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The chronicity of infection by the human immunodeficiency virus (HIV) calls for therapeutic regimens that
offer sustained antiviral effects, such as gene therapy. Recent studies have demonstrated that expression of HIV
mutant transdominant proteins, RNA decoys, and ribozymes efficiently inhibited HIV replication. We have
previously shown that an RNA decoy (stem-loop II of the Rev response element of HIV type 1 [HIV-1], named
SL2) and a ribozyme (Rz) targeting the U5 region of the HIV-1 5* long terminal repeat (LTR), combined in a
fusion molecule, was more efficient in inhibiting HIV-1 replication than the ribozyme or the decoy alone. In this
study, we expressed this fusion molecule in a retrovirus-based double-copy vector to obtain higher expression
of this molecule. Furthermore, we inserted a sequence internally to drive expression of another fusion molecule
with a ribozyme targeting the env/rev region linked to SL2 to obtain a triple-copy vector. These multigene
antiviral vectors were subsequently transduced or transfected into human CD41 T cells (Molt-4). Results
showed that the translocation of the SL2-Rz cassette from the 3* to the 5* LTR occurred in 80% of the
transduced cells. The numbers of ribozyme RNA transcripts, estimated by competitive-quantitative reverse
transcription (RT)-PCR, were 1.2 3 105, 1.2 3 104, and 1.5 3 103 copies per cell for the triple-copy,
double-copy, and single-copy vectors, respectively. Cell challenge with multiple subtypes of HIV-1 (clades A to
E) showed commensurate levels of virus inhibition for the three vectors. This study suggests that the combi-
nation of multiple anti-HIV genes, such as ribozymes and decoys, targeting multiple sites of HIV RNA and
expressed at high levels are promising for the treatment of HIV-1 infection.

Gene therapy has recently emerged as a promising tool for
the treatment of genetic diseases, cancer, and chronic infec-
tious conditions such as AIDS (1, 2, 14, 17). Several strategies
directly targeting human immunodeficiency virus (HIV) gene
expression have been shown to be effective in inhibiting virus
replication, and these include intracellular expression of trans-
dominant mutant proteins (10, 11), RNA decoys (3, 19), and
ribozymes (16, 27). Ribozymes are small catalytic RNA mole-
cules that can be engineered to specifically bind an RNA target
sequence by base pairing and subsequently cleave the target
RNA, such as the HIV RNA. Theoretically, ribozymes can
bind incoming viral RNA prior to reverse transcription (RT)
and integration as well as de novo synthesized mRNA and
genomic RNA in the latter stages of viral replication. Our
previous studies have documented long-term expression and
antiviral effects of anti-HIV type 1 (HIV-1) ribozymes in T-
lymphocyte cell lines (24), in primary human peripheral blood
lymphocytes (8), and in macrophages derived from ribozyme-
transduced CD341 hematopoietic progenitor cells (28). How-
ever, because of the exquisite sequence specificity of ri-
bozymes, the potential for virus mutation and escape is of
concern. Our strategy is to combine ribozymes that target
different sites on the viral genome and/or ribozyme with other
antiviral genes. We have previously shown that an RNA decoy
(stem-loop II of the Rev-responsive element [RRE] of HIV-1,
named SL2) and a ribozyme (Rz) targeting the U5 region of
the HIV-1 59 long terminal repeat (LTR), combined in a fusion
molecule, was more efficient in inhibiting HIV-1 replication

than the ribozyme or the decoy alone (25). Combination of
multiple strategies (multiple ribozymes and decoys) targeting
different sites in the viral RNA at different steps of replication
should further decrease the risk of viral escape and increase
the antiviral potency, especially if high expression levels of the
transgenes are obtained within the target cells.
In this study, we have developed retroviral vectors that

achieve (i) high expression of the transgenes, (ii) different
mechanisms of inhibition of HIV by using fusion molecules of
ribozymes and of an RRE decoy, and (iii) multiple target sites
for the ribozymes (U5 region of LTRs and rev/env region of
HIV-1 RNA). Although we never detected the emergence of
resistant virus mutants in vitro even in cells expressing a single
ribozyme, we were able to demonstrate the greater antiviral
potency for the multigene vectors. Furthermore, we have used
phylogenetically diverse strains of HIV-1 (clades A to E) as
challenge viruses and showed that the triple-copy vector effi-
ciently inhibited replication of all virus clades tested, even
though a single ribozyme or decoy-ribozyme vector allowed
breakthrough of some clades. A double-copy vector displayed
intermediate antiviral potency.

MATERIALS AND METHODS

Construction of recombinant retroviral vectors. pLNL-6, pMJT, pSL2U5, and
pTCAG are all Moloney murine leukemia virus (MoMLV)-based vectors. pMJT
is derived from pLNL-6 and carries the HIV-1 59 leader sequence-specific ri-
bozyme (U5Rz) driven by the internal human tRNAVal promoter as previously
described (26). pSL2U5 is a construct containing in the U3 region of the
MoMLV 39 LTR, a fusion molecule done by the sequence of the stem-loop II
(SL2) of the HIV-1 RRE and the HIV-1 59 leader sequence-specific ribozyme
(U5Rz) driven by the internal human tRNAVal promoter in antisense direction
and derived from pSLMJT (25). To engineer pSL2U5, the SL2-U5Rz cassette of
pSLMJT was amplified by PCR (59-CTAGGCTGACTCCATCGAG-39 sense
primer; 59-agagatctGCACTATACCAGACAAT-39 antisense primer). Amplifi-
cation was performed at 94, 48, and 728C for 30 s at each temperature for 33
cycles. The purified product (198 bp) was then digested by MluI and BglII and
inserted into another MoMLV-based vector (p1;19DCABw) just downstream of
a tRNAVal promoter cloned in its 39 LTR. The pSL2U5 plasmid was further
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digested with ClaI and XbaI. This fragment containing the SL2-U5Rz cassette
was then inserted in pSLOY-1 cut with the same enzymes. pSLOY-1 is another
vector containing the sequences of the fusion molecule of SL2 and of a hairpin
ribozyme which targets the rev/env coding region of HIV-1 RNA (HXB2; posi-
tions 8629 to 8644) (23, 25). This latter plasmid containing an SL2-U5Rz plus an
SL2-RevRz was named pTCAG (see Fig. 1). Because the U3 region of the 39
LTR of retroviruses is duplicated at the 59 LTR during the step of retrotrans-
cription, the pSL2U5- and pTCAG-based virions should integrate double and
triple copies, respectively, of the SL2-Rz cassettes in the cells they infect.
Packaging cell lines and transduction. To generate retroviral particles, plas-

mid DNA were transfected in the amphotrophic packaging cell line PA317 by the
calcium phosphate method as previously described (12). Briefly, subconfluent
PA317 cultures were transfected with 15 mg each of calcium phosphate-precip-
itated pLNL-6, pMJT, pSL2U5, and pTCAG in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 1 mM sodium pyruvate, 100 U of peni-
cillin per ml, 100 mg of streptomycin per ml, 13 mg of hypoxanthine per ml, 3.9
mg of thymidine per ml, 18 ng of aminopterin per ml, and 10% fetal bovine serum
in 100-mm dishes and incubated at 378C. After 48 h, the cells were washed three
times with phosphate-buffered saline (pH 7.4, Ca21 and Mg21 free), split 1:10,
and selected in G418 (600 mg/ml)-containing DMEM. The virus-containing su-
pernatant of resistant cells, serially diluted, was titered on HT-1080 cells (ATCC
CCL 121) by counting the number of colonies after selection by G418. Titers of
1.5 3 106 and 1.0 3 106 CFU/ml for pSL2U5 and pTCAG, respectively, were
obtained, and used to infect human CD41 lymphocyte-derived Molt-4 clone 8
cells (Molt4/8). These cells were subsequently selected in G418 (600 mg/ml)-
containing RPMI-1640 medium (GIBCO) supplemented with 1 mM sodium
pyruvate, 100 U of penicillin per ml, 100 mg of streptomycin per ml, and 10%
fetal bovine serum. pSL2U5 was also directly transfected in Molt4/8 by calcium
phosphate precipitation in order to get only one copy of the pSL2U5 cassette per
cell.
Molt4/8 cells stably transduced with pLNL-6, pMJT, pSL2U5, and pTCAG

were designated mLNL-6, mMJT, mDC:SL2U5, and mTCAG, respectively.
Transfected Molt4/8 by pSL2U5 was named mSC:SL2U5 (DC, TC, and SC,
double, triple, and single copy, respectively). Clonal mDC:SL2U5 and mTCAG
cell lines were obtained by two rounds of limited dilution cloning.
PCR analysis of transduced cell lines. Ribozyme-encoding sequences were

analyzed by PCR. Genomic DNAs from transduced cell lines were extracted with
the QIAamp Blood Kit (QUIAGEN) by following the instructions of the man-
ufacturer and analyzed with the following primers (see Fig. 2): A (1), 59-CCCC
ACCCGTAGGTGGCAAGCT-39; B (Rib2), 59-TACCAGGTAATATACCAC-
39; C (875), 59-AGATACAGAGCTAGTTAGCTAA-39; D (Rib4), 59-CACAC
AACAAGAAGG-39; E (NL6H5), 59-CTAGGCTGACTCCATCGAG-39; F
(Rib6), 59-TAGTTCCTAGAACCA-39; Neo 3, 59-GATCAAGAGACAGGATG
AGG-39; and Neo 4, 59-CAGCCATGATGGATACTTTC-39. Conditions for
PCR were 94, 58, and 728C for 1 min at each temperature for 33 cycles. Resulting
amplified products were subjected to electrophoresis on a 1.5% low-melting-
point agarose gel in Tris-acetate buffer (pH 7.2) and stained with ethidium
bromide. Gel images were scanned and color inverted with Adobe Photoshop
3.0.
Ribozyme expression by RT-PCR. Total RNA was extracted from ribozyme-

transduced cells or pLNL-6-transduced cells by the guanidine thiocyanate–phe-
nol chloroform extraction method (4) and subsequently treated with DNase I
(RQ1 Dnase; Promega). Two hundred and fifty nanograms of total RNA was
added to an RT reaction mixture (10 mM Tris-HCl [pH 8.3], 90 mM KCl, 1 mM
MnCl2, 200 mM [each] dATP, dGTP, dCTP, and dTTP, 3 U of Tth DNA
polymerase) by using a primer which is common for pMJT, pSL2U5, and pTCAG
(Rib2; 59-TACCAGGTAATATACCAC-39) and incubated at 608C for 20 min. PCR
was carried out (948C, 30 s; 548C, 30 s; 728C, 30 s; 33 cycles) with the addition of
an opposing-strand primer Rib4 (59-CACACAACAAGAAGG-39) for pLNL-6,
pMJT, pSL2U5, and pTCAG or Rib6 (59-TAGTTCCTAGAACCA-39) for the
Rev ribozyme of pTCAG. Fifteen microliters of each PCR product was subjected
to 3% gel electrophoresis and visualized under a UV lamp after staining with
ethidium bromide. Gel image pictures were scanned and color inverted with
Adobe Photoshop 3.0.
QC RT-PCR. Total RNA from mSC:SL2U5, mDC:SL2U5, and mTCAG was

extracted by the guanidine thiocyanate-phenol chloroform extraction method (4)
and subsequently treated with DNase I (RQ1 Dnase; Promega). For quantita-
tive-competitive (QC) RT-PCR, in vitro-transcribed RNA of the U5 ribozyme
with a tetraloop substitution (59-ACA, CAA, CAA, GAA, GGC, AAC, CAG,
AGA, AAC, ACA, CG G, ACU, UCG, GUC, CGU, GGU, AUA, UUA, CCU,
GGU, A-39) was used as a competitor RNA as previously described (25). Briefly,
total cellular RNA (250 ng) and the competitor RNA, diluted serially to obtain
samples from 5 fg to 50 pg, were added to the RT reaction mixture containing 10
mM Tris-HCl (pH 8.3), 90 mM KCl, 1 mMMnCl2, 200 mM (each) dATP, dGTP,
dCTP, and dTTP, 50 pmol of Rib2, and 3 U of Tth DNA polymerase (Promega),
final volume, 16 ml. After the RT reaction at 608C for 20 min, 34 ml of PCR
mixture, containing 50 pmol of the primer Rib4 for mSC:SL2U5 and mDC:
SL2U5 or 50 pmol of Rib4 and 50 pmoles of Rib6 for pTCAG, and an additional
200 mM (each) dATP, dGTP, dCTP, and dTTP, the PCR was carried out (948C,
30 s; 548C, 30 s; 728C, 30 s; 33 cycles). Fifteen microliters of each PCR product
was subjected to electrophoresis on agarose gel (4% low melting point). The
expected sizes of the PCR product were 61 and 53 bp for the competitor RNA

and the test RNA, respectively. After staining with ethidium bromide, gel images
were scanned and color inverted with Adobe Photoshop 3.0.
Challenge of transduced cells with HIV-1 subtypes A to E. Titered stocks of

HIV-1 subtypes A, B, C, D, and E, classified according to their envelope (env)
coding sequence, were kindly supplied by D. Ho, the Aaron Diamond AIDS
Research Center, New York, N.Y. The transduced cells mLNL-6, mMJT, mSC:
SL2U5, mDC:SL2U5, and mTCAG were incubated under rotation overnight at
378C with each of these HIV strains at an input multiplicity of infection (MOI)
of 0.05 (50% tissue culture infective dose, 200/4 3 103 cells) in the presence of
Polybrene (4 mg/ml) in a total volume of 0.8 ml. The cells were then washed twice
with PBS and resuspended in 1 ml of RPMI-1640 medium supplemented with
10% fetal calf serum. From day 6 postinfection, cells were split every 4 to 5 days
1:5 with medium to adjust to a cell concentration of approximately 105/ml.
Infection of the cell lines was monitored by HIV-1 p24 antigen levels, deter-

mined by antigen capture enzyme-linked immunosorbent assay (ELISA)
(Coulter) every 3 to 4 days for 27 days.

RESULTS

Characterization of stable Molt4/8 cells transduced with
SL2U5 and TCAG vectors. The structure of the retroviral vec-
tors are shown in Fig. 1 (black lines). The U5 ribozyme and the
SL2-ribozyme fusion molecules were all inserted downstream
of an internal human tRNAVal promoter (PolIII) in an anti-
sense direction. Insertion of the transcription unit into the 39
LTR U3 region of the retroviral plasmid will result in the
translocation of these cassettes to the proviral 59 LTR (gray
lines) during RT in transduced cells. This double-copy retro-
viral vector design was first described by Hantzopoulos et al.
(6) and should give rise to increased copy number of the
transcriptional cassette in transduced cells. However, a recent
study suggested that rearrangement and deletion frequently
occur in retrovirus-based double-copy vectors (7). In order to
analyze the proviral LTR structure, DNA-PCR analyses spe-
cific for the 59 and 39 LTRs were performed (Fig. 2). To better
understand the results in Fig. 2b, we followed the strategy
depicted in Fig. 2a. To distinguish between PCR products of
the duplicated sequences of the 59 and 39 LTR, specific primers
for the Rz sequence-encoded cassette and for sequences out-
side of the LTRs were used. As a control for the DNA prep-
aration and the PCR, genomic DNA was also amplified by
using neo-specific primers (Fig. 2b, lanes 3, 7, and 11). Results
in Fig. 2b showed that the SL2-Rz cassette had been effectively
copied from the 39 to the 59 LTR in transduced mDC:SL2U5
and mTCAG. Examination of the 59 LTR revealed a PCR
product of the predicted length, either using a specific primer
for ribozyme (B:Rib2) and a primer (C:875) outside of the LTR
(lanes 6 and 10) or using a primer binding to the first 22 bases
of the LTR (A:1) and the same primer outside of the LTR
(C:875) (lanes 5 and 9). These latter bands showed a difference
in size of 220 bp compared to mSC:SL2U5 (lane 1) and cor-
respond to the tRNAVal promoter SL2-Rz cassette in the U3
region of the 59 LTR. Examination of the 39 LTR shows a band
of bigger size for mTCAG (lane 12) than for mSC:SL2U5 (lane
4) and mDC:SL2U5 (lane 8) because of the presence of the
SL2-RevRz cassette. Specific amplification of this cassette by
using the primer D (NL6H5) and a specific primer for RevRz
(Rib6) revealed a band of the predicted size (175 bp) (data not
shown). We also examined the 59 LTR of clonal population of
transduced cells obtained by two rounds of limited dilution.
From 10 different clonal populations, 8 were found positive for
the SL2-Rz cassette by using the specific primers A:1 and C:875
(Fig. 3) or the primers B:Rib2 and C:875 (data not shown) for
mTCAG and mDC:SL2U5. These results indicate that with
our vector the translocation of the transcriptional cassette
from the 39 to the 59 LTR occurs at a high rate (80%) after
viral retrotranscription. Clones of mTCAG and mDC:SL2U5
containing the SL2-Rz cassettes in the U3 region of 59 LTR
were selected, grown, and used for further experiments.
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Expression of the SL2-ribozyme cassette in transduced
Molt4/8. After showing by PCR the presence of the SL2-Rz
cassettes in transduced Molt4/8, we specifically addressed the
question of expression of ribozymes by the tRNAVal promoter
using RT-PCR with a primer specific for all hairpin ribozymes
(Rib2) and another primer specific either for the U5 ribozyme
(Rib4) or for the Rev ribozyme (Rib6) (Fig. 4). The amplified
products (expected size, 53 nucleotides) were detected only
when the PCR was carried out after retrotranscription. When
RT-PCR was carried out with a 59 primer for SL2 and a 39
primer for Rz (Rib2) we got an amplified product of 120 bp,
thus showing that both Rz and RRE decoy sequences were
appended after transcription (data not shown). Similar results
were obtained with mMJT as previously described (24). Since
mDC:SL2U5 and mTCAG carry a double-copy vector (DC:
SL2U5) and a triple-copy vector (DC:SL2U5–SL2-RevRz), we
might expect the number of copies of the SL2-ribozyme tran-
scripts to be higher in these cell lines than in the single-copy
vector-containing cell line mSC:SL2U5. To answer this ques-
tion, we performed a QC RT-PCR (Fig. 5). The competitor
RNA was serially diluted from 50 pg to 5 fg and added to the
RT mixture containing 250 ng of total cellular RNA. The
amount of competitor RNA that results in equal signal inten-
sities for the amplified product of competitor and test RNA
was estimated to be between 10 and 30 fg for the single-copy
vector mSC:SL2U5 (lanes 4 and 5), at 50 fg for the double-

copy vector mDC:SL2U5 (lane 9), and at 500 fg for the triple-
copy TCAG (lane 13). Since the amount of total cellular RNA
is generally assessed at 1 mg of RNA/105 cells, we estimated
that each mSC:SL2U5, mDC:SL2U5, and mTCAG cell was
expressing approximately 1.5 3 103, 1.2 3 104, and 1.2 3 105

copies of SL2-Rz, respectively. The estimation for mSC:SL2U5
is comparable to that reported previously (25). Similar results
were obtained when comparing a bulk population of cells or
the clones we selected. Ribozyme expression persisted over 6
months without any difference in signal intensity of the ampli-
fied product over this period (data not shown). The constitu-
tive levels of SL2-Rz expression had no apparent deleterious
effect on proliferation of the transduced cells compared with
parental Molt4/8 and were indistinguishable with respect to
viability with passage every 3 to 5 days for over 6 months.
Challenge of transduced Molt4/8 with HIV-1 subtypes A to

E. An important issue of gene therapy for HIV-1 infection is to
consider the genetic variability of the virus and to find targets
conserved among most of the biologically and geographically
diverse isolates. In this study, we examined the ability of the
different vectors to inhibit replication of five HIV-1 clades:
clade A, mostly found in Central Africa; clade B, mostly found
in the United States, Europe, South America, and Thailand;
clade C, found in Southern Africa and India; clade D, found in
Central Africa; and clade E, found in Thailand and India. An
input MOI of 0.05 of the different titered virus stocks was used

FIG. 1. Structure of the retroviral vectors. pLNL-6 is the parental MoMLV-based retroviral vector. pMJT contains a ribozyme sequence targeting the U5 region
of HIV-1 LTR (positions 1111/112 from the cap site). pSL2U5 contains the anti-U5 ribozyme and the stem-loop II sequence (SL2) of HIV-1 RRE in the U3 region
of the 39MoMLV-LTR. Because the U3 region of the 39 LTR of retroviruses is duplicated at the 59 LTR during the step of retrotranscription, we expect that the SL2-Rz
cassette would also be present at the 59 LTR after transduction of the target cells (gray bars) and RT. Such a vector is named a double-copy vector. pTCAG is similar
to pSL2U5 but contains an additional internal cassette expressing SL2 fused to a ribozyme which targets the rev/env coding region of HIV-1 RNA (positions 8629 to
8644 of HXB2). All of these cassettes are driven by a tRNAVal promoter in an antisense direction (arrow).
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to challenge mMJT, mSC:SL2U5, and clonal populations of
mDC:SL2U5 and mTCAG. About 2.0 to 2.5 3 104 CD4 re-
ceptors are known to be expressed at the surface of this cell
line. Production of p24 antigen was monitored every 3 to 4 days
for 27 days (Fig. 6). The overall results showed that while virus
replication was inhibited in all Rz- or SL2-Rz-expressing cell
lines compared to the cells transduced with the parental vector
LNL-6 for all HIV-1 clades tested, the degree of inhibition
directly correlated with the number of therapeutic genes
and/or levels of transgene expression. Inhibition was obtained
in mTCAG . mDC:SL2U5 . mSC:SL2U5 . mMJT for all
clades tested.

DISCUSSION
Gene therapy for HIV infection has progressed from pre-

clinical studies to phase 1 clinical evaluation. Woffendin et al.
(22) have conducted the first study, reinfusing CD41 cells of
HIV1 subjects after ex vivo transfection with a gene expressing
a transdominant mutant Rev protein (Rev M10) and showed
that these genetically altered cells exhibited a survival advan-
tage compared to CD41 cells transfected with a control vector.
These first results encourage further efforts to develop gene
therapy for clinical application. Because of the constant selec-
tion and generation of HIV genotypes with altered epitopes
(quasispecies) and biologic properties that contribute to resis-

FIG. 2. PCR analysis of retroviral vectors from genomic DNA of transduced Molt4/8. To ensure that the fusion RNA (SL2-Rz) has been duplicated after
retrotranscription, we analyzed the 59 LTR of mDC:SL2U5 and mTCAG by PCR analysis and compared it to mSC:SL2U5 in which no step of retrotranscription has
occurred (transfection). (a) Strategy used and the expected PCR fragments (not to scale). The numbers 1 to 12 refer to the lanes in panel b. (b) PCR results. A primer
binding downstream of the 59 LTR (C:875) was used with a primer specific for the U5 ribozyme (Rib2) (lanes 2, 6, and 10) or with a primer binding the first 22
nucleotides of the LTRs (A1) (lanes 1, 5, and 9). As an internal control of the DNA preparation, amplification of the neo gene was also performed (lanes 3, 7, and
11). Analysis of the 39 LTR was performed using a primer upstream of the 39 LTR (D:NL6H5) and a specific primer for the U5 ribozyme (Rib4) (lanes 4, 8, and 12).

FIG. 3. Analysis of the 59 LTR of clonal populations of mTCAG. Ten clones
of mTCAG were obtained by two rounds of limited dilution. Examination of the
proviral 59 LTR was from genomic DNA by using the set of primers A1 and
C(875) (lanes 1 to 10). The plasmid pTCAG was used as control (lane 11).

FIG. 4. Expression of ribozyme in transduced Molt4/8. The expression of
ribozyme RNA was examined by PCR combined with (1) or without (2) RT.
For U5-Rz the set of specific primers used was Rib2 and Rib4, and for Rev-Rz the
set of primers was Rib2 and Rib6 (refer to Materials and Methods for the exact
sequence of these primers). Ten microliters of the PCR products was loaded on
3% low-melting-point agarose and stained with ethidium bromide.
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tance to immunologic or chemotherapeutic interventions, the
targets for gene therapy should be multiple and used in com-
bination to decrease the risk of viral escape. In this study, we
combined in the same vector different mechanisms of HIV
inhibition (ribozymes and decoy) targeting multiple vital sub-
strates of HIV (two sites on the RNA and Rev protein). To
obtain higher expression of the transgenes, we inserted our
cassette into the 39 LTR of a retroviral vector to get two copies
after integration in the host cells as described by Sullenger et

al. (20). In contrast to a recent study in which genetic rear-
rangements impaired the function of a double-copy vector (7),
we found a high efficiency of translocation of the transcrip-
tional cassette from the 39 to the 59 LTR after viral retrotrans-
cription. Examination of individual cell clones by PCR with
specific primers for the U5 ribozyme revealed that about 80%
of transduced cells carried the transgene in both LTRs. A
likely explanation for the difference in our results and that of
Junker et al. (7) is that in our construct, no direct repeat
sequence flanking the transcriptional cassette is present, since
genetic rearrangements are more likely to occur during retro-
transcription among repeated homologous sequences (15). To
further investigate the expression of the transcriptional cas-
settes in triple-, double-, and single-copy vectors, we per-
formed a QC RT-PCR. Similar to a previous study, about 1,500
copies per cells were estimated in cells containing only one
copy of the SL2-Rz cassette (25), whereas 1.2 3 104 and 1.2 3
105 copies per cell were calculated in double-copy and triple-
copy transduced cells, respectively. The disproportionate in-
crease in the number of transcripts in the double- and triple-
copy vector-expressing cells is likely due to the close proximity
of the PolIII promoters which might enhance the activity of the
polymerase. Thompson et al. also showed that modifications of
the secondary structure of tRNA-ribozyme transcripts can im-
prove accumulation and activity of ribozymes up to 100 times
(21). The predicted secondary structure energy of the tRNAVal

SL2-RZ transcript is 2120 and 272 kcal/mol for the same
molecule without the SL2 sequence. Addition of the SL2 se-
quence at the 59 end of the ribozyme is then likely to improve
the general molecule stability and to allow a longer half-life

FIG. 5. QC RT-PCR. Two hundred and fifty nanograms of total cellular
RNA extracted from mSC:SL2U5 (lanes 1 to 5), mDC:SL2U5 (lanes 6 to 10),
and mTCAG (lanes 11 to 15) was subjected to RT-PCR amplification in the
presence of known amounts (lanes 1 to 5, 6 to 10, 11 to 15, 50 pg, 5 pg, 500 fg,
50 fg, and 5 fg, respectively) of competitor RNA (61 bp). Ten microliters of each
PCR product was loaded on a 4% low-melting-point agarose gel and stained with
ethidium bromide. The image of the gel was scanned and color inverted with
Adobe Photoshop 3.0. The amount of competitor RNA that results in equal
signal intensity for the amplified product of competitor and test RNA was
estimated to be between 10 and 30 fg for the single-copy vector mSC:SL2U5
(lanes 4 and 5), at 50 fg for the double-copy vector mDC:SL2U5 (lane 9), and at
500 fg for the triple-copy TCAG (lane 13).

FIG. 6. Inhibition of expression of p24 antigen from different subtypes (A to E) of HIV-1. mLNL-6 (h), mMJT ({), mSC:SL2U5 (E), mDC:SL2U5 (Ç), and
mTCAG (µ) were challenged with HIV-1, clades A to E, at an input MOI of 0.05. Small aliquots of the culture cell supernatant were collected every 3 to 4 days and
the level of p24 antigen was determined by HIV-1 antigen capture ELISA (Coulter). These experiments have been repeated twice with similar results. DPI, days
postinfection.
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within the cell. The overall goal of these multiple gene vectors
is to effectively inhibit long-term viral replication of geograph-
ically and phylogenetically diverse strains of HIV. HIV-1 iso-
lates obtained worldwide have been grouped into clades, based
on their envelope-coding sequences. At present, the majority
of HIV-1 isolates fall into one major group subdivided into
eight clades, A to H. In addition, a few vastly distant isolates
are assigned to group O (for outliers). A recent study sug-
gested that different clades may have different target cell tro-
pism and therefore potentially different routes of transmission
(18). For example, clades C and E infect Langerhans’ cells
found in the epithelium and may be more efficiently transmit-
ted through heterosexual contact, while clade B is more T-cell
tropic and is transmitted primarily through blood or blood
products. Our results in Fig. 6 showed that over 4 weeks, cells
transduced with the triple-copy vector were completely inhib-
ited for the replication of HIV clades A to E, whereas cells
transduced by all the other vectors were only partly inhibited.
In view of the target sequence specificity of ribozymes, we
compared the consensus sequences of HIV-1 clades A, B, C,
D, and E at the target sites for the U5 and Rev ribozymes
(13a). Interestingly, the target site for the U5 ribozyme is very
well conserved among clades A, B, and D and not available for
clades C and E. However, clade A has 2 nucleotides at the 39
end of the binding site that do not match with the U5 ribozyme
sequence that may destabilize the ribozyme/substrate complex.
This may explain why mMJT is only marginally resistant to a
clade A HIV-1 (Fig. 6). Greater inhibition was seen in mSC:
SL2U5, confirming our previous results of the synergistic ac-
tion of the ribozyme and the decoy (25). The mDC:SL2U5
cells resisted HIV infection better than mSC:SL2U5 for all
clades tested. These cells expressed the same SL2-U5Rz cas-
sette but at a 10-fold higher level in mDC:SL2U5 than in
mSC:SL2U5. The TCAG vector, which exerted the greatest
antiviral effects, expressed an SL2-RevRz cassette in addition
to the SL2-U5Rz cassette. The cleavage site of RevRz is con-
served among HIV-1 clades A, B, and C but not in clades D
and E. Therefore, its greater potency for all clades is probably
due to the high number of copies of the transgenes expressed,
thus enhancing the activity of the U5Rz as well as the decoy
effect, which is less susceptible to divergence of the HIV ge-
nome. In conclusion, these data show that continuous improve-
ment of vector construction to achieve high levels of expression
of a combination of antiviral genes can effectively inhibit a
wide spectrum of HIV-1 clades and potentially eliminate the
possibility of virus escape. These considerations are essential
for the application of gene therapy to HIV-infected patients.
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