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Clinical Lipidology

Development and clinical applications of
siRNA-encapsulated lipid nanoparticles in
cancer

Efficient delivery of siRNA to cancer cells after systemic administration poses a
significant challenge. While many methods of nucleic acid delivery have been
described, encapsulation of siRNA in lipid nanoparticles (LNPs) represents the most
clinically advanced delivery approach. Currently, there are two siRNA-LNP-based
treatments (ALN-VSP and TKM-PLK1) in clinical trials targeting solid tumors, with
additional studies ongoing for noncancer diseases. The consensus from these clinical
studies is that siRNA-LNP represents safe and potent silencing systems. Improvements
in LNP technology through development of more potent and biocompatible ionizable
cationic lipids along with targeting lipids to mediate delivery of LNPs specifically to
cancer cells are on the horizon. In combination with genomic screening, it is possible
that within the next 5 years the pathogenic drivers of individual cancers will be
identified and siRNA-based personalized medicines will be formulated to achieve
successful treatment of cancer and other genetic diseases.
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Cancer is the leading cause of death worldwide, with the most recent available data
from the International Agency for Research
on Cancer reporting through the GLOBOCAN Project (2012) that 8.2 million deaths
in 184 countries were caused by cancer, which
rose from 7.6 million deaths in 2008 [1,2] . It
is estimated that by 2025 there would be
13 million deaths accounted for by cancer. In
Canada, the numbers were even higher, with
approximately 30% of deaths being caused
by cancer. In 2012, it was estimated that 500
new diagnoses and 200 deaths per day were
due to cancer [3] . The hallmark of cancer is
gene mutation(s) resulting in uncontrolled
cell growth with malignant tumors invading neighboring and distant tissues if left
untreated. Currently, conventional cancer
treatment involves surgery, chemotherapy
and/or radiation, alone or in combination.
Unfortunately, significant side effects are
associated with chemo and radiation therapies, and in many cases these treatments have
only limited effectiveness. The poor response
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rates to these therapies can be due to genetic
incompatibility, location of tumor, severe
toxicity or some combination of these.
Cancer-causing gene mutations result
in very complex modifications of cellular
function that can affect multiple biological
pathways. Therefore, one of the challenges
in successfully treating cancer is determining and targeting the specific pathogenic
mechanism(s) involved. Unfortunately, since
most cancers have a unique genetic code,
many mechanisms are possible, frequently
rendering conventional cancer treatments
ineffective [4] . As a result of this heterogeneity, there is a need to treat cancers, even
those of the same tissue with the same
diagnoses/classification, as unique diseases
[5–7] . Therefore, to improve the specificity of
treatment when dealing with genetic diseases
such as cancer, it would be beneficial to take
a personalized medicine approach [5,6] . This
new revolution in disease treatment requires
an understanding of the specific pathogenic
mechanisms and preparation of tailored ther-
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apies for individual patients [5,6] . As the ‘omics’ revolution (genomics, proteomics, metabolomics, among
others) identifies specific genes and gene products that
are pathogenic drivers of cancer, there will be a need
to target and regulate the expression of these crucial
genes. Since many of these targets will be ‘nondruggable’ with conventional small molecule or antibody
treatments, alternative strategies are needed to realize
the potential of the personalized medicine approach
for treating genetic diseases. An attractive strategy by
which to treat genetic diseases is through siRNA-based
therapeutics [8] .
siRNA therapeutics
RNAi, a process of dsRNA-mediated gene-specific
silencing, was first described in mammalian systems
by Fire and colleagues [9,10] . The subsequent discovery
that short synthetic dsRNA termed siRNA are capable
of inducing RNAi and mediating specific silencing of
virtually any target gene has been the basis for what
is now a crucial tool in basic research. More recently,
there has been significant and growing interest and
excitement in the potential therapeutic application of
siRNA, particularly against the numerous ‘undruggable’ targets. siRNA is a very attractive therapeutic
alternative to small molecule chemotherapeutic agents
or antibody drugs owing to the specificity, excellent
safety profile and the potential for rapid early-stage
drug development based on the availability of genomic
screening/sequencing data to enable siRNA sequence
selection [8] . Despite the tremendous potential of
siRNA therapeutics, its use as a free drug has faced
several significant obstacles including rapid clearance
upon systemic administration, rapid breakdown of
unmodified siRNA in biological fluids, poor accumulation at disease site, inefficient intracellular delivery
and unintended stimulation of immune system.
Key modifications to siRNA structure have largely
provided solutions to the issues of stability, off target
effects [11,12] and immune stimulation [13,14] . For example, chemical modifications, such as phosphodiester
backbone modifications, 2´OH positional modification, ribose modification and residue replacement, have
overcome the increased sensitivity of the ribose backbone of siRNA to hydrolysis compared with DNA,
and, thus, stabilized the molecule, leading to improved
siRNA activity. Although this review will not cover
advancements in siRNA design and modification, a
number of recent comprehensive reviews are available
[15,16] . In addition, siRNA modifications have also been
used to address unintended stimulation of the immune
system (for comprehensive reviews see [17,18,19]). While
unmodified siRNA has shown to be effective in gene
silencing, it has also been shown that these molecules
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can exert a nonspecific therapeutic effect that is attributable to stimulation of immune system [20] . As extensively reported, unintended immune stimulation has a
significant potential to skew experimental results, particularly those from in vivo studies. For example, using
a nonimmunostimulatory siRNA control, Robbins
and colleagues were able to show that active siRNA
duplexes can result in antiviral activity and suppressed
gene expression through mechanisms unrelated to the
specific RNAi gene silencing mechanism, but rather,
due to immune stimulation [20] . Therefore, the selection of nonimmunostimulatory siRNA molecules
is critical when designing target siRNA and control
sequences as these may impact the therapeutic effect
and its interpretation, as well as potentially mediating
adverse side effects. In addition to impacting interpretation of experimental results, this phenomenon has
also been found to impact therapeutic development of
siRNA. Unintended immune stimulation has proven
to be the dose-limiting toxicity [13] in early siRNA
clinical trials.
Targeting of free siRNA
Although the issues of rapid breakdown/sensitivity
to nuclease and nonspecific and unintended immune
stimulation have largely been addressed through
chemical modification of the siRNA, these changes
have not improved the intracellular accumulation as
negatively charged macromolecules do not readily diffuse across cell membranes. To overcome this hurdle,
strategies to incorporate additional modifications, such
as inclusion of targeting moieties, have been employed
to improve the uptake of siRNA into cells. For example, Wolfrum and colleagues showed that upon conjugation to cholesterol or other lipophilic moieties, the
lipophilic siRNA associated with serum components
such as albumin and HDLs and LDLs [21,22] . This was
found to mediate siRNA accumulation in different tissues based on the interaction of the associated serum
components with their cognate receptors on the plasma
membrane of various cell types [22] . However, the process was not as simple as first proposed. The import
of these conjugated siRNA was still reported to be
dependent on transmembrane protein systemic RNAideficient-1 SIDT1, suggesting a duality where association with the lipoprotein serves to dock the lipophilicconjugated siRNA to surface of cells while SIDT1
mediates the intracellular accumulation of siRNA [22] .
This process was observed in the gene specific silencing
of the protein 2´,3´-cyclic nucleotide 3´-phosphodiesterase CNPase in rat and nonhuman primate (NHP)
brain by direct intraparenchymal infusion [23] that was
further improved upon siRNA conjugation to cholesterol [24] . Extensive efforts were thus made in the fields
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of lipophilic-conjugated siRNA, as well as conjugation
to small molecules using modular click chemistry [25] .
This strategy has proven so promising that it is currently undergoing evaluation in human clinical trials.
In supporting preclinical studies in mice and NHP,
conjugation of siRNA against transthyretin (TTR),
a plasma retinol and thyroxin binding and transport
protein, to the carbohydrate GalNac (N-acetylgalactosamine) proved to induce potent silencing following
subcutaneous (s.c.) administration, resulting in 50%
target gene silencing (ED50) at doses of <5 mg/kg. This
was mediated by efficient siRNA uptake into the liver
via the cognate receptor for GalNac, the asialogyco
protein receptor. This provided an extremely wide
therapeutic index (ratio of toxic dose to therapeutic
dose) since five doses daily at 300 mg/kg in rats and
single 300 mg/kg doses in NHPs were found to be well
tolerated [26] . Currently, a Phase I clinical study in the
UK is ongoing evaluating the s.c. administration of
GalNac-conjugated to TTR siRNA for the treatment
of TTR-mediated amyloidosis [27] . Also, this technology has been applied to silence the antithrombin (AT)
gene as a treatment strategy for hemophilia. Preclinical studies using GalNac conjugated to anti-thrombin
siRNA (ALN-AT3) administered by s.c. administration have demonstrated potent, titratable and reversible
silencing of AT3 [28,29] and recently, this product was
granted orphan drug designation by the USA FDA [27] .
These are examples of siRNA conjugated to a targeting ligand with therapeutical potential in the liver
following s.c. administration. While the effective doses
are considerably higher (ED50 <5 mg/kg) than those
necessary for similar silencing following intravenous
administration of lipid nanoparticle (LNP) encapsulated siRNA (ED50 ∼0.03 mg/kg) in NHP [30] (see the
‘LNP formulations of siRNA’ section), the advantages
of such a route of administration make this strategy very attractive. The targeting of GalNac to the
asailoglycoprotein receptor is very specific, mediating
targeted uptake in the liver, thus providing a viable
strategy for the treatment of cancers and other genetic
diseases of the liver. For diseases outside the liver, however, the short plasma half-life of conjugated-siRNA
(in the range of 0.5–2 h [22]) and hepatocyte affinity
do not facilitate accumulation at extrahepatic sites of
disease.
Delivery of siRNA using lipoplexes
First-generation lipoplex systems consisting of permanently positive charged particles were toxic. However, with synthesis of less toxic lipids various lipoplex
delivery systems have been tested for siRNA delivery
in various tumor models. The most promising lipoplex
system in the clinic is AtuPlex employed by Silence
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Therapeutics (London, UK). The AtuPlex technology revolves around the complexing of siRNA with
lipoplexes comprising of polycationic lipid AtuFect1
along with 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine and polyethylene glycol (PEG)–lipid
[31,32] . AtuPlex delivery systems showed successful
gene silencing in vitro. In vivo biodistribution studies in mice, however, reported somewhat confounding biodistribution data where delivery of siRNA to
several organs, such as liver, spleen, lung, heart, pancreas and kidney was detected as early as 5 min postadministration [32] . Although siRNA was detected in
several organs, the authors pinpointed the uptake of
AtuPlex-siRNA and gene silencing to the endothelial
cells of the organ’s vasculature [32] . These findings led
to the development of their lead candidate Atu027, a
lipoplex formulation delivering siRNA against PKN3
to solid tumors [33] . Preclinical studies using Atu027
showed PKN3 silencing that was maintained for 144
h that inhibited tumor development on Matrigel and
cell migration (of human umbilical vascular endothelial cells and human microvascular endothelial lung
lymphatic cells) [33] . In vivo studies showed that PKN3
silencing was observed in lung and liver of mice, rats
and cynomolgus monkey. When tested in mice bearing orthotopic prostate or pancreatic tumors, repeated
Atu027 treatment showed inhibition of tumor growth
and lymph node metastasis while causing no detectable toxicity [33] . Futhermore, since Atu027 showed
successful delivery and gene silencing in lung cells
owing to their highly vascularized nature, Atu027
studies were extended to several pulmonary metastatic
tumor models [34] . Although metastasis was prevented
by Atu027 treatment, repeated dosing did not reduce
tumor volume of primary tumor [34] . Phase I clinical
studies of Atu027 have been completed on 33 evaluable
patients with solid tumors, indicating that Atu027 was
well tolerated with a maximum tolerated dose of 0.336
mg/kg [35] . Currently, patients with pancreatic cancer
are being recruited for a continuing Phase Ib/IIa study
using Atu027 in combination with gemcitabine. As
well, a second Phase Ib trial has been approved to look
at the combination of Atu027 with cisplatin, 5-FU and
cetuximab in the treatment of recurrent and metastatic
head and neck squamous cell carcinoma [36] .
Delivery of siRNA using neutral liposomes
In addition to cationic LNPs, neutral 1,2-dioleoyl-snglycero-3-phosphatidylcholine (DOPC) liposomal
systems have also been used to deliver siRNA. Neutral liposomal systems containing siRNA against
the oncogene EphA2 (tyrosine kinase receptor) have
been evaluated in orthotopic tumor models in mice
bearing HeyA8 or SKOV3 ovarian cancer [37–39] .
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EphA2siRNA-DOPC systems mediated gene-specific
silencing, as well as reduction of tumor volume upon
repeated dosing [37,39] . The tumor volume was further
reduced when cotreated with paclitaxel [37–39] . This
formulation is currently undergoing Phase I clinical
studies to establish toxicity and maximal tolerated
dose profiles in patients with advanced and recurrent
cancer. The initial preclinical studies showed great
promise and EphA2-siRNA-DOPC systems have been
further improved upon in ongoing preclinical studies.
The anti-tumor effects of EphA2siRNA-DOPC systems were enhanced by loading them to biodegradable
mesoporous silicon particles (S1MP) approximately
2-μm diameter with 26-nm pores [40] or co-treatment
with FAK-siRNA-DOPC systems [41] . The loading of
EphA2-siRNA-DOPC to S1MP resulted in sustained
gene silencing over a 3-week period with a single dose
in comparison to EphA2-siRNA-DOPC alone, which
only lasted 5–6 days with repeated dosing. The sustained EphA2 silencing resulted in reduced tumor volume in two orthotopic ovarian tumor models, as well
as reduced microvessel density and cell proliferation
[40] . When cotreated with FAK-siRNA-DOPC systems, significant tumor growth reduction in conjuction with reduced cell proliferation and angiogenesis
was also observed [41] .
Other noncationic lipid delivery systems
Other noncationic lipid delivery systems include pHsensitive fusonic peptide [42] , cell penetrating peptide
[43] , cationic polymers [44] , lipid–calcium phosphate
systems [45–47] , anionic–lipoplex bridged to siRNA
through calcium [48,49] , cationic polysaccharide chitosan [50] and cyclic oligomers of glucose-based delivery
systems, such as cyclodextrin (for review see [51]).
LNPs
LNPs were first used for the delivery of poorly tolerated and/or soluble drugs to improve therapeutic index
and overally efficacy (Figure 1) . These systems were
comprised of lipid bilayers surrounding a central aqueous core (for detailed review see [52–54]). Encapsulation
of these drugs prolongs their lifetime in the circulation and protects the cargo from degradation, thus
improving delivery to sites of disease. The enhanced
delivery to target sites ultimately results in an overall
improvement in drug efficacy. Therefore the application of liposomal systems to encapsulate genetic drugs
(nucleic acids) was viewed as a potential strategy to
achieve a safer alternative to viral systems for gene therapy. Felgner and colleagues first showed that permanently positively charged lipids can be synthesized and
used for the delivery of plasmids for transfection purposes in vitro [55] . Unfortunately, the great expectations
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for in vivo applications ultimately led to disappointing
results as lipoplex systems proved to be very toxic and
have extremely rapid clearance and, thus, a short circulation half-life due to the inherent positive charge and
large size (>200 nm). One challenge of encapsulating
plasmid in the early days proved to be the sheer size
of some plasmids. However, advances in encapsulation
technology, such as cosolubilizing lipid and plasmid
in the detergent octylglucopyranoside followed by the
removal of detergent by dialysis against a citrate buffer
[56] or using ethanol to destabilize preformed vesicles
to allow encapsulation of nucleic acids by electrostatic
forces [57] , enabled efficient encapsulation (Figure 1B) .
Subsequently, the synthesis and use of ionizable cationic lipids drastically improved the toxicity of plasmid LNP. While these systems would be positively
charged when presented to an acidic environment such
as the buffer system for encapsulation (thus promoting
interaction with the anionic nucleic acid payload and
enhancing encapsulation efficiency) or an acidic milieu
inside maturing endosomes (thus promoting release of
the nucleic acid to the cell cytoplasm following endosomal uptake of the LNP) the LNP would be neutral at
physiological conditions (such as in the circulation following intravenous administration) and, thus, possess
prolonged circulation lifetimes. Structures of encapsulated plasmid or anti-sense oligo nucleotides showed
bilayer systems with an aqueous core, however, further
advances to encapsulation technology would provide
stable solid core systems (Figure 1C) .
LNP formulations of siRNA
LNPs represent one of the most clinically advanced
technology currently available for siRNA delivery. The
tremendous progress seen in LNP systems for delivery
of siRNA has largely been driven by the successful collaborations between Alnylam Pharmaceuticals (Boston, MA, USA) and its partners in the pharmaceutical
industry (Tekmira Pharmaceuticals Corporation and
Acuitas Therapeutics, formerly known as AlCana Technologies Ltd., BC, Canada) and academia (University
of British Columbia, BC, Canada and Massachusetts
Institute of Technology, MA, USA). These collaborations have been largely responsible for the evolution of
ionizable cationic lipid/lipid-like substrates capable of
mediating extremely potent in vivo gene silencing.
The current LNP formulation process involves the
spontaneous formation of LNP through the rapid mixing of lipid components (comprised of ionizable/cationic that is used for encapsulation of nucleic acids and
imparting fusogenic properties to the LNP, structural
lipids such as 1,2-distearoyl-sn-glycero-3-phosphocholine and cholesterol, and PEG-lipids for providing particle stability during formulation and prolonging cir-
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Figure 1. Lipid nanoparticle with different cargoes. (A) Encapsulation of small molecule therapeutic in a liposome.
(B) Encapsulation of nucleic acid using the preformed vesicle method. Plasmid, antisense oligonucleotides
and siRNA can be encapsulated using ethanol destabilization protocol. (C) Encapsulation of nucleic acids by
spontaneous vesicle formation by in-line mixing protocol or microfluidics micromixer method.
PEG: Polyethylene glycol.

culation, which is further discussed in the ‘Targeting
lipids’ section) dissolved in ethanol with genetic (i.e.,
nucleic acid-based such as siRNA) drugs in an acidic
aqueous stream. The acidic aqueous buffer functions
to protonate the ionizable cationic lipid, which electrostatically associates with negatively charged nucleic
acids. This process was first demonstrated using plasmid [58,59] and antisense oligonucleotide [60–62] systems
and later developed for siRNA [63] .
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siRNA-LNP systems have been shown to be active
in a number of biological systems including NHPs
where silencing of the target gene, apolipoprotein B
(ApoB) was durable over a span of several days [64] .
Since the development of first-generation siRNALNP systems, siRNA-LNP systems have undergone
a rapid evolution, with progressive improvements in
potency through optimization of the LNP composition, as well as its lipid components. Perhaps the most
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significant advances have been achieved through the
synthesis of novel cationic lipids incorporating modifications in the head group, linker and/or fatty acyl
chains (Figure 2) [30,65–66] . For example, first-generation cationic lipids such as 1,2-dilinoleoyl-3-dimethylaminopropane (DLinDAP) and 1,2-dilinoleyloxy3-dimethylaminopropane (DLinDMA) have ED50s
of 40–50 and 1 mg/kg, respectively in Factor VII
(FVII) silencing model [66] . The difference between
these two lipids is in the linker between the head
group and acyl chains, where DLinDAP contains
an ester bond in comparison to the ether linkage in
DLinDMA. Upon applying yet another modification
of the linker to a ketal linkage, along with a head group
change, the development of 1,2-dilinoleyloxy-ketoN, N-dimethyl-3-aminopropane (DLinKDMA) and
2,2-dilinoleyl-4- (2-dimethylaminoethyl) -[2,4]dioxolane (DLinKC2DMA) resulted in a 2.5- and
a 10-fold activity improvement, respectively, in
mice compared with DLinDMA-based LNP [66] .
Using a rational design approach for the ionizable
cationic lipids, it has been possible to make further
dramatic improvements in the potency of the LNP
systems. Through this approach, it has been shown
that the pKa of the cationic lipid plays a crucial
role in potency [66] . As first proposed by Hafez and
Cullis, a bilayer to nonbilayer membrane transition
resulting from ion pairing between cationic lipids,
such as those in the LNP, and anionic lipids, such
as those in the endosomal membrane, could facilitate fusion of the endosomal membrane with the
LNP and allow intracellular delivery of the siRNA
[67,68] . Internalized LNP systems in endosomal compartments are exposed to a progressive acidification
mediated by V-ATPase, resulting in the ionization
of the cationic lipid to an extent dictated by the pKa
of the head group. The prominent feature of lipids
capable of mediating the most potent siRNA-based
gene silencing was a narrow optimum pKa range of
6.2–6.5, where the lowest ED50 (for O-[Z,Z,Z,Zheptatriaconta- 6,9,26,29-tetraen-19-yl] - 4 - [N,
N-dimethylamino] DLinMC3DMA) reached 0.03
mg/kg in mice (Figure 2) [30] . Ultimately, through
this work, optimization of the lipid composition
allowed a greater than 200-fold improvement in the
ED50 of siRNA-LNP systems compared with those
DLinDMA-LNP systems [30,66] originally described.
The importance of pKa is not only a determining
factor in the potency of cationic lipids but also in
the potency of lipid-like substrates often referred to
as lipidoids [69] . To date, the most potent cationic
lipid that has been synthesized is DLinMC3DMA.
DLinMC3DMA-based systems with a pKa in the
optimal range (pKa = 6.44) are capable of mediat-
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ing siRNA release to the cytosol as demonstrated by
cr yoelectron m icroscopy [70] .
However, additional increases in potency have also
been realized through changes to the LNP formulation methodology and its composition. For example,
production of LNP incorporating the novel 50%
DLinKC2DMA (mole:mole) lipid using an in-line
process resulted in a decrease in ED50 (dose resulting in a 50% reduction compared with control)
compared with 40% cationic lipid-containing LNP
produced using preformed vesicle (PFV) methodology, from 0.1 to 0.02 mg/kg in mice when silencing
the gene for the FVII clotting factor produced in the
liver [66] . Importantly, these DLinKC2DMA-LNP
systems were well tolerated and proved to be highly
potent in NHP where these systems were capable of
silencing the therapeutically relevant TTR gene in
cynomolgus monkey, with ED50 of 0.3 mg/kg [66] .
To date, six siRNA-LNP drug candidates based on
LNP technology have been evaluated in human
clinical trials by Alnylam and Tekmira, five of which
are ongoing with one in Phase II and one in Phase
III trials. While most of these clinical studies are
being carried with first-generation LNPs incorporating DLinDMA, the most advanced clinical study
evaluating TTR silencing utilizes the more potent
DLinMC3DMA-based LNP systems [71] . Results
from these TTR trials have been very promising.
Patients treated with ALN-TTR01 (DLinDMAbased LNP) or ALNTTR02 (DLinMC3DMA-based
LNP) demonstrated greater than 50% TTR silencing for 28 days at 1 mg/kg dose for ALN-TTR01 and
0.15–0.5 mg/kg for ALN-TTR02 [71] with little or no
drug-related adverse events.
In terms of cancer, two LNP systems to treat liver
cancer have been evaluated in the clinic. A Phase I
clinical trial targeting vascular endothelial growth
factor and kinesin spindle protein KSP (ALN-VSP)
in 41 patients with hepatic and extrahepatic tumors
has been recently completed and reported [72] . Repeat
administration of escalating doses ranging from 0.1
to 1.5 mg/kg (average dose/patient: 6.8) was well
tolerated and resulted in detectable siRNA accumulation in tumors along with target gene-specific
silencing [72] . Seven patients with minimal stable disease condition continued with a Phase I extension
study. Overall, the ALN-VSP clinical Phase I study
demonstrated the safety of siRNA-LNP systems in
humans for cancer treatment [72] . In another cancer
driven clinical Phase I study using the stable nucleic
acid lipid particle technology, 24 patients with solid
tumors were treated with PLK1siRNA-LNP (TKMPLK1) [73] . Consistently, siRNA-LNP systems were
well tolerated and were clinically active as assayed
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<0.01 mg/kg†
[65]

Figure 2. Structures of cationic lipids and corresponding liver Factor VII ED50. ED50 corresponds to formulations consisting of mole
ratio of 40% cationic lipid, 10% PEG-lipid, 40% cholesterol and 10% 1,2-distearoyl-sn-glycero-3-phosphocholine. Arrow indicates
biocleavable sites.
†
Indicates optimized formulation consisting of 50% cationic lipid, 1.5% PEG-lipid, 38.5% cholesterol and 10% 1,2-distearoyl-snglycero-3-phosphocholine.
FVII: Factor VII.

by tumor biopsy [73] . Enrollment to Phase I/II studies for patients with either advanced gastrointestinal
neuroendocrine tumors or adrenocortical carcinoma
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has been initiated with additional enrollment to
Phase I/II studies for patients with hepatocellular
c arcinoma in 2014 [74] .
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Delivery of siRNA using lipidoids
Other siRNA delivery modalities have employed lipidlike molecules termed ‘lipidoids’ for the delivery of
genetic material. Lipidoids delivery systems are similar
to ionizable cationic LNP systems as it uses lipid-like
molecules (for encapsulation of nucleic acids and fusogenic properties to deliver siRNA to cytosol), cholesterol
and PEG-lipid [75] . The key difference between LNPs
that use lipidoid instead of ionizable cationic lipids is the
excess positive charges associated with lipidoid nanoparticles since lipidoid molecules possess multiple protonable amines linked to various acyl chains. Similar to
the work with cationic lipids, improved lipidoid systems
were identified through screening programs. In this case,
initial screens incorporated modular chemical synthesis in conjunction with plasmid delivery-based activity
assays [76,77] , which was later refocused to the delivery of
siRNA [75,78–80] . These lipid-like substrates were synthesized and tested in vitro prior to in vivo testing [75,79–80] .
Initial screening efforts identified 98N12-5, which
showed siRNA- and miRNA-mediated gene silencing in
murine liver, peritoneal macrophages and lung by different routes of administration [75] . However, pharmacodynamic studies following intravenous and intraperitoneal
injection only showed significant silencing in the liver
[81] . This is most likely explained by the pharmacokinetics and biodistribution characteristics of these lipidoid
particles with over 95% of the administered dose accumulating in liver and spleen within 1 h with less than
3.5% injected dose detected in the blood over that same
time [78] . Also, the silencing and tolerability studies were
carried in both rats and NHP with the optimal formulation termed LNP-01 showing good silencing with slight
increase of ALT and AST in NHP [44,75] .
The most potent lipidoid molecule synthesized to
date is C12-200 with ED50 <0.01 mg/kg for FVII silencing in mice compared with the ED50 of <1.5 mg/kg seen
with first-generation lipidoid 98N12-5 [79] . C12-200
lipidoid nanoparticles were well tolerated at 1 mg/kg,
100-fold higher than the dose in mice, which mediated simultaneous 50% silencing of five different gene
targets by siRNA delivered using a single lipidoid
nanoparticle [79] . Furthermore, the gene silencing of
TTR in NHP was observed with ED50 <0.03 mg/kg
[79] . The mechanism of action of lipidoid nanoparticles,
like that of LNPs, relies on the pKa [69] . However, lipidoid-mediated siRNA cellular uptake and delivery is
different from that mediated by LNP systems containing the ionizable cationic lipids [70] . Intracellular accumulation and processing of LNP is achieved through
clathrin-mediated endocytosis and macropinocytosis
with the eventual degradation of unreleased siRNA
in lysosomes [70,82] By contrast, lipidoid nanoparticle
uptake is mediated by macropinocytosis with colocal-
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ization of nanoparticles with markers of the recycling
endosomal compartments, suggesting the expulsion of
part of the siRNA-LNP out of the cell [83] .
Further advances to LNP technology
siRNA LNP developed by Alnylam Pharmaceuticals,
Tekmira Technologies and Acuitas Therapeutics are
the most potent systems for gene silencing in the liver
and improvements to the potency and tolerability of
these liver-targeted siRNA-LNP systems continue to
be made. Unfortunately, similar potencies have not
yet been achieved for extrahepatic targets. For example, DLinKC2DMA LNP systems in LnCaP prostate
cancer mouse model required a regimen of six doses
at 10 mg/kg [84] and mouse immune cells required a
dose of 5 mg/kg [85] to observe appreciable gene silencing. Therefore, much work remains to achieve effective extrahepatic siRNA-LNP-mediated gene silencing
at therapeutically relevant doses. However, it is envisioned that continued improvement of these systems
for liver silencing will be adapted to achieve more
efficient extrahepatic, tissue-specific uptake, likely
through incorporation of targeting lipids, a topic that
will be discussed in the ‘Targeting lipids’ section.
siRNA LNP formulation by microfluidics
Semple and colleagues showed that the silencing activity of LNP can be dramatically impacted by the formulation process. For example, DLinKC2DMA-based
LNP particles made using in-line methodology were
found to be fivefold more active than LNPs consisting
of the same lipid components made using PFV methodology [66] . While both processes have their respective
advantages, the limitations of the PFV method include
a minimum formulation volume, variable encapsulation efficiency and a relatively more time-consuming
process. In comparison, the in-line methodology is
a simpler process, but is difficult to apply to small
sample volumes due to the high flow rates employed,
particularly when trying to achieve particles smaller
than 50 nm in diameter. To address these limitations,
a new technology has been developed to formulate
LNP using micromixers [86,87] . The technology relies
on the rapid mixing of lipids dissolved in an ethanol
stream with siRNA dissolved in an aqueous stream
using a staggered herringbone micromixer structure.
Using this apparatus at 2 ml/min, complete mixing of
the two streams is achieved in 3 ms [86] . The resultant
particles are monodispersed and sizes are tunable by
simply varying the PEG-lipid content. In fact, through
this approach, it is possible to generate ‘limit size’
siRNA-LNP of approximately 30 nm diameter [86] .
The activity of siRNA-LNP systems generated using
the microfluidic mixer are similar or greater potency
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than formulations of similar size formulated using the
in-line methology [66,86] . The physical properties of the
siRNA-LNP systems generated using the microfluidic mixer have been well characterized and consist of
electron-dense solid core particles with the siRNA protected from external factors, such as nuclease activity
(Figure 1C) [88] . The key advantages to using the microfluidic mixer are: rapid and reproducible mixing rates,
tunable size, reproducibility, scalability and ease of use.
Biodegradable lipids
The current gold standard ionizable cationic lipid
is DLinMC3DMA, a lipid that has been shown to
be highly potent in mice, rats, nonhuman primates
[30] and humans [71] . Although the tolerability of
DLinMC3DMA in mice, rats or NHP have not been
published, the much more potent DLinMC3DMA,
with an ED50 of 0.005 mg/kg, would be tolerable at
higher doses as its predecessor DLinKC2DMA with
an ED50 of 0.2 mg/kg was shown to be well tolerated
to doses of 3 mg/kg. This would provide a 150-fold
greater therapeutic index based on the relative potency
of DLinKC2DMA [66] . Most importantly, clinical
studies have shown that DLinMC3DMA is safe and
well tolerated in humans while maintaining high bioactivity [71] . Therefore, this generation of lipids is potent
and relatively well tolerated. However, there remains a
desire to develop increasingly biocompatible therapeutic reagents that are easily eliminated [65] . This next
generation of ionizable cationic lipid has been achieved
in the collaboration between researchers from Alnylam
Pharmaceuticals, Acuitas Therapeutics and UBC. The
early work in ionizable lipids showed that DLinDAP
had very poor activity [66] that was later attributed to
the rapid degradation of the ester linkage between
the head group from the fatty acyl chains by endogenous esterases/lipases (Figure 2) [82] . In order to retain
potent activity in the ionizable cationic lipids, Maier
and colleagues designed biodegradable lipids based on
DLinMC3DMA (Figure 2) [65] , retaining key characteristics known to engender good activity, specifically,
an optimal pKa of 6.2–6.5 and a conical lipid shape to
induce a nonbilayer transition. To these key features,
biocleavable sites were incorporated (Figure 2) [65] . From
this work di([Z]-non2-en-1-yl) 9-([4-(dimethylamino)
butanoyl]oxy)heptadecanedioate (L319) showed similar gene silencing activities to DLinMC3DMA in mice
while remaining tolerable at doses of 10 mg/kg in rats.
This was likely due, at least in part, to the rapid and
complete elimination of the lipid by 72 h postadministration in rats, with excretion of 30% in the urine by
12 h and 40% in the feces within 12–24 h [65] . The
complete elimination of L319 in plasma in cynomolgus
monkeys was observed by 48 h [65] .
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Targeting lipids
Much of the research in this area has focused on
siRNA-LNP geared towards hepatic delivery to treat
liver diseases. This was designed to take advantage of
the inherent tendency of these LNP systems to accumulate in the liver and be taken up into hepatocytes.
The efficient intracellular delivery has been attributed
to LNP uptake into the hepatocytes via a very robust
endogenous hepatic targeting process mediated by
ApoE binding and uptake via LDL receptors [89] . The
short half-life of the liver-targeted siRNA-LNP systems
following systemic administration (<30 min) is a direct
consequence of this rapid hepatic accumulation [65] .
However, design of LNP systems to reach extrahepatic
targets will require significantly longer circulation lifetimes. It is well known that LNP with long (>10 h)
circulation lifetimes exhibit significant accumulation
of LNP at sites of disease such as in distal tumors
and sites of inflammation [90,91] . It is also well known
that prolonged LNP circulation can be achieved by
increasing the PEG-lipid content to effectively shield
the siRNA-LNP and prevent association of ApoE and
other serum proteins to the LNP. This can be achieved
by either incorporating a greater percentage of PEGlipid into the LNP, using PEG-lipids with increasing
lengths of acyl chains or a combination of the two.
Increasing acyl chain lengths can modulate LNP circulation lifetime as these PEG-lipids remain associated
with the LNP for progressively longer periods of time
[92] . Specifically, C14–PEG has a desorption rate of
45%/h while C16-PEG and C18-PEG have desorption
rates of 1.3 and 0.2%/h respectively [92] . This translates to LNP clearance of t1/2 of 35 min for C14-PEG,
2 h for C16-PEG and 3.7 h for C18-PEG containing
LNP at an initial PEG content of 1.5% [92] . Not surprisingly, prolonging the association of PEG-lipid with
the LNP by modulation of acyl chain length resulted
in a concomitant decrease in liver accumulation and
a corresponding decrease in siRNA-mediated silencing activity in the liver [92] . For example, liver activity
using the Factor VII silencing model showed progressive increase in ED50 to 0.02, 0.03 and 0.04 mg/kg for
systems containing 1.5% mole C14-PEG, C16-PEG or
C18-PEG, respectively. Interestingly, increasing PEG
content from 1.5 to 2.5% mole C14-PEG had little
effect in silencing activity while a significant reduction in potency was observed for 2.5% mole C18-PEG
[92] , likely due to the rapid exchange of C14-PEG from
both the 1.5 and 2.5% PEG-lipid particles compared
with C18-PEG-LNP. From these data, it can be concluded that the use of longer acyl chain length PEGlipids would be advantageous in increasing both LNP
circulation and delivery of LNP to extrahepatic tumor
sites following systemic administration.
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Unfortunately, increased PEG-lipid shielding
also has the potential disadvantage of compromising intracellular uptake. The use of endogenous targeting mechanisms paralleling the ApoE-mediated
LNP delivery to liver has been proposed as a strategy to achieve efficient uptake into extrahepatic tissues. Ideally, this involves the incorporation of an
exogenous targeting moiety into the lipid composition that would direct LNP to receptors expressed
on the surface of target cell and mediate intracellular
uptake and accumulation. Proof-of-concept studies
have shown that siRNA-LNP are not efficiently taken
up into hepatocytes of mice lacking ApoE and as a
result, were ineffective in mediating gene silencing
[89] . However, upon conjugating an exogenous ligand,
GalNac, to C18-PEG and incorporating this targeting lipid to the LNP composition, the siRNA activity
was restored in ApoE -/- mice. The recovery of siRNA
activity was directly correlated to the presence of GalNac since highly PEGylated stealth (to prevent ApoE
association) targeted LNP systems had no activity in
knockout mice lacking the cognate GalNac receptor
ASGR2-/- [89] .
A substantial body of work with regards to synthesis of targeting lipids continues to grow. The targeting
ligands that have been evaluated in this regard include
small molecules [93–99] , peptides or antibodies (fragment or whole) [90,100–105] , sugars [106–109] and aptamers [110] (for comprehensive review see [111]). Overall,
it can be concluded that targeting moieties have the
capacity to mediate enhanced LNP uptake and thus
improve nanoparticle potencies. For example, extensive targeting studies have been carried by Huang’s
group including work targeting nanoparticles via
anisamide to cells sigma receptors dating back to
2004 [112] . Based on earlier work targeting liposomes
containing small molecule drugs, specifically doxorubicin [112] , this group has reported on siRNA carriers systems targeted against different types of cancer that show an impressive ED50 of 0.075 mg/kg in
the tumor [113–115] . In addition, screening approaches
have been successfully applied to identify additional
ligand–receptor pairs that can be used to effectively
target siRNA-LNP [93] . For example, 800 small molecules were screened in vitro to identify molecules that
enhance LNP uptake and a cardiac glycoside family
of drugs that binds to plasmalemal Na+/K+ ATPase
was identified to enhance the uptake of siRNA-LNP
[93] . From this class of drugs, strophanthidin) was
conjugated to a C18-PEG-lipid and incorporated
into siRNA-LNP. LNP-strophanthidin PEG systems
showed enhanced uptake in a range of cancer cell
types including prostate, ovarian, pancreas, breast and
liver cancer cell lines [93] . This is an example of pro-
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miscuous enhancement of uptake as Na+/K+ ATPase
expression is observed in all tissues [93] .
Conclusion
The evolution of LNP has been extremely rapid over
the past 3 years as key design features of the nanoparticle, the formulation technology and ionizable cationic
lipid that improve potency have been identified and
exploited. While the first-generation lipid compositions
incorporating DLinDMA showed promising results
in the clinic, these systems have been significantly
improved with the advent of second-generation lipids,
such as DLinMC3DMA, which show dramatically
increased potency while remaining well tolerated [71] .
Available data to date all indicate that these LNP systems are safe and active at target tissues, particularly
the liver [71,72] . The incorporation of newer biodegradable lipids will further improve on the safety profile of
siRNA-LNP drugs while novel formulations methods
along with targeting lipids will make it possible to
customize siRNA-LNP for different subtypes of cancer.
Future perspective
Preclinical studies demonstrate potent DLinMC3
DMA-based LNP systems with ED50 in nonhuman
primates to be <0.03 mg/kg in liver. Although this
dose is substantially low, it must be recognized that
these LNP systems readily accumulate in the liver,
therefore, it is only applicable to liver cancer. For
extrahepatic cancers it is estimated that few percentages of injected dose accumulate to tumor and with
TTR02 clinical study showing tolerable doses at 0.5
mg/kg so it would be favorable to achieve extrahepatic
tumor activity at below 0.5 mg/kg. The application of
siRNA-LNP systems for cancer therapy is clearly at
early stages. As stated, the greatest need is to improve
the potency of currently available systems from current dose levels to those that are therapeutically relevant. As discussed, there are a number of strategies
that may allow this to be achieved. First, in order to
get LNP to accumulate at tumor sites, longer circulation lifetimes requiring stable PEG-lipid coatings
will be necessary. In turn, this will require the use of
targeting ligands to promote uptake into target cells.
Second, the potency of these systems may be improved
by improving release of encapsulated siRNA following
uptake by endocytosis. Current indications are that
even for optimized cationic lipids, less than 2% of
the delivered siRNA dose escapes from the endosome
and is available for gene silencing through an RNAi
mechanism [70] . Therefore, there is significant room
to enhance activity by improving endosomal release.
Once effective delivery systems to distal tumors have
been developed the possibilities are legion. As dem-
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onstrated for liver targets, siRNA-LNP systems can
carry siRNA cargos to silence five or more genes in
target cells. One can therefore imagine personalized siRNA-LNP therapeutics containing a variety
of siRNAs against causal proteins identified in indi-

Review

vidual tumors. Given the excellent toxicity profiles of
current siRNA-LNP systems it may be expected that
such systems would be relatively nontoxic and readily used in combination with standard chemotherapy
protocols.

Executive summary
siRNA therapeutics
• Systemic administration of unmodified siRNA resulted in rapid clearance, rapid breakdown of unmodified
siRNA in biological fluids, poor accumulation at disease site, inefficient intracellular delivery and unintended
stimulation of immune system.
• Key modifications to siRNA structure have largely provided solutions to the issues of stability, off-target
effects and immune stimulation.

Targeting of free siRNA
• siRNA conjugated to a targeting ligand improved cellular uptake of siRNA.
• Preclinical studies of GalNac-conjugated siRNA have shown successful target gene silencing. GalNac-TTRsiRNA
is undergoing a clinical trial in UK.

Delivery of siRNA using lipoplexes
• Lipoplex technology has improved drastically as preclinical studies show safe and efficacious silencing systems.
• Preclinical studies show AtuPlex nanoparticles accumulating in various organs such as liver, spleen, lung,
kidney, heart and pancreas. The accumulation was observed preferentially to endothelial cells of the organ’s
vasculature.
• The most clinically advanced lipoplex-siRNA drug candidate Atu027 showed positive Phase I results warranting
two separate Phase Ib studies.

Delivery of siRNA using neutral liposomes
• Preclinical studies using neutral liposomes based on DOPC have antitumor effects. These effects include
reduced tumor growth, cell proliferation and angiogenesis in ovarian cancer tumor models. A Phase I study
of EphA2-siRNA-DOPC is ongoing to investigate tolerability and maximum tolerated dose in patients with
advanced and recurrent cancer.

Lipid nanoparticles
• Efficient encapsulation of genetic drugs into lipid nanoparticles (LNPs) was crucial to employing LNPs as
delivery vehicles.

Lipid nanoparticle formulations of siRNA
• Structure/activity relationship studies correlated the potency of ionizable cationic lipids to the pKa of
ionizable cationic lipid head group.
• The gold standard lipid DLinMC3DMA in an optimized siRNA-LNP system have ED50 ∼0.03 mg/kg in NHP.
• Six siRNA-LNP drug candidates are undergoing clinical trials with two candidates used for liver cancer.
• Phase I studies show siRNA-LNP drug candidates to be tolerable with successful target gene silencing.

Delivery of siRNA using lipidoids
• C12–200 is the most potent lipidoid molecule synthesized to date with gene silencing of TTR in nonhuman
primates at ED50 <0.03 mg/kg. Similar to ionizable cationic lipids, the mechanism of action is dependent on
the pKa.
• Lipidoid nanoparticle uptake is mediated by macropinocytosis with colocalization of nanoparticles with
recycling endosomes. The siRNA is shown to be expulsed out of the cell.

Further advances to LNP technology
• siRNA LNP formulation by microfluidics:
–– Microfluidics micromixers form electron dense lipid nanoparticles with similar or greater potency than
LNPs formulated by other means. The key advantages to using the microfluidic mixer are: rapid and
reproducible mixing rates, tunable size, reproducibility, scalability and ease of use.
• Biodegradable lipids:
–– Potent biocompatible cationic lipids can be designed to replace existing ionizable cationic lipids. This new
generation of lipids provide biodegradable LNP with improved drug tolerability and rapid clearance.
• Targeting lipids:
–– PEG-lipids dictate the lifetime circulation of LNP systems. Longer circulating systems can be achieved by
increasing mole percentage of PEG or using longer acyl chains to slow the PEG-lipid exchange rate.
–– Targeting moieties such as small molecules, peptides/antibodies, sugars, and aptamers can be conjugated
to PEG-lipids to generate cell specific targeting LNP systems.

future science group

www.futuremedicine.com

327

Review

Lin, Tam & Cullis

Financial & competing interests disclosure
This work was supported by Canadian Institutes for Health
Research (CIHR) under Emerging Team Grant: Personalized
siRNA-Based Nanomedicines (FRN:111627). The authors have
no other relevant affiliations or financial involvement with any

References

organization or entity with a financial interest in or financial
conflict with the subject matter or materials discussed in the
manuscript apart from those disclosed.
No writing assistance was utilized in the production of this
manuscript.
17

Schlee M, Hornung V, Hartmann G. siRNA and isRNA:
two edges of one sword. Mol. Ther. 14(4), 463–470
(2006).

18

Whitehead KA, Dahlman JE, Langer RS, Anderson DG.
Silencing or stimulation? siRNA delivery and the immune
system. Annu. Rev. Chem. Biomol. Eng. 2, 77–96 (2011).

19

Hornung V, Barchet W, Schlee M, Hartmann G. RNA
recognition via TLR7 and TLR8. Handb. Exp. Pharmacol.
(183), 71–86 (2008).

20

Robbins M, Judge A, Ambegia E et al. Misinterpreting
the therapeutic effects of small interfering RNA caused by
immune stimulation. Hum. Gene Ther. 19(10), 991–999
(2008).

Papers of special note have been highlighted as:
• of interest
1

GLOBOCAN 2008: Cancer Incidence and Mortality
Worldwide.
www.iarc.fr/en/media-centre/iarcnews/2010/globocan2008.
php

2

WHO fact sheet.
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx

3

Canadian Cancer Society.
www.cancer.ca

4

Davis JC, Furstenthal L, Desai AA et al. The microeconomics
of personalized medicine: today’s challenge and tomorrow’s
promise. Nat. Rev. Drug Discov. 8(4), 279–286 (2009).

21

Chen R, Mias GI, Li-Pook-Than J et al. Personal omics
profiling reveals dynamic molecular and medical phenotypes.
Cell 148(6), 1293–1307 (2012).

Nakayama T, Butler JS, Sehgal A et al. Harnessing a
physiologic mechanism for siRNA delivery with mimetic
lipoprotein particles. Mol. Ther. 20(8), 1582–1589 (2012).

22

Tian Q, Price ND, Hood L. Systems cancer medicine:
towards realization of predictive, preventive, personalized and
participatory (P4) medicine. J. Intern. Med. 271(2), 111–121
(2012).

Wolfrum C, Shi S, Jayaprakash KN et al. Mechanisms and
optimization of in vivo delivery of lipophilic siRNAs. Nat.
Biotechnol. 25(10), 1149–1157 (2007).

23

7

Loscalzo J, Barabasi AL. Systems biology and the future
of medicine. Wiley Interdiscip. Rev. Syst. Biol. Med. 3(6),
619–627 (2011).

Querbes W, Ge P, Zhang W et al. Direct CNS delivery
of siRNA mediates robust silencing in oligodendrocytes.
Oligonucleotides 19(1), 23–29 (2009).

24

8

Manoharan M. RNA interference and chemically modified
siRNAs. Nucleic Acids Res. Suppl. (3), 115–116 (2003).

Chen Q, Butler D, Querbes W et al. Lipophilic siRNAs
mediate efficient gene silencing in oligodendrocytes with
direct CNS delivery. J. Control. Release 144(2), 227–232
(2010).

9

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello
CC. Potent and specific genetic interference by doublestranded RNA in Caenorhabditis elegans. Nature 391(6669),
806–811 (1998).

25

Yamada T, Peng CG, Matsuda S et al. Versatile site-specific
conjugation of small molecules to siRNA using click
chemistry. J. Org. Chem. 76(5), 1198–1211 (2011).

26

Alnylam.
www.alnylam.com/web/wp-content/uploads/2012/08/
IRTNNNConjugate080612.pdf

27

Alnylam Pharmaceuticals.
www.alnylam.com

5

6

10

328

Parrish S, Fleenor J, Xu S, Mello C, Fire A. Functional
anatomy of a dsRNA trigger: differential requirement for
the two trigger strands in RNA interference. Mol. Cell 6(5),
1077–1087 (2000).

11

Jackson AL, Burchard J, Leake D et al. Position-specific
chemical modification of siRNAs reduces ‘off-target’
transcript silencing. RNA 12(7), 1197–1205 (2006).

28

Alnylam Pharmaceuticals.
www.alnylam.com/web/wp-content/uploads/2013/07/
ALN-AT3-preclin-ISTH-July2013.pdf

12

Behlke MA. Chemical modification of siRNAs for in vivo
use. Oligonucleotides 18(4), 305–319 (2008).

29

13

Judge AD, Bola G, Lee AC, Maclachlan I. Design of
noninflammatory synthetic siRNA mediating potent gene
silencing in vivo. Mol. Ther. 13(3), 494–505 (2006).

Akin Akinc. An RNAi therapeutic targeting
antithrombinincreases thrombin generation and improves
hemostasis. Presented at: XXIV Congress of the ISTH.
Amsterdam, The Netherlands, 2 July 2013.

30

Jayaraman M, Ansell SM, Mui BL et al. Maximizing the
potency of siRNA lipid nanoparticles for hepatic gene
silencing in vivo. Angew Chem. Int. Ed. Engl. 51(34),
8529–8533 (2012).

•

Authors carry studies to learn the structure–activity
relationship and pinpoint the crucial requirement to
effective gene silencing capabilities.

31

Santel A, Aleku M, Keil O et al. RNA interference in the
mouse vascular endothelium by systemic administration of

14

Judge AD, Robbins M, Tavakoli I et al. Confirming the
RNAi-mediated mechanism of action of siRNA-based cancer
therapeutics in mice. J. Clin. Invest. 119(3), 661–673 (2009).

15

Bramsen JB, Kjems J. Chemical modification of small
interfering RNA. Meth. Mol. Biol. 721, 77–103 (2011).

16

Deleavey GF, Damha MJ. Designing chemically modified
oligonucleotides for targeted gene silencing. Chem.
Biol. 19(8), 937–954 (2012).

Clin. Lipidol. (2014) 9(3)

future science group

Development & clinical applications of siRNA-encapsulated lipid nanoparticles in cancer

siRNA-lipoplexes for cancer therapy. Gene Ther. 13(18),
1360–1370 (2006).
32

33

34

Santel A, Aleku M, Keil O et al. A novel siRNA-lipoplex
technology for RNA interference in the mouse vascular
endothelium. Gene Ther. 13(16), 1222–1234 (2006).
Aleku M, Schulz P, Keil O et al. Atu027, a liposomal small
interfering RNA formulation targeting protein kinase N3,
inhibits cancer progression. Cancer Res. 68(23), 9788–9798
(2008).
Santel A, Aleku M, Roder N et al. Atu027 prevents
pulmonary metastasis in experimental and spontaneous
mouse metastasis models. Clin. Cancer Res. 16(22),
5469–5480 (2010).

35

Strumberg D, Schultheis B, Traugott U et al. Phase I clinical
development of Atu027, a siRNA formulation targeting
PKN3 in patients with advanced solid tumors. Int. J. Clin.
Pharmacol. Ther. 50(1), 76–78 (2012).

36

Silence Therapeutics.
www.silence-therapeutics.com

37

Landen CN Jr, Chavez-Reyes A, Bucana C et al. Therapeutic
EphA2 gene targeting in vivo using neutral liposomal small
interfering RNA delivery. Cancer Res. 65(15), 6910–6918
(2005).

48

Kapoor M, Burgess DJ. Efficient and safe delivery of siRNA
using anionic lipids: formulation optimization studies. Int.
J. Pharma. 432(1–2), 80–90 (2012).

49

Kapoor M, Burgess DJ. Cellular uptake mechanisms
of novel anionic siRNA lipoplexes. Pharm. Res. 30(4),
1161–1175 (2013).

50

Kong F, Liu G, Sun B et al. Phosphorylatable short
peptide conjugated low molecular weight chitosan for
efficient siRNA delivery and target gene silencing. Int. J.
Pharma. 422(1–2), 445–453 (2012).

51

Heidel JD. Linear cyclodextrin-containing polymers and
their use as delivery agents. Expert Opin. Drug Deliv. 3(5),
641–646 (2006).

52

Maurer N, Fenske DB, Cullis PR. Developments in
liposomal drug delivery systems. Expert Opin. Biol.
Ther. 1(6), 923–947 (2001).

53

Allen TM, P.R. Cullis: Drug delivery systems: entering the
mainstream. Science 303, 1818–1822 (2004).

54

Fenske DB, Cullis PR. Liposomal nanomedicines. Expert
Opin. Drug Deliv. 5(1), 25–44 (2008).

55

Felgner PL, Gadek TR, Holm M et al. Lipofection: a highly
efficient, lipid-mediated DNA-transfection procedure. Proc.
Natl Acad. Sci. USA 84(21), 7413–7417 (1987).

56

Wheeler JJ, Palmer L, Ossanlou M et al. Stabilized
plasmid–lipid particles: construction and characterization.
Gene Ther. 6(2), 271–281 (1999).

57

Maurer N, Wong KF, Stark H et al. Spontaneous
entrapment of polynucleotides upon electrostatic interaction
with ethanol-destabilized cationic liposomes. Biophys.
J. 80(5), 2310–2326 (2001).

38

Landen CN, Merritt WM, Mangala LS et al. Intraperitoneal
delivery of liposomal siRNA for therapy of advanced ovarian
cancer. Cancer Biol. Ther. 5(12), 1708–1713 (2006).

39

Mangala LS, Han HD, Lopez-Berestein G, Sood AK.
Liposomal siRNA for ovarian cancer. Methods Mol. Biol. 555,
29–42 (2009).

40

Tanaka T, Mangala LS, Vivas-Mejia PE et al. Sustained small
interfering RNA delivery by mesoporous silicon particles.
Cancer Res. 70(9), 3687–3696 (2010).

58

Shahzad MM, Lu C, Lee JW et al. Dual targeting of EphA2
and FAK in ovarian carcinoma. Cancer Biol. Ther. 8(11),
1027–1034 (2009).

Mok KW, Cullis PR. Structural and fusogenic properties
of cationic liposomes in the presence of plasmid DNA.
Biophys. J. 73(5), 2534–2545 (1997).

59

Mok KW, Lam AM, Cullis PR. Stabilized plasmid-lipid
particles: factors influencing plasmid entrapment and
transfection properties. Biochim. Biophys. Acta 1419(2),
137–150 (1999).

60

Leonetti C, Biroccio A, Benassi B et al. Encapsulation of
c-myc antisense oligodeoxynucleotides in lipid particles
improves antitumoral efficacy in vivo in a human melanoma
line. Cancer Gene Ther. 8(6), 459–468 (2001).

41

42

Hatakeyama H, Ito E, Akita H et al. A pH-sensitive fusogenic
peptide facilitates endosomal escape and greatly enhances the
gene silencing of siRNA-containing nanoparticles in vitro and
in vivo. J. Control. Release 139(2), 127–132 (2009).

43

Hou KK, Pan H, Lanza GM, Wickline SA. Melittin
derived peptides for nanoparticle based siRNA transfection.
Biomaterials 34(12), 3110–3119 (2013).

61

44

Frank-Kamenetsky M, Grefhorst A, Anderson NN et al.
Therapeutic RNAi targeting PCSK9 acutely lowers plasma
cholesterol in rodents and LDL cholesterol in nonhuman
primates. Proc. Natl Acad. Sci. USA 105(33), 11915–11920
(2008).

Mui B, Raney SG, Semple SC, Hope MJ. Immune
stimulation by a CpG-containing oligodeoxynucleotide
is enhanced when encapsulated and delivered in lipid
particles. J. Pharmacol. Exp. Ther. 298(3), 1185–1192
(2001).

62

45

Li J, Chen YC, Tseng YC, Mozumdar S, Huang L.
Biodegradable calcium phosphate nanoparticle with
lipid coating for systemic siRNA delivery. J. Control.
Release 142(3), 416–421 (2010).

Semple SC, Klimuk SK, Harasym TO et al. Efficient
encapsulation of antisense oligonucleotides in lipid
vesicles using ionizable aminolipids: formation of novel
small multilamellar vesicle structures. Biochim. Biophys.
Acta 1510(1–2), 152–166 (2001).

46

Li J, Yang Y, Huang L. Calcium phosphate nanoparticles with
an asymmetric lipid bilayer coating for siRNA delivery to the
tumor. J. Control. Release 158(1), 108–114 (2012).

63

Morrissey DV, Lockridge JA, Shaw L et al. Potent and
persistent in vivo anti-HBV activity of chemically modified
siRNAs. Nat. Biotechnol. 23(8), 1002–1007 (2005).

47

Yang Y, Li J, Liu F, Huang L. Systemic delivery of siRNA via
LCP nanoparticle efficiently inhibits lung metastasis. Mol.
Ther. 20(3), 609–615 (2012).

64

Zimmermann TS, Lee AC, Akinc A et al. RNAi-mediated
gene silencing in non-human primates. Nature 441(7089),
111–114 (2006).

future science group

www.futuremedicine.com

Review

329

Review

Lin, Tam & Cullis

65

Maier MA, Jayaraman M, Matsuda S et al. Biodegradable
lipids enabling rapidly eliminated lipid nanoparticles for
systemic delivery of RNAi therapeutics. Mol. Ther. 21(8),
1570–1578 (2013).

•

New generation of ionizable cationic lipids with
biodegradable moieties were synthesized and shown
to have equal or better potency to current gold
standard lipid.

66

•

Akinc A, Goldberg M, Qin J et al. Development of lipidoidsiRNA formulations for systemic delivery to the liver. Mol.
Ther. 17(5), 872–879 (2009).

79

Love KT, Mahon KP, Levins CG et al. Lipid-like materials
for low-dose, in vivo gene silencing. Proc. Natl Acad. Sci.
USA 107(5), 1864–1869 (2010).

80

Semple SC, Akinc A, Chen J et al. Rational design of
cationic lipids for siRNA delivery. Nat. Biotechnol. 28(2),
172–176 (2010).

Mahon KP, Love KT, Whitehead KA et al. Combinatorial
approach to determine functional group effects on
lipidoid-mediated siRNA delivery. Bioconjug. Chem. 21(8),
1448–1454 (2010).

81

Demonstrates that activity of LNP systems can be
drastically improved by changes to the head group or
linkers of ionizable lipids.

Svensson RU, Shey MR, Ballas ZK et al. Assessing siRNA
pharmacodynamics in a luciferase-expressing mouse. Mol.
Ther. 16(12), 1995–2001 (2008).

82

Lin PJ, Tam YY, Hafez I et al. Influence of cationic lipid
composition on uptake and intracellular processing of lipid
nanoparticle formulations of siRNA. Nanomedicine 9(2),
233–246 (2013).

67

Hafez IM, Cullis PR. Roles of lipid polymorphism in
intracellular delivery. Adv. Drug Rev. 47(2–3), 139–148
(2001).

68

Hafez IM, Maurer N, Cullis PR. On the mechanism
whereby cationic lipids promote intracellular delivery of
polynucleic acids. Gene Ther. 8(15), 1188–1196 (2001).

83

Sahay G, Querbes W, Alabi C et al. Efficiency of siRNA
delivery by lipid nanoparticles is limited by endocytic
recycling. Nat. Biotechnol. 31(7), 653–658 (2013).

69

Alabi CA, Love KT, Sahay G et al. Multiparametric
approach for the evaluation of lipid nanoparticles for siRNA
delivery. Proc. Natl Acad. Sci. USA 110(32), 12881–12886
(2013).

84

Lee JB, Zhang K, Tam YY et al. Lipid nanoparticle siRNA
systems for silencing the androgen receptor in human prostate
cancer in vivo. Int. J. Cancer 131(5), E781–790 (2012).

85

Basha G, Novobrantseva TI, Rosin N et al. Influence of
cationic lipid composition on gene silencing properties
of lipid nanoparticle formulations of siRNA in antigenpresenting cells. Mol. Ther. 19(12), 2186–2200 (2011).

86

Belliveau NM, Huft J, Lin PJ et al. Microfluidic synthesis of
highly potent limit-size lipid nanoparticles for in vivo delivery
of siRNA. Mol. Ther. Nucleic Acids 1, e37 (2012).

87

Zhigaltsev IV, Belliveau N, Hafez I et al. Bottom-up design
and synthesis of limit size lipid nanoparticle systems with
aqueous and triglyceride cores using millisecond microfluidic
mixing. Langmuir 28(7), 3633–3640 (2012).

88

Leung AK, Hafez IM, Baoukina S et al. Lipid nanoparticles
containing siRNA synthesized by microfluidic mixing exhibit
an electron-dense nanostructured core. J. Phys. Chem. C
Nanomater. Interfaces 116(34), 18440–18450 (2012).

89

Akinc A, Querbes W, De S et al. Targeted delivery of RNAi
therapeutics with endogenous and exogenous ligand-based
mechanisms. Mol. Ther. 18(7), 1357–1364 (2010).

•

Demonstrates that ionizable cationic lipid LNP systems
require association with ApoE for uptake into hepatocytes.

90

Asai T, Matsushita S, Kenjo E et al. Dicetyl phosphatetetraethylenepentamine-based liposomes for systemic siRNA
delivery. Bioconjug. Chem. 22(3), 429–435 (2011).

91

Schiffelers RM, Bakker-Woudenberg IA, Storm G et al.
Localization of sterically stabilized liposomes in experimental
rat Klebsiella pneumoniae pneumonia: dependence on
circulation kinetics and presence of poly(ethylene)glycol
coating. Biochim Biophys Acta 1468(1-2), 253–261 (2000).

92

Mui BL, Tam YK, Jayaraman M et al. Influence
of polyethylene glycol lipid desorption rates on
pharmacokinetics and pharmacodynamics of siRNA lipid
nanoparticles. Mol. Ther. Nucleic Acids 2, e139 (2013).

•

Demonstrates the importance of PEG in prolonging LNP
circulation and its role in gene silencing activity.

70

Gilleron J, Querbes W, Zeigerer A et al. Image-based
analysis of lipid nanoparticle-mediated siRNA delivery,
intracellular trafficking and endosomal escape. Nat.
Biotechnol. 31(7), 638–646 (2013).

•

Demonstrates that <2% of siRNA delivered by LNPs is
released to cytosol.

71

Coelho T, Adams D, Silva A et al. Safety and efficacy of
RNAi therapy for transthyretin amyloidosis. N. Engl.
J. Med. 369(9), 819–829 (2013).

•

Clinical studies of DLinMC3DMA LNP systems showing
tolerability and gene silencing of transthyretin.

72

Tabernero J, Shapiro GI, Lorusso PM et al. First-in-humans
trial of an RNA interference therapeutic targeting VEGF
and KSP in cancer patients with liver involvement. Cancer
Discov. 3(4), 406–417 (2013).

•

Clinical studies of DLinDMA LNP systems showing
tolerability and gene silencing in cancer patients.

73

Tekmira Pharmaceuticals Corporation.
http://investor.tekmirapharm.com/releasedetail.
cfm?ReleaseID=755333

74

Tekmira Pharmaceuticals.
www.tekmira.com

75

Akinc A, Zumbuehl A, Goldberg M et al. A combinatorial
library of lipid-like materials for delivery of RNAi
therapeutics. Nat. Biotechnol. 26(5), 561–569 (2008).

76

Akinc A, Lynn DM, Anderson DG, Langer R. Parallel
synthesis and biophysical characterization of a degradable
polymer library for gene delivery. J. Am. Chem.
Soc. 125(18), 5316–5323 (2003).

77

330

78

Anderson DG, Peng W, Akinc A et al. A polymer library
approach to suicide gene therapy for cancer. Proc. Natl
Acad. Sci. USA 101(45), 16028–16033 (2004).

Clin. Lipidol. (2014) 9(3)

future science group

Development & clinical applications of siRNA-encapsulated lipid nanoparticles in cancer

93

Tam YY, Chen S, Zaifman J et al. Small molecule ligands
for enhanced intracellular delivery of lipid nanoparticle
formulations of siRNA. Nanomedicine 9(5), 665–674 (2013).

94

Low PS, Kularatne SA. Folate-targeted therapeutic and
imaging agents for cancer. Curr. Opin. Chem. Biol. 13(3),
256–262 (2009).

95

Kularatne SA, Low PS. Targeting of nanoparticles: folate
receptor. Methods Mol. Biol. 624, 249–265 (2010).

96

Yoshizawa T, Hattori Y, Hakoshima M, Koga K, Maitani
Y. Folate-linked lipid-based nanoparticles for synthetic
siRNA delivery in KB tumor xenografts. Eur. J. Pharm.
Biopharm. 70(3), 718–725 (2008).

97

Kularatne SA, Venkatesh C, Santhapuram HK et al.
Synthesis and biological analysis of prostate-specific
membrane antigen-targeted anticancer prodrugs. J. Med.
Chem. 53(21), 7767–7777 (2010).

98

Kularatne SA, Zhou Z, Yang J, Post CB, Low PS. Design,
synthesis, and preclinical evaluation of prostate-specific
membrane antigen targeted (99m)Tc-radioimaging agents.
Mol. Pharm. 6(3), 790–800 (2009).

99

Kularatne SA, Wang K, Santhapuram HK, Low PS. Prostatespecific membrane antigen targeted imaging and therapy of
prostate cancer using a PSMA inhibitor as a homing ligand.
Mol. Pharm. 6(3), 780–789 (2009).

100 Gomes-Da-Silva LC, Santos AO, Bimbo LM et al. Toward

a siRNA-containing nanoparticle targeted to breast
cancer cells and the tumor microenvironment. Int. J.
Pharma. 434(1–2), 9–19 (2012).

105 Adrian JE, Wolf A, Steinbach A, Rossler J, Suss R. Targeted

delivery to neuroblastoma of novel siRNA-anti-GD2liposomes prepared by dual asymmetric centrifugation and
sterol-based post-insertion method. Pharm. Res. 28(9),
2261–2272 (2011).
106 Sonoke S, Ueda T, Fujiwara K, Kuwabara K, Yano J.

Galactose-modified cationic liposomes as a liver-targeting
delivery system for small interfering RNA. Biol. Pharm.
Bull. 34(8), 1338–1342 (2011).
107 Kobayashi E, Iyer AK, Hornicek FJ, Amiji MM, Duan Z.

Lipid-functionalized dextran nanosystems to overcome
multidrug resistance in cancer: a pilot study. Clin. Orthop.
Relat. Res. 471(3), 915–925 (2013).
108 Wang Y, Xu Z, Guo S et al. Intravenous delivery of siRNA

targeting CD47 effectively inhibits melanoma tumor growth
and lung metastasis. Mol. Ther. 21(10), 1919–1929 (2013).
109 Glucksam-Galnoy Y, Zor T, Margalit R. Hyaluronan-

modified and regular multilamellar liposomes provide
sub-cellular targeting to macrophages, without eliciting
a pro-inflammatory response. J. Control. Release 160(2),
388–393 (2012).
110

Cheng J, Teply BA, Sherifi I et al. Formulation of
functionalized PLGA-PEG nanoparticles for in vivo targeted
drug delivery. Biomaterials 28(5), 869–876 (2007).

111

Yang L, Zhang X, Ye M et al. Aptamer-conjugated
nanomaterials and their applications. Adv. Drug Rev.
63(14–15), 1361–1370 (2011).

112 Banerjee R, Tyagi P, Li S, Huang L. Anisamide-targeted

stealth liposomes: a potent carrier for targeting doxorubicin
to human prostate cancer cells. Int. J. Cancer 112(4),
693–700 (2004).

101 Mokhtarieh AA, Cheong S, Kim S, Chung BH, Lee

MK. Asymmetric liposome particles with highly efficient
encapsulation of siRNA and without nonspecific cell
penetration suitable for target-specific delivery. Biochim.
Biophys. Acta 1818(7), 1633–1641 (2012).

113 Li SD, Chono S, Huang L. Efficient oncogene silencing and

metastasis inhibition via systemic delivery of siRNA. Mol.
Ther. 16(5), 942–946 (2008).

102 Takasaki J, Raney SG, Chikh G et al. Methods for the

preparation of protein-oligonucleotide-lipid constructs.
Bioconjug. Chem. 17(2), 451–458 (2006).

114

Li SD, Chono S, Huang L. Efficient gene silencing in
metastatic tumor by siRNA formulated in surface-modified
nanoparticles. J. Control. Release 126(1), 77–84 (2008).

115

Chono S, Li SD, Conwell CC, Huang L. An efficient
and low immunostimulatory nanoparticle formulation
for systemic siRNA delivery to the tumor. J. Control.
Release 131(1), 64–69 (2008).

103 Takasaki J, Ansell SM. Micelles as intermediates in the

preparation of protein–liposome conjugates. Bioconjug.
Chem. 17(2), 438–450 (2006).
104 Shen M, Gong F, Pang P et al. An MRI-visible non-viral

vector for targeted Bcl-2 siRNA delivery to neuroblastoma.
Int. J. Nanomed. 7, 3319–3332 (2012).

future science group

Review

www.futuremedicine.com

331

