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RNA interference (RNAI) uses small interfering RNAs (siRNAs) to mediate gene-silencing in cells and represents
an emerging strategy for cancer therapy. Successful RNAi-mediated gene silencing requires overcoming multiple
physiological barriers to achieve efficient delivery of siRNAs into cells in vivo, including into tumor and/or host cells

in the tumor micro-environment (TME).

nanoparticle intracellular delivery SiIRNA cancer therapy

| 1. Introduction

The discovery of RNA interference (RNAI) in 1998 by Fire et al. 11, laid the foundations for the development of new
gene-targeting methodologies based on RNA oligonucleotides. More recently, the endogenous RNAi machinery in
mammalian cells has been studied intensively, leading to the discovery of molecular mechanisms that allow for
precise regulation of gene expression mediated by double-stranded RNA (dsRNA). DsRNAs, introduced into target
cells using a delivery vector, are processed by Dicer, an RNAse Ill family member, which cleaves the dsRNA
molecules into 19—23 nucleotide fragments that contain a 5' phosphorylated end and an unphosphorylated 3' end,
with two unpaired nucleotide overhangs at each end. These small dsRNAs are called small interfering RNAs
(siRNAs). The N-domain unwinding activity of Argonaute (Ago)-2 unwinds the siRNA duplex into two single strands:
the guide and passenger strands. Once unwound, the guide strand is incorporated into the RNA interference
specificity complex (RISC), while the passenger strand is degraded. The RISC complex then binds to an
endogenous MRNA that is complementary to the guide strand and cleaves the target mRNA through the separate
endonuclease activity of Ago-2. These events affect the stability of target mMRNAs leading to their degradation 28],
In addition to siRNAs, the dsRNA “targeting” sequences loaded into the RISC complex may also be derived from
microRNAs (miRNAs), or from short-hairpin RNAs (shRNAs) (Figure 1). MiRNAs are natural dsRNA molecules
produced by all cells, which impact the function of many genes by blocking target mRNA translation 4. These RNA
duplexes are produced from a stem-loop structure called the precursor miRNA and are processed into short
dsRNAs by Dicer. Due to the short recognition length requirement, an individual miRNA is able to bind to multiple
MRNAs, and hence it has the ability to regulate multiple genes due to reduced binding specificity. This also results
in decreased efficiency of gene-silencing for any given gene, as compared to siRNAs. On the other hand, sShRNAs
are engineered in the laboratory as plasmids. RNA molecules with a tight hairpin turn are expressed from the
plasmid, which can be used to facilitate long-term silencing of target gene expression via RNAi 2. Expression of an

shRNA in cells may therefore typically be accomplished by intra-cellular delivery (for example, by transfection) of a
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plasmid containing specific sShRNA sequences, able to target mMRNA strands after being processed by Dicer.
ShRNA plasmids have the additional advantage of being DNA-based, and so are more resistant to degradation
than dsRNAs. However, shRNAs require the use of an expression vector, and so additional transcriptional steps

are needed prior to the generation of dsRNA.
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Figure 1. RNAi-based therapeutics for gene silencing.

Small interfering RNA (SiRNA), short-hairpin RNA (shRNA), and microRNA (miRNA) exert their activity in the
cytoplasm of target cells, where they are incorporated into the RISC complex. However, in contrast to siRNAS,
shRNAs and miRNAs must be previously processed by Dicer. After binding to the complementary mRNA
sequence, Ago-2 mediates cleavage, and subsequent mMRNA degradation. SiRNAs are exogenous dsRNAs, while
mMiRNAs are derived from endogenous miRNA genes that are transcribed into primary miRNAs. ShRNAs are

transcribed from a plasmid delivered to target cells.

By design, RNAI therapeutics can be targeted to facilitate the downregulated expression of specific genes, and
RNAI is emerging as a form of treatment for a number of human diseases, including cancer. Multiple critical
characteristics of tumor cells can, for example, potentially be targeted by specific RNAI therapies, aimed at
reducing tumor burden and chemoresistance BIEl However, the clinical application of RNAI therapy remains
limited. A major reason for this is that siRNA therapeutics must overcome physiological and cellular barriers,
hindering access of siRNAs to the cytoplasm of target cells (Figure 2), where they are able to fulfill their regulatory

function.
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Figure 2. The intracellular barriers of siRNA-loaded NPs as nanovectors.

2. Challenges in siRNA Delivery: Physiological and
Intracellular Barriers

In vivo delivery of sSiRNA has many challenges. Firstly, unmodified and unprotected siRNAs are unstable in serum,
as they are easily degraded by RNAses @1 Multiple strategies that involve chemical modifications of the backbone
or the bases of oligoribonucleotides have been used to protect siRNAs without impairing their capacity to bind
target MRNA (19] Secondly, siRNAs injected into the bloodstream are very susceptible to removal by renal
clearance, which results in a short siRNA half-life in blood 2. NP-based delivery systems have the ability to
protect siRNAs from intravascular degradation and reduce the risk of degradation and/or interaction with non-target
molecules. However, NPs need to be designed in ways to avoid a number of physiological barriers (Table 1), which
limits their ability to be delivered to target cells. For some delivery systems, the NP-based siRNA delivery systems
are not required to reach the TME to be effective anti-cancer treatments. For example, cancer vaccines, which only

need to be recognized by patrolling immune cells, can be injected subcutaneously. Lastly, irrespective of the target
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cell, siRNAs must be delivered to the cytoplasm of cells to fulfill their regulatory function and degrade target mMRNA

molecules, which necessitates the bypassing of the endosomal-lysosomal pathway.

Table 1. Physiological barriers in sSiRNA delivery by intravenous injection.

Barrier Approach

) Chemical modification of siRNAs, inclusion of siRNAs in NP-based delivery
Degradation by RNAses

systems
Renal clearance Inclusion of the siRNA in a nanocomplex with a HD >6 nm
Reticuloendothelial Addition of PEG to the nanocomplex to reduce protein corona formation and
system phagocytosis

Limited access into tumor Passive accumulation: limit NP size (<200 nm) to promote the EPR effect. Active

tissue targeting: Inclusion of a targeting ligand on the surface of the NPs

I 3. Lipid and Polymer-Based siRNA Carriers for Cancer
kTorsiney

3.1 Fképosomes.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific

genetic interference by double-stranded RNA in caenorhabditis elegans. Nature 1998, 391, 806—
Lip%s_l_o:{nes are spherical vesicles composed of at least one lipid bilayer with an aqueous core. The liposomal

membrane can be positively or negatively charged, depending on the phospholipid composition. SiRNAs can be
iReAAPIRERS Mith-pddRUMEEN dgeRChassifEs By MRIGRIYAE B RvisdaioharariR b ArBsaecen D@ R@nic lipids
inclGdBRVage RYibisbprsLRhethy @@h3RRM 13ob@ie11p0TAP),  N-[1-(2,3-dioleoyloxy)  Propyl]-N,N,N-

MRl AT A0, (RRIEVAS I RASe ReRaiitsWRPIRIZREAR Mt asHElbPidsasteh @bRadksterol
(Chellsc LBQ&HQ M(;_I,I_Zégﬁezb@ﬁ]gygg@z%gggsphocholine (DOPCQC), and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DSPE) to form lipoplexes. In most cases, the siRNA—cationic lipid complexes have a much-

r%dﬁcrgg) rp?ossit}\//é-lzzm%rguenﬂ&vgvg{ %l%'Eﬂ%h%‘&tﬁ% (')\Ir'ar‘l%aul\rléa}thlprgs%%%g’h%%% ’s%%gﬁcggﬁrﬁiarmacokinetic properties

& Paiddisor, PcodaatiyieAhan Baiomtednek. THamutusia® . of; REsh i . & agaticahangsincRNiAe positive
chafgkRN AR sudace gdiprenvessfacifie silerrdingdnRhGnchaatiainubile GualesdDénoPens NG gd@-cells,
ulti®B®ly lowering their transfection efficiency 23], Additionally, PEG interferes with endosomal escape, resulting in
SiRNA degradation. The incorporgtion_of a pH-sensitive molecular bridge between PEG and other components of
6. Anfray, C.; Mainini, F.; Andon, F.T. Nanoparticles for immuno herapl){éln Frontiers of Nanoscience,;

the liposome can facilitate the endosomal release of SiRNAs, increasing s nci% efficiency. Shuian-Yin and
Elsevier Ltd.: Amsterdam, The Netherlands, 2020; Volume 16, pp. 265—-306.
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WSS SO LT, PRARISE" A5PE) 13 43930 agger cells (HeyABMDR) to reduce
paclitaxel (PDX) resistance. HeyA8-MDR tumor-bearing mice treated with liposomes, containing both PDX and the
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1919MBAJS: Ievelsvrirecer i IARI AL dROBPReSSIATRES A SR19. BAEIEREMREPIRPLIRRA Bbifvergnother
sirr@%{@my_lqgiao_ma%%lfweQw. Sztm ﬁ%apqggiefgygs, showing synergistic activity of PDX and Polo-like

kinase 1 (PLK-1)-targeting siRNA in limiting the progression of breast cancer. These cationic liposomes were also
Uit ERIR Gilh™ B Get RPEARRIE RSN kMRS RIGH ke RS MAERERMAM R ABRDAeS R the
use oF Gl RePE TR VibriBinR Ry R PR AN RSl R B AR FRY R A 1 ARG S somes

WasS I&'élv'ah E)%ag%e%g\/sé %Ot:rle?’dtlzr)’lg’p%%gr_e%ﬁg‘ cancer L4, These experimental examples suggest that the use of

ISIRNaydsrdetify; $PrROfIENOMDIENES; tNengxesFalkn Lyvceleeks, aleDapkitoosimerize Agtie atielpasherapy,
reshitioteiic radict4ith idmemwpattidhes iidenvadgig ofiseorgaafidumonopidaises. Biochim. Biophys. Acta-

Biomembr. 2006, 1758, 429-442.
Specific antigen-targeting monoclonal antibodies (mAbs) can be coupled to liposomes in order to achieve specific

12 ARG HBRveT, Y BRI ML S P o VAR AR Mo F s 281 dRdts SPERE NN Birayer
is inHARnErid NS ShBF S Aneahe 3tidyIn Al lIRos ANEs RELVRSR (N8 ATEHAE XTping
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1lpopiated) YnaZ errobaNnyoriseted iQlq onlewes andobyariteradtingeyith. e Stdiodll e pysigitirablpdesement (Fc)
dortiposofiainvomglexdisswith ehadlesh#ie sivoctiorelizatienhefneindifhwidiRidkieliyeapy antibody. With this
meBiplagyorihel cvuilesd? 0ddtiab®: @eMhaBySs exposed for ligand binding, in contrast to standard coupling

t
15. Lee, J.; Cho, Y.J.; Lee, J.W.; Ahn, KSP siRNA/paclitaxel-loaded PEGylated cationic _
improve survival in a mantle cell lymphoma xenograft model. Another report by Guan et al. £, sho,vveéj that active
liposomes for overcoming resistance to KSP inhibitors: Synergistic’antitumor effects in drug-
tumor targeting was not always necessary to achieve good therapeutic effects. The authors developed liposomes
_ resistant ovarian cancer. J. Control. Release 2020, 321, 184-197. _ _
with a cationic core for siRNA loading and an outer layer composed of DSPE-PEG2000 to prolong circulation.
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xenograft models, experimental evidence for the effectiveness of EPR in human tumors remains contradictory (2],
18. Song, E.; Zhu, P.; Lee, S.K.; Chowdhury, D.; Kussman, S.; Dykxhoorn, D.M.; Feng, Y.; Palliser, D.;

3.2y\RiP avivedINanpsy stemsal. Antibody mediated in vivo delivery of small interfering RNAs via
cell-surface receptors. Nat. Biotechnol. 2005, 23, 709-717.

procedures, which can limit the functionalilt_)( j)f he attached mABs. One of the formulations(g‘roposed was able to
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dowo;gﬁglggtéon in vivo 237 Despite belng a promising study, the authors did not go on to provide evidence of in
vivo anti-tumoral activity, since the NPs were designed to carry an siRNA targeting red fluorescent protein (RFP),
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gluEARAPRISTIREE) AleRWes QishealAter (Ha WA SigRaINAURISANRELASYE BRIBESABIR Ron-toxic,
norfARRT0BERic 28PN 82pédmfded in targeting CD44, which is highly expressed by a variety of tumors 251, HA-
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depgagdgntzeih sumor vascularization, suggesting that tumor accumulation was not solely mediated by the active

targeting ligand HA [28],
27. Malhotra, M.; Gooding, M.; Evans, J.C.; O'Driscoll, D.; Darcy, R.; O’Driscoll, C.M. Cyclodextrin-
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a"%ﬁrﬁb&%*é&%ﬁ%d“&fmﬂﬂsvm&P'fﬂ‘i/é? mk&ggt_t@g_ideal candidates for synergistic drug delivery 27,

Wang and colleagues developed a CD-PEI conjugate adsorbed to gold nanorods for the codelivery of docetaxel

Z&sz%getl;ler- w.ﬁ'w smg ’targtla?%aiQHé pre e"’u‘rﬁaBé’é‘ afIP% %?J%gr%tl&oweg u[ﬁ % cfh Cﬁqr_degver gv%{/ngﬁ its
dov%sottr%gr%nggs%g e2v\(/-')elr‘eIr |§%b§0d4 b§1p765 blockade leading to an enhanced DTX effect and reduced tumor
WoBthyengy&. | Ntsgsingly.; Wagaer EtfoDe crdstecillat® tiSibledty S heBandens, K ddiakitonitdhireg e -
infrlisddS&RIDBsEf SRBIAipatyipeXEsxineteasenfisnertieab Tof- pFeBickisi§ MAeiobiplexgs adeffiodaging. sSiRNA
endosrmal eRelesm de120dr0)ote th8 ®63 knockdown sensitized 4T1 breast cells to DTX treatment by suppressing
the expression of the anti-apoptotic gene, Bcl-2. The treatment of 4T1 tumor-bearing mice with DTX-CD-PEI-SiRNA
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vaccine. Adv. Immunol. 2012, 114, 1-32.
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etrieved from htt ' // en cIo eda b/entry/history/show/3901
ovlve reduceld P md,\r,vévrvowt rﬂpa‘reg uto con¥ro|I ertne\r’}/nore ﬁlstopathology and Western blot analysis of

excised tumors showed reduced VEGF expression 331,
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3.4. Anti-Tumor Nanovaccines Enhanced by siRNAs

Therapeutic cancer vaccines aim to induce de-novo immune responses against cancer cells by promoting the
activation and subsequent expansion of tumor-specific CD8* or CD4"* T cells, which mediate anti-tumor immunity.
NP-based cancer vaccines can help to improve antigen recognition and presentation by APCs (i.e., DCs). The
incorporation of antigens in NPs can be achieved by covalent linkage of a protein or a peptide to components of
the nanostructure. In addition, nucleic acids such as mRNA and DNA can be attached through electrostatic
interactions to the surface of NPs (similarly to siRNAs) and can be processed and translated by APCs into
antigenic peptides. Moreover, DNA and mRNA-based cancer vaccines are able to incorporate multiple antigens to
increase immunogenicity and the activation of a strong and specific anti-cancer immune response. NP-mediated
transfection with DNA or RNA coding for oncogenic proteins or peptides has the advantage of more closely
mimicking live infections by incorporating multiple antigen epitopes into one construct. In addition, nucleic acids

can serve as self-adjuvants, stimulating the endosomal toll-like receptors (TLR 3, 7, 8, or 9) 28],

Not all NP-based cancer vaccines are required to reach the TME in order to be effective. Tumor targeting of
nanovaccines can result in modification of the tumor immune infiltrate, due to the immunomodulatory activity of the
adjuvant included in the NP, leading to enhanced anti-tumor responses 7. Nanovaccines are usually administered
subcutaneously, where they form a depot, which causes local inflammation and infiltration of APCs able to take up
and process the NP. After activation, DCs then migrate to the lymph nodes, where they present the antigen via the
major histocompatibility complex (MHC) class | or Il to CD8* or CD4" T cells, respectively. NPs can also be
designed to drain directly into the lymphatic system without forming a local depot. For this purpose, NPs ranging
from 30 to 100 nm have been shown to effectively reach lymph-nodes after subcutaneous injection while NPs of a

larger size are unable to drain effectively into the lymphatic system and are retained at the injection site [28l.

The activity of cancer vaccines can be enhanced by the inclusion of siRNAs targeting one or more immune-related
proteins aimed at further enhancing function and antigen presentation by APCs. Other siRNA targets include
checkpoint blockade inhibitors, which dampen ongoing immune responses in the TME B2, Thus, including siRNAs
in nanovaccines can further enhance the specificity of anti-tumor immunity. Recently, Huang and colleagues
designed tumor-targeted lipid dendrimers for hepatocellular carcinoma (HCC) treatment. These NPs consisted of
the antigenic molecule hemagglutinin (expressed by the implanted HCC cell line in mice), a PD-L1 siRNA, and an
IL-2 expressing plasmid to enhance effector T cell activity. These NPs provide adjuvant activity by inducing the
STING pathway, which triggers the secretion of inflammatory cytokines such as CCL5, CXCL10, and IFN-B to
further enhance immune cell activity in the TME. In vivo experiments on HCC murine xenografts demonstrated

increased tumoral infiltration of CD8" T cells, primary tumor growth suppression, and inhibition of distal metastasis
(49],

A microparticle formulation derived from the bacteria, Propionibacterium acnes, called MIS416, was covalently
attached to the model antigenic peptide, SIINFEKL, to study its potential as a cancer vaccine. The adjuvant
properties of MIS416 were conferred through its cell wall skeleton, consisting of immunostimulatory muramyl

dipeptide repeats and CpG sequences which, respectively, activated NOD-2 and TLR-9 receptors to induce DC
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activation. SIINFEKL was conjugated to MIS416, utilizing a streptavidin bridge between biotinylated versions of
MIS416 and SIINFEKL. This formulation was able to enhance costimulatory molecules on treated DCs and induced
strong antigen presentation on MHC molecules. Furthermore, in vivo cytotoxicity experiments with the MIS416-
SIINFEKL conjugate resulted in the induction of a specific anti-SIINFEKL immune response 1. In a follow-on
study, the feasibility of using MIS416 to deliver signal transducer and activator of transcription 3 (STAT3)-targeting
siRNAs was further explored to enhance DC function. A biotinylated STAT3 siRNA, which was conjugated to
MIS416 through a disulfide linkage, allowed endosomal escape of the siRNA, and following the treatment of DCs
with MIS416-SS-siStat3 the downregulation of both STAT3 mRNA and STAT3 protein levels were observed
compared to controls. These studies suggest that an siRNA gene targeting approach could potentially be used to

further enhance the cancer vaccine capabilities of MIS416 421,

https://encyclopedia.pub/entry/16412 9/9



