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Replication ofhuman immunodeficiency virus type 1 (HIV-1) was inhibited by stable intracellular expression
of antisense RNA in the human T-lymphoid cell line Jurkat. When the viral subregion encoding the HIV-1
activator proteins was targeted, the extent of antisense RNA-mediated inhibition was greater than 97% during
the first 2 weeks postinfection. Later in the time course, productive HIV-1 infection broke through at high
initial infective doses. However, at initial multiplicities of infection equal to or smaller than 0.1, HIV-1
production was not detectable during the 5 weeks of observation. The results underline the effectiveness of
stable intracellular antisense RNA expression in inhibiting HIV-1 replication.

Chemotherapy and vaccination are classical antiviral prin-
ciples. Recently, methods of molecular and cellular biology
allowed a consideration of alternative approaches which
may be summarized by the term "(somatic) gene therapy"
(for reviews, see references 9, 42, and 43). The intracellular
expression of an antivirally active gene may lead to resis-
tance of the expressing cell against virus infection or to
inhibition of virus replication. These alternatives might
become relevant for the treatment of the disease associated
with infection by human immunodeficiency virus type 1
(HIV-1), i.e., AIDS. Tools for this approach include inhibi-
tory (i.e., antivirally active) proteins and nucleic acids. It
was shown in tissue culture cells that the intracellular
expression of mutated HIV-1 Gag and Rev proteins, domi-
nant negative interfering proteins (19, 40), led to a significant
reduction of HIV-1 replication. Similar negative effects on
HIV-1 replication were exerted by intracellular expression
of negatively interfering HIV-1 sense RNAs (30, 38) as well
as by antisense RNAs (summarized in reference 13). An-
tisense nucleic acids have been used successfully as inhibi-
tors of gene expression (for reviews, see references 12, 13,
41, and 45) and viral replication in both procaryotic (3) and
eucaryotic (2, 13, 32, 39) cells. The inhibition of HIV-1 by
antisense nucleic acids has been shown for antisense oligo-
nucleotides (1, 10, 21, 33, 36, 48), although complete inhibi-
tion of the virus could not be achieved. So far, intracellularly
expressed antisense RNA has shown significant but tempo-
rary inhibitory effects; i.e., 2 to 3 weeks postinfection,
HIV-1 replication broke through (14, 23, 32). Antiviral
effects were also observed with HIV-1-directed hammerhead
ribozymes (5, 26, 44). However, it cannot be determined
whether inhibition of HIV-1 in these cases was due to
ribozvme activity, to classical antisense effects, or to a
mixture of both.

In this work, we studied the time course of inhibition of
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HIV-1 replication in the human T-lymphoid cell line Jurkat
over a time period of 5 weeks with various initial infective
HIV-1 doses. We report that stable intracellular antisense
RNA expression directed against the region of the viral
activator/regulator proteins, including Tat and Rev, led to
complete inhibition of HIV-1 replication when an infective
dose of 0.1 infectious HIV-1 particle per cell or smaller was
used.
The strongest inhibitory antisense RNAs are directed

against the genes coding for the viral activator proteins. It is
plausible and has been shown experimentally that the extent
of antisense nucleic acid-mediated inhibition of gene expres-
sion is influenced by the biological functions of the subgenic
target sequences and by structural properties of the involved
RNAs (8, 18, 23, 24, 47). The same was also shown for
inhibition of HIV-1 replication with antisense oligonucleo-
tides (1, 10, 21, 48) and with antisense RNA transcribed from
microinjected expression plasmids (24). In human T-cell
lines with stable antisense RNA expression directed against
the 5' leader/gag region, it was shown earlier that a signifi-
cant but limited extent of inhibition of HIV-1 replication
could be achieved (29). By transient microinjection experi-
ments, the extents of HIV-1 inhibition of a series of different
HIV-1-targeted antisense RNAs were compared (24). The
results indicated that the most effective viral target region for
antisense RNA contained coding exons of the regulator
proteins, including Tat and Rev. Therefore, we analyzed
whether stable intracellular expression of Tat- and Rev-
directed antisense RNA in human T cells also had enhanced
antiviral effects. It should be mentioned that this viral
subregion also codes for a large number of other viral factors
(28).
The human T-lymphoid cell line Jurkat (27, 46) used in this

study does not show a significant short-term HIV-1-induced
cytotoxic effect. The course of HIV-1 infection can be
monitored for several weeks, thus enabling one to test
whether antiviral effects are temporary or can last over a
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TABLE 1. Expression of CD4 surface antigen and HIV-1
replication in parental Jurkat cells and Jurkat clones
stably transfected with the antisense RNA expression

plasmid pAR6 or the control plasmid pCAT

% of CD4+ Relative HIV-1 antigen
Clone cells concn in culture superna-

tants 10 days postinfection

Parental Jurkat cells 37 10,000
pCAT(J) clone:

1 55 11,000
2 94 20,000
3 90 16,000
4 25 4,000
5 52 16,000
6 52 20,000

pAR6(J) clone:
3 40 4,200
5 43 <500
7 53 2,800
8 51 1,700
11 25 4,500

a Expression of CD4 antigen was measured by fluorescence-activated cell
scanning, using monoclonal anti-CD4 antibodies (HP2/6).

longer period of time. The plasmid for expression of an-
tisense RNA against the activator genes of HIV-1 (pAR6
[24]) which had led to the strongest inhibition of HIV-1
replication in the transient assay was chosen to analyze the
antiviral effects of stably expressed antisense RNA in the
human T-lymphoid cell line Jurkat. Antisense RNA expres-
sion was driven by the immediate-early promoter/enhancer
element of human cytomegalovirus (HCMV) and terminated
by the small-t-antigen splice and polyadenylation signal of
simian virus 40. The HIV-1 sequence in pAR6 was derived
from the proviral clone pBH10 (Sall [position 5366]-KpnI
[position 5928] [22]). Stably pAR6-transfected Jurkat clones
were generated by electroporation and hygromycin B selec-
tion as described previously (29). The presence of the
antisense RNA expression cassette was confirmed by the
polymerase chain reaction (PCR) essentially as described
previously (35) with a 5' primer (20-mer; 5'-CACGCTGTI
TGACCTCCAT-3') located on HCMV sequences and a 3'
primer (20-mer; 5'-CCAATTATGTCACACCACAG-3') de-
rived from simian virus 40 sequences (25). Seven of eight
generated clones were positive for antisense RNA expres-
sion, as shown by Northern (RNA) analysis (data not
shown). The concentration of infective particles (3 x 109
ml-1) was determined by infecting MT-4 cells (11) with serial
dilutions of the thawed HIV-1 supernatants. In the text that
follows, the number of infectious HIV-1 particles per in-
fected MT-4 cells will be designated MOI (multiplicity of
infection)mT-4. However, virus stocks apparently have a
higher titer on MT-4 cells than on Jurkat cells. Although this
finding indicates that the MOIMT-4 used in the infection
experiments leads to an overestimated MOI for Jurkat cells,
the inoculum was sufficient to infect control Jurkat clones
reproducibly. In the course of infection, cell cultures were
not grown in the presence of hygromycin B.
Under established experimental conditions (29, 32), i.e., at

high initial infective doses (MOIMT4 > 10), the mean inhibi-
tion in pAR6-derived clones versus control clones was 81%
10 days postinfection (Table 1). To determine the extent of
clonal variability in the course of HIV-1 infection, five pAR6
clones were compared with six control Jurkat clones gener-
ated with the chloramphenicol acetyltransferase (CAT)
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FIG. 1. HIV-1 production in Jurkat clones stably transfected

with plasmid pXRCAT, p2as, or pAR6 on day 10 postinfection at an
initial infective dose of 10 infective particles (MOIMT4) per cell. The
HIV-1 antigen concentrations in cell-free culture supernatants were
measured by a commercial HIV-1 antigen ELISA recognizing p24.
Indirect immunofluorescence staining of infected cells was per-
formed with an AIDS patient serum. The columns give the mean of
six clones in three series of infection. rac, relative antigen concen-
tration (_); IF', immunofluorescence positive ( ).

expression plasmid pKEX-2-XR-CAT (pCAT) (25). CAT
activity had been detected in pCAT clones over a time
period of 8 weeks, indicating the continuous intracellular
presence of plasmid DNA and of CAT mRNA (data not
shown). It should be noted that there was no significant
difference in proliferation rates (data not shown) and CD4
expression (Table 1) in pAR6 and control clones used in
HIV-1 infection experiments. Thus, it was concluded that
the difference in HIV-1 infection (Table 1) between the group
of antisense RNA-producing pAR6 clones and the group of
control clones reflect the influence of intracellular antisense
RNA expression on HIV-1 replication.

Inhibition of HIV-1 replication in six pAR6-derived Jurkat
clones was also compared with that of six Jurkat clones
expressing antisense RNA against the 5' leader/gag region of
HIV-1 (p2as Jurkat clones [29]) at 10 infective HIV-1 parti-
cles per cell. In this case, the percentage of infected cells and
the concentration of virus antigen in supematants were
reduced by a factor of approximately 6 in pAR6 clones as
compared with p2as clones (Fig. 1). This difference in
antiviral efficacy is significant because the two antisense
RNA expression plasmids (p2as and pAR6) were assayed in
the same system. However, it is difficult to directly compare
these results with published data derived from other exper-
imental systems.
Temporal analysis of HIV-1 inhibition. For testing inhibi-

tion of HIV-1 replication in a short time range, i.e., within
the first 50 h postinfection, we used high infective doses
(MOIMT4 - 100). Fifty hours is the time period which had
been found to cover two viral replication cycles in a related
cell line (15). HIV-1 replication in pAR6(J) clone 3 and
pCAT(J) clone 3, which had shown average HIV-1 replica-
tion in their respective groups of clones, was monitored by
measuring relative viral antigen concentrations in culture
supernatants (Fig. 2A). The extent of inhibition in pAR6(J)
clone 3 during this initial phase of infection was approxi-
mately 80%. In the following days, HIV-1 production was

inhibited almost completely. Later in the time course, HIV-1
infection broke through and virus was produced and released
with the same kinetics as had been observed several days
earlier in unprotected control clones (Fig. 2C). The latter
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FIG. 2. Time course of HIV-1 production (A) and extent of inhibition in the initial phase of infection (B) of a representative pAR6 clone(clone 3) and a representative control clone [pCAT(J) clone 3]. Infection was monitored by measuring the concentrations of HIV-1-specificantigens in the culture supernatant by an HIV-1 antigen ELISA. The MOIMT4 of approximately 103 used in this experiment was the highestwhich could be used experimentally. (C) Long-term inhibition of HIV-1 replication in eight pAR6 clones versus six pCAT control clones.Production of HIV-1 was monitored as for panel A. The MOImT-4 was 10. (D) Time-dependent extent of inhibition. rac, relative antigenconcentration.

observation is surprising, since at the time when pAR6
clones started to produce HIV-1 with the same increase as in
control cultures (day 5; Fig. 2C), only approximately 0.1% of
the cells expressed HIV-1 antigens as measured by indirect
immunofluorescence. Even 3 days later (day 8; Fig. 2C),
which corresponds to two to three viral replication cycles,
the percentage of HIV-1-positive cells was in the range of
5%. The reasons for breakthrough of infection are not
known. However, selection for antisense RNA-resistant
virus types does not seem to explain the breakthrough of
HIV-1 infection, since reinfection of pAR6(J) clones with
HIV-1 taken from productively infected pAR6(J) cells again
led to the same extent of HIV-1 inhibition. We can also
exclude the possibility that the HCMV immediate-early
promoter/enhancer element is down-regulated by HIV-1.
This effect was shown earlier for antisense RNA transcrip-
tion and was also indicated by nonaltered CAT expression
levels in Jurkat clones with stable HCMV-driven CAT
expression during the course of HIV-1 infection (data not
shown).

Transient antisense RNA-mediated inhibition of HIV-1 rep-
lication. In stable pAR6(J) clones at high initial infective
HIV-1 doses, the extent of inhibition measured in the first
hours postinfection (Fig. 2A) was 80%. Extrapolation of this
80% inhibition for each viral replication cycle for the first
four viral replication cycles would result in more than 99%
inhibition. However, in contrast to results for low initial
infective doses (Fig. 3), for high infective doses the extent of

inhibition was high initially but decreased with time (Fig. 2C
and D). The ability to inhibit HIV-1 replication at the
single-cell level might be lost at later stages of infection,
since there is a high rate of virus spread following the
breakthrough of infection. Since at the time at which break-
through initiates, only 0.1% of cells are positive for HIV-1
antigens, it might be possible that signals from the few
infected cells contribute to a switch-off of antisense RNA-
mediated inhibition of HIV-1 replication in other cells in the
same culture. So far, we have no experimental evidence for
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FIG. 3. Time course of inhibition of HIV-1 replication at variousinitial infective doses calculated with one representative antisense

RNA expressing pAR6 clone 3 versus one control clone [pCAT(J)clone 3]. The ratio of infectious virus particles (MOIMr4) and cellsis noted above each curve.
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TABLE 2. HIV-1 production in Jurkat clones 35 days after
exposure to 0.1 infectious virus particle per cell

Clone Infectious particle/cell Days until breakthroughof HIV-1

pCAT(J) clone:
1 0.1 8-11
2 0.1 8-11
3 0.1 11-15
4 0.1 8-11
6 0.1 11-15

pAR6(J) clone:
3 0.1 _a
5 0.1
7 0.1
8 0.1
11 0.1

p2as(J) clone 1 0.1
0.3

a_, No breakthrough of HIV-1 production up to 36 days postinfection,
measured by ELISA with undiluted culture supernatants (definition of break-
through, relative antigen concentration of >1,000) and by indirect immuno-
fluorescence with an AIDS patient serum.

the existence and nature of such hypothetical viral or virus-
induced factors. However, in tissue culture cells, the release
of Tat from infected cells (6) and the uptake of Tat from the
culture medium (7, 20) is known. From our data and further
published data on antisense RNA- or ribozyme-mediated
inhibition of HIV-1 replication, we conclude that the inhibi-
tion of viral replication was transient (23, 29). In some
published reports, transiency of inhibition has not been
excluded, and thus further conclusions cannot be drawn (14,
26, 44).
Breakthrough of HIV-1 infection in Jurkat cells 5 to 10

days after infection was also observed during chronic treat-
ment with the reference anti-HIV-1 compound 3'-azido-3'-
deoxythymidine (zidovudine) (AZT; 20 and 200 nM [data not
shown]). This observation could be explained by the finding
that in vivo and in vitro, certain mutated positions within the
pol coding sequence led to the expression of AZT-resistant
reverse transcriptase (16, 17). In this work on antisense
RNA-mediated inhibition, we excluded experimentally the
possibility that breakthrough of infection is caused by the
selection of antisense RNA-resistant HIV-1 subtypes.
Long-term suppression of HIV-1 replication after low-dose

infection. An excess of more than 10 infectious virus parti-
cles per cell might not reflect the situation in vivo. For this
reason, we tested the influence of low initial infective doses
on the course and the time point of breakthrough of HIV-1
infection. Breakthrough of HIV-1 production in pAR(J)
clone 3 versus the control, pCAT(J) clone 3, was delayed at
least up to 25 days postinfection at an MOIMT-4 equal to or
smaller than 0.1 (Fig. 3). No virus replication was also
observed with a larger number of individual pAR6(J) clones
at least for the observation period of 35 days postinfection
(Table 2). Three of these long-term-protected Jurkat cultures
were tested for the presence of proviral HIV-1 DNA by PCR
analysis with cellular chromosomal DNA isolated 35 days
postinfection. HIV-1-specific PCR primer sequences were
derived from the env gene; i.e., they were not contained on
pAR6. In one of the three samples, HIV-1 DNA was
detected. To test whether there is continuous low-level
production of HIV-1 in protected antisense clones, we
performed the following experiment in duplicate. A total of 5
x 105 cells of five independent pAR6(J) clone 3 cultures

which did not show any HIV-1 antigen production up to 59
days postinfection were cocultivated with 2 x 10 MT-4
cells. After 4 days, an HIV-1 antigen enzyme-linked im-
munosorbent assay (ELISA) with coculture supernatants did
not indicate any HIV-1 antigen production, i.e., HIV-1
replication.
The experiments performed in this work at high initial

infective doses demonstrate a stronger antiviral effect for
pAR6 than for p2as. At low infective doses, however,
complete inhibition of productive HIV-1 infection was also
observed with one p2as(J) clone (clone 1), indicating for p2as
an antiviral potential similar to that for pAR6 at low HIV-1
concentrations.

Parameters affecting the extent of inhibition: further im-
provements. The extent of inhibition of HIV-1 replication in
tissue culture cells can be increased by using more effective
subgenomic and subgenic target sequences (23, 24). It was
shown that above certain threshold levels, there is no
additional effect of increased intracellular concentrations of
antisense RNA (23, 29) on the replication of HIV-1 (32). A
similar phenomenon was also observed in divergent biolog-
ical systems, e.g., in transgenic potato plants in which
antisense RNA-mediated inhibitory effects were not depen-
dent on the intracellular antisense RNA concentration (37).
These data suggest that further improvements of intracellu-
lar steady-state levels of antisense RNA, either by transcrip-
tion from stronger promoters or by increasing the half-lives
of the transcripts, may not necessarily increase antiviral
effects.
On the other hand, one of the major parameters for the

successful application of antisense RNA probably is the
local target region which is linked with biological functions
and structural properties of the target transcripts. Analysis
of the latter could be the basis for the design of antisense
RNAs with structural modifications, possibly leading to
improved RNA-RNA interactions. For example, local struc-
tural elements such as stem-loops of the antisense RNA and
the target RNA may have a great influence on RNA double-
strand formation, as was shown in naturally occurring an-
tisense RNA-regulated systems (34). The identification of
such structural elements might be supported by decreasing
the length of the antisense RNAs. For example, in vitro
hybridization studies (31) as well as HIV-1 inhibition studies
showed that a 69-nucleotide transcript was at least as effec-
tive as the 562-nucleotide pAR6-derived progenitor an-
tisense RNA (12a).
Another promising approach appears to be insertion of

ribozyme sequences into antisense RNA transcripts, al-
though it is technically difficult to demonstrate ribozyme-
mediated cleavage reactions in living cells. Ribozyme-medi-
ated inhibition may consist of at least two inhibitory
reactions which cannot be distinguished easily, namely, the
recognition of the target by antisense interactions and the
cleavage reaction. Since the contribution of the two steps to
the overall inhibition is not known, the question remains
open as to whether ribozymes have a greater antiviral
potential than does antisense RNA. This view is supported
by the finding of Cotten et al. (4), who investigated inhibition
of U7 small nuclear ribonucleoprotein-mediated histone pre-
mRNA processing in vitro and found that antisense RNA-
mediated inhibition took place at an even lower molar excess
of the antisense RNA than did inhibition at comparable
extents mediated by ribozymes. However, irreversible de-
struction of target RNAs made theoretically possible by
ribozymes or by other mechanisms (e.g., unwinding and
modifying activity) might become a powerful tool for antivi-
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ral therapy in the future. Also, improved antisense con-
structs may contribute to specific and complete shutoff of
undesired cellular or viral functions.
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