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Synthetic small interfering RNAs (siRNAs) have been shown to induce the degradation of specific mRNA
targets in human cells by inducing RNA interference (RNAi). Here, we demonstrate that siRNA duplexes
targeted against the essential Tat and Rev regulatory proteins encoded by human immunodeficiency virus type
1 (HIV-1) can specifically block Tat and Rev expression and function. More importantly, we show that these
same siRNAs can effectively inhibit HIV-1 gene expression and replication in cell cultures, including those of
human T-cell lines and primary lymphocytes. These observations demonstrate that RNAi can effectively block
virus replication in human cells and raise the possibility that RNAi could provide an important innate
protective response, particularly against viruses that express double-stranded RNAs as part of their replication
cycle.

The phenomenon now generally termed RNA interference
(RNAi) is an evolutionarily conserved process whereby the
expression or introduction of double-stranded RNA (dsRNA)
sequences results in the specific posttranscriptional inactiva-
tion of genes which are complementary to the dsRNA se-
quence used (reviewed in reference 37). In several organisms,
including plants, nematodes, and fruit flies, RNAi can be used
to inactivate a specific host gene subsequent to microinjection
or transfection of the appropriate dsRNA (16, 21, 39). How-
ever, in mammalian cells, dsRNAs consisting of more than 30
nucleotides (nt) induce not only RNAi but also a set of re-
sponses, including activation of the interferon response, that
collectively result in a global, nonspecific inhibition of host cell
mRNA expression (32, 36).

Efforts to resolve the mechanisms underlying RNAi in the
plant and drosophila systems revealed that longer dsRNAs
were processed by a host RNase, termed dicer, into �21-nt
dsRNAs, called small interfering RNAs (siRNAs), that contain
2-nt 3� overhangs (14, 19–21, 25, 26, 28, 43). These siRNAs are
key mediators of RNAi and are thought to serve as guide
RNAs for a large protein complex, termed the RNA-induced
silencing complex, that is essential for target mRNA degrada-
tion (22). Importantly, it soon became apparent that direct
introduction of synthetic siRNAs could also induce RNAi not
only in drosophila cells but also in human cells (8, 14, 15).
Subsequently, transfection of synthetic siRNAs has been used
to selectively block the expression of a small but rapidly grow-
ing list of human genes and to determine the phenotypic con-
sequences of this inhibition (1, 11, 18, 23, 25, 33).

RNAi is believed to have evolved as a host defense mecha-
nism directed at transposable elements and infecting viruses
(12, 27, 34, 38). We therefore wondered if RNAi might provide

an effective defense against a pathogenic human virus. Here,
we describe siRNAs targeted against the essential human im-
munodeficiency virus type 1 (HIV-1) regulatory proteins Tat
and Rev (13) and show that these siRNAs can effectively and
specifically block Tat or Rev expression and function in trans-
fected 293T cells. More importantly, we show that these same
siRNAs can prevent the productive infection of both immor-
talized and primary human T cells by HIV-1 in culture. These
data provide evidence in favor of the hypothesis that RNAi can
be used to selectively block viral gene expression, and hence
replication, in human cells.

MATERIALS AND METHODS

Plasmid constructs. The mammalian expression plasmids pcTat, pcRev,
pBC12/CMV, pBC12/CMV/�-Gal, pcRex, and pbTat (5, 31) and the indicator
constructs pDM128/PL, pDM128/RRE, pDM128/RxRE, pTAR/CAT, and
pbTAR/CAT (5, 24, 40) have been described in detail elsewhere. In addition, the
HIV-1 proviral clones pNL-ADA and pNL-luc-ADA and plasmids expressing
CD4 (pCMV5/CD4) and CCR5 (pCMV/CCR5) have also been described (41).

The plasmid pHIV/Tat, expressing the Tat protein under the control of the
HIV-1 long terminal repeat (LTR) was constructed by PCR amplification of the
tat cDNA sequence contained within pcTat (40). Oligonucleotide primers were
designed to introduce HindIII and BamHI sites so that the amplified Tat se-
quence could be ligated into HindIII–BamHI-digested pHIV/TAR/CAT (40).

RNA interference. Twenty-one nucleotide RNA duplexes with 2-nt (2�-deoxy)-
thymidine 3� overhangs directed against nucleotides 5886 to 5909 and 8462 to
8485 of the respective HIV-1 tat and rev coding sequences were obtained from
Dharmacon Research, Inc. (Lafayette, Colo.). RNAi in 293T cells was performed
essentially as described previously (14). Briefly, 2 � 105 cells were plated in a
24-well plate 1 day prior to transfection. Annealed siRNA duplexes (0.1 �M) and
the mammalian expression and indicator constructs denoted in the relevant
figure legends were cotransfected with Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturers’ instructions. Tat and Rev expression was assayed by
Western analysis and by biological activity as previously described (4, 31, 40).

For Jurkat T cells, annealed Tat and Rev siRNA duplexes (12 �M concen-
tration) were mixed with 1.5 � 107 cells in 0.5 ml of OPTI-Mem I reduced serum
medium (Invitrogen) and subjected to electroporation in a 0.4-cm-gap cuvette at
300 mV and 960 �F with a Bio-Rad gene pulser. The electroporated cells were
immediately transferred to 15 ml of RPMI 1640–10% fetal calf serum and grown
overnight in the absence of antibiotics. Inhibition of viral replication was assayed
by enzyme-linked immunosorbent assay (ELISA) for p24 Gag protein produc-
tion, as described below.
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Peripheral blood mononuclear cells (PBMC) from healthy HIV-1-negative
donors were isolated by Ficoll-Hypaque gradient centrifugation. Cells, 108/ml,
were frozen at �150°C in human AB serum until required. Thawed cells were
resuspended in AIM V medium (Invitrogen) and supplemented with 10% human
AB serum (Sigma) and 10 U of interleukin-2 (R&D Systems) per ml as described
previously (41). Nonadherent cells were stimulated with 3 �g of phytohemag-
glutinin (Sigma) per ml for 2 days prior to electroporation as described above.

Cell maintenance and preparation of viral stocks. Human 293T cells were
maintained as described previously (4), while Jurkat T cells were maintained in
RPMI 1640 (Invitrogen) supplemented with 10% fetal calf serum. Fresh viral
stocks were prepared by transfection of 293T cells with 1 �g of pNL-ADA or
pNL-luc-ADA (41) with FuGENE 6 reagent (Roche). After 48 h, the cells were
washed once with phosphate-buffered saline (PBS), and newly produced virions
were harvested over 3 h in 0.5 ml of fresh medium. Viral supernatants were
clarified by passage through a 0.4-�m syringe filter. HIV-1 stocks pseudotyped
with the vesicular stomatitis virus glycoprotein (VSV-G) were prepared in a
similar manner, except that 100 ng of pHIT/G (17) was cotransfected with 1 �g
of pNL-ADA with FuGENE 6 reagent (Roche).

Viral replication assays. 293T cells were cotransfected with 100 ng of pCMV5/
CD4, 500 ng of pCMV/CCR5, and siRNA oligonucleotides, as denoted in the
relevant figure legends. After 48 h, CD4� CCR5� 293T cells were infected with
50 ng of p24 antigen of the NL-ADA or NL-luc-ADA virus (41). The following
day, the cells were washed extensively with PBS and overlaid with fresh growth
medium. Supernatants were harvested 48 h later and p24 Gag antigen production
was quantified by ELISA (NEN). In the case of Jurkat T cells, cells were
harvested 24 h after electroporation and counted. Cells (106) were then infected
with 50 ng of p24 antigen of VSV-G-pseudotyped NL-ADA virus in a 24-well
dish as described above. Progeny virus production was measured 48 h later by
p24 Gag ELISA. Similarly, PBMC were also infected 24 h after electroporation
with 50 ng of p24 of the CCR5-tropic virus NL-ADA, and progeny virus pro-
duction was measured 48 h later.

Viral gene expression was measured in 293T cells with a luciferase reporter
virus (10). After 48 h, the cells were washed with PBS and resuspended in 200 �l
of cell lysis buffer (Promega) and luciferase activity was determined as previously
described (41).

RNA, DNA, and Western analyses. All nucleic acid blotting and hybridization
techniques were performed essentially as described previously (35). Total RNA
was isolated from infected 293T cells with a QIAGEN RNeasy minikit in accor-
dance with the manufacturers’ instructions. RNA (15 �g) was separated on a 1%
agarose gel containing formaldehyde and transferred to a Hybond-N membrane
(Amersham Pharmacia Biotech). RNA was fixed by UV cross-linking in a Str-
atalinker (Stratagene), and HIV-1 RNAs were detected with a 32P-labeled ran-
dom-primed DNA probe derived from pNL-ADA by PCR amplification with
oligonucleotide primers directed towards the HIV-1 U3 region (nucleotides 9078
to 9609).

Total DNA was extracted from infected 293T cells with a QIAGEN DNeasy
tissue kit in accordance with the manufacturers’ instructions. Samples were
treated with 400 �g of RNase A to remove contaminating RNA. DNA (10 �g)
was dried in a speed vacuum, denatured in 2 �l of 0.2 M NaOH for 15 min at
37°C, and spotted onto a Hybond-N membrane. After UV cross-linking, the
membrane was probed with the HIV-1-specific 32P-labeled probe as described
above or with a random-primed �-globin cDNA probe.

Western analysis of protein expression in transfected 293T cells was performed
with rabbit polyclonal antisera directed against the HIV-1 Tat or Rev protein or
against human Tap/NXF1, as previously described (9, 31). All antibodies were
used at a dilution of 1:1,000.

RESULTS

In the context of the HIV-1 genome, the viral Tat and Rev
proteins are encoded by two partially overlapping exons sepa-
rated by an intron consisting largely of envelope coding se-
quences (Fig. 1A). Previously, Elbashir et al. (14) demon-
strated that synthetic 21-nt siRNA duplexes, bearing 2-nt 3�
overhangs, can function as effective inhibitors of mRNA ex-
pression in transfected human cells. In addition, these re-
searchers suggested that the 2-nt overhang should ideally con-
sist of uridine or, in the interest of stability, deoxythymidine.
Based on these observations, we therefore searched the non-
overlapping parts of the Tat and Rev coding sequences for

appropriate siRNA targets. The location of the sequences in
the HIV-1 Tat and Rev open reading frame that were chosen
as targets and the structure of the synthetic siRNAs that were
used in this analysis are shown in Fig. 1A.

Specific inhibition of HIV-1 Tat and Rev expression and
function by RNAi. To test whether siRNAs that were targeted
to these short Tat and Rev sequence elements would specifi-
cally block Tat or Rev protein expression, we cotransfected
293T cells with the Tat expression construct pcTat and the Rev
expression plasmid pcRev (31). These cDNA expression plas-
mids contain exclusively the coding sequence of Tat or Rev
(Fig. 1A), and therefore each should be subject to inhibition by
only one of the siRNAs. Cells were also cotransfected with one

FIG. 1. (A) Schematic representation of part of the HIV-1 ge-
nome. HIV-1 tat and rev exons are depicted with black and grey boxes,
respectively, while the env open reading frame is shown as a white box
(not to scale). The structure and target coordinates of the siRNAs
specific for tat and rev are depicted. Boxed residues were mutated by
transversion for use as control duplexes in some experiments.
(B) siRNAs directed against tat and rev specifically inhibit Tat and Rev
protein expression. Human 293T cells were cotransfected with 50 ng of
both the pcTat and pcRev expression plasmid in the absence of RNA
oligonucleotides (N) or in the presence of 0.1 �M antisense oligonu-
cleotides (AS) or 0.1 �M siRNA duplexes (Si). Cell lysates were
prepared 60 h posttransfection, and protein expression was assayed by
Western analysis with polyclonal antiTat and antiRev antisera. West-
ern blots were also probed with antibodies directed against the endog-
enous TAP/NXF-1 protein, which here served as an internal control
for both loading and specificity.
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of the double-stranded siRNAs or, as controls, with only the
relevant antisense RNA strand or with nothing.

As shown in Fig. 1B, Western analysis revealed that the
Tat-specific siRNA blocked Tat protein expression but did not
significantly affect expression of an irrelevant cellular protein
termed Tap. Similarly, the Rev-specific siRNA also selectively
blocked expression of the Rev protein. In neither case did the
antisense RNA oligonucleotide alone exert any effect. In some
experiments, we did notice a slight (�20%) effect of the Rev-
specific siRNA on Tat protein expression or of the Tat-specific
siRNA on Rev expression. This may reflect a weak nonspecific
inhibitory effect or, more trivially, may suggest that the double-
stranded siRNA, unlike the single-stranded antisense RNA,
slightly reduced transfection efficiency in this experiment. Nev-
ertheless, it is clear that these siRNAs can indeed selectively
block expression of the HIV-1 Tat or Rev protein in trans-
fected 293T cells.

We next wished to determine whether these siRNAs would
also block Tat or Rev function. The HIV-1 Tat protein serves
as a specific transcriptional transactivator of gene expression
directed by the HIV-1 LTR promoter after binding to a spe-
cific target site termed TAR (reviewed in reference 13). As
shown in Fig. 2A, we confirmed that the HIV-1 Tat protein
expressed under the control of either the cytomegalovirus
(CMV) immediate early promoter or the HIV-1 LTR itself can
strongly activate chloramphenicol acetyltransferase (CAT) ac-
tivity directed by the HIV-1 LTR promoter in transfected 293T
cells. As shown in Fig. 2A, this activation was potently inhib-
ited by cotransfection of the specific siRNA but not by cotrans-
fection of either the sense or antisense RNA strand alone. This
inhibition is specific, since activation by the bovine immuno-
deficiency virus (BIV) Tat protein (bTat) of an HIV-1 LTR
promoter that contains the BIV TAR element in place of the
HIV-1 TAR element was not affected (Fig. 2A). Importantly,
while the bTat protein is very similar to HIV-1 Tat in its
mechanism of action, the HIV-1 Tat coding sequence indi-
cated in Fig. 1A is not conserved in bTat (5).

As shown in Fig. 2B, we demonstrated that the siRNA tar-
geted to the HIV-1 Rev protein can also specifically block
HIV-1 Rev function in transfected 293T cells. This experiment
utilizes an indicator construct termed pDM128/RRE that con-
tains an mRNA in which the cat gene and the HIV-1 Rev
response element (RRE) are sequestered within an intron (4,
24). This RNA is normally unable to exit the cell nucleus but
is exported and expressed in the presence of the HIV-1 Rev
nuclear RNA export factor. As shown in Fig. 2B, this induction
is blocked by the Rev-specific siRNA but not by either the
sense or antisense RNA strand alone. This inhibition is spe-
cific, since the Rev siRNA did not inhibit expression of the
unspliced cat mRNA encoded by the similar indicator plasmid
pDM128/RxRE, which contains the human T-cell leukemia
virus (HTLV) Rex response element in place of the RRE, in
the presence of the functionally analogous but unrelated
HTLV Rex protein (4).

Inhibition of HIV-1 gene expression and replication by
RNAi. Although the human cell line 293T is not normally
infectible by HIV-1, 293T cells can support HIV-1 infection
and replication if they are programmed to express the CD4
receptor and the CCR5 coreceptor for HIV-1 (41). We have
previously described the pNL-ADA and pNL-luc-ADA HIV-1

proviral expression plasmids. The NL-ADA virus is a fully
replication-competent HIV-1 that was derived from the NL4-3
HIV-1 isolate by substitution of the NL4-3 env gene with an
env gene derived from the CCR5-tropic HIV-1 isolate ADA
(41, 42). NL-luc-ADA is similar to NL-ADA except that the
HIV-1 nef gene has been replaced by the luc indicator gene
(10). Therefore, infection of cells by NL-luc-ADA can be
readily monitored by measurement of the level of luciferase
expression.

We initially determined the effect of the siRNAs on the level
of viral gene expression by infecting 293T cells transfected with
plasmids encoding CD4 and CCR5, as well as with RNA oli-
gonucleotides, with the NL-luc-ADA indicator virus. As shown
in Fig. 3A, both the Tat siRNA and the Rev siRNA, and
particularly the combination of both, were able to effectively
inhibit expression of the virally encoded luc indicator gene in
these HIV-1-infected cells. In contrast, the antisense RNA
oligonucleotides alone had no specific effect.

FIG. 2. (A) siRNAs directed against HIV-1 tat inhibit HIV-1 Tat
but not BIV Tat function. Human 293T cells were transfected with 100
ng of pTAR/CAT or pbTAR/CAT, 50 ng of the internal control plas-
mid pBC12/CMV/�-Gal, and 0.1 ng of the indicated effector plasmid.
siRNA oligonucleotides or siRNA duplexes were cotransfected with
the reporter and expression plasmids as described in Materials and
Methods. Cells were harvested 48 h after transfection, and induced
CAT activities were determined. The data shown represent averages
for three experiments with the standard deviations indicated by error
bars. (B) siRNAs directed against HIV-1 rev specifically inhibit HIV-1
Rev but not HTLV Rex function. 293T cells were transfected with 25
ng of the pDM128/RRE or pDM128/RxRE reporter plasmid, 50 ng of
pBC12/CMV/�-Gal, and 1 ng of the indicated effector plasmid. siRNA
oligonucleotides or siRNA duplexes were cotransfected with the re-
porter and expression plasmids as described in Materials and Methods.
Cells were harvested 48 h after transfection, and induced CAT and
�-galactosidase activities were determined. The data shown represent
averages for three experiments with the standard deviations indicated
by error bars.
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We next examined whether the siRNAs would be able to
inhibit the release of progeny HIV-1 virion particles from
infected 293T cells. As shown in Fig. 3B, the two siRNAs
acting either alone or in combination were indeed able to
effectively inhibit the production of progeny HIV-1 virions.
Again, the antisense RNA oligonucleotides had little or no
effect. We therefore conclude that these siRNAs are able to
effectively inhibit HIV-1 gene expression and replication in
infected CD4� CCR5� 293T cells.

RNAi is predicted to induce the selective degradation of
mRNAs containing the appropriate target sequence (37), and
we therefore wished to confirm that the siRNAs were indeed
reducing the steady-state expression of HIV-1 mRNAs in the
infected 293T cells. Although the siRNAs used were targeted
to the tat and rev genes of HIV-1, which are encoded by the
small, multiply spliced class of HIV-1 mRNAs, it is predicted
that the siRNAs would also reduce the expression of the un-
spliced and singly spliced class of mRNAs contained in HIV-1.
This could be achieved either directly, given that many of these
mRNAs retain tat and rev sequences within their 3� untrans-
lated region, or indirectly, by blocking their production by
interfering with Tat and/or Rev synthesis. As shown in Fig. 4,

we indeed observed a marked reduction in the level of expres-
sion of all three classes of HIV-1 mRNAs in the infected CD4�

CCR5� cells that had been transfected with both siRNAs
relative to levels in infected cells that were transfected with
only one RNA strand or cells that were mock transfected.

While the result shown in Fig. 4 is consistent with the hy-
pothesis that the siRNAs are blocking HIV-1 gene expression
and replication by inducing the degradation of viral mRNA
species, it is also possible that the siRNAs could act to block
infection directly by inducing the degradation of the RNA
genome present in the infecting HIV-1 virion prior to reverse
transcription. To examine this possibility, we quantified the
level of HIV-1 proviral DNA production in HIV-1-infected
CD4� CCR5� 293T cells by Southern dot blot analysis (Fig. 5).
The endogenous �-globin gene was used as a loading control.

As shown in Fig. 5, we were indeed able to readily detect
HIV-1 proviral DNA in HIV-1-infected CD4� CCR5� 293T
cells but not in 293T cells lacking CD4 and CCR5 that were
incubated with the same infectious virus dose. The level of
proviral DNA production was reduced but not totally elimi-
nated in a CD4� CCR5� culture treated with the reverse
transcriptase inhibitor azidodeoxythymidine (AZT) (2), thus
arguing that the bulk of the observed signal does represent
newly synthesized viral DNA. Interestingly, treatment of in-
fected cells with the siRNAs also modestly reduced the level of

FIG. 3. Inhibition of HIV-1 replication in human cells by RNAi.
293T cells were transfected with CD4 and CCR5 expression plasmids
and siRNA duplexes (si) or antisense RNAs (as) (0.1 �M each). After
48 h, CD4� CCR5� cells were infected overnight with 50 ng of p24
antigen of the luciferase reporter virus NL-luc-ADA or the wild-type
virus NL-ADA. Viral gene expression was determined by luciferase
activity after 48 h of infection (A), while viral replication was measured
by p24 Gag antigen production 60 h posttransfection (B). 293T cells
lacking CD4 and CCR5 served as the negative control (NEG), while
CD4� CCR5� 293T cells infected in the absence of siRNAs served as
the positive control (POS). A low level of carryover of the virus stock
used to infect the cells explains the background level of p24 Gag seen
in panel B (vertical dashed line).

FIG. 4. Analysis of HIV-1 RNA expression in human cells reveals
that tat and rev siRNAs can reduce the expression of all three classes
of HIV mRNA. Human 293T cells were cotransfected with siRNA
duplexes (si) or with antisense RNAs (as) (0.1 �M each) and the CD4
and CCR5 expression plasmids as indicated at the top of the lanes.
CD4� CCR5� cells were then infected overnight with 50 ng of p24
antigen. After 48 h of infection, total RNA was extracted from infected
293T cells and subjected to Northern analysis. The approximate sizes
of the three classes of HIV-1 transcripts are indicated on the right. 18S
rRNA, stained with ethidium bromide, is shown at the bottom of the
figure as a loading control.
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HIV-1 proviral DNA detected. While this result suggests that
siRNAs can indeed inhibit HIV-1 infection to some degree,
presumably by inducing the degradation of the viral RNA
genome prior to completion of reverse transcription, the effect
illustrated in Fig. 5 does not appear sufficient to explain the
dramatic drop in viral gene expression induced by these siR-
NAs in HIV-1-infected CD4� CCR5� 293T cells (Fig. 3A).

Inhibition of HIV-1 replication in T cells by RNAi. All of the
experiments reported thus far, including the HIV-1 infection
experiments, have used human 293T cells as an experimental
system. 293T cells are fully competent to support HIV-1 infec-
tion when engineered to express the appropriate receptors,
and they are readily transfected with synthetic siRNAs. How-
ever, these cells may not be representative of the tissues, in-
cluding CD4� T cells, that are infected by HIV-1 in vivo.

To examine whether RNAi could also inhibit HIV-1 repli-
cation in human T cells, we first determined the effect of the
siRNAs characterized above on HIV-1 replication in the Jur-
kat human CD4� T-cell line. As shown in Fig. 6A, we indeed
observed a significant inhibition in progeny virus release from
HIV-1-infected Jurkat T cells that had been transfected with
the wild-type Tat and Rev siRNAs relative to T cells that were
transfected with either RNA strand alone or with control
siRNAs bearing a 3-nt missense mutation (Fig. 1A). Impor-
tantly, introduction of such central mismatches has been pre-
viously reported to block RNAi (15). Next, we asked whether
RNAi would inhibit HIV-1 replication in human peripheral
blood lymphocytes. In fact, relative to mutant forms of the
same siRNA duplexes, the wild-type Tat and Rev siRNAs
produced a dramatic drop in the release of progeny virions
from HIV-1-infected peripheral blood lymphocytes (Fig. 6B).
Therefore, we conclude that RNAi is functional in cells of

lymphoid origin and that RNAi can be used to effectively
inhibit HIV-1 replication in human T cells in culture.

DISCUSSION

The clearance of viral infections from mammalian hosts
normally requires pathogen-specific immune responses, such
as neutralizing antibodies and cytotoxic T lymphocytes. How-
ever, target-nonspecific or innate defenses can also play an
important protective role, particularly in the early stages of the
infection prior to the clonal expansion of lymphocytes that are
able to mount target-specific responses. The most important
and best understood innate response to many viral infections is
that mounted by the interferon system (reviewed in reference
36). This complex system is designed to block the spread of
viruses within the infected host by blocking the production of
progeny virions. Importantly, activation of the interferon re-
sponse can also profoundly inhibit the synthesis of host cell
proteins and may even result in the death of the infected cell.

One potent activator of the interferon system is dsRNA
molecules that are larger than �30 nt (32). Mammalian cells
therefore differ from the cells of lower animal species, such as
nematodes and fruit flies, which respond to introduced dsRNA
molecules primarily by inducing RNAi (16, 21). Indeed, for a
long time it remained unclear whether mammalian cells could
even mount an RNAi response, given the profound physiolog-
ical changes that are induced upon activation of the interferon
response by longer dsRNAs (7).

The demonstration that synthetic siRNAs of �21 nt can

FIG. 5. siRNAs directed against tat and rev can initiate the degra-
dation of HIV-1 genomic RNA prior to reverse transcription. Human
293T cells were transfected with siRNA duplexes (si) or with antisense
RNAs (as). CD4� CCR5� cells were infected overnight with 50 ng of
p24 antigen. After 48 h, total DNA was extracted from infected 293T
cells, denatured in 0.2 M NaOH, spotted onto a nylon membrane, and
probed with a 32P-labeled HIV-1-specific probe as described in Mate-
rials and Methods. As a control for loading, equivalent amounts of
DNA were probed with a 32P-labeled �-globin probe. 293T cells
treated with 0.1 �M AZT, the reverse transcriptase inhibitor (2), are
also shown (�AZT). DNA isolated from mock-infected 293T cells
served as the negative control (NEG), while CD4� CCR5� 293T cells
infected in the absence of siRNAs served as the positive control (POS).

FIG. 6. siRNA inhibition of HIV-1 replication in T cells. (A) Jurkat
T cells were transfected with a 12 �M concentration of each of the
indicated siRNA duplex or single-stranded RNA oligonucleotides.
Mock-transfected Jurkat T cells served as the positive control (POS),
while the two 3-nt mismatch siRNAs shown in Fig. 1A served as the
control (siRNA-M). After 24 h, transfected cells were infected over-
night with VSV-G-pseudotyped NL-ADA. Viral production was de-
termined by measurement of p24 Gag production at 48 h after infec-
tion. The data shown represent averages for three experiments with
the standard deviations indicated by error bars. (B) Human PBMCs
were transfected with the wild-type or mutant forms of the Tat and
Rev siRNAs by electroporation and were infected with the R5-tropic
NL-ADA strain 24 h later. Progeny virus production was measured
48 h after infection by p24 ELISA.
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induce the specific inhibition of target mRNA expression in
human cells without inducing the interferon response (8, 14)
has raised the issue of whether RNAi might also play an im-
portant role in antiviral defense in mammalian, and particu-
larly human, cells, as indeed has been previously demonstrated
in plant cells (12, 34). In this report, we have taken a first step
towards addressing this issue by demonstrating that RNAi in-
duced by transfection of synthetic siRNAs can indeed effec-
tively protect human cells, including primary T cells, from the
pathogenic retrovirus HIV-1 (Fig. 3 through 6). RNAi was able
to potently and specifically inhibit HIV-1 gene expression and
replication by inhibiting viral infection (Fig. 5) and by reducing
viral mRNA expression (Fig. 4). These data therefore indicate
that RNAi has the potential to protect human cells against
viral infection, and to prevent virus spread, independently of
the normally overlying interferon response.

Clearly, this observation raises a number of important ques-
tions, including the following. (i) Is RNAi normally activated
by viruses that produce dsRNAs as part of their replication
cycle? Such viruses include all RNA viruses as well as some
DNA viruses, such as adenovirus. If so, then one would predict
that virus-specific siRNAs might be produced in infected cells.
(ii) Does induction of RNAi exert an inhibitory effect on virus
replication and spread? This question could be addressed in
cell culture by using synthetic siRNAs to block proteins, such
as dicer, that are known to be essential for de novo siRNA
production (21, 25). (iii) Have viruses evolved mechanisms to
specifically inhibit RNAi, in addition to the mechanisms that
many viruses have evolved to overcome the inhibitory effect of
the interferon response on their replication (36)? Ample pre-
cedent for such viral defense mechanisms exists in the case of
plants (reviewed in reference 29). (iv) Could RNAi be used to
protect humans or animals against viral infection? The recent
demonstration that biologically active siRNAs can be tran-
scribed from DNA templates (6, 44) suggests that it might be
possible to protect human or animal cells against specific virus
infections by constitutively expressing siRNAs that are specific
for conserved viral sequence elements, as indeed has been
previously reported for plants (30). In the case of economically
important animal species, it might eventually prove feasible to
construct transgenic animals that constitutively express
siRNAs that are targeted against important viral pathogens, a
potentially powerful variation on the previously proposed con-
cept of “intracellular immunization” (3). In effect, this could
render the animal entirely nonpermissive for the targeted vi-
rus. Clearly, the potential role of RNAi in antiviral defense is
an issue that merits considerable future attention.
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