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Induction of virus-specific CD8" cytotoxic T-lymphocyte (CTL) responses is a promising strategy for AIDS
vaccine development. However, it has remained unclear if or how long-term viral containment and disease
control are attainable by CTL-based nonsterile protection. Here, we present three rhesus macaques that
successfully maintained Env-independent vaccine-based control of simian immunedeficiency virus (SIV)
mac239 replication without disease progression for more than 3 years. SIV-specific neutralizing antibody
induction was inefficient in these controllers. Vaccine-induced Gag-specific CTLs were crucial for the chronic
as well as the primary viral control in one of them, whereas these Gag-specific CTL responses became
undetectable and CTLs specific for SIV antigens other than Gag, instead, became predominant in the chronic
phase in the other two controllers. A transient CD8™ cell depletion experiment 3 years postinfection resulted
in transient reappearance of plasma viremia in these two animals, suggesting involvement of the SIV non-
Gag-specific CTLs in the chronic SIV control. This sustained, neutralizing antibody-independent viral control

was accompanied with preservation of central memory CD4% T cells in the chronic phase. Our results suggest -

that prophylactic CTL vaccine-based nonsterile protection can result in long-term viral containment by

adapted CTL responses for AIDS prevention.

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

Virus-specific CD8™ cytotoxic T-lymphocyte (CTL) te-
sponses are crucial for control of HTV and SIV replication (3,
&, 12,18, 24. 29). Several vaccine regimens eliciting virus-
specilic CTL respouses have been developed und evaluated in
macaque AIDS models (6. 21). Some of them have shown
protective efficacies leading to viremia control in a modcl of
Nd-tropic simian-human immunodeficiency viras (SHIV) in-
fections (1. 16, 22, 23. 25, 31). However, assessment of the
ability of vaceines to ameliorate disease progression requires
analysis in macaque models of RS-tropic SIV infection (5).
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Although most CTL-based vaccine trials using rigorous SIV
challenges in Indian rhesus macaques have failed, some of
them have shown amelioration of acute memory CD4™ T-cell
depletion in the vaccinated animals with reduction in viral
loads out to a year postinfection (4, 13, 19, 35). Thesc findings
have suggested that there may be a clinical benefit conferred by
CTL-based AIDS vaccines. Unfortunately, it is still unclear as
to how nonsterile protection conferred by prophylactic CTL-
based vaccines can result in long-term viral containment and
discase control.

We have previously developed a CTL-cliciting AIDS vaccine
regimen using a DNA-prime/Gag-expressing Sendai virus
(SeV-Gag) vector-boost (16, 32). Our regimen does not utilize
Env immunogen thalt may induce neutralizing antibodies, al-
though this antigen has been used in most of the vaccines
except for a few cases (16, 31, 35). We have evaluated efficacy
of this Env-independent vaccine against SIVmac239 challenge
in Burmese rhesus macaques and found neutralizing antibody-
independent, CTL-based control of primary SIV replication in
five of eight vaccinces (17). In the present study, we have

* followed these macaques to examinc if long-term viral contain-

5202

ment without disease progression is possible by prophylactic
CTL-based AIDS vaccines.

MATERIALS AND METHODS

Animal experiinents. Twelve Burmese rhiesus macaques (Macaca mulatia)
used in our previous SIVmac239 challenge experiment (17) were followed in the
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FIG. 1. Follow-up of the macaques after SIVmac239 challenge. Upper punels, peripheral CD4* T-cell counts (cells/pl): lower punels, plasma
viral loads {viral RNA copics/mi plasma); left panels. the seven noncontrollers; right pancls, the five controllers. All seven noncontrollors developed
AIDS and were euthanized during the observation period (Table 1). Macaques V3, V6, and V8 received anti-CDS antibody treatment starting from

week 118, week 156, and week 136, respectively.

present study. These macaques were maintained in accordance with the Guide-
line tor Laboratory Animals of the National Institute of Infectious Diseases and
the National Institute of Biomedical Innovation. Four of them were naive,
whereas the other cight macaques reecived w DNA vaceine followed by a single
boost with SeV-Gag before aa intravenous SIVmac239 chailenge. The DNA,
SSHIVAEN. nsed for the vaccinution was constructed from an env- and
nef-deleted SHIV g1,y molecular clone DNA (30) and has the genes encoding
SIVmue239 Gag, Pal, Vil and Vpx, SIVInac239-H11V-1 1, . chimeric Vpr. and
HIV-1 50,0 Tat and Rev as deseribed previously (173 At the DNA vaccination,
aninuls received 5 mg of CMV-SHIVAEN DNA intramuscularly. Six weeks after
the DNA prime, animals intranasally received a single boost with 1 X 105 cell
infectious voits of replication-competent SeV-Gug (V1, V2, V3, and V4) or 6 X
107 cell infectious wnits of k-defeted replication-detective F(-)SeV-Gag (Y. 14,
32). Approsimately 3 months after the boost, aninals were challenged intrave-
nously with 1000 S0 tissue colture infective doses (TCID,) of $1¥mac239
(i)

For CD§™ cell depletion, animals received i single intramuscular inoculution
ol 1 mgfke of body weight of monoclonsl anti-CD8 antibody (¢M-T807) pro-
vided by Centoeor {Malvern, PA followed by three intravenous inocalations of
3 mpikg oM-TXO7 on days 3.7, and W) alter the lint incculation. The anii-CDS
antibody administration started at week 18 in macagque V5 and al week 156 in
macagues Vo and V8, CDXY T-cell depletion in peripheral blood was confirmed

by immunostaining using fluorescein isothiocyanate-conjugated anti-human (D8
antibody {DK25; Dako, Kyoto, Japan).

All the nonconteollers were euthanized when they showed typical signs of
AIDS, such as reduction in peripheral CD4* T-cell counts, loss of body weight,
diarthes, and general weakness. Autopsy revealed lymphoatrophy or posi-per-
sistent generalized lymphadenopathy conditions consistent with AIDS,

Quantitation of plasma viral loads. Plasma RNA was extracted using the High
Pure viral RNA kit (Roche Diagnostics, Tokyo, Japan). Serial fivefold ditutions
of RNA samples were amplified in quadruplicate by reverse transcription and
nested PCR using SIV gag-specific primers to derermine the endpoint. Plasma
SIV RNA levels were caleulated according to the Reed-Muench method as
described previously (17). The lower limit of detection is approximately 4 - 107
copicsinl,

Measurement of virus-specific neutralizing titers. Serial twofold dilutions of
heat-inactivated plasma were prepared in duplicate and mixed with 10 TCIDs,
of S1Vmac239, In euch mixture, 5 pl of diluted plusma was incubated with 5 ul
of virus. After a 45-min incubation at room temperature, vach 10-pd misture was
added to 5 X 10* MT4 cells in a well of a Ya-well phate. After 12 days of culture,
supernutants were harvested. Progeny virus production in the supematants was
examined by enzyme-linked immunosorbent assay for detection of SIV p27 core
antigen (Beckman-Coulter, Tokyo, Japan) to determine the 1006 neutralizing
endpoint. The lower limit of detection is a tter of 1:2.
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TABLE 1. Summary of responses in macaques challenged with SIVmac239

Macaque group and no, MHC-1 haplotype” s Status® CD4 coumf’ at - Opportunistic infection
Set point®  After wk 60 euthanasia at autopsy’

Unvaccinated noncontrollers

N1 90-088-1j =107 >10* Euthanized at wk 161 158 .

N2 90-120-1u =104 =104 Euthanized at wk 180 141 PCP

N3 90-122-]¢ >10* =10 Euthanized at wk 104 393

N4 90-010-1d =107 =107 Euthanized at wk 167 296 CMV
Vaccinated noncontrollers

Vi 90-088-1j >10* >10¢ Euthanized at wk 105 119

V2 . 90-120-1b >10° Euthanized at wk 42 97 PCP

V7 90-122-I¢ >10* >0 Euthanized at wk 77 323
Vaccinated transient controllers )

V3 90-120-1u <400 =10? Alive >3 yr

\'A) 90-120-1a <400 =1 Euthanized at wk 154* - 384
Vaccinated sustained controllers

\Z . 90-120-Ia <400 <2400 Alive >3 yr

Vo6 _ 90-122-1¢ <400 <400 Alive >3 yr*

V& 90-010-1d <400 <400 Alive >3 yr*

“ MHC-1 haplotype was determined by reference strand-mediated conformation analysis as described previously (2, 17). MHC class | haplotypes 90-120-Iu and
00-120-I1 are derived trom breeder R-90-120, 90-722-l¢ is from R-90-122, 90-010-1d is from R-90-010, and 90-088-Ij is from R-90-088.

# Plusmaa viral load (VL, in RNA copies/mi plasma)} around week 12,

< Alf seven noucontrollers exhibited reduction in peripheral CD4 T-cell count. loss of body weight. and general weakness and were euthanized and subjected to
autopsy (o0 be confirmed as AIDS. Macagues V3, Vo, and V8 (indicated by asterisks) were administered an anti-CDS antibody for CD8 cell depletion at weeks (18,

156, and 156. respeetively.
# Peripheral CD4 T-cell coums,
¢ PCP, pacumacystis pneumonia: CMV, cytomegalovirus infection,

Measurement of virus-specific CTL vesponses. We measured vivus-specific
CDS' T-celt levels by flow cytometric analysis of gamma interferon (IFN-y)
induction after specific stmulation as described previousty (17). In bnef, peviph-
eral bload mononuctear cells (PBMCs) were cocultured with autologous herpes-
virus papio-immortalized B-lymphoblastoid cell lines infected with a vaccinia
virus veetor exprossing STVmac239 Gag for Gag-specific stmulation or a vesic-
ular stomaritis virus G protein (VSV-G)-pseudotyped STVGPH for SIV-specific
slimulation. ‘The pseudotyped virus was obtained by cotransfection of COS-1
cells with a VSV-G espression plasmid and the SIVGP1 DNA, an env- und
nef-deleted SHIV molecalar clone DNAL Intracellular IFN-y staining was per-
formed using a CytofixCytopenm kit (Beeton Dickinson. Tokyo. Japan). Peri-
dinin chlorophyll protein-conjugated anti-human CD8, allophycocyanin-conju-
gated anli-human CD3, and phycoeryvthrin-conjugated anti-human  1EN-y
antibodics (Beeton Dickinson) were used. Specific T-cell fevels were caleulated
by subtracting nonspecific IFN-y™ T-cell freguencies from those after Gag-
specific or STV-specific stimulation. Specific T-cell fevels less than 100 celis per
million PBMCs are considered negative.

Iinmunostaining of CD4* T-cell memory subsets. Frozen stocks of PBMCs
were thawed and subjected 1o immunofluorescent staining by using fluorescein
isothiocyanate-conjugated anti-human CD2Y, phyeoerythrin-conjugated anti-hu-
man CDIS. peridinin chlorophyll-conjugated anti-human CD4. and aliophyco-
cyanin-conjugated anti-human CD3 monoclonal antibodies (Becton Dickinson).
Memory and central memory subsets of CD4F cells were delineated by CDYS”
and CD28 CDYS' phenotypes, respectively, as described previously (27).

Statistical analysis. Centrul memory CD4° T-cell counts just before SIV
challenge (at week zero) were not significantly different between the noncon-
trollers (1 = 7) and the controllers (= 5) by unpaired £ test. We caleulated
ratins of the counts st week 12 to week 0, week 70 to week (), and week 70 to week
12 in cach animal and pertormicd an unpaired ¢ test and nonparametric Munn-
Whitney U-test hetween the noncontroflers and the controllees by using Prism
software version 4.03 (GraphPad Software, Inc.. San Diego, CAY.

RESULTS

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

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

In the present follow-up study, all seven noncontrollers, in-
cluding three vaccinees and four unvaccinated controls, exhib-
ited persistent viremia and a gradual decline in peripheral
CD4* T-cell counts (Fig. 1). All of them finally developed
AIDS and were euthanized at week 42 to 180 postchallenge
(Table 1), confirming that failure in control of STVmac239
replication results in AIDS progression even in Burmese rhe-
sus macaques. In contrast, all three sustained controllers main-
tained viral control and preserved peripheral CD4" T cells
without diseasc progression for more than 3 years (Fig. 1).

We then examined SIVmac239-specific neutralizing anti-
body responses by determining the end point plasma titers for
killing 10-TCIDy, virus replication on MT4 cells (Fig. 2). Our
vaccine regimens did not utilize Env as an immunogen, and no
neutralizing antibody responses were induced before challenge
in any of the vaccinees. Even after challenge, none of the
STVmac239-challenged macaques showed detectable neutral-
izing antibody responses until 6 months. After that, ncutraliz-
ing antibody responses became detectable in some of the non-
controllers. In contrast, no or little neutralizing antibody
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FIG. 2. STVmac239-specilic newtralizing antibody levels in plasma.
Plasma titers for killing 10-TC1IDj,, STVmac239 replication in the non-
controllers (top panel), including unvaccinated control animals, and in
the controllers (bottom panel) are shown.

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

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

We measured Gag-specific and SIV-specific CTL frequen-
cies in macaques Vo and V8 (Fig. 3). In both macaques, Gag-
specific CTL {requencies were high around 2 months postchal-
lenge but then decreased to below detection levels around 1

LONG-TERM CTL-BASED SIV CONTROL 5205

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

-chronic phase in both of the sustained controllers, V6 and V8.

Viremia reappearance by CD8™" cell depletion in the sus-
tained controllers. In the sustained controllers, V6 and V8,
vaccine-induced Gag-specific CTLs involved in viremia control
in the early phase became undetectable after approximately 6
months. CTLs specific for SIV-derived antigens other than
Gag (referred to as STV non-Gag-specitic CTLs) were elicited
or expanded alter challenge, and these became predominant in
the chronic phase. We then performed CD8' cell depletion
experiments to examine if these SIV non-Gag-specific CTL
responses played a role in the maintenance of viremia control
in the chronic phase. Administration of the monoclonal anti-
CD8 antibody, ¢cM-T807, to macaques V6 and V8 at week 156
postchallenge resulted in transicnt depletion of peripheral
CD8" T lymphocytes (Fig. 4A). In both macaques, plasma
viremia reemerged in 1 or 2 weeks after the initial anti-CD8
antibody treatment and disappeared simultaneously with re-
covery of peripheral CD8* T lymphocytes in both of them
(Fig. 4B). These results support the notion that, in the sus-
tained controllers V6 and V8, these SIV non-Gag-specific CTL
responses, rather than vaccine-induced Gag-specific CTL,
played a crucial role in the control of SIV replication in the
chronic phase. Analysis of the returning wave of virus-specific
CTL responses revealed a predominance of SIV non-Gag-
specific CTLs (Fig. 4C).

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

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

A continuous reduction in memory CD4™* T-cell counts was
observed in the noncontrollers. The controllers, however,
showed no such reduction in memory CD4™ T-cell counts out
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166 in V8. Dut plots gated on CD3' lymphocytes after Gag-specific or SIV-specific stimulation are shown.

to week 70, At approximately week 120, all the sustained con-
trollers still showed prescrvation of memory and central mem-
ory CD47 T cells, Tn contrast, both of the transient controllers,
V3 and V3, experienced a reduction in central memory CD4%
T-cell counts, although reduction in memory CD4' T-cell
counts was obscrved in only one of them. These resuits suggest
that CTL-based vaccines that control viral replication can also
preserve central memory CD4™ T cells even in the chronic
phase. Finally, statistical analysis revealed that there was no
significant reduction in central memory CD4* T cells during

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

DISCUSSION

Here we followed three Burmese rhesus macaques that
maintained CTL vaccine-based control of STVmac239 replica-
tion without disease progression for more than 3 years. The
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cells.

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

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

Our previous study revealed rapid selection of Gag CTL
escape mutations in all the controllers. indicating that vaccine-
induced Gag-specific CTL responses played an important role
in viral control in the early phase of SIV infection (17). In the
chronic phase, ncutralizing antibody induction was still incffi-
cient, and our results suggest long-termy CTL-based viral con-
tainment. Indeed, the vaccine-induced Gag-specific CTL re-
sponses have been shown to play a crucial role in viral control
even in the chronic phase in one (V4) of three sustained
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Means: 0.9783

95% confidential intervals: 0.8492 — 1,1270
Non-controllers vs Controllers

Unpaired T-test P = 0.0064

Mann Whitney U-test P = 0.0043
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FIG. 6. Statistical analysis indicating preservation of central memory CD4* T-cell counts in the controllers. The ratios of central memory CD4*
T-cell counts at week 12 to week 0 (A). week 70 to weck € (B), and weck 70 to week 12 (C) in the noncontroflers (except for rapid progressor V2
in punels B and C) and the controllers are plotted. The longer bars indicate geometric mean values, and the regions between the shorter bars
indicate the Y3% confidential intervals. Statistical analysis was performed with the 1 test and nonparametric Mann-Whitney U-test using the Prizm

sottware,

controllers (10). In contrast. Gag-specitic CTL responses be-
came undetectable and STV non-Gag-specific CTL responses,
instead, became predominant in macaques V6 and V8. The
results obtained from a CD8' cell depletion experiment are
consistent with involvement of these SIV pon-Gag-specific
CTL responses in the long-term viral control in both sustained
controllers. although there might be involvement of other com-
ponents, such as NKand CD4™ memory T cells. Thus, it can be
speculated that vaccine-based control of primary SIV replica-
tion can preserve the ability of the immune system to elicit
functional CTL responses. leading to reinforcement or adap-
tation of protective immunity by postchallenge induction or
expansion of effective CTL responses. This may contribute to
stable viral containment in the chronic phase.

In the natural courses of HIV and S1V infections, the in-
fected hosts cxhibit acute, massive depletion of CCR5™ CD4™
effector memory T cells from mucosal effector sites, and the
chronic immune activation with gradual immune disraption
that follows leads to AIDS (7, 15, 20, 25). The former acute

memory loss may influcnce the latter chronic discase progres-
sion (25, 26). The acute depletion results in compromised
immune responses at the effector sites and systemic prolifera-
tive responses that partially compensate for the loss of mucosal
memory CD4" T-cell populations. Recent reports indicating
amelioration of acute mucosal memory CD4™ T-cell depletion
and associated central memory CD4™ T-cell loss in the ecarly
phase by CTL-based vaccines have suggested that vaccine-
based amelioration of acute memory CD4' T-cell depletion in
mucosal effector sites can delay AIDS progression (13, 19. 35).
However, this acute memory CD4™ T-cell depletion is not
the only cause of chronic disease progression and persistent
viral replication-associated immune activation may be re-
sponsible for chronic immune disruption leading to AIDS
(7). Indeed, in both of the transient controllers, V3 and V5,
central memory CD4" T cells were preserved during the
initial, transient period of viremia control but decreased
after the reappearance of plasma viremia. This suggests that
there may be an association between persistent viral con-
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tainment and central memory CD4™ T-cell preservation,
even in the chronic phase,

Theoretically, protection by CTL-based AIDS vuccines is
likely to be nonsterile, and it will be difficult to contain viral
replication completely. Additionally, CTL-based viremia con-
trol would require CTL activation. Indeed, our CD8* cell
depletion experiment indicated that persistent viral replication
was inefficient but not completely contained in the absence of
plasma viremia in sustained controllers V6 and V8, Transition
of recognition of CTL cpitopes from Gag to other non-Gag
proteins in the chronic phase suggests that these “new” CTLs
were either elicited or expanded by viral replication in the
acute phase or by this ineflicient persistent viral replication,
Nevertheless, these macaques showed long-term viral control
with central memory CD4 ' T-cell preservation, indicating that
nonsterile protection by CTL-based vaccines can result in pre-
vention of chronic central memory CD4* T-cell loss.

In summary. the present study shows that primary viral con-
trol by a CTL-based AIDS vaccine can result in long-term
control of SIV replication by adapted CTL responses and pres-
crvation of central memory CD4" T cclls without AIDS pro-
gression. Our results suggest that CTL-hased vaccines can re-
sult in long-term viral containment and disease control.
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Background. Unlike most acute viral infections controlled with the appearance of virus-specific neutralizing antibodies (NAbs),
primary HIV infections are not met with such potent and early antibody responses, This brings into question if or how the presence
of potent antibodies can contribute to primary HIV control, but protective efficacies of antiviral antibodies in primary HIV
infections have remained elusive; and, it has been speculated that even NAb induction could have only a limited suppressive effect
on primary HIV replication once infection is established. Here, in an attempt to answer this question, we examined the effect of
passive NAb immunization post-infection on primary viral replication in a macaque AIDS model. Methods and Findings. The
inoculums for passive immunization with simian immunodeficiency virus mac239 (SIVmac239)-specific neutralizing activity were
prepared by purifying polyclonal immunoglobulin G from pooled plasma of six SIVmac239-infected rhesus macaques with NAb
induction in the chronic phase. Passive immunization of rhesus macaques with the NAbs at day 7 after SIVmac239 challenge
resulted in significant reduction of set-point plasma viral loads and preservation of central memory CD4 T lymphocyte counts,
despite the limited detection period of the administered NAb responses. Peripheral lymph node dendritic cell (DC)-associated viral
RNA loads showed a remarkable peak with the NAb administration, and DCs stimulated in vitro with NAb-preincubated SIV
activated virus-specific CD4 T lymphocytes in an Fc-dependent manner, implying antibody-mediated virion uptake by DCs and
enhanced T cell priming. Conclusions. Our results present evidence indicating that potent antibody induction post-infection can
result in primary immunodeficiency virus control and suggest direct and indirect contribution of its absence to initial control
failure in HIV infections. Although difficulty in achieving requisite neutralizing titers for sterile HIV protection by prophylactic
vaccination has been suggested, this study points out a possibility of non-sterile HIV control by prophylactic vaccine-induced, sub-
sterile titers of NAbs post-infection, providing a rationale of vaccine-based NAb induction for primary HIV control.

Citation: Yamamoto H, Kawada M, Takeda A, lgarashi H, Matano T (2007) Post-Infection Immunodeficiency Virus Control by Neutralizing
Antibodies. PLoS ONE 2(6): e540. doi:10.1371/journal.pone.0000540

INTRODUCTION

In the natural courses of HIV infections, the host immune
responses fail to contain the virus replication and allow persistent
plasma viremia. While virus-specific cytotoxic T lymphocyte
(CTL) responses exert strong suppressive pressure on primary
HIV replication [1-7], the contribution of virus-specific antibodies
in clearance of primary HIV infection has remained unclear [8].

Neutralizing antibodies (NAbs) play a central role in control of
most viral infections, but in HIV infections, NAb induction is not
efficient in the early phase due to its unusual neutralization-resistant
nature, such as the sophisticated masking of neutralizing epitopes in
HIV envelope [8-11], and protective efficacies of post-infection
NAbs in vivo have remained elusive. While evidence of virus escape
implies NAD selective pressure to a certain extent [10,12-13], it has
been speculated that post-infection NAbs could exert only a limited
suppressive effect on primary HIV replication [14-16].

Post-infection passive NAb immunization studies in macaque
AIDS models would contribute to elucidation of its protective
role, in complementation with studies determining the requisites
for sterile protection by pre-challenge administered NAb titers
[14,16-21]. A model of CCR5-tropic simian immunodeficiency
virus (SIV) infection that induces acute loss of memory CD4™ T
cells like HIV infections in humans [22-25] would be adequate for
assessment of post-infection NAb efficacies in primary immuno-
deficiency virus infection.

In the present study, we examined the effect of passive NAb
immunization at day 7 post-challenge on primary viral replication
in a macaque AIDS model of CCR5-tropic SIVmac239 infection.
Remarkably, our analysis revealed control of primary SIVmac239
replication by the passive NAb immunization post-infection.

@ PLoS ONE | www.plosone.org

METHODS

Animal experiments

Burmese rhesus macaques (Macaca Mulaita) were maintained in
accordance with the Guideline for Laboratory Animals of National
Institute of Infectious Diseases and National Institute of Bio-
medical Innovation. Major histocompatibility complex class I
(MHC-I) haplotypes were determined by reference strand-
mediated conformation analysis as described previously [6,26].
Blood collection, vaccination, virus challenge, passive immuniza-
tion, and lymph node biopsy were performed under ketamine
anesthesia. For vaccination, animals intramuscularly received
a priming with 5 mg of CMV-SHIVAEN DNA encoding
S$IVmac239 Gag, Pol, Vif, and Vpx, SIVmac239-HIV-1puie
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chimeric Vpr, and HIV-Ipys Tat and Rev, followed by an
intranasal booster six weeks later with 1 x10% CIU (cell infectious
units) of replication-competent Sendai virus expressing Gag (SeV-
Gag) in macaque V5 or 6x10° CIU of F-deleted replication-
defective SeV-Gag in other vaccinees as described previously [6].
Animals were challenged intravenously with 1,000 TCIDsq (50
percent tissue culture infective dose) of SIVmac239, three months
after booster in case of vaccinees. For passive immunization,
animals were intravenously administered with 300 mg of anti-SIV
immunoglobulin G (IgG) or control IgG at day 7 post-challenge.

Antibody preparation

Pools of plasma showing SIVmac239-specific NAb titers of 1:4 to
1:64 were obtained from six STVmac239-infected rhesus macaques
with NAb induction in the chronic phase for preparing the IgG
inoculums for passive NAb immunization. IgG was purified from
the plasma after heat-inactivation and filtration by Protein G
Sepharose 4 Fast Flow (Amersham) and concentrated by Amicon
Ultra 4, MW50000 (Millipore) to 30 mg/ml. This IgG solution
had 8IVmac239-specific NAD titer of 1:16; i.e., 5 pl of 16-fold-
diluted antibodies killed 5 pl of 10 TCID5q SIVmac239 on MT-4
cells, Control IgG was prepared from non-infected rhesus
macaques. Neutralizing F(ab’)2 was obtained by pepsin digestion
with Immunopure F(ab’)2 purification kit (Pierce).

Quantitation of plasma viral loads

Plasma RNA was extracted using High Pure Viral RNA kit
{(Roche Diagnostics). Serial five-fold dilutions of RNA samples
were amplified in quadruplicate by reverse transcription and
nested PCR using SIVmac239 gag-specific primers to determine
the end point. Plasma SIV RNA levels were calculated according
to the Reed-Muench method as described previously [6]. The
lower limit of detection is approximately 4x10% copies/ml,

Measurement of virus-specific neutralizing titers

Serial two-fold dilutions of heat-inactivated plasma or purified
antibodies were prepared in duplicate and mixed with 10 TCIDsq
of 8IVmac239. In each mixture, 5 ul of diluted sample was
incubated with 5 pl of virus. After 45-min incubation at room
temperature, each 10-ul mixture was added into 5x10* MT-4
cells/well in 96-well plates. Day 12 culture supernatants were
harvested and progeny virus production was examined by ELISA
for detection of SIV p27 core antigen (Beckman-Coulter) to
determine 100% neutralizing endpoint. The lower limit of titration

is 1:2.

Measurement of virus-specific T-cell responses

Virus-specific T-cell levels were measured by flow-cytometric
analysis of gamma interferon (IFN-y) induction as described
previously [6]. Peripheral blood mononuclear cells (PBMCs) were
cocultured with autologous herpesvirus papio-immortalized B
lymphoblastoid cell lines infected with a vesicular stomatitis virus
G (VSV-G)-pseudotyped SIVGP! for SIV-specific stimulation.
The pseudotyped virus was obtained by cotransfection of COS-1
cells with a VSV-G-expression plasmid and the SIVGP] DNA, an
env- and nef-deleted simian-human immunodeficiency virus
(SHIV) molecular clone DNA. Intracellular IFN-y staining was
performed using CytofixCytoperm kit (Becton Dickinson). Fluo-
rescein isothiocianate-conjugated anti-human CD4, Peridinin
chlorophyll protein-conjugated anti-human CDS8, allophycocya-
nin-conjugated anti-human CD3, and phycoerythrin-conjugated
anti-human IFN-y antibodies (Becton Dickinson) were used.
Specific T-cell levels were calculated by subtracting non-specific
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IFN-y* T-cell frequencies from those after SIV-specific stimula-
tion. Specific T-cell levels less than 100 cells per million PBMC are
considered negative.

Quantitation of cell-associated viral loads

Right and left inguinal lymph nodes and right and left axillary
lymph nodes were obtained from macaques by biopsy at days 7, 8,
10, and 14 post-challenge, respectively. For measurement of
dendritic cell (DC)-associated viral loads, CD1ct DCs were
positively selected to over 99% purity using a macaque CD1c* DC
magnetic sorting system (Miltenyi Biotech) from CD20” lym-
phocytes negatively-selected from lymph nodes. CD1c”CD20™
cells were used for measurement of non-DC-associated viral loads.
Cell-associated viral RNA was extracted using RNeasy kit
(Qiagen) and quantitated by LightCycler real-time PCR system
(Roche Diagnostics) using SIV gag-specific primers and probes.
The lower limit of detection is approximately 1,000 copies/10°
cells.

Antigen presentation assay in vitro

PBMCs obtained in the chronic phase from SIVmac239-
controllers were attached to culture plates for 4 h, and adhesive
cells were cultured in the presence of 50 ng/ml GM-CSF (R&D
Systems) and 5 ng/ml IL-4 (R&D Systems) for 5 days to obtain
CD1c*CD83"CD86 "HLA-ABC*HLA-DR" immature DCs [27].
Alternatively, CD1c* DCs were positively selected from CD20-
depleted PBMCs as described above. For antigen presentation
assay, 1x10° of the in vitro-generated DCs (Exp. 1, 2, and 3) or
the positively-selected CD1c* DCs (Exp. 4) were pulsed for 17 h
with 2,000 TCIDs, of STVmac239 {corresponding to 2x10°% SIV
RNA copies and 3 ng of SIV p27) alone or preincubated for
45 min with 1.5 mg of either control IgG, neutralizing IgG, or
neutralizing F(ab’)2. Autologous PBMCs were cocultured with
these pulsed DCs and then subjected to measurement of specific
IFN-y induction.

Statistical analysis

Statistical analysis was performed by Prism software version 4.03
(GraphPad Software, Inc.). Set point plasma viral loads and
peripheral CD95"CD28" central memory CD4" T-cell counts
around 3 months after challenge of the naive controls (n = 7) and
NAb-immunized macaques (n=4) were log-transformed for
improvement of normality and compared by two-tailed unpaired
t test with significance levels set at p<<0.05. Then their geometric
means with 95% confidence interval were calculated. Due to the
limited number of samples for each group providing difficulty for
their normality testing, the two groups were additionally compared
by nonparametric Mann-Whitney U test for confirmation of
results. No significant difference in CD95*CD28” central memory
CD4" T-cell counts just before challenge was observed between
the two groups (p = 0.68 by unpaired two-tailed t test with Welch’s
correction and p=0.31 by Mann-Whitmey U test) (data not
shown).

RESULTS

SIV control by post-infection passive NAb

immunization

While most STVmac239-infected naive macaques usually fail to
elicit NAb responses during the early phase of infection, some
acquire detectable levels of NAbs against the challenge strain in
the late phase. IgG purified from plasma pools of such
SIVmac239-infected macaques with NAb induction, showing in
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vitro SIVmac239-specific neutralizing activity of 1:16, was used for
passive immunization as polyclonal anti-SIV NAbs. In the first
part of this study, naive Burmese rhesus macaques were
challenged intravenously with SIVmac239 followed by passive
immunization with 10 ml of the polyclonal NAbs (300 mg IgG) at
day 7 post-challenge (Figure 1A). Seven naive control macaques
challenged with SIVmac239, including two infused with non-SIV-
specific control antibodies, all failed to contain viral replication
with persistent viremia (Figure 1B). These macaques showed peak
plasma viral loads between days 7 and 14 post-challenge and most

A NAb Tx in unvaccinated macaques
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had set-point viral loads exceeding 1x10* SIV RNA copies/ml
plasma. In contrast, four rhesus macaques passively immunized at
day 7 with polyclonal NAbs showed significantly lower plasma
viral RNA loads (p=0.0033 by unpaired t test and p=0.0061 by
Mann-Whitney U test) compared with naive controls around
3 months post-challenge (Figures 1B&1C). Two of the NAb-
immunized macaques, NAl and NA4, controlled SIV replication
with undetectable set-point plasma viremia. Thus, post-infection
passive immunization of macaques with polyclonal NAbs had
a significant suppressive effect on set-point viral replication.

Group/macaque AbTx atday7 Group/macaque AbTx atday 7
Naive controls NAb-immunized
N1* - NA1 anti-SiV NAb
N2* - NA2 anti-SIV NAb
N3* - NA3 anti-SIV NAb
ﬁg‘ - NA4 anti-SIV NAb
NC1 control Ab
NC2 control Ab
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Figure 1. Effect of post-challenge passive NAb immunization on primary SIV infection. (A) List of naive controls and NAb-immunized macaques.
Experiments using macaques indicated by asterisk have previously been performed [6]. (B) Plasma viral loads after SIVmac239 challenge (SIV RNA
copies/mi). Left panel, naive controls; right panel, NAb-immunized macaques shown by red lines and naive controls by gray lines for comparison. (C)
Statistical analysis of plasma viral loads around 3 months post-challenge between naive controls (n=7) and NAb-immunized macaques (n=4). The
geometric mean (indicated by the longer bar) of viral loads in naive controls is 6.5x10* copies/ml, and its 95% confidence interval (indicated by the
shorter bars) is 1.1x10%~4.0x10° copies/ml. The geometric mean in NAb-immunized macaques is 9.1 x 107 copies/ml, and its 95% confidence interval
is 1.6x10%—5.1x10% copies/ml. The difference between the two groups was statistically significant by unpaired two-tailed t test (p =0.0033) and by
non-parametric Mann-Whitney U test (p = 0.0061). Viral loads of macaques NA1 and NA4 were calculated as the lower limit of detection shown as the
dashed line (400 copies/ml). (D) Plasma NAb responses after challenge. (+), positive; (=), negative. All detected titers were no more than 1:2,

d0i:10.1371/journal pone.0000540.g001
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Figure 2. Central memory CD4" T-cell counts in naive controls and
NAb-immunized macaques. (A) Peripheral CD4" T-cell counts (cells/pl).
(B) Peripheral CD95"CD28" central memory CD4" T-cell counts {cells/pl)
[28]. (C) Statistical comparison of CD28¥CD95™ central memory CD4* T-
cell counts around 3 months post-challenge. The geometric mean
(indicated by the longer bar) of central memory CD4" T-cell counts in
naive controls is 1.7x10% counts/pl, and its 95% confidence interval
(indicated by the shorter bars) is 1.1x10°—27x10? counts/ul. The
geometric mean in NAb-immunized macaques is 4.3x10? counts/ul,
and its 95% confidence interval is 2.9x10°—6.3x10 counts/ul. The
difference between the two groups was statistically significant by
unpaired two-tailed t test (p=0.0066) and by non-parametric Mann-
Whitney U test (p=0.0061).

doi:10.1371/journal.pone.0000540.g002
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Immune parameters in NAb-immunized macaques
Plasma NAb responses in the NAb-immunized macaques were
detected marginally at day 10 post-infection but became undetectable
within one week after the passive NAb immunization (Figure 1D),
implying that the NAbs were rapidly exhausted for virus clearance.
None elicited detectable de novo NAb responses past then. In the naive
controls, no SIVmac239-specific NAbs were detected throughout the
course, This discrepancy between the transient NAb detection and
the persistent viremia control in the NAb-immunized macaques
differed from previously-reported, dose-dependent establishment of
sterile protection from CXCR4-tropic SHIV infection by pre-
challenge passive NAb immunization [18-21].

Difference in total CD4" T-cell counts was not found
throughout the course between the two groups (Figure 2A).
Reductions in peripheral CD95" CD28" central memory CD4" T-
cell counts [28-29] were observed in the naive controls after SIV
challenge (Figure 2B). The NAb-immunized macaques, however,
showed significantly higher central memory CD4* T-cell counts
around 3 months post-challenge than those in the naive controls
{p=0.0066 by unpaired t test and p = 0.0061 by Mann-Whitney U
test) (Figures 2B&2C), suggesting amelioration of central memory
CD4" T-cell loss in the early phase of SIV infection by transient
NAb responses around week | post-challenge. All of these NAb-
immunized macaques showed efficient virus-specific CD8" T-cell
induction at week 8 (Figure 3), although difference in the levels
between the two groups was not significant, implying its possible
enrollment in the observed viral control.

Post-infection passive NAb immunization in

vaccinees

Our previous trial of a DNA-prime/SeV-Gag vector-boost vaccine
in Burmese rhesus macaques has shown vaccine-based, NAb-
independent control of SIVmac239 replication, suggesting associa-
tion of MHC-I haplotype with this control [6,30]. We then
examined possible synergy of post-challenge passive NAb immuni-
zation with the prophylactic CTL-based vaccination in suppression
of SIV replication in two groups of macaques possessing MHC-I
haplotype 90-088-Ij and 90-120-1a, respectively (Figure 4A). In the
former group of macaques possessing 90-088-1j, vaccinees failed to
control SIV replication even after passive NAb immunization
(Figure 4B). In the latter group of macaques possessing 90-120-a, all
4 vaccinees without NAb immunization controlled SIVmac239
replication and had undetectable plasma viral loads after week 8
post-challenge (Figure 4B). All of them rapidly selected for a mutation
escaping from Gaggge.916 epitope-specific CTL by week 5, suggesting
a strong selective pressure on the virus by this CTL [6]. As for the

10000

1000

/million PBMCs

StV-specific C08 T cells

8

2993858 53%3
NAD (+)

NAD(-)

Figure 3. SIV-specific CD8" T-cell frequencies at week 8 post-
challenge in naive controls and NAb-immunized macaques.
doi:10.1371/journal.pone.0000540.g003
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two vaccinees VA2 and VA3 infused with NAbs, plasma viremia
became undetectable by week 5 and rapid selection of C'TL escape
mutation was not observed (data not shown). SIV-specific CD8" T-
cell frequencies at week 2 in the NAb-immunized vaccinees VA2 and
VA3 were comparable with the vaccinees without NAb immuniza-
tion, while SIV-specific CD4" T-cell induction at week 2 was
observed in just one (V5) of the four vaccinees without NAb but in
both of the NAb-immunized vaccinees (Figure 4C). These results
suggest, even in the NAb-immunized vaccinees, a dominant effect of
vaccine-induced cellular immune responses on control of SIV
replication, although implying a possibility of NAb-mediated
augmentation of GTL vaccine-based viral control.

Antibody-mediated virion uptake by DCs and T cell
priming

In order to assess the possibility of altered virus distribution by NAbs,
CDlc* DCs were isolated from peripheral lymph nodes of

A

NAb Tx in vaccinees
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unvaccinated, STVmac239-challenged macaques before and after
passive NAb immunization, and DC-associated SIV RNA levels
were quantified at the initial stage of infection. In three naive control
macaques, accurnulation of viral RNA to CDIc" DCs was undetect-
able at days 7, 8, and 10 post-challenge but became detectable at day
14 (Figure 5A). This elevation of DC-associated viral loads following
peak viremia was consistent with previous immunohistochemistry
reports on SIV and HIV-2 challenge experiments [31-32]. In
marked contrast, both of macaques NA3 and NA4 immunized with
NAbs at day 7 post-challenge showed immediate accumulation of
viral RNA in CDIc* DCs at day 8 (one day after NAb
immunization), suggesting antibody-mediated virion accumulation
to DCs in vivo, Cell-associated viral loads in CD1c”CD20™ non-
DCs were at comparable levels between the two groups, indicating
that the rapid increase in DC-associated viral loads after NAb
immunization was not due to changes in viral loads in lymph nodes.

Then an in vitro antigen presentation assay was performed to
assume whether the early viral RNA accumulation in DCs could
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Figure 4. Effect of post-challenge passive NAb immunization in vaccinees. (A) List of vaccinees with or without passive immunization. (B) Plasma
viral loads after challenge (SIV RNA copies/ml). Left panel, MHC-I haplotype 90-088-lj-positive macaques; right panel, 90-120-la-positive macaques.
Red lines represent NAb-immunized vaccinees. (C) SIV-specific CD4* T-cell and CD8* T-cell frequencies at week 2 post-challenge.

doi:10.1371/journal.pone.0000540.g004
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Figure 5. Antibody-mediated SIV uptake by DCs and T cell priming.
(A) Peripheral lymph node-derived non-DC (CD1¢"CD20™ lympho-
cytes)-associated (left panel) and CD1¢*CD20~ DC-associated viral loads
(right panel). (B) In vitro antigen presentation assay. Either in vitro-
generated DCs (Exp. 1, Exp. 2, and Exp. 3) or positively-selected CD1c*
DCs (Exp. 4) prepared from PBMCs were pulsed with SIV alone (SIV), SIV
preincubated with control antibodies (SIV+Control Ab), SIV preincu-
bated with NAbs (SIV+Neutralizing Ab), or SIV preincubated with Fc-
depleted NAbs (SIV+Neutralizing Flab’]2). Autologous PBMCs were
cocuitured with these pulsed DCs and then subjected to measurement
of specific IFN-y induction.

doi:10.1371/journal.pone.0000540.9005

represent a correlation to T cell priming. DCs prepared from
peripheral blood of macaques that controlled SIVmac239 replica-
tion were pulsed with antibody-neutralized SIV, and autologous
PBMC:s were cocultured with these pulsed DCs for measurement of
specific IFN-y induction. In all four sets of experiments, efficient
IFN-y induction in CD4" T cells was observed after stimulation by
DCs pulsed with SIV preincubated with NAb but not by DCs pulsed
with SIV alone, SIV preincubated with control antibodies, or STV
preincubated with Fc-depleted neutralizing F(ab’)2 (Figure 5B).
Efficient IFN-y induction in CD8" T cells was not observed even
after coculture with NAb-preincubated SIV-pulsed DCs except for
one (Exp. 4). Overall, augmentation of virus-specific T-cell
stimulation was observed by the coexistence of NAbs, suggesting
their involvement in antigen presentation.

DISCUSSION

The present study showed suppression of primary SIV replication
by passive NAb immunization post-infection, suggesting a possi-
bility of HIV control by potent antibody induction during the
acute phase of infection. It reversely follows that its absence may
be involved in an increase in the burden of acute infectious viral
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loads and abrogation of virus-specific cellular immune responses,
leading to initial control failure in HIV infections.

While this study does not exclude possibilities of additional
antibody-mediated protective mechanisms such as antibody-
dependent cell-mediated cytotoxicity or recently-reported com-
plement virolysis [33], the non-sterile but consistent viral control at
the set point by passive NAb immunization despite only transient
detection of NAb responses during the acute phase coheres with
involvement of cellular immune responses in this control [27,34—
36]. Thus, results may provide additional interpretations to
previous NAb passive immunization studies [14,16-21], which
have mostly utilized CXCR4-tropic SHIV-challenged macaques
and shown sterile protection by high titers of pre-challenge or very
early post-challenge NAbs.

A technical confinement of this study is the use of polyclonal
antibodies which may include not only NAbs but also non-
neutralizing anti-SIV  antibodies for passive immunization.
However, our finding of primary SIV control by post-infection
passive immunization with the ant-SIV inoculums with neutral-
izing activity presents significant evidence suggesting that potent
antibodies post-infection can contribute to control of primary
immunodeficiency virus infection. Whether neutralizing activity is
required for the enhanced SIV control by passive immunization
remains to be assessed in future studies. Our in vitro results suggest
a possibility of virus-specific CD4" T-cell activation by NAbs, and
neutralizing activity may contribute to protection of these virus-
specific CD4* T cells from SIV trans-infection via DCs [37-38],
possibly counteracting the abrogation of the optimal concert of
adaptive immunity between CD4" T and CD8* T cells usually
observed in the natural course of pathogenic immunodeficiency
virus infection [23,25,39]. The possibility of failure in antibody-
mediated priming of effective cellular immune responses by
preexisting vaccine-induced dominant responses may account for
lack of viral control in the NAb-immunized vaccinee possessing
MHC-1 haplotype 90-088-1.

Despite suggested technical difficulties in achieving requisite
neutralizing titers for sterile HIV protection by prophylactic
vaccination, our results indicate a possibility of non-sterile HIV
control by secondary expansion of prophylactic vaccine-induced,
sub-sterile titers of NAbs post-infection, providing a rationale of
vaccine-based NAb induction for primary HIV control. More
understanding of the mechanism may lead to a more certain
rationale for careful induction of NAbs and CTLs by vaccination,
maybe potentially capable of synergistic HIV-1 control.
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We have previously shown that the expression of human immunodeficiency virus type 1 (HIV-1) Gag protein
in Saccharomyces cerevisine spheroplasts produces Gag virus-like particles (VLPs) at the plasma membrane,
indicating that yeast has all the host factors necessary for HIV-1 Gag assembly. Here we expand the study by
using diverse primate lentiviral Gags and show that yeast does not support the production of HIV-2 or simian
immunodeficiency virus $SIVmac Gag VLPs but allews the production of SIVagm and SIVmnd Gag VLPs,
Particle budding was ohserved at the surfaces of ceils expressing SIVagm and SIVmnd Gags, but cells
expressing HIV-2 and SIVmac Gags showed only membrane-ruffling structures, although they were accompa-
nied with electron-dense submembrane layers, suggesting arrest at an early stage of particle budding. Com-
parison of HIV-1 and HIV-2 Gag expression revealed broadly equivalent levels of intracellular Gag expression
and Gag N-terminal myristoylation in yeast. Both Gags showed the same membrane-binding ability and were
incorporated into lipid raft fractions at a physiological concentration of salt. HIV-2 Gag, however, failed to
form a high-order multimer and easily dissociated from the membrane, phenomena which were not observed
in higher eukaryotic cells. A series of chimeric Gags between HIV-1 and HIV-2 and Gag mutants with amino
acid substitutions revealed that a defined region in helix 2 of HIV-2 MA (located on the membrane-binding
surface of MA) affects higher-order Gag assembly and particle production in yeast. Together, these data

suggest that yeast may lack a host factor(s) for HIV-2 and SIVmac Gag assembly.

The major structural component of retroviruses is encoded
by the gag gene, and Gag is the sole protein required for viral
particle assembly, Three discrete Gag regions responsible for
virus particle asscrmbly have been identificd and termed the
membrane-binding (M). interacting (1), and late (L) domains.
The M domain is located at the N-terminal matri/membrane
(MA) of Gag and contains & membrane-binding signal which
dircets the association of Gag with the membrance, The signal
is largely composed of N-terminal myristoylation of MA in
many mammalian retroviruses, including human immunodefi-
ciency virus (H[V),y and this modification is necessary for Gag
targeting and subsequent binding to the plasma membrane (4,
14, 15). The 1 domain is cssential for Gag-Gag interactions and
spans from the central capsid (CA) to the nucleocapsid (NC)
of Gag (7, 11, 24.39). The L domain. responsible for pinching
off viral particles from the membrane. is located at either the
C-terminal domain of Gag or the MA-CA junction (16, 37).

Because Gag i suflicient for retroviral particle budding,
many studics on particle assembly have used Gag expression
and shown that expression of the Gag protein alone in higher
cukaryotic cells produces a Gag virus-fike particle (VLP) mor-
phologically identical to the immature form of retroviral par-
ticles (14, 19, 44). The fact that Gag self-ussembles into a viral

* Corresponding author, Mailing address: Kitasato Institute for Life
Scicnees and Gradoate School for Infection Control, Kitasato Univer-
sity. Shirokane 5-9-1, Minato-ku. Tokyo 108-8641, Japan. Phone: 81-
3-5791-6129. Fax: 81-3-3791-6208. E-mail: morikawade lisci kitasato-u
LGP,

“ Published ahead of print on 3 July 2007.

9911

particle suggests that Gag assembly is attributable to the in-
trinsic properties of Gag. This view is supported by in vitro
studies in which purified Gag protein assembled into a spher-
ical particle, analogous to a Gag VLP, in a test tube (5, 6, 22,
27). However, a number of recent studies clearly show that the
Gag assembly process involves many host factors, some of
which are indispensable for particle budding. These include
endosomal sorting molecules, such as TSG101, Nedd4, AIP-1/
ALIX, and AP-3 (9, 12, 46, 52, 53). Such host factors and
protein sorting pathways appear to be commonly used machin-
ery for intraceltular trafficking of diverse retroviral Gags (21,
53). ABCE1/HP68 has also been identified as a host factor that
supports multimerization of all primate lentiviral Gags (10,
56). In contrast, the host factors identified as host restriction
factors, such as cyclophilin A and TRIM-5a, appear 1o be Gag
type specific. although they are not involved in particle assem-
bly but in uncoating and initiation of reverse transcription (2,
3, 20, 47. 50).

Recent studies on reverse genetics use small interfering
RNAs, which specifically silence the expression of their corre-
sponding genes. This new technology has made it possible to
deplete a host [actor of interest in mammalian cells. The study
of genetics in eukaryotes has long been carried out with Sac-
charomvees cerevisiae, because yeast has the ability to replace
the wild-type chromosomal copy of a gene with a mutant or
deletion derivative, a property which is not available in other
eukaryotic cells. Accordingly, many genetic mutants have been
isolated in yeast and made available for the study of cellular
factors and machinery. We previously developed a Gag VLP
budding system with Saccharomyces cerevisine in which the
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HIV type 1 (HIV-1) Gag protein simultancously budded Gag
VLPs from the plasma membrane, and we have suggested that
a combination of this method and yeast genetics may be a
powerful tool for the study of the host factors required for
particle production (42), Here we expand this study by using
diverse primate lentiviral Gags and show that yeast does not
support the production of HIV-2 or simian immunodcliciency
virus STVmac Gag VLPs. Our data suggest that yeast may lack
a host factor(s) required for tight membranc binding of HIV-2
Gag to facilitate higher-order assembly.

MATERIALS AND METHODS

Construction and expression of diverse primate lentivirus gag genes. For
expression in veast, the full-length gay genes of HIV-1 (HXB2 strainy, HIV-2
(ROD strain). SIVmae (mac239 strain), S1Vagin (FYU1 strainy, and S1Vamd
(GBI strain) were amplificd by PCRs using relevant forward and reverse prim-
ers, For the Gag-Flag fusion protein, the gag gene (truncated just before the
termination codon) was amplificd by PCR using a reverse primer containing 4
Flag epitope tag seyuence. DNA construction of chimeric Gags between HIV-1
and HEV-2 and ol Gag motants containing amino acid substitutions was also
carricd out by PCRs using the relevant forward and reverse primers, The PCR
tragments were cloned into the yeast cxpression vector pKTI0 (48). which is a
2pm plasmid containing the URA3Z gene as a selective marker and the canstity-
tive promoter for the yeast glyceraldehyde-3-phospbute debydrogenase gene.
The S. cerevisiae strain RAYIA-D (MATala uradiwrad his3ihis3 lenZiden apl!
1rply (40) was transtormed with the yeast expression plasmids.

For expression in higher cukaryotiv cells, the gog geaes of HIV-1 and HIV-2
were modified C-tenminally with a Flag epitope tag and cloned into the higher
cukaryotic expression vector pCAGGS (30), which contains the promoter for the
uctin gene. Lhe codon usage of the HIV-1 gag gene was optimized. Hebla and
293T cells were transtected with the cxpression plasmids by using Lipofectamine
2000 (Invitrogen).

Preparation of yeast sphecopiasts and subcellulur fractionation. The proce-
dure for yeast spheroplast forngstion was deseribed previously (39). Lo brief, yeast
transformanis were grown al 30°C in synthetic defined medium without uracil
(0674 yeust vitrogen buse, 20/ glucose, and umino acid mixtures without uracil).
Yeast cells were suspended in wash butfer (S0 mM Tris [pH 7.5), 5 mM MgCl,,
and 1 M sorhitol) containing 30 mM dithiothreitol (DTT) and incubiited at 30°C
for 20 min with gentle shaking. The cclls were resuspended in wash batter
contuining 3 mM DTT and 0.4 mg/ml Zymolyase and incubated at 30°C for 20
min with gentle shaking for digestion of the cell wall. Following digestion, the
cells were washed with 1 M sorbitol,

Subceliular ractionation of veast cells was performed by a standard procedure
(13). Yeast spheroplasts (10 optical density [OD] units) were resuspended in
buffer (S0 wM Tris [pH 8.0} | mM EDTA, | mM DIT, | mM phenylmethyl-
sulfouy! Nuoride. and 1 pg/ml pepstatin A), with 150 mM NaCl or without salt,
and homogenized with 15 strokes in a homogenizer. Following clarification at
500 . g for 5 min at 4°C, the cell lysates (whole-cell lysates) were subjected to
centrifugation at 13,000 X g for 10 min at 4°C. The precipitates were stored as
P13 fractions. The supernatants were ceatrifuged in a TLAT00 rotor (Beckman
Coulter) at 100,000 X g for I b at 4£°C. and the precipitates (PHN) and super-
natants (S100) were separated.

Sedimentation aualysis, Whole-celf lysates and subcellular fractions were ap-
plicd to 20 to 70% (wiivol) sucrose gradients in phosphate-buffered satine ¢ PBS)
and sedimented in an SW3S rotor at 120000 X g for 2 h at 4°C, as described
previously (28). Fractions of the gradients were collected and subjected to so-
dium dodery) sulfate-polyaeryiamide gel electrophoresis (SDS-PAGE) followed
by Western blotting. The 808 ribosome and the immature form of HIV Gag
VLPs purificd from Gag-expressing HeLa cells were used as molecular weight
markers for sedimentation analysis,

Membrane and lipid raft flotation centrifugation, Equilibrium flotation cen-
tritugation with membranes was performed as deseribed previously (32, 36), with
winor moditications, 'The formation of yeast spheroplasts was carvied out as
described above, Yeust splieroplusts (10 OD uaits) were resuspended in buffer A
(30 mM Tris [pH 80 1 wM EDTA, | mM DTT, | mM phenylmethylsulfonyl
fluoride, and | pgml pepstatin A) containing 150 mM NaCl. Following a briel
sonication. the eell Wysates were clarified at 500 ~ g for 3 min at 4°C. The
supernatants were adjusted o 70% (wiivol) sucrose in PBS, layered at the
bottom of 70466347 -10%% (wiivol) sucrose step gradicnts in PBS, and subjected
to equilibrinn fotaion centrifngation. Centrifugation was perlormed i wn

J. VIRGL.
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F1G. 1. Intracellular expression of diverse lentiviral Gags and pro-
duction of Gag VLPs in yeast. Yeast cells were trunsformed with a
pKT10 vector containing the full-length gag gene of HIV-1, HIV-2,
SIVmac, SIVagm, or SIVmnd. (A) Intraccliular Gag expression. Cells
(0.5 OD unit) were subjected to SDS-PAGE followed by Western
blotting using anti-HIV-1, anti-HIV-2, or anti-SIVmac CA antibody or
anti-SIVagm monkey serum. Lanes: M, prestained molecular weight
markers; C, cells transformed with the parental vector; 1 to 4, cells
transformed with the vector containing the gug genes of HIV-1, HIV-2,
SIVmac, and STVagm, respectively. (B) Gag VLP production. Follow-
ing removal of the cell wall, spheroplasts (200 OD units) were cultured
in yeast extract-peptone-dextrose medium containing 1 M sorbitol
overnight. Gag VLPs were purified from the culture medium by cen-
trifugation on 20 to 70% sucrose gradients and analyzed by SDS-
PAGE followed by CBB staining. Lanes: M. prestained molecular
weight markers; C, mock fractions prepared from the culture medium
of yeast spheroplasts transformed with the parental vector; 1 to 5. Gag

“VLP fractions purified {rom culture medium ol yeast spheroplasts

expressing HIV-1, HIV-2. SIVmac, S1Vagm, and SIVmnd Gags, re-
spectively. (C) Electron micrographs of Gag VLPs. Purified Gag VLP
fractions were subjected to electron microscopic analysis. All micro-
graphs are shown at the same magnification. Bar = 100 nm.

SWAS rotor (Beckman Coulter) at 4°C at 120,000 X g overnight. in some
experiments, cells were resuspended in buffer A with S00 mM NaCl or without
salt. For lipid raft flotation. the cell lysates, atter sonication, were treated on ice
with 0.5% Triton X-100 for 10 min. Following clarification, the supcraatants
were subjected to equitibrium flotation centrifugation. Fractions of the gradients
were collected and subjected to SDS-PAGE followed by Western blotting, Mem-
branes of higher eukaryotic cells were analyzed similarly by equilibrivn flotation
ventrifugation.

Puritication of Gag VLPs, Purification of yeast-produced (rag VLPs was car-
ricd out as described previously (42). Brictly, the culture medium of yeast
spheroplasts was clarified and then centrifuged through 30% (wivol) sucrose
cushions in an SW2§ rotor (Beckman Coulter) at {20,000 X g for L5 h at 4$°C.
The VLP peliets were resuspended and centrifuged in 20 to 709 (wtivol) sucrose
gradients in PBS in an SW55 rotor (Beckman Coulter) at 120,000 ~ g overnight
at 4°C. Purification of Gag VLIPs produced by higher cukaryotic cells was carried
out by standard procedures.

Protein detection, Following SDS-PAGE, gels were subjected to either Coo-
massie brilliant blue (CBB) staining or Western blotting using an anti-HIV-1,
anti-HIV-2. or anti-SIVmac CA mouse monoclonal antibody (Advanced Bio-
technologies) or anti-SIVagm monkey serum. For the Gag-Flag fusion protein,
Western blotting was carried out using an anti-Flag mouse monoctonal antibody
(Sigma). In subcellular fractionation experiments. anti-Pepi2 (for endosomes),
anti-alkaline phosphatase (tor vacuoles), and anti-phosphoglycerate kinase (for
¢ytosol) mouse monoctonal antibodies (Molecular Probes) were used as or-
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FIG. 2. Immunofluorescence staining and electron microscopy of yeast cells expressing diverse lentiviral Gags. (A) Immunofluorescence
detection of Gag antigens, After fixation with 3,7% formalin, the cell wall was removed with Zymolyase and the membrane was permeabilized with
(1% Triton X-100, Gag antigens were detected using anti-1TIV-1, anti-HIV-2, or anti-SIVmac CA antibody or anti-SIVagm monkey serum.
(B) Electron micrographs of yeast spheroplasts expressing each of the Gags. Micrographs in upper panels are shown at the same magnificalion
tbar = 100 nmy. Micrographs in fower panels show whole yeast cells taken at the same magnification (bar = | pm). Cr. yeast cell transformed with

the parental vector.

panelle murkers. For the plasma membrane, yeast spheroplasts were incubated
with cholera toxin subunit B (CTB). which binds to lipid rafts of the plasma
membrane, @t 47°C, Following o wash with | M sarbitol, subcellular fractionation
was carried out as described above. The fructions were subjected to Western
blotting using anti-CTB rabbit antibody (Molecular Prabes).

For protein myristovlation, yeast cells were metabolically tabeled with 500 wCi
of [9,1007)- T Hmyristic acid at 30°C for 30 min. Following SDS-PAGE, gels were
subjocted to fluorography.

Immunofiuorescence staining. Yeast cefls were fived tn 3.7%% fonmalin v yeast
extract-peptone-dextrose medinm at 30°C for 30 min. Following removal of the
vell wall. spheroplasts were treated with 0,19 Triton X-100 at room temperature
for 3 min for naebrane permeabilization. The cells were incubated first with an
anti-HIV-1 ant-HIV-2. ar and-StVimac CA mouse monoclonal antibody (Ad-
vanced Biotechnologies) or anti-SIVagm monkey serum and subsequently with
anti-inouse immonoglobulin G-Alexa Fluor 488 (Moleeular Probes) or anti-
monkey immunoglobulin G-fluorcseein isothiocyanate. For the Gag-Flag fusion
protein, cells were incubated with an anti-Flag mouse monoclonal antibody
{Sigmay. For the plasma membrane, yeast spheroplasts were first incubated with
CTB at #°C (1o fabel tipid rafis of the plasma membrane but not allow endocy-
tosis) and subscequeatly with anti-C'TB rabbil antibody (Vyrant lipid ruft labeling
it Molecular Probicsy. Afer fixation with 3.7% formalin, the spheroplasts were
permeabilized with 0.1% Triton X-100 and costained with anti-Flag antibody for
Gug-Flag.

Electron microscopy, Electron microscopy was carvied out by standard proce-
dures. Briefly, stspheroplasts were fixed in.2% glhituraldehiyde in 50 mM
cacodylate bulter (pH 7.2) for 2 b aud postfixed with 1% osmium tetroxide for
1 b Cell pellets were embedded in cpoxy resin, Ukirathin sections were stained
with uranyl sectate und lead citrate sand examined with an cleetron microscape.

RESULTS

Yeast does not support HIV-2 or SIVmac Gag VLP produc-
tion. The initial goal of this study was to examine whether Gag
proteins ol diverse primate lentiviruses produce Gag VLPs

from yeast spheroplasts, as does HIV-1 Gag (42). Primate
lentiviruses are classified into the following five equidistant
phylogenetic lineages: (i) HIV-1/SIVcepz, (i) HIV-2/SIVmac/
SIVsm, (iii) SIVagm, (iv) SIVmnd, and (v) SIVsyk (17). We
used the gag genes from four different primate lentivirus lin-
cages. Yeast cells were transformed with the yeast expression
vector pKT10 containing the gag gene of HIV-1, HIV-2, SIV-
mac, SIVagm, or SIVmnd and were grown in synthetic defined
medium without uracil. Western blotting using anti-HIV-1,
anti-HIV-2, and anti-SIVmac CA antibodies and anti-SIVagm
monkey serum revealed individual Gag proteins in the express-
ing cells but not in the cells transformed with a parental vector
(Fig. 1A)., We did not test the cells expressing SIVmnd Gag
because an anti-SIVmnd antibody was not available.
Following removal of the cell wall, yeast spheroplasts were
maintained under isotonic conditions overnight. For purifica-
tion of Gag VLPs, the culture medium of the spheroplasts was
subjected to centrifugation through a sucrose gradient and
subsequent fractionation, as described previously (42). When
equivalent volumes of the Gag VLP {ractions were subjected to
SDS-PAGE followed by CBB staining, Gag VLP production
was observed for HIV-1, SIVagm. and SIVmnd Gags, although
the yields of produced VLPs varied. In contrast, no Gag VLP
production was observed for HIV-2 or SIVmac Gag (Fig. 1B).
Western blotting using anti-HIV-2 and anti-SIVmac CA anti-
bodies also failed to demonstrate Gag VLP production (data
not shown). These findings were not specific to the yeast ex-
pression vectors or yeast backgrounds used (data not shown).
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