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We have constructed a human immunodeficiency virus type 1 (HIV-1)-based lentiviral vector expressing a
937-base antisense sequence against the HIV-1 envelope gene. Transduction of CD4™ T lymphocytes with this
vector results in expression of the therapeutic antisense sequence and subsequent inhibition of productive
HIV-1 replication. In this report, we examined the effect of antisense-mediated suppression on the potential
development of virus escape mutants using a permissive T-cell line cultured under conditions that over serial
passages specifically allowed for generation and amplification of mutants selected for by antisense pressure. In
the resulting virus clones, we found a significant increase in the number of deletions at the envelope target
region (91% compared to 27.5% in wild-type HIV). Deletions were most often greater than 1 kb in length. These
data demonstrate for the first time that during antisense-mediated suppression of HIV, mutants develop as a
direct result of selective pressure on the HIV genomic RNA. Interestingly, in clones where deletions were not
observed, there was a high rate of A-G transitions in mutants at the antisense target region but not outside this
region, which is consistent with those mutations that are predicted as a result of antisense-mediated modifi-
cation of double-stranded RNA by the enzyme double-stranded RNA-specific adenosine deaminase. These
clones were not found to be escape mutants, as their replicative ability was severely attenuated, and they did

not replicate in the presence of vector.

Human immunodeficiency virus (HIV) is estimated to infect
34 to 46 million people worldwide and almost 1 million people
in the United States. The mortality due to AIDS is estimated
to be approximately 3 million per year worldwide and 15,000
per year in the United States (5, 46). Although treatment and
prevention efforts have increased, infection and death rates
continue to rise in most countries. Treatment for HIV infec-
tion is mostly limited to the highly active antiretroviral therapy,
which consists of a triple cocktail of anti-HIV drugs. These
drugs have been successful in reducing viral loads and extend-
ing life expectancy, but they require life-long drug regimens
that lead to a series of adverse effects, in particular a range of
metabolic disorders (3, 34, 48). These drugs are expensive and
require strict adherence to be effective and prevent resistance
and, therefore, cannot be used worldwide to successfully fight
the epidemic (28, 45). Furthermore, transmission of drug-re-
sistant strains of HIV has been on the rise since 1995 (23) and
is as high as 18.5% in the United States (M. Mascolini, 11th
Int. Workshop HIV Drug Resist., 2002).

Several groups have investigated using RNA-based technol-
ogy in order to inhibit HIV infection or replication in cells.
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RNA-mediated inhibition of HIV is an attractive alternative to
drug therapy, since RNA is not immunogenic, nor would
RNA-based therapy carry with it the extensive adverse effects
associated with drug therapy or require a scheduled dosing
regimen. Alternative to antisense, the RNA technology exam-
ined to date includes RNA interference (RNAI) (7, 18, 22, 29,
35) and gene therapy using ribozymes (11, 12, 36). These tech-
nologies are derived from natural processes that participate in
posttranscriptional gene silencing, or in cleavage of viral RNA
in the case of ribozymes, but have been engineered to inhibit
HIV receptors (29) or HIV transcripts (7, 18, 22, 29, 35). Each
of these approaches requires recognition of the cognate RNA
sequence in order to mediate their suppression.

It has been shown that introduction of short interfering
RNAs (siRNAs) into a cell results in sequence-specific degra-
dation of genomic HIV type 1 (HIV-1) RNA (18; M. Masco-
lini, 11th Int. Workshop HIV Drug Resist., 2002). RNAi has
also been used to inhibit HIV entry and replication in CD4-
positive cells via the targeting of the CD4 molecule and the gag
gene. Recently, a method for long-term expression of siRNAs
has been demonstrated which allows for the long-term produc-
tion of anti-HIV genes that previously had only exerted a 3- to
5-day effect (33).

Others have investigated by using ribozymes the suppression
of HIV-1 replication. Anti-HIV ribozymes recognize their tar-
get sequences through short recognition motifs of about 20
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bases flanking the ribozyme catalytic unit and then cleave the
bound RNA at a target cutting sequence that also contains a
short specific nucleotide sequence (39). This approach has
been successful, and testing of these constructs has led to phase
I clinical trials for safety.

HIV has an unusually high mutation rate of 3 X 10~ per
replication cycle, a rate 2- to 10-fold higher than that of other
retroviruses (13). The short length of siRNA molecules, about
20 to 30 bases, allows HIV to mutate and evade siRNA sup-
pression (4, 8). Likewise, ribozyme recognition sequences are
short in length and the cutting site requires a specific upstream
nucleotide, and so a single mutation at the ribozyme cleavage
site will result in a transcript that is resistant to cleavage.
Hence, the remarkable mutability of HIV reduces the impacts
of these approaches.

In contrast to RNAi and ribozymes, long antisense se-
quences targeting HIV require significantly greater levels of
mutation on the part of HIV to allow escape from replication
inhibition. Double-stranded RNAs are targeted by the enzyme
double-stranded RNA-specific adenosine deaminase (dsRAD/
DRADA), which is constitutively expressed in the nucleus and
may be induced in the cytoplasm by type I and II interferons
(31, 32). dsSRAD/DRADA converts adenosines to inosines in
double-stranded RNAs and causes partial unwinding of the
helix, which is subsequently destroyed.

Antisense targeting of HIV transcripts or receptors has been
previously described (6, 9, 10, 19, 21, 25-27, 40, 44, 47) and has
established the feasibility of using antisense against HIV. How-
ever, the data from these studies have not yet led to efficacy in
the clinic, in part due to low transduction efficiencies and
persistence of modified cells. New vector and cell processing
technology available today provide a new opportunity to
achieve therapeutic efficacy.

We have developed an HIV-1-based lentivirus vector,
VRX496, containing a 937-base antisense payload to HIV.
This vector has been shown to efficiently and stably transduce
patient T cells in vitro and inhibit HIV replication and CD4
downregulation after HIV challenge in normal CD4" T lym-
phocytes and in lymphocytes isolated from early- and late-stage
HIV-infected patients (17a). VRX496 is currently being eval-
uated for safety and tolerability in a phase I clinical trial ini-
tiated in 2003 in which VRX496-transduced autologous T-cell
transplantation is intended for the treatment of HIV infection
(http://www.fda.gov/ohrms/dockets/ac/01/briefing/
3794b3.htm).

Gene therapy allows for long-term production of therapeutic
RNA molecules. The use of retroviral gene therapy vectors in
particular is especially useful, since they are capable of insert-
ing the gene of interest stably into target cells, allowing for
permanent expression. Lentivirus-based vectors may be safer
than the commonly used Moloney murine leukemia virus (Mo-
MuLV)-based retroviral vector, since MoMuLV has been
shown to cause leukemia in mice (14, 43) and recently in two
children transplanted with stem cells modified with the virus
(2, 15, 16). Lentiviruses are not recognized for their ability to
cause oncogenesis, which is reflected in the fact that millions of
people are infected with HIV but a link between HIV and
T-cell lymphomas is exceptionally rare, even though memory T
cells are known to harbor integrated virus for years (41). Ap-
proximately one-third of these proviruses are defective and are
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unable to kill the cell upon activation and, therefore, would
permit the outgrowth of a transformed cell were it present
(37).

In the present study, we examined the effect of antisense
suppression on HIV by sequencing viruses grown under con-
ditions that specifically allowed for generation and amplifica-
tion of HIV mutants escaping from vector-mediated suppres-
sion in order to gain insight into the mechanism of action of
antisense and to determine the efficacy of such a therapy in the
context of HIV, given the high mutation rate of the virus. We
found that antisense-mediated selective pressure led to dele-
tions of large regions in the antisense target region of the
envelope gene at a significantly higher rate in the selected
viruses than in the controls. Most interestingly, selected viruses
that contained point mutations harbored significantly higher
numbers of A-G transitions in the antisense target region than
wild-type (wt) HIV, which correlates with that predicted using
the dSRAD/DRADA model for antisense-mediated destruc-
tion of target RNAs. Finally, we examined the ability of the
antisense to prevent evolution of virus escape mutants that are
resistant to the antisense antiviral actions.

MATERIALS AND METHODS

Vectors. The pVRX494 plasmid was derived from a pUCI18 backbone with
distinctive cis elements of HIVy; 4.3 (derived from the plasmid pNL4-3) (1)
sequentially cloned into its multicloning site. The vector contains a 5’ long
terminal repeat (LTR) and partial gag sequence (a Clal site was introduced after
the gag initiation codon, creating a frameshift in order to generate a stop codon
immediately downstream); central polypurine track (cPPT) and central termina-
tion sequence; antisense HIV envelope; rev response element (RRE); enhanced
green fluorescent protein (EGFP); and a PPT and 3’ LTR (Fig. 1A).

The VRX494 vector was made via cotransfection of 293T cells (BioReliance,
Rockville, Md.) with the pVRX494 plasmid and a helper plasmid containing gag,
pol, rev, and tat for amplification and the envelope G protein of vesicular
stomatitis virus for pseudotyping. The titers of these vectors were determined on
HeLa-tat cells (NIH AIDS Reagent Program; www.aidsreagent.org), and the
titers were on average 5 X 10° transducing units (TU)/ml (unconcentrated
supernatant).

VRX494 is the research analogue for our clinical vector, VRX496, and differs
only in that VRX494 expresses a functional GFP gene instead of a molecular tag.
VRX496 is currently being evaluated for safety and tolerability in a phase I
clinical trial. Preclinical studies have shown in vitro and in mice that the vector
does not significantly mobilize, if at all (24). Lack of mobilization is likely due to
the antisense product targeting the HIV envelope gene, resulting in packaged
vector particles incapable of subsequent transduction.

Virus and cell lines. HIV; 4 5 was the wt virus strain used. It is derived from
a clone constructed from two North American strains of HIV, and its sequence
and characterization are described in reference 1. Viral stocks were made by
transfection of 293T cells with pNL4-3 plasmid and subsequent collection of
supernatant at 48 h, and then the supernatant was filtered through a 45-pm-
pore-size filter. Virus titers were quantified by 50% tissue culture infective dose
(TCIDs) assay on SupT1 cells (NIH AIDS Reagent Program; www.aidsreagen-
t.org) and were calculated to be 1.3 X 10° infectious particles/ml of supernatant.
HIV strains BK132 (X4), Ba-L (R5), and US1 (RS5) were obtained from the
Center for AIDS Research at the University of Pennsylvania.

Primary cell isolation, culture, transduction, and challenge. Peripheral blood
from healthy donors was obtained from AllCells (Berkeley, Calif.), and lympho-
cytes were isolated by Ficoll-Hypaque density gradient separation. Cells were
resuspended in blocking buffer (phosphate-buffered saline with Ca®* and Mg>",
0.5% bovine serum albumin, 5 mM EDTA, and human antibody). CD4* T
lymphocytes were subsequently purified by positive selection by magnetic cell
sorter (Miltenyi Biotec, Auburn, Calif.). Purity was determined to be above 95%
by flow cytometric staining for CD4/CD3.

CD4" T cells were cultured in X-Vivo-15 (Biowhittaker) containing 10%
human serum (NABI, Boca Raton, Fla.). For transduction, T lymphocytes were
plated at 10° cells per well in a 24-well plate, and then VRX494 vector was added
at 20 TU per ml concomitantly with immobilized CD3/28 beads, using anti-
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FIG. 1. Schematic representation of HIV-1-based vector expressing antisense to the HIV-1 envelope region. (A) The antisense-expressing
vector contains a 5" and 3’ LTR, splice donor site (SD), splice acceptor site (SA), packaging signal (PSI), a cPPT (CPT) and central termination
sequence (CTS), RRE, EGFP as a marker gene, a 937-base antisense sequence to the HIV envelope gene, and a 3" PPT. (B) PCR primers were
designed to amplify both the antisense target region and part of the envelope (Table 1; 1,936 bases), or the entire envelope region (Table 2; 2,544
bases). (C) Flow cytometry of untransduced and VRX494-transduced primary CD4" T lymphocytes at 20 TU per cell. Upper panels show a density
blot of untransduced (left) and transduced (right) lymphocytes, and relative percentages are shown. The bottom panel shows the mean fluorescent
intensity (MFI) from the upper panels for untransduced (dotted line) and transduced (solid line) cultures. (D) Flow cytometric analysis of primary
CD4 T lymphocytes transduced with VRX494 at 5, 10, and 20 TU per cell. Shown at the top is the transduction level, average vector copy number,
and MFI in cells at each level of transduction. The lower panel shows the shift in MFT in graph format, in comparison to untransduced cells (dark black
line). (E) Challenge of transduced (closed circles) and untransduced (open squares) primary CD4™ T-lymphocyte cultures with various HIV strains at
an MOI of 0.001. Top and bottom panels show challenge with X4 and RS strains of HIV, respectively. Virus strains are shown above each panel, and
virus replication was measured by ELISA for p24 production. Bars represent standard deviations (n = 3). (F) Challenge with HIV at an MOI of 0.3 in
untransduced SupT1 cells (open circles), SupT1 cells transduced at 20 TU per cell with an empty vector without antisense to the HIV env gene (closed
circles), or SupT1 cells transduced at 20 TU per cell with the same vector containing a 937-base antisense sequence to the HIV env gene (squares).
Transduction rates and MFI in Sup T1 cells for antisense and control vectors were 97% and 586 and 96% and 887, respectively. n = 3.
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human CD3 (clone BB11; Diaclone, Besancon, France) and anti-human CD28
(clone BLS; Diaclone) antibodies on M450 epoxy beads (Dynal, Lake Success,
N.Y.) at a ratio of three beads per cell and with 100 U of interleukin-2 (Chiron,
Emeryville, Calif.)/ml. T lymphocytes were cultured for 3 days, centrifuged,
washed three times to remove vector, and replated in 2 ml of medium, and 4 days
later the beads were removed. At each passage after bead removal, cells were
replated at 0.5 X 10° cells per ml. Upon bead depletion, 2 X 10° transduced or
untransduced cells from healthy donors were challenged with wt HIV at a
multiplicity of infection (MOI) of 0.001 overnight, and then washed four times.
HIV-containing supernatants were recovered twice a week, and cells were
counted and replated at 2 X 10° in 4 ml of T-cell medium.

SupT1 transduction and selection of mutants. SupT1 cells were transduced
with VRX494 vector overnight at an MOI of 5, 10, or 20. Cells were washed the
following day. Flow cytometric analysis for EGFP expression was performed to
determine the transduction rate (percentage of cells transduced).

Naive SupT1 cells and transduced SupT1 cells were challenged with HIV 4.5
at an MOI of 0.1 overnight. The next day, cells were washed three times. Time
points were taken twice weekly during passaging of the cells. At each time point,
supernatants were taken for p24 enzyme-linked immunosorbent assay (ELISA),
which was performed according to the manufacturer’s specifications (Beckman
Coulter, Inc., Brea, Calif.). Reinfections were performed in the same manner by
using virus supernatants normalized for p24 concentration from the challenge
experiment instead of the viral stock.

Isolation of HIV episomal DNA and cloning. Selected and wt HIV was har-
vested from culture supernatants and used to infect naive SupT1 cells at the
maximum concentrations allowed. Cells were collected when cytopathic effect
was observed (about 5 days later). Episomal HIV DNA was isolated by mini-prep
(QIAGEN, Inc., Valencia, Calif.). It is of interest that isolation of whole genomic
DNA did not yield virus product after PCR, which is why episomal viral DNA
was isolated instead. Virus envelope was amplified by PCR using either the
forward pNL4-3 (6567-6590) (5'-TAAAGCCATGTGTAAAATTAACCC-3')
and reverse pNL4-3 (8503-8485) (5'-CAGGCTCCGCAGATCGTCC-3") prim-
ers, which encompass the entire antisense region and part of the nontarget
envelope region (see Table 1), or the forward pNL4-3 (6221-6240) (5'-CTACA
GTACTTGGCACTAGC-3") and reverse pNL4-3 (8785-8762) (5'-CTTCCAGT
CCCCCCTTTTCTTTT-3") primers, which encompass the entire envelope re-
gion (see Table 2). Amplified sequences were then cloned into the TOPO
construct backbone as part of the TOPO TA cloning kit (Invitrogen Corporation,
Carlsbad, Calif.). Individual clones were digested for deletion analysis. All intact
clones and some deletion clones were sequenced for mutation analysis and
detailed deletion analysis (Elim Biopharmaceuticals, Inc., Hayward, Calif.).

RESULTS

Transduction and HIV challenge in vector-transduced pri-
mary lymphocytes. VRX494 is a fully gutted, HIV-1-derived
cppt-containing vector, which expresses an unspliced mRNA
containing a 937-base antisense sequence targeted to the HIV
envelope gene under the control of the HIV LTR (Fig. 1A and
B). For purposes of analysis, GFP was also driven off of the
LTR in a splice-dependent manner. VRX494 is identical to our
clinical-grade vector currently being evaluated in humans for
safety, VRX496, except that VRX496 does not contain GFP
but instead contains a 186-base molecular tag for in vivo mark-
ing.

VRX494 efficiently transduces primary CD4" T lympho-
cytes with a single addition of 20 TU per cell upon culture
initiation (see Materials and Methods). Over 90% of lympho-
cytes in culture were positive for GFP expression within 1 week
posttransduction, and GFP expression was evenly distributed
among the positive cells (Fig. 1C). Lower levels of transduction
still offered high levels of gene transfer, but at lower copy
numbers (Fig. 1D). The number of vector copies per cell cor-
related to the level of gene expression from the vector, as
observed with the higher mean fluorescence activity at higher
copy numbers. The correlation between copy number and con-
centration of vector addition is different for different culture
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systems and cell types. Therefore, this relationship must be
determined separately for each culture system

To examine the antiviral efficacy of the expressed anti-Env
antisense region, we challenged transduced and untransduced
primary CD4 " T-lymphocyte cultures in triplicate with primary
(NL4-3) and laboratory isolates (BaL, US1, and BK-132) at an
MOI of 0.001. The infecting HIV strains represented both the
macrophage-tropic (CCRS) and T-cell-tropic (CXCR4) virus
tropisms. Virus replication was measured by p24 ELISA, which
quantitates the level of HIV capsid protein in culture super-
natant and thus serves as a surrogate marker for HIV replica-
tion. Cultures were followed for a total of 23 days postchal-
lenge. All untransduced cultures produced p24 at maximum
quantities of around 100,000 pg/ml. Transduced cultures inhib-
ited replication by three logs or greater, regardless of the strain
or tropism of the challenge virus (Fig. 1E). Suppression of
virus was continuous, and towards the end of culture no in-
crease in p24 was detected. These data demonstrate long-term
efficient inhibition of HIV strains with different tropisms. An
in-depth study of the efficacy of VRX494 against endogenous
virus in primary T lymphocytes isolated from HIV patients has
also been conducted (17a).

We then investigated the relative role of the antisense pay-
load to the “empty” vector alone. The empty vector was antic-
ipated to have a partial effect on virus replication, since it
serves as a TAR and RRE decoy. SupT1 cells were transduced
with vector containing antisense (VRX494) or an identical but
empty vector at 20 TU per cell to yield a culture that was
>99% transduced as measured by GFP fluorescence. Cultures
were then challenged with HIV; 4.5 at an MOI of 0.3. Culture
supernatants were collected twice weekly for 3 weeks, and
replication was measured by ELISA for p24 production. Empty
vector delayed peak virus replication by 1 week and demon-
strated peak p24 levels at day 12, compared to that at day 5
after challenge in untransduced cells (Fig. 1F). Despite the
delay, the empty vector was unable to control virus replication,
and cultures were destroyed by the end of the experiment at
day 24. In contrast, cultures transduced with antisense-contain-
ing vector did not produce measurable amounts of p24 at any
time, despite the high-MOI challenge. These data clearly dem-
onstrate the important role of the antisense payload in control
of HIV replication, and they are supported by data presented
later in this paper reporting virus mutations above baseline
specifically within the antisense-targeted region.

Selection of HIV mutants by vector-mediated suppression.
Although viral breakthrough is not normally observed in vec-
tor-transduced primary human CD4 T lymphocytes, we were
able to define conditions in the permissive SupT1 T-cell line to
facilitate viral breakthrough. This was possible since SupT1
cells are more permissible to HIV replication than primary
cells, in part due to their high level of division. Thus, these cells
could replicate HIV to higher titers, improving the chance of
development of potential escape mutant viruses. In addition,
SupT1 cells could be cultured for a longer time, which allowed
detection of selected viruses after several weeks. Since wt HIV
replicates but vector does not, low levels of transduction allow
for marginal initial wt HIV replication that eventually over-
whelms the vector and replicate under conditions of selective
pressure during long-term culture. For SupT1 cells, we have
found that transduction at 20 TU per cell is required for com-
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FIG. 2. Selection of HIV by antisense in SupT1 cells. (A) Isolation
of breakthrough wt HIV from antisense selective pressure can only be
measured after challenge of SupT1 cells transduced at suboptimal
doses of vector. SupT1 cells were transduced with vector at an MOI of
5, 10, or 20 TU/ml and then challenged with HIV; 4,5 at an MOI of
0.1. Virus production was measured by a p24 ELISA. (B) Schematic
representation of selection procedure. SupT1 cells were mock trans-
duced or transduced with vector at an MOI of 5 and then challenged
with HIV; 45 at an MOI of 0.1. Culture supernatants were collected
twice weekly and were tested for p24 protein levels in order to deter-
mine the point of peak replication. Culture supernatants from each
group were collected during peak replication, normalized for p24, and
subsequently used to infect naive and transduced SupT1 cells for a
total of three rounds of selection reflecting a selection period of 56
days. (C) After three rounds of selection, naive SupTl1 cells were
infected with p24-normalized supernatants collected from the final
passage of the third selection during peak replication. Supernatants
were collected at the indicated times postinfection and assayed for p24
production by ELISA.

plete virus inhibition and, therefore, transduction at 10 or 5
TU per cell results in incomplete inhibition and therefore may
be considered suboptimal in this specific in vitro system. SupT1
cells were transduced with suboptimal levels of the HIV anti-
sense-expressing vector described schematically in Fig. 1A. Vi-
rus could be selected from cultures transduced at 5 TU per
cell, which inefficiently transduces the culture, but not at 20 TU
per cell (Fig. 2A). As a result of the difference in HIV repli-
cation kinetics in SupT1 cells compared to primary T lympho-
cytes, the level of transduction required for protection cannot
be translated from SupT 1 cells to T lymphocytes. In this paper,
in Sup T1 cells followed by a strong HIV challenge of 0.1, the
breakpoint transduction level was between 5 and 10 TU per
cell. However, we have found in primary T cells challenged at
a more clinically relevant MOI of 0.01 or 0.001 that the break-
point transduction level is much lower.

After infection of nontransduced SupT1 cells with HIV,
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TABLE 1. Deletions at the antisense target region

Virus No. of No. of % with
) clones deletions deletions
Wild type 40 11 27.5
Breakthrough 290 264 91

peak p24 levels were observed 5 days later. However, in sub-
optimally transduced SupT1 cells, p24 levels did not peak until
20 to 25 days postinfection (Fig. 2A). Supernatants normalized
for p24 and taken from normal and selected cultures were
passaged serially three times for a total culture time of 56 days
through transduced and nontransduced SupT1 cells (Fig. 2B).
With each passage, selected virus was detected later than wt
HIV. After serial selection, p24 was produced earlier in se-
lected virus than before selection, but at lower levels (Fig. 2C,
compare to A). This shift of the curve down and to the left
suggests that a significant level of mutation may be occurring in
response to antisense pressure.

Anti-HIV antisense results in a high frequency of large
deletions in the target envelope region. To characterize the
mutations that led to the change in HIV phenotype after vec-
tor-mediated suppression, a 2-kb region was amplified via PCR
using wt HIV-specific primers and then subcloned for sequenc-
ing (Fig. 1B). The mutations primarily fell into two categories:
(i) those with large deletions in the envelope region, and (ii)
those with only point mutations (discussed in the following
section). The percentage of deletions in the breakthrough virus
was much higher than in wt HIV (Table 1; 91% compared to
27.5%), and the deletions always encompassed the antisense
target region (Fig. 3). The higher rate of deletion in virus from
transduced cells indicated that antisense was exerting signifi-
cant selective pressure on HIV to delete the region that binds
the antisense region in the vector. Many of these deletions are
quite large, which would result in severe debilitation of the
virus. The ability of these mutants to persist with such defects
likely resulted from copackaging and/or pseudotyping with wt
HIV in cells. Alternatively, coinfection of complementing de-
fective viruses in a cell could allow propagation of otherwise-
replication-incompetent viral species.

High levels of A-G transitions in point mutations in selected
viruses. Viruses that contained point mutations ranged from
having background levels of mutations similar to that of wt
HIV to having high levels of mutations resulting in replication-
defective viruses. The mutation frequency was examined in the
antisense-targeted region, the nontargeted region, and in the
entire envelope region, using the primers presented in Fig. 1B.
The sequence changes from the entire wt HIV envelope in
Table 2 are presented as follows: the number of A-G transi-
tions are shown in the second column for comparison to the
total number of point mutations within the antisense target
region of the envelope; the mutation rates for the entire en-
velope or antisense region only are also shown. The vast ma-
jority of the clones displayed similar mutation rates (ranging
from 0.04 to 0.35%) to the wt HIV control (ranging from 0 to
0.312%) (data not shown) over the entire region of the enve-
lope. This suggests that the mutations in these clones may be
equivalent to the spontaneous variations of wt HIV. In addi-
tion, we conducted a ¢ test on the mutation rate within the
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FIG. 3. Deletion analysis of selected viruses. Viruses obtained from serial selection in SupT1 cells as described in the legend for Fig. 2 were
subcloned and sequenced. Representative clones that contain large deletions are shown. Deletions are represented by the dotted lines, and the
antisense target region is indicated at the top of the figure in grey. Please note that the figure is not drawn to scale. Most deletions observed were
larger than 1 kb in length, and all deletions overlapped with the target region of the envelope.

antisense target region compared to that outside the antisense
target region and found that for those viruses exhibiting overall
spontaneous mutation rates, there was no statistical difference
between the regions (P > 0.05). Therefore, the selected viruses
are predicted to behave similarly to wt HIV, which is con-
trolled by the antisense region expressed by our vector. How-
ever, three virus clones did have a significantly higher mutation
rate in the envelope, BTP1, BTP2, and BTP3 (Table 2). In
these clones, we noted that in the antisense target region,
A-to-G transitions were more common than any other kinds of
base changes, representing 99, 76, and 88% of the changes,
respectively (Table 2, columns 2 and 3). Antisense-mediated
selection of viruses containing these mutations was consistent
with the known mechanism of antisense degradation of target
transcripts by dsSRAD/DRADA. Significantly, these clones
only have increased rates of mutation within the antisense
region and not outside the region complementary to the anti-
sense, strongly suggesting that the mutations are a direct result
of antisense-mediated selective pressure on the HIV genome.

Replication competence of viruses with high levels of A-G
transitions. As mentioned above, most of the viruses isolated
from the transduced cells exhibited mutation rates similar to
that found in virus isolated from mock-transduced cells. The
reason for this is because most transcripts targeted by antisense
are degraded instead of released from the cell. However, we
were able to isolate three clones that exhibited significantly

more point mutations in the antisense target region of the
envelope gene but not outside the target region, BT-P1, BT-
P2, and BT-P3 (Table 2). The overall mutation rates for these
clones were 0.66, 0.66, and 4.25%, respectively (note that only
1,247 of 1,627 nucleotides of BT-P1 were sequenced, and
therefore Table 2 shows no value for the “entire Env” data for
BT-P1). These rates significantly exceeded the upper limit of
the basal mutation rate of 0.35%. This is more striking when
looking at mutation rates in the target region alone: BT-P1
(11.66%), BT-P2 (1.5%), and BT-P3 (1.6%). The location and
frequency of these mutations are displayed in greater detail in
the sequence map alignment presented in Fig. 4.

Due to the high percentage of base changes in these mu-
tants, it was possible that the viruses would no longer be sen-
sitive to antisense vector inhibition. To address this question,
the functionality of the mutant envelopes was tested with re-
spect to their ability to support viral replication and subse-
quent resistance to vector inhibition. To that end, the envelope
regions from the mutant viruses were cloned back into the
HIVy, 4.5 backbone. The resultant viruses were tested for their
replication ability by measuring the viral titers in terms of
TCIDs, in nontransduced cells (Fig. 5A). Two of the three
mutants were incapable of replicating in nontransduced SupT1
cells (BT-P1 and BT-P3). One mutant was able to replicate
(BT-P2), but not to wt HIV levels. These data indicate that the
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TABLE 2. Type and percentage of mutations in HIV selected for
by serial passaging through Sup T1 cells

Mutation rate (%)

No. of No. of
Clone* A-G mutations Entire ASI) Non-AS
transitions ENV region region

WT 0 0 0 0
BT90/BT-P1 108 109 NA“ 11.66 0.1
BT1 1 3 0.12 0 0.18
BT2 3 8 0.31 0.53 0.12
BT3 2 7 0.31 0.53 0.18
BT4 4 9 0.35 0.53 0.25
BTS5 1 0.04 0 0.06
BT6 4 0.16 0.11 0.18
BT7 2 0.08 0.11 0.06
BT9 2 7 0.31 0.32 0.31
BT11 2 3 0.12 0.11 0.12
BT12 1 7 0.27 0.21 0.31
BT14 4 0.16 0.11 0.18
BT15 2 4 0.16 0.21 0.12
BT17 1 5 0.19 0.21 0.18
BT19 2 4 0.16 0 0.25
BT22 1 3 0.16 0.21 0.12
BT24 1 2 0.08 0.11 0.06
BT25 3 5 0.19 0.21 0.18
BT26 1 2 0.12 0.11 0.12
BT27 1 6 0.23 0.32 0.18
BT31 1 3 0.16 0.21 0.12
BT33 2 4 0.16 0.11 0.18
BT34 2 0.16 0.11 0.18
BT35 2 0.08 0 0.12
BT36 2 0.08 0 0.12
BT37 4 8 0.27 0.32 0.25
BT38 2 4 0.16 0.11 0.18
BT39 2 4 0.16 0.21 0.12
BT40 4 7 0.23 0.32 0.18
BT41 2 0.08 0.11 0.06
BT43 4 0.16 0.11 0.18
BT44 2 4 0.16 0.32 0.06
BT45 2 5 0.19 0.11 0.25
BT46 1 0.04 0 0.06
BT47 1 0.04 0 0.06
BT48 5 7 0.27 0.32 0.25
BT50 2 0.08 0.11 0.06
BT51 1 0.04 0 0.06
BT52/BT-P2 13 17 0.66 1.5 0.18
BT53/BT-P3 15 17 0.66 1.6 0.12
BTS5 2 0.08 0 0.12
BT56 3 0.12 0 0.18
BT57 1 3 0.12 0.32 0.06
BTS58 1 5 0.19 0.32 0.12
BT60 3 5 0.19 0.32 0.12
BT61 4 8 0.31 0.32 0.31
BT65 2 0.08 0 0.12
BT73 1 5 0.19 0.21 0.18
BT74 1 4 0.16 0.21 0.12
BT75 2 7 0.27 0.32 0.25

“ The three virus clones with significantly higher mutation rates are shown in
bold.

> AS, antisense.

¢ NA, not available (only 1,247 of 1,627 nucleotides of BT-P1 were sequenced).

selected viruses are not increasingly virulent, but instead dem-
onstrate a decrease in fitness or lost replicative ability.
Finally, we examined whether these mutants had evolved to
evade vector-mediated antisense inhibition. SupT1 cells were
transduced with vector at 11 TU per cell, a suboptimal level
that allows delayed replication of wt HIV, and then subse-
quently challenged with wt HIV or BT-P2 as a representative
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mutant capable of replicating (Fig. 5A). As a control, mock-
transduced cells were infected with wt HIV. As previously
observed in Fig. 2A, in the absence of antisense, wt HIV
replicated to high titers between days 6 and 9 postchallenge. In
transduced cells, wt HIV p24 levels peaked at days 20 to 23, but
BT-P2 was not able to replicate (Fig. 5B). These data support
that the mutations acquired in the target envelope region of a
selected virus capable of replication do not result in true es-
cape mutants capable of evading the antisense therapy.

DISCUSSION

This report describes the use of an HIV-1-based lentiviral
vector, VRX494, which was engineered to express a 937-base
antisense sequence against the envelope region of HIV. The
clinical analogue to VRX494, VRX496, is identical to VRX494
except that it expresses a molecular tag in place of GFP.
VRX496 is currently being evaluated for safety in humans in
an ongoing clinical trial. We demonstrated efficient gene de-
livery to primary lymphocytes and subsequent inhibition of
various HIV strains at a clinically relevant MOI (clinically
relevant MOIs range from 0.0001 and 0.02 according to the
Current Protocols in Immunology and rates of infected cells in
HIV-positive individuals).

Consideration of antisense gene therapy for treatment of
HIV infection has been extensively investigated over the last
decade. Several strategies have been employed, including tar-
geting of the HIV coreceptor to prevent infection and spread
(21), inhibition of regulatory genes like the packaging se-
quence, tar, and primer binding site (6), or targeting of struc-
tural or nonstructural viral gene products like rev, envelope,
virulence factors, etc. (6, 10, 19, 26, 27, 40, 44, 47). Importantly,
the ability of antisense to inhibit HIV replication in vivo was
demonstrated in a monkey model given autologous T cells
modified with a vector containing antisense against the tat/rev
gene prior to challenge (10). Challenges to bringing this ther-
apy to the clinic include a difficulty in reaching efficacy, and the
first HIV gene therapy clinical trial using modified T-cell trans-
fer demonstrated the safety of the approach but did not
achieve efficacy (9). Expression of antisense from lentivirus-
derived vectors offers increased transduction and efficacy in
inhibiting HIV (25). Our vector is an HIV-based lentiviral
vector expressing a long antisense for increased transduction
and anti-HIV efficacy. Efficacy can also be improved after
dosing of the patient by using a selection gene to increase the
number of vector-modified cells in vivo (9). An alternative
approach would be to transduce stem cells that have the ability
to mature into virus-resistant lymphocytes (9, 26).

In order to determine whether suppression of virus would
lead to escape mutants or resistance to virus, we studied the
mechanism of virus suppression by defining conditions that
allowed virus production during antisense-mediated inhibition
and then analyzing the resultant viruses for mutations in the
target envelope region and for any ability to escape from an-
tisense. We found that antisense exhibited a strong selective
pressure against HIV, resulting in mutants incapable of escap-
ing the antisense antiviral under standard transduction and
culture conditions, which have been translated to the clinical
scale.

There was a significantly higher percentage of deletions in
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FIG. 4. Sequence of the antisense target region of three clones with a high mutation rate. Three clones, BT-P1, BT-P2, and BT-P3 (Table 2)
that had significantly higher mutation rates than wt HIV were sequenced. The nucleotide changes are shown and are predominantly A-G
transitions. The antisense target region is shown in bold black, and the underlined region represents the V3 loop. Mutations were concentrated

within the antisense target region.

the envelope target region in virus selected for by serial pas-
sage through transduced cells (91% compared to 27.5%). The
deletions were of a significant size (most frequently over 1 kb
in length), which would result in a nonfunctional envelope that
severely debilitates the virus. These mutants could continue to
propagate either due to help from wt HIV virions that could
copackage with (pseudotype) the mutated genome or, alterna-
tively, due to coinfection with complementing helper virus.
This is reflected in the pattern of replication of virus mutants
after selection, in which the virus is detected earlier after
infection of suboptimally transduced cells, but at much lower
levels. The magnitude and frequency of the deletions in the
envelope target region demonstrated a high level of inhibition
mediated by even suboptimal levels of vector transduction in
SupT1 cells.

Antisense-mediated inhibition of RNA transcripts was first
described in prokaryotes and eukaryotes in the mid 1980s (42,
49). It is generally believed that antisense-mediated inhibition
occurs primarily in the nucleus of eukaryotes, where high levels
of the enzyme dsRAD/DRADA are constitutively expressed.
This enzyme recognizes double-stranded RNA only and cata-
lyzes the partial unwinding of double-stranded RNA by con-
verting adenosine to inosine. It is proposed that this unwinding
is the cause for nuclear retention and degradation of target
transcripts, which then are unable to be exported to the cyto-
plasm for translation into proteins. An excellent in-depth study
examining this mechanism of nuclear retention using the poly-

omavirus model, which downregulates its early genes through
the production of antisense during late gene transcription, is
presented in reference 20. dsSRAD/DRADA can also be in-
duced in the cytoplasm by interferon, which is produced during
virus infections like HIV. Therefore, in addition to nuclear
modification of transcripts, HIV genomes might be modified in
the cytoplasm after antisense transcripts expressed from our
vector are transported there, forming double-stranded RNA
with wt HIV RNA.

A significantly increased number of A-G transitions oc-
curred in the mutagenized HIV genomes produced during
selection. Such hypermutations have been previously reported
in a retrovirus model and in respiratory syncytial virus and
vesicular stomatitis virus (17, 30, 38). One possible explanation
for the hypermutation in the present model is that neutral or
random mutations incorporated into the HIV genome during
reverse transcription favor selection of A-G transitions due to
an enzyme-induced bias. However, given the very high number
of A-G transitions, a second intriguing possibility of enzyme-
directed mutagenesis by A-I conversions that select for A-G
transitions is presented. The pattern of mutations observed in
these studies supports the hypothesis that during HIV infec-
tion, dSRAD/DRADA changes adenosine to inosine, and
some of the modified HIV genomic RNAs escape nuclear
retention and are packaged into progeny virions. Since inosine
base pairs with cytosine during reverse transcription (which
occurs inside the virion after packaging), the modified RNAs
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FIG. 5. Replicative ability of selected mutants. (A) Virus variants
selected for by antisense pressure are not fit. Viruses were produced by
transfecting 293T cells with the mutant virus plasmids. Supernatants
were collected at 48 h posttransfection for determination of virus titer
by TCIDs, in SupT1 cells. Actual values were as follows: 3.88 X 10° for
wt HIV, 6.56 X 10° for BT-P2, and 0 for both BT-P3 and BT-P1 (ND
is shown on the graph to indicate not detected). Mutation rates in the
antisense region are shown in parentheses. BT-P2 and BT-P3 were
full-length envelopes that were inserted back into HIVy 4.5. (B) Se-
lected viruses cannot replicate in SupT1 cells transduced with vector
expressing antisense. SupT1 cells were transduced with vector at an
MOI of 11 and then challenged with either wt HIV or BT-P2 at an
MOI of 0.01 (WT HIV Td and PT-P2 Td, respectively). Virus repli-
cation was measured by p24 ELISA. wt HIV mock-infected cultures
(WT HIV Mock) were terminated after day 27 due to virus-induced
cell death. Cells transduced with vector showed no evidence of HIV
replication. Standard error is shown for WT HIV Td, but not for WT
HIV Mock, since only one culture was used as a replication control.
BT-P1 and BT-P3 were not tested because they do not replicate.

would result in mutant HIV genomes containing A-G transi-
tions. These results demonstrate that antisense-mediated sup-
pression is occurring through the dsSRAD/DRADA pathway.
Finally, and perhaps most importantly for use of our thera-
peutic antisense vector for treatment of HIV-infected patients,
breakthrough viruses do not occur in cells transduced at nor-
mal levels. An advantage to the lentiviral vector antisense
delivery system is that it affords the ability to express longer
antisense transcripts than the liposome delivery system, and
the lentiviral delivery system may be safer than the MoMuLV-
based system in terms of insertional oncogenic potential. The
937-base length of the antisense sequence is sufficiently long so
that viral deletions large enough to escape suppression are
unlikely to replicate. Under specific conditions designed to
allow for emergence of breakthrough viruses for the purposes
of analysis, selection of viruses from antisense pressure does
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not allow for true escape mutants to evolve. For those viruses
that mutated significantly greater percentages of the target
region of the envelope gene compared to wt HIV, their ability
to escape antisense was examined by cloning the mutated re-
gions into the wt HIV backbone and then measuring the sen-
sitivity of these clones to antisense inhibition. Two of these
three viruses that contained 109 and 17 mutations in the entire
envelope region (108 and 15 of which were A-G transitions,
respectively) were unable to replicate, and a third also con-
taining 17 mutations in this region (13 of which were A-G
transitions) did not replicate to wt HIV levels. The replication-
competent mutant, however, could not replicate when added
to vector-transduced cells, thus demonstrating that viruses that
mutate significantly in response to antisense inhibition do not
result in true escape mutants. The A-G transitions seen in the
mutated HIV likely result in dysfunctional envelope proteins
that persist through pseudotyping of mutated genomes with wt
HIV genomes that express functional envelope proteins. How-
ever, the mutated genomes are not replication competent on
their own.

In conclusion, a long antisense vector results in mutations
that cause sufficient debilitation of the virus. Other RNA-
based approaches to HIV therapy that include ribozymes and
RNAI use short sequences to identify the target RNA, which
would quickly result in virus resistance. Theoretically, the use
of several anti-HIV sequences in a single gene therapy con-
struct may inhibit the evolution of resistant virus strains, al-
though this has not yet been demonstrated over the long term.
The length of the antisense message in the vector presented
here is an important parameter to prevent virus resistance and
ensure potential long-term suppression of HIV. These data
support the safety of anti-HIV gene therapy mediated by an-
tisense vector by demonstrating that it does not result in a
population of viruses resistant to the gene therapy.
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