection, the magnitudes of every
viral-protein-specific T cell in controlled and uncontrolled an-
imals were compared. As shown in Fig. 7C, Gag-specific CD8*
T cells and CD4™ T cells, and Tat/Rev-specific CD4™ T cells
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in PBMCs; B: percentage of CD4* CD2%high T cells in PBMCs.

were induced, with statistical significance (P < 0.05), in the
control animals.

DISCUSSION

The heavily glycosylated structure of Env has been consid-
ered a main cause of chronically persistent viral replication and
the pathogenicity of HIV/SIV, primarily because it potentially
interferes with the development of the host immune response
associated with protective immune functions, such as NAb and
CTL (10, 36, 44). This characteristic constitutes the primary
reason for the difficulty of developing effective vaccines. We
therefore examined the efficacy of a deglycosylated-Env vac-
cine and compared it with the wi-Env vaccine. This study
showed that quintuple deglycosylation neither improved the
immunogenicity of the wt-Env vaccine nor elicited NADb
against SIVmac239. This was in contrast to what occurred with
A5G infection in rhesus macaques, because the host response
elicited by A5G infection not only contained ASG infection but
also protected the animals from SIVmac239 challenge infec-
tion (36). This study therefore suggested that an almost ster-
ilizing immunity against SIVmac239 induced in ASG-infected
animals could not be explained by the immunogenicity of ASG
Env; instead, it is likely associated with the property of ASG as
an attenuated virus. In fact, ASG was more neutralization-

sensitive than SIVmac239 (36). Alternatively, the immuno-
genic property of Env in A5G could not successfully be dupli-
cated by immunization with a ASG Env DNA prime-vaccinia
virus boost regimen. Therefore, another immunization regi-
men might be able to elicit the protective immune response
induced by ASG infection.

The Env vaccine is superior to other vaccines containing
other viral proteins with respect to the induction of NAb;
however, both the A5G Env vaccine and the wt-Env vaccine
could not induce detectable NAb against either SIVmac239 or
A5G. Instead, the wt-Env vaccine induced higher NAD against
macrophage-tropic SIV than the A5G Env vaccine. Notably,
this parameter most significantly correlated with the efficacies
of the two Env vaccines. As Ab neutralized the macrophage-
tropic variant 239/envMERT, which has only four separate
amino acid substitutions distributed in env of SVmac239 (34),
it might recognize unknown epitopes conserved between
SIVmac239 and 239/envMERT. On the other hand, A5G Env
may not sufficiently present this epitope due to mutations.
Regarding the role of nonneutralizing Ab for the control of
SIVmac239 infection, it is assumed that, as the neutralization
assay did not necessarily reflect in vivo conditions, such non-
neutralizing Ab with potential virus-binding ability may inter-
fere with SIVmac239 infection in animals. Alternatively, Ab

— 113 —



10394 MORI ET AL. J. VIROL.
vector controt ASG-Epv voaetor control ASG-Env
800 10
70 | Mm0004 Mm0001 Y000 Mm0004 Mmoo
52 9 -3
300 K3 50O E
k « <
00" %3 2 wol £ £ &
§ & . f N
211 il =l il
w0y F [N R ¢ v
© OnT1wzw a0 Td 120 183 4w 163y G T2 &3 76 12 160 410w 354 O ezdm 0 0 120 150 4w VB 3w, "o Vi 2gu Ad 7 15 184 4 1630,
B0 1200
Y0 MMO008 Mmo007 Mm0002 1500 MmQ0Q5 Mm000? | MmoDo2
00
50
i ¥ A0 L] : v ] t
g R i Qo] {2 by ek
& *2 1R @ | ] =N | R
% O 1126w 40 70120 160 4w 18u34n O Twbw4d 70 120 1804w Towddw % O G TrZBurAd 7d 120 1804w 16w34w Ow W20 42 70 120 1844w 10wddAn, O 1w 20w 7 124180 4w 1w 3bv
2 R
H HMmO0ta Mmo003 Z g0 | MMO008 Mm0010 Mm0o03
2§ g mo
& o
800 !
=L ol =1l i |
N o : [N ) i 1
wol| = li : ' v v 260 v v v v v
pg IR HHEapll " HE I | § . afam |l L il
G W B 40 70 120 100 AW B 34a Ow twthe é0 70 120 180 4wT6w Mo T 1120w 40 70 124 1804w 1bor3dn i 18280 Td 120 105 AwIBa I8 O UwTTn 4G 76 170184 Al 10wIAR O T 20w AU 7 156 A2 A 13w
200 1200
109 Mmoot Mmo012 | MmO009 +opp) MO0 | Mmo012 | MmDO09
0 d
5001 2001
@ %00
m§:l ;'11 311 m‘!fl i!l lil
0] v v v v v v wo{ v v v v v ¥
o . . i .. ol s m B
Ow tter2fin 40 70 120 18d 4w 1Bwd4w Ouf w26 4d 7¢ 120 18 8w 180346 Tw 1wt 40 70 120 1B 4w 1B 380 O 11w2BwAd 74 124 1804w 16w 348 Ow TIW26n 40 70 120180 4w1Bwd4n O Hw26w 4d 7d 12d 18d AW 16w3en
Time after immunization and chalienge Tirne after iImmunization and challenge
8 Cag B Net & TaiRey ) vivpenpx 8 ot @ Oxp B Nt B TRy Dviivpevps B ot
Gag Nef Pol TatiRev VifiVprivVpx
- - =0.31 \
Lot sy BoB39, e 105 prOOI3  spop 1506y D058
=0).0022 X s 5 p=0.026 i
o ° [ ° N . p=0.58 ® - p118 L )
2 " 2 3 ——
i3} . 05 o . ° 1000 ot
t LY o o 3 00 o p=0.
2 ° e S0 oo o L et 50
= e e g g 9,%  oa. b4 e
E ® — e _oB  me 2509 " 8 a e iea.
e T . P A T [ I
¥ P ot . g 2 S & Py L3 sge Py °
oG Cont.  Uiconl, Coal.  Uncont.
f A '

T Cent” Uncont Com. Uncont.
f i "

Conl Uncant, Cont  Unmost. Cont, Uncont. Cont. Unzont.

Y Tont, Uncant. Cobt. Lkmoont,
s 5w s

<ns cn4

o8 CDa

coa cRa coa G

coa CcD4

FIG. 7. SIV-specific CD8™ T-cell and CD4* T-cell responses in 12 animals. A: SIV viral-protein-specific CD8* T cells in PBMCs were
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d, days.

might play a role in other effector functions, such as antibody-
dependent cell-mediated cytotoxicity to eliminate the infected
cells. The antibody-mediated enhancement of viral antigen
processing and cross presentation is also a mechanism poten-
tially related to the control of 81V infection in vivo (49).
Reduced immunogenicity in the A5G Env vaccine was also
noted in cellular immunity. The levels of stimulation of anti-
gen-specific CD8™ T cells and CD4™" T cells are MHC I and
MHCII dependent, respectively. As the macaques in this study
have different MHC haplotypes (data not shown), the magni-
tude and breadth of SIV-specific T cells should vary among the
animals. Nevertheless, the magnitude of SU-specific CD8* T
cells and CD4* T cells in PBMCs was greater in the wt-Env
vaccine group than in the A5G Env vaccine group. Although

the expression of SU by expressing plasmids and that of Env by
the vaccinia virus vector elicited by either the wt-Env vaccine
or A5G Env vaccine were indistinguishable in cultured cells
(Fig. 2), wt-Env might persist longer than A5G Env in vacci-
nated animals. T-cell epitopes in the wi-Env vaccine might
therefore be more efficiently presented on MHC molecules in
antigen-presenting cells than in the A5G Env vaccine. Differ-
ences in glycosylation levels might also affect some processes in
antigen-presenting cells associated with the presentation of
T-cell epitopes in Env. )

Taking all resuits together, Env glycosylation might affect
the presentation of B-cell epitopes and T-cell epitopes re-
quired for Ab-mediated and T-cell-mediated immunities re-
lated to the control of SIV infection.
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As seen in viral loads and SU-specific T cell levels after
challenge infection (Fig. 3 and 5), the effect of vaccination was
limited. That seemed related to the development of escape
mutants. Therefore, distinctive cellular.immune responses af-
ter the challenge infection were also implicated in the control
of SIVmac239 replication. The magnitude of virus-specific
CD8™ T cells did not always correlate with the suppression of
viral replication as reported previously (1, 6), particularly in
vector controls (Fig. 5 and 7A); however, selected epitope-
specific CTL responses might be associated with infection con-
trol. Gag-specific CTLs are such candidates, because a high
magnitude of Gag-specific CD8" T cells was significantly elic-
ited in five control animals (Fig. 7C). The magnitude of Gag-
or Tat/Rev-specific CD4* T cells was statistically correlated
with infection control (Fig. 7C). This may simply indicate a
lower depletion of virus-specific CD4™ T cells in animals with
lower viral loads as reported previously (11). Alternatively,
these virus-specific CD4™ T cells may play an important role in
protective immunity (39). Taken together, these results impli-
cated the dominant role of selected epitope-specific CD4* T
cells and CD8™ T cells for the control of SIVmac239 infection.

The challenge virus that should be used has been an impor-
tant issue in ATDS vaccine studies (8, 10, 12). Many studies
have reported impressive efficacy in a pathogenic-SHIV ma-
caque model (3, 4, 45, 46); however, pathogenic SHIVs use
CXCR4 as a coreceptor, whereas the majority of clinical iso-
lates of HIV-1 use CCRS (13, 27). Therefore, the challenge
virus for an AIDS vaccine study should be an RS virus, such as
SIV (10). Consistent with this concern, a DNA prime-modi-
fied-vaccinia virus Ankara boost regimen, inducing broad SIV-
specific T-cell responses, reduced the initial viral replication
but did not prevent disease progression against SIVmac239
challenge (18). Thus, vaccine studies using pathogenic SHIV
should be reevaluated by using an RS virus (10).

Matano et al. reported that a DNA prime-Sendai virus boost
regimen induced the CTL-based control of SIVmac239 in rhe-
sus macaques (27). This study demonstrated that a DNA
prime-vaccinia virus WR boost regimen expressing only Env
controlled the chronic infection of SIVmac239 in rhesus ma-
caques. The relatively lower viral loads in macaques from My-
anmar or Laos than in those of Indian origin might contribute
to the control of SIVmac239 infection. Nevertheless, it is im-
portant that these two studies demonstrated the efficacies of
the two vaccine regimens against highly pathogenic STIVmac239.
In earlier studies, other R5 SIVs were used as a challenge virus
for an efficacy study of vaccine candidates. An Env-based vac-
cine in vaccinia virus vector priming and subunit protein boost-
ing protected cynomologous macaques against homologous
SIVmne clone E11S (42). In recombinant modified vaccinia
virus, Ankara viruses expressing Gag-Pol and/or Env exhibited
vaccine efficacy because of reduced viremia and the increased
survival of rhesus macaques infected with uncloned
SIVsmE660 (41). Accordingly, the efficacy of vaccine candi-
dates might be influenced by the experimental conditions.
Thus, well-defined animal models with detailed virological,
immunological, and genetic information and suitable challenge
viruses are required for the evaluation of vaccine candidates
and the development of an AIDS vaccine.

This study demonstrated the importance of Env as a com-
ponent of the AIDS vaccine, and Env-specific CD8" and
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CD4* T cells and nonneutralizing Env-specific Ab were sug-
gested as protective immunity components. Quintuple degly-
cosylation in Env reduced vaccine efficacy and Env-specific
immune responses. Env may therefore be comprised of appro-
priate antigenic properties to elicit humoral and cellular im-
mune responses required for protective immunity against ho-
mologous or allele-specific target SIV/HIV. These properties
could be modified by the alteration of glycosylation.

In conclusion, although Env is an important immunogen for
the AIDS vaccine, Env properties, including glycosylation,
should be carefully considered to design vaccines specific to the
targeted viruses.
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