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Introduction 
The virus that causes the acquired immune deficiency syndrome (AIDS) was 
isolated in 1983 [1]. This pathogen, the human immunodeficiency virus type I (HIV-
1), was classified as a retrovirus belonging to the subfamily of lentiviruses. 
Currently, HIV-1 infection is a global epidemic with 40 million people infected 
worldwide (http://www.unaids.org). In 2006, four million people were infected and 
over three million people died of AIDS. In spite of strong efforts to develop a 
vaccine or cure for this virus infection, none have been successful so far. Anti-
retroviral drugs were developed that inhibit HIV-1 replication. Initially, patients were 
treated with a single drug, which resulted in the emergence of drug-resistant 
viruses. Only when patients were treated with a combination of anti-retroviral 
drugs, known as highly active anti-retroviral therapy (HAART), the infection was 
effectively controlled [2-4]. However, adherence to the drug regimen is an 
important prerequisite for the succes of HAART, which can be further complicated 
due to severe side effects of the treatment. Suboptimal levels of medication, 
resulting from irregular intake, can result in the selection of drug-resistant virus 
variants and treatment failure. Thus, there is a need for new therapeutic 
approaches to treat HIV-1 infection. The recent discovery of RNA interference 
(RNAi) [5], a potent gene regulatory mechanism, offers a new means to inhibit 
invading viruses [6,7]. This mechanism can also be used to inhibit HIV-1 in a 
sequence-specific manner. In this thesis, we describe the development of a new 
therapeutic strategy against HIV-1 that is based on RNAi. This chapter briefly 
covers some of the basics for a better understanding and is an introduction to the 
following chapters. 

 
The HIV-1 life cycle 
HIV-1 infects cells of the immune system, in particular CD4-positive cells, which 
includes T lymphocytes, monocytes and macrophages. HIV-1 infection is 
associated with a progressive loss of CD4+ T cells and a concomitant increase in 
viral load. This triggers the gradual collapse of the immune system, resulting in 
opportunistic infections and various cancers, which define the onset of AIDS 
ultimately resulting in death. 

A schematic representation of the HIV-1 viral life cycle and genome 
organization is shown in figure 1. The virion attaches to the cell via the Envelope 
protein, which binds to the CD4 receptor. This binding induces a conformational 
change in Envelope that allows binding to a co-receptor, CXCR4 or CCR5. Upon 
binding of the co-receptor, the viral and cellular membranes are fused and the 
virion core is released in the cytoplasm. Within the virion core, the viral RNA 
genome is converted into DNA by the HIV-1 Reverse Transcriptase enzyme. The 
core is transported to the nucleus where the DNA is integrated into the host 
genome by the viral Integrase enzyme to form proviral DNA. Viral transcription from 
the LTR promoter is initiated by host cell transcription factors. The early viral 
transcripts are fully spliced and encode two essential proteins, Tat and Rev. Tat 
potently activates viral transcription via interaction with an RNA hairpin at the 
extreme 5’ end of the mRNA, the trans-activating response element RNA (TAR). 
Rev interacts with the Rev-responsive element (RRE) in viral mRNAs to facilitate 
nuclear export of unspliced and singly spliced mRNAs. These late mRNAs encode 
Gag, Pol and Env that together with the viral RNA genome assemble at the cell 
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membrane to form virions that are released from the cell by budding. A detailed 
description of the HIV-1 life cycle is given in ref. 8 and 9. 

 
 

 
Figure 1. Schematic representation of the HIV-1 life cycle (A) and HIV-1 genome organisation with 
early and late viral gene expression (B). 

 
  

Gene therapy for HIV-1 infection 
Although current HAART is highly effective in suppressing HIV-1 replication, there 
are downsides to the use of chemotherapy [3]. Medication has to be taken life-long, 
is often toxic, and a high level of adherence is required to prevent the virus from 
developing drug-resistance. Thus, there is an obvious need for alternative 
therapeutic approaches. One such strategy would be to use gene therapy to 
deliver antiviral genes that interfere with viral replication in order to make cells 
resistant to HIV-1. An advantage of such an approach would be that the antivirals 
are produced only in the treated cells, which may have the benefit of reducing toxic 
side effects associated with the systemic application of chemotherapy. In addition, 
patients are no longer required to take daily medication, which may reduce the 
chance of drug-resistance. These features of an anti-HIV gene therapy have the 
potential to significantly improve the quality of life for HIV-1 infected patients. The 
current status of gene therapy strategies to treat HIV/AIDS is described in ref. 10 
and 11. 

Recombinant viral vectors, based on viruses, are most often used for gene 
delivery (reviewed in 12). A typical production scheme for a viral vector is shown in 
figure 2A. Viral proteins for packaging of the viral genome are provided in trans. 
Viral genes that are associated with pathogenicity are removed from the viral 
vector genome, only the cis-acting elements required for packaging and gene 
transfer are retained. Within the viral genome, an expression cassette for a 
therapeutic gene is inserted. The vector plasmid is co-transfected with the 
packaging plasmids in a producer cell, resulting in production of viral vector 
particles. These vector particles are not replication-competent but can be used for 
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a single round of infection, which results in delivery of the vector genome and its 
therapeutic cargo to the target cells (transduction).  

Many different cell types are infected by HIV-1. However, since T cells 
constitute the major cell population implicated in HIV infection and progression to 
AIDS, making these cells resistant to HIV-1 is a key aspect of anti-HIV gene 
therapy [10,11]. Currently, two optional treatments exist to make T cells resistant to 
HIV-1 (Fig. 2B). The most simple treatment is to take peripheral blood mononuclear 
cells from a patient and isolate the CD4+ T cells. These cells are subsequently 
treated with a viral vector expressing an anti-HIV gene to make them resistant to 
HIV-1. The transduced cells are then engrafted back into the patient where they will 
survive, thus improving the immunity of the patient. However, these T cells will 
have a limited life span, thus periodic infusions may be required. Perhaps more 
desirable would be to transduce hematopoietic blood stem cells. Blood stem cells 
continuously give rise to all myeloid and lymphoid lineages, and engraftment of 
autologous transduced blood stem cells will result in a steady production of T cells 
that resist HIV-1 infection. Thus, targeting of the CD34+ stem cells with only a 
single gene therapy treatment may suffice. HIV-1 resistant cells will preferentially 
survive over unprotected cells, which are killed by the virus or removed by the 
immune system. This may lead to partial reconstitution of the immune system. 

 

 
Figure 2.  Gene therapy of HIV-1 infected patients. 
A Schematic presentation of viral vector production. B Viral vector with an anti-HIV gene is used to 
transduce patients CD4+ or CD34+ cells, which are infused back into the patient. 

 
Therefore, CD4+ T cells and CD34+ blood stem cells are the prime targets for 

gene therapy approaches to treat HIV-1 infection. Already several clinical trials 
have been performed predominantly with retroviral vectors delivering anti-HIV 
genes into either T cells or blood stem cells of patients [10]. Retroviral vectors were 
used because they can transduce both cell types and are stably integrated into the 
genome. The antiviral genes used in these studies interfere with early viral gene 
expression. The majority of studies used transdominant negative Rev proteins that 
inhibit the wild-type Rev protein in trans [13-18]. Alternatively, an RRE decoy was 
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expressed that should sequester Rev protein [19]. Other antivirals, e.g. ribozymes 
and antisense molecules, whose antiviral mechanism rely on base-pairing with 
complementary HIV-1 sequences, have also been tested [15,20-22]. All these 
clinical trials were small, consisting of only a few patients and patients continued on 
regular HAART treatment. Thus, it is difficult to assess the potential therapeutic 
effect of these trials. Nevertheless, the procedures were shown to be safe, 
transduced cells could be detected long-term and occasionally preferential survival 
of transduced cells was reported, which confirms that anti-HIV gene therapy has 
the potential to improve the immunity of patients [14,15,17]. 

Other RNA molecules like for instance a TAR or packaging signal decoy and 
alternative approaches are under development, e.g. using aptamers, RNA 
molecules targeted to specific HIV-1 proteins or RNA structures, intrabodies, 
intracellularly expressed antibodies aimed at HIV-1 proteins [23-28]. Recently, the 
discovery of RNAi [5], a potent sequence-specific inhibition mechanism triggered 
by double stranded RNA (dsRNA) offers new means to specifically inhibit virus 
replication. 

 
RNA interference 
RNAi is an ancient gene regulation mechanism present in plants, insects and 
mammals. Its role in mammals and humans is the processing of micro RNA 
(miRNA), small non-coding RNAs that control cellular gene expression (reviewed in 
29). The RNAi pathway can also be induced by artificial substrates, transiently by 
small-interfering RNA (siRNA) [30] and stably by an expressed short hairpin RNA 
(shRNA) precursor [31] (Fig. 3). Perfect complementarity of the siRNA with the 
target sequence results in cleavage of the mRNA [32]. 

 

 
Figure 3.  Schematic of RNAi induced by transfected siRNA or intracellularly expressed shRNA. 
shRNA can be expressed from a transfected or stably integrated expression cassette, usually from a 
polymerase III promoter (for instance H1). The shRNA is exported from the nucleus to the cytoplasm by 

Exportin-5, where it is processed by the DICER enzyme into an siRNA. Alternatively, the siRNA is 
directly transfected into the cell. The passenger strand is removed from the siRNA and the guide strand 
is incorporated into the RNA-induced silencing complex (RISC). The siRNA guides the RISC complex to 

a complementary target mRNA, which is cleaved 

 
Since its discovery, RNAi has been widely used in gene knock-down studies to 
analyze gene function. Recently, siRNA libraries were developed against the 
human genome that enable high-throughput studies [33-37]. RNAi is highly 
sequence specific, as a point mutation in the target sequence can abrogate the 
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inhibition. Therefore, it is also attractive to use this technique to specifically inhibit 
viruses. For acute infections, like influenza virus A and respiratory syncytial virus 
(RSV), siRNAs are particular useful, since local delivery to the lungs seems 
feasible [38]. For chronic infections, like HIV-1, hepatitis B and hepatitis C virus 
infection, a constant supply of siRNAs is required, which makes a gene therapy 
strategy attractive, providing a constant local supply of antiviral siRNAs. 

 
Scope of this thesis 
Soon after the discovery of RNAi, the first experiments using anti-HIV siRNAs were 
performed [39,40]. Initial experiments showed that HIV-1 replication can be 
potently inhibited by transient transfections of siRNA. Only when shRNAs were 
stably expressed in T cell lines, the long-term effect of RNAi on HIV-1 replication 
could be studied [41,42]. Although virus replication was potently inhibited, escape 
variants emerged after extended culturing. Resistance against RNAi is caused by 
point mutation(s) or deletions in the siRNA target sequence. These initial 
experiments demonstrated the enormous potential of RNAi for the treatment of 
HIV-1 infected individuals. In this thesis, we describe the development of an RNAi 
based gene therapy approach to treat HIV-1 infection. 

First, we reviewed RNAi strategies against HIV-1 and how this new technology 
can be developed into a succesful therapy (chapter 2). Most important for the 
development of a succesful therapy is the prevention of viral escape. We describe 
two strategies that can be employed. First, escape can be prevented by combining 
multiple shRNAs against highly conserved sequences. Second, viral escape may 
be prevented by using, in addition to a primary shRNA, a second generation of 
shRNAs that recognize the mutated target sites. 

Next, we investigated some of the basic principles of RNAi-based gene therapy 
against HIV-1. In chapter 3 we performed a large screen of shRNAs against highly 
conserved HIV-1 sequences and identified multiple shRNAs that act as potent 
inhibitors of virus replication. We tested the effect of the combined expression of 
different shRNAs, which resulted in a much stronger inhibition of virus production 
and a delay in viral escape as compared to single shRNA expression. These 
results indicate that the basic principle that makes HAART successful also applies 
to an RNAi-combination strategy. 

In chapter 4 we addressed the question whether the HIV-1 RNA genome of the 
incoming infectious virus is a target for RNAi. During the infection process, the HIV-
1 RNA genome would represent an ideal target for RNAi, since its destruction 
would prevent proviral integration. We used lentiviral vectors as a model for HIV-1 
infection and determined that the incoming RNA genome is in fact not a target for 
RNAi. Thus, potent inhibition of HIV-1 acts only on the newly made mRNAs in 
infected cells. 

The lentiviral vector system is an ideal system for gene therapy against HIV-1 
due to its high transduction efficiency of CD4+ T cells or CD34+ hematopoietic 
stem cells relative to the conventional retroviral vector system. We investigated 
some of the technical issues involved in the usage of this system for the 
development of an RNAi-based gene therapy. Because the lentiviral vector system 
is based on HIV-1, viral sequences are present that are potentially targeted by 
antiviral shRNAs expressed from the vector. In chapter 5, we determined that self-
targeting of the shRNA encoding sequence within the vector genome does not 
occur, which is highly important for the development of a multiple shRNA strategy. 
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HIV-1 sequences present in the vector backbone or Gag-Pol mRNA, required for 
lentiviral vector packaging, were effective targets. We show that targeting of Gag-
Pol mRNA could be avoided by using a synthetic construct that minimizes 
complementarity with the shRNA. In chapter 6 we tested multiple shRNA 
expression strategies. We observed that the use of multiple repeated promoters 
results in deletion of one or multiple shRNA expression cassettes during 
transduction of the lentiviral vector. In order to prevent deletion, multiple shRNAs 
should be expressed from different promoters.  

We show, for the first time, that HIV-1 escape is prevented in T cells expressing 
four different anti-HIV shRNAs, confirming that durable inhibition of HIV-1 is 
possible. In chapter 7, we discuss future directions of this research line, which will 
focus on assessing the safety and efficacy of this RNAi gene therapy, and its 
translation into a clinical trial.   
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A novel approach for inhibition of HIV-1 by RNA 
interference: counteracting viral escape with a second 
generation of siRNAs 
 
Olivier ter Brake and Ben Berkhout 
 
Abstract 
RNA interference (RNAi) is an evolutionary conserved gene silencing mechanism 
in which small interfering RNA (siRNA) mediates the sequence specific 
degradation of mRNA. The recent discovery that exogenously delivered siRNA can 
trigger RNAi in mammalian cells raises the possibility to use this technology as a 
therapeutic tool against pathogenic viruses. Indeed, it has been shown that siRNAs 
can be used effectively to inhibit virus replication. The focus of this review is on 
RNA interference strategies against HIV-1 and how this new technology may be 
developed into a new successful therapy. One of the hallmarks of RNAi, its 
sequence specificity, also presents a way out for the virus, as single nucleotide 
substitutions in the target region can abolish the suppression. Strategies to prevent 
the emergence of resistant viruses have been suggested and involve the targeting 
of conserved sequences and the simultaneous use of multiple siRNAs, similar to 
current highly active antiretroviral therapy. We present an additional strategy aimed 
at preventing viral escape by using a second generation of siRNAs that recognize 
the mutated target sites.  
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Introduction 
Highly active antiretroviral therapy (HAART), which involves the use of multiple 
antiviral agents, has been very successful in reducing the rates of progression to 
AIDS and death in people with HIV-1. However, adverse effects of the long-term 
use of these drug regimens, like toxicity and the emergence of drug resistant 
variants, obviate the need for new and improved methods to suppress HIV-1 in 
infected individuals. Recently, it was shown that delivery of siRNAs in mammalian 
cells can trigger a highly specific RNA interference response resulting in 
knockdown of the gene of interest. This finding raised the possibility that RNA 
interference can be used as a potent antiviral tool against HIV-1. 

siRNAs targeting HIV-1 sequences can inhibit virus production and virus 
replication in transient transfection experiments [1-7]. The transient nature of these 
methods is not desirable in a therapeutic setting dealing with a persistent viral 
infection. Although patients may be treated with a stabilized form of siRNAs, the 
risk of acquiring resistant HIV-1 mutants is relatively high because the 
concentration of siRNAs will vary in different body compartments. Furthermore, 
delivery and toxicity remain major issues for a treatment with synthetic siRNAs. In 
contrast, if patients are treated with a stably integrated viral vector expressing a 
steady supply of interfering RNAs, HIV-1 replication will be inhibited constantly. 
siRNAs can be expressed from polymerase-III transcription units. The sense and 
anti-sense strands can be expressed from two different promoters, and RNAi is 
triggered upon annealing of the two strands [8,8-10]. More potent inhibition was 
achieved when the sense and antisense strand were expressed as a single 
transcript with the ability to form a duplex hairpin structure [11]. HIV-1 replication 
can be effectively inhibited with such short hairpin RNAs (shRNA) in stably 
transduced cell lines [12-16].  

Because RNAi is highly sequence specific, a single point mutation can 
potentially result in full resistance to RNAi. Indeed, resistant variants can emerge 
when a single antiviral shRNA is used [13,14]. The emergence of RNAi-resistant 
mutants poses a challenge for the development of RNAi based treatments for HIV-
1 infected individuals. It has been suggested to use multiple highly effective 
shRNAs that target conserved regions of the viral genome [17]. More potent 
suppression will further reduce the ability of the virus to evolve, and escape from 
multiple shRNA inhibitors will require several mutations. In this report, we will 
present a short overview of current publications on RNAi against HIV-1. 
Furthermore, we have analyzed all published HIV-1 targets and present an outline 
for the effective use of RNAi against HIV.  This includes a new strategy to prevent 
the emergence of resistant variants by including additional shRNAs that are 
directed against the most likely escape mutants. 
 
HIV-1 escapes from a single shRNA 
Two recent studies addressed the potency and durability of anti-HIV RNAi 
approaches. A short hairpin RNA (shRNA) against the Tat gene was expressed 
from an H1-promoter in an adeno-associated virus vector [13]. Potent inhibition of 
HIV-1 replication was scored, but an escape virus appeared in prolonged cultures. 
Similar results were described for a shRNA against the Nef gene using a retroviral 
vector [14]. The latter study described 7 independent HIV-1 escape variants. These 
studies convincingly demonstrate that inhibition is potent and sequence-specific, 
but also that HIV-1 is able to escape from the inhibitory action of a single shRNA. 
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Boden et al described a single escape virus with a point mutation in the target 
sequence, and Das et al described a multitude of escape routes (point mutation, 
double point mutation, partial or complete deletion of the target sequence). The 
possibility of virus escape seems even more apparent with the recent 
demonstration that HIV-1 can also gain resistance by a point mutation outside the 
target sequence [18]. This mutation was demonstrated to change local RNA 
folding, such that the target sequence becomes inaccessible to the RNAi 
machinery. The emergence of resistant virus variants poses a serious problem for 
using RNA interference in a therapeutic setting. 
 
Counteracting viral escape with multiple shRNAs 
One strategy to counteract viral escape is to use multiple shRNAs targeting 
different conserved regions of HIV-1 [17,19-22,22]. Conserved targets in the HIV-1 
RNA genome will not allow for a deletion-based escape route, as occurred with the 
shRNA targeting the non-essential Nef gene sequences [14]. One can try to 
estimate the chance of escape with one versus multiple shRNAs. First, we make 
the assumption that deletion is not an option for the virus; only point mutations are 
allowed to occur. In principle, a single point mutation can make the virus insensitive 
to RNAi. The error rate of the reverse transcriptase of HIV-1 is 3 x 10

-5
 [23], 

consequently the chance of viral escape for a 19 nucleotide target in a single 
infection is 19 x (3 x 10

-5
) = 5.7 x 10

-4
. Studies in the field of drug resistance 

indicate that an untreated HIV infected individual has a virus population size of 10
4
 

to 10
5
. This means that for each shRNA, several potential escape variants are 

already present before the start of therapy. Thus, the emergence of a drug 
resistant variant seems inevitable when a single shRNA is used. When multiple 
shRNAs (N) are used simultaneously, the likelihood of obtaining a drug resistant 
variant drops exponentially with the number of shRNAs (5.7 x 10

-4
)
N
. If we assume 

that there is already resistance to at least one of the shRNAs used in a patient, 
than the chance of a resistant variant emerging is (5.7 x 10

-4
)
N-1

. For instance, if 
four shRNAs are used simultaneously, the chance of escape is 1.9 x 10

-10
. 

Although this chance seems remote given the average viral load in a patient, it 
cannot be excluded that multi-shRNA resistant mutants can evolve through 
recombination. 

That resistance can evolve, even after prolonged in vitro culturing, indicates 
that suppression of HIV-1 replication is not absolute when a single shRNA is used. 
Recently, it was shown that inhibition of a target gene is increased proportionate to 
the shRNA expression level. This result was obtained by combining multiple 
expression cassettes encoding the same shRNA in a single vector [24]. In addition, 
the combination of two different shRNAs resulted in effective and simultaneous 
inhibition of two targets, while their individual activity was maintained [25,26]. 
These results indicate that, when a multiple shRNA strategy would be used against 
HIV-1, the magnitude of inhibition will increase, perhaps approaching complete 
inhibition, combined with a severely reduced chance of escape.  
 
Target site selection 
During the HIV-1 life cycle, there are several steps at which RNA interference may 
inhibit replication (Figure 1A). Upon virus infection, the incoming RNA genome is a 
potential target. There is controversy with regards to targeting of the incoming HIV-
1 genome with RNAi. Several publications report RNAi-mediated degradation of 
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the RNA genome during infection in cells transfected with siRNAs [1,2,4], while 
others reported no effect at all [3,27]. These contradicting results may perhaps be 
explained by differences in target accessibility in the context of the packaged RNA 
genome, since viral and/or cellular proteins may protect some regions, but not all. 
Variations in experimental conditions, e.g. the cell types used, differences in 
transfection efficiency, variable amounts of siRNAs or infectious HIV-1 virus used, 
may also have caused these differences. Recently, it was shown that cells 
expressing shRNAs from an integrated lentiviral vector effectively blocked 
integration of the DNA provirus at low multiplicity of infection; this effect was 
overcome with a high dose of virus [28]. This result shows, in a relevant gene 
therapy setting, that the incoming HIV-1 genome can be subject to RNAi-mediated 
degradation. 

Late in infection, viral mRNAs are transcribed from the integrated provirus. The 
early viral transcripts are processed, resulting predominantly in spliced transcripts 
in the cytoplasm (Figure 1B). Once sufficient Rev protein is made, partially spliced 
messengers or unspliced genomic transcripts will be exported out of the nucleus 
into the cytoplasm. It is generally believed that RNA interference is a cytoplasmic 
phenomenon [20,29]. Since it may be beneficial to block early viral gene 
expression, one may prefer HIV-1 target sequences that are present in (all) early 
transcripts [30]. For instance, down-regulation of Tat and Rev protein expression 
may block virus production early on. In the absence of Tat protein, no induction of 
the viral LTR promoter occurs and without Rev the shift towards unspliced RNA 
cannot be made. In contrast, targeting sequences present exclusively in late 
unspliced mRNAs will allow for the production of early spliced mRNAs and early 
viral proteins. 

It has been shown that siRNAs targeting early transcripts down-regulate all 
transcripts after infection with HIV-1 [2,5]. Contrary to expectation, an siRNA 
targeting a gag sequence that is exclusively present in unspliced, late mRNA gave 
a similar result [31]. Although this result may reflect the combined effect of the 
destruction of the incoming genome and the targeting of viral messengers, it may 
also hint at the possibility that viral transcripts are cleaved by RNAi in the nucleus 
prior to splicing. This option was previously discarded because RNAi was 
considered to be an exclusively cytoplasmic event [31]. Supporting the concept of 
nuclear targeting of HIV-1 mRNAs, both nuclear and cytoplasmic viral RNA was 
downregulated by a lentiviral shRNA against the late vpu transcript [32]. It was 
recently shown that RNA interference can effectively degrade mRNAs that are 
localized in the nucleus of mammalian cells [33]. Similar results were obtained with 
shRNAs delivered by a lentiviral vector [34]. These studies suggest that RNAi may 
also occur in the nucleus, thus explaining the results obtained with siRNAs that 
target late viral transcripts. 

In addition to the degradation of RNA, which is focal point of this review, two 
other functions of RNA interference may also contribute to inhibition of HIV-1 
replication. First, the RNA interference silencing complex may silence mRNA 
translation. This process is less sensitive to sequence variation since perfect 
basepairing of siRNA and mRNA is not required. Second, inhibition can also occur 
through transcriptional silencing mediated through chromatin remodeling [35,36]. 
This would prevent the expression of viral transcripts. It was recently shown that 
targeting of the HIV-1 LTR promoter region results in sustained inhibition [37]. 
Interestingly, methylation of CpG motifs was observed in and surrounding the 
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Figure 1.  The HIV-1 life cycle and possible opportunities for RNAi-mediated intervention.  

A. After virus infection, the HIV-1 core with the RNA genome will be released into the cytoplasm. The 
incoming RNA genome represents a desirable target, since destruction of the genome (route 1) 
prevents reverse transcription and integration of the provirus. After integration of the provirus, viral 

messenger RNAs are expressed. Viral mRNAs can potentially be degraded in the nucleus (route 2) or in 
the cytoplasm (route 3), preventing viral protein production and virus particle assembly and release.  
B. The proviral DNA genome. Early gene expression results in fully spliced mRNAs encoding for Tat, 

Rev and Nef. Late gene expression results in partially spliced mRNAs, encoding for Env, Vif, Vpr, and 
unspliced mRNA for Gag and Gag-Pol proteins or as the genomic RNA. 

 

siRNA target regions, implicating that transcriptional silencing suppressed HIV-1 
replication.  

Since there is support for shRNA induced targeting of the incoming viral RNA 
genome and also suggestive evidence that viral mRNAs may be degraded prior to 
splicing in the nucleus, we propose that target sites can be chosen throughout the 
HIV-1 genome. Selection can therefore be based solely on conservedness of the 
target sequence in different HIV-1 isolates. We have listed all 42 published siRNAs 
and shRNAs that were successfully used to inhibit HIV-1 production or replication 
(Table 1). It is important to note that each study used different ways to score 
inhibition of HIV-1 production, and in a few cases HIV-1 replication, such that a 
direct comparison is not possible. There is ample evidence that effective siRNAs 
against HIV-1 can be transformed into effective shRNAs [2,4,12,14,15,38,39]. We 
aligned all 42 RNAi target sequences with 538 HIV-1 full genome sequences 
available from the Los Alamos National Laboratory database using the PrimaAlign 
tool available from their website (http://www.hiv.lanl.gov). We calculated the 
percentage of viral isolates that show complete similarity to the published target 
sequence (Table 1). Nine of the 42 target sequences are conserved in at least half 
of known isolates, these represent the best candidates for the multiple shRNA 
approach.  
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Table 1. Published siRNA/shRNAs that inhibit HIV-1 

a. number of open reading frames targeted 
b. position in prototype HIV-1 strain HXB2 
c. entries in Los Alamos full genome database (n=538) with 100% identity. In case a target sequence 

consists of more than 19 nucleotides, the percentage for each possible 19 nucleotide target sequence 
was calculated and the highest percentage is shown. 
d. different methods of RNAi application were used to inhibit HIV-1: siRNA transfection (A), transient (B) 

and stable (C)  siRNA expression, transient (D) and stable (E) shRNA expression 
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Figure 2. Counteracting HIV-1 escape with a second generation of shRNAs. 
A. Hairpin structure of the shRNA molecules. Shown is the shNEF-wt and a second generation of 
shRNA variants that counteract escape mutants of HIV-1. Altered nucleotides are highlighted. B. 

Molecular clones with sequence variation in the target were co-transfected with shRNA expressing 
constructs: either the shLUC control, the shNEF-wt or the matching shRNA variant. The number of 
basepair complementarity of the predicted siRNA and the target are shown. C. Co-transfections were 

performed in 293T cells with 500 ng of pLAI molecular clone, 100 ng of pSUPER plasmid and 2.5 ng 
pRL as an internal control. Transfection was performed on 1.5 x 10

5
 cells with lipofectamine-2000 

according to the manufacturers instructions (Invitrogen). Two days post-transfection, CA-p24 was 

measured in the cell culture supernatant and Renilla activity measured in cell extract. The ratio between 
CA-p24 and internal control values yields the relative CA-p24 production, for all pLAI transfections the 
control shLUC were set at 100%. Black bars represent co-transfections with the control shLUC, 

transfections with shNEF-wt are shown in grey. The white bars represent co-transfections of the 
respective pLAI molecular clones with the matching pSUPER-shRNA counterpart. 
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Counteracting viral escape with a 2nd generation of shRNAs 
Although the Nef gene target [4,14] is not highly conserved (Table 1) and therefore 
not perfectly suited for an RNAi based therapy, the extensive set of viral escape 
variants described for this RNAi treatment (Das et al., 2004) provided us with a tool 
to test a different strategy to prevent viral escape. The novel approach is to include 
a second generation of shRNAs that target the most likely escape variants (Figure 
2A). We constructed pSUPER vectors [11] expressing shRNAs directed against the 
mutated Nef sequences of the escape viruses (Figure 2B). HIV-1 molecular clones, 
based on pLAI [40], with one or two nucleotide substitutions in the target (Figure 
2B), were co-transfected with a control pSUPER shLUC vector (Figure 2C, black 
bars) and relative virus production, as measured by Gag CA-p24 production, was 
set at 100%. Co-transfection of these molecular clones with the shNEF-wt plasmid 
showed strong inhibition of wild-type pLAI, but not of the variants with a mutated 
target site, thus confirming the sequence specificity of RNAi (Figure 2C, grey bars).  
All pLAI variants, except the wild-type, were co-transfected with the matching 
shRNA (Figure 2C, white bars). The R3 and R3’ escape mutants are potently 
inhibited by their matching shRNA and the level of inhibition is comparable to the 
original situation of the wild-type virus with the wild-type shRNA. For the R4 escape 
mutant, inhibition is improved with the matching shRNA (white bar) compared to 
the wild-type shRNA (grey bar), although inhibition is only partially restored.  

R6 is a special escape mutant because the single nucleotide substitution 
imposes an altered RNA folding that occludes the target site [18]. Therefore, RNAi 
is not rescued with the matching shRNA. For the R9 mutant, the matching shRNA 
is not effective at all. These results show that it is possible to reconstitute at least 
some level of inhibition, and in most cases restore complete inhibition, with a 
second generation of shRNAs aimed at escape variants. 

We can apply this concept to the effective and conserved targets of HIV-1 
listed in Table 1. One can empirically determine which target site mutations result 
in replication competent escape variants by studying virus escape in cell culture 
infections. For the targets with a conserved sequence, we assume that most point 
mutations will affect virus replication. A conserved sequence may have multiple 
functions, e.g. multiple overlapping reading frames and RNA or DNA signals that 
code for splicing, packaging or promoter functions. Because it is likely that multiple 
mutations in the target sequence will result in impairment of its function(s), a first 
assumption is that only a single point mutation is allowed. A second assumption is 
that only silent codon changes can occur. For example, the conserved tat/rev 
sequence [27] encodes two overlapping reading frames (Figure 3).  There are 9 
silent codon changes possible for each individual open reading frame, but only at 
position 7 and 19 these changes are silent in both reading frames (Figure 3). In 
both cases, a silent variation at the first nucleotide position of an Arginine (R) 
codon in tat coincides with a silent change of a third nucleotide of a rev codon. A 
combination of three shRNAs targeting the wt, A7C and A19C sequences may 
prevent viral escape.  

In general, this strategy may be applied to all conserved HIV-1 targets. It is 
important to note that the success of this approach depends upon several criteria. 
First, only a limited number of escape routes should be possible, otherwise too 
many second generation shRNAs have to be designed. Second, the new shRNA 
should be capable of inducing RNAi. For instance, shNEF-wt partially inhibits the 
escape mutant LAI-R9 but the adapted shNEF-R9 failed to silence LAI-R9 at all, 
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indicating that this particular shRNA is inactive (Figure 2C). Finally, the target site 
should remain accessible [18,41]. The R6 escape variant provides an example 
where any shRNA is likely to be ineffective because this nucleotide substitution 
induced a change of the RNA structure such that the target sequence is 
inaccessible [18,41]. 
 

 
Figure 3. Predicting viral escape. 

The highly conserved tat/rev target is shown with flanking sequences. The 19 nucleotide target 
sequence encompasses two overlapping reading frames for tat and rev. For each reading frame the 
codons and amino acid sequence are shown. Numerous silent codon changes are possible in each 

reading frame (grey box), but a silent mutation in both reading frames is possible only at 2 positions 
within the target sequence (black box). 

 
Anti-AIDS gene therapy 
For an effective therapy, the RNAi-triggering genes have to be transferred into the 
appropriate cells. Such a gene therapy protocol seems ideally suited for the 
treatment of individuals that are chronically infected with HIV-1 and fail on standard 
antiretroviral therapy. In chronically infected individuals, HIV-1 infects a significant 
fraction of the mature T cells each day, leading to cell killing directly by HIV-1 or 
indirectly by the HIV-induced immune system. In addition, HIV-1 infection may 
induce immune activation resulting in apoptosis in uninfected bystander cells [42]. 
Nevertheless, the preferential survival of even a minority of shRNA-expressing 
cells will result in their outgrowth over time. One could carry out an ex vivo gene 
therapy treatment of either the patients mature CD4+ T cells from the blood or 
CD34+ haematopoietic stem cells from the bone marrow, and give them back to 
the patient. The stem cells will proliferate into mature T cells and move to the 
periphery, thus forming a constant supply of cells that resist HIV-1 infection. This 
means that even a relatively inefficient ex vivo gene therapy protocol may be 
beneficial through partial reconstitution of the immune system.  

Viral vectors based on HIV-1, the lentiviral vectors, are superior over retroviral 
vectors for transduction of either T cells or hematopoietic stem cells. These vectors 
are preferable candidates for gene therapy development for treatment of HIV-1 
infected patients [43]. However, the introduction of shRNAs against highly 
conserved HIV-1 sequences may pose a problem for vector production, since 
these shRNAs could cross-react with critical sequences of the vector. Indeed, it 
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has been reported that expression of shRNAs that target the vector can result in a 
reduction of the titer [8,32]. One may expect that when a multiple shRNA 
expression lentiviral vector is developed, this will become a serious issue, but 
solutions for this potential problem are already available. With safety in mind, 
lentiviral packaging plasmids were developed that are optimized for human codon 
usage [44,45], and thus quite different from the original viral sequences. We found 
that the reduction in titer will be resolved when these constructs are used for 
lentiviral vector production (ter Brake and Berkhout, in preparation).  
 
Interferon response 
The paradigm was that only dsRNAs larger than 30 basepairs induce the interferon 
response, but it was recently shown this is also true for some siRNAs. This effect is 
largely dose dependent and may be specific for synthetic siRNAs [46,47]. In 
addition, for systemic delivery of siRNAs in vivo, a sequence motif that interacts 
with a Toll like receptor was implicated in the induction of interferon [48]. However, 
these kind of interferon responses were associated with extracellularly added 
siRNAs and not intracellular siRNAs when tested in peripheral blood mononuclear 
cells in vitro [49]. We propose to induce RNAi by intracellular shRNA expression, 
therefore we expect that these undesired responses will not occur. 

Since siRNA transfections clearly differ from intracellular shRNA expression, 
results obtained in siRNA experiments may not be relevant for our proposed 
therapeutic approach. Two shRNAs expressed from a lentiviral vector at a 
relatively high multiplicity of infection (moi) did not induce the interferon response 
[50]. However, the presence of an AA-dinucleotide near the transcription start site 
of a shRNA was implicated in interferon induction [51,52]. Interestingly, such a 
shRNA was a more prominent inducer when expressed from a U6 promoter 
compared to expression from an H1 promoter [51]. These experiments used an 
moi of 10, and the observed interferon response for these shRNAs was lost when 
an moi of 1 was used. More importantly, the majority of shRNAs did not induce an 
interferon response even at the high moi. Few of the published anti-HIV siRNAs 
and shRNAs (Table 1) contain an AA-dinucleotide near the transcription start site, 
and none contain the motif that interacts with the Toll like receptor. We propose 
that the multiplicity of infection should always be kept below 1 in a therapeutic 
setting. This will keep expression levels low, thereby preventing possible side 
effects such as translational inhibition or saturation of the miRNA or siRNA 
machinery because these effects are usually associated with a high concentration 
of siRNA molecules [53,54]. Anyhow, with at least nine candidate RNAi molecules 
available for the multi-shRNA approach, one could test for putative side effects and 
select non-toxic shRNAs for a clinical trial. 
 
Lentiviral vector design for multiple shRNA expression 
An important step towards anti-HIV RNAi therapy is the design of a lentiviral vector 
that expresses multiple shRNAs. The goal is to achieve equal expression of each 
individual shRNA from the multiple shRNA vector, resulting in similar levels of 
inhibition per shRNA as compared to single shRNA constructs. In case the 
absolute inhibition would decrease for individual shRNAs in the multiple shRNA 
vector, selective pressure would be lost, and therapy would likely fail. 

An obvious way to construct a multiple shRNA vector is to clone different 
expression cassettes with the same promoter in tandem orientation [24]. In the 
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lentiviral vector context, this may present problems because recombination may 
result in deletion of one or multiple repeats and the intervening sequence [55,56]. A 
solution to this problem would be to increase the number of viral vector copies per 
cell, thereby ensuring the presence of at least one intact copy. However, this may 
be undesirable because the concentration of shRNAs will increase and introduce 
the risk of undesirable side effects. In addition, there will be an increased chance of 
insertion-induced oncogenesis and a significant increase in treatment cost. 

To avoid recombination within the lentiviral vector, one could use different 
promoters for shRNA expression. Nine different promoters have been used to drive 
the expression of shRNAs, most common are the RNA polymerase III promoters 
U6 [57] and H1 [11], which have been routinely used in HIV-1 research [12-
15,32,58,59]. Alternatives include the RNA polymerase II promoter for the U1 
snRNA gene [60], the tRNA Val promoter [61], the RNA polymerase I promoter 
[62], the polymerase II cytomegalovirus (CMV) promoter [63,64], the modified 
human tRNA Met promoter [64], the VA I Adenovirus promoter  [65] and the 7S K 
promoter [66]. A direct comparison of each of these promoters in the lentiviral 
vector context will provide the information to decide which ones to combine in a 
multiple-shRNA viral vector.  

Another interesting option to avoid promoter duplication would be to express 
multiple siRNAs from one expression unit as a single transcript. Two shRNAs 
connected with a short linker sequence can be equally effective as individual 
shRNAs [25]. In addition, it may be possible to stack functional siRNAs on top of 
each other, with or without bulges in between. These transcripts could be designed 
resembling to mimic the branched microRNA precursors [67]. However, one must 
be aware that such complex RNA structures may result in significant problems 
within the context of the lentiviral vector RNA genome. Approaches like these are 
still in the early development phase, but could eventually lead to an effective 
approach for multiple siRNA expression.  

When first generation shRNAs are combined with second generation shRNAs 
in the vector design, a shRNA repeat sequence will be present. However, the 
second generation shRNA differs in at least one basepair from the first generation 
and can be modified by introducing G-U wobble basepairs and a different loop 
sequence [68]. These modifications can limit the repeat sequence to 19 
nucleotides, which contains at least one point mutation. We anticipate that such a 
minimal and imperfect repeat will not be problematic. 
 
Conclusions 
We have reviewed current publications involving RNAi approaches using siRNAs 
or shRNAs against the HIV-1 genome. Since it is known that the application of 
individual shRNAs can lead to viral escape, the focus of this review is on the 
development of a durable gene therapy that prevents viral escape. We worked out 
two strategies that may be employed. First, like many have suggested previously, 
multiple shRNAs targeting highly conserved HIV-1 sequences can be combined. 
This will increase inhibition, and reduce the chance of escape exponentially with 
each added shRNA. Second, we introduce a new strategy to counteract viral 
escape. When highly conserved sequences are targeted, escape options are 
limited. If, in addition to the wild-type shRNA, a selection of second-generation 
shRNAs would be included that anticipate these routes, escape may be prevented. 
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As a proof of concept, we demonstrate that it is possible to efficiently inhibit escape 
mutants with such a second generation of shRNAs.  

Which shRNAs should than be used for an RNAi based gene therapy? The 
incoming HIV-1 RNA genome represents an efficient target and viral messengers 
are likely to be subject to RNAi in the nucleus and cytoplasm. Therefore, we 
argued that target site selection can be based solely on conservedness among the 
different HIV-1 isolates. From all published target sequences from the HIV-1 
genome, nine are conserved in at least half of all isolates. These seem the best 
candidates for a gene therapy based on multiple RNAi molecules. Studying escape 
for individual shRNAs in viral infection cultures will reveal whether second-
generation shRNAs should be included. We expect that risks of interferon induction 
or other side effects like off-target inhibition or saturation of the miRNA machinery 
can be avoided in a gene therapy setting when the dosage of vector is kept low. 
Nevertheless, individual shRNAs and any combination of shRNAs should be tested 
for these putative side effects. 

Recently, Sirna Therapeutics reported interim data for phase I clinical trials for 
treatment of age-related macular degeneration [69]. No adverse or toxic effects 
were observed and disease stabilized in all patients. In addition, the first clinical 
trial involving lentiviral vectors showed no adverse effects in five patients [70]. 
Combined, these results pave the way for a clinical trial involving RNAi and 
lentiviral vectors. Indeed, John Rossi of the City of Hope Beckman Research 
Institute in California in collaboration with the Australian company Benitec Limited 
are planning a clinical trial involving a multi-RNA lentiviral vector approach in HIV-1 
infected patients [71]. Their vector encodes a TAR decoy, a ribozyme against 
CCR5 and also a single shRNA against the HIV-1 genome [72-74]. The outline we 
presented here may form the basis for the development of the next phase in RNAi-
based treatments of HIV-1 infection.  
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Abstract 
Double-stranded RNA can induce gene silencing via a process known as RNA 
interference (RNAi). Previously, we have shown that stable expression of a single 
shRNA targeting the HIV-1 Nef gene strongly inhibits HIV-1 replication. However, 
this was not sufficient to maintain inhibition. One of the hallmarks of RNAi, its 
sequence-specificity, presented a way out for the virus, as single nucleotide 
substitutions in the target region abolished inhibition. For the development of a 
durable gene therapy that prevents viral escape, we proposed to combine multiple 
shRNAs against conserved HIV-1 regions. Therefore, we screened 86 different 
shRNAs targeting highly conserved regions. We identified multiple shRNAs that act 
as potent inhibitors of virus replication. We show, for the first time, that expression 
of three different shRNAs from a single lentiviral vector results in similar levels of 
inhibition per shRNA as compared to single shRNA vectors. Thus, their combined 
expression results in a much stronger inhibition of virus production. Moreover, 
when we infected cells transduced with a double shRNA viral vector, virus escape 
was delayed. These results confirm that RNAi has great potential as an antiviral 
gene therapy approach and support our efforts to develop this strategy for 
treatment of HIV-1 infected individuals. 
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Introduction 
RNA interference is highly effective in inhibiting HIV-1 replication in transient 
assays with small interfering RNA (siRNA) [1-3]. A more durable inhibition can be 
achieved when an antiviral short hairpin RNA (shRNA) is expressed in stably 
transfected or transduced cell lines [4-7]. However, similar to current antiviral drugs 
used in the clinic, the application of a single inhibitor against HIV-1 is not sufficient 
to maintain inhibition. Several in vitro studies have shown that HIV-1 can escape 
from inhibition by mutation of its RNAi target sequence [4,8-11]. In addition, viral 
escape may result from mutations outside the target region that stabilize a 
repressive structure in the viral RNA genome [12]. Like highly active antiretroviral 
therapy (HAART), a succesful RNAi based therapy against HIV-1 requires the 
simultaneous use of multiple shRNAs. To further reduce the chance of viral 
escape, highly conserved sequences need to be targeted, which should ideally be 
present in isolates of all HIV-1 subtypes.  

The majority of anti-HIV-1 studies to date have focused on transient inhibition, 
without testing for viral escape and the need to focus on highly conserved target 
sequences [1,2,8,13]. Most researchers used one of the available design 
algorithms for selection of siRNAs or shRNAs. We previously used a criterion for 
accessibility to binding of antisense DNA oligonucleotides for target identification 
and shRNA design, albeit with little success [4]. None of the selected targets 
proved to be effective for inhibition of HIV-1 replication. A survey of recent design 
rules and algorithms indicated to us that, although these rules perhaps increase 
the chance to find effective shRNAs, they are likely to also exclude some effective 
shRNAs. For durable inhibition of HIV-1 replication it is desirable to have multiple 
effective shRNAs that target most viral isolates of different subtypes. We therefore 
made and tested 86 shRNA gene constructs targeting the HIV-1 genome. The only 
selection criterion we used was high conservation of the target sequence. We 
identified multiple effective shRNAs targeting eight distinct viral genome regions. 
We validated these shRNAs by confirming sequence-specific inhibition in 
independent reporter assays. We demonstrate, for the first time, that HIV-1 
inhibition is markedly stronger when multiple shRNAs are expressed in a stable cell 
line from a single lentiviral vector. Moreover, a combined expression of two 
shRNAs could significantly delay viral escape, indicating that in a multiple shRNA 
gene therapy, when even more shRNAs are combined, viral escape may be 
prevented.  
 
Results 
 
shRNAs against conserved regions of the HIV-1 genome 
We first identified highly conserved sequences within the HIV-1 genome. As a 
starting point we used the HIV-1 LAI isolate [14], which is the prototype virus strain 
used in our studies. Every possible 20-mer sequence of the LAI isolate was aligned 
with 170 complete genome sequences, including all HIV-1 subtypes, present in the 
Los Alamos National Laboratory database (http://www.hiv.lanl.gov/). We defined 
conservation as regions in LAI having 100% identity with at least 75% of the HIV-1 
genomes. According to this criterion we identified nineteen target regions within the 
HIV-1 genome (Table 1, Fig. 1A). We constructed shRNA expression plasmids 
(last column in Table 1) with the H1 polymerase III promoter [15] based on a 19 
nucleotide target sequence. Since we used 20-mer LAI sequences in our 
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alignment, at least two different shRNAs were designed for each conserved target. 
For extended targets, more shRNAs were designed. For instance, the Gag target 
starting at position 1363 comprises 22 nucleotides and therefore four overlapping 
shRNAs, Gag 3-6, were designed. In total, we constructed 86 different shRNA 
expression plasmids covering all highly conserved HIV-1 sequences. 
 
 

 

 
 
Inhibition of HIV-1 production with shRNAs against leader, Gag, Pol and 
Rev/Tat sequences 
Each shRNA expression construct was co-transfected with the pLAI molecular 
clone to score for their ability to inhibit virus production (Fig. 1B). Multiple 
constructs showed at least 75% inhibition of HIV-1 production, representing 8 
target regions in the HIV-1 RNA genome. Part of the leader region of HIV-1 is 
highly permissive for RNAi, with Ldr-2 through Ldr-9 showing moderate to strong 
inhibition. Interestingly, Pol-44, Pol-45 and Pol-47 are active whereas the 
intervening shRNA construct Pol-46 is inactive. A similar trend was observed for 
Pol-27 and Pol-29, which are active, and Pol-28, which is inactive. Other effective 
targets were: Gag-5 and Gag-6; Pol-1 and Pol-2; Pol-6; Pol-9; R/T-4 and R/T-5. In 
total, one in four tested shRNAs was highly active against HIV-1. In our screen we 
included positive and negative shRNA controls for virus inhibition against 
previously published targets in HIV-1 Nef and Firefly Luciferase, respectively [4,16]. 
We performed two independent transfection experiments, one in duplicate and one 
in triplicate, the latter is shown. Similar results were obtained in the two 
experiments.  
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Figure 1. Screening of shRNAs against highly conserved HIV-1 sequences. 

A The HIV-1 genome showing the position of all target sites. B Shown here is the relative virus 
production in a co-transfection assay of all shRNAs with pLAI, a molecular clone of HIV-1, the shRNA 
expression vectors used are indicated (black bars). Virus production in the absence of a HIV-1 shRNA 

inhibitior was set at 100% (-, white bar). As a positive control for virus inhibition, the shRNA against a 
previously published Nef target was included in the transfection assay (+, white bar). Virus production 
was measured by CA-p24 ELISA and corrected for transfection efficiency by including Renilla in the 

transfection assay. The ratio between CA-p24 and renilla value yielded the relative virus production, 
which was set at 100% for the negative control. The mean values and standard deviations (±SD) 
obtained from three independent transfections are shown. 
 
Validation of the effective shRNAs 
The results from the large shRNA screen indicate that 21 of the 86 hairpins are 
potent HIV-1 inhibitors. We assume that the effective shRNAs induce sequence-
specific inhibition of HIV-1. To confirm this sequence-specificity we designed firefly 
luciferase reporter constructs in which we cloned the appropriate HIV-1 target 
sequences in the 3’ untranslated region (Fig. 2A). Reporters for Gag-5, Pol-1, Pol-9 
and Pol-47 sequences were co-transfected with different shRNA expression 
plasmids. Only when the shRNA matches the reporter, luciferase levels were 
reduced (Fig. 2B). Similar results were obtained for other effective shRNAs: Ldr-3, 
Ldr-9, Pol-6, Pol-29, Pol-45, shR/T-4 and shR/T-5 (data not shown). This confirms 
that the observed inhibition of HIV-1 production occurs through a sequence-
specific mechanism. 
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Figure 2. Validation of effective 

shRNAs against luciferase reporters.   
A The luciferase reporter constructs. 
50-70 nucleotides HIV-1 sequence, with 

the target sequence in the center, was 
inserted downstream of the firefly 
luciferase gene. B Shown is the relative 

luciferase reporter expression when co-
transfected with individual shRNA 
expression plasmids. Four Luciferase 

reporter plasmids, with target 
sequences for Gag-5, Pol-1, Pol-9 and 
Pol-47 (separate panels) were co-

transfected with shRNA expressing 
plasmids (X-axis). The mean values 
obtained in three independent 

transfections are shown (±SD). 

 
Sequence-specific inhibition of HIV-1 in transduced cell lines 
For our gene therapy approach, we plan to use the third generation lentiviral vector 
system [17-19]. We constructed lentiviral vectors containing an expression cassette 
for the shRNA against Gag-5, Pol-1 or Pol-47 (Fig. 3A). The empty lentiviral vector, 
JS1, was used as a negative control. We infected 293T cells with the lentiviral 
vectors at a multiplicity of infection (moi) of 0.15, and transduced cells were 
selected with live sorting for GFP. First, we confirmed sequence-specific inhibition 
in each cell line by transfection of different luciferase reporters. Reduced luciferase 
expression was exclusively observed in cells that were transduced with the 
corresponding shRNA lentiviral vector (Fig. 3B). We also transfected a control 
reporter for the shRNA against Pol-6 in these cell lines, which is not targeted by 
any of the shRNAs. Luciferase expression levels were comparable in all cell lines, 
including the mock and empty vector transduced cell lines (Fig. 3B). The 293T cell 
line does not support HIV-1 replication, but can be used for virus production upon 
transfection of the pLAI molecular clone. When we transfected pLAI in the cell 
lines, only those cells transduced with a shRNA lentiviral vector showed a 
reduction in HIV-1 production (Fig. 3C).  

In contrast to 293T cells, the SupT1 cell line is fully susceptible for HIV-1 
replication, which allowed us to test the impact of shRNA expression in a relevant 
gene therapy setting. SupT1 cells were infected with the lentiviral vectors at an moi 
of 0.15, and transduced cells were selected. Untransduced cells or cells 
transduced with the empty vector, JS1, showed massive syncytia formation and 
cell death nine days after infection with the HIV-1 LAI strain. In contrast, cells 
expressing shRNAs against Gag-5, Pol-1 or Pol-47 remained viable and syncytia 
were not observed. We determined CA-p24 levels in the supernatant as a measure 
of virus replication (Fig. 4A). A 4-5 log reduction of CA-p24 was observed for the 
three shRNA constructs. Similar results were obtained in transduced PBMCs (Fig. 
4B). Combined, these data confirm that our selected shRNAs induce a sequence-
specific inhibition of HIV-1 in stably transduced cells, which is sufficient to block 
viral replication. 
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Figure 3. Sequence-specific inhibition of virus production. 
A Lentiviral vector constructs used in this experiment. Effective shRNA expression cassettes were 

cloned in multiple cloning site (mcs) of JS1. The lentiviral vector is a third generation self-inactivating 
vector, which contains an eGFP expression cassette that allows live sorting. B 293T cells were mock 
transduced (293T) or transduced at low multiplicity of infection (0.15) with the control vector (JS1) or 

vectors expressing a shRNA against a conserved HIV-1 sequence (Gag-5, Pol-1, Pol-47). Transduced 
cells were selected with live FACS sorting for GFP. Cells were transfected with luciferase reporters for 
Gag-5, Pol-1, Pol-47 and Pol-6 and relative luciferase expression was measured. Reduced reporter 

expression was exclusively observed in the corresponding cell lines. C Cells were transfected with pLAI, 
a molecular clone of HIV-1, and relative virus production was measured. Reduced virus production was 
exclusively observed in cell lines expressing shRNAs against HIV-1. 

 



 45 

 
Figure 4. Inhibition of HIV-1 replication in shRNA expressing cells. 
A SupT1 cells were mock transduced (SupT1) or transduced at low multiplicity of infection (0.15) with 
the control vector (JS1) or vectors expressing a shRNA against a conserved HIV-1 sequence (Gag-5, 

Pol-1, Pol-47). Transduced cells were selected with live FACS sorting for GFP. The cell lines were 
infected with LAI (0.2 ng CA-p24) and virus spread was monitored for nine days by measuring CA-p24.  
B PBMCs were mock transduced (PBMC) or transduced with the control vector JS1 or vectors 

expressing a shRNA. Transduction efficiencies for JS1, Gag-5, Pol-1 and Pol-47 were 35, 2.1, 2.0 and 
1.9 percent, respectively. Transduced cells were selected and infected with LAI (0.2 ng CA-p24), virus 
spread was monitored for nine days. 

 
Multiple shRNA expression results in additive HIV-1 inhibition 
Towards a multi-shRNA gene therapy, we combined the three shRNA expression 
cassettes for Gag-5, Pol-1 and Pol-47 in a single lentiviral vector construct. As an 
initial safety test, we determined that transfection of this multiple shRNA expression 
construct in 293T cells did not induce interferon-  (Fig. 5) and PKR 
phosphorylation (results not shown). In contrast, both in vitro transcribed nef-
dsRNA and poly(I:C) induced high amounts of IFN-  mRNA and PKR 
phosphorylation [20]. 

 

 

 

 

 

Figure 5. Lentiviral vectors expressing 

multiple shRNAs do not induce the IFN 
response. 
Induction of the IFN system was measured 

by a sensitive RT-PCR on the IFN-  mRNA. 
293T cells, were co-transfected with pLAI 
and the JS1-Pol-47 and JS1-shRNA3 

constructs or control plasmids, in addition, 
only pUC19 or pLAI was transfected. RNA 
was isolated from the cells 24 hours post-

transfection. First strand cDNA was reverse 
transcribed and PCR amplified with primers 
IFN- F and IFN- R using standard 

conditions. Amplification of the -actin gene 
was used as an internal control. 
Transfection of in vitro made long dsRNA 

against the nef gene or poly(I:C) 
(Amersham Pharmacia Biotech), a 
synthetic inosine/cytosine polymer that 

mimics viral dsRNA, was used as a positive 
control for IFN-  induction. To control for 
DNA contamination, minus RT PCR 

reactions were carried out for selected RNA 
preparations.
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Next, we produced the triple viral vector (Fig. 6A) and infected 293T cells at a moi 
of 0.15 and selected cell clones. We obtained two cellular clones, #3 and #5, for 
which we confirmed the presence of all three expression cassettes with a PCR 
across the triple cassette (results not shown). With the individual reporter 
constructs we could distinguish individual shRNA activity in this multiple shRNA 
setting. We transfected these reporters in the triple shRNA #3 cells and the control 
JS1 #1. Specific inhibition of the luciferase reporter with the Gag-5, Pol-1 and Pol-
47 target was observed, but not of the Pol-6 control (Fig. 6B), demonstrating that 
the observed inhibition of the reporter constructs in the triple shRNA cell line is 
sequence-specific.  

Finally, we transfected pLAI in the triple shRNA cell clones #3 and #5 and 
compared virus production in these cells with clones transduced with the control 
JS1 vector or the single Pol-47 vector. In clones expressing three different shRNAs 
we observed a severely reduced virus production as compared to the cell lines 
expressing only a single shRNA (Fig. 6C). Combined, these data show that when 
three different shRNAs are expressed from individual promoters in a single vector, 
each shRNA is active. Their combined activity against the common HIV-1 target 
results in a much more potent inhibition of HIV-1 production. 
 

 
Figure 6. Multiple shRNA expression results in a stronger inhibition. 

A Lentiviral vector expressing three different shRNAs from separate promoters. 293T cells were 
transduced at low multiplicity of infection with a control vector (JS1), a vector expressing a single 
shRNA (Pol-47) and the triple shRNA lentiviral vector (JS1-shRNA3). B Luciferase reporters were 

transfected, as indicated on the x-axis, in control cells (black bars) or cells containing the three shRNA 
expression cassettes (grey bars). Reduced luciferase expression was observed for each reporter in the 
triple shRNA cell line (Gag-5, Pol-1 and Pol-47), whereas a control reporter (Pol-6) did not trigger 

reduced expression. C pLAI was transfected in control cell lines and cell lines containing a single or 
three shRNA expression cassettes. Virus production was moderately reduced in the single shRNA cell 
lines but more potent inhibition was scored in the triple shRNA cell lines. 
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A more durable inhibition of HIV-1 with two shRNAs 
To test whether multiple shRNAs can prevent HIV-1 escape, we made and 
compared SupT1 cells with a single shRNA, Gag-5 or Pol-47, with the two 
combined, Gag-5 and Pol-47 (Fig. 7A). A relatively high amount of virus was used 
to force viral escape in six independent infections for each cell line. Strong 
inhibition of virus replication was observed for all cell lines relative to the control 
JS1 up to seven days post infection (Fig. 7B). At 13 days post infection, all six 
infected Gag-5 cell cultures showed signs of virus replication as an increase in CA-
p24 production (Fig. 7B). At 13 days post infection, three out of the six Pol-47 
cultures were positive, and at 22 days the three remaining cultures also became 
positive. A more durable inhibition was observed when the two shRNAs were co-
expressed, with no signs of virus replication up to 17 days post infection. 
Nevertheless, 4 cultures became positive at 22 days post infection. We sequenced 
several escape viruses and observed point mutations within the target sequences 
of Gag-5 and Pol-47 (Fig. 8A). When we infected control cells with the wild-type 
virus and the Pol-47 escape variant E1, both viruses showed a similar replication 
curve (Fig. 8B). In contrast, only the E1 variant replicated in Pol-47 cells, showing 
that the point mutation in the Pol-47 target sequence causes viral resistance. 
Finally, we also infected the cells that express two shRNAs, this time with a higher 
viral input to differentiate inhibition (Fig. 8C). Both viruses were inhibited, but 
inhibition of the wild-type virus was more potent. Similar results were obtained for 
other escape viruses (data not shown). These results confirm that the observed 
inhibition is highly sequence-specific. In addition, it shows that virus inhibition is 
more durable when two shRNAs are co-expressed. 
 

 
Figure 7. A more durable inhibition of HIV-1 with two shRNAs 
A Lentiviral vector expressing two different shRNAs from individual promoters, JS1-shRNA2. B Six 
separate SupT1 cell cultures of each cell line were infected with HIV-1 LAI (5 ng CA-p24) and virus 

spread was monitored for 27 days by measuring CA-p24 ELISA. A single replication curve of the control 
JS1 transduced SupT1 cells is also shown. 
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Figure 8. Single nucleotide 

substitutions result in viral escape 
A Escape virus from Gag-5 and 
Pol-47 SupT1 cells was sequenced. 

The integrated provirus was PCR 
amplified with primers that amplify 
approximately 0.5 kb containing the 

Gag-5 or Pol-47 target sequence. 
Sequence analysis showed point 
mutations within the respective 

targets. B One ng CA-p24 of the 
escape virus E1 (grey symbols) and 
the wild-type LAI virus (black 

symbols) were used to infect 
control cells and Pol-47 cells. The 
E1 mutant is resistant to Pol-47 

(right panel). C Five ng CA-p24 was 
used to infect control cells and the 
cell line expressing two shRNAs. A 

higher viral dose was used to 
differentiate among the inhibition. 
The E1 mutant is inhibited less 

potently than the wild-type virus 
(right panel). 

 
 
Discussion 
For the effective treatment of HIV-1 infection with an RNAi based gene therapy, it 
has been proposed to apply multiple shRNAs simultaneously, preferably targeting 
highly conserved HIV-1 regions [21-24]. We have identified multiple effective 
shRNAs against eight highly conserved targets within the HIV-1 RNA genome. The 
targets of most previously published siRNAs and shRNAs that are effective against 
HIV-1 are in fact not highly conserved [22]. Only a few studies focused on the need 
to target conserved HIV-1 sequences [10,25-27].  The largest study so far 
describes a set of anti-HIV shRNAs against conserved HIV-1 sequences that was 
selected based on the Tuschl rules for siRNA design, which requires a target 
sequence to start with two adenosines [25,28]. Only 11 shRNAs did obey these 
criteria, of which several were shown to efficiently inhibit HIV-1. In contrast, we 
ignored all design rules and constructed 86 shRNAs based solely on conservation 
of the target sequence among viral isolates. Of these, 21 are potent HIV-1 
inhibitors that are ideal candidates for a multiple shRNA gene therapy. 

In fact, many of these 21 shRNAs do not comply with known siRNA criteria, 
thus confirming the limited value of these criteria for shRNA design against HIV-1. 
We analysed the expected siRNAs that would result from shRNA dicing [15]. 
Neither the rational design method of Dharmacon [29], the observed strand bias 
method [30] or the BIOPREDSI algorithm [31] would have predicted these 21 
shRNAs. We previously used a target site accessibility criterion, based on the in 
vitro binding of HIV-1 transcripts to DNA oligo microarrays, for target selection [4]. 
With the current shRNA set, a trend could be recognized; targets with low 
accessibility scores were poor targets (results not shown). However, as a selection 
criterion, this would not have been very useful, since most HIV-1 sequences were 
fairly accessible.  
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shRNA libraries generated at random from cDNA result, on average, in about 
one in four shRNAs being active [32,33], which is in agreement with our results. It 
was attempted to identify sequence preferences in these active shRNAs, but none 
were detected [33]. We looked for apparent properties of the effective shRNAs 
from our dataset. The only trends we observed were related to polymerase III 
transcription. Most effective shRNAs start with G or A, which is the preferred 
transcription start nucleotide, and a stretch of four Us was never observed in an 
effective shRNA, which is likely due to the fact that this motif may trigger 
termination of transcription [34]. It would be of interest to study the effectiveness of 
those shRNAs when expressed from a polymerase II promoter. 

Some of the conserved targets that we have selected have previously been 
reported as effective siRNA targets. For instance, Surabhi and Gaynor [3] used an 
siRNA against the R/T-4 target and Dave et al [26] targeted the Nef-9 sequence. In 
our screen, R/T-4 inhibited HIV-1 production efficiently, but the shRNA against Nef-
9 did not. This particular shRNA target has a stretch of four adenosines, and 
consequently four Us in the guide strand of the hairpin, which can act as 
transcription termination signal, thereby explaining its inactivity.  

In an eventual clinical application of this RNAi based gene therapy, patients 
who received conventional antiretroviral drugs and failed the therapy will likely be 
treated. Therefore, it is important to consider the presence of possible drug 
resistant HIV-1 variants with genome mutations that may affect shRNA targets. 
Only Pol-1 targets a site that is involved in protease-inhibitor resistance. The D30N 
mutation provides resistance to Nelfinavir [35]. In addition, the V32I mutation is 
often observed when protease inhibitors are used [36]. These mutations result in a 
G-to-A and G-to-T mutation at positions 13 and 19 in the Pol-1 target site, 
respectively. The mutation at position 19 is not likely to impact Pol-1 shRNA 
inhibition [37]. However, the mutation at position 13 may provide resistance to the 
Pol-1 shRNA. Therefore, patients on Nelfinavir therapy should be excluded from a 
gene therapy that includes Pol-1, but a different shRNA from the active set could 
be included in the multiple shRNA therapy. Alternatively, one could anticipate such 
genome variation and design a compensatory shRNA variant [9,22,38]. 

As with conventional drugs, siRNAs or shRNAs can induce side effects. We 
previously postulated that the moi in a gene therapy setting should be kept low to 
avoid high expression levels of shRNAs, thereby minimizing the risk of undesired 
side effects [22]. Recently, it was shown that expression of shRNAs led to fatality in 
mice due to oversaturation of the mi/siRNA pathways [39]. However, it is important 
to note that an exceptionally high copy number was used in these experiments, 
resulting in extremely high levels of shRNA expression. In contrast, we always use 
an moi of 0.15 or less, which results in only a single vector genome per transduced 
cell. Thus, we never reached the high levels required to saturate the si/miRNA 
pathway in our experiments, not even with our triple shRNA construct. 

Another potential side effect is induction of the interferon pathway. Although 
initially the paradigm was that only dsRNA larger than 30 basepairs induces this 
pathway, recently also small dsRNA was shown to evoke this reaction [40-44]. This 
effect is dose dependent, and some sequence motifs were implicated in the 
activation of this response [42,44]. Our lentiviral vector construct with a single or 
triple shRNA cassette did not induce interferon-  or phosphorylation of PKR in a 
transient transfection experiment. Considering the relatively low shRNA expression 
levels in the stable cell lines, the interferon pathway should not be induced.  
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Concerns remain involving off-target effects in which siRNAs silence partially 
complementary transcripts through an miRNA like mechanism. Such an off-target 
effect requires at least complementarity between the siRNA seed region and the 
3’UTR of a target gene [45,46]. Such a weak restraint results for any effective 
siRNA in numerous potential off-target genes. When multiple shRNAs are 
combined, the number of potential off-target genes will increase, increasing the 
chance of a potential negative effect on treated cells. However, we observed no 
obvious changes in our cell culture experiments, growth rates were comparable 
across all cell lines. Furthermore, the observed inhibition of luciferase reporters or 
HIV-1 remained similar in stable cell lines when these were cultured for up to 
hundred days (data not shown). This indicates that silencing off-target genes may 
not be significant due to the low multiplicity of infection, or that silenced off-target 
genes did not affect cell viability.  Nevertheless, off-targeting is a genuine concern 
for the development of a multiple shRNA approach against HIV-1 and the potential 
risks should be properly assessed before an eventual clinical application.  

We have shown that multiple effective shRNAs inhibit HIV-1 production much 
stronger when compared to a single shRNA. Also, when we infected cells 
expressing a single shRNA or two shRNAs, escape mutants quickly emerged in the 
single shRNA cells. In contrast, virus escape was delayed in the double shRNA cell 
line. These data indicate that a combinatorial approach against HIV-1 based on 
RNAi results in an increase in the magnitude of inhibition combined with a reduced 
chance to escape from this inhibition. 

We are currently evaluating safety and efficacy of individual shRNAs. The 
logical step forward is to include more shRNAs in the lentiviral vector. In silico 
analysis suggests that perhaps no more than four shRNAs will be required to 
prevent viral escape [22,22,47]. We have recently tested a four shRNA construct, 
and have not seen viral escape up to 60 days in multiple cultures of stably 
transduced cells. This result underscores the idea that durable viral suppression is 
within reach. The design of this multiple shRNA vector will be described elsewhere, 
as it involves the usage of four different Polymerase III promoters to avoid 
recombination during the transduction step (ter Brake and Berkhout, manuscript in 
preparation). Currently, a gene therapy strategy with a lentiviral vector that 
transcribes three different anti-HIV RNA molecules, including a single shRNA [48], 
is undergoing preclinical evalation and phase I clinical trials may be inititiated this 
year. Our results indicate that RNAi has great antiviral potential in a gene therapy 
approach expressing multiple shRNAs from a single viral vector and support our 
effort in the development of the multiple shRNA approach for the treatment of HIV-
1 infected individuals. 
  
Materials and Methods 
Plasmid construction. The shRNA expression plasmids, pSUPER-shRNA were 
constructed as previously described [15]. Lentiviral vector plasmids are derived 
from the construct pRRLcpptpgkgfppreSsin [19], which we renamed JS1. 
Expression cassettes for shRNAs were obtained by digestion of pSUPER 
constructs with XhoI and PstI and the fragment was inserted into the corresponding 
sites of JS1, resulting in JS1-shRNA. The double and triple shRNA expressing 
lentiviral vectors were constructed as follows. First, the shPol-47 cassette was 
obtained by digestion of pSUPER-shPol-47 with SmaI and XhoI and inserted in 
between the HindII and XhoI sites of the pSUPER shGag-5 plasmid, resulting in 
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pSUPER-shRNA2. The third shPol-1 cassette was inserted by repeating this 
procedure to yield pSUPER-shRNA3. The double and triple expression cassettes 
were digested with SmaI and XhoI from pSUPER-shRNA2 and shRNA3 
respectively and inserted into the XhoI and EcoRV sites of JS-1, resulting in JS1-
shRNA2 and shRNA3. Firefly reporter plasmids were constructed by insertion of a 
50-70 nucleotide HIV-1 sequence, with the 19 nucleotide target region in the 
centre, in the EcoRI and PstI sites of pGL3-Nef, resulting in pGL-3 reporter [12].  
Cell culture. Human embryonic kidney (HEK) 293T adherent cells were grown in 
DMEM (Gibco BRL) and SupT1 suspension cells were grown in RPMI (Gibco 
BRL), both supplemented with 10% FCS, penicillin (100U/ml) and streptomycin 
(100μg/ml) in a humidified chamber at 37°C and 5% CO2. Peripheral blood 
mononuclear cells (PBMCs) were grown in RPMI supplemented with 10% FCS, 
penicillin (100U/m) and streptomycin (100μg/ml) and stimulated with IL-2 (100U/ml) 
and PHA (4μg/ml) for two days after which CD8 cells were depleted, cells were 
subsequently cultured without PHA. 
Transfection experiments. Co-transfections of pLAI and the shRNA-vector were 
performed in a 96-wells format. Per well, 2 x 10

4
 293T cells were seeded in 200 ml 

DMEM with 10% FCS without antibiotics. The next day, 100 ng of pLAI, 20ng of 
shRNA-vector and 0.6ng of pRL (Renilla Luciferase) was transfected with 0.5 μl 
lipofectamine-2000 in a reaction volume of 50μl according to the manufacturers 
instructions (Invitrogen). Eight hours post-transfection the medium was replaced 
with 200 μl medium containing antibiotics, 48 hours after transfection medium 
samples were taken for CA-p24 ELISA and cells were lysed for renilla luciferase 
activity measurements with the Renilla Luciferase Assay System (Promega). CA-
p24 is a measure of virus production. To correct for transfection variation, relative 
CA-p24 values were determined by dividing the CA-p24 measurements by the 
Renilla values obtained. We defined that for a valid experiment the ratio between 
the highest and lowest renilla values should not exceed 2 and also that the positive 
shRNA control, against HIV-1 Nef, should show strong inhibition. Stable cell lines 
were transfected with either 100 ng pLAI or 100ng pGL-3-reporter with 2 ng of pRL, 
with 1 μl lipofectamine-2000 in a reaction volume of 100μl according to the 
manufacturers instructions, in a 24-wells format. Two days post transfection of 
pLAI, supernatant was collected for CA-p24 ELISA and cells were lysed for 
measurement of renilla luciferase activity. Following transfection of the pGL-3 
reporter, cells were lysed to measure firefly and renilla luciferase activities with the 
Dual-Luciferase Reporter Assay System (Promega). 
Lentiviral vector production. Lentiviral vector was produced as follows. 2.2 x 10

6
 

293T cells were seeded in a T25 flask the day prior to transfection. The next day, 
medium was replaced with 2.2 ml medium without antibiotics. Subsequently, 
lentiviral vector plasmid (2.4μg) was co-transfected with packaging plasmids 
pSYNGP (1.5μg) [49], RSV-rev (0.6μg) and pVSVg (0.8μg) [17,18] with 16 μl 
lipofectamine-2000 and 1.5 ml Optimem (Gibco BRL). The second day, medium 
was replaced with fresh medium.  On the third and fourth day, medium containing 
lentiviral vector was harvested in the morning. Cellular debris was removed by low 
speed centrifugation and supernatant was stored at 4°C. On the fourth day, 
supernatants were pooled and filtered and aliquots of 0.8 ml were stored at -80°C.  
Lentiviral vector transduction. Lentiviral vector stocks were titrated on 293T cells 
and SupT1 cells to determine vector titer. SupT1 cells and 293T cells were 
transduced at a multiplicity of infection of 0.15. PBMCs were transduced after CD8 
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depletion. Three days post-transduction, cells were sorted with live FACS and GFP 
positive cells were selected. For selection of transduced cell clones, transduced 
single cells were obtained with live FACS sorting. The presence of the correct 
number of expression cassettes was tested by PCR.  For the SupT1 cells 
expressing two shRNAs, multiple clones were selected and pooled to avoid clone-
to-clone variation.  
HIV-1 infection. HIV-1 LAI was produced from transfected 293T cells. Virus 
production was measured with CA-p24 ELISA. SupT1 cells (5ml cultures, 2.5 x 10

6
 

cells) and PBMCs (0.2ml cultures, 1 x 10
5
 cells) were infected with the indicated 

amount of CA-p24 (ng). Virus spread was monitored by measuring CA-p24 
production with ELISA (SupT1 and PBMC) and scoring of syncytia formation 
(SupT1). 
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Abstract 
 
Background 
RNA interference (RNAi) has proven to be a powerful tool to suppress gene 
expression and can be used as a therapeutic strategy against human pathogenic 
viruses such as human immunodeficiency virus type 1 (HIV-1). Theoretically, RNAi-
mediated inhibition can occur at two points in the replication cycle, upon viral entry 
before reverse transcription of the RNA genome, and on the newly transcribed viral 
RNA transcripts. There have been conflicting results on whether RNAi can target 
the RNA genome of infecting HIV-1 particles. We have addressed this issue with 
HIV-1-based lentiviral vectors. 
 
Results 
We determined the transduction efficiency of a lentiviral vector, as measured by 
GFP expressing cells, which reflects the number of successful integration events in 
a cell line stably expressing shNef. We did not observe a difference in the 
transduction efficiency comparing lentiviral vectors with or without the Nef target 
sequence in their genome. The results were similar with particles pseudotyped with 
either the VSV-G or HIV-1 envelope. Additionally, no reduced transduction 
efficiencies were observed with multiple other shRNAs targeting the vector genome 
or with synthetic siNef when transiently transfected prior to transduction. 
 
Conclusions 
Our findings indicate that the incoming HIV-1 RNA genome is not targeted by 
RNAi, probably due to inaccessibility to the RNAi machinery. Thus, therapeutic 
RNAi strategies aimed at preventing proviral integration should be targeting cellular 
receptors or co-factors involved in pre-integration events.   
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Introduction 
Double stranded RNA (dsRNA) can induce RNA interference (RNAi) in cells, 
resulting in sequence-specific degradation of the targeted mRNA [1,2]. Short 
interfering RNAs (siRNAs) of ~22 nt are the effector molecules of this evolutionarily 
conserved mechanism and are produced by a ribonuclease named Dicer [3,4]. 
One strand of the siRNA duplex is incorporated into the RNA-induced silencing 
complex (RISC), which binds to and cleaves complementary RNA sequences [5,6]. 
RNAi has proven to be a powerful tool to suppress gene expression. Transfection 
of synthetic siRNA into cells results in transient inhibition of the targeted gene [7]. 
Stable gene suppression can be achieved by the introduction of vectors that 
express siRNAs or short hairpin RNAs (shRNAs) that are processed into siRNAs 
by Dicer [8,9]. 

RNAi can be used as a therapeutic strategy against human pathogenic viruses 
such as HIV-1 [10]. Several studies have demonstrated that HIV-1 replication can 
be inhibited transiently by transfection of synthetic siRNAs targeting either viral 
RNA sequences or cellular mRNAs encoding protein co-factors that support HIV-1 
replication [11-20]. Furthermore, several groups have demonstrated long-term 
inhibition of HIV-1 replication in transduced cell lines that stably express an antiviral 
siRNA or shRNA [21-28]. However, HIV-1 escape variants with nucleotide 
substitutions or deletions in the siRNA target sequence emerge after prolonged 
culturing [22,24]. We have also demonstrated that HIV-1 can gain resistance 
against RNAi through mutations that mask the target in a stable RNA secondary 
structure [29]. The use of combination-shRNA therapy, in which multiple conserved 
viral RNA sequences are targeted by multiple shRNAs at the same time, may block 
the emergence of RNAi resistant variants [30].  

During the HIV-1 life cycle, there are two phases that could potentially be 
targeted by RNAi [31,32]. Newly made viral transcripts, synthesized from the 
integrated proviral DNA, are the obvious targets. In addition, RNAi may target the 
virion-associated or “incoming” viral RNA genome during the initial phase of 
infection prior to completion of reverse transcription that converts the RNA genome 
into DNA. During the infection, the HIV-1 core particle traverses through the 
cytoplasm, where the RNAi machinery resides. If the RNA genome within the virion 
core is accessible to the RISC complex, reverse transcription and subsequent 
proviral integration would be blocked, which is highly desirable in a therapeutic 
setting. There have been conflicting results on whether RNAi can target the RNA 
genome of infecting HIV-1 particles. Several groups have reported degradation of 
the incoming RNA genome in cells transfected with siRNAs [11,12,16]. Recently, a 
study showed inhibition of HIV-1 provirus integration in cells stably expressing 
shRNAs at a low virus input [33]. Other publications report no RNAi-mediated 
degradation of the RNA genome in siRNA-transfected or shRNA-producing cells 
[17,18,34]. In the present study, we have readdressed the issue of incoming HIV-1 
genome targeting using HIV-1-based lentiviral vectors in which we used 
transduction as a model for proviral integration. Targeting of the incoming genome 
did not reduce transduction efficiency, indicating that the HIV-1 RNA genome is not 
a target for RNAi during the initial phase of infection. 
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Results 
To determine the amount of incoming HIV-1 RNA in cells expressing antiviral 
siRNAs, the integrated HIV-1 DNA product or pre-integration DNA intermediates 
have been quantified [12,16-18,33,34]. Instead, we use an HIV-1 based lentiviral 
vector system to study proviral integration in cells expressing shRNAs against the 
HIV-1 lentiviral vector genome. We chose the lentiviral vector system because it is 
ideally suited to study proviral integration since viral infection is limited to a single 
cycle and is easily scored with FACS analysis detecting reporter gene expression 
in transduced cells. JS1 is a third generation self-inactivating lentiviral vector 
containing a GFP reporter gene (Fig.1). Lentiviral vector particles are produced in 
293T cells by co-transfection of the vector plasmid with the packaging constructs 
encoding Gag-Pol, Rev, and the VSV-G envelope protein (Fig. 1). Transduction 
titers of the produced lentiviral vectors were determined. All infection experiments 
were subsequently carried out at relatively low multiplicity of infection (m.o.i) such 
that transduced cells were preferably infected by a single vector. Thus, a 
transduced cell represents a single successful reverse transcription and proviral 
integration event. 
 
 

 
 
 

Figure 1. The lentiviral vector and packaging constructs. 
The lentiviral vector JS1 is a third generation self-inactivating vector [42], which contains a GFP reporter 
gene expressed from the phosphoglycerate kinase promoter (PGK) with the posttranscriptional 

regulatory element (pre) from hepatitis B virus. The vector genome is expressed from the Rous sarcoma 
virus promoter (RSV) and transcription starts with the R and U5 regions of the HIV-1 long terminal 
repeat (LTR), the packaging signal ( ) and part of the gag open reading frame (gag). It contains the rev 

responsive element (RRE), central polypurine tract (cPPT) and the 3’ LTR, which has a deletion in the 
U3 region ( U3). The HIV-1 sequences are tinted gray. Transcription of the vector genome and GFP 
reporter terminates at the HIV-1 polyA within the 3’LTR. The Nef target sequence (wild type or mutant) 

was cloned into the multiple cloning site (MCS). The three packaging constructs encode the trans-acting 
proteins required for the production of infectious virus (HIV-1 sequences in gray). 
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Figure 2. Sequence-specific inhibition of lentiviral 

production by RNAi.  
a) Schematic of lentiviral production. When an 
shNef-expression plasmid is co-transfected 

during lentiviral vector production, the lentiviral 
vector RNA genome containing the Nef target 
(gray box) can be targeted by RNAi (dark arrow). 

b) Lentiviral vector stocks (JS1, JS1-Nef and JS1-
R2) were produced in 293T cells in the absence (-
shNef) or presence (+shNef) of an shNef-

expression plasmid and were titrated on SupT1 
cells. Transduced cells were analyzed by GFP-
FACS. The mean values of three independent 

experiments are shown. The control values (-
shNef) were set at 100% for each lentiviral vector. 
 

 
 

 
 

Figure 3. No sequence-specific inhibition of 
lentiviral transduction by RNAi. 
a) Schematic of lentiviral transduction. When 

shNef is stably produced in the target cells, the 
question is whether the incoming vector genome 
with the shNef target sequence is targeted by 

RNAi (dark arrow with question mark). 
b) SupT1 cells stably expressing shNef (+ shNef) 
or control SupT1 cells (- shNef) were transduced 

at an m.o.i. of 0.03, 0.3 or 1.0 with the control 
vector (JS1) or vectors containing a complete 
(JS1-Nef) or mutated (JS1-R2) shNef target 

sequence. Infected cells were analyzed by GFP-
FACS. The control values (- shNef) were set at 
100% for each lentiviral vector. The mean values 

of three experiments are shown. 

We cloned an approximately 200 bp Nef fragment into the multiple cloning site 
(MCS) of the lentiviral vector genome (JS1-Nef). This sequence contains the target 
sequence for the potent shNef inhibitor that we described in earlier studies [24,29]. 
As a control, we constructed a vector with a mutant Nef sequence (JS1-R2), 
lacking 11 nucleotides of the shNef target sequence, which was shown to be 
completely resistant to shNef attack [24,29].  During lentiviral vector production, the 
vector genome is transcribed and transported to the cytoplasm where it becomes 
packaged in the vector particle (Fig. 2a). When the JS1-Nef lentiviral particles were 



 61 

produced in the presence of the shNef expression plasmid in the transfection mix, 
we observed a significant reduction in titer (Fig. 2b). In contrast, the titer of JS1 and 
JS1-R2 vectors was similar to the their titer produced in the absence of shNef. This 
result shows that the vector genome is in principle an effective target for RNA 
interference. 

The lentiviral vectors JS1, JS1-Nef and JS1-R2 were produced and 
subsequently used to infect the SupT1 T cell line that stably expresses shNef [24] 
and control SupT1 cells. When the incoming RNA genome is targeted by shRNA 
induced RNAi, the number of cells that obtain an integrated proviral DNA copy 
should be reduced. This will be reflected in a reduced transduction efficiency of 
shNef cells compared to the control SupT1 cells (Fig. 3a). Two days after infection, 
the cells were analyzed by FACS analysis. We did not observe a significant 
difference in the transduction efficiency of JS1-Nef in the control cells versus 
shNef-expressing cells, indicating the incoming vector genome was not targeted by 
RNAi (Fig. 3b). Results were similar for the empty vector JS1 and control vector 
JS1-R2 with a deletion in the shNef target sequence. The results were independent 
of the m.o.i., which ranged from 0.03 to 1. These combined results clearly indicate 
that the incoming lentiviral RNA genome is not a target for RNAi. 

 

        
 
 

 
 
 
 
 
 
 
Figure 4. Sequence-specific inhibition in shNef-
expressing cells.  a) Schematic of RNAi-mediated 

targeting of mRNA with the shNef target 
sequence (gray box) in shNef-expressing SupT1 
cells. b) SupT1 cells stably expressing shNef (+ 

shNef) or control SupT1 cells (- shNef) were 
transfected with luciferase reporter constructs that 
contain the complete shNef target sequence 

(pGL3-Nef) or not (pGL3-R2). The mean values 
obtained in two independent experiments are 
shown. Values measured in the control 

transfection (- shNef) were set at 100% for each 
reporter construct. 

 
 
 
 
 
 
 
 

As an additional control for the presence of a functional shNef in the shNef-
expressing SupT1 cells, we transfected the luciferase reporter constructs [29] 
containing the complete (pGL3-Nef) or mutant (pGL3-R2) target sequence (Fig. 
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4a). Luciferase expression of pGL3-Nef was reduced to 20% in the shNef-
expressing cells compared to the control cells (Fig. 4b). In contrast, luciferase 
expression of pGL3-R2 is similar in both cells. This confirms that SupT-1 cells 
expressing the shNef induce sequence-specific inhibition of RNAs containing the 
Nef target sequence. 

The lentiviral particles used in the experiments described above are 
pseudotyped with the VSV-G envelope. One could argue that VSV-G mediated 
entry and subsequent intracellular processes are different from wildtype HIV-1 
virions that contain the HIV-1 Envelope protein. The use of VSV-G would thus 
explain why we do not observe targeting of the incoming genome. To exclude this 
possibility, we produced lentiviral vectors with an HIV-1 Envelope and repeated the 
experiment. Infection of SupT1 cells expressing shNef with JS1-Nef lentivirus 
containing HIV-1 envelope was similar to that of control SupT1 cells, which 
demonstrates that the mode of entry does not contribute to the absence of 
incoming genome targeting (Fig. 5). 
 

 

 

 

 
Figure 5. No inhibition of lentiviral transduction 

with virions containing the HIV-1 Envelope. 
SupT1 cells stably expressing shNef (+ shNef) or 
control SupT1 cells (- shNef) were transduced at 

an m.o.i. of 0.03, 0.2 or 0.5 with either the control 
(JS1) or the shNef target sequence containing 
(wt-Nef) lentiviral vector with an HIV-1 envelope 

protein. Infected cells were analyzed by GFP-
FACS. The control values (- shNef) were set at 
100% for each infection. The mean values of two 

independent experiments are shown.

The contradicting results in literature on inhibition of the incoming HIV-1 RNA 
genome by RNAi may be due to differences in experimental conditions. In fact, 
most studies used chemically synthesized siRNAs that were transfected into 
various cell types prior to challenge with HIV-1. We therefore tested a synthetic 
siRNA directed against the same shNef target. This siNef is the same as the one 
shown by Jacque et al. to affect the level of integrated provirus [12]. Cells 
transfected with siNef or a shNef expression plasmid reduced pGL3 Luciferase Nef 
reporter expression, when the reporter was transfected 24 hours post si or shRNA 
transfection (Fig. 6b). In contrast, when these siRNA or shRNA-expressing cells 
were infected with JS1-Nef lentiviral particles, no drop in transduction efficiency 
was observed compared to mock (-) or pBS-transfected cells (Fig. 6c). Similar 
results were obtained with a range of m.o.i. (results not shown). Thus, an active 
siRNA is also unable to inhibit the incoming RNA genome. 

In literature, a variety of different targets have been used and variation in target 
accessibility in the context of the packaged RNA genome may explain the 
contradicting results. Our lab has constructed multiple potent shRNAs against 
conserved regions in the HIV-1 RNA genome [35]. Some of these shRNAs also 
target the lentiviral vector genome (Fig. 6a; LDR9, Pol29 and Nef19). We 
transfected 293T cells with the different shRNA-expression constructs and 24 
hours later with the appropriate reporter constructs. Alternatively, we infected these 
cells after 24 hours with JS1-wtNef lentiviral vector. The 3 additional shRNAs 
demonstrated full inhibitory activity on the luciferase reporters (Fig. 6b; right 3 
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panels), but lacked any activity on the incoming RNA genome (Fig. 6c), with one 
notable exception: shNef19 is an effective inhibitor in both systems. The 
explanation for this exception comes from inspection of its target in the lentiviral 
vector genome (Fig. 6a), which is actually located in the 3’LTR region, and thus 
part of the GFP transcript. The observed drop in GFP-expressing cells is therefore 
caused by direct RNAi-inhibition of the reporter transcript, and not by targeting of 
the incoming RNA genome. 
 
A 

 

 

 

Figure 6. No inhibition of lentiviral transduction in cells transfected with different shRNA plasmids or 
siRNA. 
a) Map of the JS1-Nef genome with the positions targeted by the shRNA inhibitors. b) 293T cells were 

mock transfected (-) or transfected with siNef or plasmids expressing the indicated shRNAs. The cells 
were subsequently transfected with luciferase reporter constructs containing the target sequences and 
relative luciferase expression was measured. The mean values obtained in two independent 

experiments are shown. The control value (-) was set at 100% for each luciferase reporter.c) 293T cells 
were mock transfected (-) or transfected with the control pBS, siNef or plasmids expressing the 
indicated shRNA. The cells were subsequently transduced with the JS1-Nef vector. Transduction 

efficiency was determined by GFP-FACS. The mean values obtained in two independent experiments 
are shown. The transduction efficiency for the control experiment (-) was set at 100%. 

  
Discussion 
We have not observed RNAi-mediated targeting of the HIV-1 RNA genome of 
incoming particles using our lentiviral vector transduction system. The human T cell 
line that stably expresses shRNAs directed against the viral Nef gene shows 
effective inhibition of HIV-1 replication [24]. However, we could not demonstrate an 
effect on the level of transduction with lentiviral particles, pseudotyped either with 
VSV-G or wildtype HIV-1 envelope. Similar results were obtained in a cell line 
transiently transfected with an shNef-expressing plasmid prior to infection. The 
intracellular levels of shRNAs is much higher upon transfection than in stable cell 
lines (results not shown), but even this increased concentration did not seem to 
affect the transduction efficiency. In addition, we failed to obtain an inhibitory effect 
on the incoming RNA genome with other shRNAs that target different parts of the 
HIV-1 RNA genome or after transfection of a synthetic siRNA against Nef. All these 
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results strongly indicate that the incoming HIV-1 RNA genome is not a target for 
RNAi. 

The contradicting results that have been reported in literature may be due to 
differences in experimental conditions. It has been claimed that differences in 
target accessibility of different regions of the packaged RNA genome contribute to 
the variation in experimental results, but we detected a lack of inhibition with a 
range of targets, which are all highly accessible for RNAi-mediated inhibition in the 
context of reporter constructs. Furthermore, we demonstrated efficient targeting of 
the HIV-1 RNA genome in the producer cell, before it is encapsidated in the virion 
particle. It has been reported that the cellular environment can affect both the 
efficiency and the specificity of siRNAs and shRNAs [36]. The use of different cell 
types can influence the observed RNAi effect. Additionally, the use of different 
promoters in shRNA expression plasmids might also influence the potency of 
inhibition [37]. In addition, “nude siRNAs”, not associated with RISC, may be able 
to enter the viral core when present at high concentrations. Subsequent binding to 
the viral RNA genome can induce antisense-mediated inhibition of reverse 
transcription, but not an RNAi effect. 

An explanation for the absence of targeting of the incoming viral RNA genome 
is inaccessibility to the RNAi machinery. After fusion of viral particles with the target 
cell membrane, the virion core is released into the cytoplasm. This coneshaped 
core consists of the capsid (CA-p24) protein containing the RNA genome and viral 
enzymes. This core is dissolved only partially during the infection process. 
Furthermore, when the reverse transcription complex (RTC) is formed, the genomic 
RNA is still associated with multiple proteins (nucleocapsid [NC], reverse 
transcriptase  [RT], matrix protein [MA] and integrase [IN]). The limited knowledge 
about the structure of intracellular retroviral complexes prohibits a detailed 
discussion, but there is supportive evidence that large molecules cannot enter the 
core particle in which reverse transcription occurs. For instance, it was shown that 
tRNA molecules can enter the core particle in virus-infected cells, but with an 
efficiency that is 4 to 5 orders of magnitude lower than the tRNA packaging 
efficiency in virion-assembling cells [38]. We made a similar observation with RNAi 
targeting the vector genome. During lentiviral vector production the RNA genome is 
an efficient target, resulting in reduced titers. In contrast, RNAi directed against the 
incoming genome could not reduce the transduction efficiency. Given the size of 
the RISC complex, it is likely that RISC cannot enter the viral particle, thereby 
explaining our results. 
 
Conclusions 
Using lentiviral vector transduction as a model for HIV-1 infection, we have shown 
that the incoming HIV-1 genome cannot be targeted directly by RNAi. For effective 
gene therapy applications based on RNAi, it would be beneficial to target the 
incoming genome, thus blocking provirus establishment and in fact new infection of 
cells. To achieve this objective, one should target cellular receptors or co-factors 
that are involved in the initial phase of infection [15,39]. 
  
Methods 
Plasmid construction Lentiviral vector plasmids are derived from the construct 
pRRLcpptpgkgfppreSsin [40], which we renamed JS1. The plasmids JS1-Nef and 
JS1-R2 were obtained by digestion of the firefly luciferase expression vectors 
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pGL3-Nef and pGL3-R2, containing an ~250-bp Nef fragment downstream of the 
luciferase gene [29], with XhoI and PstI and inserting this fragment into the 
corresponding sites of JS1. The other firefly reporter plasmids (pGL3-LDR9, Pol29 
and Nef19 ) were constructed by insertion of a 50-70 nucleotide HIV-1 sequence, 
with the 19-nucleotide target in the center, in the EcoRI and PstI sites of pGL3-Nef 
[35]. The pSUPER vector [8], which contains the H1 polymerase III promoter, was 
linearized with BglII and HindIII. Sense and antisense strand oligonucleotides, 
which encode the shRNA sequence against a conserved 19-nucleotide HIV-1 
region (LDR9; A G A T G G G T G C G A G A G C G T C (798), Pol29; C A G T G C A G G G G A A A 
G A A T A (4811) and Nef19; G G G A C T G G A A G G G C T A A T T (9081) [35] or the Nef 
[24] sequence, were annealed and ligated into pSUPER. The number between the 
brackets indicates the nucleotide position in prototype HIV-1 strain HXB2. The 
plasmid pRL-CMV (Promega) expresses Renilla luciferase under control of the 
CMV promoter. 
Cell culture Human embryonic kidney (HEK) 293T adherent cells were grown at 
37°C and 5% CO2 in DMEM (Gibco BRL) and SupT1 suspension cells were grown 
in RPMI 1640 (Gibco BRL), both supplemented with 10% Fetal Calf Serum (FCS), 
penicillin (100U/m) and streptomycin (100μg/ml). The SupT1 cells stably 
expressing shNef were described previously [24]. 
Lentiviral vector production 293T cells were grown to 50% confluence in 2 ml 
culture medium in 9.4 cm

2
 wells. The medium was replaced with 2 ml medium 

without antibiotics. Subsequently, the lentiviral vector plasmid (2.2 μg) was co-
transfected with packaging plasmids pMDLg/pREV (1.45 μg), RSV-REV (0.56 μg), 
and pVSV-G (0.78 μg) [41,42] or the pSV7D plasmid encoding HXB2 gp160 (0.78 
μg). The pSV7D Envelope gp160 plasmid was a kind gift of Dr. J. Binley (Torrey 
Pines Institute for Molecular Sciences, La Jolla, CA, USA). Co-transfection in 3 ml 
was performed with 5 ml lipofectamine-2000 and 0.5 ml Optimem (Gibco BRL). 
The culture medium was refreshed after 16 hrs. Medium containing the lentiviral 
vector was harvested the next day and replaced with fresh medium. This procedure 
was repeated after 24 hrs. The supernatants were mixed, cellular debris was 
removed by low speed centrifugation and aliquots of 0.5 ml were stored at -80°C. 
For lentiviral vectors produced with HIV-1 envelope, the stocks were concentrated 
with an Amicon Ultra concentrator, MWCO 100,000 (Millipore Corporation, 
Bedford, MA, USA). 
Lentiviral vector transduction Lentiviral vector stocks were titrated on 293T cells 
and SupT1 cells. SupT1 (1.0 x 10

5
 cells in 0.5 ml medium) and 293T (1.0 x 10

5
 

cells in 0.5 ml medium) were subsequently transduced at various m.o.i. (from 0.01 
to 1). Two days after transduction the cells were harvested, fixated in 4% 
paraformaldehyde and analysed by FACS for GFP expression (FACScan, BD 
Biosciences). 
Transfection experiments 293T cells (2 cm

2
; 1.0 x 10

5 
cells) were seeded in 500 μl 

DMEM with 10% FCS without antibiotics. The next day, 1 g pSUPER-shRNA 
plasmid, 125 nM siRNA or 1 g control pBS (pBluescriptII (KS+); Stratagene) was 
transfected with 1 μl lipofectamine-2000 in a reaction volume of 100 μl according to 
the manufacturers instructions (Invitrogen). Sixteen hrs post-transfection the 
medium was replaced with 500 μl medium with antibiotics, and the cells were 
subsequently used for transduction or luciferase experiments. For luciferase 
experiments, 293T cells (2 cm

2
; 60% confluent) were transfected with 200 ng 

pGL3-constructs and 1 ng pRL using lipofectamine-2000. SupT1 cells (shNef-
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expressing and control) were transfected with luciferase plasmids by 
electroporation. Briefly, 5 x 10

6
 cells were washed in RPMI 1640 medium with 20% 

FCS and mixed with 5 g pGL3-constructs and 150 ng pRL in 250 l of RPMI 1640 
medium with 20% FCS. Cells were electroporated in 0.4 cm cuvettes at 250 V and 
975 F and subsequently resuspended in RPMI 1640 medium with 10% FCS. The 
culture medium was refreshed after 16 hrs. After another 24 hrs, the cells were 
lysed in 150 μl of Passive Lysis Buffer (PLB) (Promega). Firefly and renilla 
luciferase activities in the lysate were measured with the Dual-luciferase Reporter 
Assay System (Promega).  
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Lentiviral vectors that carry anti-HIV shRNAs: 
problems and solutions 
 
Olivier ter Brake and Ben Berkhout 
 
 
Abstract 
 
Background   HIV-1 replication can be inhibited with RNA interference (RNAi) by 
short hairpin RNA (shRNA) expression from a lentiviral vector in T cells. Because 
lentiviral vectors are based on HIV-1, viral sequences in the vector system are 
potential targets for the antiviral shRNAs. Here, we investigated all possible routes 
by which shRNAs can target the lentiviral vector system. 
 
Methods  Expression cassettes for validated shRNAs with targets within HIV-1 
Leader, Gag-Pol, Tat/Rev and Nef sequences were inserted in the lentiviral vector 
genome. Third generation self-inactivating HIV-1 based lentiviral vectors were 
produced, lentiviral vector capsid production and transduction titer were 
determined. 
 
Results  RNAi against HIV-1 sequences within the vector backbone results in a 
reduced transduction titer while capsid production was unaffected. The notable 
exception is self-targeting of the shRNA encoding sequence, which does not affect 
transduction titer. This is due to folding of the target sequence within the stable 
shRNA hairpin structure. Targeting of Gag-Pol mRNA resulted in reduced capsid 
production and transduction titer, which was improved with a human codon-
optimized Gag-Pol construct. When Rev mRNA is targeted, no significant reduction 
in capsid production or transduction titer was observed. 
 
Conclusions  Lentiviral vector titers can be negatively affected when shRNAs 
against the vector backbone and the Gag-Pol mRNA are expressed during 
lentiviral vector production. Titer reductions due to targeting of the Gag-Pol mRNA 
can be avoided with a human codon-optimized Gag-Pol packaging plasmid. The 
remaining targets in the vector backbone may be modified by point mutations to 
resist RNAi-mediated degradation during vector production. 
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Introduction 
Double stranded RNA can induce sequence specific gene silencing via a process 
known as RNAi, which can be induced via the expression of shRNA molecules with 
a stem of 21-23 base-pairs [1,2]. We and others have shown that shRNA-mediated 
RNAi against HIV-1 can potently inhibit virus replication and make cells resistant to 
HIV-1 [3-7]. However, this potent inhibition could be circumvented by HIV-1 through 
selection of a single nucleotide substitution within the target sequence [5,8]. We 
have shown that for an effective RNAi based gene therapy, multiple highly 
conserved HIV-1 sequences need to be targeted simultaneously [9]. Such a 
strategy is similar to highly active antiretroviral therapy with multiple antiviral drugs 
as it is currently in clinical use [10].  

For this multiple shRNA gene therapy approach, we have chosen the lentiviral 
vector system based on HIV-1 [11-13]. This system is highly effective for 
transduction of either T cells or blood stem cells, which are the prime targets for a 
gene therapy approach against HIV-1. However, we beforehand recognized that 
the expression of multiple highly active shRNAs against HIV-1 sequences can 
potentially interfere with the lentiviral vector system [14]. For any active shRNA, a 
potential target sequence will always be present within the lentiviral vector genome 
due to the insertion of the shRNA cassette. Each shRNA cassette contains the 
shRNA encoding sequence that will end up in the genomic transcript and thus will 
also provide an optimal sequence for RNAi attack, which we termed self-targeting. 
In addition, since we selected highly conserved target sequences that may 
represent important regulatory sequence elements, there is a fair chance that they 
are present within the lentiviral vector backbone, which contains 1700 nucleotides 
of HIV-1 sequences. HIV-1 specific targets can also be present in the Gag-Pol and 
Rev genes that are provided in trans for packaging. It has been reported that 
targeting of Gag-Pol [15] and Rev [3] can reduce the vector titer, but this issue has 
not been addressed systematically.  

An obvious approach to avoid a reduction in titer due to targeting of the 
lentiviral vector system is the removal of complementary sequences. Such a 
modified gene is already available for the Gag-Pol construct. Codon usage by HIV-
1 is markedly different from humans [16]. To increase the safety of the lentiviral 
vector system, human codon-optimized Gag-Pol expression plasmids have been 
developed [17,18]. The altered Gag-Pol sequence has no substantial similarity to 
the wild-type Gag sequence in the vector genome, thus reducing the risk of 
formation of replication competent virus through recombination. In addition to 
improving safety, the modified Gag-Pol vector is not dependent on Rev protein and 
the Rev Responsive Element (RRE) for expression. 

In the present study, we analyzed five possible routes through which shRNAs 
against HIV-1 may affect lentiviral vector production. All shRNAs used in this study 
have been shown to be potent inhibitors of HIV-1 replication and appropriate 
reporter constructs [9,19]. The lentiviral vector genome is an efficient target for 
RNAi during production with the exception of self-targeting of the shRNA 
sequence, which apparently does not occur. It is likely that the stable shRNA 
structure occludes the target site. Targeting of Gag-Pol reduces capsid production 
and transduction titer, but this problem could be overcome by a human codon-
optimized construct for Gag-Pol expression. Finally, little effect was measured of a 
shRNA targeting the Rev mRNA, possibly indicating saturation of the Rev 
requirement. These results show that high titers can be obtained with HIV-1 
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lentiviral vectors expressing anti-HIV-1 shRNAs when appropriate precautions and 
vector design is applied, an obvious requirement for the development of an RNAi 
based gene therapy against HIV-1.  
 
 
Materials and Methods 
 
Plasmid construction 
The shRNA expression cassettes are derived from pSUPER and constructed as 
previously described [15]. Expression cassettes were inserted into the XhoI and 
PstI restriction sites of the lentiviral vector plasmid pRRLcpptpgkgfppreSsin [19], 
which we renamed JS1. 
 
Cell culture 
Human embryonic kidney (HEK) 293T adherent cells were grown in DMEM (Gibco 
BRL) and SupT1 suspension cells were grown in RPMI (Gibco BRL), both 
supplemented with 10% FCS, penicillin (100U/ml) and streptomycin (100μg/ml) in a 
humidified chamber at 37°C and 5% CO2. 
  
Lentiviral vector production 
293T cells (2.2 x 10

6
) were seeded in a T25 flask the day prior to transfection. The 

next day, medium was replaced with 2.2 ml medium without antibiotics. 
Subsequently, lentiviral vector plasmid (2.4 μg) was co-transfected with packaging 
plasmids pMDLg/pRRE (1.5 μg), RSV-rev (0.6 μg) and pVSV-g (0.8 μg) [17,18] 
with 16 μl lipofectamine-2000 and 1.5 ml Optimem (Gibco BRL). Alternatively, 
pMDLg/pRRE was exchanged for the pSYNGP plasmid [17]. The second day, 
medium was replaced with fresh medium. On the third and fourth day, medium 
containing lentiviral vector was harvested in the morning. Cellular debris was 
removed by low speed centrifugation and supernatant was stored at 4°C. On the 
fourth day, supernatants were pooled and filtered (0.2 μm) and aliquots of 0.8 ml 
were stored at -80°C. SupT1 cells were infected with dilution series of lentiviral 
vector stocks to determine the transduction titer. Three days post infection, cells 
were analysed with FACS to detect GFP positive cells. Capsid production of vector 
stocks was determined with CA-p24 ELISA as previously described [20]. Capsid 
and transduction titers were corrected for between-session variation [21].  
 
 
Results 
We identified five possible routes through which shRNA expression in the vector 
producing cell may interfere with lentiviral vector production (Fig. 1A). There are 
three possible routes in which the lentiviral vector genome may be targeted. First, 
the shRNA cassette will not only express the shRNA, but its sequence will also be 
part of the vector genome, and thus represent a target for RNAi-mediated 
degradation by a fully complementary siRNA made from the expressed shRNA. 
This self-targeting pathway, termed 1a in Fig. 1A, is a potential problem with any 
shRNA. Second, the JS1 vector backbone contains many HIV-1 sequence 
elements that could be targeted by antiviral shRNAs (Fig. 1B: HIV-1 sequences are 
marked and contain targets for Ldr-3, Ldr-9, Pol-29 and Nef-19). This pathway is 
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Figure 1  Lentiviral vector production system and potential routes of inhibition.  

A  Schematic of potential shRNA targets during lentiviral vector production. The expressed shRNA is 
processed and incorporated into RISC. This activated RISC complex can target the vector genome via 
three routes. Route 1a targets the shRNA sequence as part of the lentiviral vector genome (self-

targeting). Route 1b targets the vector genome. When the 3’LTR of the vector genome is targeted, the 
reporter gene is also targeted, route 1c. The Gag-Pol, route 2, and the Rev gene, route 3, can also be 
targeted.  

 
 
 
 
termed route 1b. Third, a specific class within route 1b are those shRNAs that not 
only target the vector genome, but also the subgenomic GFP mRNA driven from 
the PGK promoter. Nef-19 will potentially attack both the genomic and GFP 
mRNAs and this subset of route 1b is termed 1c.  

With shRNAs that target Gag-Pol sequences, there is a fair chance that they 
will also target the pMDLg/pRRE mRNA, which contains 5100 nucleotides  of HIV-1 
sequence (Fig. 1B). We listed a series of shRNAs that can potentially affect 
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Figure 1 (continued)  
B Plasmids used in this study for lentiviral vector production. Target sites for effective shRNAs are 

indicated and HIV-1 sequences are striped. Expression cassettes for shRNAs under control of the H1 
promoter were inserted in the lentiviral vector genome. Any shRNA has the potential to target its own 
sequence as part of the lentiviral vector genome (Self). The vector genome is expressed from the Rous 
Sarcoma Virus promoter (RSV). The transcript starts with HIV-1 R and U5 regions, the packaging signal 
( ) and part of the Gag open reading frame (Gag). It contains the rev responsive element (RRE), 
central polypurin tract (cPPT) and the 3’ LTR, with a deletion in the U3 region ( U3) to make it self-

inactivating. It also contains an enhanced green fluorescent protein (GFP) reporter gene, expressed 
from the phospoglycerate kinase promoter (PGK) with the posttranscriptional regulatory element (pre) 
from hepatitis B virus. Transcription of the vector genome and the GFP reporter terminates at the HIV-1 

polyA signal within the 3’ LTR. The HIV-1 Gag-Pol gene was expressed from either the pMDLg/pRev 
plasmid as a wild-type sequence containing the RRE or from pSYNGP as a human-codon optimized 
sequence without RRE. The Rev protein was expressed from pRSV-REV (3) and was included in all 

productions. The viral vector was pseudotyped with the vesicular stomatitis virus g protein (VSV-g) 
expressed from pVSV-g. 
 

 

lentiviral production by this route 2. The shRNAs used in this study and the route(s) 
of lentiviral vector inhibition are summarized in Table 1. All shRNAs used are 
validated potent inhibitors of HIV-1 replication and gene expression of appropiate 
reporters [9,22]. Please note that some shRNAs can work through multiple routes. 
For instance, Ldr-9 and Pol-29 can work through routes 1b and 2, and obviously 
route 1a. Route 3 concerns shRNAs against Rev sequences that may affect 
expression from the pRSV-rev construct, R/T-5 represents this class (Fig. 1B). 
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shRNA Target sequence 1a 1b 1c 2 3 

Ldr-3 GGAGAGAGATGGGTGCGAG      

Ldr-9 AGATGGGTGCGAGAGCGTC      

Gag-5 GAAGAAATGATGACAGCAT      

Pol-1 ACAGGAGCAGATGATACAG      

Pol-6 ATTGGAGGAAATGAACAAG      

Pol-9 TAGCAGGAAGATGGCCAGT      

Pol-29 CAGTGCAGGGGAAAGAATA      

Pol-45 AGGTGAAGGGGCAGTAGTA      

Pol-47 GTGAAGGGGCAGTAGTAAT      

R/T-5 ATGGCAGGAAGAAGCGGAG      

Nef GTGCCTGGCTAGAAGCACA      

Nef-19 GGGACTGGAAGGGCTAATT      

 
Table 1 shRNA target sequences probed in this study, routes of lentiviral vector production inhibition 
are indicated. 
 
Self-targeting of the vector genome (route 1a)  
A potential target for any shRNA expressed from a lentiviral vector is its own 
sequence as it is always part of the vector genome within the shRNA encoding 
sequence. We termed this self-targeting, which represents route 1a in Fig. 1A. To 
test the impact of this route we used the potent inhibitor shNef [5,22] that can only 
target the lentiviral vector system through this route (Table 1). We compared viral 
vector production of lentiviral vectors containing an empty cassette or a cassette 
expressing shNef, which we inserted in either orientation in the vector genome. 
Similar capsid production and transduction titer was obtained for these four vectors 
(results not shown). This shows that the orientation of the shRNA expression 
cassette within the vector genome does not influence titer. More importantly, this 
result also indicates that there is no self-targeting of the vector genome (route 1a). 
Indeed, when we compare capsid production and titer of the shNef vector (Nef) 
with a control (ctrl) ineffective hairpin vector, no reduction was observed (Fig. 2). A 
small reduction in titer as compared to the original JS1 vector without insert was 
observed for both the control and the shNef vector, which is likely due to the 
increase in vector size [23].  
 

Targeting of the vector RNA genome reduces transduction titer (route 1b) 
and reporter expression (route 1c) 
The shRNA against the Ldr-3 sequence targets the lentiviral vector genome via 
route 1b (Table 1, Fig. 1). The Nef-19 target sequence is present in the 3’LTR, 
consequently, the target sequence is present within the vector genome (1b) and 
the GFP reporter transcript (1c). When these viral vectors were produced, capsid 
production was unchanged, but a 1-2 log reduction in infectious titer was observed 
(Fig. 2). Ldr-3 and Nef-19 differ strikingly in the GFP intensity of the transduced 
cells (Fig. 3), which shows that the GFP transcript with the Nef-19 target is inhibited 
via route 1c. These combined results show that the lentiviral vector genomic RNA 
(route 1b) and GFP subgenomic RNA (1c) are effective targets for shRNA-induced 
RNAi during vector production, but self-targeting of the shRNA sequence (route 1a) 
does not seem to occur. 
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Figure 2. Lentiviral vector capsid and transduction titer. 
CA-p24 production (black bars, left y-axis) and transduction titer (white bars, right y-axis) of the different 
lentiviral vector stocks (x-axis) were determined. Indicated below the x-axis are the routes through 

which lentiviral vector production can be targeted. Averages values are shown with the error bars 
indicating the standard deviations (N=2-5). 
 

 

 
 
 

 
 
 

 
 
 

Figure 3 Reduced reporter gene expression in Nef-19 transduced cells.  
Representative FACS plots are shown for SupT1 cells transduced with either Ldr-3 or Nef-19 
transduction. 
 

Targeting of Gag-Pol reduces capsid production and transduction titer 
(route 2) 
Many of the effective shRNAs against highly conserved sequences that we 
identified have targets in the Gag-Pol sequence (Fig. 1 and Table 1). A reduction in 
Gag-Pol expression would reduce capsid production and consequently reduce the 
transduction titer. Indeed, this is exactly what we observed for Gag-5, Pol-1, Pol-6, 
Pol-9, Pol-45 and Pol-47 (Fig. 2). A subset of the shRNAs against the Gag-Pol 
transcript also target the viral vector genome (route 1b and 2 combined). Ldr-9 
targets part of the packaging signal and Pol-29 targets the central polypurine tract. 
When we produced these lentiviral vectors, the expected decrease in capsid 
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production was observed, but the transduction titer was reduced even further. This 
impact on transduction titer is due to route 1b targeting, and the drop in efficiency 
is similar to that seen with the Ldr-3 and Nef-19 inhibitors that also work through 
route 1b. 
 
Targeting of Rev does not reduce the titer (route 3) 
The shRNA against the R/T-5 sequence targets the Rev transcript via route 3 (Fig. 
1 and Table 1). The HIV-1 Rev protein is involved in transport of the viral vector 
genome and the Gag-Pol transcript from the nucleus to the cytoplasm (Fig. 1). 
Reduced Rev expression could therefore lead to reduced Gag-Pol expression and 
a reduction in the amount of available vector genomes. Thus, one would expect 
reduced capsid production and an additional reduction of the transduction titer if 
Rev becomes limiting for export of the Gag-Pol and vector genome transcripts. 
However, capsid production and transduction titer were not reduced by R/T-5 when 
compared to control and shNef lentiviral vector production (Fig. 2). Thus, in our 
production system, targeting of the Rev transcript does not reduce vector titer, 
possibly due to overexpression of the Rev protein. 
  
Gag-Pol targeting (route 2) can be avoided with a synthetic construct 
Gag-Pol targeting via route 2 seems to be the most serious problem given the 
multitude of effective conserved shRNAs against these viral sequences (Table 1, 
Fig. 1B). Because the RNAi mechanism is sequence specific, one could consider 
the design of a modified Gag-Pol construct with multiple silent codon changes. 
 

 
 
Figure 4  Lentiviral vector production with a human codon-optimized Gag-Pol. 

CA-p24 production (black bars, left y-axis) and transduction titer (white bars, right y-axis) of the different 
lentiviral vector stocks (x-axis) were determined. Indicated below the x-axis are the routes through 
which lentiviral vector production can be targeted. Averages values are shown with the error bars 

indicating the standard deviations (N=2-5). 
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In fact, such a human codon-optimized Gag-Pol plasmid, pSYNGP [17], has been 
described previously to improve gene expression and to avoid unwanted 
recombination events (Fig. 1B). We therefore produced the set of anti-HIV-1 
shRNA expressing lentiviral vectors with pSYNGP. In the vector production system, 
we simply exchanged pMDLg/pRRE for the pSYNGP plasmid. Capsid production 
of control vectors (JS1, ctrl) was similar to the production with wild-type Gag-Pol, 
and transduction titers were moderately reduced (Fig. 4). Most interestingly, the 
reduced capsid production of viral vectors with shRNAs targeting Gag-Pol (Fig. 2, 
route 2) was not observed with the synthetic Gag-Pol construct (Fig. 4). 
Transduction titers improved with synthetic Gag-Pol versus wild-type Gag-Pol, with 
the exception of two shRNAs, Ldr-9 and Pol-29, which also target the lentiviral 
vector genome (route 1b).  

Alignment of the wild-type shRNA sequences with the synthetic pSYNGP 
target sequence indicates that the number of mismatches ranged from 2 to 7 
(Table 2). Interestingly, mutations in the Pol-45 and Pol-47 sequence result 
respectively in three and two GU-wobble base pairs between the siRNA and target 
sequence, and thus form a fully basepaired duplex. Apparently, mutations resulting 
in target-siRNA duplexes with GU-wobble base pairs provide resistance to RNAi. 
Hence, we were able to restore lentiviral vector production by minimal changes in 
the shRNA target sequence.  

 
 

            target nucleotide positions 
shRNA 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Ldr-9                    
Gag-5                    
Pol-1                    
Pol-6                    
Pol-9                    
Pol-29                    
Pol-45                    
Pol-47                    

 
Table 2 Mutated shRNA targets in pSYNGP. For each shRNA listed, mutations in the target sequence 
are indicated. Mismatches are filled squares, GU-wobble pairs are open squares. 

 
 
Conclusions 
The development of an RNAi based gene therapy against HIV-1 requires efficient 
and stable transduction of T cells or hematopoietic blood stem cells. Currently, the 
HIV-1 lentiviral vector system is preferred for this objective. However, lentiviral 
vector production with anti-HIV and thus potentially anti-lentiviral vector shRNAs 
may impair expression levels of the vector components, leading to reduced vector 
production and transduction titer. Indeed, we demonstrate that anti-HIV-1 shRNAs 
can affect lentiviral vector production significantly, both at the level of capsid 
production and transduction titers, but we also propose and tested solutions to this 
problem. 

Vector sequences that are encoded by a shRNA sequence (Fig. 1A, route 1a) 
are not targeted during lentiviral vector production. This lack of self-targeting is 
striking since target sequences as part of the wild-type HIV-1 sequence are 
efficiently recognized by RNAi [9,19,22]. It is likely that the perfect hairpin structure 
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of the shRNA encoding sequence within the lentiviral vector genome blocks RNAi 
attack [22,24,25]. There are multiple observations that support this idea. First, we 
recently demonstrated that a shRNA structure forms an inaccessible target for 
RNAi. This was tested for the Pol-1 shRNA in the context of reporter constructs 
and binding assays (Westerhout and Berkhout, manuscript in preparation). 
Mutations that destabilize the hairpin structure were found to create an accessible 
RNAi target. Second, several potent shRNA inhibitors act via route 1a and 2 (Gag-
5, Pol-1, Pol-6, Pol-9, Pol-45, Pol-47). If we close the latter route by using the 
synthetic Gag-Pol construct, only self-targeting via route 1a remains. If this occurs, 
the more active shRNAs – as scored on the wild-type Gag-Pol in Figure 2 – should 
show more self-targeting in Figure 4. However, all these constructs produce similar 
high titers. The absence of self-targeting is very important for the development of 
multi-shRNA lentiviral vectors since it will permit the incorporation of multiple 
shRNA expression cassettes without titer reductions due to self-targeting. In 
contrast, targeting of the vector backbone results in reduced vector titers. Ideally, 
antiviral shRNAs should be selected that do not induce this route 1b. An alternative 
solution to close route 1b would be to mutate the target sequence in the vector 
genome while sustaining functionality. 

We also demonstrated that targeting of the Gag-Pol gene, to which the majority 
of our set of antiviral shRNAs are directed, results in a reduction of capsid 
production and transduction titer (Fig. 1A, route 2). Reduced titers due to targeting 
of the Gag-Pol transcript was solved by the use of a human codon-optimized Gag-
Pol sequence instead of an HIV-1 wild-type sequence, avoiding sequence 
complementarity and thus RNAi attack.  

We did not observe an effect on vector production with a shRNA against Rev 
(Fig. 1A, route 3). The most likely explanation is that Rev is not limiting in our 
system, such that reduced Rev expression suffices for optimal vector production, 
thus codon-optimized Rev expression is not required to avoid this route [26,27]. In 
contrast, it was reported that lentiviral vector production of a vector expressing an 
siRNA against the Rev transcript reduced viral vector transduction titer about 
sevenfold [3]. This study used a lentiviral vector that expresses an siRNA from two  
cassettes, synthesizing separate sense and antisense siRNA transcripts. In this 
scenario, the sense sequence of the siRNA is not contained within an RNAi-
resistant hairpin structure, arguing that the observed inhibition is due to direct 
targeting of the vector genome (route 1b), instead of Rev targeting (route 3). 

The strong inhibition of lentiviral vector production underscores the great 
antiviral potential of the selected anti-HIV shRNAs. Currently, we are exploring 
different approaches to express multiple shRNAs. The strategies presented in this 
study to avoid vector problems will allow for efficient production of such an HIV-1 
based lentiviral vector, which is a requirement for the development of a multiple 
shRNA based gene therapy against HIV-1. 
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Lentiviral vector design for multiple shRNA expression and 
durable HIV-1 inhibition 
 
Olivier ter Brake, Karen ‘t Hooft and Ben Berkhout 
  
Abstract 
HIV-1 replication in T cells can be inhibited by RNA interference (RNAi) through 
shRNA expression from a lentiviral vector. However, for the development of a 
durable RNAi based gene therapy against HIV-1, multiple shRNAs need to be 
expressed simultaneously in order to avoid viral escape. Here, we tested a multiple 
shRNA expression strategy for different shRNAs using repeated promoters in a 
lentiviral vector. Although highly effective in co-transfection experiments, a 
markedly reduced activity of each expressed shRNA was observed in transduced 
cells. We found that this reduced activity was due to recombination of the 
expression cassette repeat sequences during the transduction of the lentiviral 
vector, which resulted in deletions of one or multiple cassettes. To avoid 
recombination, we tested different promoters for multiple shRNA expression. We 
compared the activity of the human polymerase III promoters U6, H1 and 7SK and 
the polymerase II U1 promoter. Activities of these promoters were similar, 
irrespective of which shRNA was expressed. We showed that these four 
expression cassettes can be combined in a single lentiviral vector without causing 
recombination. Moreover, whereas HIV-1 could escape from a single shRNA, we 
now show that HIV-1 escape can be prevented when four shRNAs are 
simultaneously expressed in a cell. 
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Introduction 
RNA interference (RNAi) through transient transfection of small interfering RNA 
(siRNA) is highly effective against a wide range of viruses, for instance human 
immunodeficiency virus type 1 (HIV-1), hepatitis B virus (HBV), hepatitis C virus 
(HCV), influenza virus A and several coronaviruses [1-3]. A phase I clinical trial has 
already been performed for respiratory syncytial virus (RSV) infection with nasally 
administered siRNA [4,5]. However, for the development of an RNAi based therapy 
for chronic viral infections like HIV-1, a constant supply of siRNA is required. An 
elegant way to achieve this objective is to use a gene therapy approach in which 
the antiviral siRNA is stably expressed in the cell as a short hairpin RNA (shRNA) 
[6]. Stable expression of anti-HIV shRNAs in T cells results in potent inhibition of 
HIV-1 replication [7-11]. However, the application of a single shRNA inhibitor is not 
sufficient to maintain inhibition. After extended culturing, resistant virus can emerge 
containing point mutations or deletions within the siRNA target site [12-16]. Thus, in 
order to achieve durable inhibition, multiple antiviral shRNAs should be expressed 
simultaneously [14,17,18], a strategy similar to current drug combination therapy of 
HIV-1 infected individuals [19,20]. 

The lentiviral vector system is highly effective for delivery of shRNA expression 
cassettes [21-24]. An apparently straightforward method to express multiple 
shRNAs from a lentiviral vector is to incorporate multiple expression cassettes that 
use the same promoter [10,14,25,26]. However, such an approach may be 
problematic due to intrinsic properties of the lentiviral vector. Retroviruses are 
naturally recombination prone, as the reverse transcriptase (RT) is a poorly 
processive polymerase. During the transduction process, in which RT converts the 
RNA genome into DNA, RT can slip on repeats in the RNA template, resulting in a 
duplication or deletion [27-30]. This could seriously hamper the genetic stability of 
lentiviral vectors with multiple shRNA cassettes.  

We constructed single, double and triple anti-HIV shRNA lentiviral vectors that 
express the shRNAs from the same repeated promoters. In initial co-transfection 
experiments, we found that such a multiple shRNA expression strategy is effective, 
since the individual shRNA activity was comparable for single and multiple shRNA 
constructs. However, a strikingly different pattern emerged in transduced cells, 
since the shRNA activity was diminished with an increasing number of shRNA 
cassettes. We analysed cell clones transduced with the multiple shRNA lentiviral 
vectors and found that recombination occurs frequently. For instance, only 14 
percent of the cell clones contained an intact triple shRNA lentiviral provirus. Thus, 
the reduced shRNA activity was caused by a recombination-mediated deletion of 
shRNA cassettes. In order to prevent recombination, we designed a viral vector 
without repeat sequences: four different shRNAs were expressed from four 
different promoters. We analysed transduced cell clones and confirmed that 
deletion did not occur. Finally, we show for the first time that HIV-1 escape could 
be prevented when four different shRNAs are simultaneously expressed.  
  
Results 
Reporter gene knock-down is reduced in a triple shRNA cell line   
Previously, we screened 86 shRNAs targeting highly conserved HIV-1 sequences 
(Fig. 1a) [14]. We identified multiple potent inhibitors of HIV-1 that were validated 
for sequence specificity with luciferase reporters. For the development of a multiple 
shRNA approach, we constructed plasmids encoding two or three different 
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shRNAs, each expressed from the same but separate H1 promoter (Fig. 1b). The 
shRNA2 construct encodes the Pol-47 and Gag-5 inhibitors, shRNA3 encodes in 
addition Pol-1. We used appropriate luciferase reporters to measure the activity of 
individual shRNAs. In initial co-transfection experiments, in which reporters for 
each shRNA target were co-transfected with the shRNA1, shRNA2 and shRNA3 
plasmids, we measured specific reporter gene knock-down irrespective of the type 
of vector used. For instance, inhibition of Pol-47 was scored on the Luc Pol-47 
reporter, showing equal activity of shRNA1, shRNA2 and shRNA3 (Fig. 1c). 
Several control vectors, including the empty lentiviral vector JS1 and several 
unrelated shRNAs (Gag-5 and Pol-1) have no impact on the Luc Pol-47 reporter. 
Similar results were obtained for the other shRNAs in the multi-shRNA vectors on 
the matching reporters (results not shown). 

Next, we transduced 293T cells with these lentiviral vectors at a low multiplicity 
of infection (moi) of 0.15 to obtain a single lentiviral vector copy per cell. 
Transduced GFP positive cells were selected with live fluorescence activated cell 
sorting (FACS). We transfected these cells with the Luc Pol-47 reporter and 
observed good inhibition for shRNA1, but a profound decrease in the magnitude of 
inhibition for shRNA2 and shRNA3 (Fig. 1d). A similar drop in activity was scored 
for the other shRNAs encoded by the shRNA2 and shRNA3 constructs on their 
respective targets (results not shown). Thus, a striking difference was observed in 
the transiently transfected cells versus the stably transduced cell lines. Whereas 
full activity of the shRNA was observed in the former assay, the inhibitory potential 
of shRNA2 and shRNA3 is significantly reduced in the transduced cells. One could 
argue that this is due to saturation of the RNAi pathway, but this is highly unlikely 
because the transduced cells will only have a single lentiviral vector copy. Another 
possibility is that not all shRNA cassettes were effectively transduced, e.g. through 
recombination-mediated deletion due to the repeat sequences in the expression 
cassette (Fig. 1b) [27]. 
 
Deletion of shRNA cassettes from the multi-shRNA vectors  
To test for the intactness of the integrated provirus, we selected cell clones of 
transduced 293T cells and PCR amplified across the shRNA expression insert with 
primers fw1 and rev1 (Fig. 1b). We analysed 22 shRNA3 clones. Control 
untransduced (293T) and shRNA1 transduced cell clones were included, as were 
the input plasmids for shRNA1, shRNA2 and shRNA3. Strikingly, the observed 
bands for the shRNA3 cell clones differed among the different clones with discrete 
sizes corresponding to either a single, double or triple cassette (Fig. 2). Only the 
minority of cell clones seem to have an intact triple cassette (3 out of 22 cultures, 
14%), whereas we observed 12 apparent doubles and 7 apparent singles.  

The repeat sequences present in the triple cassette insert constitute the H1 
promoter (230 nucleotides (nt)) and the sequence that contains the pol III 
terminator (28 nt) (Fig. 3a). We sequenced the PCR products to analyse the actual 
recombination event (Fig. 3b). If we look at the single cassette deletions, cassette 
B was most frequently deleted (9 out of 12). Cassette A and C were only deleted 
once and twice, respectively. For the double cassette deletion mutants, both AB 
(3x) and BC (4x) deletions were observed. No proviruses are observed in which A 
and C are deleted, probably because it requires a double recombination event. 
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Figure 1. Reduced reporter knock-down in multi-shRNA transduced cells  
(a) Conserved shRNA target sequences in the HIV-1 genome used in this study. (b) Lentiviral vector 
constructs used in this experiment. Single (shRNA1: Gag-5, Pol-1 or Pol-47), double (shRNA2) and 

triple shRNA (shRNA3) expression cassettes were cloned in the multiple cloning site (mcs) of JS1, the 
lentiviral vector construct. The lentiviral vector is a third generation self-inactivating vector, which 
contains an eGFP expression cassette that allows live sorting. Primers used to amplify across the mcs 

are indicated (fw1 and rev1). (c) A luciferase reporter for Pol-47 was co-transfected in 293T cells with 
the empty control vector (JS1) or vectors expressing a single shRNA against HIV-1 (Gag-5, Pol-1, Pol-
47), and vectors with a double and triple shRNA cassette (shRNA2 or shRNA3) and relative luciferase 

expression was measured. (d) 293T cells were transduced with the indicated lentiviral vectors at an moi 
of 0.15 and selected with live FACS sorting for GFP. Cells were transfected with the luciferase reporter 
for Pol-47 and relative luciferase expression was measured. Averages and standard deviations in C and 

D represent three independent transfections, the average activity of the JS1 control was set at 1.0. 
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Deletion of all three cassettes is not possible, and is indeed not observed. Deletion 
of C requires recombination at the H1 promoter, deletion of A is possible only 
through recombination at the terminator sequence. In total, deletion of A (4x) is 
seen less frequently than deletion of C (6x), which indicates that recombination at 
the H1 promoter is more likely, as would be expected since it is the largest repeat 
sequence. Deletion of B occurs most often, in 16 out of the 22 clones analyzed. 
We also observed deletions in cell clones transduced with the shRNA2 lentiviral 
vector (results not shown). Since deletion of each expression cassette was 
frequently observed in the cell clones, these results explain why the magnitude of 
inhibition was reduced for all shRNAs in cells transduced with shRNA2 and 
shRNA3. Thus, repeat sequences should be avoided for effective multiple shRNA 
expression from a lentiviral vector.                
 
 

 
 

 
 
 

 
 
Figure 2. Triple shRNA transduced cell lines 

contain cassette deletions.  
293T cells were transduced with shRNA3 at an 
moi of 0.15 and cell clones were selected with live 

FACS sorting. A PCR was performed across the 
cassette insertion. Control PCRs for 293T and 
shRNA1 clones were included, as well as an 

empty control (-) and input plasmids (shRNA1, 2 
and 3). Differently sized PCR products were 
observed in the cell clones corresponding in size 

to either a single, double or triple cassette insert. 
 
 

 
 
 

 

 
Figure 3. Sequence analysis of deletions in 
shRNA3 cell clones. 
(a) Schematic representation of repeat 

sequences present in the shRNA3 lentiviral vector 
construct. The different shRNA expression 
cassettes for Pol-1, Pol-47 and Gag-5 are marked 

with A, B and C respectively. The H1 promoter 
repeat sequence is 230 nt in size, the sequence 
containing the pol III termination signal is 28 nt 

(terminator). The difference between the three 
cassettes is the shRNA encoding sequence, 
stem-loop-stem (grey, A; blocked, B; black, C). 

(b) Overview of sequence analysis of the shRNA3 
293T cell clones. All possible deletions are 
shown. The number of cell clones with those 

deletions are shown in the first column. In total, 
we analysed 22 sequences, the total number of 
clones in which a cassette was present is shown 

at the bottom of the deletion columns. 
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Different promoters to drive shRNA expression 
In order to prevent recombination, we tested four different promoters for shRNA 
expression (Fig. 4a): the human H1, 7SK and U6 polymerase III promoters 
[6,31,32] and the human U1 polymerase II promoter [33]. These genetic elements 
do not have homologous sequences and were selected because the transcription 
start and termination sites are well defined, thus producing a discrete shRNA 
inhibitor molecule. For each promoter, we made 5 different shRNA expression 
constructs against Nef [16], Gag-5, Pol-1, Pol-47 and R/T-5 sequences (Fig.1a). In 
co-transfection experiments, we compared the activity of each expression cassette 
against the appropriate reporter (Fig.4b). For each promoter construct-reporter 
combination, we used the corresponding shNef construct as a control for which the 
activity was set at 1.0. The Pol-1 shRNA made from the four promoters similarly 
reduced expression of the Luc Pol-1 reporter (top left panel in Fig. 4b). Very similar 
results were obtained for the other three hairpins in combination with their 
respective reporter. 
 

 
 
Figure 4. Similar levels of inhibition with different promoters and shRNAs 
(a) Different promoters used for shRNA expression. Three human polymerase III promoters, H1, U6 and 
7SK, and the U1 human polymerase II promoter were used for shRNA expression. All expression 

cassettes have well defined transcription start and termination sites. (b) Luciferase reporters for the 
conserved target sequences Gag-5, Pol-1, Pol-47 and R/T-5 were co-transfected with the control shNef 
expressing vector (black bars) or the specific shRNA vector (grey bars). Averages and standard 

deviations represent three independent transfections, the average activitiy of the shNef control for each 
promoter was set at 1.0. 
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Effective multiple shRNA expression from different promoters 
Since luciferase knock-down was similar for all combinations of shRNAs and 
promoters, we made an arbitrary selection of four promoter-shRNAs for our 
combinatorial approach. The shRNA4 combination was made with the H1 Pol-47, 
7SK Gag-5, U6 Pol-1 and U1 R/T-5 cassettes (Fig. 5a). We first tested the shRNA4 
construct in co-transfections with the four luciferase reporters (Fig. 5b). Control 
cells received no shRNA inhibitor (ctrl, activity set at 1.0). The shRNA4 construct 
was active against all four reporters. In fact, the inhibitory potential was similar to 
that of the appropriate single shRNA constructs. This result confirms that multiple 
shRNAs can be efficiently expressed from a single construct using different 
promoters. 
 

 
Figure 5. Single or multiple shRNA expression results in similar inhibition per shRNA 
(a) Multiple shRNA expression construct. From a single construct, four different shRNAs (Pol-47, Gag-5, 

Pol-1 and R/T-5) were expressed from human polymerase III promoter, H1, U6 and 7SK, and the U1 
human polymerase II promoter, respectively. (b) The indicated luciferase reporters were co-transfected 
with the control shNef expressing vector (ctrl), the indicated single shRNA expression vector and the 

shRNA4 vector. Averages and standard deviations represent three independent transfections, the 
average activity of the shNef control was set at 1.0. 

 

Lentiviral vectors that stably express multiple shRNAs 
We inserted the shRNA4 expression cassette (Fig. 5a) in the lentiviral vector JS1 
(Fig. 1b). We produced lentiviral vector and transduced 293T cells at low moi (0.15) 
and selected GFP-positive cells with live FACS. First, we selected 10 transduced 
cell clones to check the status of the integrated provirus. We performed the PCR 
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across the insert and observed only the band corresponding to the size of the 
shRNA4 cassette (Fig. 6a). The control lane (C) shows a PCR on the input 
shRNA4 plasmid. Two cell clones, of either untransduced or Pol-47 transduced 
(shRNA1) cells, are also shown as controls. Thus, the shRNA4 cassette with the 
four different promoters is stably transduced. Second, we compared luciferase 
reporter inhibition in the transduced 293T cells with the previously constructed 
single shRNA 293T cell lines (Fig. 6b). Note that these shRNA1 cell lines express 
the indicated shRNA from the H1 promoter. Reporter inhibition in shRNA1 cells is 
similar in magnitude for each shRNA, and fully specific for the matching reporter. In 
the shRNA4 cells, inhibition is observed with all four reporters. Quantitatively, a 
similar level of reporter inhibition is observed for Gag-5, Pol-1 and Pol-47. R/T-5, 
expressed in shRNA4 from the U1 polymerase II promoter, has a reduced 
magnitude of inhibition as compared to the other shRNAs. Combined, these data 
show that recombination was prevented by using different promoters to drive 
shRNA expression and that we now have four different shRNAs simultaneously 
expressed from a single lentiviral vector.  
 

 
Figure 6. The shRNA4 cassette is intact in transduced cells. 

(a) 293T cells were transduced with the shRNA4 lentiviral vector at low moi (0.15) and cell clones were 
selected. A PCR was performed on genomic DNA of ten selected cell clones. Bands corresponding to 
the quadruple cassette were observed for all cell clones. As controls, the shRNA4 plasmid and genomic 

DNA obtained from untransduced 293T (-) and shRNA1 transduced cell clones were included. (b) 293T 
cells were transduced with the shRNA4 vector and GFP positive cells were selected with live FACS 
sorting. Cells were transfected with the indicated reporters. Controls were included, untransduced cells 

(293T) and the previously made shRNA1 transduced stable cell lines. Averages and standard 
deviations represent four independent transfections, the average activity of the 293T control was set at 
1.0 for each reporter. 
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Prevention of HIV-1 escape by simultaneous expression of 4 shRNAs 
To test the effect of multiple shRNA expression on HIV-1 replication, we 
transduced the SupT1 T cell line that is fully susceptible for HIV-1 replication. Cells 
were transduced at low moi (0.15) with a control vector, shRNA1 vector Pol-47 or 
the shRNA4 vector. Transduced cells were selected and 6 independent cultures 
were infected with the HIV-1 LAI isolate [34]. Efficient replication of this virus was 
measured in control vector transduced cells (Fig. 7a). Virus replication was initially 
potently inhibited in Pol-47 cells (Fig. 7a). However, after extended culturing, 
replicating virus emerged in 5 out of 6 cultures as judged by an increase in CA-p24 
in the culture medium and syncytia formation. We tested this putative escape virus 
by infection of a set of SupT1 transduced cells. This virus indeed showed a 
resistant phenotype, as it only replicated in the control cells and Pol-47 cells, but 
not in cells that express another shRNA inhibitor (Gag-5, Pol-1 or R/T-5) or the 
shRNA4 combination (Fig. 7b). Sequence analysis confirmed resistance, as point 
mutations were selected in the Pol-47 target sequence of the 5 escape cultures 
(results not shown).  
 

 
Figure 7. Prevention of escape with four shRNAs. 
(a) Six Pol-47 transduced SupT1 cell lines (circle) were infected with HIV-1 and virus replication was 

monitored by measuring CA-p24 for up to 75 days. A control vector transduced cell line was included 
(closed circles). In 5 out of 6 cultures, HIV-1 started to replicate. (b) This replicating virus showed a 
resistant phenotype to the shRNA against Pol-47. For example, replicating virus (marked with a star in 

a) was cell free passaged on a control cell line (JS1), shRNA1 cell lines (Gag-5, Pol-1, Pol-47 and R/T-
5) and the shRNA4 cell line. The virus replicated only on the control cell line and the Pol-47 cell line. (c) 
Six shRNA4 transduced SupT1 cell lines were infected with HIV-1 and virus replication was monitored 

for up to 75 days. A control vector transduced cell line was included (closed circles). Initial virus 
replication was potently inhibited. After 40 days slow virus spread was scored in two cultures. (d) Cell 
free virus (marked with a star in c) was used to infect a control cell line (JS1), shRNA1 cell lines (Gag-5, 

Pol-1, Pol-47 and R/T-5) and the shRNA4 cell line. The virus could replicate exclusively in the control 
cell line, indicating that the virus emerging in c is not resistant. The same result was obtained for the 
other positive culture. 
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We next tested HIV-1 replication in the shRNA4 cell line. Prolonged inhibition 
of HIV-1 replication was observed up to 75 days in four out of 6 cultures (Fig. 7c). 
Inhibition of virus replication was initially potent, however, slowly replicating virus 
did emerge in two cultures after 40 days. These viruses could represent escape 
viruses, perhaps still partially inhibited or slowly replicating due to mutations in 
multiple highly conserved sequences, resulting in a loss of viral fitness. 
Alternatively, it may also suggest slow spreading of input wild-type virus that is not 
blocked completely. We and others have described such a pseudo-escape 
phenomenon in cell lines that allow viral spread via cell-cell contact [16,35]. To 
critically discriminate between these possibilities, we passaged the accumulated 
virus to a set of uninfected cells. The virus was able to replicate in the control 
SupT1 cells (JS1), but not in any of the shRNA expressing cells, with either a 
single inhibitor (Gag-5, Pol-1, Pol-47 and R/T-5) or shRNA4 (Fig. 7d). This result 
indicates that the breakthrough virus is not resistant to any of the four shRNAs 
expressed in the shRNA4 cell line. This important conclusion was confirmed by 
sequencing of all four target sequences in the viral genome. Not a single point 
mutation was observed in any of the four targets. 
 
Discussion 
For the development of an effective RNAi-based gene therapy against HIV-1, 
simultaneous expression of multiple shRNAs is required to avoid viral escape. A 
relatively simple strategy would be to express each shRNA from a separate 
promoter. Several groups have reported expression of multiple RNAs from 
separate promoters in a lentiviral vector [10,14,25,26,36]. Here we performed an in 
depth analysis of a multiple shRNA expression strategy in which three shRNAs are 
expressed from repeated promoters. We found that this expression strategy 
causes frequent recombination within the lentiviral vector genome at repeat 
sequences of the expression cassette, resulting in deletion of one or two cassettes. 
Thus, when cells are transduced with the shRNA3 lentiviral vector, the result is a 
heterogenous population of integrated lentivirus proviral DNA expressing either 
one, two or three shRNAs. For the development of a succesful RNAi-based gene 
therapy approach against HIV-1, this multiple shRNA expression strategy is 
unlikely to be succesful. Cell populations that express only a single shRNA will 
provide a niche in which resistant viruses will be selected, ultimately leading to full 
resistance to all shRNAs.  

In order to prevent recombination we selected four different promoters that lack 
sequence similarity for our multiple shRNA expression strategy. The human 
polymerase III promoters H1, U6 and 7SK and the U1 human polymerase II 
promoters [6,31-33] were selected because they have well defined transcription 
start and termination sites. Differences in inhibitory activity should therefore reflect 
different expression levels. Activities of these promoters have been compared 
before, but only with a subset of two promoters [32,33,37,38]. We now tested and 
compared four promoters and measured similar shRNA inhibitory activity for each 
of these promoters. Also, in a combined construct, each expression cassette was 
active, confirming that multiple shRNA expression from these four promoters is a 
valid approach.  

We constructed a lentiviral vector with the shRNA4 design. Analysis of 
transduced cell clones indicated that the shRNA4 vector does not recombine. We 
next tested the effect on HIV-1 replication in a gene therapy setting. In a 
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transduced cell line expressing only a single shRNA, HIV-1 could escape by 
mutating the target sequence. In contrast, HIV-1 did not escape in the shRNA4 
transduced cell line. However, viral spread was observed in two of the six infected 
shRNA4 cell cultures, though these viruses are not true escape mutants, since they 
did not have a resistant phenotype upon viral passage to fresh cells. Furthermore, 
no genotypic changes were observed in the four target sequences. This result 
indicates that virus replication is not completely blocked by the combined 
expression of four shRNAs. This should not come as a surprise since RNAi does 
not target the incoming genome [39,40] and RNAi does not silence gene 
expression completely. Thus, virus replication may still occur, albeit at a very low 
level, perhaps slowly accumulating until a certain threshold is reached at which CA-
p24 production can be measured. Most importantly, we did not witness viral 
escape, which shows that the imposed genetic barrier is too high for the virus to 
overcome inhibition by four shRNAs [1,17,18].  

It is difficult to assess the implications of our results for a gene therapy in which 
T cells or blood stem cells of HIV-1 infected patients are treated ex vivo.  With only 
a single lentiviral vector copy per cell, we obtained durable inhibition for up to 40 
days with the shRNA4 vector. In order to properly evaluate the safety and efficacy 
of the shRNA4 vector, we have to move to a more relevant in vivo system. 
Recently, a mouse model with a humanized immune system was developed that 
we propose to use for this purpose [23,41]. We will study safety of the shRNA4 
vector by analysing the development of the immune system from transduced 
human CD34+ precursor cells. We can also infect these mice with HIV-1 to 
evaluate the in vivo efficacy of the multiple shRNA approach [42,43]. 

Gene therapy against HIV-1 holds great promise for treatment of HIV-1 
infected individuals [44,45]. Recently, the first phase I clinical trial involving 
lentiviral vectors was shown to be safe [46]. In this clinical trial, HIV-1 patients were 
treated with a conditionally replicating viral vector encoding an antisense sequence 
directed against the HIV-1 genome. Next year, a clinical trial is expected to start 
which combines different anti-HIV RNAs in a single lentiviral vector [26]. The 
promising results presented here strongly support the development of our multiple 
shRNA strategy against HIV-1 that, when shown to be safe and effective in vivo, 
may be next in line for clinical testing.  
  
Materials and Methods 
 
Plasmid construction. JS1 (pRRLcpptpgkgfppreSsin) [47], the single (shRNA1), 
double (shRNA2) and triple (shRNA3) shRNA lentiviral vectors [14] were previously 
described. Constructs used for shRNA expression are based on pSUPER 
(OligoEngine, Seattle, WA, USA), pSilencer 2.0-U6 (Ambion Inc., Austin, TX, USA), 
psiRNA-h7Skhygro G1 (Invivogen, San Diego, CA, USA) and pGeneClip-
BasicVector (Promega Corp., Madison, WI, USA), which contain the human H1, 
U6, 7SK polymerase III promoters and human U1 polymerase II promoter, 
respectively (which we renamed pH1, pU6, p7SK and pU1). First, shRNA 
expression plasmids were constructed by inserting annealed oligonucleotides, 
encoding the shRNA transcript, into the appropriate insertion sites. In our 
oligonucleotide design additional restriction sites were added 3’ of the transcription 
termination sites of the U6 and 7SK constructs to facilitate cloning of the shRNA4 
construct (BglII, ZraI, ClaI, XhoI for U6 and SalI, XhoI for 7SK). The shRNA4 
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plasmid was constructed from the different shRNA expression plasmids (pH1Pol47, 
p7SKGag5, pU6Pol1 and pU1R/T5) as follows. First, the 7SK cassette was 
inserted behind the H1 cassette with the ClaI/SalI restriction sites. Second, the U6 
cassette was excised with EcoRI/BglII and inserted in front of the U1 promoter 
using the EcoRI/BamHI sites. Finally, the U6-U1 double cassette was inserted in 
the SalI/XhoI site of the H1-7SK construct, yielding pH1Pol47-7SKGag5-U6Pol1-
U1R/T5, or shRNA4. The shRNA4 cassette  was excised with SmaI/XhoI and 
inserted in the lentiviral vector backbone of JS1 in the multiple cloning site (mcs) 
(EcoRV/XhoI), resulting in JS1-shRNA4.  
Cell culture. Human embryonic kidney (HEK) 293T adherent cells were grown in 
DMEM (Gibco BRL) supplemented with 10% FCS, penicillin (100U/ml) and 
streptomycin (100μg/ml) and SupT1 suspension cells were grown in Advanded 
RPMI (Gibco BRL) supplemented with L-glutamine, 1% FCS, penicillin (30U/ml)  
and streptomycin (30μg/ml), both in a humidified chamber at 37°C and 5% CO2. 
Lentiviral vector production. Lentiviral vector was produced as previously described 
[14]. Briefly, vector was produced by co-transfection of lentiviral vector plasmid and 
packaging plasmids pSYNGP, pRSV-rev and pVSV-g with lipofectamine-2000 
(Invitrogen, Carlsbad, CA, USA). Lentiviral vector containing supernatant was 
collected, filtered (0.2 μm) and aliquots were stored at -80°C.  
Lentiviral vector transduction. Lentiviral vector stocks were titrated on SupT1 cells 
and 293T cells. SupT1 cells and 293T cells were transduced at an moi of 0.15. 
Three days post-transduction, live cells were sorted with FACS and GFP-positive 
cells were selected. For selection of transduced cell clones, single GFP-positive 
cells were selected with FACS cell sorting.  
Transfection experiments. Co-transfection of firefly luciferase reporters and the 
shRNA-expression plasmids or transfections of firefly luciferase reporters in the 
stable cell lines were performed as previously described [14], with an internal 
control renilla luciferase, pRL. Firefly and renilla luciferase activities were 
measured with the Dual-Luciferase Reporter Assay System (Promega, Madison, 
WI, USA). 
HIV-1 infection. HIV-1 LAI was produced in transfected 293T cells. Virus production 
was measured by CA-p24 ELISA. SupT1 cells (5 ml cultures, 2.5 x 10

6
 cells) were 

infected with 1 ng of CA-p24. Virus spread was monitored by measuring CA-p24 
production. 
PCR and sequencing. Cellular DNA was extracted from cell clones (5 x 10

6
 cells) 

with the Qiagen DNAeasy kit (Qiagen, Valencia, CA, USA). PCR was performed 
across the mcs with the primer pair fw1 (AGTGAACGGATCTCGACGGTAT) and 
rev1 (TAGTAACGGCCGCCAGTGTGCT), with 30 cycles (1 min. denaturation at 
94°C, 30 sec. annealing at 62°C and 3 min. extension at 74°C). The PCR products 
were used for standard direct sequencing with the BigDye Terminator Cycle 
Sequencing kit (ABI, Foster City, CA, USA) using the same primers, 1M Betaine 
was added to the sequence reaction. 
  
Acknowledgements 
The authors would like to thank Stephan Heynen for the CA-p24 ELISA and Karin 
von Eije for HIV-1 sequence analysis. We thank Susan Kingsman (Oxford 
Biomedica) for providing us the pSYNGP plasmid and Jurgen Seppen (AMC Liver 
Center) for providing us with the lentiviral vector system. We thank Berend 
Hooibrink (AMC Cell Biology) for live cell sorting. RNAi research in the Berkhout 



 97 

lab is sponsored by NWO-CW (Top Grant), Senter (grant with Viruvation BV) and 
ZonMw (Vici grant). 
 
References 
 1.  ter Brake, O., and Berkhout, B. (2005). A novel approach for inhibition of HIV-1 by RNA 

interference: counteracting viral escape with a second generation of siRNAs. Journal of RNAi 

and Gene Silencing 1(2): 56-65. 
 2.  Haasnoot, J. P. C., Cupac, D., and Berkhout, B. (2003). Inhibition of virus replication by RNA 

interference. J Biomed. Sci 10: 607-616. 

 3.  Berkhout, B., and Haasnoot, J. (2006). The interplay between virus infection and the cellular 
RNA interference machinery. FEBS Lett. 580: 2896-2902. 

 4.  Barik, S., and Bitko, V. (2006). Prospects of RNA interference therapy in respiratory viral 

diseases: update 2006. Expert Opin. Biol Ther. 6: 1151-1160. 
 5.  Bitko, V., Musiyenko, A., Shulyayeva, O., and Barik, S. (2005). Inhibition of respiratory viruses 

by nasally administered siRNA. Nat. Med 11: 50-55. 

 6.  Brummelkamp, T. R., Bernards, R., and Agami, R. (2002). A system for stable expression of 
short interfering RNAs in mammalian cells. Science 296: 550-553. 

 7.  Han, W., Wind-Rotolo, M., Kirkman, R. L., and Morrow, C. D. (2004). Inhibition of human 

immunodeficiency virus type 1 replication by siRNA targeted to the highly conserved primer 
binding site. Virology 330: 221-232. 

 8.  Nishitsuji, H., Kohara, M., Kannagi, M., and Masuda, T. (2006). Effective suppression of human 

immunodeficiency virus type 1 through a combination of short- or long-hairpin RNAs targeting 
essential sequences for retroviral integration. J Virol 80: 7658-7666. 

 9.  Yamamoto, T., Miyoshi, H., Yamamoto, N., Yamamoto, N., Inoue, J., and Tsunetsugu-Yokota, 

Y. (2006). Lentivirus vectors expressing short hairpin RNAs against the U3-overlapping region of 
HIV nef inhibit HIV replication and infectivity in primary macrophages. Blood 108: 3305-3312. 

 10.  Li, M. J., et al. (2003). Inhibition of HIV-1 infection by lentiviral vectors expressing Pol III-
promoted anti-HIV RNAs. Mol Ther. 8: 196-206. 

 11.  Chang, L. J., Liu, X., and He, J. (2005). Lentiviral siRNAs targeting multiple highly conserved 
RNA sequences of human immunodeficiency virus type 1. Gene Ther. 12: 1133-1144. 

 12.  Boden, D., Pusch, O., Lee, F., Tucker, L., and Ramratnam, B. (2003). Human immunodeficiency 

virus type 1 escape from RNA interference. J Virol 77: 11531-11535. 
 13.  Unwalla, H. J., Li, H. T., Bahner, I., Li, M. J., Kohn, D., and Rossi, J. J. (2006). Novel Pol II 

fusion promoter directs human immunodeficiency virus type 1-inducible coexpression of a short 

hairpin RNA and protein. J Virol 80: 1863-1873. 
 14.  ter Brake, O., Konstantinova, P., Ceylan, M., and Berkhout, B. (2006). Silencing of HIV-1 with 

RNA interference: a multiple shRNA approach. Mol Ther. 14: 883-892. 

 15.  Westerhout, E. M., Ooms, M., Vink, M., Das, A. T., and Berkhout, B. (2005). HIV-1 can escape 
from RNA interference by evolving an alternative structure in its RNA genome. Nucleic Acids 
Res 33: 796-804. 

 16.  Das, A. T., et al. (2004). Human immunodeficiency virus type 1 escapes from RNA interference-
mediated inhibition. J Virol 78: 2601-2605. 

 17.  Berkhout, B. (2004). RNA interference as an antiviral approach: targeting HIV-1. Curr. Opin. Mol 

Ther. 6: 141-145. 
 18.  Leonard, J. N., and Schaffer, D. V. (2005). Computational design of antiviral RNA interference 

strategies that resist human immunodeficiency virus escape. J Virol 79: 1645-1654. 

 19.  Deeks, S. G. (2006). Antiretroviral treatment of HIV infected adults. BMJ 332: 1489 
 20.  Schackman, B. R., et al. (2006). The lifetime cost of current human immunodeficiency virus care 

in the United States. Med Care 44: 990-997. 

 21.  Harper, S. Q., et al. (2005). RNA interference improves motor and neuropathological 
abnormalities in a Huntington's disease mouse model. Proc Natl Acad Sci U S A 102: 5820-
5825. 

 22.  Ralph, G. S., et al. (2005). Silencing mutant SOD1 using RNAi protects against 
neurodegeneration and extends survival in an ALS model. Nat. Med 11: 429-433. 

 23.  Gimeno, R., et al. (2004). Monitoring the effect of gene silencing by RNA interference in human 

CD34+ cells injected into newborn RAG2-/- gammac-/- mice: functional inactivation of p53 in 
developing T cells. Blood 104: 3886-3893. 

 24.  van den Haute, C., Eggermont, K., Nuttin, B., Debyser, Z., and Baekelandt, V. (2003). Lentiviral 

vector-mediated delivery of short hairpin RNA results in persistent knockdown of gene 
expression in mouse brain. Hum Gene Ther. 14: 1799-1807. 



 98 

 25.  Henry, S. D., van der, W. P., Metselaar, H. J., Tilanus, H. W., Scholte, B. J., and van der Laan, 

L. J. (2006). Simultaneous targeting of HCV replication and viral binding with a single lentiviral 
vector containing multiple RNA interference expression cassettes. Mol Ther. 14: 485-493. 

 26.  Li, M. J., et al. (2005). Long-term inhibition of HIV-1 infection in primary hematopoietic cells by 

lentiviral vector delivery of a triple combination of anti-HIV shRNA, anti-CCR5 ribozyme, and a 
nucleolar-localizing TAR decoy. Mol Ther. 12: 900-909. 

 27.  An, W., and Telesnitsky, A. (2001). Frequency of direct repeat deletion in a human 

immunodeficiency virus type 1 vector during reverse transcription in human cells. Virology 286: 
475-482. 

 28.  Marzio, G., Verhoef, K., Vink, M., and Berkhout, B. (2001). In vitro evolution of a highly 

replicating, doxycycline-dependent HIV for applications in vaccine studies. Proc Natl Acad Sci U 
S A 98: 6342-6347. 

 29.  Zhuang, J., et al. (2002). Human immunodeficiency virus type 1 recombination: rate, fidelity, and 

putative hot spots. J Virol 76: 11273-11282. 
 30.  Jetzt, A. E., Yu, H., Klarmann, G. J., Ron, Y., Preston, B. D., and Dougherty, J. P. (2000). High 

rate of recombination throughout the human immunodeficiency virus type 1 genome. J Virol 74: 

1234-1240. 
 31.  Yu, J. Y., DeRuiter, S. L., and Turner, D. L. (2002). RNA interference by expression of short-

interfering RNAs and hairpin RNAs in mammalian cells. Proc Natl Acad Sci U S A 99: 6047-

6052. 
 32.  Koper-Emde, D., Herrmann, L., Sandrock, B., and Benecke, B. J. (2004). RNA interference by 

small hairpin RNAs synthesised under control of the human 7S K RNA promoter. Biol Chem 

385: 791-794. 
 33.  Denti, M. A., Rosa, A., Sthandier, O., De Angelis, F. G., and Bozzoni, I. (2004). A new vector, 

based on the PolII promoter of the U1 snRNA gene, for the expression of siRNAs in mammalian 

cells. Mol Ther. 10: 191-199. 
 34.  Peden, K., Emerman, M., and Montagnier, L. (1991). Changes in growth properties on passage 

in tissue culture of viruses derived from infectious molecular clones of HIV-1LAI, HIV-1MAL, and 
HIV-1ELI. Virology 185: 661-672. 

 35.  Llano, M., et al. (2006). An essential role for LEDGF/p75 in HIV integration. Science 314: 461-
464. 

 36.  Anderson, J., and Akkina, R. (2005). HIV-1 resistance conferred by siRNA cosuppression of 

CXCR4 and CCR5 coreceptors by a bispecific lentiviral vector. AIDS Res Ther. 2: 1 
 37.  Boden, D., Pusch, O., Lee, F., Tucker, L., Shank, P. R., and Ramratnam, B. (2003). Promoter 

choice affects the potency of HIV-1 specific RNA interference. Nucleic Acids Res 31: 5033-

5038. 
 38.  Song, J., Pang, S., Lu, Y., and Chiu, R. (2004). Poly(U) and polyadenylation termination signals 

are interchangeable for terminating the expression of shRNA from a pol II promoter. Biochem 

Biophys. Res Commun. 323: 573-578. 
 39.  Westerhout, E. M., ter Brake, O., and Berkhout, B. (2006). The virion-associated incoming HIV-1 

RNA genome is not targeted by RNA interference. Retrovirology. 3: 57 

 40.  Surabhi, R. M., and Gaynor, R. B. (2002). RNA interference directed against viral and cellular 
targets inhibits human immunodeficiency Virus Type 1 replication. J Virol 76: 12963-12973. 

 41.  Legrand, N., Weijer, K., and Spits, H. (2006). Experimental models to study development and 

function of the human immune system in vivo. J Immunol 176: 2053-2058. 
 42.  Berges, B. K., Wheat, W. H., Palmer, B. E., Connick, E., and Akkina, R. (2006). HIV-1 infection 

and CD4 T cell depletion in the humanized Rag2-/-gamma c-/- (RAG-hu) mouse model. 

Retrovirology. 3: 76 
 43.  Watanabe, S., et al. (2006). hematopoietic stem cell-engrafted NOD/SCID/IL2R{gamma}null 

mice develop human lymphoid system and induce long-lasting HIV-1 infection with specific 

humoral immune responses. Blood  
 44.  Strayer, D. S., et al. (2005). Current status of gene therapy strategies to treat HIV/AIDS. Mol 

Ther. 11: 823-842. 

 45.  Wolkowicz, R., and Nolan, G. P. (2005). Gene therapy progress and prospects: novel gene 
therapy approaches for AIDS. Gene Ther. 12: 467-476. 

 46.  Levine, B. L., et al. (2006). Gene transfer in humans using a conditionally replicating lentiviral 

vector. Proc Natl Acad Sci U S A 103: 17372-17377. 
 47.  Seppen, J., Rijnberg, M., Cooreman, M. P., and Oude Elferink, R. P. (2002). Lentiviral vectors 

for efficient transduction of isolated primary quiescent hepatocytes. J Hepatol. 36: 459-465. 

 

 



 
 
 
 
 
 
 
 
 

Chapter 7 
 

Summary and future perspective 
 
 
 



 100 



 101 

Summary and future perspective 
The lentiviral vector is an attractive system for the development of anti-HIV gene 
therapies. Recently, a conditionally replicating lentiviral vector was shown to be 
safe in HIV-1 patients in a phase I clinical trial [1]. Currently, a lentiviral vector 
expressing three different anti-HIV RNAs is en route to the clinic [2]. In this thesis, 
we presented the development of a multiple shRNA approach to direct the RNAi 
machinery against HIV-1. The encouraging results obtained in cell culture 
infections justify a dedicated effort to translate this research into a clinical 
application. However, important issues related to safety and efficacy still need to be 
addressed. In addition, the multiple shRNA approach that we describe may be 
broadened to include shRNAs directed at viral escape mutants or essential cellular 
co-factors, thus reducing the chance of escape. In this final chapter we will discuss 
these issues providing possible future directions of this research line, in particular 
the path leading to a clinical trial. 
 
Second generation shRNA 
The multiple shRNA approach should prevent the evolution of RNAi-resistant HIV-1 
escape variants. As an alternative to prevent viral escape, we introduced the 
concept of second generation shRNAs that are aimed at preferred escape mutants 
(chapter 2). This approach has the potential to block viral escape, yet targeting 
only a single target site. Two recent studies also addressed this issue. Sabariegos 
et al. systematically introduced single-nucleotide substitutions at all 19 positions of 
an siRNA target sequence within the HIV-1 integrase gene [3]. Antiviral activity of 
the siRNA was abolished by the majority of mutations. When they tested a 2

nd
 

generation siRNA that compensates for a fully resistant mutation at position 9 of 
the target sequence, virus inhibition was restored. Nishitsuji et al. studied HIV-1 
escape in lentiviral vector transduced cells expressing shRNAs against conserved 
targets in the HIV-1 U3 region, integrase and tat genes [4]. Resistant viruses 
emerged against all shRNAs, of which most contained a single point mutation 
within the target site. HIV-1 molecular clones were constructed of two escape 
mutants against the integrase shRNA, mutated either at position 4 or 9 within the 
target sequence. In addition, they constructed lentiviral vectors expressing a 2

nd
 

generation shRNA against these escape mutants. When transduced cells were 
infected with the matching HIV-1 molecular clone, inhibition was indeed restored. 
Interestingly, the mutant viruses reverted back to the wild type sequence, which is 
surprising since other potential escape routes are theoretically possible. 

Both studies confirm that the concept of preventing escape with a 2
nd

 
generation of siRNAs or shRNAs is a valid approach. Ideally, highly conserved 
regions of the viral genome are targeted such that the number of viral escape 
routes is severely restricted. Only when the number of 2

nd
 generation shRNAs that 

are required is limited, this concept will have therapeutic relevance. Thus, large 
scale escape studies should be performed to fully evaluate the potential of the 2

nd
 

generation approach. We recently initiated an extensive analysis of viral escape 
with four of the 21 potent shRNA inhibitors (chapter 3) against highly conserved 
targets to address this question (von Eije et al., manuscript in preparation). 
Preliminary results show that HIV-1 can escape only through point mutations within 
the target sequence, as no deletions were observed. In some cases, the top two 
escape routes accounted for at least half of all escapes. Thus, with only two 2

nd
 

generation shRNAs, the majority of escape routes may be blocked. Studying viral 
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escape for the remaining 17 shRNAs should reveal whether escape is even more 
restricted for some of these targets.  
 
RNAi against HIV-1: basic principles 
In chapters 3 and 4 we studied some basic principles of RNAi and their potential 
impact on HIV-1. First, we identified 21 potent shRNAs against highly conserved 
HIV-1 targets (chapter 3). These are ideal candidates for a multiple shRNA 
approach. We showed that combined expression of shRNAs results in a more 
potent inhibition as compared to the expression of only a single shRNA. As a 
consequence, combined shRNA expression delayed viral escape. This finding is 
highly important for the development of a multi-shRNA based gene therapy, since it 
shows that combinatorial RNAi can work through the same priniciples that make 
HAART successful. Also, we tested whether the incoming HIV-1 RNA genome is a 
target for RNAi (chapter 4). Using lentiviral vector transduction as a model for 
infection and subsequent proviral integration we showed that the HIV-1 RNA 
genome as it is present in invading virion particles is not a target for RNAi, in 
contrast to de novo synthesized transcripts expressed from the integrated provirus. 
This shows that proviral integration cannot be prevented with RNAi (unless the 
receptor is targeted, see next section) and that the potent inhibition of virus 
replication occurs at the level of virus production. 

Several studies have described HIV-1 escape from RNAi [4-8]. Interestingly, 
the majority of viral escape mutants have a single point mutation within the target 
sequence. This is also what we observed in the ongoing escape analysis. 
However, there is some evidence that prolonged RNAi-inhibition selects for 
multiple point mutations, indicating that a single mutation may not provide full 
resistance. These results underscore the high sequence-specificity of RNAi, which 
is in contrast to miRNA-induced translational inhibition, for which perfect 
complementarity is not required. Since both modes of inhibition act through the 
same pathway, one may have expected that a single point mutation would not lead 
to complete resistance. However, there is an important difference between both 
routes that provides an explanation for this apparent discrepancy. miRNAs inhibit 
via translational repression and require multiple target sequences within the 3’ 
untranslated region of the mRNA and some sequence flexibility is observed in this 
system. With siRNA-mediated RNAi, only a single target site is present, most often 
within an open reading frame, and no sequence variation is apparently allowed. In 
fact, when multiple shRNAs are combined to target different HIV-1 regions, the 
combined action on multiple targets starts to mimic the miRNA scenario. When 
indeed an miRNA-like mechanism is activated, it would mean that a single point 
mutation would not suffice for resistance. In a multiple-shRNA gene therapy, such 
an additional effect will increase the genetic barrier for HIV-1 to overcome the 
inhibition. 
 
Cellular factors as RNAi targets 
We have shown that the incoming HIV-1 RNA genome is not a target for RNAi and 
therefore cannot block the establishment of new integrated provirus. Also, RNAi 
directed at viral transcripts produced after provirus establishment will not 
completely silence virus production. Thus, RNAi directed at HIV-1 itself may still 
allow a very low level of virus spreading. We suggested that in order to prevent 
provirus establishment, cellular receptors or co-factors involved in the initial phase 
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of infection should be targeted. In addition, cellular factors involved in infectious 
virus production may be targeted to prevent virus spread. The genetic barrier may 
be higher for viral escape when cellular factors are targeted, since HIV-1 needs to 
adapt to alternative cellular co-factors, which is more complicated or even 
impossible in case no alternative functions are available. Thus, the combination of 
RNAi directed at HIV-1 and cellular co-factors may result in an even more potent 
and durable inhibition. 

However, the selection of host gene targets requires caution. Knocking down 
cellular factors that are essential for HIV-1 may not only impair virus replication but 
may also be detrimental to the cell or its function. Importantly, since an RNAi-based 
lentiviral vector gene therapy will preferably use a low multiplicity of infection, 
cellular factors will only be knocked down partially. Several cellular factors involved 
in the HIV-1 life cycle have already been considered as possible RNAi targets: the 
CD4 receptor and co-receptors CCR5 and CXCR4 [9-11], integration factors like 
BAF1, Emerin and LEDGF/p75 [12-14], transcriptional factors like NF B, PAK-1, 
and cyclin T1 [15-17], or Furin, which is involved in Envelope protein maturation 
[16]. However, knocking down CD4 for instance is not desirable in a therapeutic 
setting, since it is essential for the immune system function. Also, for the 
LEDGF/p75 gene, an exceptionally high lentiviral vector copy number (“intensified 
RNAi”) was required to obtain nearly complete knock down that affected HIV-1 
integration. The CCR5 receptor is an attractive candidate to target in a multiple 
shRNA approach. HIV-1 infected people that carry a defective CCR5 gene, CCR5-

32, show a delay in progression to AIDS and people homozygous for CCR5- 32 
are largely protected from HIV-1 infection [18,19]. Thus, targeting CCR5, resulting 
in perhaps only a partial knock down, has a potential therapeutic benefit for 
patients. These examples highlight that only targets can be selected that are 
dispensable for the host (cell) and for which a partial knock down impairs HIV-1 
replication. The recent development of RNAi libraries against the human genome, 
either from transfected siRNAs or from viral vectors, will assist in the identification 
of novel cellular factors involved in HIV-1 replication [20-24]. All cellular factors that 
show up as potential therapeutic targets will require extensive validation and 
toxicity studies, similar to what we propose for anti-HIV shRNAs.  
  
Lentiviral vector development 
Highly important for the clinical development of gene therapy strategies is that the 
vector can be produced to high titers and that the vector is genetically stable. The 
lentiviral vector is highly efficient in transducing CD34+ blood stem cells or CD4+ T 
cells. However, this vector system is based on HIV-1, thus expressing anti-HIV 
shRNAs from the lentiviral vector may have a severe negative impact on the titer. 
In order to achieve high titers, we showed in chapter 5 that the system has to be 
adapted to remove perfect complementarity between shRNAs and potential target 
sequences, without affecting the open reading frames of the packaging constructs 
or RNA/DNA signals within the lentiviral vector genome.  

However, introducing RNAi-resistant mutations within the lentiviral vector 
backbone adds a potential risk of transfer of resistance to the wild type HIV-1 
genome. This danger may be reduced because the lentiviral vector is self-
inactivating, it has a deletion in the HIV-1 LTR promoter that severely reduces 
basal promoter activity and abolishes Tat responsiveness, thus reducing the risk of 
mobilization by HIV-1 [25,26]. The term self-inactivating implies that the promoter is 
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no longer active after lentiviral transduction, but full-length lentiviral vector genome 
transcripts are produced albeit at a low level [27,28]. Thus, if a modified lentiviral 
vector with RNAi-resistant mutations is used, RNAi-resistant HIV-1 sequences 
within the expressed vector genome can potentially recombine with the wild-type 
HIV-1 genome, resulting in transfer of RNAi-resistance to HIV-1. The lentiviral 
vector sequences that are targeted are within the essential open reading frames 
Gag and Pol. A solution would be to incorporate stop-codons within these vector 
sequences that should not affect the RNA/DNA function, yet confers full resistance 
to RNAi. A putative recombination event will result in an RNAi-resistant, yet 
replication-defective HIV-1 variant due to the stop-codons within the Gag or Pol 
reading frames. The potential mobilization of the vector genome may also be 
reduced by improving lentiviral vector design. An interesting approach in this 
respect is to incorporate target sequences for endogenous miRNAs within the 
lentiviral genome [29,30]. Full-length lentiviral vector genomes will be degraded by 
RNAi, severely reducing potential recombination or mobilization. 

It is well known that HIV-1 is recombination prone, which was nicely illustrated 
by the results described in chapter 6. We expressed multiple shRNAs from 
repeated promoter cassettes within the lentiviral vector. During the transduction 
process the lentiviral vector frequently recombined at the repeat sequences, 
resulting in deletion of one or multiple expression cassettes. Thus, in order to avoid 
recombination of the lentiviral vector, multiple shRNAs should be expressed from 
different promoters.  

The fact that the shRNA sequence within the lentiviral vector genome is not a 
target for RNAi should greatly facilitate the incorporation of multiple shRNA 
expression cassettes without seriously reducing the transduction titer (chapter 5). 
The titer of the multiple shRNA lentiviral vector was reduced as compared to the 
control empty vector, but this was expected based on increased vector genome 
size [31]. This effect was attributed to a defect in RNA encapsidation or reduced 
nuclear export of vector genomes. Perhaps the transduction titer may be improved 
by increasing vector genome availability for packaging by overexpression of CRM1 
and/or DDX3 during vector production. Both co-factors can enhance transport of 
vector genomes from the nucleus to the cytoplasm [32-34]. In addition, one should 
compare different orientations and insertion sites of shRNA cassettes to find the 
optimal setting for vector expression and genome stability. 
  
Preclinical evaluation: safety and efficacy 
In chapter 6 we showed that HIV-1 escape can be prevented when four shRNAs 
are expressed against HIV-1. This result shows that durable inhibition in HIV-1 
infected patients may be feasible, potentially resulting in a therapeutic effect. 
However, important issues in relation to safety and efficacy still need to be 
addressed before a clinical trial may be considered. 

Several potential side effects have been reported for siRNAs and shRNAs. 
First, it was recently shown that expression of shRNAs in vivo led to fatality in mice 
due to oversaturation of the mi/siRNA pathways [35]. Mice were treated in these 
experiments with high doses of a viral vector resulting in extremely high copy 
numbers per cell. This shows that shRNA overdosing can be lethal. Second, 
shRNA expression could lead to induction of the interferon pathway. Although 
initially the paradigm was that only dsRNA larger than 30 basepairs induce this 
pathway, recently also small dsRNA was shown to evoke this reaction [36-40]. This 
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effect is dose dependent, and some sequence motifs were implicated in the 
activation of this response [38,40]. Finally, RNAi could also induce off-target effects 
in which siRNAs silence partially complementary transcripts through an miRNA-like 
mechanism. Such an effect requires at least complementarity between the siRNA 
seed region and the 3’ untranslated region of a target gene [41-43]. As such, any 
effective siRNA will in theory have numerous potential off-target genes. When 
multiple shRNAs are combined, the number of potential off-target genes will go up, 
increasing the chance of a negative impact on the treated cells. 

These potential side effects are a genuine concern for the development of a 
multiple shRNA approach against HIV-1 and the potential risks should be properly 
assessed before an eventual clinical application. It is important to note that our 
experimental design has always been with safety in mind. For instance, we used a 
low multiplicity of infection to obtain cells with only a single vector copy to avoid 
high expression levels that may induce unwanted side effects. Under these 
conditions, the RNAi effect remained stable for at least hundred days and growth 
rates of transduced cell lines and primary T cells were similar to untransduced 
cells. We also did not observe induction of interferon-  or PKR phosphorylation in 
transient transfection experiments of a multiple shRNA lentiviral vector construct. 
Combined, these data indicate that, at least in our current experimental setup, our 
approach is likely to be safe.  

Nevertheless, a more thorough evaluation is required in order to properly 
assess the safety and efficacy of the multiple shRNA gene therapy. In our 
experimental setup, we only used the HIV-1 molecular clone LAI as source of virus, 
which contrasts with the heterogenous virus population (quasi-species) found in 
patients. Also, transduced T cell lines and differentiated primary human T cells are 
obviously quite different from the hematopoietic CD34+ stem cells that will be 
transduced in an eventual therapeutic setting. These stem cells will develop into 
different lineages, and expression of multiple shRNAs may influence this 
development. For instance, miRNAs are involved in gene regulation to control 
hematopoiesis in mice [44,45]. Saturation of the miRNA pathway, perhaps only 
partially, may result in a disturbance of hematopoiesis. In addition, human immune 
cells have been shown to induce inflammatory cytokines and the interferon 
response upon transfection of siRNAs or shRNAs. Similar responses may be 
activated in immune cells derived from transduced CD34+ cells. However, when 
CD34+ cells transduced with a lentiviral vector expressing anti-HIV shRNAs were 
stimulated to differentiate in vitro, such immunostimulatory effects were not 
induced, indicating that stable expression may avoid these kind of effects [46]. In 
addition, cellular miRNAs are often expressed from human polymerase III 
promoters, which indicates that an expression strategy for shRNAs using these 
promoters may not be that different from their natural counterpart [47]. 

Recently, a humanized mouse model was developed that is ideally suited for 
preclinical assessment of safety and efficacy. This humanized Rag2-/- c-/- mouse 
sustains long-term multi-lineage human hematopoiesis and is capable of mounting 
immune responses [48]. In this model, CD34+ cells have been transduced with a 
lentiviral vector expressing a shRNA against the p53 gene, which resulted in stable 
shRNA expression and down-modulation of the p53 gene [49]. p53 knock down did 
not affect the development of CD34(+) cells into various mature leukocyte subsets, 
including T cells, but it conferred resistance to p53-dependent apoptotic stimuli to 
the T cells. This indicates that, at least with single shRNA expression against a 
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cellular target, the procedure should in principle be safe. More important, these 
mice can also be infected with HIV-1, resulting in viremia and CD4+ T cell 
depletion, which resembles the main features of human HIV-1 infection [50-52]. 
Thus, this model is ideally suited to study the effect of a multi-shRNA lentiviral 
vector gene therapy. The development of the immune system can be closely 
monitored and these mice can be infected with HIV-1 to study the potential 
therapeutic effects. When the multiple shRNA lentiviral vector is shown to be safe 
and effective, a phase I clinical trial can be initiated. 
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Nederlandse Samenvatting 
 
Ondanks grote inspanningen is er tot op heden geen geneesmiddel of effectief 
vaccin ontwikkeld tegen het humane immunodeficiëntie virus type 1 (HIV-1) dat het 
Acquired Immunodeficiency Syndrome, oftewel AIDS, veroorzaakt. De huidige 
behandeling bestaat uit een combinatie van verschillende medicijnen die in staat is 
om het virus langdurig te onderdrukken. Echter, de medicatie moet levenslang 
worden gebruikt en therapietrouw is een belangrijke voorwaarde voor het succes 
van deze behandeling, hetgeen bemoeilijkt kan worden door zware bijwerkingen 
van de medicatie. Een suboptimaal medicijngebruik leidt tot de selectie van 
drugresistente virussen met als gevolg het falen van de therapie. Er is dus een 
noodzaak voor het ontwikkelen van nieuwe behandelmethoden om HIV-1 te 
bestrijden. De recente ontdekking van RNA interferentie (RNAi), een potent 
genregulatie mechanisme, biedt perspectief voor de ontwikkeling van een nieuwe 
antivirale therapie. In dit proefschrift wordt de ontwikkeling van een gentherapie 
gebaseerd op RNAi beschreven als mogelijke behandeling voor HIV-1 
geïnfecteerde personen. 

Hoofdstuk 1 geeft een korte introductie over HIV-1 replicatie, gentherapie 
toepassingen tegen HIV-1 en RNAi. HIV-1 infecteert cellen van het immuun-
systeem, hoofdzakelijk CD4+ T cellen. De infectie gaat gepaard met een ge-
leidelijke afname van het aantal CD4+ T cellen en een gelijktijdige toename van de 
hoeveelheid virus in het bloed. Het gevolg is een aftakeling van het immuun-
systeem wat leidt tot opportunistische infecties en kanker, resulterend in AIDS en 
uiteindelijk de dood. Het HIV-1 virus is een retrovirus. Tijdens de infectie wordt het 
virale RNA genoom omgezet in DNA wat in het genoom van de gastheer wordt 
ingebouwd als proviraal DNA. Van dit proviraal DNA worden virale genen tot 
expressie gebracht voor de productie van nieuwe virussen.  

Met gentherapie kunnen antivirale genen die de replicatie en productie van 
HIV-1 verstoren ingebracht worden in de cellen van het immuunsysteem. Men kan 
bijvoorbeeld bloedstamcellen uit een patiënt isoleren, deze behandelen met 
antivirale HIV-1 genen en deze vervolgens terugplaatsen in de patiënt. Deze 
bloedstamcellen zullen dan HIV-1 resistente CD4+ cellen produceren die het 
immuunsysteem van de patient kunnen verbeteren. Een voordeel van zo’n 
behandeling is dat de cellen van de patient zelf anti-HIV medicatie produceren en 
de patienten daarom geen medicatie meer hoeven te gebruiken. Anderzijds wordt 
de medicatie “lokaal” toegediend, alleen in de cellen die HIV-1 kan infecteren, 
waardoor toxische neven-effecten als gevolg van systemisch gebruik - zoals bij 
conventionele medicatie - worden voorkomen. 

RNAi is een cellulair genregulatie mechanisme dat geïnduceerd wordt door 
dubbelstrengs RNA van 21-23 nucleotiden, ‘small interfering RNA’ (siRNA). Dit 
dubbelstrengs RNA bestaat uit een ‘sense’ en ‘antisense’ streng, de laatste is 
gericht tegen een specifiek gen. De ‘antisense’ streng wordt overgedragen naar 
het actieve complex, RISC (‘RNA-induced silencing complex’), welk door middel 
van complementaire base paring een specifiek gen kan remmen. Dit mechanisme 
kan ook worden geïnduceerd door de expressie van een klein haarspeld RNA 
molecuul dat door de cel verwerkt wordt tot een actief siRNA. Voor chronische 
virale infecties zoals HIV-1 is gebleken dat stabiele expressie van zo’n haarspeld 
molecuul – gericht tegen een HIV-1 sequentie - een T cel ongevoelig kan maken 
voor HIV-1 replicatie. Echter, de expressie van een enkele antivirale haarspeld is 



 110 

niet voldoende gebleken voor een permanente bescherming. Na verloop van tijd 
kunnen er nieuwe HIV-1 varianten ontstaan die resistent zijn tegen deze haarspeld 
doordat er een puntmutatie in de virale ‘target’ sequentie wordt geselecteerd, het 
virus ontsnapt dan aan de remming. 

Hoofdstuk 2 biedt een overzicht van verschillende RNAi strategieën tegen  
HIV-1 en beschrijft hoe deze nieuwe technologie ontwikkeld kan worden in een 
succesvolle therapie. De belangrijkste eis is te voorkomen dat het virus ontsnapt. 
Twee strategieën zijn hierbij denkbaar. In de eerste plaats kunnen meerdere anti-
HIV haarspelden worden gecombineerd, een aanpak die gelijk is aan de huidige 
combinatie therapie. Een alternatieve aanpak om ontsnapping van het virus te 
voorkomen is om een tweede generatie haarspelden te ontwerpen die de 
gemuteerde sequenties van het ontsnapte virus kunnen herkennen. 

Vervolgens zijn enkele basis principes onderzocht van een op RNAi ge-
baseerde gentherapie tegen HIV-1. In hoofdstuk 3 hebben wij een groot aantal 
haarspelden - gericht tegen sterk geconserveerde HIV-1 sequenties - getest 
waardoor wij meerdere effectieve moleculen hebben geïdentificeerd die in staat 
zijn om HIV-1 volledig te remmen. Als verschillende haarspelden worden 
gecombineerd, resulteert dit in een sterkere remming van de virus productie en ook 
een duidelijk vertraagde ontsnapping van het virus. Deze resultaten geven aan dat 
een RNAi-combinatie strategie tegen HIV-1 succesvol kan zijn als er voldoende 
haarspeldremmers worden gecombineerd, behandel principes die overeenkomen 
met gangbare combinatie therapieën die op het moment in de kliniek worden 
toegepast. 

Een belangrijke vraag is of het virale RNA genoom tijdens de infectie een 
doelwit is voor RNAi (hoofdstuk 4). Dit zou ideaal zijn omdat op deze wijze de 
integratie van proviraal DNA zou kunnen worden voorkomen. Gebruikmakend van 
lentivirale vectoren, welke gebaseerd zijn op HIV-1, hebben wij bepaald dat het 
inkomende RNA genoom geen doelwit is voor RNAi. Dit betekent dat de potente 
remming van HIV-1 replicatie door RNAi komt door remming van nieuwe virale 
RNA transcripten die worden geproduceerd na infectie en integratie van het 
provirus. 

 Voor gentherapie is het lentivirale vector systeem ideaal omdat het zeer 
efficiënt bloedstamcellen of CD4+ T cellen kan transduceren. Omdat het lentivirale 
vector systeem gebaseerd is op HIV-1 zijn er virale sequenties aanwezig die een 
potentieel doelwit vormen voor de anti-HIV haarspelden tijdens de productie van 
deze virale vector. In hoofdstuk 5 hebben wij laten zien dat de haarspeld sequentie 
zelf - als onderdeel van het virale vector genoom - geen doelwit is voor RNAi, 
hetgeen zeer belangrijk is voor de ontwikkeling van een meerdere haarspeld 
strategie. De andere HIV-1 sequenties in het virale vector genoom en het Gag-Pol 
transcript zijn wel een efficient doelwit tijdens de productie, met als gevolg een 
dramatische afname in de hoeveelheid virale vector. Door gebruik te maken van 
een synthetisch construct, welke de complementariteit met de haarspeld sterk 
vermindert, kunnen deze productie problemen worden voorkomen. 

In hoofdstuk 6 hebben wij verschillende strategieen getest voor de expressie 
van meerdere haarspelden. Als wij meerdere cassettes voor verschillende 
haarspelden, maar gebaseerd op dezelfde promoter in het lentivirale vector 
genoom plaatsen, dan resulteert dit in deletie van 1 of meerdere cassettes tijdens 
de transductie. Dit komt door de homologe promoter sequenties die herhaaldelijk in 
het genoom voorkomen. Als wij echter verschillende promotoren gebruiken voor de 
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expressie van verschillende haarspelden, en zodoende voorkomen dat er homo-
loge sequenties zijn, dan treedt er geen deletie van expressie cassettes op. Als wij 
op deze manier vier verschillende haarspelden tegen HIV-1 tot expressie brengen, 
dan blijkt het virus niet te kunnen ontsnappen aan deze remming. Dit resultaat 
bevestigt dat een duurzame remming van HIV-1 mogelijk is met een combinatie 
RNAi gentherapie tegen HIV-1. 

In het laatste hoofdstuk geven wij een korte samenvatting van alle 
hoofdstukken en bespreken wij mogelijke richtingen waarin dit onderzoek zich 
verder kan ontwikkelen. De resultaten beschreven in dit proefschrift rechtvaardigen 
de inspanning om dit onderzoek te vertalen naar een klinische toepassing. Echter, 
belangrijke aspecten met betrekking tot veiligheid en effectiviteit moeten nog 
worden onderzocht voordat daartoe kan worden overgegaan. In de huidige 
experimentele opzet is gebruik gemaakt van cellijnen of primaire CD4+ T cellen. 
Belangrijk is nu om in een meer relevante proefopzet te testen of deze gentherapie 
effectief en veilig is. Recent is er een muizenmodel ontwikkeld dat uitgerust is met 
een humaan immuunsysteem. In dit model is aangetoond dat het kan worden 
geïnfecteerd met HIV-1, met als gevolg een afname in CD4+ cellen en een 
toename van de virus concentratie in het bloed, een patroon dat overeenkomt met 
hetgeen gebeurt in HIV-1 geïnfecteerde mensen. Dit diermodel is dus uitermate 
geschikt om te testen of een combinatie RNAi gentherapie tegen HIV-1 veilig is 
door de ontwikkeling van het immuunsysteem te bestuderen. Ook kan worden 
bepaald of de therapie effectief is door de muis te infecteren met HIV-1. Als de 
combinatie RNAi gentherapie veilig en effectief is gebleken in dit pre-klinische 
diermodel dan kan worden overgegaan tot een fase I klinische trial waarin mensen 
worden behandeld. 
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