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Human immunodeficiency virus type 1 (HIV-1) primarily infects CD4+ lymphocytes and macrophages and
causes AIDS in humans. Retroviral vectors allowing neomycin phosphotransferase (npt) gene expression were
engineered to express 5' sequences of HIV-1 RNA in the antisense or sense orientation and used to transform
the human CD4+ lymphocyte-derived MT4 cell line. Cells expressing antisense or sense RNA to the HIV-1 tat
mRNA leader sequence, as part of the 3' untranslated region of the npt mRNA, remained sensitive to HIV-1
infection. In contrast, resistance to HIV-1 infection was observed in cells expressing antisense RNA to the
HIV-1 primer-binding site or to the region 5' to the primer-binding site as part of the 3' region of the npt
mRNA. Cells expressing the tat mRNA leader sequence in the sense orientation as a precise replacement of the
5' untranslated region of npt mRNA were also resistant to HIV-1. These results indicate that sense and
antisense approaches can be used to interfere with HIV-1 multiplication.

AIDS is caused by a retrovirus, human immunodeficiency
virus type 1 (HIV-1) (3). This virus primarily infects CD4+
lymphocytes and macrophages. Although other cell types
also become infected, HIV-1 seems to preferentially kill
CD4+ lymphocytes (17). These lymphocytes, as well as the
other fully differentiated cells within the hematopoietic sys-
tem, including mature myeloid and lymphoid cells, are
maintained by the continuous proliferation and differentia-
tion of relatively small numbers of stem cells. Thus, if a stem
cell could be made resistant to HIV-1 by the transfer of
anti-HIV-1 constructs with retroviral vectors, then its prog-
eny, including cells within the immune system, might also be
HIV-1 resistant. Toward this aim, retroviral vectors are
being developed and tested in vitro and in vivo with hema-
topoietic stem cells, fibroblasts, hepatocytes, and endothe-
lial cells (6, 10, 16, 29).

It may be possible to interfere with HIV-1 multiplication at
the level of replication and/or gene expression by using
antisense (35) or sense (26, 33) RNA strategies. Antisense
RNA, complementary to a specific portion of an RNA
molecule, could, upon hybridization with target RNA se-
quences, disrupt reverse transcription, processing, transla-
tion, and/or transport of this RNA. Antisense RNAs have
been shown to alter the expression of selected genes in
several cell systems, including bacteria (25), Xenopus
oocytes (22), Drosophila embryos (30), and plant (8) and
mammalian (12) cells. Avian retrovirus (34) and human
T-cell lymphotropic virus type I (36) replication has also
been shown to be inhibited in antisense RNA-expressing cell
lines. The degree of inhibition obtained in these studies was
variable and depended on many factors, including size,
hybridization location, secondary structure, and level of
expression of both the antisense RNA and the target mRNA
whose expression was being modulated.
A sense RNA approach has been used to block replication

of the genome of a plant RNA virus by using the origin of
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replication located at the 3' end of the genome as a compet-
itive inhibitor for viral replicase (26). RNA-RNA and RNA-
protein interactions are crucial for HIV-1 replication, trans
activation, transcription, transport, translation, and packag-
ing, and the HIV-1 RNA sequences involved in these inter-
actions are known (3). RNA containing these sequences in a
sense orientation followed by non-HIV-1 sequences could
compete with HIV-1 mRNAs for binding of RNA and/or
protein and result in inhibition of HIV-1 multiplication.
HIV-1 replication takes place by using virally encoded

reverse transcriptase and cellular tRNA'YS, which binds to
the HIV-1 primer-binding site (PBS) via an 18-nucleotide-
long sequence complementarity (3). This region is highly
conserved among all HIV-1 isolates. Upon cDNA synthesis
to the 5' region of the HIV-1 RNA and RNase H degradation
of the template RNA, this cDNA hybridizes to the comple-
mentary sequences present at the 3' end of the HIV-1 RNA.
Interference at the level of initiation of HIV-1 replication
could be achieved by expression of antisense RNA to the
PBS that could compete with the primer tRNA Lys for
binding to the HIV-1 PBS. Antisense RNA to the region 5' to
the HIV-1 PBS could further prevent elongation of HIV-1
replication. In fact, exogenously added short synthetic oli-
godeoxyribonucleotides have been shown to inhibit HIV-1
multiplication (21). Alternatively, interference with HIV-1
replication may be achieved by expressing sense RNA to the
5' sequences of HIV-1 that could compete with HIV-1 RNA
during the strand-switching process.
HIV-1 mRNAs used for synthesis of various HIV-1 pro-

teins contain 287 identical nucleotides at their 5' end. This
region contains a trans activation-responsive (TAR) element
that allows for a 1,000-fold increase in HIV-1 gene expres-
sion upon interaction with the HIV-1 tat protein. Interfer-
ence with HIV-1 gene expression at the level of translation
may be achieved by expressing antisense RNA to the 5'
leader sequence of HIV-1. Similarly, sense RNA to HIV-1
leader sequence could inhibit gene expression (i.e., trans
activation) by acting as a competitor for factors which
normally bind to the HIV-1 mRNAs.
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In this study, various retroviral vectors were engineered
to express chimeric RNA containing antisense or sense RNA
to the 5' sequence of HIV-1 RNA in human CD4+ lympho-
cyte-derived cell lines, and cells were tested for susceptibil-
ity to HIV-1 infection.

MATERIALS AND METHODS
Enzymes and chemicals. All restriction enzymes were

purchased from Bethesda Research Laboratories, Inc. T4
DNA ligase, T4 polynucleotide kinase, and DNA polymer-
ase I Klenow fragment were obtained from Pharmacia. Calf
intestinal alkaline phosphatase and 5-bromo-4-chloro-3-
indolyl-3-D-galactopyranoside were obtained from Boehr-
inger Mannheim. Isopropyl-thio-p-D-galactoside was ob-
tained from P-L Biochemicals, Inc. Bovine calf serum,
geneticin (G418), antibiotics (containing penicillin, strepto-
mycin, and amphotericin B [Fungizone]), L-glutamine, a-
minimal essential medium and RPMI 1640 medium were
purchased from GIBCO. P24 antigen detection kit was
obtained from Abbott Laboratories.

Plasmid constructions. Unless stated otherwise, all recom-
binant DNA techniques were performed as described in
reference 19. Site-specific in vitro mutagenesis was done
essentially as described in reference 15 with minor modifi-
cations (13). DNA sequences were confirmed by previously
described procedures (23, 31). Nucleotide sequences from
the HIV-lHXB2 strain (28) were used to design all antisense
and sense RNA-expressing vectors.
Moloney murine leukemia virus-derived retroviral vectors

pUCMoTN and pBRMoTN (18) were used in this study. In
these vectors, the 3' untranslated region of neomycin phos-
photransferase (npt) mRNA contains about 1,400 nonessen-
tial nucleotides between the AsuII and ClaI sites. These
nucleotides were therefore deleted in the vector
pUCMoTNAAC by AsuII-to-ClaI deletion and religation at
these compatible sites.
pUCMoTN-PBS(-) and pUCMoTN-5'PBS(-) vectors

were constructed as outlined below. The following oligonu-
cleotides, PBS(-) and 5'PBS(-), containing the reverse
complement of the sequences desired to be present on the
RNA were synthesized:
PBS(-): pCTCTATAGGCTTCAGCTGGGGGttcgaaTT
TTTTTTTGGCGCCCGAACAGGGACTTGAATTTTT

atcgatCCCCCAACTAGAGCCTGGACCA
5 'PBS( -): pCTCTATAGGCTTCAGCTGGGGGaatcgat£
GGGGTTGTGTGGAAAATCTCTAGCAGGGittga

aCCCCCAACTAGAGCCTGGACCA
Nucleotides shown with a double underline can base pair
with each other, nucleotides shown in italics with an under-
line cannot base pair with each other, nucleotides shown in
boldface correspond to the HIV-1 PBS or to the region 5' to
the PBS, and nucleotides shown in lowercase letters corre-
spond to restriction sites (AsuII or ClaI) inserted for future
cloning purposes.
These oligonucleotides were used separately for in vitro

mutagenesis of the vector M13 containing the SphI-to-SstI
fragment of the vector pUCMoTNAAC. The correct clones
were identified by restriction enzyme analysis and confirmed
by DNA sequencing. The SphI-to-SstI fragment, containing
the DNA sequences mutagenized with the oligonucleotide
PBS(-) or 5'PBS(-), was then used to replace the unmuta-
genized portion of the pUCMoTN vector. The resulting
vectors were called pUCMoTN-PBS(-) and pUCMoTN-
5'PBS(-).

pUCMoTN-L(5'+) vector was constructed as follows. In
this vector, the 5' leader sequence of the npt mRNA was
precisely replaced with the HIV-1 tat mRNA leader se-
quence (12a). Essentially, five double-stranded oligonucleo-
tides were synthesized for this purpose. Starting from the 5'
end, these oligonucleotides contained PstI and ClaI restric-
tion sites, part of the herpes simplex virus thymidine kinase
(tk) promoter region from the MluI site to nucleotide -1,
nucleotides + 1 to the AUG of the HIV-1 tat mRNA 5' leader
sequence, part of the npt coding region from AUG to EagI,
and AsuII and EcoRI restriction sites. These oligonucleo-
tides were ligated together and cloned in M13 at the PstI and
EcoRI sites. Correct clones were identified by restriction
enzyme analysis, and the nucleotide sequence of the result-
ing vector, M13-L, was further confirmed by DNA sequenc-
ing. The MluI-to-EagI fragment of M13-L was then used to
replace the unmutagenized portions in a plasmid containing
the EcoRI-SphI fragment of pUCMoTN. The EcoRI-SphI
fragment of the resulting vector, containing the HIV-1 tat
mRNA leader sequence, was then cloned in the pUCMoTN
vector at the EcoRI and SphI sites. The resulting vector was
called pUCMoTN-L(5'+).
pBRMoTN-L(3'+) vector was constructed by cloning the

AsllII-to-ClaI fragment of the M13-L vector by blunt-end
ligation at the BamHI site in the vector pBRMoTN. The
correct clones containing the HIV-1 tat mRNA leader se-
quence in the sense orientation were selected by restriction
enzyme analysis.
The vector pUCMoTN-L(-), containing HIV-1 tat

mRNA 5' leader sequence in the antisense orientation, was
constructed by cloning the AsuII-to-ClaI fragment of M13-L
into the pUCMoTN vector at the AsuII-to-ClaI sites. The
correct clones containing these restriction sites were se-
lected by restriction enzyme analysis.

Cell lines. Psi-2 (20) and PA317 (24) packaging cell lines
were cultured in ox-minimal essential medium supplemented
with 2 mM L-glutamine, antibiotics (penicillin, 100 units/ml;
streptomycin, 100 jxg/ml; amphotericin B, 0.25 ,ug/ml), and
10% fetal calf serum at 37°C in a humidified atmosphere with
6% CO2. The human CD4+ lymphocyte-derived MT4 (sus-
pension) cell line was cultured in RPMI 1640 medium sup-
plemented with L-glutamine (2 mM), antibiotics, and fetal
calf serum (10%) at 37°C in an atmosphere of 6% CO2.

Transfection and infection of mammalian cell lines. Six
hours after 2 x 105 Psi-2 cells were seeded on 60-mm tissue
culture dishes in 4 ml of medium, the cultures were trans-
fected with 1 pLg of plasmid DNA by previously described
procedures (11, 37). Sixteen hours later, the cells were
washed and cultured. Once confluent, the cells were
trypsinized and transferred to 100-mm tissue culture dishes
and cultured in medium containing antibiotics, 10% calf
serum, and G418 (200 ,ug/ml). The selective medium was
changed every 4 to 5 days, and the number of colonies was
counted after 14 days.

Vector particles released from transformed Psi-2 cells at
50 to 100% confluency were obtained by filtering the culture
medium through a 0.22-,um-pore-size filter. These particles
were used to infect PA317 cells as described previously (14).
Essentially, 2 x 105 cells in 4 ml of medium were seeded for
6 h in 60-mm tissue culture dishes, after which this medium
was replaced by 1 ml of medium containing 8 ,ug of Poly-
brene per ml and 100 ,ul of vector particles. After 2 h of
incubation at 37°C, 3 ml of medium was added and the
incubation was continued for 16 more hours. Cells were then
trypsinized and transferred to 100-mm tissue culture dishes
in the presence of selective medium containing 200 ,ug of
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G418 per ml. The selective medium was changed every 4 to
5 days, and the number of colonies was counted after 14
days.
The transformed PA317 cell lines releasing retroviral

vector particles were used to infect MT4 cells by cocultiva-
tion (1). MT4 (106) cells in 10 ml of RPMI 1640 medium
containing L-glutamine, antibiotics, and 10% fetal calf serum
were placed on a 100-mm tissue culture dish containing
transformed PA317 cells (50% confluent). After 24 h of
cocultivation at 37°C, the infected MT4 cells in suspension
were transferred to a 100-mm petri dish and incubated in the
presence of the above medium supplemented with 400 jig of
G418 per ml. This selective medium was changed every 4 to
5 days for up to 3 to 4 weeks (time required for untrans-
formed cells to die). The pool of stably transformed MT4
cells (without further cloning) was then used for RNA
analysis and subjected to HIV-1 challenge.

Northern (RNA) blot and slot-blot analysis. RNA was
isolated as described in reference 4. Essentially, cells were
lysed in a denaturing solution containing guanidinium iso-
thiocyanate, and the total RNA was pelleted by centrifuga-
tion through a CsCl cushion. For Northern blot analysis,
total cellular RNA (9 rig) was loaded onto a 1.5% formalde-
hyde gel and subjected to electrophoretic separation. Frac-
tionated RNA was capillary blotted to a GeneScreen Plus
membrane (Dupont), which was then probed with the 32p_
labeled SstI-SstI fragment (188 nucleotides long) of pUC
MoTN-L(5'+) vector.
For slot-blot analysis, RNA was isolated as described in

reference 5. Essentially, total RNA was recovered from cell
lysates by a single extraction with a mixture of phenol and
chloroform. Total cellular RNA (9 jig) was immobilized onto
a GeneScreen Plus membrane by gentle suction with a
blotting manifold (Bethesda Research Laboratories). The
membrane was then probed with the 32P-labeled 188-nucle-
otide-long SstI-SstI fragment.
HIV-1 infection and p24 antigen detection. The titer of the

HIV-1IIIB strain replicated in MT4 cells (32) was determined
by using the same cell line. Without further propagation in
our laboratory, the titer of the HIV-1NL4-3 strain, replicated
in A3-01 cells transfected with the NL4-3 provirus DNA,
was also determined by using MT4 cells. For both HIV-1
strains, 10 p.l of virus preparation was used to infect 106 MT4
transformants (G418 resistant) in 1 ml of RPMI 1640 medium
containing L-glutamine, antibiotics, 10% fetal calf serum,
and 400 ,ug of G418 per ml. The cells were incubated at 37°C
in an atmosphere of6% Co2. Two hours later, the cells were
washed to remove unadsorbed virus particles and the incu-
bation was continued. Culture supernatant (100 jl) was
collected at various intervals and tested for p24 antigen
(24-kDa HIV-1 gag gene product) production by enzyme-
linked immunosorbent assay (ELISA). An optical density
value of 1 corresponds to 200 pgs of HIV-1 p24 antigen. The
maximum optical density value reported is 2 since values
greater than this could not be accurately measured owing to
the sensitivity of the ELISA reader.

RESULTS AND DISCUSSION

Moloney murine leukemia virus-derived retroviral vectors
pBRMoTN, pUCMoTN (18), and pUCMoTNAAC, contain-
ing the herpes simplex virus tk promoter driving npt gene
expression (conferring G418 resistance), were used in this
study. These vectors were engineered to express antisense
or sense RNA molecules to HIV-1 as part of the 3' or 5'
untranslated region of the npt mRNA. These vectors were
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FIG. 1. Retroviral vectors expressing antisense or sense RNA

molecules to HIV-1. (a) Interfering RNA (IR) corresponds to
antisense RNA to the HIV-1 PBS [MoTN-PBS(-)], to antisense
RNA to the region 5' to the PBS [MoTN-5'PBS(-)], or to the HIV-1
tat mRNA 5' leader sequence cloned in the antisense [MoTN-L(-)]
or sense [MoTN-L(3'+)] orientation. These sequences were cloned
as part of the 3' untranslated region of the npt mRNA. (b) Interfering
RNA corresponds to the 5' leader sequence of HIV-1 tat mRNA that
was used to precisely replace the 5' leader sequence of npt mRNA
[MoTN-L(5'+)]. TK, thymidine kinase; LTR, long terminal repeat.

used to generate transformed CD4+ lymphocyte-derived
MT4 cell lines, which were then tested for antisense or sense
RNA expression and for their susceptibility to HIV-1 infec-
tion.

Antisense RNA-expressing vectors. Antisense RNAs to
HIV-1 were expressed as part of the 3' untranslated region of
npt mRNA between the npt stop codon and the polypurine
tract (PPT). The following retroviral vectors were con-
structed (Fig. la): pUCMoTN-PBS(-), expressing antisense
RNA to the HIV-1 PBS (18 nucleotides long); pUCMoTN-
5'PBS(-), expressing antisense RNA to the 18-nucleotide-
long region 5' to the HIV-1 PBS; and pUCMoTN-L(-),
expressing antisense RNA to the HIV-1 tat mRNA 5' leader
sequence. This leader sequence contains 343 nucleotides, of
which the first 287 nucleotides are common to all HIV-1
mRNAs. Antisense RNAs to the HIV-1 PBS (18 nucleotides
long) and to the 18-nucleotide-long region 5' to the PBS are
of relatively short length. Therefore, to render them avail-
able for hybridization to the HIV-1 target mRNA, it seemed
important to express them as part of a loop structure. This
was achieved by selecting within the 3' untranslated region
of npt mRNA a stable stem-and-loop structure as predicted
by Zucker and Streigler's computer program (38) and replac-
ing the sequences within this loop with the HIV-1 antisense
RNA sequences. To further ensure that a stem structure will
form and that the antisense RNA sequences to HIV-1 will be
located at the center of the loop, base pairing in the stem
region was increased by the insertion of 9 bp and the base of
the loop was changed by the insertion at either end of 5
nucleotides that cannot base pair with each other.

Sense RNA-expressing vectors. The following retroviral
vectors were constructed: pUCMoTN-L(5' +), expressing
HIV-1 tat mRNA leader sequence (+1 to AUG; 343 nucle-
otides) precisely replacing the npt mRNA 5' leader sequence
(Fig. lb); and pBRMoTN-L(3'+), expressing HIV-1 tat
mRNA leader sequence as part of the 3' untranslated region
of npt mRNA (Fig. la).

Transformation of MT4 cell lines with retroviral vector

J. VIROL.
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FIG. 2. Antisense and sense RNA levels in MT4 transformants.
(a) Northern blot analysis of antisense and sense RNA to the HIV-1
tat mRNA 5' leader sequence expressed in MT4 cells containing
MoTN-L(-), MoTN-L(5'+), and MoTN-L(3'+). MT4 cells contain-
ing MoTN served as a control. MW, molecular weight. (b) Slot-blot
analysis of antisense RNA to the HIV-1 PBS or to the region 5' to
the PBS expressed in MT4 cells containing MoTN-PBS(-) or

MoTN-5'PBS(-), respectively.

particles. The retroviral vectors engineered to express an-

tisense [pUCMoTN-PBS(-), pUCMoTN-5'PBS(-), and
pUCMoTN-L(-)] and sense [pUCMoTN-L(5'+) and
pBRMoTN-L(3'+)] RNAs to HIV-1, as well as the vector
(pUCMoTN) lacking the test sequences, were used to trans-
fect the ecotropic Psi-2 packaging cell line. The retroviral
vector particles [MoTN-PBS(-), MoTN-5'PBS(-), MoTN-
L(-), MoTN-L(5'+), MoTN-L(3'+), and MoTN] released
from these transformants were used to infect the amphotro-
pic PA317 packaging cell line. These transformants, releas-
ing amphotropic retroviral vector particles, were then used
in cocultivation experiments to infect the MT4 cell line, and
stable MT4 transformants were selected by growth for up to
1 month in medium containing G418.

Antisense and sense RNA levels in MT4 transformants.
Northern blot analysis of RNA isolated from the MT4
transformants was performed to assess the level of expres-

sion of various antisense and sense RNA molecules to HIV-1
(Fig. 2a). The probe used in these experiments was the 32p_
labeled 188-nucleotide-long SstI-SstI fragment of pUC
MoTN-L(5'+) containing part of the HIV-1 tat mRNA 5'
leader sequence, including the HIV-1 PBS and the 18-
nucleotide-long region 5' to the PBS. This probe should
hybridize to the vector and npt mRNAs containing the
HIV-1 antisense or sense RNA sequences and not to RNAs
lacking these sequences. As shown in Fig. 2a, the presence

of RNAs containing antisense or sense RNA molecules to
HIV-1 was clearly detectable in the MT4 transformants
containing MoTN-L(-), MoTN-L(5'+), and MoTN-L(3'+).
It is noteworthy that similar levels of Moloney murine
leukemia virus long terminal repeat and tk promoter-driven
RNAs containing antisense and sense RNA sequences to
HIV-1 were expressed from all three vectors (Fig. 2a; data

not shown). Antisense RNA to the HIV-1 PBS or to the
region 5' to the PBS could not be detected in this experiment
(data not shown), most likely because base pairing between
these antisense RNAs and the probe was only over 18
nucleotides; for other sense and antisense RNAs, whose
expression could be detected, base pairing occurred over a
stretch of 188 nucleotides. Slot-blot analysis, at a lower
stringency, was therefore performed with the same probe to
detect the presence of RNAs containing the 18-nucleotide-
long antisense RNA sequences to the HIV-1 PBS and to the
region 5' to the PBS. As shown in Fig. 2b, the presence of
HIV-1 antisense RNAs expressed in the MT4 transformants
containing MoTN-PBS(-) and MoTN-5'PBS(-) was clearly
detectable under these conditions.

It is noteworthy that cells transformed with the MoTN-
L(5' +) vector allowing npt gene expression under control of
the tk-TAR fusion promoter were G418 resistant and allowed
high-level expression of npt mRNA (Fig. 2a). These results
indicate that this fusion promoter can allow constitutive gene
expression in the absence of tat protein.

Challenge of antisense or sense RNA-expressing MT4 cells
with HIV-1. Retroviral vectors engineered in this study were
designed to express HIV-1 antisense or sense RNA se-
quences corresponding to HIV-lHXB2, which is one of the
clones obtained from HIV-1IIIB, a pooled virus. Nucleotide
sequences of other viruses present in HIV-1IIIB are un-
known. These isolates, depending on their nucleotide se-
quence, might escape inhibition by the antisense or sense
RNAs expressed from retroviral vectors engineered in this
study and multiply. This, in turn, could obscure the protec-
tive effect of antisense or sense RNA molecules to the
HIV-lHXB2 isolate. Therefore, the ideal solution would be to
use homogeneous virus released from a cell line containing a
cloned provirus whose sequence is identical or at least very
similar to that of HIV-lHXB2. Subsequently, one such cloned
virus, HIV-1NL4-3, was used in our studies. Its sequence
within nucleotides +1 to +287 is quite similar to that of
HIV-lHXB2. This sequence identity is 100% for the PBS and
for the 18-nucleotide-long region 5' to the PBS. Both HIV-
1I11B and HIV-1NL43 were used in HIV-1 challenge experi-
ments described below.
HIV-1 resistance of antisense RNA-expressing MT4 trans-

formants. MT4 cells transformed with MoTN-PBS(-),
MoTN-5'PBS(-), and MoTN-L(-) vectors expressing an-
tisense RNAs to HIV-1 were challenged with HIV-lII1B (Fig.
3a and b) and HIV-1NL4-3 (Fig. 3c). Infection of MT4 cells
transformed with MoTN vector lacking the test sequences
served as a control. After infection, HIV-1 production was
monitored at various time intervals by measuring the level of
p24 antigen (HIV-1 gag gene product) in cell culture super-
natant.
The MT4 transformants expressing antisense RNA to the

PBS or to the region 5' to the PBS were partially resistant to
both strains of HIV-1 tested, HIV-1II1B (Fig. 3a) and HIV-
1NL4-3 (Fig. 3c), as virus production was decreased signifi-
cantly. The expression of these antisense RNAs at the center
of a stable loop structure might have contributed to the
observed partial resistance. Using retroviral vectors allow-
ing strong constitutive and/or tat-inducible expression, it is
tempting to speculate that the vector MoTN-PBS(-) will be
able to confer resistance to all HIV-1 isolates as this region
is highly conserved.
The cells expressing antisense RNA to the HIV-1 tat

mRNA leader sequence (343 nucleotides long) failed to
prevent multiplication of both strains of HIV-1 tested (Fig.
3b and c). This negative result could be explained in several
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ways. (i) The synthetic oligonucleotides containing the
HIV-1 tat mRNA leader sequence include part of the tk
promoter region (MluI to nucleotide -1; 13 nucleotides long)
and part of the npt mRNA (AUG to EagI; 37 nucleotides
long). These sequences, when present in an antisense orien-
tation at the 3' end of the npt mRNA, could base pair with
the complementary sequences located at the 5' end of this

MoTN-PBS(-) npt mRNA. Such intramolecular base pairing might prevent
interaction between antisense RNAs and target HIV-1
mRNAs. (ii) The antisense RNA approach might be impeded

MoTN-5'PBS(-) by nucleotide sequence variations between the antisense
RNA and the pooled virus (HIV-1I1IB) and, to a lesser
extent, the cloned virus (HIV-1NL4-3) used. (iii) The TAR
sequence present at the 5' end of all HIV-1 mRNAs forms a
stable stem-and-loop structure (27) and binds to the tat

20 protein (7). This region, therefore, might not be available for
hybridization to the antisense RNA. (iv) Finally, TAR-
containing mRNAs might be compartmentalized and/or
translated in the presence of tat protein via a unique mech-
anism (2, 9) that is not subject to inhibition by an antisense
RNA approach.
HIV-1 resistance of sense RNA-expressing MT4 transfor-

mants. MT4 cells transformed with MoTN-L(5' +) or MoTN-
L(3'+) expressing sense RNA to the HIV-1 tat mRNA 5'
leader sequence as part of the 5' or 3' region of npt mRNA,
respectively, were subjected to challenge by HIV-l1IIB (Fig.
4a) and HIV-1NL4-3 (Fig. 4b). Cells containing the MoTN
vector lacking test sequences served as controls. MT4 cells
transformed with MoTN-L(5'+), expressing the HIV-1 tat
mRNA leader sequence as a precise replacement of the npt
mRNA leader sequence, were quite resistant to HIV-1IIIB
and HIV-1NL43 infection. However, expression of sense
RNA to HIV-1 within the 3' region of npt mRNA had no
protective effect as HIV-1 production in these cells trans-
formed with MoTN-L(3' +) was similar to that obtained from

20 cells containing MoTN (Fig. 4).
Differences in resistance to HIV-1 infection conferred by

retroviral vectors in which the HIV-1 sequences are located
within the 5' leader sequence or the 3' untranslated region of
the npt gene might be due to differences in the ability of these
transcription units to be up-regulated by the HIV-1 tat
protein. For trans activation by the tat protein at the level of
transcription, a particular spacing is required between the
TAR region and the transcription factor-binding sites present
within the promoter region (32). This spacing is conserved in
the vector MoTN-L(5' +) but is too large in the vector
MoTN-L(3'+). Thus, tat-inducible trans activation is only
expected to occur from the tk-TAR promoter present in the
vector MoTN-L(5'+). Levels of sense RNA to HIV-1 ex-
pressed in the absence of tat protein in cells containing
MoTN-L(5'+) or MoTN-L(3'+) were very similar (Fig. 2a).

MOTN-5* PBS-) However, because of trans activation in the presence of tat

MoTN-PBS(-) protein, the level of HIV-1 sense RNA expressed from the
vector MoTN-L(5' +) could be higher than that expressed by

12 the vector MoTN-L(3'+). The stability of these two sense
RNA molecules could be different as well.

tisense RNAs to Alternatively, binding of the HIV-1 tat protein to the TAR
ells transformed sequence (7) is expected to decrease the amount of tat
'BS(-) (<), or protein available for trans activation of HIV-1 gene expres-
and b) or with sion (33). If one assumes that the binding of tat protein to the
d in the culture TAR sequence located at an internal position in RNAs
aUS times after expressed from the vector MoTN-L(3'+) is not possible,
bitrarily chosen inhibition of trans activation of HIV-1 gene expression

would only occur with RNAs containing the TAR sequence
at the 5' end expressed from the vector MoTN-L(5'+).
Moreover, only RNAs containing the tat mRNA leader
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FIG. 4. Susceptibility of MT4 cells expressing sense RNAs to
infection by HIV-1,,,B and HIV-1NL4-3. MT4 cells transformed with
MoTN (-), MoTN-L(5'+) (x), or MoTN-L(3'+) (+) were infected
with HIV-1I11B (a) or HIV-1NL4-3 (b), and the level of p24 antigen
released in the culture supernatant was determined by ELISA at
various times after infection. For details, see the legend to Fig. 3.

sequence as a precise replacement of the npt mRNA leader
sequence, expressed from MoTN-L(5'+), are expected to
compete with translation of HIV-1 mRNAs.

Finally, during replication, possible strand switching onto
the HIV-1 5' sequences contained in the sense orientation at
either the 5' or the 3' end of the npt mRNA should have
resulted in abortive replication. However, since no inhibi-
tion of HIV-1 multiplication was observed in cells containing
MoTN-L(3'+), the sense RNA present at the 5' end of npt
mRNA might interfere with HIV-1 multiplication at another
level.

Sense RNA to HIV-1 tat mRNA leader in the retroviral
vector MoTN-L(5'+) probably acts by binding to tat protein
or to some other cellular factors. If so, this vector will inhibit
multiplication of all HIV-1 isolates in which binding to these
viral or cellular factors is maintained.

In conclusion, inhibition of HIV-1 multiplication was

observed in CD4+ lymphocyte-derived MT4 cell lines trans-
formed with retroviral vectors expressing antisense RNA to
the PBS or to the region 5' to the PBS as part of a loop
structure within the 3' untranslated region of npt mRNA.
Inhibition was also evident with a vector expressing HIV-1
tat mRNA 5' leader sequence in the sense orientation as a

precise replacement of the npt mRNA 5' leader sequence.
The next step would be to determine at which step these

sense and antisense RNAs interfere with the HIV-1 life cycle
(i.e., replication, trans activation, or translation). Moreover,
antisense RNAs expressed under the control of the Moloney
murine leukemia virus long terminal repeat and the herpes
simplex virus tk promoter might not be able to keep pace
with HIV-1 mRNAs produced as a result of trans activation
by the tat protein. These results might therefore be improved
by using retroviral vectors allowing strong constitutive
and/or tat-inducible gene expression.
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