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Short-term assays have suggested that RNA interference (RNAi) may be a powerful new method for intracellular immunization against human immunodeficiency virus type 1 (HIV-1) infection. However, RNAi has not
yet been shown to protect cells against HIV-1 in long-term virus replication assays. We stably introduced
vectors expressing small interfering RNAs (siRNAs) directed against the HIV-1 genome into human T cells by
retroviral transduction. We report here that an siRNA directed against the viral Nef gene (siRNA-Nef) confers
resistance to HIV-1 replication. This block in replication is not absolute, and HIV-1 escape variants that were
no longer inhibited by siRNA-Nef appeared after several weeks of culture. These RNAi-resistant viruses contained nucleotide substitutions or deletions in the Nef gene that modified or deleted the siRNA-Nef target
sequence. These results demonstrate that efficient inhibition of HIV-1 replication through RNAi is possible in
stably transduced cells. Therefore, RNAi could become a realistic gene therapy approach with which to overcome the devastating effect of HIV-1 on the immune system. However, as is known for antiviral drug therapy
against HIV-1, antiviral approaches involving RNAi should be used in a combined fashion to prevent the emergence of resistant viruses.
gene (siRNA-Nef) that was previously demonstrated to provide efficient silencing in a transient-transfection system
(10).
The pRETRO-SUPER vector (5) expresses the siRNAs
from the human H1 polymerase III promoter as a small hairpin. These vectors were stably transduced into the human
T-cell line SupT1. This cell line allows the rapid and massive
spread of HIVLAI, as is apparent for the control SupT1 cells
transduced with the empty pRETRO-SUPER vector (Fig. 1B).
SupT1 T cells expressing a specific siRNA were infected with
equal amounts of HIVLAI. Fast virus replication was observed
in all SupT1 cultures except those with cells expressing the
siRNA against Nef (Fig. 1C). The replication of HIVLAI was
profoundly reduced in cells expressing siRNA-Nef compared
with that in the control cells transduced with the empty vector.
We did not observe any growth retardation of the siRNA-Nef
cells, indicating that the decrease in HIV-1 replication in these
cells is not due to a nonspecific cell toxicity problem.
A second independently prepared batch of siRNA-Neftransduced cells showed the same resistance phenotype against
both low and intermediate doses of HIVLAI (Fig. 2A, top and
middle panels, respectively). However, the block in viral replication was not absolute, and a high dose of input virus allowed a low level of replication (Fig. 2A, bottom panels). We
demonstrated efficient replication of HIVLAI on a new batch of
control cells transduced with the empty vector (Fig. 2A, right
panels). As a further control for the specificity of the observed
inhibition, we used an HIV-1 variant in which the Nef gene is
replaced by the rtTA gene (HIVrtTA) (18, 21). HIVrtTA lacks
the Nef target sequence and replicated efficiently in both the
control cells and the cells that express the siRNA against Nef
(Fig. 2A). These results demonstrate the sequence-specific inhibition of HIV-1 replication by the RNAi targeting of Nef

The introduction of small interfering RNA (siRNA) into
mammalian cells can activate RNA interference (RNAi), resulting in sequence-specific degradation of the targeted RNA.
RNAi may be a powerful new method for intracellular immunization against human immunodeficiency virus type 1 (HIV-1)
infection. It has been demonstrated in short-term assays that
HIV-1 replication can be inhibited by siRNAs directed against
viral or cellular targets (1, 6, 10, 11, 14, 15, 17, 19, 20). To
demonstrate that RNAi can protect cells against HIV-1 in
long-term virus replication assays and to study the evolution of
the inhibited virus, we stably introduced vectors expressing
siRNAs directed against eight HIV-1 targets into human T
cells (Fig. 1A). We selected target sequences in the infectious
HIVLAI molecular clone that are highly conserved among virus
isolates (13), which warrants a widespread application of the
potential RNAi therapy. Furthermore, we selected targets within the structured HIV-1 RNA genome that are highly accessible as determined with antisense DNA oligonucleotide arrays
(2, 19a). There is recent evidence that the efficacy of siRNAs is
similarly influenced by secondary structure in the target transcript (3, 12). These two selection criteria forced us in some
cases to accept a suboptimal design of the siRNA molecule.
The selected targets included essential replication signals such
as the primer-binding site (Fig. 1A, PBS-A and PBS-B) and the
polypurine tract (PPT), a segment in the overlap between the
Tat and the Rev genes (TatRevA and TatRevB), and part
of the 5⬘ untranslated leader region (UTR-A and UTR-B).
Furthermore, we selected an siRNA targeting the viral Nef
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gene expression was specific for wild-type HIV-1, because no
such effect was observed for the HIVrtTA variant with the Nef
gene deleted.
Only one out of eight siRNA constructs tested can effectively
control a spreading HIV-1 infection. This siRNA against Nef
was also effective when transfected as an oligonucleotide in a
transient-transfection assay (10). The other siRNAs tested
did not inhibit HIVLAI, even though the sequences perfectly
matched the viral transcript. Presently, we do not know why
siRNA-Nef is such an effective inhibitor of HIV-1 replication.
One reason may be that this siRNA targets both the unspliced

FIG. 1. siRNA targeting of HIV-1. (A) SupT1 cells were stably
transduced with the empty pRETRO-SUPER retroviral vector (4, 5)
(control) or with vectors expressing siRNAs against eight target sequences in the HIV genome: PBS-A, GTGGCGCCCGAACAGGGA
CTT; PBS-B, TGGCGCCCGAACAGGGACTT; PPT, GGGGGGA
CTGGAAGGGCTA; TatRev-A, GCCTTAGGCATCTCCTATG;
TatRev-B, CCTATGGCAGGAAGAAGCG; UTR-A, GCGGAGGC
TAGAAGGAGAG; UTR-B, GGCTAGAAGGAGAGAGATG; and
Nef, GTGCCTGGCTAGAAGCACA. (B) Cells were infected with
HIVLAI (800 pg of CA-p24 in a 5-ml culture), and virus replication was
monitored by determining the CA-p24 level in the culture supernatant.
(C) Predicted structure of the siRNA-Nef transcript. The sequence
targeting the Nef gene is shown in bold.

gene sequences that are present in the unspliced viral RNA
genome and all spliced subgenomic HIV-1 transcripts.
siRNA-mediated gene silencing may inhibit virus replication
at a number of stages of the HIV-1 replication cycle. It is most
likely that siRNA-Nef is able to target the newly synthesized
viral transcripts in HIV-infected cells. To directly test this
possibility, we transfected the set of SupT1 cells with the proviral HIVLAI DNA and measured virus production after 2 and
3 days (Fig. 2B). The cells that actively produce siRNA-Nef
showed a ⬎10-fold reduction in virus production compared
with that in the control cells. Furthermore, this inhibition of

FIG. 2. Sequence-specific inhibition of HIV-1 replication. (A)
SupT1 cells stably transduced with the siRNA-Nef vector (left panels)
or the empty vector (right panels) were infected with wild-type HIVLAI
(closed circles) or HIVrtTA with the Nef gene deleted (open circles).
The virus input levels were 800 pg of CA-p24 (top panels), 4,000 pg of
CA-p24 (middle panels), and 8,000 pg of CA-p24 (bottom panels) in
5-ml cultures. Virus spread was monitored by determining the CA-p24
level in the culture supernatant. (B) siRNA-Nef and control cells were
transfected with 10 g of DNA encoding wild-type HIVLAI or HIVrtTA
with the Nef gene deleted as described previously (7). Virus production in the culture supernatant at 2 and 3 days after transfection was
measured by a CA-p24 enzyme-linked immunosorbent assay.
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and all spliced forms of HIV-1 RNA. However, the inactive
siRNA-PBS and siRNA-PPT constructs also have this property. Thus, there may be additional features of the siRNA (e.g.,
expression level and intracellular location) or the target RNA
(e.g., masking by viral and/or cellular proteins within the cell or
virion particle) that determine the overall efficiency of inhibition. We have already mentioned that the selection of highly
conserved and highly accessible target sites within the HIV-1
RNA genome had a negative impact on the design of some
siRNAs. More-detailed studies are needed to resolve some of
these issues.
We cultured the siRNA-Nef-transduced cells for more than
8 months and frequently assayed HIVLAI and HIVrtTA replication. The cells maintained a constant level of resistance to
HIVLAI replication, demonstrating the stable expression of the
siRNA-Nef gene. The nearly complete resistance of these T
cells to HIV-1 replication allowed the selection of HIV-1 escape mutants that are no longer sensitive to RNAi against the
Nef target sequence. To select an escape virus, we massively
infected the nonpermissive cells that express siRNA-Nef, and
a relatively fast replicating variant was obtained after 23 days.
The targeted Nef gene was PCR amplified (Fig. 3A) at each
passage, and DNA gel analysis of the PCR product indicated
the loss of viral sequences around day 23 (Fig. 3B). Sequence
analysis revealed a deletion of 106 bp within the Nef gene that
removes the siRNA-Nef target sequence (Fig. 3C). The deletion of the target sequence provides a simple explanation for
the observed resistance phenotype. To verify this explanation,
we used equal amounts of the evolved HIVLAI (LAIR1) and
the wild-type virus (LAI) to infect control SupT1 cells and cells
that express siRNA-Nef. Whereas LAI is selectively inhibited
in the siRNA-Nef-expressing cells (Fig. 3D, left panel), no such
effect is apparent for the resistant LAIR1 variant (Fig. 3D, right
panel).
We selected six additional resistant HIV-1 variants in independent cultures of HIVLAI on siRNA-Nef-expressing cells
(Fig. 4). In four of these escape variants, the siRNA-Nef target
sequence was completely or partially deleted (Fig. 4, variants
LAIR2, LAIR4, LAIR5, and LAIR7). These deletions did not
affect genes other than the Nef gene and did not affect important regulatory elements such as the 3⬘ polypurine tract or
long terminal repeat sequences. For two variants (LAIR3
and LAIR6), we observed nucleotide substitutions within the
siRNA-Nef target sequence. These results show that resistance
to RNAi can result from both the deletion and the mutation of
the siRNA-targeted sequence. In one of the cultures (LAIR3),
the RNAi-resistant virus contained one nucleotide substitution
after 27 days of culture, and a second mutation was acquired
after 62 days. These results suggest that one nucleotide mis-

FIG. 3. HIVLAI develops resistance against siRNA-Nef by deleting
the Nef target sequence. SupT1 cells expressing siRNA-Nef were massively infected with HIVLAI to overcome the siRNA-mediated inhibition of replication. The virus was passaged repeatedly onto fresh
SupT1–siRNA-Nef cells. Cells were initially infected with a high virus
dose that could be reduced gradually. (A) Schematic of the 3⬘ end of
the HIVLAI proviral genome. Indicated are the positions of the siRNANef-targeted sequence, the PCR primers (black arrows), and the 106bp deletion observed after prolonged virus culture. (B) At each passage, the proviral DNA present in infected cells was PCR amplified

with primers that amplify the complete Nef gene as a 1,014-bp fragment. At 23 days after infection, a fast-replicating variant containing a
106-bp deletion in the Nef gene was observed. At 43 days after infection, this siRNA-Nef-resistant virus dominated the virus population.
(C) Sequences of the Nef gene in the HIVLAI virus and in the evolved
siRNA-Nef-resistant virus (LAIR1) with the 106-bp deletion encompassing the siRNA-Nef target sequence. (D) Infection of SupT1 control cells and siRNA-Nef-expressing cells with wild-type LAI (left
panel) or the evolved LAIR1 variant harvested at day 43 (right panel).
We used equal virus input levels (400 pg of CA-p24 in a 5-ml culture).
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FIG. 4. RNAi-resistant HIV-1 variants. HIVLAI variants resistant
to siRNA-Nef were selected in independent cultures and analyzed as
described in the legend to Fig. 3. (A) PCR amplification of the Nef
gene on the indicated day (LAI, input HIVLAI virus; R1, LAIR1 escape
virus shown in Fig. 3 at day 43; R2 to R7, independent HIVLAI escape
variants); (B) Nef target sequence in the evolved RNAi-resistant viruses. In LAIR5, nucleotides 179 to 241 of the Nef gene are deleted. In
LAIR7, we observed the deletion of nucleotides 44 to 268 and a T269A
substitution.

match between the siRNA and its target sequence provides
only partial RNAi resistance.
Antiviral therapy based on siRNA has been proposed previously (9) for the rapidly replicating and highly cytolytic poliovirus, and this study also reported an escape virus with a
point mutation in the middle of the targeted sequence. This
RNAi-resistant poliovirus variant was likely present in the initial virus population (9). In contrast, the HIV-1 experiments in
the present study were initiated with a molecularly cloned viral
genome. Furthermore, we observed diverse deletions and substitutions in the resistant viruses. Therefore, we can conclude
that the selected RNAi-resistant HIV-1 variants emerged de
novo. The combined analysis of siRNA escape viruses in both
studies confirms that the antiviral effect is potent and sequence
specific.
LAIR6 is the only RNAi-resistant HIV-1 variant with a silent
codon change and thus produces the wild-type Nef protein.
Nonsilent nucleotide substitutions in LAIR3 result in two
amino acid changes (A56T and L58R). The LAIR1 and LAIR2
variants have a deletion that results in a frameshift and a large
C-terminal truncation of the Nef protein. The in-frame deletions in LAIR4, LAIR5, and LAIR7 result in the absence of 2,
31, and 75 amino acids in the Nef protein, respectively. The
complete inactivation of the accessory Nef gene has a relatively
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minor impact on the replication fitness of HIV-1 in vitro but
significantly attenuates replication in vivo (8). It therefore
seems less likely that HIV-1 will acquire resistance in vivo by
the deletion of the Nef sequence. The virus may instead evolve
resistance by accumulating silent point mutations in the Nef
target sequence. Also, when targeting essential viral genes, the
virus may become resistant as a result of silent mutations. The
targeting of cellular genes could therefore be advantageous.
Obvious cellular targets that have an immediate impact on
HIV-1 replication are the CD4 receptor and the CCR5/
CXCR4 coreceptors. As was recently demonstrated, siRNAs
specific for these receptors do indeed inhibit HIV-1 replication
(17, 19, 20). Although the suppression of CD4 and CXCR4
may be restricted by their normal role in the immune system
and cell migration, respectively, CCR5 seems dispensable for
normal life (16). Unfortunately, not all HIV strains require
CCR5, and the inhibition of CCR5 may result in the selection of HIV-1 variants that use CXCR4 as a coreceptor. We
therefore propose that HIV-1 should be targeted by multiple
siRNAs against essential HIV-1 elements, either genes or regulatory sequences. Although the targeting of a single HIV-1
sequence can result in the strong inhibition of viral replication,
it is likely followed by viral escape. Analogous to the current
clinical use of combinations of antiviral drugs that target
the reverse transcriptase and protease enzymes, antiviral
approaches using RNAi should also be administered in a combined fashion to prevent viral escape.
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