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Live attenuated human immunodeficiency virus type 1 (HIV-1) vaccines are considered unsafe because
faster-replicating pathogenic virus variants may evolve after vaccination. We previously presented a condi-
tional-live HIV-1 variant of which replication can be switched off as an alternative vaccination strategy. To
improve the safety of such a vaccine, we constructed a new HIV-1 variant that depends not only on doxycycline
for gene expression but also on the T20 peptide for cell entry. Replication of this virus can be limited to the
level required to induce the immune system by transient administration of doxycycline and T20. Subsequent
withdrawal of these inducers efficiently blocks viral replication and evolution.

Human immunodeficiency virus type 1 (HIV-1) vaccines
based on a live attenuated virus have shown some promise in
the simian immunodeficiency virus (SIV)-macaque model but
are generally considered unsafe for use in humans (1, 9, 13, 14,
23). The major problem is the persistence of the attenuated
virus, and ongoing replication may eventually lead to the se-
lection of fitter and more pathogenic virus variants (2, 3, 8).
Ideally, one would like to restrict virus replication to the time
that is needed to provide full protection. Several approaches
have been reported that address this issue. For instance, virus
replication can be stopped after vaccination by administration
of antiviral drugs (19). Whereas this may be a good strategy for
in vitro studies, application in humans seems problematic be-
cause long-term virus inhibition will require continuous drug
administration and the virus may develop drug resistance. An
alternative approach is the construction of a “single-cycle”
virus that can execute only a single round of replication. How-
ever, it is questionable whether such limited replication will be
sufficient for the induction of protective immunity.

We and others previously presented a unique genetic ap-
proach that uses a conditional-live HIV-1 virus (7, 10, 11, 24,
25). In this HIV-rtTA virus, the Tat-TAR regulatory mecha-
nism that controls viral gene expression and replication was
inactivated by mutation of both the Tat gene and the TAR
RNA structure and functionally replaced by the Tet system for
inducible gene expression (6). 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 long terminal repeat promoter. Since the
rtTA protein can only bind tetO and activate transcription in
the presence of doxycycline (DOX), the HIV-rtTA variant
replicates exclusively when DOX is administered. Upon vacci-
nation with this virus, replication can be temporarily activated

and controlled to the extent needed for induction of the im-
mune system by transient DOX administration. The initial
HIV-rtTA virus has been improved significantly by virus evo-
lution (12, 21, 22), 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 (18). However, additional
safety features may be required before such a vaccine virus can
be considered for use in humans.

We recently came across another way to control HIV-1
replication by a nontoxic drug. An HIV-1 patient within the
Academic Medical Center (University of Amsterdam, Amster-
dam, The Netherlands) entered a clinical trial with the entry
inhibitor T20 (also called enfuvirtide and fuzeon) in 2001. T20
is a 36-mer peptide that mimics part of the HR2 domain of the
envelope gp41 protein (Env-gp41), which is intrinsically in-
volved in the fusion of the viral and cellular membranes (4).
Although viral replication was successfully inhibited initially, a
gradual increase in the viral load suggested the emergence of
T20-resistant HIV-1 variants, and we set out to perform a
detailed genotypic and phenotypic analysis (5). An initial
amino acid change (Val-554-Ala [Env coordinates]) within the
HR1 portion of Env-gp41 was found to provide resistance to
T20 (26). Most intriguingly, an additional change (Asn-642-
Lys) within HR2 was observed that improved the level of
resistance yet abolished the ability of the virus to replicate in
the absence of T20. In other words, this double mutant is
dependent on the T20 peptide for replication, and a mecha-
nistic model was presented to explain T20-induced viral entry
(5).

We decided to construct an HIV-1 virus that replicates only
in the presence of both T20 and DOX by introducing the
observed gp41 changes into HIV-rtTA. These mutations had
been introduced earlier into a molecular clone of the CXCR4-
tropic HIV-1 LAI isolate (5). The DraI-BamHI Env fragment
of this clone was used to replace the corresponding sequences
in the optimized HIV-rtTA construct that contains the 2�tetO
configuration (21) and the rtTA-F86Y variant with greatly
improved DOX sensitivity (12) (Fig. 1A). This HIV-rtTA–T20
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plasmid was transfected into the SupT1 T-cell line, and viral
replication was assayed in the presence or absence of DOX
and T20. We used the parental HIV-rtTA virus as a control.
This virus requires only DOX for replication and is effectively
inhibited by the antiviral peptide T20 (Fig. 1B). HIV-rtTA–
T20 replicates exclusively in the presence of both DOX and
T20 (Fig. 1C). Addition of a single inducer, either DOX or
T20, is not sufficient to support replication of this new HIV-1
variant.

Because DOX and T20 control different steps of the HIV-1
replication cycle, additional manipulation seems possible. For
instance, the sole addition of DOX to cells carrying the inte-
grated HIV-rtTA–T20 provirus will result in another round of
virus production, yet the infection of new cells and virus spread
will be blocked in the absence of T20. In fact, this plus-DOX–
no-T20 regimen seems to be an ideal strategy for booster
vaccination without further virus spread (Fig. 2A). Repeated
DOX administration will not only boost the immune system
but may also lead to the removal of antigen-expressing cells by
the immune system. This elimination of provirus-containing
cells will further improve the safety of the vaccine. To test this
scenario, we started four cultures of HIV-rtTA–T20 in SupT1
cells in the presence of both DOX and T20 (Fig. 2B). Viral
replication resulted in the detection of CA-p24 and the ap-
pearance of syncytia in the culture. At day 3 we washed out
both inducers, which resulted in silencing of viral replication,
and the CA-p24 level dropped below the level of detection
around day 11. At day 35, each culture was split in four samples
that were treated differently. Addition of both DOX and T20
induced a spreading infection with high CA-p24 levels and
large syncytia. Addition of only DOX did activate a modest
level of virus production, but did not result in a spreading
infection. The untreated control and the sample that received
only T20 did not produce any virus.

We have described the construction of an HIV-1 variant that
is dependent for its replication on the antibiotic DOX and the
antiviral peptide T20. This double dependency clearly im-
proves the safety of this virus as a conditional-live virus vac-
cine. Since the T20-dependent phenotype is the product of
natural virus evolution, one could wonder whether the same
evolution process may hamper the proposed vaccine approach.
For instance, HIV-rtTA–T20 could evolve to a T20-resistant or
wild-type-like T20-sensitive phenotype. T20 resistance would
require a Lys-642-Asn reversion in HR2, and we could try to
limit this escape route by introducing an alternative Lys codon
(or perhaps even an alternative amino acid) that needs multi-
ple nucleotide substitutions to convert into an Asn codon.
Evolution to the wild-type phenotype is more difficult, because
it requires an additional Ala-554-Val reversion in HR1. The
alternative with an initial change in HR1 seems impossible,
because a virus that carries only the HR2 mutation does not
replicate (5). These evolutionary possibilities will be addressed
in future studies. However, we emphasize that the DOX con-
trol of viral gene expression provides an efficient and indepen-
dent means to prevent HIV-rtTA–T20 evolution, as the virus
cannot evolve if it does not replicate. Nevertheless, we realize
that the efficacy and safety of this vaccine approach requires
further testing in the SIV-macaque model, and we recently
managed to construct a DOX-dependent version of SIV-
mac239 for this purpose (unpublished results). It will be of

FIG. 1. Conditional-live HIV-1 variants. (A) In the HIV-rtTA vi-
rus, the Tat-TAR axis of transcription regulation has been inactivated
by mutation of both Tat and TAR (crossed boxes), and transcription
and replication of the virus was made DOX dependent by introducing
tetO elements in the long terminal repeat (LTR) promoter region and
replacing the Nef gene with the rtTA gene. A T20-dependent HIV-
rtTA–T20 variant was constructed by introduction of the Val-554-Ala
and Asn-642-Lys mutations in the Env-gp41 domain. This construction
caused an additional Asn-641-Ser mutation that does not affect virus
replication (5) (unpublished results). (B and C) Replication of HIV-
rtTA and HIV-rtTA–T20. SupT1 T cells were transfected with 1 �g of
the molecular clones and cultured in the presence (�) or absence (-)
of 100 ng of DOX/ml and 500 ng of T20/ml (as described previously [5,
12]). Virus replication was monitored by CA-p24 enzyme-linked im-
munosorbent assay (ELISA) on culture supernatant samples. A typical
experiment is shown. Similar results were obtained in independent
experiments that were started by either infection or transfection of
SupT1 cells.
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interest to test if the T20-dependent phenotype can also be
transferred onto the Env protein of SIVmac239. This may not
be straightforward, because T20 is not an effective inhibitor of
SIV. However, more potent inhibitor peptides with a broader-
activity spectrum have been developed, e.g., T1249, although
its clinical development was recently suspended (15–17, 20).
Future virus evolution and selection experiments with such
compounds may provide means to control SIV entry into the
cell by a nontoxic drug. Finally, the phenotype of T20-depen-
dent virus entry and DOX-dependent gene expression pro-
vides a nice research tool to dissect multiple steps in viral
replication, and it may provide a means to synchronize HIV-1

viruses or HIV-based lentiviral vectors at the level of gene
expression or infection.
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