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In the quest for an effective vaccine against human immunodeficiency virus (HIV), live attenuated virus
vaccines have proven to be very effective in the experimental model system of simian immunodeficiency virus
(SIV) in macaques. However, live attenuated HIV vaccines are considered unsafe for use in humans because
the attenuated virus may accumulate genetic changes during persistence and evolve to a pathogenic variant. As
an alternative approach, we earlier presented a conditionally live HIV-1 variant that replicates exclusively in
the presence of doxycycline (DOX). Replication of this vaccine strain can be limited to the time that is needed
to provide full protection through transient DOX administration. Since the effectiveness and safety of such a
conditionally live AIDS vaccine should be tested in macaques, we constructed a similar DOX-dependent
SIVmac239 variant in which the Tat-TAR (frans-acting responsive) transcription control mechanism was
functionally replaced by the DOX-inducible Tet-On regulatory mechanism. Moreover, this virus can be used
as a tool in SIV biology studies and vaccine research because both the level and duration of replication can be
controlled by DOX administration. Unexpectedly, the new SIV variant required a wild-type Tat protein for
replication, although gene expression was fully controlled by the incorporated Tet-On system. This result
suggests that Tat has a second function in SIV replication in addition to its role in the activation of

transcription.

Live attenuated virus vaccines have proven to be highly
successful at inducing protective immunity against pathogenic
viruses such as variola virus, poliovirus, and measles virus.
Research on the development of a live attenuated human
immunodeficiency virus (HIV) vaccine has focused on the ex-
perimental model system of the pathogenic simian immunode-
ficiency virus (SIV) and the infection of macaques. In most of
these studies, several accessory functions have been deleted
from the viral genome, either individually or in combination
(reviewed in references 41, 48, 57, and 76). The majority of
monkeys vaccinated with such deletion mutants of SIV can
efficiently control the replication of pathogenic challenge virus
strains. However, the attenuated virus could revert to virulence
and cause disease over time in vaccinated animals (3, 4, 17, 75).
Similarly, some of the long-term survivors of the Sydney Blood
Bank Cohort infected with an HIV type 1 (HIV-1) variant in
which nef and long terminal repeat (LTR) sequences were
deleted eventually showed progression to AIDS (22), and an
HIV-1 A3 variant with deletions in the vpr, nef, and LTR
sequences regained substantial replication capacity in long-
term cell culture infections by acquiring compensatory changes
in the viral genome (13). These results highlight the genetic
instability and evolutionary capacity of attenuated SIV/HIV
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strains, which pose a serious safety risk for any future experi-
mentation with live attenuated HIV vaccines in humans.

The major problem with live attenuated HIV/SIV vaccines is
the persistence of the attenuated virus and ongoing low-level
replication. Due to the error-prone replication machinery of
the virus, this may eventually lead to the appearance of fitter
and more pathogenic virus variants. The pathogenicity of the
vaccine strain can be further reduced by lowering the replica-
tion capacity through progressive deletion or mutation of ac-
cessory genes or regulatory elements. However, reduced rep-
lication may lower the efficacy of the vaccine (51, 77). As an
alternative strategy to prevent the evolution of a pathogenic
variant, replication of the vaccine virus should be limited to the
extent that is needed to provide full protection. For instance,
virus replication can be stopped upon vaccination by the ad-
ministration of antiviral drugs (50). Whereas this may be a
good strategy for in vitro studies, its application in humans
seems problematic because long-term virus inhibition will re-
quire continuous drug administration, and the virus may de-
velop drug resistance. Alternatively, a virus that can execute
only a single round of replication can be used as a vaccine (31).
However, due to the limited replication, such a single-cycle
virus vaccine may be less appropriate for the induction of
protective immunity.

We and others previously presented a unique genetic ap-
proach that exploits a conditionally live HIV-1 variant (11, 26,
27, 68, 73). In this HIV-rtTA variant, the Tat-TAR (trans-
acting responsive) regulatory mechanism that controls viral
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gene expression and replication was inactivated by mutation of
both the Tat gene and the TAR RNA structure and function-
ally replaced by the Tet-On system for inducible gene expres-
sion (5). The rtTA gene, encoding a man-made transcriptional
activator, was inserted in place of the nef gene, and the tet
operator (tetO) DNA binding sites were inserted into the LTR
promoter. Since the rtTA protein can bind fefO and activate
transcription only in the presence of doxycycline (DOX), the
HIV-rtTA variant replicates exclusively when DOX is admin-
istered. Upon vaccination with this virus, replication can be
temporarily activated and controlled to the extent needed for
induction of the immune system by transient DOX adminis-
tration. The initial HIV-rtTA variant has been improved sig-
nificantly by virus evolution (28, 53, 54, 79-81), and we have
shown efficient and DOX-dependent replication not only in
vitro in T-cell lines but also ex vivo in human lymphoid tissue
(47). In addition, we constructed an HIV-1 variant that de-
pends not only on DOX for gene expression but also on the
T20 peptide for cell entry (24). Replication of this virus can be
limited to the level required to induce the immune system by
the transient administration of DOX and T20. The subsequent
withdrawal of these inducers efficiently blocks viral replication
and prevents evolution.

The successful development of a conditionally live HIV-1
variant encouraged us to construct a similar DOX-dependent
SIV variant that can be used to study the efficacy and safety of
a conditionally live virus vaccine against AIDS in macaques.
Furthermore, this SIV variant may be an attractive tool to
study the correlates of immune protection upon vaccination,
because the level and duration of replication can be controlled
by DOX administration. Given our expertise with the HIV-
rtTA design, the construction of SIV-rtTA seemed straightfor-
ward, but it turned out to be much more complicated. Surpris-
ingly, SIV-rtTA was found to require a wild-type Tat protein,
suggesting that Tat has a second function in SIV replication in
addition to its role in the activation of transcription.

MATERIALS AND METHODS

Construction of SIV-rtTA. For the construction of SIV-rtTA, we modified the
SIVmac239 genome (62) (GenBank accession number M33262) by (i) mutation
of TAR and introduction of tetO elements in both the 5" and the 3" LTRs, (ii)
mutation of Tat, (iii) introduction of the rtTA gene at the site of the nef gene,
and (iv) mutation of the original AUGN®' start codon and three downstream
AUG codons (AUG"™ V) that preceded the AUG™ " start codon. The plasmid
p239SpSp5’, which contains the 5" half of the SITVmac239 genome (44), and
pSIVmac239ANef (p239SpE3’/nef-del), which contains the 3’ half of the proviral
genome with a deletion in the nef coding region (nucleotides [nt] 9507 to 9689)
(33, 59), were used to construct 5" and 3’ halves of SIV-rtTA, named pKP-5'SIV
and pBS-3'SIV-1tTA, respectively. These plasmids were subsequently combined
as described below to construct the complete pSIV-rtTA molecular clone.

Plasmids containing the 3" end of the env gene, the nef gene, and the 3" LTR
(5’ and 3’ nucleotides corresponding to positions 8880 and 10535 in STVmac239,
respectively), and in which either TAR or AUG codons are mutated, were
constructed by mutagenesis PCR (56) on the pSIVmac239ANef template with
the forward mutagenic primers (primer M) MutTAR (5'-GCGGAGAGG
CTGGCAGAAAGAGCCATTGGAGGTTCTCTCCAGCACTAGCAGGAA
GAGCATTGGTGTTCCCTGCTAG-3’; nucleotides mismatching with the
TAR bulge and loop sequences underlined), MutEnvl (5'-GGGGAGACTTG
TGGGAGACTCTTAGGAGAGGTGGAAGGTGGATACTCG-3';  nucleo-
tides mismatching with AUG™" and AUG"Y underlined), and MutEnv2 (5'-AC
CTACAATACGGGTGGAGCTATTTCCACGAGGCGGTCC-3"; nucleotides
mismatching with AUGN®f and AUG" underlined); the forward primer SIV-
LTRI1 (5-AGTACTGCGGCCGCAGGCATG**'CTGGGATGTGTTTGGCA
ATTG-3'; NotI and Sphl sites underlined); and reverse primers SIV-LTR2
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(5'-TATCTATAGCCCAGCACCGGCCAAGTG-3'; mismatching nucleotides
underlined) and SIV-LTR3 (5'-ATCGGTACCGACGTCTCGAGT'***GCTA
GGGATTTTCCTGCTTCG-3"; Asp718, Aatll, and Xhol sites underlined).
Briefly, PCRs were performed with primer M plus SIV-LTR3 and with SIV-
LTRI1 plus SIV-LTR2. The PCR products were purified, mixed, and PCR am-
plified with SIV-LTR1 and SIV-LTR3 (see reference 56 for details on the PCR
strategy). The resulting mutated fragments were cloned as Notl-Asp718 frag-
ments into pBluescript SK* (Stratagene), resulting in the plasmids pBS-SIV-
3'LTR-TAR, pBS-SIV-3'LTR-Envl, and pBS-SIV-3'LTR-Env2. The BglII-
Asp718 fragment from pBS-SIV-3'LTR-Envl, containing the AUGN' and
AUG" mutations, was used to replace the corresponding fragment in pBS-SIV-
3'LTR-Env2, resulting in plasmid pBS-SIV-3’'LTR-Env12, which contains all
four AUG mutations.

For the insertion of fetO elements, the plasmid pBS-SIV-3'LTR-TAR was
used as the template for PCR with primers Mut2A15tetO1 (5'-GAAACAGCA
GGGACTTTCCACAGGATCCCTATCAGTGATAGAGAAATACCACTCCC
TATCAGTGATAGAGAATTCAGGGGATGTTACGGGGAGGT-3'; the BamHI
site is underlined, and fetO sites are in bold) and SIV-LTR3. The PCR product
was digested with BamHI and Asp718 and ligated into the corresponding sites of
pBluescript SK*, which resulted in plasmid pBS-SIV-3’LTR-2AtetO-TAR. In
parallel, we introduced unique restriction enzyme recognition sites directly
downstream of the env gene, which subsequently were used to insert the rtTA
gene. For this, pSTVmac239ANef was PCR amplified with primers MutRtTA1
(5'-CACTCTCTTGTGAGGGACAGTCGACCATGTCTAGACTGGCCCGG
GTAACTAAGTAAGGATCTCATTTTATAAAAGAAAAGGGGGGA-3;
Sall, Xbal, and Smal sites are underlined, and the Env stop codon is in bold)
and Mut2A15tetO2 (5'-TAGGGATCCTGTGGAAAGTCCCTGCTGTTTC-
3’; BamHI site underlined). The PCR product was ligated into the pCR2.1-TOPO
TA-cloning vector (Invitrogen), resulting in plasmid pCR-SIV-3'LTR-SB. Sepa-
rately, we PCR amplified upstream pSIVmac239ANef sequences with primers
SIV-LTR1 and MutRtTA2 (5'-CCCGGGCCAGTCTAGACATGGTCGACT
GTCCCTCACAAGAGAGTGAGC-3'; Sall site underlined) and digested the
PCR product with NotI and Sall. We subsequently ligated this fragment together
with the Sall-BamHI fragment from pCR-SIV-3'LTR-SB into the NotI and BamHI
sites of pBS-SIV-3'LTR-2AtetO-TAR, resulting in plasmid pBS-SIV-3'LTR-rtTA-
2AtetO-TAR. The SacI-Asp718 fragment from this plasmid (SacI site present down-
stream of the env gene) and the Notl-Sacl fragment from pBS-SIV-3'LTR-Env12
were jointly ligated into the Notl and Asp718 sites of pBluescript SK™, resulting in
plasmid pBS-SIV-3'LTR. The rtTAggey a0t geN€, isolated as an Xbal-Smal frag-
ment from pCMV-1tTAggey az0or (28), was subsequently ligated into the Xbal and
Smal sites of pBS-SIV-3'LTR, resulting in pBS-SIV-3'LTR-rtTA.

For the introduction of the Y55A mutation in Tat, pSIVmac239ANef was used
as the template in a PCR with primers MutTatY55A (5'-AAGCTTGCATGCT
ATAACACATGCGCCTGTAAAAAGTGTTGCTA-3'; the Sphl site is under-
lined, and mismatching nucleotides are in bold) and SIV-Env4 (5'-CCCTGTC
ATGTTGAATTTACAGCT-3'), and the product was digested with SphI and
Spel and subsequently ligated into the corresponding sites of pSIVmac239ANef,
resulting in pSIVmac239ANef-Tat-Y55A. The SphI-Nhel fragment from this
plasmid was ligated into the Sphl and Nhel sites of pBS-SIV-3'LTR, resulting in
pBS-SIV-3'LTR-Tat-Y55A. The Notl-Sall fragment of this plasmid was subse-
quently ligated into the corresponding sites of pBS-SIV-3'LTR-rtTA, resulting in
pBS-3'SIV-rtTA, which contains the 3" half of SIV-rtTA.

For the construction of the 5’ half of SIV-rtTA, we PCR amplified the tetO-
containing and TAR-mutated LTR fragment of pBS-SIV-3'LTR with primers
SIV-LTR4 (5'-AGCTCTAGAGCGGCCGCTGGAAGGGATTTATTACAGT
GCA-3'; Xbal and NotI sites underlined) and SIV-LTRS (5'-ATGGACGTCT
CGAGTCGCATGCTAGGCGCCAATCTGCTAGGGATTTITCCTGCT-3";  Aatll,
Xhol, Sphl, and NarT sites underlined). Upon digestion with Xbal and AatlI, the
PCR product was ligated into the corresponding sites of the pKP59 vector, a
pBR322 derivative that was previously used for the construction of the HIV-1
LAI molecular clone (60), to generate pKP-SIV-5'LTR. We subsequently intro-
duced the NarlI-Sphl fragment of p239SpSp5’ into pKP-SIV-5'LTR. However,
since direct ligation of this fragment into the Narl and Sphl sites of pKP-SIV-
5'LTR failed for unknown reasons, we used a two-step approach. We first ligated
the complete SphI-Sphl insert of p239SpSpS’ into the Sphl site of pKP-SIV-
5'LTR, which resulted in a duplication of the LTR region, and subsequently
removed the undesired LTR copy by Narl digestion and religation of the plas-
mid. The resulting plasmid, pKP-5'SIV, contains the 5" half of the SIV-rtTA
genome. The SphI-Xhol insert of pBS-3'SIV-rtTA was ligated into the corre-
sponding sites of pKP-5'SIV to complete the construction of pSIV-rtTA, which
contains the full-length SIV-rtTA genome.

For the introduction of wild-type TAR into SIV-rtTA, we PCR amplified the
LTR region from p239SpSp5’ with primers Mut2A15tetO1 and SIV-Gagl (5'-




VoL. 81, 2007

ATTTAATGTTCTCGGGCTTA-3") and used the EcoRI-Narl-digested PCR
product to replace the corresponding sequences in pKP5'SIV. Similarly,
p239SpSp5’ was PCR amplified with primers Mut2A15tetO1 and SIV-LTR3, and
the EcoRI-Xhol-digested PCR product was used to replace the corresponding
sequences in pBS3’SIV-rtTA. The resulting plasmids, pKP5'SIV-TAR™ and
pBS3’SIV-rtTA-TARY, were subsequently combined for the construction of
pSIV-rtTA-TAR™" as described for the construction of pSIV-rtTA.

For the construction of SIV-rtTA variants with wild-type env sequences, the
env-nef region of pSIVmac239ANef was PCR amplified with forward primer
SIV-LTR1 and reverse primer Mut-RtTA2 or MutRtTA3-Nef-stop (5'-ACAT
GGTCGACTATCCCTCACAAGAGAGTGAGC-3'; the Sall site is underlined,
and the Env stop codon is in bold). The Nhel-Sall-digested PCR product was
subsequently used to replace the corresponding sequences in pSIV-rtTA, result-
ing in pSIV-rtTA-Env™* and pSIV-rtTA-Env**stP,

For the deletion of U3 sequences in SIV-1tTA, we used pBS-3'SIV-rtTA as the
template in a PCR with primers MutEnv1 and DelSIV-U3-383 (5'-AGCGGAT
CCTGTGGAAAGTCCCTGCTGTTTCAGCGACGCAGTAATAAATCCCT
TCCAGTCC-3'; the BamHI site is underlined, and the position of deleted [A]
and replacing nucleotides is in bold) or DelSIV-U3-409 (5'-AGCGGATCCTA
CGCAGTAATAAATCCCTTCCAGTCCC-3"). The PCR products were di-
gested with Sall and BamHI and used to replace the Sall-BamHI fragment of
pBS-3'SIV-rtTA. The Nhel-Xhol fragments from the resulting plasmids pBS-
3'SIV-rtTAAU3-383 and pBS-3'SIV-rtTAAU3-409 were used to substitute the
corresponding sequences in pSIV-rtTA to construct pSIV-rtTAAU3-383 and
pSIV-rtTAAU3-409.

For the construction of pSIV-rtTA-Tat™, we exchanged the SphI-Nhel frag-
ment of pSIV-rtTA with the corresponding fragment of pSIVmac239ANef. We
used standard molecular biology procedures for all manipulations, and plasmids
were propagated in Escherichia coli TOP10 (for TA cloning; Invitrogen), DH5a
(for the LTR mutation steps), or Stbl4 (all later steps; Invitrogen). All constructs
were verified by sequence analysis.

Expression plasmids and reporter gene constructs. For the construction of
plasmids expressing wild-type or Y55A-mutated Tat of STVmac239, we PCR
amplified the first Tat exon of pSIV-rtTA-Tat™" and pSIV-rtTA with the primers
SIV-Tatl (5'-GGTAGTGGAGGTTCTGGAAGA-3') and SIV-Tat-splice2 (5'-
GTTGGATATGGGTATTGTTTGATGCAGAAGATGTATT-3'; A indicates
the splice site position) and the second Tat exon of pSIV-rtTA-Tat™ with the
primers SIV-Tat-splice3 (5'-CTTCTGCATCAAACAAAACCCATATCCAAC
AGGAC-3") and SIV-Tat-3 (5'-AGCGCTCGAGGATCCGGTATACTCTCGA
TAGCAA-3'; BamHI site underlined). PCR products were purified, and the first
and second exon fragments were mixed (exon 1™ plus exon 2; exon 1Y¥4 plus
exon 2) and used as the template in a subsequent PCR with primers SIV-Tatl
and SIV-Tat3. The PCR products comprise the complete Tat open reading
frame, with a HindIII site located at 63 nt upstream of the translation start site
and a BamHI site at 88 nt downstream of the Tat stop codon. PCR products were
digested with HindIIT and BamHI and ligated into the corresponding sites of
expression plasmid pcDNA3 (Invitrogen), resulting in pcDNA3-SIV-Tat™" and
pcDNA3-SIV-TatY>%4,

For the construction of reporter plasmids in which the expression of firefly
luciferase is driven by the SIV-rtTA promoter, we first inserted the HindIII-
BamHI fragment of pGL3-Basic (Promega), which encompasses the luciferase-
coding sequence and the simian virus 40 polyadenylation signal, in the corre-
sponding sites of pBluescript SK*, resulting in pBS-luc. We subsequently ligated
the Notl-Xhol LTR fragments from pBS-SIV-3'LTR and pBS-SIV-3'LTR-
TARY into the compatible Bsp120I and Xhol sites of pBS-luc, resulting in the
SIV-rtTA and SIV-rtTA-TAR™ LTR-luc constructs, respectively.

The expression of firefly luciferase is controlled by the wild-type HIV-1 pro-
moter in the HIV-1 LTR-luc plasmid (pBlue3’LTR-luc in reference 40) and
controlled by the HIV-rtTA promoter in the HIV-rtTA LTR-luc plasmid
(pLTR-2AtetO-luc® in reference 28). We previously described the rtTA-express-
ing plasmid pCMV-1tTAggsy asoor (28) and the HIV-1 Tat-expressing plasmid
pcDNA3-Tat (72). Plasmid pRL-CMV (Promega), in which the expression of
Renilla luciferase is controlled by a cytomegalovirus promoter, is cotransfected
into the C33A cells to allow correction for differences in transfection efficiency.

Promoter activity assay. To determine the DOX responsiveness levels of the
promoter-luciferase constructs, C33A cells were transfected with 20 ng LTR-luc
plasmid, 0.4 ng pCMV-1tTAggey azoor> and 0.5 ng pRL-CMV. The plasmid
pBluescript was added as the carrier DNA to the transfection mix to a total of 1
g of DNA. The cells were cultured after transfection for 48 h with 0 to 1,000
ng/ml DOX (D-9891; Sigma). Cells were lysed in passive lysis buffer, and firefly
and Renilla luciferase activities were determined with the dual luciferase assay
(Promega). The expression of firefly and Renilla luciferase was within the linear
range, and no squelching effects were observed. The promoter activity was
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calculated as the ratio between the firefly and Renilla luciferase activities and
corrected for between-session variation (66). To determine the Tat responsive-
ness levels of the promoter-luciferase constructs, C33A cells were transfected
with 20 ng LTR-luc plasmid plus 0 to 50 ng Tat expression plasmid, 0 to 50 ng
pcDNA3 (empty expression vector; the total amount of Tat expression plasmid
and pcDNA3 was kept at 50 ng), 0.5 ng pRL-CMV, and 950 ng pBluescript. Cells
were cultured for 48 h, and luciferase activities were subsequently measured.

Electrophoretic mobility shift assay (EMSA). The SIV-rtTA and SIV-rtTA-
TAR™ LTR-luc plasmids were used for PCR amplification of the mutant and
wild-type TAR regions, respectively, with the sense primer 5'-T7-PRO-TAR
(5'-TAATACGACTCACTATAGGGAGTCGCTCTGCGGAGAG-3'), encod-
ing the T7 promoter sequence (underlined) directly upstream of the +1 position,
and the antisense primer 3'-T7-TAR (5'-GGAGTCACTCTGCCCAGCACCG-
3"). DNA products were in vitro transcribed with the MEGAshortscript T7
transcription kit (Ambion). The transcripts were purified with a NucAway spin
column (Ambion), and the RNA concentration was determined by spectropho-
tometry. RNA (25 pmol) was dephosphorylated with calf intestine alkaline phos-
phatase and 5" end labeled with the KinaseMax kit (Ambion) in the presence of
1 ul [y-*?P]JATP (0.37 MBg/pl; Amersham Biosciences). TAR RNA was checked
for integrity and purified on a denaturing 8% acrylamide gel. The RNA was
resuspended in 100 mM KCl, 50 mM Tris-HCI (pH 8.0) and renatured by heating
to 85°C for 2 min and slowly cooling to room temperature. His-tagged SIV-
mac-J5 Tat protein (22 kDa) was obtained from the Centralised Facility for
AIDS Reagents at the National Institute for Biological Standards and Control,
Potters Bar, United Kingdom (ARP685). 32P-labeled TAR RNA (200 counts/s)
was incubated with 0 to 40 ng Tat protein in 50 mM Tris-HCI (pH 8.0), 20 mM
KCl, 5 mM dithiothreitol, and 0.05% Triton X-100 for 15 min at room temper-
ature. Calf liver tRNA (1 ng; Roche) was added as the competitor to minimize
aspecific interactions when 40 ng Tat was used. After adding 4 wl nondenaturing
loading buffer (30% glycerol, bromophenol blue), samples were loaded on a
nondenaturing 4% acrylamide gel containing 45 mM Tris, 45 mM borate, and
0.1% Triton X-100. Electrophoresis was performed at 450 V at 4°C. The gel was
subsequently dried and analyzed with a PhosphorImager (Molecular Dynamics).

Cells and viruses. The PM1 T-cell line (52), a clonal derivative of HUT78, was
cultured at 37°C and 5% CO, in RPMI 1640 medium containing 10% fetal
bovine serum (FBS), 100 units/ml penicillin, and 100 units/ml streptomycin. To
assay virus replication, cells were transfected with SIV-rtTA molecular clones or
with the full-length STVmac239 clone (34) by electroporation. Briefly, 5 X 10°
cells were washed in RPMI 1640 with 20% FBS and mixed with 5 g DNA in 250
wl RPMI 1640 with 20% FBS. Cells were electroporated in 0.4-cm cuvettes at 250
V and 960 pF and subsequently resuspended in 5 ml RPMI 1640 with 10% FBS.
Upon the addition of 0.25 X 10° untransfected PM1 cells, cultures were main-
tained at 0 to 1,000 ng/ml DOX. The virus level in the culture medium was
determined with a real-time PCR-based reverse transcriptase (RT) assay (55) in
which avian myeloblastosis virus RT was used as the standard.

C33A cervix carcinoma cells (ATCC HTB31) (2) were cultured and trans-
fected by calcium phosphate precipitation as previously described (28). C33A
cells were cultured in 2-cm? wells and transfected with 1 ug SIV-rtTA or SIV-
mac239 DNA. Virus production was measured after 48 h by RT assay and
CA-p27 enzyme-linked immunosorbent assay (SIV core antigen kit; Beckman
Coulter) on culture medium samples.

RESULTS

Design of a DOX-inducible SIV variant. SIV gene expres-
sion and replication are naturally controlled by the viral Tat
protein, which binds to the 5" TAR region in the nascent RNA
transcript and subsequently activates transcription (12). For
the construction of a conditionally live STVmac239 variant, this
Tat-TAR regulatory mechanism was inactivated by mutation
and functionally replaced by the DOX-inducible gene expres-
sion system (Tet-On system) (5). This E. coli-derived gene
expression system is controlled by the rtTA protein. The bind-
ing of DOX to rtTA triggers a conformational switch in the
protein that allows it to bind to fetO elements and activate
transcription from the downstream-positioned promoter. To
replace the Tat-TAR axis with the Tet-On system, we modified
the SIVmac239 genome by (i) inactivation of TAR through
mutation, (ii) introduction of tetO elements in the U3 pro-
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FIG. 1. Design of the DOX-inducible SIV-rtTA variant. For the construction of a conditionally live SIVmac239 variant, we inactivated the
Tat-TAR regulatory mechanism through mutation of TAR (TAR™; loop and bulge mutations as shown in Fig. 2A) and Tat (Y55A substitution;
Fig. 3B) and introduced the Tet-On regulatory mechanism through the insertion of two fetO elements in the U3 promoter region (Fig. 3A and 4C)
and the rtTA gene at the site of the nef gene (Fig. 4). In addition, we mutated the original AUGN®! translation start codon and three downstream
AUG codons that precede the new AUG™™ start codon on the spliced Nef transcript (AUG™; Fig. 4B).

moter region, (iii) mutational inactivation of Tat, and (iv)
introduction of the rtTA gene at the site of the nef gene (Fig.
1). Transcription of the resulting SIV-rtTA variant will thus no
longer be activated by the binding of Tat to TAR but instead
by the binding of the DOX-rtTA complex to the terO-LTR
promoter. As a result, replication will critically depend on the
presence of DOX.

Transforming the Tat-responsive SIV promoter into a DOX-
inducible promoter. In the nascent SIV transcript, the TAR
region from position +1 to position +124 forms a complex
hairpin structure with three stem-loop domains (Fig. 2A). Both
stem-loop 1 (+18/+52) and stem-loop 2 (+54/+85) resemble

the HIV-1 TAR structure and are important for Tat-mediated
activation of transcription (9, 32, 63). Whereas stem-loops 1
and 2 contain a 6-nt loop and a 2-nt bulge, HIV-1 TAR con-
tains a 6-nt loop and a 3-nt bulge. HIV-1 studies demonstrated
that the highly conserved pyrimidine nucleotides in the bulge
are essential for the binding of the viral Tat transactivator
protein (70), while the 6-nt loop binds the cyclin T1 subunit of
the positive transcriptional elongation factor (pTEFb) in a
Tat-dependent manner (65, 74). Upon binding, the kinase
component of pTEFb, cyclin-dependent kinase 9 (CDK9Y), can
phosphorylate the C-terminal domain of RNA polymerase II,
which enhances the processivity of the elongating polymerase
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FIG. 3. Expression from the SIV-rtTA LTR promoter is controlled
by DOX. (A) To turn the SIV LTR into a DOX-inducible promoter,
we mutated TAR and introduced two tetO elements between the
NF-«B and Sp1 binding sites. This arrangement had previously been
shown to be effective in the DOX-dependent HIV-rtTA variant.
(B) Mutation of Tat. The SIVmac239 Tat protein consists of 130
amino acids and has a modular structure similar to that of the HIV-1
Tat protein, which consists of 86 to 101 amino acids (depending on the
viral isolate). Both proteins have a transcription activation domain that
can be subdivided in an N-terminal acidic domain, a cysteine-rich
domain, a central core domain, and an RNA-binding domain consist-
ing of a stretch of positively charged amino acids and therefore termed
the basic domain. For the construction of HIV-rtTA, we previously
inactivated HIV-1 Tat through the introduction of a tyrosine-to-ala-
nine substitution at position 26 (Y26A) in the cysteine-rich domain.
This cysteine-rich domain is highly conserved, and the tyrosine at
position 26 in HIV-1 Tat corresponds to the tyrosine at position 55 in
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(15, 58). Furthermore, it was recently demonstrated that
pTEFb also directs the recruitment of the TATA-box-binding
protein (TBP) to the LTR promoter and thus stimulates the
assembly of new transcription complexes (16, 61).

The TAR structure of STVmac239 is very similar to that of
HIV-2ROP (8). It was previously demonstrated that mutation
or deletion of the bulge nucleotides in HIV-2R®P TAR re-
duces Tat binding and #rans activation (32, 63). Furthermore,
the 6-nt loop sequences of SIVmac239 TAR are identical
(stem-loop 1) or nearly identical (stem-loop 2) to the loop
sequence in HIV-1 TAR, and it has been shown that mutation
of the first and third loop nucleotides (corresponding to
C*H3768 and G™3%*7°, respectively, in SIV TAR) abolishes
Tat trans activation in HIV-1 (10). We therefore inactivated
both stem-loop 1 and stem-loop 2 by mutation of the bulge and
loop sequences to discontinue the Tat responsiveness of the
SIVmac239 LTR promoter (Fig. 2A). We performed an
EMSA to analyze the binding of the SIV Tat protein to wild-
type and mutant TAR RNAs (Fig. 2B). In the absence of Tat,
wild-type and mutant TAR RNAs migrate similarly on a non-
denaturing polyacrylamide gel. Upon the incubation of the
RNA with Tat, wild-type TAR efficiently binds Tat, resulting in
the appearance of a slower-migrating Tat-TAR complex. This
Tat-TAR complex is not formed with the mutant TAR RNA,
demonstrating that the TAR mutations do effectively prevent
the binding of Tat.

To turn this TAR-mutated LTR into a DOX-inducible SIV-
rtTA promoter, we introduced two fetO elements between the
NF-«B and Spl binding sites (Fig. 3A and 4C). This arrange-
ment is effective in the DOX-dependent HIV-rtTA variant.
We used the optimized 2AtetO configuration with a truncated
spacer between the rtTA-binding sites (53), which was fre-
quently observed during the evolution of HIV-rtTA and sig-
nificantly improved virus replication (54). To test the DOX
responsiveness of the SIV-rtTA promoter, a plasmid in which
the new promoter controlled the expression of luciferase was
constructed and cotransfected with an rtTA-expressing plas-
mid into C33A cells. After 2 days of culturing with 0 to 1,000
ng/ml DOX, we measured the intracellular luciferase level,
which reflects promoter activity (Fig. 3C). This SIV-rtTA pro-
moter was found to be inactive in the absence of DOX, and the
activity gradually increased with an increasing DOX level. Sim-
ilar promoter-reporter constructs with a wild-type TAR se-
quence (TAR™) or with the HIV-rtTA promoter, which were
included as controls, show similar DOX-dependent activities

SIVmac239 Tat. We therefore introduced the Y55A mutation in the
SIVmac239 Tat open reading frame. This mutation did not affect any
other gene or known underlying sequence element. (C) C33A cells
were transfected with a plasmid in which the expression of firefly
luciferase was controlled by the LTR promoter of either SIV-rtTA,
SIV-rtTA-TARY, or HIV-rtTA and an rtTA-expressing plasmid.
Transfected cells were cultured with 0 to 1,000 ng/ml DOX. (D to F)
Cells were transfected with a plasmid in which the expression of firefly
luciferase was controlled by the LTR promoter of either SIV-rtTA,
SIV-rtTA-TAR™, or HIV-1 and 0 to 50 ng of a plasmid expressing
wild-type SIV Tat (D), HIV-1 Tat (E), or Y55A-mutated SIV Tat (F).
The intracellular luciferase level, which reflects promoter activity, was
measured at 2 days after transfection. The error bars represent the
standard deviations for two to five experiments (n.d., not determined).
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(Fig. 3C). To demonstrate that the SIV-rtTA promoter is not
responsive to Tat, we transfected C33A cells with the LTR-
luciferase construct and 0 to 50 ng SIV Tat™'-expressing
plasmid in which the Tat exon 1 and exon 2 sequences of
SIVmac239 were fused and placed downstream of a cytomeg-
alovirus promoter. Two days after transfection, the SIV-rtTA
promoter activity was analyzed by measuring the intracellular
luciferase activity (Fig. 3D). Whereas the SIV-rtTA construct
did not respond to Tat, the control SIV-rtTA-TAR™" construct
showed increased activity with an increasing amount of Tat. An
HIV-1 LTR-luciferase construct with a wild-type TAR hairpin
similarly responded to SIV Tat. Cotransfection of the pro-
moter constructs with an HIV-1 Tat expression plasmid re-
vealed that the SIV-rtTA promoter is also not responsive to
HIV-1 Tat, whereas the SIV-rtTA-TAR™ and HIV-1 con-
structs are (Fig. 3E). This DOX-responsive, Tat-independent
SIV-rtTA promoter was introduced in both the 5" and 3’ LTRs
of the SIVmac239 genome (Fig. 1), such that this promoter will
be stably inherited in the viral progeny.

Inactivation of Tat. Since the tat gene in the SIVmac239
genome overlaps with the vpr, rev, and env genes, we decided to
minimally mutate the Tat open reading frame. For the con-
struction of HIV-rtTA, we had previously introduced a ty-
rosine-to-alanine substitution at position 26 (Y26A) in the
cysteine-rich domain of HIV-1 Tat, which effectively inacti-
vated the transcription function (72). Despite differences in
sequence and size between the HIV-1 and SIVmac239 Tat
proteins, both proteins have similar modular structures (Fig.
3B). The cysteine-rich domain is highly conserved, and the
tyrosine at position 26 in HIV-1 Tat corresponds to the ty-
rosine at position 55 in SIVmac239 Tat. We therefore intro-
duced the Y55A mutation in the SIVmac239 Tat open reading
frame. This mutation did not affect any other gene or any
known underlying sequence element. To analyze the effect of
this mutation on transcriptional activity, we made a Y55A-
mutated STVmac239 Tat expression plasmid (SIV Tat™), which
was cotransfected with the SIV-rtTA-TAR™ luciferase re-
porter construct into C33A cells. This reporter construct did
not respond to SIV Tat™ (Fig. 3F), whereas it was responsive
to SIV Tat™ and HIV-1 Tat (Fig. 3D and E). Similarly, the
HIV-1 luciferase construct was not activated by SIV Tat™ (Fig.
3F), whereas it was activated by SIV Tat™" and HIV-1 Tat (Fig.
3D and E). These results demonstrate that the Y55A mutation
effectively inactivated the transcription activation function of
SIV Tat.
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Insertion of the rtTA gene. In STV and HIV, the deletion of
the accessory Nef function does not abolish replication, and
the spontaneous deletion of nef sequences has been observed
in vivo (22, 29, 45, 46, 49, 64). We therefore introduced the
optimized 1tTApgey az0or gen€ at the position of the nef gene
(Fig. 1). This rtTA variant was isolated upon the evolution of
HIV-rtTA and is more active and DOX sensitive than the
original rtTA (28). In STVmac239, the 5’ end of the nef open
reading frame overlaps the env gene, while the 3’ end overlaps
the U-box (39), the polypurine tract (PPT), and the U3 region
of the LTR promoter (Fig. 4A). We replaced the nef sequences
downstream of the env gene and upstream of the U-box/
PPT/U3 region with the rtTA coding sequence. In addition, we
mutated the original AUGN" translation start codon and three
downstream AUG codons (AUG™™Y) that precede the new
AUG™"™ start codon on the spliced Nef transcript (Fig. 4B).
The four AUG mutations were chosen to be synonymous in the
env open reading frame and thus do not affect the Env protein.
As a result, the spliced RNA transcript that formerly encoded
Nef now encoded rtTA. To demonstrate that SIV-rtTA can
indeed express rtTA, we transfected the SIV-rtTA plasmid into
HeLa X1/6 cells, which contain a chromosomally integrated
copy of the DOX/rtTA-responsive tetO promoter/luciferase
reporter construct (6). When cells were cultured for 2 days
without DOX, no luciferase expression was detectable, while a
high luciferase level was measured with DOX, which demon-
strates that rtTA is properly expressed (data not shown).

Designed SIV-rtTA variant does not replicate in T cells.
Replication of the constructed SIV-rtTA variant was tested in
the PM1 T-cell line, a clonal derivative of HUT78, which ex-
presses CCRS and allows the replication of the parental SIV-
mac239 strain (19, 52) (Fig. 5). Cells were transfected with the
SIV-rtTA plasmid and cultured in the presence and absence of
DOX. As intended, the virus did not replicate in the absence of
DOX. However, the virus did also not show any replication in
the presence of DOX. In contrast, the SIVmac239 control
replicated efficiently and independent of DOX, and the HIV-
rtTA control showed efficient replication only in the presence
of DOX. Similarly, SIV-rtTA showed no replication in other
T-cell lines (174xCEM, MT-2, MT-4, MOLT-CCRS, SupT1),
whereas the STVmac239 and HIV-rtTA controls did replicate
in these cells (data not shown). These results are in strong
contrast with our previous HIV-rtTA studies. The original
HIV-rtTA construct did replicate, although considerably less
efficiently than wild-type HIV-1. This poorly replicating HIV-

FIG. 4. Insertion of the rtTA gene and deletion of U3 sequences. In SIVmac239, the 5" end of the nef open reading frame overlaps the env gene,
while the 3’ end overlaps the U-box (U), the PPT, and the U3 region of the LTR promoter (including the attachment sequence required for
integration; att). The SIV-rtTA modifications are shown schematically (A) and in detail (B and C). In SIV-rtTA, we replaced the nef sequences
downstream of the env gene and upstream of the U-box with the rtTA gene. In addition, we mutated the original AUGN®' translation start codon
and three downstream AUG codons (AUG" V) that precede the new AUG™™ start codon on the spliced Nef transcript (AUG codons are
underlined in panel B). The four AUG mutations (boxed in gray in panel B) were chosen to be synonymous in the env open reading frame and
thus not to affect the Env protein. The SIV-rtTA-Env™ variant does not carry these four AUG mutations and will produce a Nef-rtTA fusion
protein in which 60 Nef amino acids are fused to the N terminus of the rtTA protein. In the SIV-rtTA-Env""*'°P variant, a translation stop codon
was introduced between these Env and rtTA sequences (translation stop codons are indicated with *; mutations are boxed in gray). Accordingly,
translation starting at AUGN®! will result in the production of a 57-amino-acid Nef polypeptide, while the reinitiation of translation at the AUG™ ™
will result in the production of rtTA. In SIV-rtTA-TAR™, the wild-type TAR sequence was reintroduced. In the SIV-1tTA-AU3 variants, the
Nef-U3 sequences present between the att sequence and either the NF-«B site (SIV-rtTA-AU3-380) or the fetO elements (SIV-rtTA-AU3-405)
were deleted. The numbering is according to the SIVmac239 proviral genome sequence in GenBank/EMBL (accession number M33262; gi
334647).
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FIG. 5. Replication of SIV-rtTA variants. PM1 T cells were trans-
fected with plasmids encoding the SIV-rtTA variants SIVmac239 and
HIV-rtTA. Cells were cultured in the presence (1 pwg/ml) and absence
of DOX, and viral replication was monitored by measuring the RT
level in the culture supernatant. Similar DOX-dependent replication
of SIV-rtTA-Tat"" and lack of replication of the other SIV-rtTA vari-
ants was observed in independent experiments.

rtTA could however evolve to a better-replicating variant
through modifications in the fetO configuration and mutations
in the rtTA gene (53, 54). The inability of SIV-rtTA to repli-
cate came as a surprise, since we introduced the optimized tetO
conformation and rtTA gene, and the modifications in TAR
and Tat resemble the mutations that we introduced in HIV-
rtTA. SIV-rtTA did also not show any replication in long-term
cell cultures, indicating that one or several of the modifications
affect replication so severely that evolution of the virus is
prevented.

SIV-rtTA requires Tat for replication. To find out which
SIV-rtTA modification obstructed viral replication, we made
new SIV-rtTA variants (Fig. 4) in which we restored either the
wild-type TAR sequence (SIV-rtTA-TAR™), the wild-type Tat
sequence (SIV-rtTA-Tat"™"), or the AUGN®' and AUG"™Y
codons in the nef-env overlap (SIV-rtTA-Env™"). The latter
back-mutations will result in the production of a Nef-rtTA
fusion protein in which 60 Nef amino acids are fused to the N
terminus of the rtTA protein. Since the effect of such a fusion
on rtTA activity is unknown, we made an additional variant in
which a translation stop codon was introduced between the
Env and rtTA sequences (SIV-rtTA-Env"""*'°P). In this variant,
translation starting at AUG™*! will result in the production of
a 57-amino-acid Nef polypeptide, while reinitiation of transla-
tion at AUG™™ will result in the production of rtTA. Since
the efficiency of this reinitiation step is expected to be relatively
low, we realized that this variant might not produce sufficient
rtTA to allow SIV-rtTA replication.

The introduction of rtTA and fetO elements in SIV-rtTA
had increased the size of the viral RNA genome from 9637 to
10270 nt [excluding the poly(A) tail]. Since we could not ex-
clude the possibility that this genome was too large to be
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FIG. 6. SIV-rtTA-Tat™ gene expression is controlled by DOX.
C33A cells were transfected with the SIV-rtTA (Tat™), SIV-rtTA-
Tat™, or SIVmac239 molecular clone and cultured without and with 1
pg/ml DOX for 2 days. Virus production was monitored by measuring
the RT (right) and CA-p27 (left) levels in the culture supernatant. The
error bars represent the standard deviations from two experiments
(n.d., not determined).

efficiently packaged into virions, we made two additional SIV-
rtTA variants from which we deleted the Nef-U3 sequences
present between the attachment sequence required for inte-
gration (30) and either the NF-«B site (SIV-rtTA-AU3-380;
Fig. 4C) or the tetO elements (SIV-1tTA-AU3-405; Fig. 4C),
which reduced the genome size to 9890 or 9865 nt, respectively.
Deletions in this part of the U3 region have previously been
observed for Nef-deleted SIV and HIV variants in vivo (22, 29,
45, 46, 49, 64), which demonstrates that such deletions do not
abolish viral replication.

We assayed the replication of all variants in PM1 cells (Fig.
5). Only the SIV-rtTA-Tat"* variant showed efficient replica-
tion in the presence of DOX and no replication in the absence
of DOX. The other newly constructed variants did not show
any replication with or without DOX. These results demon-
strate that the YS5A mutation in Tat is responsible for the
replication defect of the original SIV-rtTA. Restoration of the
wild-type Tat sequence resulted in an SIV variant that repli-
cated efficiently and exclusively in the presence of DOX.

Tat does not affect SIV-rtTA gene expression. This SIV-
rtTA-Tat™" variant carries the TAR mutations that abolish
Tat-mediated activation of transcription (Fig. 3D). To demon-
strate that the gene expression of this virus is controlled by the
rtTA-tetO axis and therefore dependent on DOX, we trans-
fected the SIV-rtTA-Tat™ molecular clone into C33A cells
and monitored virus production by measuring the RT and
CA-p27 levels in the culture supernatant after 2 days (Fig. 6).
When cells were cultured without DOX, virus production was
low, whereas high virus production was observed when cells
were cultured with DOX. The SIVmac239 control showed high
virus production both with and without DOX. This result dem-
onstrates that the gene expression of SIV-rtTA-Tat™" is indeed
dependent on DOX, which is in agreement with the strict
DOX control of viral replication. The original SIV-rtTA (with
the Y55A Tat mutation; Tat™ in Fig. 6) showed a similarly high
level of virus production with DOX, and a low level without
DOX, compared with the SIV-rtTA-Tat™" variant. Consistent
with this, Northern blot analysis of intracellular RNA revealed
similar levels of spliced and unspliced viral RNA in the cells
transfected with SIV-rtTA or SIV-rtTA-Tat™" and cultured
with DOX (data not shown). These results demonstrate that
wild-type Tat does not contribute to gene expression in the
context of the TAR-mutated SIV-rtTA genome, in which tran-
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scription is controlled by DOX/rtTA. However, SIV-rtTA rep-
lication is dependent on wild-type Tat, suggesting that Tat has
a second function in SIV replication other than the activation
of transcription through TAR binding.

DISCUSSION

We here present a conditionally live SIVmac239 variant that
replicates exclusively in the presence of DOX. The natural
Tat-TAR transcription control mechanism in this SIV-rtTA
variant was inactivated and functionally replaced by the rtTA
and fetO components of the DOX-inducible Tet-On regulatory
system. Since the rtTA protein can bind the tetO elements in
the LTR promoter and activate transcription only in the pres-
ence of DOX, viral replication can be switched on and off by
DOX administration and withdrawal, respectively. This DOX-
controlled SIV variant will allow in vivo studies in macaques to
determine the efficacy and safety of a conditionally live virus as
an AIDS vaccine.

Although transcription from the SIV-rtTA promoter is fully
controlled by DOX-rtTA, the virus was found to require a
wild-type Tat gene for replication. This requirement indicates
that Tat has a second essential function in SIV replication in
addition to its role in transcription. Tat did not affect SIV-rtTA
gene expression, suggesting that Tat is required in another step
of the viral replication cycle. It seems unlikely that this second
Tat function involves binding to TAR RNA, since the Tat-
TAR binding study demonstrated that the mutations in the
SIV-rtTA TAR element prevent Tat binding. Multiple addi-
tional roles for Tat have been suggested in HIV-1 biology; for
example, Tat has been reported to affect mRNA capping, splic-
ing, and translation (14, 18, 20, 21, 23, 67, 69, 78), to stimulate
reverse transcription (1, 36, 37, 42, 43, 71), and to suppress
RNA interference (7, 35). Moreover, Huang et al. demon-
strated that HIV-1 variants regulated by the Gal4-VP16 trans-
activator protein require Tat for infectivity (38), and we re-
cently observed that the introduction of a frameshift mutation
in the HIV-1 Tat gene, which prevents Tat production, abol-
ished HIV-rtTA replication. These studies suggest that Tat has
also a second, nontranscriptional function in HIV-1 replica-
tion. The introduction of a Y26A mutation in HIV-1 Tat,
which corresponds to the Y55A mutation in SIV Tat, impaired
the transcription function but did not hinder HIV-rtTA repli-
cation (73). These results suggest that the Y26A mutation
affects the first but not the second function of Tat in HIV-1
biology.

SIV-rtTA, like wild-type SIV, is subject to spontaneous evo-
lution during replication due to the error-prone reverse tran-
scription process and a continuous selection pressure. We have
extensively studied the evolutionary possibilities of HIV-rtTA
in long-term cultures and demonstrated that the components
of the Tet-On system, which are essential for virus replication,
were stably maintained in the viral genome. In fact, we ob-
served mutations in both the rtTA gene and the tefO elements
that significantly improved virus replication (28, 53, 54, 80). We
have also observed specific mutations in rtTA that reduced
DOX control (81) and developed a novel rtTA variant that
blocks this undesired evolutionary route (79, 81). This stabi-
lized rtTA variant will similarly increase the genetic stability of
SIV-rtTA. We never observed a reversion to the Tat-TAR
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mechanism of transcription control in the HIV-rtTA evolution
experiments, and the virus stably maintained the introduced
mutations in Tat and TAR. Unlike HIV-rtTA, the replicating
SIV-rtTA variant expresses wild-type Tat protein, and the re-
version of the TAR mutations during evolution would restore
the Tat-TAR control mechanism. However, this evolution
route would require multiple nucleotide substitutions in the
TAR element, which is not likely to occur. Indeed, we never
observed restoration of the Tat-TAR axis in multiple long-
term cultures of SIV-rtTA. Nevertheless, we could further
reduce the likelihood of this unwanted evolution route by
introducing novel mutations in Tat that would inactivate its
first function (activation of transcription) but not its second
function. However, such Tat mutations remain to be identified.
Alternatively, this evolution route can be blocked by the com-
plete or partial deletion of TAR (e.g., only stem-loops 1 and 2),
as we recently showed that the complete removal of TAR in
HIV-rtTA does not significantly affect replication (25).

Why the live attenuated virus vaccines are so much more
effective than other vaccine approaches remains to be deter-
mined. Whereas other vaccines contain or produce only one,
or a subset, of the viral proteins, the live attenuated viruses
express most of the viral antigens and may therefore elicit
broad immune responses. Furthermore, since the live attenu-
ated viruses replicate in a similar way and in the same cells as
the wild-type virus, they may induce protective immune re-
sponses at the site of natural infection. Understanding the
mechanism for protection conferred by live attenuated SIV will
obviously facilitate the development of improved HIV vaccines
(48, 76). The DOX-dependent SIV-rtTA variant seems to be
an ideal tool to study the immune correlates of protection,
since both the level and the duration of replication can be
controlled by DOX administration. Such studies may reveal
the critical information needed for the design of an HIV vac-
cine that is safe and equally effective as a live attenuated virus.
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