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In recent years, there has been a surge in the innovative
modification and application of the viral vector-based gene
therapy field. Significant and consistent improvements in
the engineering, delivery, and safety of viral vectors have
set the stage for their application as RNA interference
(RNAi) delivery tools. Viral vector-based delivery of RNAi
has made remarkable breakthroughs in the treatment of
several debilitating diseases and disorders (e.g., neurological
diseases); however, their novelty has yet to be fully applied
and utilized for the treatment of cancer. This review high-
lights the most promising and emerging viral vector delivery
tools for RNAi therapeutics while discussing the variables
limiting their success and suitability for cancer therapy. Spe-
cifically, we outline different integrating and non-integrating
viral platforms used for gene delivery, currently employed
RNAi targets for anti-cancer effect, and various strategies
used to optimize the safety and efficacy of these RNAi ther-
apeutics. Most importantly, we provide great insight into
what challenges exist in their application as cancer therapeu-
tics and how these challenges can be effectively navigated to
advance the field.
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AN INTRODUCTION TO RNA INTERFERENCE
MECHANISMS AND DELIVERY METHODS
What is RNA interference?

RNA interference (RNAi) describes the mechanism of gene
expression knockdown by disrupting cellular messenger RNA
(mRNA) levels using short sequences of non-coding RNA. This
phenomenon was first described by Andrew Fire and Craig C.
Mello in 1998 when they described genetic interference via the
injection of double-stranded RNA (dsRNA) in a C. elegans nema-
tode model.1 In the following years the silencing mechanism was
slowly elucidated, including the discovery of silencing intermedi-
ates such as small interfering RNA (siRNA) and identification
of enzymes responsible for RNA cleavage and other regulatory
pathways.2 In a physiological setting, endogenous RNAi effectors
are used in the immune response, particularly in anti-viral defense
to knock down essential viral proteins, thereby limiting virus prop-
agation.3 When applied to the current research landscape, RNAi
has since become the standard for transient gene knockdown
studies.
Molecular Therapy Vol. 31 No 11 November
The three most common types of RNAi species are siRNA, short
hairpin RNA (shRNA), and microRNA (miRNA), each type differing
in features including base-pair length, structure, and mechanism of
gene regulation.2 When dealing with single gene knockdown, siRNA
is typically used given that it is almost fully complementary to its
target mRNA, thus conferring maximum specificity. These 21- to
23-nt RNA sequences, with a 2-nt overhang at the 30 end, result either
from the cellular processing of dsRNA by Dicer, a specialized ribonu-
clease III-like enzyme, or can directly be artificially synthesized.4

Similarly, shRNA is typically 50–70 bp, with dsRNA bridged by a sin-
gle-strand loop with a 30 overhang.5 This effector also inhibits protein
translation through the same direct mRNA-degrading mechanism
but is significantly more efficient.6,7 On the other hand, miRNA spe-
cies exist endogenously; they are first processed within the nucleus
and then exported to the cytoplasm where they are further processed
by the Dicer complex. Unlike siRNA, mature miRNA effectors are
capable of silencing multiple mRNA targets via partial complementa-
tion to the 30 untranslated region (UTR) to repress its translation.8

Among these, there also exist other RNAi effectors such as piwi-inter-
acting RNA and guide RNA for CRISPR-Cas9 applications.9,10
The development of RNAi therapeutics

Since its discovery, the therapeutic potential of RNAi has always
been highly touted. Given that its target specificity is largely based
upon genetic sequence, short sequences of non-coding RNA can
be designed against virtually any cellular target, including targets
without an available pharmacological inhibitor.11 As such, the
concept of versatile, post-translational knockdown therapeutics
was poised to revolutionize the entire field of gene therapy and
become a powerful tool for targeting the “undruggable” targets.
Despite challenges related to site-specific delivery, knockdown effi-
cacy, and potential off-target toxicities, the United States Food
and Drug Administration (FDA) approved the first RNAi-based
therapeutic in August 2018. Patrisiran (Onpattro) uses lipid nano-
particles that deliver a small interfering RNA (siRNA) to knock
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down transthyretin (TTR) gene expression for the treatment of pol-
yneuropathy in patients with hereditary TTR-mediated amyloid-
osis.12 The FDA has since approved two other RNAi-based thera-
peutics: givosiran (Givlaari) for acute hepatic polyuria in 2019
and lumasiran (Oxlumno) for primary hyperoxaluria in 2020.
Moreover, currently seven other siRNA-based therapies are under-
going phase 3 clinical trial investigation.13 With respect to cancer
therapy, there are many potential therapeutic roles for RNAi. In
personalized medicine, genetic screening for overexpressed or over-
active cancer driver mutations can identify effective knockdown tar-
gets tailored to each tumor. For example, a phase 1 trial of exosome-
delivered siRNA targeting KrasG12D in KRAS-mutated pancreatic
ductal adenocarcinoma is currently under way (NCT03608631).

Preferential delivery of RNAi by viral vectors

Although many therapeutic RNAi delivery strategies have been devel-
oped, one of the largest obstacles to their clinical application is the
effective delivery of the RNAi effectors for potent gene knockdown.
A vehicle, such as a viral vector or nanoparticles, is required, as naked
RNA molecules are rapidly degraded by nucleases present in the
extracellular milieu. Accordingly, a competent delivery strategy
should encompass the following qualities: (1) the ability to safeguard
the RNAi effector in extracellular space; (2) the ability to seamlessly
penetrate the cellular membrane; and (3) the ability to release the
RNAi effector into the cytoplasm when appropriate.14 The simplest
delivery vehicle is liposome-mediated transfection or lipofection,
which describes the packaging of the RNAi effector into a phospho-
lipid bilayer complex that merges with the cellular membrane and re-
leases the effector into the cytoplasm. Representing the simplest form
of RNAi delivery, this strategy is very well established for routine use
in experimental applications in laboratory settings. Despite this, its
applications are limited by low target specificity and its reduced sta-
bility in vivo. Meanwhile, nanoparticle-based delivery technologies
are being continuously investigated and improved by using newly
developed nanomaterials with greater stability including nanotubes,
quantum dots, and dextran cages.15

To further improve cell selectivity, nanoparticles can be conjugated to
biomolecules such as peptides or antibodies for targeted delivery of
RNAi to specific cell types or diseased cells. In a hallmark study by
Song et al., protein-encased siRNA conjugated to HIV type 1
(HIV-1) envelope antigen-binding fragments (Fab) demonstrated
target specificity to HIV envelope-expressing melanoma cells
in vivo.16 Similar strategies, however, are notably reliant on non-spe-
cific electrostatic interactions between the RNAi carrier and the
biomolecule, leaving them prone to aggregation events and subse-
quent unpredictable pharmacokinetics.17 The majority of these
RNAi delivery methods may also be limited by off-site toxicity. For
example, nanoparticles that fail to extravasate from the blood to the
site of interest often end up accumulating in the liver. While recent
technological advancements have shown glimpses of accomplishing
selective delivery to mitigate toxicities, these strategies have
complicated preparation procedures and are often expensive to
manufacture.15,18
3128 Molecular Therapy Vol. 31 No 11 November 2023
As a simple solution to alleviate these concerns of low stability and
specificity, viral vectors represent an intriguing and naturally occur-
ring option.19 First, viruses are stable in extracellular environments
and already excel at efficiently delivering genetic material to cellular
targets. Viral vectors such as retroviruses, lentiviruses, and adenovi-
ruses have well-characterized modes of transmission and gene trans-
fer mechanisms, unlike the aforementioned physical means of RNAi
transfection.20 For example, adenoviruses have already been exten-
sively explored in cancer gene therapy, delivering genes that trigger
apoptosis (e.g., p53) or stimulating anti-tumor immune responses
(e.g., interleukin-2 [IL-2]).21 Second, especially in the field of cancer
therapy, several virus types have natural tumor tropisms.22,23 In the
process of attaining neoplasticity, early on cancer cells often lose
immunoregulatory mechanisms, thus becoming exquisitely suscepti-
ble to viral infection. This phenomenon is the basis of oncolytic viro-
therapy.24 Similar to nanoparticle-antibody conjugation, the tissue
selectivity of viral vectors can also be further accomplished through
“pseudotyping,” which is the incorporation of envelope material of
other viral types to modulate its natural tissue tropism,25 or through
“retargeting,” which involves the reprogramming of viral surface-
exposed components with single-chain variable fragment antibodies
(scFvs) or other cell-targeting moieties.26 Finally, with the recent ad-
vances in the field of synthetic biology, the production of genetically
engineered viral vectors has become increasingly simple and cost-
effective, making it an attractive therapeutic option with the capacity
to deliver multiple RNAi species at once.27 In this review (summa-
rized in Figure 1), we present viruses as optimal vectors for RNAi
therapeutics and summarize the current strategies employed to target
obstacles limiting their success in the clinic.

THE VERSATILITY OF VIRAL VECTORS FOR RNAi
DELIVERY
Considerations in using viruses as RNAi delivery systems

There has undoubtedly been a recent surge in the innovative modifi-
cation and application of viral vector-based gene therapy.19 The last
decade has seen significant and consistent improvements in the engi-
neering, delivery, and safety of viral vectors as viable RNAi delivery
tools in the clinic. Classically, the most common viral vector gene de-
livery candidates have proved to be the retroviruses (e.g., gammare-
troviruses [g-retroviruses] and lentiviruses), herpes simplex viruses
(HSVs), adenoviruses (AdVs), and adeno-associated viruses
(AAVs).28 These five main classes of viral vectors can be categorized
into two groups according to whether their genomes integrate into
host cellular chromatin (e.g., retroviruses and lentiviruses) or persist
in the cell nucleus predominantly as extrachromosomal episomes
(e.g., AAV, AdV, and HSV). More recently, self-replicating cytoplasm
RNA viruses (e.g., vesicular stomatitis virus [VSV]) have also
emerged as promising candidates for gene delivery, especially within
the field of oncolytic virotherapy.29,30 Moreover, some of these classes
have already been tested for the delivery of RNAi. Selection for their
use in cancer therapy will depend on differences in key features,
namely their efficacy, specificity, stability, and safety. In this section,
we discuss features of the most common viral vector-based RNAi de-
livery agents, the integrating and non-integrating viral vectors, as well
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Figure 1. Viruses as optimal vectors for RNA interference delivery

A graphical depiction of the major sections of the review. The selection of different viral vectors is first outlined, which can broadly be divided into replication-incompetent vs.

replication-competent vectors. Classification of RNA interference targets with anti-cancer effects are then summarized. Finally, strategies to optimize the safety and efficacy

of these RNA-interference-expressing viral vectors is explored.
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as introducing the emerging class of self-replicating cytoplasmic RNA
viruses as it pertains to their application as RNAi delivery tools, both
inside and outside the field of cancer therapeutics (Table 1).

Retroviruses as integrating viruses for the delivery of RNAi

Characterized by their unique ability to efficiently integrate their viral
genome into host cells, retroviruses are a family of enveloped, posi-
tive-sense, single-stranded RNA (ssRNA) viruses defined by the enzy-
matic activities of reverse transcriptase and integrase.31 While several
retroviruses have been investigated for various gene therapy applica-
tions, g-retroviruses and lentiviruses are the most extensively studied
and frequently modified for use as replication-incompetent vectors to
deliver RNAi to mammalian cells.32,33 Their genome is largely non-
overlapping and thus relatively amenable to manipulation, while
the separation of cis (i.e., packaging signal) and trans (i.e., gag, pol,
env) elements generates a simple recombinant retroviral system
with up to 8 kb of transgene coding capacity suitable for the easy pro-
duction of replication-defective recombinant RNAi retrovirus.31

Great advancements in the engineering of retroviral production sys-
tems, notably the advent of self-inactivating vectors, have greatly
increased the safety profile of these vectors as RNAi delivery tools
in vivo. Upon their activation, any subsequent spread is abolished
and the induction of immune-related responses following transduc-
tion is minimized as no viral proteins are synthesized.34,35 These ad-
vancements ultimately result in relatively lower immunogenicity pro-
files compared to other viral platforms.36
Retroviruses replicate through a double-stranded DNA (dsDNA)
intermediate and integrate their genomes stably into the host cells’
DNA, a unique feature that allows for long-term expression of
RNAi molecules.31 While the g-retroviruses (e.g., murine leukemia
virus [MLV]) are only capable of integrating their viral genome
into the host cells’ genomic DNA during the mitotic phase of the
cell cycle, lentiviruses are capable of inducing stable and long-
term gene silencing in both dividing and non-dividing cells.31 As
such, lentiviral vectors serve as a more attractive option for the de-
livery of RNAi to the central nervous system (CNS), where they
have been shown to efficiently transduce CNS neurons and mediate
RNA silencing in the brain and spinal cord in vivo to successfully
ameliorate several animal models of CNS diseases/disorders. The
first studies to use lentiviral-mediated delivery of RNAi to pre-clin-
ically treat CNS disorders employed an shRNA-based lentiviral
approach to silence a disease-causing gene (SOD1) in mouse
models of familial amyotrophic lateral sclerosis (ALS). Silencing
the expression of SOD1 by lentiviral delivery of shSOD1 to familial
ALS mice increased motor neuron survival, improved motor per-
formance, and successfully delayed the onset and slowed down
the progression of the disease.37 Indeed, retroviral delivery of
RNAi has also shown remarkable pre-clinical success in the treat-
ment of several neurodegenerative diseases and CNS disorders
including, but not limited to, Huntington’s disease,38 Parkinson’s
disease,39,40 Alzheimer’s disease,41,42 prion disease,43,44 and spinal
cord injury.45
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Table 1. Available viral vectors for RNA interference delivery

Genus Main representative
Genome
(sense)

Genome
size (kb) Immunogenicity

Duration of
expression Advantages Disadvantages

Gamma (g)
retrovirus

murine leukemia virus (MLV)
ssRNA
(+)

�7–12 low
long term/
permanent

persistent gene transfer in
most tissues—broad cell
tropism

integration might induce
oncogenesis

RRV; confer a considerable
degree of natural specificity for
tumors (cancer therapy)

unable to transduce non-
dividing cells (advantageous
for cancer therapy)

RRV; non-cytolytic—allowing
for persistent gene expression
in transduced cells

site-specific delivery in vivo

Lentivirus
human immunodeficiency
virus (HIV) 1

ssRNA
(+)

�10 low
long term/
permanent

persistent gene transfer in
most tissues—broad cell
tropism

integration might induce
oncogenesis

capable of transducing
dividing and non-dividing
cells

site-specific delivery in vivo

extensive experience
optimizing RNAi expression
via ex vivo engineering of stem
cells

Adenovirus adenovirus (AdV) 5 dsDNA �26–45 high
long term (cell type
dependent)

efficient transduction of target
cells at a low multiplicity of
infection

immune response to viral
proteins (CRAdV)

high probability of pre-
existing immunity (AdV 1, 2,
5, 6)

selective and potent cancer-
cell killing properties
(oncolytic)

liver is often default
destination

Adeno-
associated
virus

adeno-associated virus (AAV)
serotype 2

ssDNA <5 low
long term (cell type
dependent)

low immunogenicity and no
pathogenicity

low transduction efficiency

broad cell tropism difficult to generate high titers

liver is often default
destination

Herpes
simplex virus

herpes simplex virus (HSV)
type I

dsDNA �150 high
short to medium
term

well suited as oncolytic vector
and CNS applications
(retrograde axonal transport)

risk of recombination with
latently herpes simplex virus-
infected cells

suitability as an RNAi delivery
tool has been limited to in vitro
investigations

Vesiculovirus
vesicular stomatitis virus
(VSV)

ssRNA
(�)

11 high short term

cytoplasmic replication
allowing high expression levels
and potential non-canonical
processing of RNAi

very sensitive to the anti-viral
action of interferon

apoptosis induction, oncolytic
in cancer gene therapy
applications

neurotoxicity associated with
viral glycoprotein

genetic structure allows for
easy manipulation

high titer production

(Continued on next page)
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Table 1. Continued

Genus Main representative
Genome
(sense)

Genome
size (kb) Immunogenicity

Duration of
expression Advantages Disadvantages

Flavivirus
West Nile virus (WNV), tick-
borne encephalitis virus
(TBEV)

ssRNA
(+)

11 medium short term

cytoplasmic replication
allowing high expression levels
and potential non-canonical
processing of RNAi

toxicity (non-cytopathic
vectors available)

infect neurons in primary and
cell lines, could be good
candidates for gene therapy in
CNS

pre-existing immunity mainly
in (sub)tropical countries

high titer production

Alphavirus

Sindbis virus (SINV), Semliki
Forest virus (SFV),
Venezuelan equine
encephalitis virus (VEE)

ssRNA
(+)

11 high short term

cytoplasmic replication
allowing high expression levels
and potential non-canonical
processing of RNAi

toxicity due to viral replication
(non-cytopathic vectors
overcome this limitation)

apoptosis induction, oncolytic
in cancer gene therapy
applications

high titer production
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Lentiviruses offer the potential to transduce stem cells, making them
particularly attractive tools for the delivery of RNAi to these non-
proliferating or slowly proliferating (and often difficult to transduce)
cell types. As such, lentivirus-based RNAi delivery has become a
useful tool for the in vitro or ex vivo engineering of immune cells
in the treatment of chronic viral infection. Hematopoietic stem cells
(HSCs) can be engineered to resist viral infections through trans-
duction with a lentivirus-encoding anti-viral RNAi effector.46,47

This approach was first pioneered by transplanting human CD34+

HSCs transduced with a lentivirus expressing an anti-HIV-1 shRNA
(shRNA against rev) into thymus and liver grafts in humanized
SCID (severe combined immunodeficiency disease) mice.48 These
studies demonstrate that transduced T cells and macrophages iso-
lated from mice were shown to resist HIV-1 challenge.48–50 Later
this approach was adopted to transduce CD34+ HSCs with single
or bispecific lentiviral constructs expressing shRNAs against the
host cell factors, CCR-5 and/or CXCR-4, which subsequently gave
rise to progeny macrophages resistant to HIV-1.51 In non-human
primates, a stable reduction of CCR-5 in progeny T cells transduced
with shCCR-5 ex vivo was observed, and shRNA transgene expres-
sion was sustained for over a year in vivo.52 RNAi has also been
combined with other types of gene therapy approaches in a single
lentiviral vector.47,53 For example, people living with HIV-1/AIDS
suffering from malignant lymphomas may undergo autologous
transplantation with peripheral blood-derived CD34+ hematopoietic
progenitor cells transduced with lentivirus encoding the 3-RNA-
based anti-HIV-1 moieties (Tat/Rev shRNA, TAR decoy, and
CCR5 ribozyme) as treatment. Importantly, it is well documented
that the vector persists in multiple cell lineages with prolonged
siRNA expression, albeit at low levels, for up to 24 months.46 Using
similar approaches, lentiviral RNAi delivery systems have been em-
ployed to express anti-viral RNAi mediators for the treatment of
many chronic viral infections including, but not limited to, enceph-
alitogenic flavivirus54,55 and Coxsackie B infections,56 as well as tar-
geting the viral oncogenes E6 and E7 in human papillomavirus
transformed carcinomas.57,58

Despite the recent successes discussed above, the in vivo application
of retroviral-based RNAi delivery so far has been largely limited to
local administration (i.e., treatment of neurological disease) or
ex vivo approaches (i.e., HSC programming) owing to safety and
efficacy limitations associated with systemic delivery.59,60 The irre-
versible and stable nature of retroviral integration means that target-
ing recombinant retroviral particles to desired cell types is essential
for the safe and effective systemic administration of retroviral-
RNAi therapies. Currently, retroviral cell targeting cannot be accom-
plished using retroviral vectors pseudotyped with the glycoprotein of
VSV (VSV-G) given its broad tissue tropism through binding to the
ubiquitously expressed cell-surface low-density lipoprotein recep-
tor.61,62 Several diverse approaches have instead been used to alter
retroviral tropism and/or develop highly targeted retroviral delivery
systems, including the incorporation of heterologous attachment gly-
coproteins, single-chain and bispecific antibody adaptors, and ge-
netic-based systems that alter glycoprotein tropism.63 While these
changes improved target cell specificity, in many cases they were
also accompanied by reduced transduction efficiency.64–66 Subse-
quently, the development of highly targeted retroviral delivery
systems has remained one of the largest obstacles for the systemic
delivery and clinical applicability of retroviral-based delivery of
RNAi in the treatment of many human diseases including cancer.

In the context of treating human malignancies, lentiviruses do not
have any natural tumor tropism; therefore, they require a targeted de-
livery strategy for the delivery of RNAi to tumor cells (e.g., protease-
activated Env proteins).67–69 However, the g-retroviruses possess a
stringent requirement for cell division to achieve productive infection
Molecular Therapy Vol. 31 No 11 November 2023 3131
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and preferentially replicate in cells with defective innate immunity,
making them uniquely well suited for use in cancer therapy.70–72 By
retaining all of the elements necessary for viral replication, retroviral
replicating vectors (RRVs) based on g-retroviruses (i.e., MLV) are
capable of transmitting genes via exponential in situ amplification
and are currently being pursued as therapeutic agents for cancer.73–78

While many other virus types being investigated for this purpose are
inherently cytolytic, RRVs confer a considerable degree of natural
specificity for tumors without the immediate induction of cytolysis
which can contribute to longer-lasting therapeutic efficacy and be
particularly advantageous for RNAi therapeutics.79 Furthermore,
RRV’s non-lytic replication cycle does not trigger immediate anti-
viral immune responses, allowing for sustained viral replication and
therapeutic transgene expression into the tumor microenviron-
ment.79 These factors alongside a growing safety and drug activity re-
cord in humans suggest that these delivery vectors could allow effec-
tive use of RNAi strategies in human cancers; however, this potential
utility has yet to materialize.

Adenovirus, adeno-associated virus, and herpes simplex virus

vectors as non-integrating vectors for the delivery of RNAi

While integrating viruses offer the potential for stable, long-term
transgene expression through their capacity to integrate in the host
cell genome, this unique feature can also pose great genotoxic risk
and in some cases even induce oncogenesis.80,81 Non-integrating vec-
tors specifically share a reduced risk of genotoxicity, offering a safer
profile in vivo and in vitro. In contrast to retroviruses, their genomes
exist and replicate efficiently as episomes during infection producing
high yet transient expression of transgenes; however, expression can
still be retained for long periods in post-mitotic tissues.80 AdV, AAV,
and HSV vectors are three examples of non-integrating viruses that
have been employed for RNAi delivery.82–84 All three of these vectors
are capable of transducing or infecting dividing and non-dividing
cells, thus offering excellent potential for RNAi delivery to cells in
the CNS and other difficult-to-transduce cell types, such as stem cells.

Herpesviruses are an important family of dsDNA viruses known for
their elaborate and large genome (152 kb), which encodes more than
80 gene products. Several genes involved in HSV replication, viru-
lence, and immune evasion are non-essential for the viral life cycle
in in vitro cell cultures. These genes can be deleted or modified, alone
or in combination, to create attenuated and/or safer HSVmutants. In
the context of cancer therapy, many of these mutants present with a
reduced ability to replicate in normal quiescent cells but can grow effi-
ciently in tumor or dividing cells, setting the stage as cancer therapeu-
tic RNAi delivery vehicles.85,86 Recent efforts have also been made to
further modify the envelope of the HSV-1 virion to target specific re-
ceptors that selectively increase infectivity of tumor cells bearing cor-
responding receptors.87,88 Although well exploited as an oncolytic vi-
rotherapy platform, HSV-1 has unfortunately been less explored as an
RNAi delivery vehicle compared to the retroviruses AdV and AAV.
However, HSV amplicon vectors expressing shRNA have been used
recently to mediate post-transcriptional silencing of epidermal
growth factor receptor (EGFR), which is frequently activated in hu-
3132 Molecular Therapy Vol. 31 No 11 November 2023
man glioblastoma cells,84 and to inhibit the expression of BK polyo-
mavirus (BKV) T antigen and tumorigenicity of BKV-transformed
cells in vitro.89

Adenoviruses are non-enveloped viruses containing a dsDNA
genome that provide efficient transduction of target cells at a lowmul-
tiplicity of infection and have well-established methods for manipu-
lation and propagation.90 Compared to retroviruses, these vectors
have more established manufacturing capabilities.90 A recombinant
AdV (rAdV) encoding shRNA (rAdV-shAbcc2) has been employed
in vivo to target the murine ATP-binding cassette multidrug resis-
tance protein 2 (Abcc2), a protein involved in the transport of bili-
rubin out of liver cells and into the bile. C57/BL6 mice injected
with rAdV-shAbcc2 showed significant impairment of Abcc2 func-
tion for up to 3 weeks, as reflected by high levels of processed shRNA
targeting Abcc2, specific reduction of Abcc2 mRNA, and increased
serum bilirubin levels. These results were the first of several to indi-
cate that AdV vectors can be used to express sufficient levels of
shRNA capable of silencing target genes in the liver of mice.91

In the field of cancer gene therapy, AdV has gained considerable
attention because of its selective and potent cancer-cell killing prop-
erties, amplified transgene expression, and additional therapeutic ef-
ficacy by shedding of virus progeny. The first strategy of oncolytic
AdV armed with RNAi involved the use of conditionally replicating
AdV (CRAdV) encoding shRNA against firefly luciferase. This
proof-of-principle study demonstrated that siRNAs expressed from
CRAdV could suppress the expression of firefly luciferase while the
efficiency of silencing increased during viral replication.92 Zhang
et al. later adopted the oncolytic AdV-RNAi platform to achieve
siRNA-mediated gene silencing that led to tumor cell death.83 The au-
thors engineered a novel oncolytic AdV carrying a mutant Kras
siRNA transgene (AdV-siRNAKras) which demonstrated an additive
tumor growth-inhibitory response on human cancer cells through
siRNA-mediated Kras knockdown and AdV-mediated cancer cell
lysis. In a subcutaneous mouse xenograft model of H79 pancreatic
cancer, daily intratumoral injections of AdV-siRNAKras significantly
reduced tumor growth (85.5% growth reduction) relative to parental
AdV (47.8% growth reduction) or AdV expressing siRNA targeting
GFP (44.1% growth reduction). Tumors were characterized by
marked downregulation of Ras-signaling-related gene expression
(AKT2, GSK3b, E2F2, and MAP4K5) and cell-cycle blockage reflect-
ing potent siRNA Kras transgene activity.83 Since then, AdV-medi-
ated delivery of RNAi effectors with anti-angiogenic (e.g., vascular
endothelial growth factor [VEGF], IL-8) and anti-tumor properties
(e.g., Ki67, MYCN) as well as the ability to sensitize cancer cells to
chemotherapeutics (e.g., Survivin, Akt) have been tested the treat-
ment of breast cancers,93 bladder cancer,94 neuroblastomas,95 pros-
tate cancers,96 pancreatic cancers,83 lung cancers,97 colorectal
cancers,97–99 and hepatocellular carcinomas100,101 in the pre-clinical
setting.

Oncolytic AdV vectors undoubtedly possess the capacity to deliver
RNAi species to tumor cells for efficient gene knockdown; however,
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a major limitation to the clinical use of vectors is the host immune
response.102–104 Neutralizing antibodies and pre-existing immunity
represent two significant barriers to repeated vector administration
of AdV-based delivery of RNAi.105 Low-level expression of viral vec-
tor genes in such settings almost always results in the generation of
immune responses directed against AdV-transduced cells and ulti-
mately in the loss of transgene expression. On the other hand, AAV
is highly valued for its lack of pathogenicity in multiple vertebrate
species, including human and non-human primates.106,107 Owing to
their relatively low immunogenicity and their ability to mediate
persistent gene expression, AAV vectors are the most actively inves-
tigated gene therapy vehicles, currently being tested in several human
gene therapy trials.19,28

AAVs are a unique group of non-enveloped single-stranded DNA
(ssDNA) viruses characterized by their reliance on helper viruses
(i.e., adenoviruses) to support their propagation. In the most
commonly used recombinant AAV (rAAV) systems, all AAV pro-
tein-coding sequences are removed to incorporate a payload that is
flanked by AAV inverted terminal repeats.108 When designing vectors
for gene replacement therapies, the relatively limited packaging capac-
ity (�4.7 kb) of AAV typically represents a disadvantage; however, this
does not apply to RNAi-based applications. Separate or combined
packaging constructs containing AAV rep and cap genes alongside
adenoviral helper genes required for replication are provided in trans
to produce replication-deficient AAV virions. While in quiescent cells,
AAV’s stable transgene expression can be observed for multiple years;
in rapidly dividing cells such as tumor cells, episomal AAV is gradually
diluted and in some cases even lost over the repeated rounds of cell di-
vision. Of note, the AAV genome cannot replicate along with the host
cell DNA, leading to loss of the transgene expression.80 Reports on the
stability and duration of transgene expression are variable, and the
exact molecular processes involved in establishing stable gene trans-
duction remain under investigation. As such, it is very difficult to pre-
dict with certainty the duration of transgene expression from AAV,
particularly in the case of cancers. Nonetheless, AAV is the first
RNAi-based gene therapy viral delivery system to be used in humans
in clinical settings (NCT01899092). TT-034, an AVV-based RNAi
product for the treatment of hepatitis C virus (HCV) infection, is
composed of an AAV8 vector carrying three different anti-HCV
shRNAs that cleave the 50 UTR and two coding NS5B regions in the
HCV genome. The clinical trial data demonstrate that TT-034 is well
tolerated, safe, and can effectively transduce hepatocytes and concur-
rently express three anti-HCV shRNAs in human subjects infected
with HCV.82 As a result of the increasing competitive landscape in
HCV treatment and the time required to get TT-034 to market, TT-
034 has received limited partnering interest, preventing its clinical
advancement. Despite this fact, TT-034 has provided a major proof-
of-concept AAV-based RNAi delivery platform and has built a solid
foundation for the use of viral vector-based RNAi delivery platforms,
particularly AAV, in the treatment of human disease.

AAVhas also shownpre-clinical promise for the delivery of RNAi ther-
apeutics to treat cancers. For instance, silencing of the human telome-
rase reverse transcriptase using an AAV vector-based approach was
shown to restore apoptosis in human oral squamous cells both
in vitro and in vivo.109 Furthermore, expression of endogenous RNAi
mediators such asmiRNA-7 fromAAVdecreased tumor growth in hu-
man glioblastomamouse xenograft models through downregulation of
the growth-promoting EGFR pathway and upregulation of death re-
ceptor pathways.110 AAV-based delivery of RNAi has also been em-
ployed to target the expression of cancer-promoting miRNAs (e.g.,
miRNA-21). AAV can mediate stable expression of an shRNA target-
ing miRNA-21 and thus attenuate HT29 human colon carcinoma and
PC3 human prostate tumor growth in mice.111

One of the main challenges with AAV-based cancer gene therapy
is improving the AAV-specific transduction of cancer cells.
Efficient targeting of cells and tissues beyond the liver remains a chal-
lenge for both AdV- and AAV-based RNAi delivery. Systemic admin-
istration of AdV and AAV vectors often results in liver retention, thus
representing a key barrier when other organs are the intended tar-
gets.108,112 Fortunately, the engineering of novel AAV capsids has
been a constant pursuit to improve and expand AAV biodistribution
and transduction efficiency.108 To date, 12 different AAV serotypes
have been translated into rAAV-based delivery systems. These vectors
have variable tropism due to the differential binding of viral capsid pro-
teins to specific cell-surface receptors. Many attempts have also been
made to increase the target specificity of rAAV vectors using natural
discovery,113 rational design (e.g., capsid/host cell biology),114,115 and
directed evolution techniques (e.g., error-prone PCR),116,117 setting
the stage for the future of highly targeted rAAV/AdV RNAi delivery
systems.

Cytoplasmic RNA viruses for the delivery of RNAi

Although less explored, self-replicating cytoplasmic RNA viruses
(cRNA) represent another valuable option for the delivery of RNAi
therapeutics. Unlike retroviruses and lentiviruses, cRNA viruses
have an ssRNA genome that replicates without reliance on any
DNA intermediates. As such, viral genomic sequences do not inte-
grate into the host cell genome, and their transcription and replica-
tion are restricted to the cytoplasm. Although many cRNA viruses
have proved to have off-target toxicity, several cRNA viruses lack
toxicity or can be genetically modified to be used as safe viral vectors
for therapeutic delivery.30,118 Moreover, many cRNA viruses possess
an inherent oncolytic capacity, making them an attractive tool for the
delivery of RNAi to treat human malignancies.119,120 Compared to
integrating RNA viruses, cRNA viruses ultimately pose less of an
oncogenic risk due to the lack of viral sequence integration into the
host genome. Because of their high replicative capacity, cRNA viruses
such as alphaviruses, flaviviruses, and rhabdoviruses provide both
efficient delivery and high-level expression of transgenes.30,118

These viral vectors are of ample use for delivering therapeutic pay-
loads, including vaccine development and gene therapy-based
immunotherapy.30

Historically, the restriction of cRNA virus transcription to the cyto-
plasm was initially theorized to prevent the adequate processing of
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certain RNAi intermediates by preventing access to canonical
miRNA processing elements in the nucleus (e.g., Drosha/DGCR8).
However, cytoplasmic RNA viruses can induce the accumulation
of RNAi processing machinery (e.g., Drosha) in the cytoplasm.121

The accumulation of Drosha in the cytoplasm following infection
with cRNA viruses expressing RNAi species allows Drosha to act
on viral RNA in the cytoplasm to produce pre-miRNA that is sub-
sequently processed into double-stranded RNAi effectors that can
engage their target.29 This theory has been supported, for example,
by the discovery of several cRNA virus-derived small RNAs and a
functional mature miRNA-like structure (KUN-miR-1) expressed
from the Kunjin strain of West Nile virus (WNVKUN).

122 Another
potential barrier for cRNA virus delivery of RNAi species is that
the potential excision of RNAi precursors from the viral RNA
genome can also destroy the viral genome and thus reduce the effi-
ciency of viral replication. However, the presence of a functional
and naturally occurring miRNA precursor element in the tick-borne
encephalitis virus (TBEV, a cytoplasmic RNA virus) genome was
shown to have no measurable negative impact on viral replication.29

To date, multiplexed high-throughput sequencing has revealed pop-
ulations of small RNAs (10–60 nt long) produced in cells following
infection with six different cytoplasmic RNA viruses. While the sec-
ondary structure of these RNAs differs from traditional miRNAs,
populations of virally produced small RNAs that exist as duplexed
siRNAs have been identified and strand-selective loading of viral
siRNAs onto Argonaute complexes observed.123 Although the struc-
ture of these small RNAs suggests that miRNA processing may
occur through alternative non-canonical pathways, these findings
demonstrate that RNAi effectors can be expressed from cRNA vi-
ruses. By developing a better understanding of the structure and
biogenesis of viral small RNAs, future work may exploit the intrinsic
nature of these species for the development of targeted RNAi deliv-
ery by cRNA viruses.

Recent discoveries in the field of viral delivery have shown that both
positive-sense and negative-sense cytoplasmic RNA viruses
including TBEV, Sindbis virus, and VSV have been engineered to
produce RNAi intermediates and subsequently induce post-tran-
scriptional gene silencing of target genes.29,124,125 These replicating
viral vectors represent a safe delivery method for RNAi and a potent
strategy for the induction of transcriptional gene silencing, due to
their capacity to express RNAi species without integrating viral se-
quences into the host genome.125,126 Similarly, we recently em-
ployed a Sindbis virus library to perform an in vitro screen based
on virus-encoded artificial miRNAs (amiRs) targeting �16,000
mammalian genes to identify amiRs that can confer a replicative
advantage to oncolytic virus (OV) platforms. Results revealed that
amiRNA, termed amiR-4, targets ARID1A, a protein involved in
chromatin remodeling and an important player in mediating resis-
tance to OV replication. An OV backbone armed with amiR-4
enhanced OV replication and survival of tumor-bearing xenograft
and immunocompetent murine models.127 While still at early stages
of pre-clinical development, recent evidence highlights that repli-
cating cRNA viruses can be employed as delivery vehicles for
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RNAi-based gene silencing for therapeutic interventions in various
diseases, including the treatment of human cancers. More research
is needed to unfold the full potential of cRNA viruses as safe deliv-
ery vehicles for RNAi therapeutics.

APPLYING RNAi TO CANCER THERAPY
Viral-delivered miRNA targets for cancer therapy

Given the powerful and versatile capabilities of miRNAs as biodrugs,
many academic and pharmaceutical research groups are exploring the
application of miRNA delivery via viral vectors for the treatment of
cancer. The intended application of these different therapeutic miR-
NAs can be broadly classified into three modes of action: (1) induc-
tion of tumor lysis, (2) inhibition of tumor processes, and (3) sensiti-
zation to other therapy regimens. Delivery of RNAi effectors against
these targets by non-replicating viral vectors has shown promise
across different pre-clinical cancer models. While only a handful of
examples will be covered here, a list of all recently tested viral vectors
delivering RNAi payloads in vivo is included in Figure 2.
A logical starting point for increasing cancer cell destruction would be
to induce inherent cell-death programs such as apoptosis, necrosis,
and pyroptosis. Control of these processes is a delicate balance be-
tween the promotion and inhibition of growth and relies on many
host cell factors. miRNAs can influence these pathways at multiple
steps, either by silencing anti-apoptotic factors or by promoting
expression of pro-apoptotic effectors.128 For example, the Bcl-2 fam-
ily is a commonly targeted family of proteins that operate as guardians
to the apoptotic cascade. Delivery of miR-122, known to downregu-
late the expression of Bcl-2 members, by an AAV vector demon-
strated markedly increased cell death in hepatocellular carcinoma
cells and increased in vivo therapeutic efficacy in human liver mouse
xenograft models.129 Similarly, miR-34a delivered by an adenovirus
vector also blocked expression of Bcl-2 in liver cancer and multiple
myeloma models. In addition, miR-34a-expressing viral vectors
showed significant tumor regression in pre-clinical models using
immunodeficient mice.130 Other miRNAs that target apoptotic effec-
tors and can be expressed from viral vectors for cancer therapeutic
purposes include miR-143, which targets Kras and miR-144, and
thus negatively controls the expression of the TP53-inducible glycol-
ysis apoptosis regulator factor.131,132

Delivery of miRNAs by AAV to modulate key components of uncon-
trolled cellular replication can also be utilized to limit cell growth. For
example, in a study by Kota et al., the authors encoded miR-26a, a
cell-cycle regulatory miRNA, into an AAV vector (AAV-miR-
26a).133 Upon treatment with AAV-miR-26a, while most cells ex-
pressed miR-26a, liver tumor cells had markedly reduced levels of
miR-26a and displayed reduced cell-cycle control. Indeed, using
AAV-miR-26a as a replacement therapy approach, the authors found
that the systemic administration of AAV-delivered miR-26a induced
G1 cell-cycle arrest by inhibiting cyclins D2 and E2, which resulted in
reduced tumor growth of a hepatocellular carcinoma mouse model.
Other targets seek to replace downregulated tumor-suppressing miR-
NAs (e.g., miR-370-3p) responsible for controlling tumorigenesis and
tumor migration.134
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Finally, miRNA can be deployed to modulate processes that sensitize
tumor cells to existing chemotherapy drugs or other therapeutic mo-
dalities. Expression of a subset of miRNAs (e.g., miR-886, -923, -944,
-138) was found to correlate with both response to cisplatin and over-
all improved survival in bladder cancer.135 Applying a similar proof of
concept, another group separately identified that miR-6077, through
GLUT1 repression, lowered the half-maximal inhibitory concentra-
tion (IC50) required for anlotinib, a tyrosine kinase inhibitor, to
achieve its anti-tumor effect in patient-derived cell lines of lung
adenocarcinoma.136 Accordingly, this addition of novel miRNA-ex-
pressing viral delivery appears poised as an avenue to supplement ex-
isting current treatment regimens already used in the clinic.

Viral-delivered siRNA/shRNA targets for cancer therapy

Compared to miRNA, siRNA and shRNA differ by focusing on the
knockdown of a single gene target as opposed to multiple targets.
However, like many other single-target therapeutics, the application
of siRNA and shRNA can have a profound therapeutic effect with a
smaller side-effect profile if the appropriate target is selected. Here,
we present four categories of explored RNAi targets: (1) immunosup-
pressive genes, (2) oncogenes, (3) genes promoting cell death, and (4)
other cancer-promoting molecules. A comprehensive list of virally
delivered siRNA or shRNA cancer therapeutics tested in pre-clinical
studies can be found in Figure 2.
(1) Targeting immunosuppressive molecules. The success of immune

checkpoint inhibitors (ICIs) has placed this therapeutic modality
at the forefront of modern cancer therapy development. By using
monoclonal antibodies to inhibit immune checkpoint proteins,
namely PD-1/PD-L1 and CTLA-4, cytotoxic (CD8+) T lympho-
cytes are re-engaged to recognize and kill cancer cells more effi-
Molecula
ciently.137 While many patients have success-
fully shown long-term remission, a fraction
of patients remain resistant to ICIs.138 This
resistance is mostly attributable to low tumor
antigenicity, low infiltration of T cells in the
tumor niche, or an overall poor immune response. The advantage
of delivering ICI molecules using a viral vector is that viral back-
bones can intrinsically induce immune activation and upregula-
tion of the antigen presentation machinery in the tumor micro-
environment. Indeed, the combinational delivery of immune
checkpoint blockade via oncolytic viral vectors has demonstrated
efficacy in various mouse cancer models.139,140 Studies are
already under way to incorporate into viral-based platforms
RNAi effectors targeting immune checkpoint molecules. For
example, the incorporation of RNAi against PD-L1 and
CTLA-4 into a Newcastle disease oncolytic virus has demon-
strated reduced tumor burden and improved overall survival in
the poorly immunogenic B16-F10 syngeneic melanoma mouse
model.141 Deploying siRNA/shRNA against multiple other im-
munotargets such as indoleamine 2,3-dioxygenase, IL-10, and
suppressor of cytokine signaling 1 have also demonstrated
increased activation of immune cells to stimulate a more robust
anti-tumor response.142–144 Taken together, there is no shortage
of immunosuppressive targets that can be downregulated by
viral-mediated delivery of RNAi effectors to improve anti-cancer
therapeutic efficacy.

(2) Targeting oncogene addiction. Upon transformation of proto-on-
cogenes into oncogenes, tumors gain many of the characteristics
essential for its pathogenesis, namely increased cell proliferation
and survival. Naturally, it is hypothesized that the silencing of
these genes would reverse this effect to limit tumor growth or in-
crease cancer sensitivity to chemotherapy. As more than 700 on-
cogenes have been identified to date,145 there is a plethora of tar-
gets for viral RNAi delivery. For example, Li et al. engineered an
AAV-expressing shRNA against MYCN, a known oncogene in
r Therapy Vol. 31 No 11 November 2023 3135
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25% of neuroblastoma cases. By decreasing MYCN transcription
factor levels and its downstream cell differentiation and prolifer-
ation programs, the virally delivered shRNA was shown to signif-
icantly reduce tumor burden through apoptosis induction in
in vivo mouse xenograft neuroblastoma models.99,146 Addition-
ally, knockdown of other well-established oncogenic markers
by viral RNAi delivery have shown promise in pre-clinical
studies, including EGFR in head and neck cancer147 and
androgen receptor in prostate cancer.148

(3) Cell-death induction. Similar to the miRNA targets mentioned
above, siRNA/shRNA can be designed to target core cell compo-
nents and thus either directly inhibit tumor proliferation or
knock down anti-apoptotic effectors to induce cell death. Among
other tested targets, adenovirus-delivered knockdown of Survi-
vin, an established inhibitor of apoptosis, has shown efficacy in
reducing tumor burden in murine models of colorectal and
pancreatic cancers.149,150 Of similar interest, synthetic lethal
gene pairs describe two unrelated mutations that do not impact
the cell on their own but when present together lead to cell
death.151 In this context, RNAi has typically been utilized prefer-
entially as a screening tool to identify novel synthetic lethal gene
pairs. For example, in human acute myeloid leukemia cells, the
authors found that silencing Bcl-2 via lentiviral-delivered shRNA
in cells featuring the isocitrate dehydrogenase-1 and -2 R132H
mutation significantly decreased their viability.152 Exploration
of delivery of these synthetic lethal pairs by viral vector represents
yet another opportunity for investigation and development of vir-
ally expressed RNAi-based therapeutics.

(4) Other RNAi therapeutic targets. In addition to targeting specif-
ically cancer cells, virus-mediated RNAi delivery has been tested
to modify the tumor microenvironment and discourage malig-
nant growth. Multiple studies have previously demonstrated
the use of viral vectors to target genes that inhibit angiogenesis.
VEGF is a central signaling protein that initiates blood vessel for-
mation and orchestrates tumor blood supply. By delivering a
VEGF-targeting shRNA using AAV, the strategy demonstrated
reduced tumor vascularization, blood vessel density, and blood
vessel size. This potent anti-angiogenic effect led to improved
overall survival of glioma-bearing mice.101

Utilizing RNAi to boost the therapeutic efficacy of oncolytic

viruses

Most explored RNAi-delivering viral vectors employ viruses without
replicating potential, meaning that any therapeutic activity can
almost entirely be attributed to the cellular impact of the RNAi
effector. While choosing viral vector delivery offers several advan-
tages over other RNAi delivery platforms, herein lies an intriguing op-
portunity to synergize the effects of RNAi with the inherent killing
ability of OVs given the multitude of platforms available, as outlined
in “the versatility of viral vectors for RNAi delivery.” Indeed, several
groups have already begun exploring this strategy. A study by Rovira-
Rigau et al. screened an adenoviral library of 243 human miRNAs in
human pancreatic cancers and identified that miR-99b and miR-485
repressed multiple target genes responsible for transcriptional regula-
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tion (e.g., ELF4, MDM2, and KLF8), allowing for the enhanced pro-
duction of adenoviral proteins.153 Subsequently, when directly ex-
pressed by an oncolytic adenovirus, this viral enhancement was
able to overwhelm tumor cells, leading to increased tumor cytotox-
icity and an enhanced anti-tumor effect in various in vivomurine can-
cer models.

HSV-1 is one of the best characterized oncolytic viral platforms and
has been modified to express RNAi effectors. An oncolytic HSV-1
has been engineered to target the apoptotic pathway and disrupt
the cancer cell cycle by co-expressing siRNAs against Bcl-2 and Sur-
vivin. This recombinant HSV-1 vector showed decreased tumor vol-
ume growth in athymic nude mice bearing human breast adenocarci-
nomas.154 Through a similar mechanism of suppressing pro-survival
proteins such as Bcl-2 and SIRT1, expression of miR-34a by a tumor-
specific oncolytic vaccinia virus (VV-miR-34a) showed increased
cytotoxicity in multiple myeloma cells. Although the VV-delivered
expression of miR-34a did not show significant improvement in tu-
mor regression alone, its co-administration with a vaccinia virus
armed with another apoptosis inducer, SMAC, was able to achieve
significantly improved survival of tumor-bearing mice.155

The field of oncolytic virotherapy continues to face obstacles in iden-
tifying an optimal combination of payloads to simultaneously in-
crease viral spread and tumor cell killing, all while maintaining the
initiation of a potent anti-tumor immune response for a durable
cure. Some conventional payloads such as granulocyte-macrophage
stimulating factor have been used with success to stimulate the im-
mune system156,157; however, it is likely that more than one payload
may be required to confer curative therapeutic effects. In addition
to cytokines and cytotoxic proteins, RNAi effectors, like the examples
outlined in this section, represent a novel class of payloads that can be
explored for effective anti-cancer combinations.

OPTIMIZING THE VIRAL-RNAi RELATIONSHIP FOR
BETTER SAFETY AND EFFICACY
Safety limitations to the viral-RNAi approach

As with any therapeutic strategy, concerns pertaining to safety and ef-
ficacy must be addressed before the therapy is able to move into clin-
ical trials. The delivery of RNAi effectors using viral vectors alleviates
many inherent concerns of using RNAi therapeutics including extra-
cellular stability, tissue selectivity, and cellular uptake.158 Despite
these advantages, several more breakthroughs are still required to in-
crease the viability of viral-mediated RNAi delivery in cancer therapy.
Starting with safety, excess accumulation leading to toxicity remains a
concern following systemic delivery, especially in the liver. AAV-
mediated in vivo delivery of high quantities of various shRNA were
found to induce hepatotoxicity and, in some cases, death within
2 months of treatment.159 This occurs when the amount of exoge-
nously delivered RNAi overwhelms the cell’s processing ability, re-
sulting in cytotoxicity.160 Moreover, dose-dependent side effects
can also arise at the administration site in response to the virus161;
therefore, a delicate balance is required between reducing toxic side
effects and maintaining good gene knockdown efficacy. As in the
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case of integrating viruses, the capacity for genome integration of
lentivirus and retrovirus vectors into healthy host cells has
been demonstrated to lead to side effects of leukoproliferation and
malignancy.162,163 Finally, any replication-competent, unintended
infection of healthy cells could cause necrosis of physiologically vital
tissue (e.g., liver toxicity) and downstream adverse events.22 Fortu-
nately, several innovative strategies exist to optimize the viral-RNAi
relationship to improve RNAi processing and tissue selectivity and
improve the safety profiles of these biotherapeutics.

Strategies to increase tissue selectivity

Strategies that maintain this “Goldilocks” level of RNAi expression
over a prolonged period of time has been explored by rationally se-
lecting the “type” of promoter that drives the specific RNAi effector
expression. In viral vectors, RNAi effectors are typically expressed
under RNA polymerase III promoters, such as H1 or U6 pro-
moters, given their simple structure and well-understood fea-
tures.164–166 In some contexts where expression is suboptimal, pro-
moters with greater activity such as the cytomegalovirus (CMV)
promoter can be considered.167,168 Additionally, these promoters
can be swapped for tissue-selective promoters and thus increase
on-target effects. For instance, the use of a liver-specific RNA po-
lymerase II type promoter (ApoE/hAAT) for AAV-mediated deliv-
ery of shRNA in vivo showed decreased long-term hepatotoxicity
and limited shRNA detection in other tissues (e.g., spleen, heart),
even at very high doses, compared to the U6 promoter.169 Similar
results were obtained from lentiviral-delivered RNAi using a
neuron-specific polymerase II enolase promoter, which limited
long-term brain tissue toxicity compared to a conventional CMV
promoter in in vivo murine models.170 It is worthwhile discussing
that this obstacle may potentially be completely bypassed by the se-
lection of tumor-selective OVs with inherent tumor tropism, offer-
ing the benefit of less viral backbone modification.171 However,
given that some oncolytic viruses rely on targets of apoptosis, rapid
transcription, and rapid translation for selectivity, there still may be
cell populations with rapid cell tumor where OV infection may be
undesirable.172 As such, integration of tumor-specific promoters in
these vectors may still be worth investigation as a redundant mech-
anism for safety.

Another potential strategy for selective targeting employs miRNA
response elements (MREs), which are short target sequences typically
found on mRNAs that are recognized by specific miRNA species. Su-
perior complementarity pairing between MRE and mRNA leads to a
greater likelihood of mRNA cleavage.173 Given that many miRNAs
have their expression restricted to specific tissues or even particular
cell types,174 MREs can be incorporated into the viral vector to reduce
its expression in specific tissues or cells.175,176 For example, let-7 is a
family of miRNA that operates as tumor suppressors and are subse-
quently downregulated in tumor cells. Indeed, in a study by Edge
et al., infection of normal cells with an oncolytic VSV encoding let-
7a MREs into the VSV-M gene showed repressed VSV infection in
normal GM38 fibroblast cells but unaffected activity in lung A549
carcinoma cells, which express minimal let-7a levels. The let-7a engi-
neered VSV platform did not cause weight loss in mice, and its anti-
tumor activity was maintained at a comparable level to control VSV
in a murine model of colon carcinoma.177 Modifications in MRE
quantity, insertion location, or combinations of different MREs are
continued avenues of investigation to ensure enhanced targeting effi-
cacy of the viral vector.178

Strategies targeting the rate of RNAi processing

To successfully knock down a gene product via RNAi, intensive coop-
eration of many different cellular components is required. As a brief
overview, the introduced RNAi effector is loaded into the RNA-
induced silencing complex (RISC) and used as a guide to identify
the target mRNA strand for silencing. Recognition of the respective
complementary mRNA triggers endonucleolytic cleavage by the slicer
Argonaute-2 (AGO2) to decrease availability of the mRNA transcript
for subsequent protein translation.179 Given that the combined ki-
netics of RISC mRNA recognition and AGO2-mediated RNA degra-
dation is finite, this represents the rate-limiting steps to viral-deliv-
ered RNAi efficacy when overwhelmed with exogenous RNAi
effectors. In miRNA and shRNA processing, the Dicer enzyme (ribo-
nuclease III) also comes into play to generate the RISC-compatible
siRNA for downstream silencing and limits RNAi efficacy.179 Unen-
gaged intracellular RNAi effectors then proceed to compromise cell
viability through outcompeting physiological miRNA required for
normal cell function for RISC processing or the accidental generation
of off-target siRNA against vital cellular proteins.

Given these limitations in the physiological processing rate of RNAi
effectors, strategies targeted at modifying these protein components
can be considered to improve the safety and efficacy of delivered
RNAi. The first option involves artificially increasing AGO2 expres-
sion to increase processing capacity. Co-expression of AGO2 along
with RNAi effectors in the viral vector has been demonstrated to
achieve greater knockdown efficacy without the same hepatotoxic
effects. The knockdown was observed for 5 months after viral
administration without any increase in circulating liver-damage
markers.180

To counteract these excessive RNAi species, the cell uses two major
transport karyopherins, exportin-5/XPO5 and exportin-1/CRM1, to
reduce the levels of RNAi. In theory, by overexpressing these shuttle
proteins, the capacity to nuclear export excess siRNA is increased to
subsequently decrease any toxicity caused by oversaturation. XPO5 is
of particular interest given its use in both shRNA and miRNA export
mechanisms. Pioneering studies showed the promise of this approach
by demonstrating improved shRNA silencing efficacy in cell lines sta-
bly overexpressing XPO5.181 However, while delivery of XPO5 over-
expression along with the desired shRNA via AAV was found to dou-
ble the duration of gene silencing in mouse models, its introduction
also paradoxically increased mortality.182 The authors hypothesized
that the increase in XPO5 precipitated the saturation of another
downstream player, AGO2, which could lead to hepatotoxicity.
Indeed, RNAi efficacy was found to be best when both XPO5 and
AGO2 were co-overexpressed in the same viral vector.182 Thus, the
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combination of AGO2 and XPO5 remains a potential option to in-
crease RNAi efficacy that warrants further investigation.

Prior to entering the RISC complex for AGO2-mediated splicing,
dsRNA species, such as pre-miRNA, must undergo pre-processing
by the Dicer complex to generate functional siRNAs. Within this pro-
cessing step, two potential actionable approaches to increase RNAi ef-
ficacy could be implemented. The first is to bypass this rate-deter-
mining step altogether through “intelligent shRNA design.” A study
by Liu et al. introduces the concept of “agoshRNA,” which describes
the design of smaller shRNA with small loop sizes that can shunt its
processing away from Dicer and become more reliant on the AGO2
endonuclease activity.183 Given its Dicer-independent miRNA pro-
cessing, not only is RNAi processing efficacy expected to increase,
but this approach could lead to a reduction in the levels of antisense
RNA species available for off-target toxicity. While delivery of
agoshRNA via viral vectors has not yet been explored, consideration
of agoshRNA design over conventional shRNA could represent a sim-
ple strategy to improve the safety profile of viral vectors deliv-
ering RNAi.

RNAi suppression strategies to increase efficacy

As miRNAs function as primary regulatory agents, it does not
come as a surprise that the inverse, which is the suppression of
RNAi effectors, can also be used to increase the anti-cancer thera-
peutic efficacy of viral vectors. The competitive endogenous RNA
hypothesis suggests a potential regulatory network between
mRNAs, miRNAs, and a set of long non-coding RNAs (lncRNAs)
which contain miRNA binding sites and can sequester them.184

This hypothesis propelled efforts to use this concept to create
more effective “miRNA sponge” strategies utilizing artificial
lncRNAs. By delivering an artificial lncRNA designed to “sponge
out” different known oncogenic miRNAs via oncolytic adenovirus,
the resulting biotherapeutics were able to increase targeted endog-
enous mRNAs and significantly greater anti-tumor activity in
in vivo models of hepatocellular carcinoma and diffuse large B
cell lymphoma.185,186 Furthermore, viral delivery of the recently
discovered circular lncRNAs, which feature greater stability due
to resistance against endonucleolytic cleavage for more efficacious
miRNA scavenging ability,187 represents yet another promising op-
tion for exploration.

Plants, fungi, and invertebrates naturally rely on RNAi to combat
RNA and DNA virus infections.188,189 To counteract this RNAi-
mediated anti-viral response, many viruses that infect these eukary-
otic hosts have evolved virus-encoded suppressors of RNAi
(VSRs).190 One such virus is the Nodamura virus (NoV), which pri-
marily infects insects but is also highly virulent to certain mammals
such as suckling mice and hamsters.191,192 NoV encodes a VSR
known as B2, which binds dsRNA and inhibits processing by Dicer
to prevent the production of anti-viral siRNAs.193,194 Similarly, influ-
enza A virus encodes the NS1 protein,195,196 Ebola virus encodes
VP35,197,198 HIV-1 virus encodes Tat,199,200 vaccinia virus encodes
VP55,201 and encephalomyocarditis virus encodes 3A.202 Artificial
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incorporation of VSRs represents a related opportunity to increase
production of their OV carriers, thereby increasing oncolytic efficacy.
Indeed, several groups, including ours, have demonstrated that
expression of VSRs such as B2 or VP55 in VSV203 or P19 (another
plant virus RNAi inhibitor) in adenovirus204 increases OV produc-
tion and tumor lytic efficacy. In the context of RNAi-expressing viral
vectors, we need to acknowledge in future designs that RNAi can
attack viral genomes and thus compromise the efficacy of these vec-
tors as therapeutics and vectors to express payloads.

CONCLUSIONS
Viral vector delivery of RNAi effectors has been successfully used
for other therapeutic applications as a powerful tool to knock
down specific genes of interest; however, while exploration of its
application for cancer therapy is under way, its clinical application
remains limited. The intrigue in its continued exploration lies in the
vast opportunity of combinations between different viral vector op-
tions, each with unique advantages and disadvantages, with different
RNAi effectors. In this review, we outline each of the options for
viral vectors and tested therapeutic targets to date. Moreover, we
also offer innovative strategies that could potentially help overcome
challenges faced by this therapeutic class such as modifying RNAi
processing or exploitation of newer RNAi species (e.g., lncRNA,
agoshRNA). Future directions for this field will continue to focus
on identifying an optimal combination of virus and RNAi effectors
that meet standards of therapeutic efficacy while retaining safety.
Here we outline many options available, but a systematic approach
to testing these combinations is reasonable for identifying candi-
dates suitable for each clinical application. Nonetheless, from this
multitude of avenues, we immediately foresee expanding RNAi de-
livery to replication-competent viral vectors with inherent tumor
lytic abilities to have the potential for impressive synergy and,
thus, potent therapeutic efficacy. The main limitations to this
approach include the natural production of neutralizing antibodies
against the virus, inhibiting both its oncolytic and knockdown ca-
pacity, as well as sufficient bioavailability of the virus at the tumor
site.22,171 Strategies looking to overcome these obstacles in the
form of optimal, context-dependent viral platform selection or
combinational therapies with pharmacological compounds (“viral
enhancers”) are under investigation.205,206 Nonetheless, given the
multitude of options and strategies for researchers to bioengineer
a breakthrough in viral vector delivery of RNAi for the treatment
of cancer, it is not a matter of whether we will succeed, but when.
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