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General introduction

Human immunodeficiency virus type 1

The virus that causes the acquired immunodeficiency syndrome (AIDS) was
first identified in 1983 and later named human immunodeficiency virus type 1
(HIV-1) (1-4). Over the past 25 years, almost 60 million individuals have been
infected with HIV-1 and nearly 25 million have died of AIDS. In 2007, ap-
proximately 33 million individuals were infected with HIV-1 worldwide, 2.5
million became newly infected and 2.1 million deaths occurred due to AIDS.
HIV-1/AIDS has become a major cause of death worldwide.

The most heavily affected countries are located in sub-Saharan Africa, where
more than 68% of all HIV-1-infected individuals live and 76% of all AIDS-
related deaths occurred in 2007 (http://www.unaids.org). In these countries,
HIV-1 infection has reduced life expectancy by more than 20 years, slowed
economic growth and deepened household poverty. This is mainly due to
the limited access to the antiretroviral drugs. Initially, HIV-1 patients were
treated with a single drug, but this resulted in the emergence of drug-resistant
variants. When more drugs reached the clinic, patients could be treated with
combination antiretroviral drug therapy (cART), which effectively suppresses
HIV-1 replication and prevents the evolution of drug-resistant virus variants
(5,6). However, cART is expensive, not curative and chronic usage is associ-
ated with a significant degree of toxicity for some patients (7,8). The emer-
gence of drug-resistant HIV-1 strains has become a significant problem. Virus
evolution is allowed by suboptimal adherence to the therapy and caused by
the high replication rate and the error-prone replication machinery of HIV-1
(9,10). Thus, there is a need for novel therapeutic approaches against HIV-1.
The recent discovery of the RNA interference (RNAi) mechanism provided a
new strategy to potently inhibit HIV-1 in a sequence-specific manner (11). In
this thesis, I will describe the development of alternative therapeutic strategies
based on the RNAi mechanism to inhibit HIV-1 replication. This introduction
will provide an overview of the basic features of the HIV-1 replication cycle
and the cellular RNAi mechanism.

HIV-1 RNA, proteins and the virion particle

HIV-1 belongs to the lentivirus genus, a subfamily of the Retroviridae (12). Ret-
roviruses characteristically carry two copies of the positive stranded RNA
genome in each virion. Upon infection of a host cell, the RNA is copied by the
viral reverse transcriptase (RT) enzyme into double-stranded DNA, which is
subsequently transported to the nucleus and inserted into the cellular genome
by the viral integrase enzyme. The integrated DNA state is called the provirus.

The HIV-1 genome (Fig. 1A) is 9.8 kb in length and encodes nine genes: gag,
pol, vif, vpr, vpu, rev, tat, env and nef (13-15). The Gag, Pol and Env proteins
are the three typical retroviral proteins. The gag gene encodes four structural
proteins: the p24 capsid (CA), the p17 matrix (MA), the p7 nucleocapsid (NC)
and the p6 protein (16-18). The pol gene encodes three enzymes: RT, integrase
(IN) and protease (PR) that are all essential in the viral replication cycle (17-22).
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Figure 1. Organization of the HIV-1 proviral genome and viral particle. (A) The HIV-1
proviral genome encodes the viral proteins: Gag, Pol, Vif, Vpr, Vpu, Tat, Rev, Env and
Nef. The LTRs contain regulatory DNA and RNA elements that are required for viral
replication. The 5" LTR (left) acts as a transcriptional promoter and the 3" LTR (right)
encodes a polyadenylation signal. (B) The structure of the HIV-1 particle. The virion is
enveloped by a lipid bilayer that contains the Env protein, which consists of the gp41
and gp120 subunits. Gag-encoded MA proteins line the inside of the envelope and CA
proteins form the cone-shaped virion capsid. NC protein is associated with the viral
RNA genome (VRNA) that is present as a dimer in the capsid structure. The pol-encoded
proteins IN, RT and PR are present in the virion capsid.

The env gene encodes for the viral envelope glycoprotein gp160 (Env), which
upon cleavage provides the gp120 and gp41 subunits that remain associated
to form the trimeric Envelope glycoprotein. The tat and rev genes encode the
regulatory proteins Tat and Rev that are essential for viral replication. The Tat
protein is a transcriptional activator that selectively activates HIV-1 transcrip-
tion. The Rev protein is required for the nuclear export of unspliced and singly
spliced HIV-1 transcripts (23-26). Furthermore, the HIV-1 genome encodes the
four accessory proteins Vif, Vpr, Vpu and Nef. These proteins are not strictly
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required for viral replication in many in vitro systems, but are important for
viral replication, efficient virus spread and pathogenesis in vivo (27,28).

The HIV-1 protein-coding sequences are flanked on the proviral DNA by
non-coding sequences that include the long terminal repeats (5" and 3" LTR),
which consist of three domains designated U3 (unique at 3’ end of the RNA),
R (repeat) and U5 (unique at 5 end of the RNA) (Fig. 1A). These regions
contain the transcriptional promoter and several structural/sequence motifs
that are important for viral replication (29,30). Viral transcription starts at the
first residue of R in the 5" LTR and the transcript is polyadenylated at the last
residue of R in the 3’ LTR.

In the mature virus particle (Fig. 1B), the CA proteins have assembled to form
a cone-shaped core where the two genomic RNA molecules, coated with NC
protein, and the viral enzymes PR, RT and IN reside. The MA proteins form a
shell surrounding the inside of the viral membrane. The outer surface of the
viral particle is composed of a lipid bilayer, which is derived from the host cell
membrane during budding of the virus. Within this envelope-bilayer, gp41
is non-covalently bound to p17 protein on the inside and to the gp120 glyco-
protein on the outside of the virus particle (31-35). The gp41-gp120 complex
consists of a trimer of gp41-gp120 and determines the binding of HIV-1 to a
specific receptor on the target cell to facilitate the infection process.

HIV-1 replication cycle

HIV-1 is transmitted through direct contact of a mucous membrane or the
bloodstream with a bodily fluid containing HIV-1, such as blood, semen,
vaginal fluid, preseminal fluid and breast milk (36). HIV-1 infects cells of the
immune system that carry the appropriate receptors: CD4 and CXCR4 or CCR5
as co-receptor (Fig. 2). Cells that are susceptible to HIV-1 infection include
CD4+ T cells, monocytes, macrophages, dendritic cells (DC), thymocytes and
microglia (37-42). To enter a host cell, the virus attaches to the target cell via
binding of its envelope gp120 protein to the CD4 receptor and a co-receptor.
These interactions induce fusion of the viral and cellular membranes, result-
ing in the release of the viral core into the cytoplasm (Fig. 2). Within the viral
core, the RN A genome is reverse transcribed into DNA. Subsequently, the core
is translocated to the cell nucleus, where the viral DNA is integrated into the
host genome by the IN enzyme. The proviral DNA serves as a template for the
production of viral mRNAs and new progeny viral RNA genomes. Viral struc-
tural proteins and two RNA genome copies assemble into a virion particle,
which is released from the cell by a budding process (43). After maturation,
these virions can initiate new rounds of infection, but direct cell-to-cell spread
of virions is also likely to occur (17,19,21).
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Figure 2. Schematic of the HIV-1 replication cycle. Important steps of the viral replica-
tion cycle includes: entry, reverse transcription of the viral RNA genome, integration of
the viral DNA into the cellular chromosome, production of viral proteins and genomic
RNAs, assembly and maturation of new virus particles.

HIV-1 disease course and antiretroviral therapy

HIV-1infection is characterized by an acute and chronic phase. The acute infec-
tion may show flu-like symptoms and is characterized by a steady rise in viral
load and a decline of CD4+ T cells in the peripheral blood (44). Subsequently,
the immune system kicks in to suppress the viremia. The viral load reaches a
steady state level termed the viral setpoint, which is a predictor of disease pro-
gression (45). The chronic phase can last from a few years (rapid progressors)
to more than 12 years (long term non-progressors). There is a gradual increase
in the viral load and a concomitant decrease in the number of CD4+ T cells.
When CD4+ T cell counts decline below a critical level, the patient is at risk of
developing disease. AIDS patients are immunocompromised to such an extent
that they become susceptible to opportunistic infections and various forms of
cancer, which is often the cause of death (46,47).
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HIV-1 replication can be suppressed by a variety of antiretroviral drugs that
target distinct steps in the replication cycle (48). The first antiretroviral drug
used to treat HIV-1 was the nucleoside RT inhibitor AZT (ziduvidine), which
acts as chain-terminator during reverse transcription, thereby preventing the
virus from copying its RNA genome into DNA. Non-nucleoside reverse tran-
scriptase inhibitors inhibit HIV-1 replication by binding to the RT enzyme and
blocking its function. It became apparent that the use of a single antiretro-
viral drug is not sufficient to durably inhibit HIV-1 due to the emergence of
drug-resistant virus variants, which is caused by the high replication rate and
the error-prone replication machinery of HIV-1. The introduction of the new
class of protease inhibitors (PI) made it possible to combine drugs as in cART.
PI inhibit the viral protease enzyme, thereby suppressing the formation of
mature infectious virus particles. New classes of inhibitors include the entry
inhibitors that interfere with binding and/or fusion of HIV-1 with the host cell.
Integrase inhibitors suppress the IN enzyme, thereby preventing insertion of
the viral DNA genome into the DNA of the infected cells.

Combinations of antiretroviral drugs are currently used to keep HIV-1 replica-
tion under control and to successfully treat HIV-1 infected patients. However,
a growing problem is the emergence and spread of drug-resistant HIV strains
(49). Moreover, drug compliance is challenging due to several side effects of
the antiretroviral drugs, which range from nausea, fatigue and diarrhea to
organ failure (50). Therefore, alternative therapeutic approaches against HIV-1
need to be explored. An attractive and innovative approach is the use of gene
therapy to deliver antiviral genes that interfere with viral replication to cells
that can be infected by HIV-1 (51-54). Such a durable gene therapy approach
has the potential advantage that the patient will not require daily medication
such that the quality of life will be significantly improved. Furthermore, these
genetic antivirals are produced only in the treated cells, which may have the
benefit of reduced toxicity compared to the systemic application of antiretro-
viral drugs. The recent discovery of the RNAi mechanism (55) offers an attrac-
tive tool to potently inhibit HIV-1 replication in a sequence-specific manner
(11).

RNA interference (RNAi)

RNAI is an evolutionarily conserved posttranscriptional gene silencing mech-
anism in eukaryotes that is triggered by double stranded RNA (dsRNA) (Fig.
3). The first observation of gene silencing was made in petunias, where in-
troduction of a pigment-producing gene did not result in the expected deep-
ened color of the flower, but instead the complete loss of color in some plants,
whereas others showed white patches (56,57). This phenomenon was called
co-suppression since the expression of both the transgene and the related
endogenous pigmentation genes were silenced. Co-suppression is initiated
by dsRNA that is formed by annealing of complementary sequences of the
transgene and the endogenous gene. The same effect was observed when re-
searchers infected plants with the potato virus X, a phenomenon that is called
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virus-induced gene silencing (VIGS) (58). VIGS is induced by dsRNA mole-
cules that are produced during viral replication (59). In plants, these silencing
phenomena are caused by two mechanisms: posttranscriptional gene silencing
(PTGS) and transcriptional gene silencing (TGS). Both pathways are initiated
when dsRNA is processed into small RNA duplexes of 21-26 nucleotides (nt)
in length. PTGS causes degradation of the complementary mRNA in the cyto-
plasm, whereas TGS affects transcription by introducing epigenetic alterations
in the complementary DNA sequence (60). Similar phenomena were observed
in fungi and called “quelling” (61). A few years later, RNAi was discovered in
the nematode Caenorhabditis elegans when the introduction of dsRNA com-
plementary to an endogenous mRNA transcript resulted in specific silencing
of that gene (55). Soon it became apparent that RNAI is not restricted to plants
and worms, but that the mechanism is conserved in fungi, protozoa, fruitflies
and vertebrates (62-67).

The key players in the RNAi mechanism are small noncoding dsRNAs of
21 to 30 nt in length. According to their origin, function and co-factors, four
types of small noncoding RNAs have been described: small interfering RNAs
(siRNAs), microRNAs (miRNAs), repeat-associated siRNAs (rasiRNAs) and
Piwi interacting RNAs (piRNAs). In the context of this thesis, understanding
of the functions of siRNAs and miRNAs is essential, which will therefore be
discussed in further detail below.

Small interfering RNAs (siRNAs)

Typical siRNA molecules have been detected in protozoa, fungi, worms, fruit-
flies and plants. These siRNAs are derived from long dsRNA molecules that
originate from different sources: a viral infection, inverted-repeat contain-
ing transgenes, aberrant transcription products or experimentally introduced
complementary transcripts (Fig. 3). These dsRNA precursors are processed
by the cytoplasmic Dicer/TRBP/PACT endonuclease complex to 21 to 24 nt
siRNAs with 3’ overhangs of 2 nt (68-71). The siRNA duplex is incorporat-
ed into the RNA-induced silencing complex (RISC), which is a multicompo-
nent nuclease. The passenger strand of the siRNA is cleaved, released from
the complex and subsequently degraded (72-74), whereas the guide strand of
the siRNA instructs RISC to cleave a complementary mRNA target at position
10 or 11 within the base paired duplex (75). In case of histone modification of
chromosomes, the siRNA remains in the nucleus and is incorporated into the
RNA-induced initiation of transcriptional silencing complex (RITS) to induce
transcriptional silencing (76,77).

MicroRNAs (miRNAs)

MiRNAs comprise a large conserved class of noncoding RNAs that regulate
cellular gene expression at the posttranscriptional level in eukaryotes (78,79).
So far, over 600 human miRNAs have been identified that are expected to
regulate over 30% of human genes (80,81). The miRNAs are synthesized as
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Figure 3. Schematic of the RNAi pathway. The microRNA (miRNA) and small interfer-
ing RNA (siRNA) pathway are shown. MiRNAs are encoded in the genome and are
transcribed to yield a pri-miRNA, which is cleaved by Drosha/DGCR into a pre-miRNA.
The pre-miRNA is exported by Exportin-5 to the cytoplasm and further processed by the
Dicer/TRBP/PACT complex into miRNA duplexes. The mature miRNA strand guides
RISC to either translationally repress or to cleave the mRNA target. The RNAi pathway
can also be induced by the expression of sShRNA constructs or synthetic siRNAs. DsRNA
precursors are processed by the Dicer/TRBP/PACT complex into siRNA duplexes. The
guide strand of the siRNA duplex directs RISC to cleave complementary mRNAs.

primary miRNAs (pri-miRNAs) that fold a characteristic hairpin structure,
which is cleaved by the nuclear RNase Ill-like endonuclease Drosha in complex
with its cofactor DGCRS into a precursor miRNA (pre-miRNA) of ~70 nt (82)
(Fig. 3). These pri-miRNAs are sometimes expressed in clusters as a poly-
cistron. The pre-miRNA is transported to the cytoplasm by Exportin-5 and
further processed by the Dicer/TRBP/PACT endonuclease complex into an im-
perfect ~22 nt miRNA duplex (83-85). The single stranded mature miRNA is
used by miRISC (miRNA-associated RISC) to bind mRNA targets, which are
usually located in the 3" UTR (86,87). Depending on the extent of base pairing
of the two molecules, the mRNA can be silenced by cleavage or translationally
repressed. Plant miRNAs generally trigger target mRNA degradation by base
pairing with near-perfect complementary mRNA targets (88,89). In animals,
most miRNAs translationally repress their mRNA targets by imperfect base
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pairing to multiple sites in the 3" UTR with the “seed region”, the first 2-8
nt from the 5" end of the miRNA (90,91). However, animal miRNAs can also
induce mRNA degradation of targets by near-perfect base pairing (92).

Biological function of RNAi

RNAI plays an important role in defending the genomes of plants, insects,
fungi and nematodes against transgenes, transposons and foreign nucleic
acids encoded by viruses. RNAi is induced by siRNAs that are processed from
dsRNA viral replication intermediates and duplexes formed by complementa-
ry transcripts (93-97). In plants, the RNAi machinery serves as an adaptive, an-
tiviral defense system, which is transmitted systemically to other parts of the
plant in response to viral infection (94,98). Many plant viruses have evolved
RNAIi suppressors to counteract this RNAi inhibition (99).

In mammalian cells, siRNAs have not been detected until the recent discovery
of siRNAs against the long interspersed nuclear element (L1) retrotranspo-
son in cultured human cells (100). Furthermore, siRNAs have been detected
for a subset of pseudogenes in mouse oocytes (101,102). Accumulating evi-
dence suggests that RNAi also plays a role as antiviral defense mechanism in
mammalian cells. In contrast to plants, virus-specific siRNAs have only been
detected thus far in HIV-1 infected cells (103). However, it is clear that mam-
malian viruses closely interact with the host miRNA pathway. Several studies
suggest that virus infection in mammalian cells can be influenced or counter-
acted by cellular miRNAs (104,105). Recently, evidence emerged showing that
several cellular miRNAs are involved in the suppression of HIV-1 mRNAs in
resting CD4+ T cells, which suggests that miRNAs play a role in the establish-
ment of viral latency (106). Like plant viruses, mammalian viruses also encode
viral factors with RNAi suppression activity (103,104,107-112), suggesting that
RNAIi may also have an antiviral function in animals.

Strategies for inducing RNAi

The efficiency and sequence-specificity of the RNAi mechanism makes it
highly attractive as an approach to knock down the expression of disease-as-
sociated genes or mRNAs encoded by pathogenic viruses (113-115). In mam-
malian cells, the cellular RNAi pathway can be triggered by transfection of
synthetic siRNAs of 21-23 bp with 2-nt 3" overhangs, modeled after the natural
Dicer cleavage products (116,117) (Fig. 3). Unlike dsRNA larger than 30 bp,
siRNAs do not trigger the interferon (IFN) pathway that induces non-specific
degradation of mRNAs (118,119). Although RNAi can be a very potent mecha-
nism, RNAi induced by synthetic siRNAs is transient in nature and resumed
expression of the target mRNA is usually observed after a few days in mam-
malian cell culture systems (120,121).

Stable gene silencing became possible by the development of gene constructs
that express a short hairpin RNA (shRNA) in the cell. These ~19-29 bp shRNAs
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are modeled after pre-miRNAs with a base paired stem, a small loop and a
3’-terminal UU overhang (122-124) (Fig. 3). Expression of shRNA constructs
is mostly driven by RNA polymerase III promoters, including the U6 and H1
promoter and several promoters of tRNA genes because of their natural func-
tion in the production of small cellular transcripts (122,124,125). Other advan-
tages of RNA polymerase III transcription include the high shRNA expression
level and the use of precise initiation and termination sites, the latter consist-
ing of 4-6 consecutive U residues in the nascent transcript. The shRNAs have
recently been optimized by inclusion of RNA structural motifs from pri-miR-
NAs (126). These artificial miRNAs were reported to be more efficient than
the simple shRNA design in inducing RNAi-mediated silencing (127,128). The
hairpin RNAs can be designed to encode siRNAs/miRNAs that are fully com-
plementary to a specific mRNA, resulting in cleavage of the target transcript.
Unlike shRNAs, miRNA mimics are usually expressed from an RNA polymer-
ase II promoter, which is the natural promoter of most miRNA genes (129).
However, some miRNAs are transcribed from an RNA polymerase III promot-
er (130). Advantages of the RNA polymerase II system include the availability
of tissue-specific and inducible promoters, which allow regulated expression
of the miRNA inhibitor. This may be particularly important to avoid toxicity,
since high shRNA expression from the U6 promoter has been shown to cause
fatality in mice due to saturation of the RNAi pathway (131). Furthermore,
smaller dsRNA duplexes can in fact also activate the IFN pathway (132,133),
which is dose- and sequence-dependent. These findings emphasize the need
to use minimally required amounts of shRNA inhibitors. Another important
advantage of RNA polymerase II promoters is their ability to transcribe ex-
tended transcripts, which makes them very suitable for certain combinatorial
RNAIi approaches.

RNAi gene therapy for HIV-1/AIDS

The development of vector based RNAi inducers for stable gene knockdown
enabled the design of a durable gene therapy against HIV-1. This approach
allows the stable expression of antiviral siRNAs in cells that are targeted by
HIV-1, hopefully such that the patient would no longer require daily medica-
tion. For gene delivery, recombinant viral vectors based on viruses are often
used. These vectors have a broad tropism and could be used to deliver the
vector genome and its therapeutic cargo to the target cells. Lentiviral vectors
are emerging as one of the best candidates currently available for delivery and
stable expression of shRNAs. Lentiviral vectors have been constructed based
on the HIV-1 genome and are capable of transducing many cell types, includ-
ing hematopoietic stem cells and nondividing cells (134,135). The transgene
encoded by the lentiviral vector becomes stably integrated into the host cell
genome (136). Unlike retroviruses, lentiviruses tend not to integrate in close
proximity to active promoters, but often within introns of an active transcrip-
tional unit, thereby limiting their potential to induce oncogenesis by disregu-
lation of the expression of a proto-oncogene (137).
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Figure 4. Gene therapy for HIV-1 infected patients. Blood from the patient is taken to
isolate CD4+ or CD34+ cells. These cells are transduced ex vivo with lentiviral vectors
carrying anti-HIV genes and re-infused into the patient.

For a gene therapy against HIV-1, there are two treatment options to deliver
antiviral genes to the HIV-susceptible cells (Fig. 4). The first option is to with-
draw blood from the infected patient and to isolate the CD4+ T cells, followed
by ex vivo transduction with lentiviral vectors expressing the antiviral RNAi
inducer against HIV-1. Subsequently, the transduced cells are expanded and
re-infused back into the patient, where they will resist HIV-1 infection and
hopefully prevent the gradual collapse of the immune system. However, like
normal T cells, the transduced T cells will have a limited life span and thus
periodic infusions will be required. Another, perhaps more durable treatment
option is to transduce CD34+ hematopoietic stem cells, which are the precur-
sors of all myeloid and lymphoid lineages. Engraftment of autologous trans-
duced CD34+ cells will result in a steady production of HIV-1 resistant T cells.

Escape from RNAi

Since the discovery of RNAI, researchers have made use of the RNAi pathway
as a tool to knock down mRNAs encoded by pathogenic viruses (113-115).
Initial experiments showed that HIV-1 replication can be potently inhibited
by transient transfection of siRNAs targeting either viral RNA sequences or
host genes that are essential for HIV-1 entry or replication (11,138-141). The
use of durable shRNA expression systems is preferred for HIV-AIDS therapy
because this virus causes a chronic infection (142,143). Although potent knock-
down can be obtained, the therapeutic use of a single shRNA is limited in time



General introduction

because of the rapid emergence of HIV-1 escape mutants that contain nucle-
otide substitutions or deletions in the siRNA target sequence (142-144). In ad-
dition, HIV-1 can also escape from RNAi-mediated inhibition through muta-
tions that alter the target RNA secondary structure of the target sequence,
which affects its accessibility of the mRNA target for binding of RISC (144).
The same phenomenon was described for hepatitis C virus (HCV), where
subtle changes in the HCV genome were sufficient to permit viral escape from
siRNA-mediated inhibition (145). It has recently been suggested that HIV-1
can also select compensatory mutations outside the target region to upregu-
late viral transcription when RNAi pressure is exerted on the conserved viral
trans-activation response (TAR) hairpin (146), which has an indispensable
role in viral transcription. However, this viral escape route may well represent
the general optimization of an attenuated HIV-1 strain that was used in these
studies (147,148). Regarding the high genetic diversity of HIV-1, the preven-
tion of viral escape remains a major challenge.

Targets for anti-HIV-1 RNAI strategies

To attack viral RNA sequences with RNAi in HIV-infected cells, it seems at-
tractive to target the “incoming” RNA genome of infecting virion particles or
subsequently the newly synthesized viral transcripts. Several studies showed
that the HIV-1 incoming RNA genome is indeed a target for RNAi (11,138,149-
151), but other studies provided strong evidence against this possibility (152-
155). It is likely that the incoming HIV-1 RNA genome is a difficult target
for RNAi because the core particles render the viral genomic RNA inacces-
sible to the RNAi machinery (153,155). Thus, it seems impossible to prevent
the establishment of an integrated DNA provirus. The alternative is to use
RNAI against the newly synthesized viral transcripts in the cytoplasm, thus
reducing virus production. It seems beneficial to target viral sequences that
are present in both spliced and unspliced HIV-1 transcripts. Furthermore, it is
important to attack mRNAs that encode essential viral proteins and the nucle-
otide sequence of the target should ideally be well conserved among different
virus strains. Targeting sequences that encode essential viral proteins will not
allow deletion-based escape routes. Nevertheless, HIV-1 can also escape from
RNAi-mediated inhibition by selecting a point mutation in the target sequence
(142-144). Another anti-escape strategy is to specifically target the evolved
RNAi-escape mutants with second generation shRNA inhibitors (156).

Scope of this thesis

To prevent viral escape, HIV-1 should be targeted simultaneously with multi-
ple highly efficient siRNAs in a combinatorial RNAi approach, which will in-
crease the genetic barrier for viral escape (157,158). This RN Ai strategy is com-
parable to the current cART treatment, which uses a combination of at least 3
antiretroviral drugs. Estimates based on the evolution of HIV-1 strains that are
resistant to antiretroviral drugs (157) and a stochastic computational model

21
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predict that the simultaneous expression of 4 anti-HIV shRNAs may suffice
to prevent viral escape (159). There are several ways to express multiple ef-
fective siRNAs. One possibility is the insertion of multiple shRNA-expression
cassettes in a viral vector (160). Ideally, the expression of multiple antiviral
shRNAs should be coordinated by putting them in a single transcript.

In this thesis, we describe the development of novel combinatorial RNAi gene
therapy approaches against HIV-1 by expressing multiple antiviral siRNAs
from a single transcript. To obtain combinatorial RNAi attack against HIV-1,
we first designed extended short hairpin RNAs (e-shRNAs) that consist of
multiple active shRNA-units that are stacked on top of each other (Chapter
2). To explore some building principles for these molecules, we first gener-
ated e-shRNAs that encode 2 active siRNAs (e2-shRNA). The antiviral e2-
shRNAs were examined for their silencing activities on luciferase reporters
and HIV-1 gene expression.

Based on the insight obtained by e2-shRNA optimization, we designed antivi-
ral e-shRNAs that encode 3 or even 4 siRNAs (Chapter 3). The ability of these
constructs to inhibit luciferase reporter constructs and HIV-1 production was
tested. Furthermore, we analyzed whether these hairpins are processed prop-
erly by the RNAi machinery into functional siRNAs. These studies underscore
that there is an optimum length of the e-shRNA design, after which the RNAi
activity drops quickly. The best inhibitor was selected for insertion in a len-
tiviral vector that was used to produce stably transduced cells, which were
challenged by HIV-1.

In chapter 4, we designed anti-HIV-1 constructs that express multiple siRNAs
from a single transcript based on a cellular miRNA polycistron. We designed
the hairpin RNAs to exhibit structural features (mismatches, bulges and ther-
modynamic stability) that mimic as much as possible the natural miRNA
polycistron. First, individual miRNA constructs were generated and tested for
their ability to knock down luciferase reporter constructs and HIV-1 produc-
tion. Subsequently, we combined the anti-HIV miRNAs in a single transcript
and tested the ability of this polycistronic miRNA construct to inhibit HIV-1
replication.

We next assessed the ability of antiviral miRNAs and shRNAs to inhibit par-
tially complementary HIV-1 mRNA targets (Chapter 5). The rationale behind
this study is to analyze whether targeting of multiple complementary targets
could provide an alternative RNAi approach for robust and sustained suppres-
sion of escape-prone viruses. We tested the knockdown efficiency of miRNAs
and shRNAs against wild-type and RNAi-escape HIV-1 variants with one or
two mutations in the target sequence. Furthermore, we investigated whether
miRNA or shRNA mediated silencing would be differently affected when the
target sequence is situated within the open reading frame (ORF) or the 3" UTR
of the mRNA.
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In chapter 6, we report that the titer of lentiviral vectors encoding anti-HIV-1
shRNAs or miRNAs can be dramatically reduced compared to the control
vector. We demonstrate that different mechanisms are responsible for this
miRNA and shRNA effect. Consequently, distinct strategies were required for
restoration of the vector titer.

In chapter 7, we review the recent progress of RNAi-based approaches against
HIV-1 using lentiviral vectors as a delivery system. Furthermore, we discuss
its potential for a clinical gene therapy application.

In chapter 8, we discuss future directions of combinatorial RNAI strategies
and the potential for clinical applications against cancer and viral infections.
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