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Abstract

RNA interference (RNAi) provides a powerful tool to silence specific gene expression and has 

been widely used to suppress host factors such as CCR5 and/or viral genes involved in HIV-1 

replication. Newer nuclease-based gene-editing technologies, such as zinc finger nucleases (ZFN), 

transcription activator-like effector nucleases (TALEN) and the clustered regularly interspaced 

short palindromic repeats (CRISPR)/Cas9 system, also provide powerful tools to ablate specific 

genes. Because of differences in co-receptor usage and the high mutability of the HIV-1 genome, a 

combination of host factors and viral genes needs to be suppressed for effective prevention and 

treatment of HIV-1 infection. Whereas the continued presence of small interfering/short hairpin 

RNA (si/shRNA) mediators is needed for RNAi to be effective, the continued expression of 

nucleases in the gene-editing systems is undesirable. Thus, RNAi provides the only practical way 

for expression of multiple silencers in infected and uninfected cells, which is needed for effective 

prevention/treatment of infection. There have been several advances in the RNAi field in terms of 

si/shRNA design, targeted delivery to HIV-1 susceptible cells, and testing for efficacy in 

preclinical humanized mouse models. Here, we comprehensively review the latest advances in 

RNAi technology towards prevention and treatment of HIV-1.
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 1. Introduction

Despite the availability of effective treatment, HIV-1 still remains a global epidemic, 

responsible for considerable morbidity and mortality. Although highly active antiretroviral 

therapy (HAART) can suppress viral replication to undetectable levels, it also has 

limitations, including high cost, patient compliance issues, the side effects of long-term 

therapy, as well as the emergence of drug resistance [1]. Moreover, although HAART 

extends the life of HIV-1-infected individuals, it does not offer a permanent cure, as 

interruption of therapy leads to rapid rebound of viremia from latent reservoirs [1]. 

Therefore, there is a need to develop more effective countermeasures against HIV-1 

infection. Gene therapy has been thought to provide an attractive method for deriving HIV-1-

resistant cells (reviewed in [2–4]). Interest in this field started following the identification of 

CCR5 as a major co-receptor for HIV-1 [5, 6] and the naturally occurring homozygous 

CCR5-Δ32 mutation (a 32-bp deletion in the single coding exon of the gene resulting in a 

frame-shift mutation that disrupts CCR5 expression on the cell surface) in humans, confers 

resistance to HIV-1 infection without other deleterious effects [7, 8]. The remarkable success 

in treating the so-called “Berlin Patient” has led to a resurgence of interest in gene therapy. 

In that case, an HIV-1-positive patient with lymphoma who had been transplanted with bone 

marrow from a CCR5-Δ32 homozygous donor became HIV-1 free, with no demonstrable 

virus 7 years after transplantation, showing the potential benefits of CCR5 disruption [9, 10]. 

However, due to the low frequency of CCR5-Δ32 homozygotes in the general population 

and the difficulties of identifying suitable HLA-matched donors, alternative methods to 

artificially disrupt CCR5 are being pursued. RNA interference (RNAi) and other gene-

editing approaches provide a way to suppress CCR5 as well as viral genes.

Swamy et al. Page 2

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RNA interference (RNAi) is a process in which small (~21 nt in length) double-stranded 

RNAs, either produced endogenously within mammalian cells (microRNA, also known as 

miRNA) or introduced exogenously into cells (small interfering RNA or siRNA), mediate 

sequence-specific suppression of gene expression (reviewed in [11–13]). The small RNA in 

the cytoplasm associates with a multi-protein complex called the RNA-induced silencing 

complex (RISC), consisting of Argonaute family (Ago1–4) and other proteins [14–16]. 

Upon RISC binding, one of the two strands of the small RNA is removed (by cleavage and 

degradation for Ago2-bound siRNA or unwinding by other Ago proteins) and the other so-

called the “guide” strand directs the RISC to the corresponding messenger RNA (mRNA). If 

there is complete homology between the guide strand and the target mRNA, as is generally 

the case with siRNA, the small RNA-bound Ago-2 protein (which is the only Ago protein 

with slicer activity) cuts the mRNA at a site corresponding to positions 10–11 from the 5′ 

end of the guide strand [17, 18]. The mRNA is then rapidly degraded by exonucleases, 

leading to post-transcriptional gene silencing (PTGS). On the other hand, if there is only 

partial homology between the guide strand and the target mRNA as in miRNAs (generally 

between positions 2–8 at the 5′ end of the guide strand, which is called the “seed” sequence), 

the Ago proteins binding the mRNA and miRNA recruit a protein called GW182 (also 

known as TNRC6a, b, and c), which then leads to the recruitment of a series of proteins, 

including the Caf1–Ccr4 and Pan2–Pan-3 deadenylase complexes and the Dcp-1, Dcp-2 

decapping complex, which eventually destabilize the mRNA by inducing deadenylation and 

decapping, resulting in PTGS (reviewed in [19]. Although siRNA is endogenously produced 

in plants and worms, mammalian cells generally only produce miRNAs and not siRNAs. 

The miRNAs (there are over 500 in humans) serve to rapidly regulate gene expression in 

response to environmental cues, which is important in almost every aspect of cellular 

physiology. Although siRNAs are not produced endogenously, artificial introduction of 

siRNAs has gained great attention because of their potential in therapeutics to silence 

selected cellular or viral genes in many diseases [20]. siRNAs can be either chemically 

synthesized and transfected into cells or they can be expressed within the cells using a DNA 

template to transcribe what is called a short hairpin RNA (shRNA, encoding the two 

complementary siRNA strands, which are separated by a non-homologous stem loop), 

generally under the control of Pol III promoters, which produce small RNAs like small 

nucleolar RNA (snoRNA). The shRNA is transcribed in the nucleus as stem loop RNA and 

exported to the cytoplasm to be further processed by Dicer into siRNA. The only difference 

between miRNA and shRNA biogenesis is that the former involves an additional step: the 

miRNA is transcribed as a long primary RNA (pri-miRNA), which is first processed by 

Drosha-DGCR8 in the nucleus into a pre-miRNA (with a stem loop structure resembling 

shRNA), and this molecule is then exported to the cytoplasm for Dicer processing into 

mature miRNA (Fig. 1). While exogenously introduced siRNA gets rapidly diluted, 

particularly in dividing cells, endogenously synthesized shRNA is more stable, particularly 

if expressed via genome-integrating lentiviral vectors [21]. Thus, for a chronic disease like 

HIV-1, shRNA is preferable for conferring long-term protection. Along these lines, attention 

has also focused on expressing shRNAs in autologous hematopoietic stem and progenitor 

cells (HSPCs), with the idea that when transplanted into humans, these cells can 

continuously generate HIV-1-resistant T cells and macrophages. Because introduced/

produced si/shRNAs occur in abundance, they also have the potential to induce toxicities by 
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competing with the endogenous miRNA machinery [22]. This interference can be avoided to 

a large extent by expressing shRNAs in the context of cellular miRNAs (discussed in detail 

later). In recent years, there have been several advances in the RNAi field in terms of si/

shRNA design, delivery to HIV-1-susceptible cells, and the ability to test for efficacy in 

preclinical humanized mouse models. In this review, we will focus on the latest advances 

made in the RNAi field that, in our view, could facilitate HIV-1 therapy. However, this 

review is not intended to be a chronological or exhaustive description of all developments in 

the field, and several excellent reviews of the earlier literature are available [23–26].

 2. Need for multiple targets

Both viral genes and host genes essential for HIV-1 replication provide RNAi targets (Fig. 

2). Since host factors are not subject to the variability associated with viral genes, they have 

been used as targets for RNAi. The major entry receptor for HIV-1 is the cell surface 

molecule, CD4. In addition, a co-receptor, primarily the C-C chemokine receptor 5 (CCR5) 

or the CXC chemokine receptor 4 (CXCR4), is also required for HIV-1 entry into cells. 

While primary infection occurs with CCR5-tropic virus, later during infection the virus may 

change into CXCR4-tropic (also known as T cell-tropic) virus, which is associated with 

rapid progression to full-blown AIDS. Although the receptor and co-receptors theoretically 

provide good RNAi targets, attention has focused on CCR5 because of its greater viability as 

a therapeutic target. For example, although initial proof-of-principle studies showed that 

suppressing CD4 by RNAi can effectively suppress viral replication [27], it does not provide 

a potential target for human therapy, because CD4 is essential for normal T cell receptor 

(TCR)-induced activation of CD4+ T cells, and its disruption can itself promote 

immunodeficiency. Similarly, CXCR4 is essential for retention of hematopoietic stem cells 

(HSCs) in bone marrow niches, and its disruption can have deleterious effects on T cell 

trafficking [28–31]. On the other hand, CCR5 provides a suitable target because: 1) primary 

infection with HIV-1 occurs with CCR5-tropic virus; 2) approximately 50% of infected 

individuals maintain CCR5-tropic virus throughout the course of the disease; and, more 

importantly, 3) spontaneous mutations of CCR5 that render the encoded protein 

nonfunctional occur infrequently, and such individuals have no apparent problems (except 

for a slightly increased susceptibility to West Nile virus infection) [9]. The spontaneous 

homozygous CCR5 (Δ32) mutation occurs in approximately 1% of Caucasians, and those 

individuals are highly resistant to HIV-1 infection. Moreover, even heterozygous mutations 

(which are seen in ~4–16% of Caucasians) confer partial resistance to HIV-1 by reducing the 

CCR5 levels in T cells [32].

Even though CCR5 provides a good target, alone it is not ideal for suppressing HIV-1, 

because: 1) CCR5 disruption can only prevent infection and has no effect on already 

infected cells; 2) CCR5 disruption does not prevent cell–cell transmission; and 3) the virus 

can mutate to use alternative co-receptors to infect cells. Thus, a combination of cellular and 

viral targets appears to be necessary for effective control of HIV-1 replication. Many 

investigators have used this approach, as discussed below.

The viral genome itself provides a good target, because its disruption is not expected to have 

any unwanted effect on the host cells. Since all the viral proteins are produced using a 
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single, full-length mRNA, targeting any region in the mRNA should be sufficient for RNAi-

mediated cleavage. Correspondingly, many investigators have used different genes, including 

the viral gag, env, pol and nef, as RNAi targets. However, because the viral reverse 

transcriptase activity is highly error prone, the HIV-1 genome exhibits enormous variability 

[33]. The great majority of HIV-1 strains belong to group M, but within this group many 

subtypes (clades) exist that can be identified with different genetic signatures [34, 35]. 

Different clades dominate in different geographical locations but can also coexist. 

Furthermore, recombination may occur with different clades, and even within a given 

infected individual, many variants (quasispecies), differing in gene sequence, occur. Because 

RNAi is exquisitely sequence specific, even minor changes in the targeted area can affect 

efficacy. However, within a given gene, there are regions that are highly conserved, because 

they are essential for gene function, and any mutation within these regions imposes a fitness 

cost on the virus. Thus, it has been long emphasized that one should design RNAi to target 

highly conserved regions within the viral genome [36]. In addition, like combinatorial 

antiretroviral drugs, a combination of RNAi targets is expected to be necessary to reduce the 

chances of viral escape.

Mathematical modeling suggests that a combination of four RNAi targets may be sufficient 

to overcome escape. However, this requires all four shRNAs to be perfectly matched to each 

of the hundreds of circulating viral variants and the viral quasispecies present in patients. It 

has been estimated that simultaneous expression of seven shRNAs would cover nearly all 

HIV-1 strains by ensuring that at least four shRNAs are active against any given viral strain 

[37].

 3. RNAi vs other gene editing technologies

Within the past few years, several novel gene-editing technologies have emerged: zinc finger 

nuclease (ZFN), transcription activator-like effector nuclease (TALEN), and the clustered 

regularly interspaced short palindromic repeats (CRISPR)/Cas9 system (reviewed in [38–

41]. Unlike RNA interference, which requires the continued presence of effector moieties to 

maintain gene silencing, gene-editing technologies allow permanent disruption/deletion of 

the targeted gene after a single treatment. Moreover, these gene-editing techniques allow 

insertion of new DNA sequences at the edited sites. All the currently available gene-editing 

techniques use two components: one for specific DNA recognition and another for nuclease 

activity to induce double-stranded breaks at specific sites in the genomic DNA. Following 

induction of the double-stranded break, the DNA is repaired by either of two pathways: the 

error-prone non-homologous end joining (NHEJ) pathway, attended with small nucleotide 

additions or deletions (indels) that result in disruption of the reading frame and gene 

expression, or homologous recombination (when a DNA template with short homology to 

the two broken ends is also provided), which results in incorporation of the externally 

provided DNA at the cleavage site. Thus, these gene-editing systems can be used to knock 

out/delete genes and also to insert exotic DNA sequences at particular sites.

While ZFN and TALEN use DNA-binding motifs (for zinc finger proteins or transcription 

activator-like effector molecules, respectively) fused to the Folk1 endonuclease to mediate 

sequence-specific DNA cleavage, the most recent CRISPR/Cas9 system uses a short stretch 
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of complementary RNA (that can be easily expressed using a U6 promoter) for DNA 

recognition together with Cas9 nuclease for DNA cleavage. Whereas ZFN/TALEN require 

10 or 34 amino acids, respectively, to recognize a single nucleotide, CRISPR/Cas9 uses the 

Watson-Crick complementarity rule via a short single-guide RNA (sgRNA) molecule (a 

single RNA nucleotide for each DNA nucleotide) for DNA recognition. Thus, a major 

advantage is that, compared with ZFN/TALEN, which usually requires labor-intensive 

design and screening, CRSPR/Cas9 requires a much simpler design and a single cloning 

step. Because of the ease of usage, this system provides a tremendous opportunity for human 

gene therapy applications against a variety of diseases. Within 3 years of discovery, this 

technology has been used to knock out genes, create multiple gene knockout mice and 

monkeys, as well as knock in specific DNA sequences in a variety of systems (reviewed in 

[42, 43]). Many groups have successfully disrupted CCR5 using nucleases in various cell 

lines, primary T cells, HSPCs, as well as in humanized mice [2, 3, 44]. Notably, CCR5 
modified (with ZFN) T cells has recently been tested in a clinical trial using a small cohort 

of 12 individuals [45]. Here, an adenovirus expressing CCR5 ZFN was used to transduce 

autologous CD4 T cells in vitro, and these cells were then reinfused into the patients. The 

gene-modified T cells appeared to have a survival advantage over unmodified cells during 

treatment interruption, suggesting HIV-1 resistance.

However, one major concern about gene editing for clinical use in humans is the high 

propensity for off-target effects. It has been well documented that off-target effects are a 

common problem with all editing techniques, particularly the CRISPR/Cas9 system [46–49]. 

Therefore, while the continued presence of RNAi mediators is needed to maintain 

suppression, continuous or even long-term exposure to gene-editing enzymes can be 

potentially harmful. Furthermore, off-target effects may occur anywhere in the genome, 

requiring labor-intensive next-generation sequencing for a thorough analysis of nonspecific 

effects. Therefore, although they may be superior approaches for knocking out dispensable 

host factors like CCR5 to confer HIV-1 resistance, they cannot readily be used to target viral 

genes in non-infected cells to preempt infection. Such an endeavor requires that the gene-

editing systems be active permanently, which results in unacceptable levels of off-target 

effects and toxicity. Thus, these systems cannot currently be used to silence host factors and 

HIV-1 genes simultaneously, which will be required to confer effective resistance to the 

virus in a therapeutic setting. RNAi therefore appears to be the only system that can be used 

to silence host factors and HIV-1 genes at the same time, which is necessary for prevention 

as well as treatment.

 4. Advances in si/shRNA design

The effector moiety of the double-stranded siRNA is the guide strand, which is 

complementary to the target mRNA. The passenger strand is not only nonfunctional but can 

also contribute to off-target effects. Off-target effects of siRNAs can result from sequence 

similarity of the guide or passenger strand to other mRNAs or even of the 5′ 2–8 nt to an 

mRNA 3′ untranslated region (UTR), in a similar manner as the miRNA seed sequence [50–

53]. Other causes of off-target effects include the effect of certain motifs that could lead to 

toll-like receptor (TLR) activation, interferon production (GUCCUUCAA, UGUGU) [54, 

55] or even cytotoxicity (UGGC) [56]. Therefore, siRNA design is governed by 
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considerations of selective and efficient Ago loading of the guide strand and prevention of 

passenger strand loading. Since thermodynamic features at the ends of the siRNA determine 

strand separation, the 5′ end of the siRNA antisense (guide) strand should be less stable than 

the 3′ end for preferential loading of the guide strand [57, 58]. Structural studies of siRNA-

bound Ago proteins showed that the 5′ end of the guide strand binds the so-called MID 

domain, and this binding affinity is greatest for U and A and 10 times less for G and C [59, 

60]. With these considerations, the siRNA is generally designed to start with U or A, have a 

less-stable 5′ end compared with the 3′ end, have a G:C content of ~50%, and avoid certain 

motifs that induce toxicities. Using these criteria, several algorithms have been developed to 

roughly predict functionality by studying large sets of siRNAs [61–65].

Similar guidelines also apply to shRNA design. In addition, since shRNA is transcribed in 

the nucleus and exported to the cytoplasm by the same machinery that miRNA uses, shRNA, 

particularly in the abundant amounts expressed by Pol III promoters such as U6, can induce 

toxicity by saturating exportin 5, thereby blocking miRNA export [22]. Moreover, both 

siRNA and shRNA have the potential to compete with miRNA for binding to Dicer/Ago 

proteins. It should be noted that while the siRNA functionality critically depends on Ago2 

mediated cleavage of the target mRNA (only Ago2 has slicer activity, not Agos 1, 3 and 4), 

siRNA is loaded on all Ago proteins. Therefore, siRNA (which is typically transfected or 

artificially produced within the cells in great abundance compared to miRNAs) can interfere 

with miRNA by saturating the different Ago proteins. However, certain pre-miRNAs (e.g. 

pre-miR-451) are not processed by Dicer, but by Ago2 into mature miRNAs, thereby 

assigning an essential function for Ago2 slicer activity in mammals. This has paved the way 

to designing Ago2-specific siRNAs that spare other Agos for miRNA function, thereby 

avoiding competition. These advances will be discussed in some detail below.

 4.1 si/shRNA design

Early studies in Drosophila embryos using siRNAs of different length defined the optimal 

siRNA to be 19 nt long with 2-nt 3′ overhangs [66]. Although this has been considered the 

gold standard in the RNAi field, studies in mammalian cells suggest that the RNAi 

machinery is more flexible. Several novel RNAi-triggering structures that do not conform to 

the key features of classical siRNA in terms of overhang, length, or symmetry have been 

shown to have improved functionality, such as more potent gene-silencing activity, reduction 

of nonspecific responses and immune stimulation, or enhanced internalization over classical 

siRNAs (reviewed in [67]). These modifications include the 27 nt Dicer-substrate siRNA, 

which is processed by Dicer like the endogenous pre-miRNA [68], shorter than 19 bp 

siRNAs [69, 70], asymmetric siRNAs with shorter sense strand [71, 72] and triple-stranded 

RNA variant consisting of an intact 19-nt antisense strand and two contiguous 9–12-nt sense 

strands [73]. We have recently shown that introducing mismatches in the sense strand with 

respect to an intact anti-sense strand (similar to what is seen in natural miRNAs) can 

significantly enhance functionality and reduce off-target effects [74]. We also showed that 

this design could enhance the functionality of shRNAs, which are generally designed to 

generate perfectly complementary strands [75–77].
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 4.2 Ago2-specific siRNA

Mature miR-451 is expressed in an erythropoietic cell-restricted manner and is critical for 

erythrocyte differentiation. It is also dysregulated in many human malignancies, indicating 

that miR-451 might play a role in oncogenesis. Biogenesis of miR-451is unique in the sense 

that it uses a non-canonical pathway (reviewed in [78, 79]). Pri-mi451 is transcribed from an 

intergenic region adjacent to the protein-coding gene ERAL1 on chromosome 17. The pri-

miR451 is processed by Drosha into a 42 nt pre-miR-451 and is exported to the cytoplasm. 

Unlike the canonical pre-miRNAs, pre-miR-451 is processed not by Dicer, but by Ago2 to 

generate mature miR-451. The differences between canonical and miR-451 biogenesis 

include: i) Processing by Drosha–DGCR8. While the canonical pri-miRNAs are processed 

into ~72-nt pre-miRNAs, pri-miR-451 is processed into a 42-nt pre-miRNA, which is not a 

suitable Dicer substrate. ii) Stem length. Unlike other pre-miRNAs in which the double-

stranded stem is >19 nt, the pre-miR-451 stem is only 17 nt in length. iii) Complementarity. 

While the canonical miRNA stem contains regions with mismatches, the pre-miR-451 stem 

is perfectly complementary, allowing Ago2 to cleave the stem. iv) Processing by Ago2. 

While the single-stranded guide strand in canonical miRNA can be derived from either of 

the stem strands, the mature miR-451 is derived only from the 5′ arm of the stem plus loop 

sequence and part of the other stem arm. This is because the pre-miR-451 is processed by 

Ago2, whose slicer activity cuts the pre-miR-451 in the second arm corresponding to 

positions 10–11 from the 5′ end of pre-miR-451. By this cleavage, a 30-nt intermediate is 

generated that is further shortened by cellular RNAse into the 22-nt mature miR-451.

The miR-451 biogenesis pathway described above provides several advantages as a 

backbone for designing shRNAs: because only the guide strand but not the passenger strand 

is generated, it is likely to reduce off-target activity. Also because the pre-miRNA binds to 

Ago2 for processing, it may spare other Ago proteins to occupy other miRNAs, thereby 

reducing interference with cellular miRNA function. In addition to reducing off-target 

effects, this shRNA design may be particularly important in silencing genes in cells such as 

monocytes that lack a significant level of Dicer [80]. Several investigators have therefore 

tried to reprogram the miR-451 hairpin to silence target transcripts of choice. Earlier proof-

of-principal studies expressed other miRNAs in a miR-451 background and showed effective 

function [81–83]. Later studies suggest that one can also design Dicer-independent shRNAs 

[84]. The Berkhout group found that reducing the shRNA stem length to <19nt and the loop 

to 4nt is enough to trigger Ago2 processing, bypassing the Dicer processing [85, 86] (Fig. 

3). This shRNA design has been named AgoshRNA. In a further improvement of the design, 

the Berkhout group also showed the importance of a weak G-U or U-G base pair at the top 

of the hairpin stem and the importance of the 5′-end nucleotide and a bottom mismatch for 

efficient Ago2 processing [87]. Applying these principles previously tested anti-HIV-1 

shRNA molecules could be converted into AgoshRNAs. Although the RNAi activity of 

AgoshRNA was diminished compared with regular shRNA, as expected, toxicity was much 

reduced [85]. On the other hand, we have shown that stabilizing the miR-451 backbone by 

making it completely complementary by Watson-Crick base pairing (converting the G:U 

wobble at positions 6 and 18 to G:C and reducing the stem length to 18 nt) can frequently 

increase RNAi activity compared with conventional shRNA [88].
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 4.3 Multiplexed and miRNA-based shRNA

Because RNAi is exquisitely sequence specific, even minor changes in the targeted sequence 

can affect efficacy. This is especially pertinent in the case of a highly mutable virus such as 

HIV-1. To address this issue, as mentioned earlier, several aspects have to be emphasized: 

use of a combination of host and viral gene targets; targeting highly conserved regions that 

encode critical domains of the essential viral proteins, in which mutation comes at a fitness 

cost to the virus; and ideally expressing approximately seven host and conserved viral 

targets, which is expected to protect against nearly all HIV-1 strains by ensuring that at least 

four shRNAs are active against any given viral strain.

However, one potential problem of shRNAs expressed under control of the commonly used 

Pol III promoters is that the overexpressed shRNA can cause toxicities by competing with 

endogenous miRNAs for binding to exportin 5 for cytoplasmic transport [22]. Moreover, 

shRNAs in the cytoplasm that are processed by Dicer can also bind all Ago proteins, further 

compromising endogenous miRNA function [89]. Several studies suggest that expression of 

shRNAs in an endogenous miRNA backbone (shRNA-miRs) can avoid the toxicities caused 

by the saturation of RNAi machinery [90–92]. Many investigators have therefore tried to 

express multiple shRNAs, particularly shRNA-miRs. The Akkina group expressed two 

shRNAs targeting CCR5 and CXCR4 under the control of separate Pol III promoters, U6 

and H1, and observed anti-HIV-1 effects in the macrophages derived from lentivirally 

transduced HSPCs [93]. Similarly, ter Brake et al. screened 86 highly conserved targets in 

the HIV-1 genome and identified 21 shRNAs with potent anti-HIV-1 activity. To avoid 

generation of escape mutants, they also expressed three shRNAs simultaneously in a 

lentiviral vector under the control of tandem H1 promoters [94]. However, it was noted that 

the expression of downstream shRNAs progressively declined. Another constraint in 

multiplexed shRNA expression using the same promoter is the instability of such vectors 

caused by rapid deletion of cassettes due to homologous recombination [76]. However, 

different Pol III promoters, such as U6, H1, and 7SK can be used to express multiple anti-

HIV-1 shRNAs [76] (Fig. 4). Another strategy used to express multiple shRNAs is 

expression as an extended shRNA (eshRNA), in which two shRNAs on top of each other 

(total length of 42–43 nt) are expressed under the control of a Pol III promoter [95]. Activity 

declined however, with inclusion of additional shRNAs [25]. Similarly, long hairpin RNA 

(lhRNA) has a long-stemmed (60–70 nt) hairpin and is expressed under control of a Pol III 

promoter, with the idea that Dicer processing of the longer stem will result in the generation 

of overlapping shRNAs [96]. However, actual testing showed that the maximal activity was 

at the base of the stem and the efficacy progressively declined at distal stem regions [97, 98]. 

A combinatorial approach has also been used to express tat/rev shRNA along with a 

nucleolar TAR RNA decoy, and a CCR5-targeting ribozyme from independent Pol III 

promoters [99–101]. This design has been tested in a clinical trial. However, the frequency 

of gene marking in peripheral blood mononuclear cells (PBMCs) ranged from 0.02 to 

0.32%, which was too low for clinical assessment of antiviral efficacy [102].

Because some miRNA clusters are expressed in a polycistron, investigators have tried to 

convert them into anti-HIV-1 shRNAs (Fig. 4). Aagard et al. used a tri-cistronic miR-106b 

cluster encoded within the intron of the MCM7 gene to replace the three endogenous 
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miRNAs with shRNAs targeting the tat and rev transcripts of HIV-1 expressed under the 

control of a Pol II U1 promoter [103]. This vector was further modified to include a 

nucleolar-localizing TAR RNA decoy and a nucleolar U5-targeting ribozyme and shown to 

strongly inhibit replication of the NL4-3 strain of HIV-1 in stably transduced lymphoblastoid 

CD4 T cell line, CEM [104]. Similarly, Liu et al. were able to express four anti-HIV-1 

shRNAs in the polycistronic mir-17-92 background under control of the CMV promoter and 

showed that it conferred potent anti-HIV-1 activity in vitro [105]. Although polycistronic 

pri-miRNA shuttles represent a promising combinatorial RNAi approach, the efficiency of 

processing of shRNAs from these pri-miRNA precursors is variable [96, 106]. Another 

limitation is that, so far, polycistronic shRNA-miR expression has been limited to a 

maximum of four shRNA-miRs, although, as noted earlier, it has been estimated that seven 

shRNA-miRs may be ideal for covering all variants. Moreover, although shRNA-miR 

expression under a polycistronic miRNA background was described in 2011, so far this has 

not been tested for in vivo efficacy in humanized mouse models.

To address the limitations of current multiplexing approaches, we used a simple strategy of 

using minimal flanking sequences from multiple endogenous miRNAs to co-express a large 

number of shRNA-miRs [107]. Although Drosha cleavage was previously reported to occur 

~11 nt from the lower stem-ssRNA junction [108], we have recently found that the 

microprocessor measures the distances from both the lower and upper stem-ssRNA junctions 

to determine the cleavage site in human cells, and optimal distance from both structures is 

critical to the precision of Drosha processing [109]. However, the optimal flanking sequence 

required to ensure Drosha processing of primary shRNA-miRs was not previously known. 

By a systematic analysis of the different flanking sequence lengths for different endogenous 

miRNA backbones, we determined that incorporation of ~30 nt of flanking sequence may be 

enough to ensure processing of different shRNA-miRs. We then cloned multiple shRNAs in 

tandem, each containing a minimal flanking sequence from a different miRNA (to avoid 

deletion by homologous recombination) and expressed them from a lentiviral vector under 

the control of the Pol II EF-1α promoter. Deep sequencing of transduced cells showed 

accurate processing of individual shRNA-miRs. Moreover, unlike lshRNAs, the expression 

levels of individual shRNAs did not progressively decrease with the distance from the 

promoter. We used this system to express one shRNA-miR targeting CCR5 and six shRNA-

miRs targeting different regions in the HIV-1 genome. The seven shRNA-miR-transduced 

populations of T cells were protected against both R5-tropic and X4-tropic HIV-1 infection. 

Additionally, when T cells from HIV-1-seropositive individuals were transduced and 

transplanted into NOD/SCID/IL-2R γc−/− mice (Hu-PBL model), efficient suppression of 

endogenous HIV-1 replication with restoration of CD4 T cell counts was observed [107]. 

Therefore, this strategy for multiplexing shRNA appears to provide a promising gene 

therapeutic approach for HIV-1 infection.

 5. Humanized mouse model to test anti-HIV therapy

Since HIV infects only human cells, humanized mouse models engrafted with functional 

human cells have become important preclinical tools for evaluating novel anti-HIV 

strategies. The development of IL2rγ-deficient mice in the Rag−/− and the SCID/NOD 

backgrounds enabled easy generation of humanized mice (reviewed in [110]). These mice 
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lack endogenous murine T, B, and NK cells and also exhibit defects in cytokine signaling. 

The mice can be engrafted with human T cells to create a simple Hu-PBL model in which T 

cells expand rapidly because of xenogenic activation. The Hu-PBL model is amenable to 

HIV infection and provides a quick way to assess the antiviral potential of drugs or T cell 

gene-modification strategies. However, the lack of de novo hematopoiesis in this model is a 

limitation. The time frame of experimental utility is also limited in this model because the 

animals develop a lethal graft-versus-host disease (GVHD) after a few weeks. In contrast to 

Hu-PBL model, complete human adaptive immune system can be reconstituted in these 

immunodeficient mice by transplanting them with human CD34 hematopoietic stem 

progenitor cells (HSPCs). Unlike in the PBL model, here the T and B cells are not activated 

(naïve), and therefore HIV infection in this model is more akin to human infection. Thus, 

these mice provide an ideal small animal model to test HSPC-based gene therapy 

approaches. In the earlier version of the Hu-HSPC model, CD34+ HSPCs were injected into 

irradiated newborn or adult IL2rγ−/− mouse strains via intravenous, intrahepatic, or 

intracardiac injections. Although a full complement of hematopoietic cell lineages were 

generated, including T cells, which are susceptible to HIV infection, there was a lack of 

human HLA-restriction, because the T cells developed in the mouse thymic environment. A 

more advanced version of the model is the so-called BLT mouse, in which the irradiated 

NOD/SCID/IL2rγ−/− mice are transplanted with human fetal liver and thymus tissue under 

the renal capsule followed by injection of CD34+ HSPCs isolated from fetal liver [111]. This 

allows a full complement of the human immune system, including T and B cells, NK cells, 

macrophages, and dendritic cells, to be efficiently reconstituted. However, both T and B cell 

responses against many human pathogens are still suboptimal in these mice, probably due to 

the absence of critical species-specific cytokines or factors that are important in cellular 

development and survival. Technical advances like replacing mouse cytokine genes with 

corresponding human genes or engineering IL2rγ−/− strains of NOD/SCID or Rag−/− mice to 

transgenically express human class I or class II molecules [112, 113] have resulted in 

improved reconstitution and immune responses. In fact, these mice transgenic for HLA-
DR0401 molecules (DRAG mice) reconstituted with HLA-II-matched human HSPCs could 

mount robust cellular and humoral immune responses in response to infectious or vaccine 

challenge. Furthermore, unlike BLT mice, human cells can be generated in the DRAG mice 

by simple i.v. infusion of CD34+ HSPCs without human fetal liver and thymus transplants 

[113, 114]. Overall, with the ongoing efforts at further refining the human environment, Hu-

mice are likely to emerge as an ideal tool for preclinical testing of human vaccines and 

therapeutics.

 6. RNAi therapy for HIV in humanized mice

Both shRNA and siRNAs have been used to achieve RNAi-mediated inhibition of HIV-1. 

Significant advances have been made in using them to inhibit HIV-1 in terms of design, 

delivery and testing efficacy in humanized mice models. However, for both synthetic siRNA 

and expressed shRNA, many challenges will have to be overcome for widespread clinical 

use as a treatment modality for HIV-1 infection.

Rational design of siRNAs has become possible because of the rapid advances in our 

understanding of RNAi biology, but using them as antiviral drugs for HIV-1 remains a 
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challenge because of difficulties with in vivo distribution, cellular internalization, and 

cytosolic release. Naked siRNAs are not only susceptible to body fluid nucleases, they are 

also rapidly eliminated by the kidneys. Chemical modifications of siRNAs (such as 2′-O 

methyl substitution, addition of a phosphorothioate linkage at the 3′ end and the use of 

locked nucleic acids) have been used to increase siRNA stability, both in vitro and in vivo 

[115, 116]. Other important considerations for systemic use of siRNA are the avoidance of 

undesirable off-target or immune-stimulatory effects, which can be achieved to a large extent 

by judicious choice of target sequences. By far the biggest hurdle for successful use of RNAi 

as therapy is delivery to the desired cells and tissues. The high molecular weight and anionic 

charge of siRNAs precludes entry by simple diffusion; furthermore, to be functional the 

molecules have to escape from the endosomal/lysomal compartment into the cytosol. 

Delivery is a particularly difficult challenge for HIV-1 infection because the uptake of 

siRNA by virus-susceptible T cells and macrophages is extremely inefficient. Thus, many 

different strategies are being tested to improve the efficiency of siRNA delivery into these 

cells.

In general, non-specific carriers, such as cell-penetrating peptides, lipids, or polymers, have 

not proved useful for delivery of siRNA to primary immune cells. However, two recent 

studies have reported success in the delivery of siRNA to T cells with a new generation of 

cationic dendrimers [117]. Carbosilane dendriplexes conjugated to a siRNA targeting the 

HIV Nef molecule were shown to be efficiently incorporated into primary CD4+ T cells in 

vitro and could effectively reduce viral replication. Zhou et al. were able to suppress HIV 

viral loads by several orders of magnitude in humanized Rag2−/− γc−/− mice using cationic 

poly(amidoamine) (PAMAMM) dendrimers for therapeutic delivery of a cocktail of Dicer 

substrate siRNAs targeting viral and cellular transcripts [118].

Delivery approaches specifically tailored to T cells and monocytes/macrophages are also 

being developed. Targeting siRNA to cells and tissues of interest has the advantage of 

improving their therapeutic index while at the same time minimizing the potential 

unintended off-target effects at other sites. Antibodies and aptamers are being investigated as 

targeting reagents to induce siRNA internalization into HIV-susceptible cells. The first proof 

of concept study to show that the strategy could work used an antibody Fab fragment 

directed at the HIV envelope as the targeting ligand. The antibody F105 was fused to 

protamine to bind and transport the siRNA cargo. The antibody protamine reagent F105-P 

was able to deliver siRNAs and silence gene expression specifically in HIV-1-infected cells 

[119]. This report was soon followed by a study from our group that showed for the first 

time the feasibility of siRNA for treatment of HIV-1 in vivo in a humanized mouse model. 

Here, to deliver siRNA to T cells, a single-chain antibody to the T cell surface protein CD7 

was fused to nine arginine residues (the positive charge on Rs allows negatively charged 

siRNA to bind). Twice-a-week i.v. injection of antiviral siRNAs bound to CD7-9R was 

enough to suppress CD4 decline and substantially reduce the plasma viral load compared 

with controls in HIV-1-infected humanized mice [120]. Similarly, nanoparticles coated with 

an antibody directed at LFA-1 (an integrin molecule expressed on a broader spectrum of 

HIV-1-susceptible cell types, including T cells, macrophages, and dendritic cells) can deliver 

siRNA and suppress HIV infection in humanized mice [121].

Swamy et al. Page 12

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In another approach, aptamers have been used for cell-specific targeting of anti HIV-1 

siRNAs [122, 123]. Aptamers are short nucleic acids, akin to antibodies, that bind to target 

molecules with high specificity and affinity. The advantages over antibody-based targeting 

are their lack of immunogenicity and amenability to further improvements, such as further 

truncations to obtain minimal aptamer sequences or chemical modifications for improved 

activity or stability. Aptamers are selected by screening large libraries of DNA or RNA 

sequences for high-affinity binding to immobilized proteins in a process called “systematic 

evolution of ligands by exponential enrichment” (SELEX) or a more sophisticated whole-

cell-based SELEX approach for selection of cell-internalizing aptamers. Aptamers can be 

conjugated to siRNA by a simple in vitro T7 transcription reaction that covalently joins the 

aptamer to one strand of the siRNA. More recently, a more flexible aptamer–“sticky bridge” 

siRNA conjugation has been developed in which the aptamers are generated with a pair of 

complementary GC-rich sticky-bridge sequences through which the siRNA(s) of choice can 

be non-covalently assembled [124]. Aptamers specific for HIV-1 gp120, the CD4 receptor, 

or recently the CCR5 receptor have been shown to be capable of delivering chimeric siRNA 

molecules into T cells or HIV-infected cells to effectively suppress viral replication. In one 

study, siRNA targeting viral tat/rev was fused to a gp120 aptamer. When this reagent was 

administered to humanized mice infected with HIV-1 (by weekly injection for 5 weeks), it 

significantly suppressed viral load and prevented the CD4 T cell decline seen with control 

mice [125]. A cell-specific RNA aptamer directed at the major HIV co-receptor CCR5 was 

used to knock down the cellular factor transportin 3 (TNPO3) to inhibit HIV replication in 

primary human PBMCs [126].

Although these studies show the feasibility of siRNA treatment during acute HIV infection, 

siRNA as a drug treatment approach in humans appears unlikely to be successful, 

considering the chronic nature of infection and the need for repeated treatment. The only 

potentially practical application of synthetic siRNA for HIV would be as a topical vaginal 

microbicide to prevent mucosal transmission [127, 128]. In fact, the feasibility of this 

approach has been demonstrated in humanized mice, which were treated intravaginally with 

a CD4 aptamer conjugated to siRNAs targeting CCR5 as well as viral gag and vif. When 

applied 2 days before vaginal HIV-1 challenge, the infection was completely blocked. 

However, applying earlier than 2 days before challenge appeared to reduce effectiveness

The shRNA approach is the more practical way forward for HIV therapy. In particular, 

shRNA delivery via lentiviral vectors holds great promise, because shRNA continues to be 

produced following vector integration into the host genome, and thus a single treatment will 

have lasting effect. The concept here is that the modified cells, even at low-to-moderate 

levels of gene modification, have a selective survival advantage over unmodified cells, 

allowing them to proliferate and expand over time and, as a consequence, minimize viral 

loads and reduce viral reservoirs [129]. In fact, based on mathematical modeling it has been 

estimated that gene marking of ~10–20% in HSPCs would be sufficient to have an impact on 

viral load and CD4+ lymphocyte counts [130]. Two approaches can be used to achieve this: 

transduction of T cells to render them HIV-resistant and transduction of HSPCs that enables 

continuous generation of HIV-resistant lymphoid and myeloid cell progeny (Fig. 5). In both 

cases, transduction can be accomplished ex vivo with cells that are isolated from patients 

(following apheresis for T cells and isolation of HSPCs from bone marrow or GMCSF-
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mobilized blood cells). The cells are transduced with a lentiviral vector encoding shRNAs 

and transplanted back to the patient. Proof-of-principle of this approach has been shown in 

humanized mice infected with HIV-1. Anderson et al. developed a lentiviral vector to 

express a rev/tat shRNA, a TAR decoy, and a CCR5 ribozyme. When CD34+ HSPCs 

transduced with the combination vector were injected into SCID-hu thy/liv grafts, isolated T 

cells from the graft were shown to resist HIV infection in vitro [131]. In another study, 

Shimizu et al. generated HIV-1-resistant humanized mice using human CD34+ HSPCs 

transduced with a lentiviral vector encoding a potent shRNA targeting CCR5. The T cells 

from these mice were resistant to CCR5-tropic virus when tested in vitro [132]. The same 

vector has also been shown to result in stable shRNA expression (after transfusion of 

transduced CD34+ cells) in non-human primates for extended times, albeit at low levels 

[133]. The same group also generated humanized mice using HSPC transduced with 

lentivirus encoding shRNAs targeting CCR5 and HIV-1 LTR and showed that the mice were 

resistant to challenge with both R5 and X4 tropic virus [134]. This CCR5 shRNA has also 

been combined with the C46 antiviral peptide (an HIV-1 entry inhibitor derived from the C-

terminal heptad repeat of HIV-1 gp41, modified for expression on the cell surface) in a 

lentiviral vector (LVsh5/C46) to provide additional protection. Upon HIV-1 challenge, 

humanized BLT mice generated with LVsh5/C46-transduced CD34+ cells were protected 

from CD4 T cell decline and had lower viral loads compared with control mice [135]. 

Similarly, the Berkhout group generated humanized mice with CD34+ cells transduced with 

lentivirus expressing three shRNAs targeting the viral integrase, protease, and tat/rev genes 

(shPol1, shPol47 and shR/T5), and found that the transduced GFP+-sorted T cells were 

resistant to HIV infection ex vivo [136]. Walker et al. used a lentiviral vector expressing 

TRIM5α, CCR5 shRNA, and a TAR decoy to provide combinatorial anti-HIV activity [137]. 

When CD34+ cells were transduced with this vector and transplanted to NSG mice, after 

challenge with either X4- or R5-tropic virus, the progressive CD4 T cell decline observed in 

control mice was completely prevented and, in fact, the gene-modified cells showed a 

selective survival advantage. However, plasma viremia was not reduced, probably because of 

continuous generation of HIV-susceptible unmodified T cells.

One of the main hurdles in stem cell-based gene therapy for HIV-1 is the low frequency of 

gene-modified cells that is typically generated. To overcome this, attempts have been made 

to select for modified cells. The endogenous enzyme o-6-methylguanine-DNA 

methytransferase (MGMT) is required for repairing DNA damage caused by alkylating 

agents such as BCNU (carmustine). O6-benzylguanine (O6-BG) deactivates endogenous 

MGMT so that cells cannot repair BCNU-induced DNA damage resulting in cell death. 

However, gene-modified cells that express a modified MGMT (MGMTP140K) are not 

sensitive to O6-BG treatment and therefore can repair DNA damage from BCNU treatment 

and survive. Thus, treatment with O6-BG/BCNU can be used to select gene-modified cells. 

Chung et al used a lentiviral vector encoding anti-HIV shRNAs that also expressed 

MGMTP140K. Humanized mice were generated using CD34+ cells transduced with this 

lentiviral vector. Seven weeks following transplantation, the mice were treated with O6-BG 

and BCNU weekly for 3 weeks. This treatment resulted in an increase in the frequency of 

the modified genes by 10–15 fold, suggesting that this is a robust system [104, 138].
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Lentiviral treatment of PBMCs has also been shown to be feasible for therapy in the PBL 

model. Suzuki et al. transduced human PBMCs with lentivirus encoding shRNAs targeting 

the promoter region of the HIV LTR (which mediates transcriptional gene silencing by 

inducing epigenetic changes) and infused these cells into NOD/SCID mice deficient for 

Janus kinase 3 (NOJ mice). These mice when infected with HIV-1 were resistant to CD4 T 

cell depletion and had a reduced viral load compared with controls [139]. We have 

transduced PBMCs from HIV-seropositive individuals with a lentiviral vector expressing 

seven shRNAs and shown its effectiveness in suppressing endogenous virus activation in hu-

PBL mice [107].

 7. Safety of lentiviral vectors for human therapy

Murine leukemia virus (MLV)-based γ-retroviral and HIV-based lentiviral vectors have been 

used for human gene therapy (reviewed in [140]). However, the use of earlier generations of 

retroviral vectors in resulted in severe adverse effects, including leukemia, myelodysplasia, 

and lymphoma, in gene therapy trials for diseases such as X-linked severe combined 

immunodeficiency, chronic granulomatous disease, and Wiskott-Aldrich syndrome [141–

143]. This was caused by the transcriptional activation of nearby proto-oncogenes by the 

powerful enhancer elements contained within the γ-retroviral long terminal repeats (LTRs) 

of the vector. On the other hand, the newer self-inactivating (SIN) vectors, in which the 

absence of enhancer elements in their LTRs makes them less able to transactivate 

endogenous genes after integration, are safer [144]. Even so, from a perspective of safety, 

lentiviral vectors may be preferable primarily because the insertion site selection of lentiviral 

vectors differs from that of γ-retroviral vectors, probably due to differences between the 

integrases of the two viruses [145, 146]. In contrast to retroviral vectors which preferentially 

integrate near host cell promoters and enhancers, the lentiviral vectors integrate somewhat 

randomly throughout the genome and thus less likely to activate oncogenes. In fact, 

lentiviral vectors have been used recently in clinical trials and have so far proven safe with 

no reported malignancies [143, 147, 148].

 8. Human clinical trials

Bone marrow transplantation necessitates the use of preconditioning regimens (radio- or 

chemotherapy) to ablate the endogenous hematopoietic cells and free the niche, which is 

required for successful engraftment of gene-modified stem cells. Since HIV-1 is controllable 

with HAART, ablative regimens are unacceptable in HIV-1-positive individuals without 

other diseases, such as cancer, in which bone marrow transplantation is indicated. Thus, 

most of the clinical trials using gene-modified HSPCs have been done in HIV-1 patients who 

develop lymphomas. Even here, ethical consideration dictates the use of unmodified HSPCs 

as well. Hence, combinations of unmodified and gene-modified cells are generally used, 

which significantly dilutes the modified cell numbers, making assessment of the anti-HIV-1 

efficacy of the RNAi difficult. In the first study of HSPC-based gene therapy, four HIV-1 

patients with AIDS-related non-Hodgkin’s lymphoma were given gene-modified HSPCs in 

addition to unmodified cells [99]. To derive gene-modified cells, HSPCs were transduced 

with a lentiviral vector encoding three RNA-based anti-HIV-1 moieties (tat/rev short-hairpin 

RNA, TAR decoy, and CCR5 ribozyme). The treatment was well tolerated, the transfected 
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cells were successfully engrafted in all four infused patients, and persistent expression of the 

introduced siRNA and ribozyme vector expression in multiple cell lineages was observed at 

low levels (0.1–0.3% of PBMCs) for up to 24 months. However, because of the low numbers 

of modified cells, the anti-HIV-1 efficacy could not be determined. Further trials using the 

same vector and combination chemotherapy have been initiated (NCT02337985, 

NCT01961063).

Other studies under clinical trial include the LVsh5/C46 vector referred to earlier, which is 

being evaluated in a phase 1/2 clinical trial in which autologous hematopoietic cells are 

transduced ex vivo, followed by infusion back into HIV-1+ subjects (NCT01734850, 

NCT02378922). Another trial (NCT02343666) using the LVsh5/C46 vector also aims to 

select for gene-modified cells using the O6-BG/BCNU treatment system described earlier.

 9. Conclusion and perspectives

In recent years, significant advances have been made in si/shRNA design to increase 

effectiveness and prevent undesirable effects. Since gene therapy is not risk free and involves 

expensive procedures, it is not currently being pursued to prevent infection in uninfected 

individuals. Current research efforts have therefore aimed at protecting uninfected cells and 

combating infected cells in already infected individuals. Under these circumstances, 

targeting CCR5 alone in infected subjects is probably not the best approach, since it will not 

protect against emergence of X4-tropic virus. Also, considering the immense propensity of 

the HIV-1 genome for mutations, multiple shRNAs targeting both dispensable host factors 

and viral genes will be necessary for any effective treatment approach. However, so far the 

only viable host factor that can be targeted (without adverse effects) is CCR5, and thus 

targeting viral genes at the same time becomes extremely important. Although newer gene-

editing techniques enable easy and permanent disruption of CCR5, they do not provide an 

easy way to disable HIV-1 viral genes, which is necessary to protect uninfected cells. Such 

an endeavor requires that the gene-editing nucleases to be permanently expressed in the 

cells, which could cause an unacceptably high level of off-target effects. Thus, the only 

currently available, practical, and non-toxic way to confer the potential to suppress HIV-1 in 

infected and uninfected cells is via expression of multiple miR-based shRNAs. In this 

regard, notable advancements have been achieved in the use of polycistronic miRNA design 

to express up to four shRNAs and, more importantly, in the use of different endogenous 

miRNA-based flanking sequences to express a virtually unlimited number of shRNAs.

The most practical way to confer long-term HIV-1 resistance is the infusion of HSPCs 

transduced with shRNA-expressing lentiviral vectors, with the idea that the stem cells 

provide a source for continuous generation of HIV-1-resistant T and myeloid cell progeny. 

One major current limitation of this approach is the low level of gene marking generally 

achieved in clinical trials (generally a few percent of progeny cells). Two recent 

developments show promise in overcoming this shortcoming. By using highly purified and 

homogenous batches of lentiviral vectors, optimized culture conditions, vector exposure, and 

a dose-adjusted myeloablative regimen before HSPC infusion, Naldini’s group was able to 

obtain high levels of stable and long-term (>1 yr) gene marking in 50–80% of progeny cells 

[149, 150]. Although the above approach was used in treating leukodystrophy and Wiskott-
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Aldrich syndrome patients, in general it provides reassurance of the viability of HSPC-based 

gene therapy in humans and should be followed in gene therapy trials for HIV-1. The second 

approach is to enrich for transduced stem cells using the MGMT/O6-BG/BCNU treatment 

mentioned earlier, which resulted in >10-fold enrichment in monkey and mouse models and 

is under clinical trial for HIV-1 gene therapy. Considering the advances mentioned above 

and others that are expected, RNAi-based gene therapy is a promising approach for treating 

HIV-1.
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Fig 1. si/shRNAs use the endogenous miRNA machinery for gene silencing
While shRNAs mimic pre-miRNAs, siRNAs resemble mature miRNAs. Like pre-miRNAs, 

shRNAs are produced in the nucleus and are exported to the cytoplasm, where they are 

further processed by Dicer into mature siRNAs. Synthetic siRNAs, upon transfection, are 

loaded directly onto the RISC in the cytoplasm.
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Fig 2. RNAi targets for inhibition of HIV-1 replication
HIV enters the cell by binding to cellular receptor (CD4) and co-receptor (CCR5 or 

CXCR4). Following entry and uncoating, the viral RNA genome is reverse transcribed and 

the proviral DNA integrated into the host genome. Proviral transcription generates viral 

mRNA that encodes viral proteins such as gag, pol, env etc. Thus, any region in the viral 

mRNA and/or mRNA for host genes involved in HIV-1 life cycle, such as CCR5 can serve 

as viable RNAi targets to suppress viral replication.
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Fig 3. Design of AgoshRNA
Conventional shRNA is designed to mimic conventional pre-miRNAs like miR-150 shown 

in the left panel. In contrast AgoshRNA is designed to mimic the pre-miR-451 as shown in 

the right panel. Conventional shRNA typically has a stem length of 19–22 nt and a larger 

loop (~10 nt) compared to AgoshRNA which has a 16–18 nt stem and a smaller (4 nt) loop. 

Whereas the conventional shRNA is processed by dicer and any of the 2 stem strands can 

give rise to guide strand of siRNA, AgoshRNA is processed by Ago2 and only the top strand 

along with the loop is loaded onto RISC (because of Ago2-mediated cleavage of 

AgoshRNA). Mature miRNA sequence is marked in red.
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Fig 4. Multiplexed shRNA
Multiple shRNAs can be expressed under control of different Pol III promoters (top). 

Multiplexed shRNAmiRs can be expressed in the context of polycistronic endogenous 

miRNA cluster (middle) or as multiple pri-miRNAs, each containing the minimal flanking 

sequence derived from different endogenous miRNAs (bottom). While the maximum 

number of shRNAs is limited to 4 in the polycistronic context, the number is virtually 

unlimited using different miRNA flanks.
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Fig 5. Schematic of potential RNAi therapy strategy for humans
Two approaches can be used for human therapy. Either autologous CD4 T cells (purified 

from PBMC obtained by apheresis) or CD34+ HSPC (purified from bone marrow or blood 

after mobilization by GM-CSF treatment) can be in vitro modified to express shRNA 

(generally by transduction with lentivirus encoding CCR5 and antiviral shRNAs) and 

reinfused into the patients. Modified CD4 T cells provide a one-time source of HIV-1 

resistant T cells. HSPC modification is expected to result in the continuous generation of 

HIV-1 resistant progeny T cells and macrophages.
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