
1 3

DOI 10.1007/s00018-013-1502-2 Cellular and Molecular Life Sciences
Cell. Mol. Life Sci. (2014) 71:1417–1438

RevIew

Challenging the future of siRNA therapeutics against cancer:  
the crucial role of nanotechnology

Lígia Catarina Gomes‑da‑Silva · Sérgio Simões · 
João Nuno Moreira 

Received: 21 August 2013 / Revised: 12 October 2013 / Accepted: 15 October 2013 / Published online: 13 November 2013 
© Springer Basel 2013

some of the most promising strategies to enhance specific 
tumor accumulation while avoiding healthy tissues. Finally, 
clinical information on ongoing studies in patients with 
advanced solid tumors will be also provided.
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Introduction

Cancer is still one of the most deadly diseases in the west-
ern world, despite its mortality rate has decreased in the 
last decades [1]. Moreover, the adverse effects and limited 
effectiveness of conventional treatment strategies (chemo-
therapy, surgery, or radiotherapy) have generated consider-
able interest on the development of novel anticancer agents, 
with improved target specificity at the molecular level.

The increasing knowledge on oncobiology over the last 
decades has revealed cancer as a disease that involves sev-
eral irreversible genetic and epigenetic alterations, which 
occur progressively over time. The transformation of a nor-
mal cell into a malignant cell is the result of a multi-step 
process mediated by the accumulation of successive muta-
tions that lead to the activation of oncogenes and/or loss 
of function of tumor suppressor genes. These alterations, 
along with mutations in other genes that control normal 
cell functions, trigger the deregulation of numerous sign-
aling pathways, enabling cancer cells to acquire specific 
biological capabilities to adapt to internal and environmen-
tal changes [2, 3]. This deeper understanding has revealed 
numerous molecular targets, both on cancer and supportive 
stroma cells (e.g., endothelial cells from tumor vascula-
ture), whose downregulation can elicit significant benefits 
for cancer treatment. To achieve such a goal, one promising 

Abstract The identification of numerous deregulated 
signaling pathways on cancer cells and supportive stromal 
cells has revealed several molecular targets whose down-
regulation can elicit significant benefits for cancer treat-
ment. In this respect, gene downregulation can be efficiently 
achieved by exploiting the RNA interference mechanism, 
particularly by the delivery of chemical synthesized small-
interfering RNAs (siRNAs), which have the ability to medi-
ate, in a specific manner, the degradation of any mRNA 
with complementary nucleotide sequence. However, several 
concerns regarding off-target effects and immune stimula-
tion have been raised. Depending on their sequence, siRNAs  
can trigger an innate immune response, which might medi-
ate undesirable side effects that ultimately compromise 
their clinical utility. This is a very relevant effect that will 
be discussed in the present manuscript. Moreover, the major 
drawback in the translation of siRNAs into the clinical prac-
tice is undoubtedly their inability to accumulate in tumor 
sites, particularly in organs other than the liver. In fact, upon 
systemic administration, owing to siRNAs physico-chemi-
cal features, they are rapidly cleared from the blood stream. 
Therefore, the development of a proper drug delivery sys-
tem is of utmost importance. In this review, some of the lat-
est advances on different nanotechnological platforms for 
siRNA delivery under clinical evaluation will be discussed. 
Along with this, targeting approaches towards cancer and/
or endothelial cells will also be addressed, as these are 
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strategy is undoubtedly the RNA interference (RNAi) 
mechanism, which is mediated by small RNAs including, 
among others, the endogenous microRNAs (miRNAs) [4] 
and the exogenous chemically synthesized short-hairpins 
RNAs (shRNAs) [5], and small-interfering RNAs (siRNAs) 
[6], which are focused on in this review.

Small-interfering RNAs are 21–23 nucleotides-long 
double-stranded (ds) RNA which, upon cellular internaliza-
tion, are incorporated into a multi-protein complex, the RNA 
induced silencing complex (RISC). The sense strand (non-
guiding strand) is then cleaved by an endonuclease of the 
RISC, the Argonaute 2 (AGO 2), whereas the antisense strand 
guides RISC towards the perfectly complementary target 
mRNA, which is further cleaved by AGO 2 into two mRNA 
fragments. The cleavage takes place between nucleotides 10 
and 11 relative to the 5′end of the siRNA guiding strand, lead-
ing to the subsequent degradation of the mRNA fragments by 
cellular exonucleases. Furthermore, the antisense strand-RISC 
complex has the ability to be recycled thus, leading to the deg-
radation of additional target mRNA molecules and further 
propagation of the gene silencing activity [7–9] (Fig. 1).

Hence, siRNAs have an enormous potential to become a 
novel class of pharmaceutical drugs within different fields 
of medicine, since they can inhibit the expression of any 
pathological protein. Oncology is one of the medical areas 
that can benefit the most with this novel therapeutic strategy, 
as it allows modulating the expression of any gene involved 
in tumor initiation, growth, and metastasis formation.

siRNA as a novel therapeutic strategy: pros and cons

siRNAs have some important advantages over traditional 
pharmaceutical drugs, like small molecules or proteins and 
derivatives, as they can be designed to silence any target 
gene in the body, thus, constituting a class of drugs with 
a broader therapeutic potential. Moreover, new siRNAs 
sequences aiming at targeting a specific gene can be rap-
idly and rationally designed when the mRNA sequence is 
known, being the manufacturing process rapid and scala-
ble. Cross-reactivity between species is often possible with 
siRNAs, while maintaining their specificity and potency. 
Additionally, their high specificity makes them less toxic 
than traditional drugs [10].

Despite all the therapeutic potential of siRNA-based 
technology, numerous limitations have to be overcome in 
order to reach the clinical setting. It is now widely accepted 
that siRNAs induce various undesirable effects, as they can 
also interfere with the translation of others mRNAs besides 
the target one, and induce an immune response as well.

Off-target effects

The effects obtained due to silencing of genes other than 
the intended one are known as off-target effects and can 
compromise the siRNA utility to study gene function [11]. 
The off-target effects result from the interference of the 
siRNA with mRNA sequences to which the former has 

Fig. 1  The RNAi mechanism 
mediated by siRNAs. 1 SiRNA 
is internalized into the cell 
cytoplasm then, 2 incorporated 
into the RISC, and 3 the sense 
(passenger) strand of RNA 
is cleaved by AGO2. 4 The 
activated RISC complexed with 
the antisense strand is guided 
towards the complementary 
mRNA 5 mediating its cleavage 
and therefore, silencing of the 
target gene
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only partial complementarity, by a miRNA-like mecha-
nism, or by the incorporation of the sense strand into the 
RISC. This interference results in silencing of a variety of 
genes [12] that, in some cases, regardless of the target gene, 
can induce cell death [13].

Furthermore, it has been observed that even scrambled 
sequences, which theoretically do not target any mRNA, 
can have a moderate to high impact on the cell viability, 
depending on the cell line and siRNA concentration [14]. 
The mechanism of such toxicity is not yet fully understood. 
It is unlikely to be the consequence of a single gene knock-
down but rather the accumulation of interference with sev-
eral genes that results in cellular stress [13]. Interestingly, 
even an siRNA against an exogenous protein such as Green 
Fluorescence Protein, can deregulate a wide range of genes 
in different human cell lines [12].

Innate immune system stimulation

The presence of specific motifs in siRNAs sequences, as 
5′-GUCCUUCAA-3′, induces immunostimulatory activ-
ity both in vitro and in vivo [15]. Interestingly, siRNA-
mediated immune stimulation was not detected in Toll-like 
receptor 7 (TLR7) knockout mice, suggesting that TLR7 
was involved in the recognition of such motif. In fact, in 
immune-competent cells, TLRs act as sensors for the rec-
ognition of external nucleic acids (e.g., viral) that are inter-
nalized via endocytosis, triggering an interferon response 
and production of inflammatory cytokines as a defense 
mechanism. Most TLRs are expressed in the plasma mem-
brane, although TLR7 and TLR8, both single-stranded 
RNA sensors, and TLR9, a CpG-DNA sensor, are mainly 
expressed in the endosomal compartment whereas TLR3, 
a dsRNA sensor, is expressed in both cell and endosomal 
membranes [16].

Judge et al. [17] also reported that different siRNAs 
sequences with high content of GU motifs, namely 5′-
UGUGU-3′ or 5′-UGU-3′, and delivered by cationic lipid-
based nanocarriers, led to the production of interferon α 
(IFN-α) and inflammatory cytokines such as interleukin-6 
(IL-6) and tumor necrosis factor-α (TNF-α), both in mouse 
models and in human peripheral blood mononuclear cells 
(PBMC). Strikingly, immune stimulation was not detected 
when the delivery vehicle was not applied. This suggested 
that active endocytosis of siRNA was required for immune 
stimulation.

In the work of Sioud [18, 19] it was demonstrated that 
IFN-α response and inflammatory cytokine production 
in human PBMC cells were not restricted to the siRNA 
duplex but also achievable with the individualized sense or 
antisense single strands, the latter being much more immu-
nostimulatory than the siRNA duplex. In accordance with 

other reports [15, 17, 20, 21], immune activation, either 
by double- or single-strand siRNAs, was only triggered 
when the delivery was mediated by complexation of the 
nucleic acid with a cationic lipid. Indeed, siRNA delivery 
by electroporation did not lead to immune activation, evi-
dencing the involvement of the endosomal compartment 
in the siRNA immunogenic activity. It is expected that in 
endosomes, the acidic environment unwound the double 
siRNA into its single strands, which are likely to be rec-
ognized by the TLR7/8 receptors present in the endosomal 
compartment [22].

Another interesting work was reported by Kleinman 
et al. [23], who exhaustively demonstrated that angiogen-
esis inhibition is a common unspecific effect of 21 nucle-
otides or longer siRNAs, independently of their sequence 
and target. Indeed, local injection into the vitreous humor 
of free siRNAs targeting non-mammalian genes, non-
expressed genes, non-genomic sequences, RNAi-incom-
petent siRNAs or 2′-O-methyl modified siRNAs, all sup-
pressed blinding choroidal neovascularization in mouse 
models. This effect took place at an extent comparable to 
siRNAs specifically designed to target the pro-angiogenic 
vascular endothelial growth factor (veGF) pathway.

Since cells do not internalize free siRNAs, its recogni-
tion by a cell surface TLR was suggested. In fact, inhibition 
of angiogenesis has not taken place either in TLR3 knock-
out mice or in the presence of TLR3 antibodies, suggest-
ing the cell surface TLR3 on mouse and human choroidal 
endothelial cells as the mediator of the anti-angiogenic 
effect of siRNA [23].

The previous results were further confirmed in other 
mouse models of neovascularization (cornea suture injury 
and hind limb ischemia), where it was demonstrated that 
besides angiogenesis, lymphangiogenesis was also inhib-
ited by activation of TLR3 expressed on the surface of 
lymphatic endothelial cells [24]. The anti-angiogenic 
mechanism upon TLR3 activation is not yet well known. 
However, it was recently demonstrated that in normoxia 
conditions, TLR3 activation in aggressive prostate can-
cer cells, increased expression of hypoxia inducible factor 
1, leading to reduced apoptosis and increased secretion of 
veGF [25].

Overall, these reports strongly demonstrated that siRNAs  
are potent activators of the innate immune system, both in 
vitro and in vivo. This unspecific effect can have impor-
tant implications in the interpretation of gene-silencing 
effects mediated by siRNA. From a therapeutic perspec-
tive, although such immune stimulation can contribute to 
control some pathological processes, for instance, viral 
replication, tumor growth, and angiogenesis, it can also 
lead to undesirable side effects due to cytokine-associated 
toxicity.
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Overcoming siRNA immune stimulation

In order to circumvent siRNA immunostimulatory activ-
ity, it is highly recommended to avoid poly-U- and GU-rich 
regions [15] and the two immunostimulatory motifs already 
identified, 5′-GUCCUUCAA- 3′ and 5′-UGUGU-3′ [17]. 
However, this approach significantly limits the number 
of novel siRNA sequences that can be designed against a 
given gene target [26] thus, requiring alternative strategies.

One of the most promising strategies relies on the inser-
tion of chemical modifications without compromising the 
siRNA silencing potency. Indeed, the explored chemical 
modifications at the ribose, phosphodiester or base levels, 
aiming at increasing serum stability of different types of 
nucleic acids [27, 28], have recently demonstrated to abro-
gate off-target effects [29] and immunostimulation as well 
[26].

Most of the chemical modifications have been carried 
out in the ribose moiety, especially in the 2′ position, as it 
was demonstrated that the 2′OH group was not necessary 
for the siRNA gene silencing activity [30] (Fig. 2).

Morrissey et al. [31, 32] verified total abrogation of 
siRNA-mediated immunostimulation upon incorporation 
of different types of chemical modifications (2′-O-methyl 
(2′-OMe), 2′-fluoro (2′-F), 2′-O-methoxyethyl (2′-MOe), 
phosphorothioate linkages and terminus capping chem-
istries) in more than 90 % of the nucleotides of a siRNA 
sequence against hepatitis B virus (HBV). After systemic 

administration of unmodified anti-HBV siRNA, encapsu-
lated in lipid-based nanocarriers (stabilized nucleic acid 
lipid particles (SNALP)), high levels of IFN-α, inflamma-
tory cytokines (IL-6, TNF-α) were detected. This immu-
nostimulation was correlated with liver inflammation 
(elevated levels of transaminases) and transient lymphope-
nia and thrombocytopenia. In contrast, mice treated with 
the 2′-modified counterpart did not exhibit any immune 
response, which was translated with total absence of tox-
icity. Surprisingly, reduction in HBV serum titers was 
achieved with both unmodified and 2′-modified siRNAs, 
which was likely the result of different mechanisms (innate 
immune stimulation and RNAi, respectively).

A similar approach was used by Zimmerman et al. [33] 
in the design of a siRNA against apolipoprotein B (APOB), 
upon systemic delivery by SNALP into cynomolgus mon-
keys. Incorporation of several 2′-OMe nucleotides and 
phosphorothioate linkages (Fig. 2) in the siRNA sequence 
has enabled total abrogation of unmodified siRNA-medi-
ated immune stimulation, without altering the original gene 
silencing activity.

Later, Judge et al. [34] demonstrated that the incorpo-
ration of only a few 2′-OMe uridines or guanosines (less 
than 20 % of the nucleotides) in the sense strand of the 
duplex encapsulated in SNALP was enough to totally 
abrogate the immunostimulatory siRNA activity (both in 
human PBMC and in mice), without compromising gene 
silencing activity. Interestingly, even siRNAs containing 

Fig. 2  The most common chemical modifications applied to siRNAs. 
a The hydroxyl group on position 2 of ribose has been replaced by 
2′-O-methyl, 2′-fluoro or 2′-O-methoxyethyl groups and b the phos-

phodiester leakage can be modified as a phosphorothioate bond, 
which retains the negative charge of the phosphate group. Adapted 
from [30]
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the immunostimulatory motifs described above had their 
immunostimulation ability inhibited when as low as two 
nucleotides were methylated. Indeed, other reports have 
correlated high content of uridines with IFN-α response, 
which could be abrogated through the replacement of uri-
dines by adenosines [19, 35] or by 2′-OH substitutions 
(2′-F, 2′-OMe, 2′-MOe) [19, 34]. Sioud [19] demonstrated 
that 2′-OH substitutions only in uridines were sufficient 
to evade immune recognition of either single-stranded 
or dsRNA, even when complexed with the cationic lipid 
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP). In 
addition, 2′-OMe modification was identified as the one 
with higher immunosuppressive effect when compared 
with 2′-F or 2′-MOe modifications [36]. Further, the effec-
tiveness of 2′-OMe modifications was confirmed in vivo 
by Robbins et al. [37]. In this work, it was shown that 2′-
OMe modifications in uridines, guanosines, or adenines, 
independently of their position, abrogate immune activa-
tion but not 2′-OMe cytosines. Hamm et al. [38] suggested 
alternated 2′-OMe nucleotides in the sense strand as a gen-
eral approach to generate non-immunostimulatory siRNAs 
without affecting the siRNA gene silencing activity.

Surprisingly, the immune activity of unmodified siRNA 
was abrogated by the simultaneous administration of 2′-
OMe siRNAs, an effect likely related with the higher affin-
ity of 2′-OMe siRNAs towards TLR7 than the unmodified 
siRNAs counterpart [36, 38]. However, more studies are 
needed to fully understand the interaction of 2′-OMe and 
unmodified siRNAs with TLRs.

Overall, it seems that by some means, 2′-OMe-modified 
siRNAs do not activate the TLRs downstream intracellular 
pathways, thus circumventing immune stimulation. Never-
theless, general guidelines allowing a rational design of 2′-
OMe siRNAs are still necessary in order to avoid screening 
of numerous siRNA sequences.

Adjuvant effect of immunostimulatory siRNAs

Several publications have reported significant therapeu-
tic outcomes upon treatment with unmodified siRNAs. 
However, most of them have not accessed properly immu-
nostimulation, raising the question of whether such a thera-
peutic effect was actually mediated by RNAi or rather the 
result of a combined effect of RNAi and immune stimu-
lation. In fact, in the last decade, several immunostimula-
tory siRNAs have been used without the fully perception 
of their aptitude to elicit non-specific therapeutic effects 
in a wide range of diseases, as viral infections, cancer, or 
inflammation.

Robbins et al. [39] demonstrated that the viral titer 
reduction reported by others [40, 41], upon treatment with 
anti-influenza siRNAs, complexed with cationic liposomes, 
was mainly due to immune stimulation rather than being 

RNAi-mediated. Indeed, treatment with 2′-OMe siRNAs 
completed abrogated immunostimulation and no measur-
able effect on the viral load was observed.

Despite the well-established fact that unmodified  
siRNAs are potentially immunostimulatory, they are still 
being used in the majority of in vivo studies. Therefore, 
caution in the interpretation of several published results 
reporting therapeutic RNAi should be taken.

Nevertheless, one can actually take advantage from 
an immunostimulatory effect. Unmodified siRNAs that 
combine immunostimulatory properties with gene silenc-
ing activity against immunosuppressive factors or cancer-
related genes (bifunctional siRNAs) may hold great poten-
tial as an adjuvant immune therapy for cancer treatment 
[42]. This strategy has been pursued in the development of 
anti-cancer vaccines based on dendritic cells (DCs). Deliv-
ery, upon complexation with DOTAP, of a bifunctional 
siRNA against IL-10, an immunosuppressive cytokine 
overexpressed on the tumor microenvironment, to imma-
ture DCs resulted in effective protein downregulation with 
further DC maturation and upregulation of different players 
of the immune system: cytokines (TNF-α, IL-6, and IL-12), 
cell surface receptors that mediated T cell activation 
(CD80, CD86), major histocompatibility complex mol-
ecules, and the chemokine receptor CCR7, which induces 
DC migration to lymph nodes [42]. In addition, these anti-
IL-10 siRNA-transfected cells were capable of enhancing 
the proliferation of T lymphocyte [42]. Anti-IL-10 siRNA-
transfected DCs loaded with leukemia cells (acute myeloid 
leukemia, AML) antigens were tested as vaccines in rat 
models of AML. This vaccination induced proliferation of 
cytotoxic T cells, which was correlated by a decrease in 
metastasis formation and an increase in the overall mean 
survival [43].

Recently, in mouse models of cervical cancer, systemic 
administration of a bifunctional siRNA against the human 
papilloma virus (HPV)-type e6/e7 oncogene, encapsu-
lated in liposomes, resulted in inhibition of tumor growth. 
Additionally, incorporation of 2′-OMe modifications in the 
anti-HPV siRNA strongly impaired the antitumor effect, 
whereas treatment with a scrambled immunostimulatory 
siRNA still exhibited moderate antitumor activity. These 
observations clearly indicated that combining silencing of a 
cancer-related gene with immune stimulation, mediated by 
the same siRNA sequence, may bring additional therapeu-
tic benefits [44].

Systemic delivery of siRNA

Notwithstanding some of the challenges previously 
addressed, site-specific delivery has been the major bottle-
neck in the therapeutic application of siRNAs. The route 
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of administration is highly dependent on the accessibility 
of the target organ or tissue within the body. Local admin-
istration of siRNAs has shown promising results either by 
intraocular, intranasal, intra-tumor, or direct administra-
tion in the nervous system, as reviewed elsewhere [45]. 
However, such an approach is not feasible in the treatment 
of advanced solid tumors with distant metastasis or hema-
tologic tumors. In this respect, systemic administration 
is the most suited strategy but also the most challenging. 
Upon intravenous (iv) administration, naked siRNAs are 
cleared from the blood stream in a few minutes owing to 
rapid renal elimination, unspecific uptake by the mononu-
clear phagocytic system and degradation by serum nucle-
ases. At the cell level, the physical–chemical properties of 
siRNA (size around 13 kDa, negative charge and hydro-
philicity) strongly impair their cellular internalization [8, 
27, 46–48].

An alternative strategy to achieve RNAi in mammalian 
cells is the artificial transcription of shRNAs, long struc-
tures characterized by a stem and a loop region, which are 
processed by Dicer into small duplexes like miRNAs. The 
delivery of shRNAs in cells is carried out by viral vectors 
(such as lentiviral vectors), which upon genetic integration 
induce a stable and long-term knockdown. This is in con-
trast to the transient effect, from dilution over successive 
cellular divisions, associated with siRNA [49]. However, 
some concerns arise from the absence of cell-specificity, 
difficulties with large-scale manufacture, as well as high 
risk of immunogenicity and mutagenesis, which ultimately 
limit their use in a clinical setting [50].

On the other hand, non-viral strategies, such as lipid- 
or polymeric-based nanoparticles, are alternative strate-
gies generally perceived as safer than virus. Therefore, 
strong efforts have been directed to the design of effective 
and safe delivery platforms able to modulate the siRNAs 
pharmacokinetic and biodistribution properties, which will 
allow their translational into the clinical.

The use of the hydrophilic polymer poly(ethylene gly-
col) (PeG) has revolutionized the drug-delivery field upon 
enabling the development of nanocarriers with prolonged 
blood circulation times upon iv injection, which is critical 
to target extra-hepatic tumors. In fact, nearly all the nano-
carriers developed for systemic administration have their 
surface modified by the presence of PeG [51]. Neverthe-
less, it is important to point out that some limitations have 
been associated wit PeG, such as impaired cellular uptake 
or efficient escape from the endocytic pathway, as well as 
activation of an immune response upon repeated adminis-
trations. This subject has been extensively described else-
where [48, 51].

In the present section, nanocarriers for the systemic 
administration of siRNAs, and under clinical evaluation in 
oncological patients, will be discussed.

Stabilized nucleic acid lipid particles (SNALP)

encapsulation of siRNAs into PeGylated lipid-based nano-
particles is one of the most explored strategies for the sys-
temic delivery of siRNAs, being the SNALP technology 
developed by Tekmira Pharmaceuticals Corporation one of 
the most promising.

Typically, SNALP are formulated with four lipids: (1) 
an ionizable cationic lipid (such as, 2,2-dilinoleyl-4-(2-
dimethylaminoethyl)-[1, 3]-dioxolane (DLin-KC2-DMA)); 
(2) cholesterol; (3) a neutral helper lipid with a high tran-
sition temperature [such as, 1,2-distearoyl-sn-glycero-
3-phosphocoline (DSPC)] and; (4) an exchangeable 
PeG-derivatized lipid [such as PeGylated diacylglycerols 
(PeG-DAGs)] (Fig. 3).

SNALP are spontaneously formed by rapidly mixing the 
above-mentioned lipids, dissolved in ethanol, with an aque-
ous solution of siRNA, at a low pH, in a highly controlled 
stepwise manner (Fig. 4). At acidic pH, the ionizable lipid 
is positively charged thus enabling the negatively charged 
siRNA encapsulation. However, after siRNA encapsula-
tion, the adjustment of the external pH to a physiological 
value resulted in neutral liposomes, a critical feature aim-
ing at reducing the extent of opsonization following intra-
venous administration [52, 53].

Since the first reports related to SNALP [56, 57], several 
improvements have been achieved owing to the rational 
design of new cationic lipids. In the work of Semple et al. 
[53], it was demonstrated that the transfection efficiency 
of a cationic lipid is inversely correlated to the number of 
double bounds per hydrocarbon chain, two bounds being 
the optimal number. From this work, 1,2-dilinoleyloxy-
N,N-dimethyl-3-aminopropane (DLinDMA) has emerged 
as the leader compound [52], which was further improved 
by the incorporation of: (1) a ketal ring linker that enhances 
chemical stability and; (2) a methylene group into the 
headgroup (tertiary amine with pKa ~ 7). The latter con-
tributes to maintain the neutrality of SNALP at physiologic 
pH whereas at acidic conditions, it is rapidly protonated 
adopting an inverted hexagonal phase, thus leading to the 
liposomal membrane destabilization and the consequent 
delivery of the payload [53]. The outcome of these optimi-
zations was the 2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1, 
3]-dioxane (DLin-KC2-DMA) lipid (Fig. 3), which has 
enabled a drastic reduction of the required siRNA doses in 
mice to ~0.01 mg/kg [53].

Cholesterol and DSPC (Fig. 3) are other important lipids 
for the preparation of SNALP. Together, they help to form 
an organized and rigid lipid bilayer, with the necessary sta-
bility for an iv administration [56]. The PeG-derivatized 
lipid is a critical component of SNALP as it avoids aggre-
gation during the preparation process, besides improving 
pharmacokinetics upon reducing the extent of opsonization 
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[56, 57]. exchangeable PeG-derivatized lipids, as PeG-
DAGs, have the ability to diffuse out from the lipid bilayer, 
at a rate that is controlled by the length of the acyl chain. 
This effect restores the ability of liposomes to contact with 
cell membranes thus favoring cell internalization and the 
subsequent siRNA endosomal escape, notwithstanding 
decreases the nanocarriers’ blood residence time to a great 
extent [58]. Therefore, the PeG-derivatized lipid has to be 
carefully selected in order to achieve the best commitment 
between the blood circulation time and the transfection 
efficacy. Typically, when the liver is the primary disease 
site, exchangeable PeG-derivatized lipids with short acyl 
chains [such as 14 carbons (C)], and hence with a short 
blood residence time, are preferred. In contrast, targeting 
extra-hepatic solid tumors requires PeG-derivatized lipids 
with longer acyl chains (such as 18 C). In fact, prolonged 
blood residence of the nanocarriers is one critical requisite 
to achieve a significant tumor accumulation [58–60].

SNALP, as occurs for most of the nanocarriers for sys-
temic administration, predominantly accumulate in the 
liver, which is in part explained by the liver distinct anat-
omy (good perfusion and fenestrated endothelium) as well 
as by the capacity of the mononuclear phagocytic system 
in removing foreign bodies [61]. Moreover, the efficient 
uptake of SNALP by the hepatocytes seems to be mediated 
by the opsonization of these nanoparticles with endogenous 
apolipoprotein e, which is recognized and internalized by 
low-density lipoprotein receptors expressed on hepatocytes 
[62]. Therefore, most of the achievements with SNALP 

were attained in liver-associated diseases such as hepatitis 
B [31, 32], hypercholesterolemia [33], ebola [55, 63], and 
liver cancer [59] (http://www.Tekmira.com). Alnylam Phar-
maceuticals is another biotech company that is also exploit-
ing the SNALP technology for liver-associated diseases 
such as transthyretin amyloidosis, hemophilia, porphyria, 
hemoglobinopathies, and alpha-1 antitrypsin-associated 
liver disease (http://www.alnylam.com).

At last, it is important to point out that all the siRNA 
sequences of Tekmira and Alnylam are 2′-modified in 
order to avoid the immunostimulatory effects previously 
mentioned.

Hepatic tumor penetration of SNALP‑mediated siRNA 
delivery

From a retrospective analysis of a variety of siRNA lipid-
based delivery platforms, SNALP has emerged as the most 
promising nanoparticle for hepatic delivery of siRNAs in 
mice. However, analysis of gene silencing spatial distri-
bution in tumor sections revealed that only 10–15 % of 
cancer cells were effectively transfected [64]. These cells 
were located in areas with increased accessibility as they 
were adjacent to functional tumor blood vessels (normoxic 
regions) [65].

Indeed, SNALP containing a DY647-labeled anti-RAN 
GTPase siRNA injected into mice bearing highly vascular-
ized HepG2 orthotopic hepatic tumors demonstrated effec-
tive siRNA delivery crosswise tumor sections, in contrast 

Fig. 3  Chemical structure of 
SNALP-forming lipids

http://www.Tekmira.com
http://www.alnylam.com
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with the observation in poorly vascularized HCT116 ortho-
topic hepatic tumors. This was likely the reason why, 
despite that HCT116 cells were more sensitive than HepG2 
to in vitro RAN GTPase silencing, tumor growth inhibition 
was more marked in the HepG2 model than in the HCT116 
model [65–68]. These results suggested that the effective-
ness of a transfection-competent delivery platform (such 
as SNALP) is highly dependent on the vascularization net-
work of each tumor, as it can influence the accessibility of 
the nanoparticles across the tumor mass and consequently, 
the final therapeutic outcome [65].

Moreover, the vascular network within the same tumor 
can be highly heterogeneous being the central region often 
characterized by poor perfusion, which impairs the access 
of the therapeutic agents to the aggressive cancer cells usu-
ally found in hypoxia regions [69]. This vascular dysfunc-
tion in the central part of solid tumors, together with the 
lack of functional lymphatic vessels, results in increased 
interstitial pressure at this level, which along with a dense 

extracellular matrix, impairs the penetration of the nano-
particles through the interstitial space, thus compromising a 
uniform distribution throughout the tumor [67, 70].

Targeting SNALP to non‑hepatic solid tumors

An extended blood circulation is mandatory for achiev-
ing significant levels of accumulation in non-hepatic solid 
tumors. As mentioned before, extended blood residence 
can be achieved by incorporating PeG-derivatized lipids 
with longer alkyl chain, which have a slower exchangeable 
rate from the SNALP surface, thus providing an improved 
shielding in the vascular compartment.

In the work of Judge et al. [59], the therapeutic potential 
of SNALP encapsulating an siRNA against Polo-like kinase 
1 (PLK1) was evaluated. PLK1 is an important mitotic reg-
ulator, often found overexpressed in cancer cells of tumors 
with diverse histological origin [71]. It was shown that two 
iv administrations per week, during 3 weeks, of anti-PLK1 
siRNA-containing SNALP (2 mg siRNA/kg) induced an 
anti-tumor effect both in orthotopic as well as in subcutane-
ous (sc) mouse models of hepatic (Hep3B) cancer. How-
ever, in order to reach the non-hepatic tumor (sc model), 
formulation with PeG-S-DSG (18 C) was demanded, 
instead of the highly exchangeable PeG-S-DMG (14 
C) used in the formulation of SNALP targeted to hepatic 
tumors. The former PeG-derived lipid enables SNALP to 
take advantage of the enhanced permeability and retention 
(ePR) effect [72].

The second generation of SNALP: the association 
of cationic‑lipid‑like materials–lipidoids

Alnylam Pharmaceuticals, together with researchers from 
the Massachusetts Institute of Technology, developed 
extensive libraries of cationic lipid-like materials, termed 
lipidoids, which can be incorporated into lipid-based nano-
particles such as SNALP. A library of combinatorial epox-
ide-derived oligoamine-containing lipidoids has recently 
been developed by Love et al. [73]. These lipidoids were 
formulated together with cholesterol, DSPC, and a PeG-
derived lipid in a similar manner as SNALP. In vivo studies 
revealed that the C12-200 (Fig. 5) lipidoid-based SNALP 
was the most potent. C12-200 contains multiple tertiary 
amines and five alkyl chains with a length of 12 C.

Remarkably, a single iv injection in mice of C12-200 
lipidoid-based SNALP containing an anti-Factor VII 
siRNA, at a dose as low as 0.01 mg/kg, induced complete 
Factor vII downregulation in hepatocytes. It took 20 days 
for protein to recover to baseline levels. Moreover, after 
a single injection, specific and simultaneous inhibition 
of five genes in the liver was also achieved with the C12-
200 lipidoid-based formulation, containing a pool of the 

Fig. 4  ethanol dilution method of siRNA encapsulation. Liposomes 
are spontaneously formed upon mixing the lipids dissolved in etha-
nol with the siRNA dissolved in an aqueous buffer at acidic pH. 
The dilution of ethanol below the lipid solubility favors vesicle sta-
bilization, which has the major advantage of avoiding an additional 
extrusion step to obtain small and homogenous liposomes [54]. The 
final liposomes have a surface charge close to neutrality, a mean size 
around 80 nm (or even smaller), and siRNA encapsulation efficiencies 
higher than 90 % [33, 55]
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corresponding five siRNAs, at 1 mg∕kg (total siRNA dose). 
The potential of this lipidoid was further validated in cyn-
omolgus monkeys, upon targeting the transthyretin gene in 
liver [73].

The efficiency revealed by the C12-200 lipidoid-based 
nanoparticles regarding siRNA delivery likely relies on 
the main mechanism of internalization, macropinocyto-
sis, which avoids lysosomal degradation, a common prob-
lem encountered with nanocarriers that enter cells through 
receptor-mediated endocytosis [48]. Taken together, C12-
200 lipidoid and the previously mentioned DLin-KC2-
DMA lipid, represent some of the most advanced cationic 
materials for siRNA delivery. Moreover, these reports 
highlighted important criteria for the designing of cationic 
transfection reagents: (1) one or more tertiary amines with 
a pKa ~7, thus enabling a pH-dependent surface charge 

and; (2) two or more alkyl chains with a length that may be 
compromised between 12 and 18 C [74].

RNAi/oligonucleotide nanoparticle delivery (RONDeL)

RONDeL nanoparticles are formulated with: (1) cyclodex-
trin-containing polymer (CDP); (2) PeGylated adamantane 
(AD-PeG); (3) human transferrin (Tf) as a targeting ligand 
covalently attached to the extremity of PeG (AD-PeG-Tf) 
and; (4) a non-modified siRNA (Fig. 6).

CPD is a linear and water-soluble polymer that contains 
several β-cyclodextrins (cyclic oligosaccharides). Owing 
to its positive charge, it self-assembles with the siRNA 
into nanoparticles, fully protecting the nucleic acid from 
degradation by serum nucleases [75, 76]. Moreover, CDP 
contains organic groups that are protonated at pH ~ 6, 

Fig. 5  Chemical structure of 
the lipidoid C12-200

Fig. 6  Chemical structure of RONDeL components



1426 L. C. Gomes-da-Silva et al.

1 3

which, together with the imidazole end groups, medi-
ates an efficient siRNA delivery into the cell cytoplasm 
[75, 76] (Fig. 6). Adamantane forms an inclusion complex 
(non-covalent interaction) with the hydrophobic core of 
β-cyclodextrins whereas PeG is maintained on the nano-
particle surface (Fig. 7). Finally, the presence of Tf at the 
PeG extremity enhances the internalization by Tf receptor-
overexpressed cancer cells (Fig. 7).

RONDeL encapsulating a potent siRNA against the 
ribonucleotide reductase subunit 2 (RRM2) [77], when 
systemically administered during three consecutive days 
to mice bearing sc Neuro2A tumors, at a siRNA dose of 
2.5 mg/kg, significantly slowed tumor growth. In contrast, 
the non-targeted counterpart had only minimal effects [78].

In 2008, these Tf-targeted CPD-based nanoparticles 
containing the anti-RRM2 siRNA entered clinical trials 
under the designation of CALAA-01 (Table 1). Recently, 
it was demonstrated that CALAA-01 was also effective in 
a mouse xenograft sc model of head and neck squamous 
cell carcinoma derived from Tu212 cells. Systemic admin-
istrations of CALAA-01 (at 5 or 10 mg siRNA/kg) on four 
consecutive days significantly reduced tumor progression 
by suppressing cell proliferation and inducing apoptosis. At 
the highest siRNA dose, tumor growth was reduced by an 
average of 2.9-fold when compared to the control siRNA. 

Moreover, a significant reduction of RRM2 on the tumors 
was reported [79].

AtuPLeX/Atu027

AtuPLeX is a lipid-based siRNA delivery platform, also 
known as siRNA-lipoplex, for the systemic delivery of siR-
NAs to endothelial cells. It is formulated with: (1) a biode-
gradable cationic lipid (β-l-arginyl-2,3-l-diaminopropionic 
acid-N-palmityl-N-oleyl-amide trihydrochloride, also 
known as AtuFeCT01); (2) a PeGylated lipid [1,2-dis-
tearoyl-sn-glycero-3-phospatidylethanolamine-N-PeG 
(DSPe-PeG)]; (3) a fusogenic lipid (1,2-diphytanoyl-sn-
glycero-3-phosphoethanolamine, DPhyPe), and; (4) a 2′-
OMe modified siRNA [80] (Fig. 8).

In vivo studies demonstrated that AtuPLeX is signifi-
cantly internalized by the vascular endothelium of liver, 
heart, and lung [80] as well as by the tumor endothelium 
of different tumor xenograft models [81]. AtuPLeX com-
plexed with an siRNA targeting the protein kinase N3 
(PKN3), a validated anti-angiogenic molecular target, 
is already in clinical trials with the codename of Atu027. 
with primary vascular (HUveC) and lymphatic (HMveC-
LLy) endothelial cells, Atu027 mediated an effective PKN3 
silencing, leading to reduced cell migration and impaired 
tube formation without interfering with the cells’ viabil-
ity. Multiple iv administrations of Atu027 in mice, rats, 
and non-human primates, induced strong PKN3 silencing 
in the lungs and liver tissues and had a moderate effect at 
the tumor level, without any apparent effect in heart and 
spleen. The level of PKN3 silencing reflected the vasculari-
zation index of the mentioned organs [82].

Interestingly, PKN3 silencing at the endothelium level 
had a significant impact on the regression of metasta-
ses formation in different mouse models. Treatment of a 
metastatic orthotopic PC3 prostate cancer mouse model 
with eight iv administrations of Atu027 (2.8 mg siRNA/
kg), restrained tumor growth and, more importantly, 
inhibited the formation of lymph node metastases [82]. 
Moreover, in two experimental lung metastasis models 
(established by iv injection of Lewis lung carcinoma cells 
or melanoma-derived B16v cells) as well as in mouse 
orthotopic models of breast cancer (MDA-MB-435 and 
MDA-MB-231) that spontaneously metastasized, it was 
demonstrated that multiple administrations of Atu027 also 
prevented the formation of macro and micrometastasis in 
the lung [83]. Analysis of tumor sections did not reveal 
any differences neither in the microvascular density nor 
in the tumor vessel structure [82, 83]. On the other hand, 
PKN3 silencing was followed, both in vitro and in vivo, 
by an upregulation of ve-cadherin, which is an adher-
ence junction protein, on the endothelial cell’s membrane. 
Therefore, it was hypothesized that ve-cadherin, by 

Fig. 7  Components and formulation of RONDeL. The formulation 
consists of two vials, one with the siRNA and the other with the deliv-
ery components (CDP, AD-PeG, and AD-PeG-Tf). when the content 
from the two vials is mixed, the components self-assemble into RON-
DeL nanoparticles of approximately 70 nm, where the siRNA is fully 
encapsulated within the CDP polymer
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enhancing cell–cell adhesion, might reduce the vascular 
leakage and hence the intra and extravasation of meta-
static tumor cells, which ultimately prevents the forma-
tion of metastasis [83, 84].

Finally, it is also important to mention that treatments 
with Atu027 did not induce a significant elevation of liver 
enzymes [aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT)] or cytokine (IFN-α [81], IL-6, 
IL-10, and TNF-α) [82], thus indicating that they were not 
immunostimulatory or hepatotoxic.

siRNA-ephA2-DOPC

Liposomes formulated with the neutral lipid 1,2-diole-
oylsn-glycero-3-phosphatidylcholine (DOPC) (Fig. 9) can 
be used to encapsulate nucleic acids such as oligonucleo-
tides [85] or siRNAs [86] with an encapsulation efficiency 
~65 %, which is considerably lower than the one obtained 
when cationic lipids/polymers are applied.

These non-PeGylated liposomes, encapsulating an 
siRNA against the oncogene ephrin type-A receptor 2 
(EphA2), a validated molecular target for ovarian cancer, 
were successfully tested in orthotopic mouse models of 
ovarian cancer (HeyA8 or SKOv3), upon iv injection [86]. 
Surprisingly, they were detected at the tumor level for a 
time point as short as 1 h, after a single iv administration. 

Nevertheless, and as expected, a marked accumulation was 
also found in the liver, spleen, and lungs.

In order to evaluate the therapeutic potential of such 
strategy, anti-EphA2 siRNA-containing liposomes (0.15 mg 
siRNA/kg) were intravenously administered twice a week, 
during 3 weeks. This treatment significantly reduced ovar-
ian tumor growth, although the best results were attained 
when the administration of anti-EphA2 siRNA-containing 
liposomes was combined with one intraperitoneal injection 
of paclitaxel, which mediated a tumor growth inhibition of 
67 or 82 % when compared with a control siRNA or pacli-
taxel alone, respectively [86]. It was further demonstrated 
that treatment efficacy was similar when intraperitoneal 
injections were performed [87]. Phase I clinical trials of anti-
EphA2 siRNA-containing liposomes are expected to start 
shortly (Table 1). In the meantime, the successful delivery 
of two siRNAs (against EPHA2 and focal adhesion kinase, 
FAK) with the lipid-based nanoparticle herein presented has 
opened a wide range of therapeutic opportunities [88].

Nanotoxicology

Ideally, any nanocarrier (e.g., liposomes, nanoparticles, etc.) 
must be non-toxic and non-immunogenic. Their components 
should be biodegradable and cleared from the body in order 

Fig. 8  Chemical structure of AtuPLeX-forming lipids

Fig. 9  Chemical structure of 
DOPC
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to avoid undesirable accumulation that ultimately could lead 
to adverse effects. when considering an iv administration, 
several aspects must be taken into account such as the hem-
atocompatibility (e.g., red blood cell lysis, platelet aggrega-
tion, cell aggregation), the integrity of the nanoparticle and 
its payload (e.g., drug leakage and degradation, etc.), and 
the stimulation of the immune system (e.g., complement 
activation, cytokines, and antibody production) [89].

Lipid-based nanoparticles for the systemic delivery of 
siRNA are often formulated with cationic lipids and PeG-
derivatized lipids. However, nowadays it is well known that 
cationic lipids can activate the complement system, which 
mediates a rapid clearance by the mononuclear phagocytic 
system and induces the release of pro-inflammatory cytokines 
and IFN-α [90]. The latter can induce adverse side effects, for 
instance, hypersensitivity and anaphylaxis reactions [90].

Numerous studies have demonstrated that in a multiple 
administration schedule, PeGylated liposomes lose their 
prolonged blood circulation property, while the extent of 
hepatic accumulation increases [91, 92]. This phenom-
enon, designated as accelerated blood clearance (ABC), is 
mediated by the production of anti-PeG IgM in the spleen, 
following the first administration. In a subsequent admin-
istration, PeGylated nanoparticles are opsonized by anti-
PeG IgM and C3 protein of the complement system, which 
favors an unspecific internalization of the liposomes by 
Kupffer cells [93–96]. The ABC phenomenon can be exten-
sively potentiated when the encapsulated siRNA is also 
immunostimulatory [97–99]. In addition, PeG is a non-bio-
degradable polymer, which also limits its safety. when it is 
used at high doses and/or in chronic administration, it can 
accumulate within the lysosomes, thus impairing the nor-
mal activity of some catabolic lysosomal enzymes. There-
fore, it has been suggested that PeG should be used at the 
lowest molecular weight possible in order to enable renal 
elimination [89].

Taken together, it is extremely important that all novel 
nanocarriers undergo an exhaustive characterization of their 
toxicity profile in relevant animal models, before clinical 
evaluation. As both the nanocarriers and the nucleic acids 
can trigger an innate immune response, this is an issue that 
must be carefully addressed, notwithstanding that the real 
contribution of each component (siRNA payload versus the 
nanocarrier) is difficult to evaluate. Indeed, the same nano-
particle with different siRNA sequences might have differ-
ent immune profiles. Overall, this is a highly relevant topic 
that has been addressed for some of the lipid-based nano-
particles in clinical trials, as SNALP and RONDeL.

Safety and toxicity of SNALP

Single iv administration of SNALP in mice, encapsulating 
chemically modified anti-HBV (at 5 mg siRNA/kg) [31, 32] 

or anti-PLK1 (at 2 mg siRNA/kg) [59] siRNAs, was well 
tolerated, without the detection of inflammatory cytokines, 
IFN-α or elevation of liver transaminases (ALT and AST). 
Similarly, in non-human primate (cynomolgus monkeys), 
iv administration of SNALP encapsulating a modified 
anti-APOB siRNA (at 2.5 mg siRNA/kg) presented a simi-
lar pattern, notwithstanding a transient elevation of liver 
transaminases that was fully resolved within 6 days [33].

extensive studies with SNALP encapsulating two 
siRNAs, targeting VEGF or KSP genes (ALN-vSP02), 
showed that rats were more sensitive to SNALP than mice, 
the maximum tolerated dose being 3 mg/kg and 12 mg 
siRNA/kg, respectively, upon eight administrations over 
2 weeks. In rats, at doses ≥3 mg siRNA/kg, elevation of 
ALT, AST, and bilirubin were detected as well as liver vac-
uolation, inflammation, fibrosis, hemorrhage, and necrosis, 
which altogether indicated strong hepatic injury. Moreo-
ver, lymphoid atrophy and necrosis were observed in the 
spleen, whereas renal injury was revealed by the detection 
of hematuria and tubular degeneration [100]. The dose 
that was free of any adverse effect (no observable adverse 
effect level, NOAeL) was 1 mg siRNA/kg. Similar stud-
ies in non-human primates (cynomolgus monkeys) also 
revealed NOAeL to be 1 mg/kg. At doses ≥3 mg/kg, liver 
and spleen toxicity was also observed. In addition, it was 
detected elevation of IL-6 and complement products, which 
indicated a moderated immunostimulation [100].

Altogether, these reports demonstrated that in respect to 
SNALP toxicity, the liver is the most sensitive organ, fol-
lowed by the spleen and kidneys, which also reflects the 
high levels of SNALP accumulation in those organs.

Safety and toxicity of RONDeL

Following a single administration of Tf-targeted CDP-
based nanoparticles containing anti-EWS-FL11 siRNA, at 
2.5 mg/kg, in a mouse model of metastatic ewing’s sar-
coma, the levels of AST, ALT, blood urea nitrogen, and 
creatinine remained unchanged, as determined 2 or 24 h 
post-injection, thus indicating the absence of hepatic and 
renal toxicity. At the same time, IL-12 and INF-α were also 
found unchanged [101]. Surprisingly, even the use of an 
siRNA sequence containing an immunostimulatory motif 
has not elicited any immunostimulation [101]. However, it 
should be pointed out that the chosen time points were not 
the most suited for cytokines quantification, as they typi-
cally peak between 6 and 8 h [39].

In non-human primates (cynomolgus monkeys), RON-
DeL containing the anti-RRM2 siRNA (CALAA-01), was 
sequentially administrated at 3, 9, and 27 mg siRNA/kg, 
with 2–3 days between each dose. Until 9 mg siRNA/kg, 
CALAA-01 was well tolerated without signs of hepatic or 
renal toxicity (without elevation of AST, ALT, creatinine or 
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blood urea nitrogen) or immunostimulation (without detec-
tion of IL-12, IFN-γ, IL-10, IL-4, IL-6, TNF-α after 6 h of 
CALAA-01 administration). Moreover, hematological and 
coagulation parameters (prothrombin time, activated partial 
thromboplastin time and fibrinogen) remained unchanged 
[77]. These results were in contrast to the ones obtained 
following the administration of 27 mg siRNA/kg, which 
is a dose that is exceptionally high. Interestingly, low titer 
of anti-Tf antibodies was detected for all the concentra-
tions whereas anti-PeG antibodies were not detected. The 
absence of anti-PeG antibodies was in accordance with 
the lack of the ABC phenomenon evaluated upon the last 
administration at 3 mg siRNA/kg [77].

Taken together, these results demonstrated that Tf-tar-
geted CDP-based nanoparticles encapsulating a non-chem-
ically modified siRNA, even in multi-administration regi-
mens, were well tolerated in mice and non-human primates.

Targeted siRNA delivery to cancer cells and the tumor 
microenvironment

One promising strategy to enhancing the likelihood of 
reaching solid tumors localized in organs other than the 
liver, aiming at improving efficacy while decreasing the 
side effects as the previously addressed, relies on the 
attachment at the surface of the nanocarriers of internal-
izing ligands, specifically targeting antigens or receptors 
overexpressed on the surface of cancer cells and/or other 
cells of the tumor microenvironment, such as the endothe-
lial cells from angiogenic blood vessels. Different targeting 
ligands such as antibodies or fragments thereof, proteins, 
and peptides, have been explored.

Targeting cancer cells

The use of peptides as the targeting moiety is attractive 
because of their small size, low immunogenicity, high 
stability, and ease of manufacturing [102]. Moreover, the 
screening of random peptide phage-display libraries has 
enabled the identification of numerous peptides that bind 
specifically to receptors overexpressed on cancer cells as 
well as on other cells of the tumor microenvironment. In 
the work of Santos et al. [103], the antagonist G peptide 
(NH2-Arg-d-Trp-NmePhe-d-Trp-Leu-Met-CONH2) was 
coupled to the surface of SNALP-derived liposomes, con-
taining an anti-BCL2 siRNA. The antagonist G peptide 
targets the large family of G-protein-coupled receptors, 
which are crucial players in tumor growth and metastiza-
tion, being found overexpressed in different cancers [104]. 
In vitro studies showed that the extent of internalization of 
antagonist G-targeted liposomes, by lung cancer cell lines 
(A549, H69 and Sw2), was fourfold to tenfold higher than 

the one attained with the non-targeted liposomes. However, 
this improved cellular internalization has not enabled BCL2 
silencing, which was probably explained by the high con-
tent of PeG (10 mol % relative to total lipid) [103] that is 
known to significantly impair siRNA endosomal escape 
[105].

Benzamide derivates have also been used to target can-
cer cells, and particularly anisamide, which targets sigma 
receptor-overexpressing tumors. Li et al. [106] developed a 
liposome-polycation-DNA (LPD) complex that contains a 
non-modified siRNA, mixed with a complex of DNA (calf 
thymus DNA) and protamine, which forms a condensed 
core that is further coated with cationic liposomes formu-
lated with DOTAP/CHOL and DSPe-PeG conjugated to 
anisamide.

In a mouse model of non-small cell lung cancer (NCI-
H460), a marked tumor accumulation for a time point as 
short as 4 h was observed. Three injections of LPD com-
plexed with an siRNA against epidermal growth factor 
receptor (EGFR) (1.2 mg siRNA/kg) showed significant 
inhibition of tumor growth. Interestingly, in a lung meta-
static model of melanoma (B16F10), the same targeted-
LPD incorporating a mixture of three siRNAs against 
validated anti-tumor targets (MDM2, C-MYC, and VEGF), 
induced specific downregulation of the three oncogenes 
at the metastatic nodules. This effect was correlated with 
70–80 % lung metastasis reduction, while free siRNAs or 
the non-targeted counterpart had a residual effect [107]. 
Moreover, upon changing the targeting moiety, LPD could 
be used to target other tumors such as breast cancer [108] 
and more recently, hepatocellular carcinoma [109].

Natural ligands, such as folate and transferrin, have been 
broadly explored in liposomes [14, 110–115] and other 
nanocarriers [101, 116, 117], owing to the overexpression 
of their receptors on the surface of cancer cells. Nonethe-
less, the use of these ligands has some limitations such 
as: (1) their receptors are also expressed on normal cells, 
which can mediate an unspecific accumulation in healthy 
tissues and; (2) the natural occurrence of these ligands in 
the blood may compete with the targeted nanocarriers for 
the specific receptors [118, 119]. Despite these limitations, 
different successful reports have been published.

Folate-targeted SNALP-derived liposomes containing an 
anti-MYCN siRNA, administrated in five consecutive days 
to LA-N-5-derived sc tumor-bearing mice, resulted in 50 % 
of MYCN mRNA downregulation at the tumor level [114]. 
In a bone marrow and bone metastasis xenograft mouse 
model of LA-N-5 neuroblastoma cells, it was demonstrated 
that 8 h after iv administration, the anti-MYCN siRNA 
delivered by folate-targeted nanoparticles, also co-localized 
with the bone metastasis. Treatment during five consecutive 
days, at 3 mg/kg of anti-MYCN siRNA, resulted in approx-
imately 50 % of MYCN downregulation at the metastasis 
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level, which was correlated with a significant increase of 
LA-N-5 apoptotic cells [120].

Application of Tf-targeted SNALP-derived liposomes 
developed by Mendonca et al. [14, 110], in two leukemia 
cells lines (K562 and LAMA-84), resulted in enhanced cel-
lular internalization. Although these liposomes contained 
8 mol% of PeG (relative to total lipid), the improved cel-
lular internalization (and in contrast with the work of San-
tos et al. [103]) has mediated an effective silencing of the 
BCR-ABL oncogene, which was further correlated with a 
strong decrease in the cell viability. Indeed, this work dem-
onstrated that Tf not only favors cellular internalization but 
also contributed to the siRNA endosomal escape, owing to 
its fusogenic properties [121].

Strikingly, Bartlett et al. [122] demonstrated in an sc 
mouse model of Neuro2A-Luc cells that both Tf-targeted 
and non-targeted CDP-based nanoparticles (RONDeL), 
upon iv injection, exhibited similar biodistribution and 
tumor accumulation, for a 24 h time point. Nonetheless, Tf-
targeted nanoparticles containing anti-Luciferase siRNA 
were twofold more effective at reducing luciferase expres-
sion at the tumor level than the non-targeted counterpart. 
These results demonstrated that tumor accumulation of 
both targeted and non-targeted nanoparticles was highly 
dependent on the ePR effect [72, 123, 124], which is 
highly influenced by the tumor pathophysiological proper-
ties rather than by the presence of a moiety targeting cancer 
cells. However, at the tumor level, the presence of trans-
ferrin was crucial to enabling the improved gene silencing 
observed with the ligand-targeted nanoparticles.

Targeting angiogenesis

As endothelial cells from tumor blood vessels are more 
accessible than cancer cells to any nanoparticle injected in 
the vascular compartment, and being aware of the impor-
tance of angiogenesis for tumor growth and metastasis for-
mation, several anti-cancer therapies targeting angiogen-
esis have been proposed. Additional advantages are found 
in targeting the tumor vasculature: (1) selectivity of the 
treatment against proliferative tumor endothelial cells; (2) 
minimal toxicity, as angiogenesis in the adult is limited to 
wound healing, ovulation and pregnancy; (4) low mutation 
rate within the vasculature; (5) independence of cancer-cell 
resistance mechanisms and; (6) different solid tumors and 
leukemia are dependent on angiogenesis for their survival 
[125, 126].

Different molecules overexpressed on endothelial cells 
have been explored for targeted drug delivery including 
integrins, cadherins, selectins, aminopeptidases, glycopro-
teins, angiotensin-converting enzyme, growth factor recep-
tors (such as veGR, FGFR, PDGFR), among others. This 
issue has been detailed elsewhere [127–129].

RGD (cyclic Arg–Gly–Asp) and NGR (Asp–Gly–Arg) 
peptides are some of the most widely used ligands to target 
the tumor endothelium. The first is specifically recognized 
and internalized by αvβ3-integrins while the latter targets 
aminopeptidase N (CD13). LPD-derived nanoparticles 
modified with the RGD peptide and containing a siRNA 
against the veGF receptor 2 (VEGFR2) were internalized 
by HUveC and H5v endothelial cells leading to VEGFR2 
silencing. Nevertheless, this study lacks in vivo studies to 
validate the real anti-angiogenic activity of these RGD-tar-
geted LPD nanoparticles.

Chen et al. [130] have also used LPD nanoparticles for 
the systemic delivery of siRNA to solid tumors by taking 
advantage of the targeting properties of the NGR peptide. 
In vitro studies demonstrated that this NGR-targeted LPD, 
containing an anti-CMYC siRNA, was efficiently internal-
ized by human fibrosarcoma cells (HT-1080) and endothe-
lial cells (HUveC), leading to an efficient CMYC silenc-
ing. In vivo studies with the HT-1080 sc mouse model 
showed that 4 h after iv administration, the siRNA was 
already localized in the cancer cell’s cytoplasm although 
the tumor distribution was heterogeneous. One injection 
per day, during three consecutive days, of anti-CMYC 
siRNA (1.2 mg/kg) delivered by the NGR-LPD almost 
totally silenced CMYC expression, which was correlated 
with apoptosis and partial tumor growth inhibition. Signifi-
cant improvements were further achieved upon co-encapsu-
lation of anti-CMYC siRNA and doxorubicin, in the same 
NGR-targeted LPD nanoparticles [130]. Treatment with 
free doxorubicin, at a dose of 0.3 mg/kg, had no therapeu-
tic effect, whereas the simultaneous administration of free 
doxorubicin and NGR-targeted LPD containing the anti-
CMYC siRNA resulted in a similar tumor growth inhibition 
as the single treatment with NGR-targeted LPD containing 
the anti-CMYC siRNA. The most pronounced tumor growth 
inhibition was observed when doxorubicin and anti-CMYC 
siRNA were co-formulated in the same NGR-targeted 
nanoparticle [130]. However, an additional control group 
treated with the nanoparticle containing only doxorubicin 
would have been important to clarify the real benefit of co-
encapsulating anti-CMYC siRNA and doxorubicin in the 
same NGR-targeted nanoparticle.

Dual targeting: cancer and endothelial cells

Our group has been working with the F3 peptide (Lys–
Asp–Glu–Pro–Gln–Arg–Arg–Ser–Ala–Arg–Leu–Ser–
Ala–Lys–Pro–Ala–Pro–Pro–Lys–Pro–Glu–Pro–Lys–
Pro–Lys–Lys–Ala–Pro–Ala–Lys–Lys), which has the 
major advantage of simultaneously targeting two cell 
sub-populations of the tumor microenvironment: cancer 
cells and endothelial cells [131]. This peptide is inter-
nalized by nucleolin, a receptor overexpressed on the 
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above-mentioned tumor cells’ populations [132]. we 
have developed two novel formulations of PeGylated 
F3-targeted liposomes, either non-pH-sensitive [133] or 
pH-sensitive [134], which presented a high extent of inter-
nalization by both cancer cells (MDA-MB-435S, MDA-
MB-231, PC3) and endothelial cells from angiogenic 
blood vessels (HMeC-1), but not by non-transformed 
cells (BJ fibroblasts). In contrast, the non-targeted coun-
terpart was not internalized by the mentioned cells. It was 
demonstrated that both F3-targeted liposomes, either non-
pH- or pH-sensitive, induced gene silencing. The pH-sen-
sitive liposomes were much more effective than the non-
pH-sensitive counterpart, which clearly demonstrated the 
importance of an efficient siRNA escape from the endo-
cytic pathway [133, 134]. Moreover, the F3-targeted pH-
sensitive liposomes were biocompatible (did not induce 
red blood cell lysis) and stable in blood (siRNA leakage 
lower than 10 % over 24 h) and did not cause toxicity or 
an immunogenic response upon two iv administrations per 
week, during 3 weeks (at 2.5 mg siRNA/kg) [134]. Finally, 
F3-targeted pH-sensitive liposomes containing anti-PLK1 
siRNA significantly reduced cell viability of both cancer 
cells and endothelial cells and enhanced the sensitivity 
of cancer cells towards paclitaxel [135]. with the aim of 
assessing the real potential of the developed F3-targeted 
strategy as an effective siRNA delivery platform for can-
cer treatment, several in vivo studies (biodistribution and 
gene silencing activity) will be performed. A rapid and 
specific tumor accumulation is expected. In fact, the util-
ity of the F3 peptide, as a ligand, to target and enhanced 
tumor accumulation of doxorubicin-containing liposomes 
was already confirmed by our group [136]. Moura et al. 
[136] demonstrated that these liposomes were detected, in 
an MDA-MB-435S-derived tumor implanted in the mam-
mary gland, for a time point as short as 4 h. This active 
tumor accumulation was correlated with a significant 
reduction of the vessel density and viable rim area (along 
with extensive necrosis at this level) and accompanied by 
a lack of tumor invasion into adjacent healthy tissues. In 
contrast, with the other tested control samples, including 
the non-targeted counterpart or targeted non-pH-sensitive 
liposomes, tumor invasion was evident [136]. This work 
also highlighted that improved tumor accumulation can be 
attained when nanocarriers are endowed with a vascular 
targeting component, which is in contrast to those strate-
gies targeting cancer cells exclusively. In the latter, tumor 
accumulation is mostly dependent on the ePR effect.

Clinical trials

Despite all the obstacles found during the development of 
novel nanocarriers for the systemic delivery of siRNAs, 

there are examples of proven therapeutic efficacy (and 
safety) in different models of murine cancer, as mentioned 
in previous sections. However, the number of siRNA-con-
taining nanocarriers that have reached clinical trials is still 
limited. On the US National Institute’s of Health website 
(http://www.clinicaltrials.gov), it is possible to identify 
four siRNA-containing PeGylated nanoparticles (CALAA-
01, Atu027, SNALP-PLK1, and ALN-vSP02) and one 
non-PeGylated nanoparticle (siRNA-ephA2-DOPC) for 
the systemic administration of siRNA: all the listed exam-
ples are phase I studies (Table 1).

These clinical trials are open-label and dose-escalation 
studies designed to study the safety and toxicity, with 
the determination of dose-limiting toxicities and maxi-
mum tolerated dose, of single or repeated administrations 
in patients with advanced solid tumors. Additional aims 
include characterization of the pharmacokinetics, prelimi-
nary evidence of efficacy by evaluating tumor response, 
and finding a recommended dose for future clinical studies. 
The results available will be then briefly described.

CALAA-01

The results obtained with CALAA-01, in what respects 
tumor localization and RNAi-mediated effect, in three 
patients with solid cancers that were refractory to standard 
therapies, were recently published [116]. CALAA-01 was 
administrated on days 1, 3, 8, and 10 of a 21-day cycle, 
via a 30-min iv infusion, at an siRNA dose of 18, 24, or 
30 mg/m2. The results revealed a dose-dependent and het-
erogeneous accumulation in the tumor tissue (but not in 
the adjacent epidermis), which was further correlated with 
RRM2 silencing, both at mRNA and protein levels. Moreo-
ver, the predicted mRNA fragments were also detected in 
the patient receiving the highest dose, evidencing the RNAi 
mechanism in humans for the first time [116]. In general, 
CALAA-01 was well tolerated for all the tested doses. 
The most common adverse effects were grade 1–2 fatigue, 
fever/chills, and gastrointestinal symptoms. At the highest 
tested dose, a transient increase in IL-6 and TNF-α was 
detected [100]. This clinical trial is still ongoing (Table 1).

Atu027

Atu027 was recently tested in 24 patients with advanced 
solid tumors. Patients were submitted to a 4 h iv infusion 
of Atu027, at different doses up to 0.18 mg/kg. After 3 
weeks, Atu027 was re-administered, twice per week, over 
four additional weeks. In general, Atu027 was well toler-
ated. The main adverse effects were: grade 1 fatigue (seven 
patients) across all the tested doses, grade 1 hair loss (two 
patients), grade 2 sweating (one patient), grade 2 abdomi-
nal pain (one patient), grade 3 diarrhea (one patient) and 

http://www.clinicaltrials.gov
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grade 3 lipase elevation (one patient). No cytokine (TNF-
α, IL-1β, IFN-γ, IL-6) elevation was detected. One patient 
with neuroendocrine cancer had disease stabilization for 
9 months and another with the same type of cancer pre-
sented partial regression of lung metastasis [100, 137]. 
Based on the results from the phase I study, Silence Thera-
peutics is now recruiting patients with locally advanced or 
metastatic pancreatic adenocarcinoma to evaluate the com-
bination of Atu027 with gemcitabine, which is a chemo-
therapeutic drug highly used in the treatment of pancreatic 
cancer (Table 1).

SNALP-PLK1

In December 2010, Tekmira initiated a phase I clinical 
trial with SNALP-PLK1. In this study, SNALP-PLK1 was 
administered by hepatic artery infusion in 21 patients with 
primary liver cancer or liver metastasis, the results being 
available at http://www.tekmirapharm.com. SNALP-PLK1 
was administered once a week for 3 weeks at doses rang-
ing from 0.15 to 0.90 mg/kg. One patient reached stable 
disease following 18 additional doses at 0.6 mg/kg over 
6 months. Another patient presented partial response, 
having received 15 additional doses at 0.6 mg/kg over 
5 months. The results showed that SNALP-PLK1 was gen-
erally well tolerated.

A new phase I clinical trial is planned where SNALP-
PLK1 will be administered by iv infusion (Table 1).

ALN-vSP02

ALN-vSP02 was tested in 41 patients with advanced solid 
tumors with at least one liver lesion. Treatments were per-
formed twice per week at doses ranging from 0.1 to 1.5 mg/
kg. In general, treatments were well tolerated, without nei-
ther hepatic toxicity nor elevation of complement proteins. 
elevation of IL-1, IL-10, IL-6, and G-CSF was detected for 
the highest doses, but it was resolved within 24 h following 
administration [100].

siRNA-ephA2-DOPC

M.D. Anderson Cancer Center will initiate a phase I study 
with siRNA-ephA2-DOPC, which will be administered by 
iv infusion twice a week during 3 weeks, at an initial dose 
of 0.45 mg/m2, in patients with advanced and recurrent 
solid tumors. Data from this study will expand our knowl-
edge on the use of non-PeGylated liposomes for the sys-
temic delivery of siRNAs in humans.

Altogether, these studies have demonstrated that the 
developed siRNA nanocarriers that are now in clinical tri-
als are tolerable in humans, even upon multiple administra-
tions, and have evidenced anti-tumor effects.

Conclusions

In the last decades, several attempts have been made to 
establish siRNA as a therapeutic strategy owing to its abil-
ity to interfere with the genetic basis of human diseases 
associated with the overproduction of proteins, such as 
cancer. The major drawback in the translation of these mol-
ecules into the clinic is undoubtedly the lack of a safe and 
efficient nanocarrier with the ability to deliver the encapsu-
lated siRNAs at a therapeutic concentration into the cyto-
plasm of the target cells while avoiding healthy tissues. 
Nevertheless, remarkable achievements have been attained 
in the last years by the design of novel cationic lipids/poly-
mers with high transfection ability. Such improvements 
gave rise to a few nanoparticles that might enable the clini-
cal use of siRNAs, at least in liver-associated tumors.

From ongoing clinical trials, encouraging signs regard-
ing the safety of siRNA-containing nanoparticles have 
emerged, even when repeatedly used. However, relevant 
and consistent information on the real therapeutic poten-
tial of those strategies in a cancer patient is still to be pro-
vided. It does not sound very plausible that cancer can be 
cured solely with an siRNA-based medicine. However, 
strong expectations rely on the rationale that specific tumor 
accumulation of siRNAs targeting the molecular and cel-
lular specificities of a cancer will significantly contribute to 
increase life expectancy of cancer patients/survivors.
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