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Discussion: RNAi against HIV-1 using lentiviral vectors

This chapter covers the recent progress in RNAi-based approaches against 
HIV-1 using lentiviral vectors as a delivery system. The potential for a clinical 
gene therapy application will be discussed. 

Lentiviral vectors 
For gene delivery, recombinant viral vectors based on viruses are very attrac-
tive because of their broad cell tropism and efficiency in delivering the vector 
genome and its therapeutic cargo. Lentiviral vectors that are based on the 
HIV-1 genome are attractive delivery systems for stable expression of RNAi 
inducers due to their ability to transduce many cell types, including hemat-
opoietic stem cells and nondividing cells (1,2). In addition, the lentiviral vector 
becomes stably integrated into the host cell genome, thereby allowing stable 
long-term transgene expression (3). Furthermore, lentiviral vectors tend to 
integrate within introns of active transcriptional units, thereby limiting their 
potential to cause insertional oncogenesis (4). The lower risk of insertional 
oncogenesis compared to retroviral vectors is also reflected by the fact that 
the development of HIV-1 induced leukemia is never seen in infected patients 
(5,6).

Lentiviral vectors were originally designed as replication-defective, hybrid 
viral particles consisting of the core proteins and enzymes of HIV-1 and the 
Envelope protein of a different virus, most often the glycoprotein of vesicular 
stomatitis virus (VSV) due to its broad target cell tropism (Fig. 1) (7-9). The 
packaging functions are provided by an expression plasmid that encodes the 
Gag and Pol proteins. Rev protein is made from a separate plasmid to allow 
cytoplasmic expression of the vector genome. A separate construct expresses 
the Envelope protein that is incorporated into the vector particles (pseudotyp-
ing) and that allows viral entry into a wide spectrum of target cells (10). The 
biosafety is improved by providing separate packaging plasmids during lenti-
viral vector production because this will reduce the probability of the genera-
tion of a replication-competent virus through recombination (11). Further im-
provement of the biosafety was achieved by construction of self-inactivating 
(SIN) vectors (12,13). These vectors contain a deletion in the U3 region of the 3’ 
long-terminal repeat (LTR), which is transferred to the 5’ LTR promoter during 
reverse transcription (Fig. 1) (14). As this deletion removes the viral enhanc-
er and promoter sequences, this modification leads to transcriptional inacti-
vation of the LTR promoter in transduced cells. This self-inactivating vector 
design diminishes the risk of oncogene activation by promoter insertion and 
substantially reduces the risk of vector mobilization and recombination with 
wild-type virus (15). 

Another biosafety related issue is the administration of a minimal amount of 
viral particles to prevent cytotoxicity due to e.g. inflammation, tissue damage 
and other severe side effects. Therefore viral particles were developed that 
have optimized transduction efficiency, such that a minimal dose of viral par-
ticles is sufficient to obtain a therapeutic effect. A central polypurine tract 
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(cPPT) sequence and a posttranscriptional regulatory element (PRE) from the 
genome of the woodchuck hepatitis virus have been introduced into the vector 
backbone to enhance the transduction efficiency (Fig. 1). Insertion of the cPPT, 
which is a sequence embedded within the pol gene of HIV-1, results in en-
hanced nuclear translocation of the vector genome, thus increasing the trans-
duction efficiency for a range of primary human cell types (16,17), including 
peripheral blood lymphocytes, macrophages, umbilical cord endothelial cells, 

Lentiviral vector

RSV R U5
Ψ

RRE cPPT PGKeGFP PREMCS 3’LTR
ΔU3

lentiviral vector
packaging mix

transfection into 
producer cell

lentiviral vector 
particles

Figure 1

transduced cell

RNAi cassette

Rev
Gag-Pol

VSV-G

Figure 1. Self-inactivating lentiviral vectors for stable gene delivery. The lentiviral 
vector design is shown on top. MCS indicates the multiple cloning site in which the 
RNAi cassette is cloned. The lentiviral vector production and transduction procedure is 
indicated below. See text for further details.
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hematopoietic stem cells and T lymphocytes (18-20). Incorporation of the PRE 
sequence near the 3’ end of the vector enhances transgene expression by in-
creasing both nuclear and cytoplasmic mRNA levels early during the biogen-
esis of RNA transcripts (21-25). 

For lentiviral vector production, producer cells such as the SV40 large T 
antigen expressing HEK293T cells are transfected with 4 different plasmids: 
the lentiviral construct expressing the RNAi-inducing transgene and plasmids 
expressing Gag-Pol, Rev and VSV-G protein (Fig. 1). The replication-incom-
petent vector particles can perform a single round infection and deliver the 
therapeutic cargo in the chromosome of the target cells (transduction). 

Gene therapy for HIV-1 using lentiviral vectors
To date, lentiviral vectors have been shown to be effective for in vivo deliv-
ery, integration and stable expression of transgenes in the central nervous 
system, the hematopoietic system, hepatocytes and myocytes (7,26-30). The 
fact that lentiviral vectors can efficiently transduce the hematopoietic system 
makes this delivery system very suitable for a gene therapy approach against 
HIV-1. An ex vivo gene therapy procedure to deliver antiviral genes to HIV-1 
susceptible cells is depicted in Fig. 2. Hematopoietic CD34+ progenitor cells 
(after G-CSF mobilization) or CD4+ T cells will be isolated from peripheral 
blood after apheresis. These can be either autologous or from a donor, e.g. an 
identical twin. The cells will be transduced with lentiviral vectors expressing 
the RNAi effectors against HIV-1. Subsequently, the transduced cells are re-
infused into the patient, where they will resist HIV-1 infection and hopefully 
prevent the gradual collapse of the immune system. As CD4+ T cells have a 
limited life span periodic infusions will be required. Therefore, it is perhaps 
more desirable to transduce CD34+ hematopoietic stem cells because these 
cells will persist to give rise to all myeloid and lymphoid lineages, and thus 
this approach ideally only needs a single infusion. Engraftment of autologous 
transduced CD34+ cells will not only result in a steady production of HIV-1 
resistant T cells, but also other HIV-1 susceptible cells, e.g. monocytes and 
macrophages. 

Some years ago, the development of T cell leukemia in a hematopoietic stem 
cell gene therapy trial for X-linked inherited immunodeficiency made re-
searchers aware of the possible risks of a gene therapy with integrating ret-
roviral vectors (31). Notably, the majority of the individuals subjected to the 
treatment were successfully cured by a single gene therapy from a deadly 
disease. The leukemia cases were due to integration of the gamma retroviral 
vectors in close proximity to the LMO2 proto-oncogene. This resulted in in-
creased expression of this proto-oncogene and subsequently oncogenic trans-
formation of a subset of T cells that expanded to cause leukemia in these pa-
tients (32). 

Although previous results were disappointing, currently two phase 1 clinical 
trials using retroviral vectors have demonstrated that ex vivo transduction of 
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Figure 2. Ex vivo gene therapy for HIV-1 infected patients. See text for details.

HIV-1+
apheresis

CD4

CD34

CD34
CD34CD4

CD4

selection of cells ex vivo 
transduction

CD4

CD34

CD34
CD34CD4

CD4

engraftment

Figure 2 

or

or

either CD4+ T cells (33) or CD34+ hematopoietic stem cells (34) and reinfusion 
of the transduced cells is feasible and safe. Recently, a phase 2 gene therapy 
trial based on retroviral vectors encoding anti-HIV ribozymes demonstrated 
that gene therapy is safe in HIV-1 infected individuals (35). A clinical trial was 
conducted in 2003 using lentiviral vectors encoding an antisense transcript 
against HIV-1 (36). In this study, the CD4+ T cells were treated with the len-
tiviral vector ex vivo and after expansion reinfused into the patients. In this 
study, no adverse events were observed, which led to a subsequent phase I/II 
trial involving multiple infusions of transduced T lymphocytes in early-stage 
HIV-1 infected individuals with well-controlled viral loads. Studies were 
conducted to determine the integration sites of these vectors in CD4+ T cells 
for three patients before and after infusion of the transduced cells (37). The 
results obtained correlated well with the known HIV-1 integration pattern. 
This finding is highly encouraging for a gene therapy approach using lentivi-
ral vectors, and this idea is further supported by the fact that T cell malignan-
cies due to HIV-1 integration have never been observed in infected patients. 

Recently, a phase I clinical trial has been initiated with lentiviral vectors ex-
pressing a shRNA targeting HIV tat and rev, a nucleolar-localizing TAR decoy 
and an anti-CCR5 ribozyme (38). The transduced stem cells have been infused 
into HIV-positive patients in a trial that uses autologous bone marrow trans-
plantation to treat AIDS-related lymphoma. 
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Lentiviral vectors expressing RNAi inducers against HIV-1
For the development of a clinical application of gene therapy it is essential 
that the vector can be produced to high titers and that the vector is genetically 
stable. Lentiviral vectors are efficient in transducing CD4+ T cells and CD34+ 
blood stem cells. However, the lentiviral vector system is based on HIV-1, 
which may complicate its use as a vehicle to deliver anti-HIV-1 RNAi induc-
ers. General lentivirus properties may also complicate things. For instance, 
HIV-1 is well-known to be recombination-prone. This characteristic led to re-
combination within the lentiviral vector when multiple shRNA expression 
cassettes with repeated promoter sequences were used (39). Such recombina-
tion-mediated deletion of vector sequences could be avoided by expression 
of the shRNAs from different promoters, which improved the vector genome 
stability (40). 

A specific problem may arise when the anti-HIV-1 siRNAs target sequences of 
the packaging plasmids or the lentiviral vector genome. It has been reported 
that targeting of the Gag-Pol and Rev mRNAs of the packaging system can 
reduce the titer of the lentiviral vector (41,42). Previously, we addressed this 
issue by determining the capsid and transduction titers of a set of anti-HIV-1 
shRNAs (43). The titer of lentiviral vectors encoding shRNAs against the Rev 
mRNA was not reduced, which is likely due to the presence of an excess Rev 
protein. A severe reduction in vector titers was measured due to Gag-Pol tar-
geting by some of the antiviral shRNAs. As the RNAi mechanism is sequence-
specific, the usage of a modified Gag-Pol construct with multiple silent codon 
changes will solve this problem (44). 

A dramatic reduction in vector titers has also been observed when shRNAs 
are targeting sequences in the lentiviral vector genome (43) (chapter 6). This 
problem can be avoided by careful selection of shRNAs that do not target parts 
of the lentiviral vector backbone. When the vector RNA genome is targeted, 
a dramatic reduction of the transduction titer will be measured, although the 
actual amount of produced vector particles (production titer) will not be af-
fected. We tested several strategies to abrogate the RNAi response against the 
vector genome in the producer cell by co-transfection of a variety of reagents 
(chapter 6). We demonstrated that the vector titers could be repaired with an 
excess shRNAs, siRNAs against Dicer and shRNA against Drosha. 

Since the lentiviral vector has an RNA genome, any shRNA or miRNA that is 
also part of the lentiviral vector can potentially target this vector sequence. We 
previously did not observe a reduction in titer due to such self-targeting (43). 
This is likely due to the presence of a perfect hairpin structure (shRNA) that 
reduces the target accessibility for RISC and thereby prevents RNAi attack (45-
48). Strikingly, Poluri et al. did report that lentiviral vectors encoding shRNAs 
have reduced titers due to self-targeting (49). Inhibition of the RNAi pathway 
by overexpression of Nodamura-virus B2 protein or Adenovirus VA.1 RNA as 
RNAi suppressors alleviated the titer reduction. It is currently unclear what 
determines the different outcomes of these studies.



146

Chapter 7

For miRNA-expressing lentiviral vectors, the situation is slightly more 
complex. First, a reduction in titer could be caused by Drosha processing of 
the miRNA as part of the vector RNA genome. Indeed, we showed that knock-
ing down Drosha resulted in titer improvement of this type of vector (chapter 
6). However, the titer repair was only partial, indicating that there is at least 
one other problem. Preliminary results indicate that the design of the miRNA 
cassette (orientation, type of promoter etc.) is of critical importance for effi-
cient use of the lentiviral vector system. 

Future perspectives of RNAi therapeutics delivered by lentiviral 
vectors
To apply RNAi in the clinic, critical issues including efficacy and safety have 
to be carefully examined. Safety is the major concern, since RNAi inducers can 
cause undesired side-effects. Induction of IFN has been associated with the ex-
pression of dsRNA larger than 30 bp. Recently, it has been shown that shRNAs 
and siRNAs can also evoke this reaction, which is dose- and sequence-de-
pendent (50-52). Interestingly, a recent report showed that miRNA-like ex-
pression systems successfully avoid induction of the interferon-response gene 
Oas1, which otherwise occurs when shRNA constructs are used (53).

Another problem is the induction of off-target effects in which siRNAs silence 
partially complementary transcripts through a miRNA-like translational re-
pression mechanism (54). Such an effect requires pairing of the seed area of the 
siRNA/miRNA guide strand with small complementary stretches in the 3’ UTR 
of non-target mRNAs. Thus, in a combinatorial RNAi approach, the chance of 
potential off-target effects will increase, which could affect cell physiology.

Recently, massive expression of shRNAs has been shown to cause fatality in 
mice through saturation of the endogenous miRNA pathway (55). To mini-
mize the risk of toxicity, the concentration of RNAi inducer should ideally be 
fine-tuned. This can be done with a cell-type specific polymerase II promoter, 
which has several advantages. First, expression of the RNAi inducer will only 
occur in the cells of interest. Second, this type of promoter will allow regulated 
shRNA/miRNA expression. The use of miRNA-like hairpins has been shown 
to enhance the RNAi efficacy and safety compared to an shRNA, thus allowing 
a lower dose of RNAi inducer (56,57). In a combinatorial RNAi setting, using 
the lowest efficacious dose is crucial to reduce the risk of cytotoxicity. Thus, 
the use of miRNA-like hairpins that are expressed from inducible or tissue-
specific promoters may be a suitable approach to enhance RNAi activity and 
at the same time reduce toxicity. Future studies are required to test whether 
the expression of multiple miRNAs will cause similar unwanted side-effects. 
This should also be tested in appropriate in vivo animal models.

Another genuine concern is the possibility that the lentiviral vector will in-
tegrate near an oncogene, which may result in increased oncogene expres-
sion. However, the currently used self-inactivating lentiviral vectors lack pro-
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moter/enhancer motifs and thus significantly reduce this risk. It is currently 
unknown whether other promoters introduced into the lentiviral vectors can 
exhibit long-range enhancer effects or drive read-through transcription into 
adjacent chromosome sequences of the host. The recent observation that lenti-
viral vector integration sites in CD4+ T cells are very similar to those in HIV-1 
infected cells is encouraging since HIV-1 infection has not been associated 
with integration-induced T cell malignancies. Currently, several clinical trials 
are ongoing using lentiviral vectors and hematopoietic stem cells. It remains 
important to test whether the lentiviral vector integration sites are similar in 
these cells compared to CD4+ T cells. More careful analyses should be per-
formed to address this issue. 

Initial results suggest that lentiviral vector delivery of RNAi inducers to CD4+ 
T cells is effective and safe (36). Further studies must be carried out to better 
understand the side effects, efficacy and safety of RNAi therapies against 
HIV-1 in vivo. Given the high interest in this field, more clinical applications 
for RNAi-based treatments will likely emerge in the coming years. 
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