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Abstract 

The use of Small interfering RNAs (siRNA) is prevalent in various cancer-based therapies. siRNA is a 
powerful RNAi, which can be used in clinical oncology with nanoparticles as a vector for delivery. A 
nano-based siRNA conjugated system has been used to target various multi-drug resistance (MDR) genes 
of cancer to increase therapeutic specificity and control tumor progression using effective delivery. It 
offers a targeted avenue in gene silencing with reduced off-target effects. Pre-clinical studies show the 
effectiveness of this combined siRNA-nanoconjugates therapy in chemotherapeutics resistance to cancer 
cells. This combinatorial approach not only has the potential to induce an immune response inside the 
host cells but also renders the MDR genes of various cancers ineffective. The current review focuses on 
the effect of siRNA entry on immune cells and the factors governing them. Moreover, we have further 
discussed the limiting factor that controls the siRNA-nanoconjugates efficiency for effective tumor 
regression. We have enumerated the preclinical and clinical significance of this combined therapy for 
enhanced tumor regression. Furthermore, we have elaborated the impact of this combined 
nano-conjugated therapy host immune system while pointing out the limitations posed by them. Thus, in 
essence, this review provides a unique platform for the readers to understand the potential of 
siRNA-conjugates for anti-cancer therapy from pre-clinical to bench side. 
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1. Introduction 
Cancer has been accountable for about 8.2 

million deaths globally, among which lung cancer is 
the biggest cause, followed by liver cancer, stomach 
cancer, and breast cancer [1, 2]. Chemotherapy, 
radiation, and surgery are some of the contemporary 
cancer treatments. Despite breakthroughs in the fields 
of surgery and radiotherapy, chemotherapy continues 

to serve a fundamental role in cancer treatment [3, 4]. 
Chemotherapy, despite being a critical component of 
cancer treatment, poses several drawbacks, including 
non-targeted limited delivery of chemotherapeutics 
leading to failure of drug accumulation and tumor 
non-responsiveness [5]. Multi-resistance, also known 
as multidrug resistance (MDR), is thought to be the 
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primary source of the penultimate and final limitation 
[6, 7, 8]. A combination of factors like aberrant 
vasculature, localized hypoxia, low pH environment, 
up-regulated ABC-transporters, enzymatic degrada-
tion, aerobic glycolysis, higher apoptotic threshold, 
increased interstitial fluid pressure, exosomal 
miRNAs [8], and a variety of other variables 
altogether makes up a complex set of mechanisms 
known as MDR, that diminish the effects of 
chemotherapy [9-11]. The paradigm for cancer 
treatment is slowly shifting away from non-specific 
cytotoxic drugs toward selective mechanism-based 
treatments. Combining immune-targeted gene 
silencing with other cancer therapies is an untapped 
option for a better understanding of individual tumor 
pathways [12, 13]. By generating the precise and 
reversible loss of expression of target genes, RNAi 
therapies offer the potential to treat a wide range of 
disorders, including cancer [14, 15]. Short interfering 
RNA (siRNA) has already been shown to influence 
particular gene expression in cancer cells with tumor 
regression [16, 17]. Thus, we suggest targeting 
immune cells either separately or in combination. 
Despite their enormous potential, bare siRNA 
molecules have several drawbacks, including 
extremely short half-lives (minutes), poor nuclease 
protection, low chemical stability, and dissociation 
from the vectors (Figure 1) [18]. As a result, it is 
critical to explore suitable nanoparticle design and 
construction for safe and effective siRNA delivery. 

siRNA delivery entails the introduction of 
foreign material into a stable biological environment 
and hence carries the potential to trigger an immune 
response [20]. For RNAi-mediated treatments, 
nanoconjugates provide diverse, targeted delivery 
platforms for targeted delivery while overcoming 
their current limitations [21-25]. Thus, combining 
RNAi with nanomaterials acts as a powerful weapon 
to target immune cells for cancer treatment. 
Combination therapy for cancer treatment has been 
advocated because of its principal benefit of improved 
efficacy due to additive or synergistic anti-cancer 
action [26, 27]. With the use of an appropriate 
combination of chemotherapeutics, a synergistic effect 
can be achieved, which enhances therapeutic success 
and patient compliance to lower doses and reduces 
the development of cancer drug resistance [28, 29].  

In this review, we are discussing the 
fundamental functioning of the immune system upon 
stimulation by the siRNA-nanoparticle-based system 
and the factors responsible for them (Figure 2). We 
have not only enumerated the impact of 
immunomodulation of this combinational therapy on 
the cancer cells but also how immune stimulation by 
the siRNA-nanoparticle-based system could activate 
immune cells to activate against TME. Moreover, we 
have spread thoughts in both preclinical and clinical 
studies on the role of combinational therapy for tumor 
regression against MDR cancer.  

 

 
Figure 1. Limitation posed to the delivery of siRNAs in cells. Adapted with open access permission from [19].  
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Figure 2. Tumors encourage their growth by creating a diverse environment that suppresses tumor immunity. The use of RNAi nanoparticles to modulate immune responses 
and restore tumorigenic pathways is a potential new therapeutic approach. 

 

2. Factors Responsible for Immune 
Activation via siRNA 

Many different properties of siRNA are 
recognized by the varied repertoire of PRRs (Pattern 
recognition receptors) found in mammalian systems. 
This section discusses how siRNA and its associated 
delivery mechanism can be tailored to stimulate the 
innate immune system for tumor regression. 

2.1 Sequence of siRNA 
Various strategies have been employed by the 

innate immune response to identify pathogenic 
signatures. Toll like receptor-7 (TLR7) recognizes 
them depending upon their sequence, whereas Toll 
like receptor (TLR)-independent RNA receptors such 
as Protein kinase R (PKR) and RIG identify them 
irrespective of their sequence [30]. TLR-7 mediated 
response was triggered by the presence of a 5’-UGU-3’ 
sequence in RNA [24]. It was determined that a 
sequence rich in GU provoked the immune system to 
a larger extent while reducing uridine residues led to 
a contrasting effect. Further studies showed that 
regardless of the amount of GU nucleosides, the 
presence of the 5’-GUCCUUCAA-3’ motif could lead 
to immunostimulatory effects, which lead to cytokine 
production [30]. Surprisingly, it has been observed 
that the sole molecular features required to trigger 
immune response via TLR7 or TLR8 are the existence 
of a backbone made of ribose sugar and the presence 
of numerous U residues in close vicinity with each 
other [31]. These two features set RNA apart from 
DNA. Thus, all unmodified siRNA triggers an 
immune reaction to a certain extent, but the amount of 

it is controlled by the presence of certain sequences in 
the strand. Hence, changing these specific sequences 
inside RNA can reduce pro-inflammatory activity, 
like substituting U for A lowered IFN-ϒ production in 
pDCs while changing G for A lowered IL-6 and 
TNF-α production in blood cells [32, 33]. 

2.2 Structure 
The structure of the siRNA plays a vital role in 

the immune response. The uncapped 5’-triphosphate 
group present in dsRNA or ssRNA; is a feature of 
viral RNA that triggers an immune response via 
interferons as RIG-I binds to it [34-36]. Furthermore, it 
was observed that dsRNA, which is blunt-ended, 
triggers a higher immune response via RIG-I 
recognition [37]. When 3’ overhangs are incorporated 
in both or either RNA, the immune response reduces 
as RGI loses the capacity to unwind and attach to 
RNA. From this, it is clear that discrimination 
between self and non-self RNA has a structural basis. 
In other words, it can be established that nucleotide 
structure majorly influences the innate immune 
system by introducing 2’-O, 4’-C methylene bridge 
into a ribose ring leading to the formation of locked 
nucleic acid (LNA) which can effectively reduce 
immune stimulation caused by the RNA when both 
the strands of the siRNA were modified [38-42]. The 
potency of the RNAi, however, could change 
depending on the point of insertion [43]. The idea of 
inserting 2’O-Me was explored in the first place since 
chemically modifying the 2’-OH group on the sugar 
ring of the RNA leads to a lesser chance of 
endonuclease degradation. Unlocked nucleic acids 
have also been investigated lately as a means of 
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controlling the stability of siRNA duplex and 
checking on its off-targeting effect. In the initial 
research, it was observed that adding unlocked 
nucleic acids (UNA) into the antisense strand 
prevented off-targeting effects while maintaining the 
potency of RNAi [44-46]. The immunostimulatory 
capacity of the UNA has not been checked yet, but 
UNA being a non-viral trait does carry the potential to 
minimize immunostimulatory reactions. 

Several alternative 2’ modifications have been 
intricately studied by different research groups and 
are illustrated below (Figure 3). These modifications 
include 2-O-methyl and 2’-F, 2’-H modifications [43, 
47, 48]. The number of nucleotides altered in the 
duplex and the site of insertion determined the extent 
of immune suppression by 2’F modification [49]. The 
2’-H alterations, on the other hand, mimic the DNA 
structure and thus have the capacity to elude immune 
identification while maintaining normal TLR7/8 
activity [50]. It was further seen that 2’-H 
modifications in thymidine or uridine inside RNA 
strands prevented off-target effects [50]. It was further 
observed that when a siRNA duplex was modified 
with a mixture of 2’-F modified RNA and DNA 
analogs leading to improved silencing activity while 
lowering immune stimulation to a great extent in the 
blood cells of humans [51]. 

2’-O-Me modifications seemed to be more 
effective relative to other modifications since it 
efficiently suppresses the detection of siRNA via 
TLR7 or TLR8 and removes RIG-I mediated triggering 
of the immune system as well [52]. When 2-O-Me’ 
modification was introduced into a small number of 
residues inside the sense siRNA strand, it was able to 
eliminate immune stimulation without impairing 
RNAi capacity, which in turn suggested that the ideal 
method for reducing immune reaction was by 
carefully introducing 2’-O-Me into both strands of the 
duplex. However, the changes in the antisense strand 
should be executed cautiously so that the RNAi 
activity is not altered [41, 53]. 2’-O-Me modification in 
RNA functions as TLR7 antagonists [42, 54]. This 
antagonistic activity is considered to be a component 
of self vs. non-self-recognition of the cell as 2’chemical 
modifications are present on the sugar ring of self 
RNA. When the TLR7 believes it has identified 
self-RNA, it stops the further auto-immune reaction. 
The nucleotide position that is most suitable for this 
modification was further studied, and it was noted 
that inserting 2’-O-Me substitution at position 2 of the 
nucleotide at the antisense strand decreased off-target 
silencing of mRNA transcripts that had partial 
complementarity with the antisense strand [55]. 
Modifications of the sense strand at position 9 of 
nucleotide interfere with RISC assembly and cleavage 

of the sense strand, hampering the effectiveness of 
RNAi [49, 56]. Thus, the position where the 
modifications are inserted is crucial [38, 43, 57, 58]. 

2.3 Delivery Vehicle 
The capacity of siRNA to penetrate the lipophilic 

cell membrane is greatly reduced because of its large 
size and negatively charged backbone. For this 
reason, a proper delivery vehicle is necessary. The 
various modes of delivery for siRNA are illustrated 
below (Figure 4). Under in vivo conditions, the 
delivery vehicle protects the siRNA against various 
threats such as enzymatic degradation and 
phagocytosis. The delivery vehicle can target certain 
cells or increase the duration of circulation within the 
body via the inclusion of various surface moieties. 
Despite the effectiveness of the delivery vehicles in 
various aspects mentioned above, the material used 
for delivery can significantly activate the immune 
system [59-61]. The delivery vehicles help the siRNA 
cross the membrane and pass through various 
subcellular compartments either via systemic or local 
administration (Figure 4). This eventually leads to the 
cytoplasm via various mechanisms during which the 
RNA gains exposure to several PPRs depending on 
the mechanism used.  

Cationic NMs: Cationic NMs are a common 
choice for delivery vectors since they rapidly 
condense RNA due to electrostatic attraction [62]. This 
delivery mechanism exposes the siRNA to various 
TLRs present in the endosomal compartments of 
various immune cells and PKR and RIG-I that are 
found in the cytoplasm. Therefore, this method of 
delivery triggers a higher immune response as 
compared to a delivery vehicle that doesn’t traffic the 
siRNA via lysosomal and endosomal components 
[63].  

Lipid-based NMs: Lipid-based NMs is another 
pivotal delivery system utilized for the delivery of 
siRNAs [64]. siRNAs bind to the positive charge of 
lipid-based NMs via electrostatic attraction leading to 
the formation of lipo-complexes. C12-200 is a 
lipid-like delivery medium that achieves cellular 
entry in vitro via pinocytosis. This may reduce 
immunostimulatory activity induced by TLR since 
pinocytosis bypasses the lysosomal or endosomal 
pathway [65]. The severity of the immune response 
and subsequent cytokine induction greatly depends 
on the charge, size, and in vivo biodistribution of the 
nanoparticle used for delivery. In a similar study, 
delivery of siRNA into the blood cells of humans was 
found to trigger IFN-α when a stable nucleic 
acid-lipid particle (SNALP) encapsulated 
polyethyleneimine-complexed siRNA was used 
however, usage of polysine, which led to formation of 
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larger delivery particles led to induction of IL-6 and 
TNF-α [24].  

PGLA NMs: PGLA-based NMs are one such 
delivery tool that is used due to their high retention 
capacity for siRNA and enhanced bioavailability [66, 
67]. PGLA-based nanoparticles, modified with tumor 

antigens, like ovalbumin (OVA/SOCS1 siRNA), were 
targeted using siRNA for SOCS1 gene in in vitro 
study, which led to tumor regression on bone 
marrow-derived dendritic cells via upregulation of 
immunostimulatory cytokines like TNF-α, IL-6, IL-12, 
and IL-2 [68].  

 

 
Figure 3. Common chemical changes to the siRNA backbone-Methoxy (2’-OMe) or fluorine (2’-F) moieties can be substituted for the 2’-OH of the ribose ring. A methylene 
bridge connects the 2’ oxygen with the 4’ carbon in locked nucleic acids (LNA). There is no linkage between the 2’ and 3’ carbons in unlocked nucleic acids (UNA). Adapted with 
open access permission from [20]. 

 
Figure 4. A- Delivery Vehicle used by siRNA. B- Various surface modifications used upon nano-conjugates for efficient delivery of siRNA. Adapted with CC by 4.0 permission 
from [66].  
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3. Influence on Host-Immune Response 
via siRNA 

There is a complex network of the immune 
system, protective cells that have developed over 
time. The following sections highlight the therapeutic 
features of the immune system upon activation by 
siRNA by activating innate and adaptive immunity. 
The innate immune responses of TLR and non-TLR 
pathways are elucidated below (Figure 5).  

3.1 Effect of siRNA on the immune system 
When naked exogenous RNA is delivered into 

the body, they are detected by the innate immune 
system, which is sub-divided into anti-viral response 
and acute inflammatory response. The inflammatory 
response leads to the induction of cytokines, 
including IL-6, IL-1, IL-12, and TNF-α, that serve as a 
link between adaptive and innate systems since they 
trigger the development of B cells, T-cells, and NK 
cells [69]. TNF-α triggers inflammatory responses by 
inducing apoptosis, thus preventing viral 
multiplication [70]. The pro-inflammatory cytokine 
milieu promotes phagocytosis by which foreign 
pathogens are killed and ingested [71]. The antiviral 
arm of the innate immune system is characterized by 
the release of IFN type 1 via IFN-α and IFN-β. Along 

with this, there is an upregulation of over 100 
anti-viral genes resulting in an antiviral state [72]. The 
antiviral genes thus released are capable of producing 
NK cells and memory T cells. Thus, both the 
inflammatory and anti-viral arms of the innate 
immune system can kill infections and trigger an 
adaptive immune response [73]. The recognition of 
PRRs, which were not present inside the host cells, 
triggers an innate immune response. These pattern 
recognition sequences can identify molecules that are 
often found in pathogens known as 
pathogen-associated molecular patterns, also called 
PAMP, or the molecules that an injured cell releases, 
known as damage-associated molecular patterns or 
DAMPs [74]. Accordingly, over time, the innate 
immune system has evolved to incorporate numerous 
PRRs that identify various features of RNA structure 
causing immune stimulation on delivery of the 
siRNA, which is very difficult to avoid [75].  

3.2 Effect of siRNA on TLR and non-TLR 
dependent pathways 

Toll-like receptors (TLRs) belong to a class of 
PPR and could be identified as structurally conserved 
portions of foreign pathogens. There are ten 
functional TLRs in humans out of which TLR 7 and 
TLR8 recognize ssRNA whereas only TLR3 recognizes 

 

 
Figure 5. Immune activation of TLR-dependent and independent pathways by nano-based combinational therapy. Multiple PRRs are stimulated by siRNA upon delivery by 
nanoparticles. TLR3, TLR7, and TLR8 causes sequence-dependent immune activation by siRNA receptors in a MyD88-dependent manner. On the other hand, TLR-independent 
activation leads to immune activation through RIG, devoid of the sequence for siRNA. When each receptor is activated, it triggers a distinct immunological signaling cascade that 
enhances mRNA transcription, leading to an inflammatory response. The activation of NF-κB induces the production of inflammatory cytokines, and similarly, the activation of 
IRFs induces the production of type 1 interferon (IFNs).  
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dsRNA [75]. A horseshoe-like structure known as 
TLR-3 assists in recognizing dsRNA, which is a 
common feature of viral replication observed in 
apoptotic or lysed cells infected by the virus [37, 76, 
77]. In humans, TLR3 is historically found in both the 
cell surface of fibroblast and epithelial cells and the 
endosome of mature dendritic cells [76, 78]. The 
expression of TLR3 is variable across cell lines and 
species and the immunostimulatory cascade triggered 
by TLR3 culminates in enhanced IFN-α and IFN-β 
production [79]. 

TLR7 is a key PRR solely located in the 
endoplasmic reticulum of B cell and plasmacytoid 
dendritic cells along with intercellular vesicles such as 
lysosome and endosome for identification of ssRNA 
in a sequence-specific manner [76, 80]. siRNA is made 
up of two strands of ssRNA which elicits sequences 
depending upon TLR7 response [24, 43, 48]. 
Activation of TLR7 in endosomes triggers a signal 
cascade which results in upregulation of IFN-α and 
IFN-β whereas, activation of TLR7 in lysosomes leads 
to the induction of IL-12 and TNF-α [61, 81]. 
Activation of TLR7 in B cells triggers the adaptive 
immune system causing B cells to differentiate into 
plasma cells [80]. 

TLR8 detects ssRNA in a sequence-dependent 
manner like TLR7 by responding to both GU-rich and 
AU-rich motifs [32, 82]. It is only expressed within 
intracellular vesicles and found solely in cells of 
myeloid lineage such as mDC, macrophage, and 
monocytes. Upregulation of TLR8 leads to the 
activation of the same molecules as TLR7 albeit there 
is a difference in the relative expression [83]. 
Production of IL-6 and IL-1 during TL8 activation 
enhances the immune response [84]. 

The immune response against siRNA can be 
mediated by other proteins in the cytoplasm apart 
from TLR, which mainly protects endosomal 
compartments from infections caused by pathogens. 
PKR, is present in the cytoplasm of a large number of 
mammalian cells and can respond to as small as 11 bp 
of dsRNA in a sequence-independent manner [85-87]. 
The exact characteristics of siRNA that PKR detects 
are not yet fully known, yet both conventional and 
blunt siRNA have been found to activate PKR to a 
considerable extent [86, 88, 89]. Activation of PKR 
inhibits translation and triggers interferon response 
[85, 90].  

Retinoic acid-inducible gene 1 protein (RIG-I) is 
an RNA helicase protein that identifies and acts in a 
non-sequence-specific manner against RNA [91, 92]. 
RGI is found in mDCs and fibroblasts, which activates 
an immunological cascade inducing a high interferon 
response. The uncapped 5-triphosphate present in 
ssRNA or dsRNA present in most viral sequences is 

identified by RGI [21]. The blunt-ended siRNA is 
independent of the sequence that can trigger RGI for 
immune response. The synthetic siRNA inserted in 
vitro frequently develops blunt ends and thus can be 
detected by RGI.  

Thus, the immune system in humans is 
conditioned to perceive siRNA as a foreign entity, 
causing various PRRs present at different cellular sites 
to trigger an anti-inflammatory response in both 
TLR-dependent and independent ways. siRNA 
present in the cell surface is recognized by TLR3, 
sub-cellular compartments by TLR 3, TLR7, and TLR8, 
and those in the cytoplasm by PKR and RIG-I. The 
expressions of PPRs also seem to fluctuate over time 
as the environmental conditions change, and thus, the 
potential of siRNA to stimulate immune response 
should be considered while designing novel methods 
for siRNA delivery. 

4. Intracellular Factor Modulation of 
siRNA-Nano-Conjugates Efficiency 

Combinational therapy of nano-conjugate- 
delivered siRNAs plays a critical role in 
immunomodulation either by enhancing the immune 
response or by impeding the suppression of the 
immune response. Designing an appropriate 
combinational therapy is essential for obtaining an 
immune response as the following factors determine 
the efficacy of siRNA in cancer immunotherapy 
(Figure 6). 

4.1 Size and material of siRNA-loaded cargoes 
The size of the nanoparticles is crucial to ensure 

proper delivery into tissues and is usually in the range 
of 10-100nm [94]. The size range is based on in vivo 
clearance, biodiversity, and toxicity. Naked 
exogenous siRNA or nanoparticles with a size less 
than 10nm are subjected to excretion due to renal 
clearance from the blood compartment [95]. To retain 
the nanoparticles longer in the blood, they are often 
modified chemically. On the other hand, particles 
larger than 15µm are eliminated by the 
reticuloendothelial system (RES) in the liver and 
spleen. Therefore, the delivery of the nanoparticles to 
the target is crucial as well as challenging [96]. The 
uptake of nanoparticles is usually carried out by the 
macrophages, which in turn depends on factors like 
size, charge, etc. To enhance the retention time of 
nanoparticles in circulation, chemical modification 
can be carried out. Naked siRNA was subjected to 
renal clearance, with a half-life of less than 5 minutes 
in blood, but in the case when conjugated with 
cholesterol, the half-life of the siRNA could increase to 
a minimum of 30 minutes, due to the enhanced 
chemical stability [97]. It was also observed that rapid 
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removal of siRNA from the circulation takes place 
when conjugated with a cationic polymer. The 
Glomerular basement membrane (GBM) could break 
down cationic cyclodextrin-containing polymer 

(CDP)-based siRNA nanoparticles, allowing them to 
be excreted from circulation swiftly [98]. Hence, 
engineering appropriate nanoparticles is crucial to 
ensure their uptake by the target cells.  

 

 
Figure 6. Characteristics required in nano-conjugates for the delivery of siRNA into the cell and cytoplasm. Adapted with permission from [93]. 

 
Figure 7. RNAi nanoparticles' administration routes and possible target organs to reach the target tissue and so interact with the local immune or tumor cells. 
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4.2 siRNA administration  
The most common and convenient route used for 

the administration of therapeutic agents is systemic 
delivery as it can not only reach the site of interest but 
it is non-invasive as well (Figure 7). However, in the 
case when the target organ is not the kidney or liver, it 
poses a challenge due to the lack of specificity [99]. 
The siRNA, when administered systematically, is 
capable of inducing a non-specific immune response 
through the TLR-7 pathway or TLR-3 [43].  For in vivo 
delivery of siRNA, it was noticed that this effect could 
be reversed by chemical modifications, by 
incorporating 2′-O-methyl modifications into the 
sugar structure of specific bases in sense as well as 
anti-sense strands [100]. Several hurdles are 
encountered during cancer therapy, which include the 
ability of the cancer cells to create an 
immune-protective or TME and the induction of 
various mechanisms for immunosuppression [101]. 
Hence, even though the immunostimulatory effect of 
gene silencing using siRNA may raise certain 
questions about its efficacy due to its non-specificity, 
it seems to play a role in overcoming the limitation of 
immunosuppression. Therefore, to curb all the 
limitations, efficient designing of the nanoparticles is 

extremely critical.  

4.3 siRNA delivery and endosomal escape 
The delivery of the siRNA to the cytoplasm is 

essential, but it poses certain challenges as well. The 
size and the charge of the nanoparticles are extremely 
crucial to enable the siRNA to cross the cell membrane 
[102]. The processes of endocytosis and exocytosis of 
the nanoparticles depend on the shape, size, and 
charge [103]. In the case of positively charged smaller 
nanoparticles, the uptake is carried by clathrin- 
dependent endocytosis, owing to the adsorption of 
the positively charged nanoparticle with the 
negatively charged membrane [103] (Figure 8). On the 
other hand, in the case of larger nanoparticles, the 
uptake is mediated by receptor-independent 
endocytosis [104]. Along with the size and charge of 
the nanoparticles, the route of uptake plays a crucial 
role in the process of delivery as well [104] (Figure 8). 
The uptake of the smaller particles is facilitated 
through pinocytosis in dendritic cells which poses a 
high ability for antigen presentation. On the other 
hand, the larger particles are prone to phagocytosis by 
the macrophages, which have a low ability for antigen 
presentation [104].  

 

 
Figure 8. Mechanistic view of the delivery of siRNA by Nano-conjugates in cancer cells. Adapted with CC by 4.0 permission from [67].  

 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

5125 

A nanocarrier system based on human 
monoclonal prostate-specific membrane antigen- 
antibody (PSMAab) for targeted delivery of tripartite 
motif-containing 24 (TRIM24)-siRNA has been used 
not only to protect siRNA from enzymatic digestion 
but also for efficiently delivering siRNA in preclinical 
in-vitro model. The knockdown of TRIM24 by 
TRIM24-siRNA suppressed the proliferation in vitro 
and inhibited tumor growth of xenografts and bone 
metastasis model in-vivo as well [105]. 

In a similar study, the uptake of gold 
nanoparticles by macrophages can occur by various 
routes through pinocytosis or phagocytosis so that the 
cells could access another route if one happened to be 
blocked [106]. In case of immunotherapies targeted 
against TAMs conducted on lung cancer in an in vivo 
murine model by administering it via intratracheal 
instillation, the administration of anti-VEGF siRNA 
gold nanoparticle for lung cancer could not only 
result in a dramatic reduction of TAMs in the tumor 
but decrease the size of the tumor as well. The dose of 
siRNA required is typically low, and the survival of 
the mice with lung tumors is increased. When applied 
with targeting M2 peptide, long-term removal of the 
tumor was observed [107]. Thus, the delivery route of 
siRNA is essential.  

The next challenge encountered in the process of 
the delivery of nanoparticles into the cytoplasm is the 
release of the nanoparticles from the endosome [108]. 
In certain cases, the nanoparticles may get trapped 
within the endosome, which may later fuse with the 
lysosome, which would destroy the siRNA. These 
complexes must escape through the endosomal 
membrane to reach the cytoplasm, where all of the 
RNAi machinery is located, to silence genes [109]. The 
fusion of viral envelopes with host cell endosomal 
membranes, which happens during viral infections, is 
one of the mechanisms devised to promote 
endosomal escape. The fusion domain of the 
influenza virus has been used to create several 
synthetic fusogenic peptides [110]. Moreover, Stearyl 
atedoctaarginine lipid-based nanoparticles, modified 
with pH-dependent fusogenic peptide (GALA) were 
also observed to target SOCS1 using in vitro and in 
vivo, leading to STAT-1 phosphorylation, and 
increased the expression of the immunostimulatory 
cytokines due to the knockdown of SOCS1gene by 
siRNA for anti-cancer therapy. Endosomal escape was 
also enabled in this case since pH-dependent 
fusogenic peptide (GALA) had been altered on the 
lipid mixture, which in turn had been optimized to 
ensure endosomal fusion [111]. Hence, the designing 
of the nanoparticles should rely on the type of 
immune cells that are intended to be targeted. 

4.4 Circulation time and stability of siRNA 
To protect the siRNA from serum nuclease and 

low chemical stability, alterations in the nanoparticles 
have been implemented by entrapping the siRNA 
within the nanoparticle [112]. Enhanced circulation 
time and chemical stability can be achieved by 
attaching the siRNA to the surface of the 
nanomaterial, which renders the siRNA less 
vulnerable to degradation from the activity of the 
nucleases, thus ensuring higher uptake by cells [113]. 
However, it might not be sufficient to shield the 
siRNA from clearance, as serum opsonin proteins 
may get adsorbed to the nanoparticle surface, and 
further mark it for the uptake by mononuclear 
phagocyte system (MPS), preventing it from reaching 
its target [18]. To protect the surfaces from clearance, 
nanoparticles are conjugated with hydrophilic 
polymers. PEG, acrylic acid, maleic anhydride, and 
acrylamide polymers and copolymers, as well as 
allylamine and ethyleneimine, are the most 
commonly used hydrophilic polymer, which 
increases the circulation time of the nanoparticles by 
avoiding being bound to the serum proteins and 
hence escaping clearance. The CD206 gene, which is a 
mannose receptor and gets upregulated in TAMs, was 
targeted using mannosylated polymeric micelles in an 
in vitro study. It facilitated the delivery of the siRNA 
to the primary macrophages for its knockdown. This 
enhanced the delivery to up to 13-fold compared to 
that of free siRNA for anti-cancer therapy [114]. 

4.5 Targeting cell internalization 
The siRNA must reach the target cells after 

reaching the target tissue, leaving the healthy cells 
unaffected. This could potentially be achieved with 
the help of specific ligands that can mediate 
internalization by the target cells, and the markers 
expressed specifically on the cancer cells can act as 
such a ligand [115]. Moreover, the charge of the 
nanoparticle plays a key role, as well as the uptake of 
the nanoparticles with a positive charge on the 
surface, which was higher by the cancer cells, 
dendritic cells, and macrophages than that of others 
[115]. This is due to the presence of a negative charge 
on the surface of the cell membrane, enabling an 
electrostatic interaction to take place. However, the 
non-specific uptake increases as well, along with the 
decrease in the half-life in circulation [115]. In 
contrast, nanoparticles that carry a negative charge on 
the surface have a decreased rate of internalization. In 
this case, however, the half-life is much longer, 
enabling the nanoparticles to circulate longer. As a 
result, these nanoparticles can accumulate better at 
the sites of the tumor cells [116].  
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5. Host Immune System Activation 
through Combinational Immunotherapy 
of siRNA and Nano-Conjugates 

In the tumor microenvironment (TME), myeloid 
cells, including dendritic cells, TAMs, and MDSCs, 
play a pivotal role in immunosuppression, leading to 
tumor progression [117]. These mentioned sub-sets of 
the population of immune cells can be targeted by 
nanoparticles, which may downregulate the 
immunosuppressive cytokines and transcriptional 
factors and kill cancer cells [118]. This could, in turn, 
shift the tumor microenvironment to an anti-tumoral 
one. In the studies conducted with RNAi 
nanoparticles for immunotherapy, DCs are targeted in 
most cases. A summary of preclinical studies of 
immune cell stimulation via siRNA upon delivery by 
nanocarriers for tumor regression is elucidated in 
Table 1 and graphically portrayed below (Figure 9).   

Lipid-conjugated siRNAs: Lipid-based 
nanoparticles have also been used in 
immunotherapies targeting monocytes owing to their 
enhanced stability [66]. In an in vivo study using 
lymphoma-grafted mice administered systemically, 

the CCR2 (which is a chemokine receptor) gene was 
targeted by siRNA, which inhibited its deposition in 
the sites of inflammation, by degrading the CCR2 
mRNA in monocytes. This, resulted in the reduction 
of their numbers in the atherosclerotic plaque, 
therefore lowering the volume of tumors, as well as 
the monocyte numbers [119]. 

Lipid-based nanoparticles could be used to 
target the genes for PD-L1 and PD-L2, which is 
effective in the knockdown of the PD-L gene using 
siRNA on human monocyte-derived dendritic cells. 
The phenotype of the dendritic cells was not altered, 
and the CD8+ response was observed to be enhanced 
for anti-cancer therapy in ex vivo transplant cancer 
patients [120]. Similarly, an in vitro study was 
conducted with lipid-envelope type nanomaterial 
(MEND), which has been modified with R8 and 
pH-dependent fusogenic peptide (GALA), targeting 
the gene A20 in a siRNA-dependent manner. There is 
simultaneous stimulation of LPS that takes place 
along with the enhancement of A-20 silenced in 
dendritic cells, leading to the production of enhanced 
immunostimulatory molecules for anti-cancer therapy 
[121]. 

 

 
Figure 9. Immuno-stimulation of immune cells (dendritic and monocyte) via siRNA upon delivery by nano-conjugates. A) PLGA nanoparticles are employed to deliver siRNA 
into dendritic cells because of the ability of siRNA to knock down the expression of the desired gene STAT3, causing tumor regression via immune-stimulation of immune cells. 
B) PIE nanoparticles are employed to deliver siRNA, which upregulates the CD86 protein on the dendritic cells. This, in turn, will affect the TNF alpha cytokine to upregulate 
NF-KB, TLR-4, and STAT1 for tumor regression via immune stimulation. C) Lipid-based nanoparticles are employed with GALA peptide as a ligand to deliver siRNA. The target 
protein is SOCS1, which gets silenced by siRNA. This, in turn, causes the endosomal escape of SOCS1, which phosphorylates STAT1 Gene to release cytokines which in turn 
mediates tumor regression. D) Lipid-based nanoparticles are employed to deliver siRNA into monocytes which inhibits its deposition in the sites of inflammation and which leads 
to the reduction of their numbers in the atherosclerotic plaque which in turn mediates to tumor regression.  
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Table 1. Synopsis of the synergistic action of nanoparticle and siRNA for tumor regression via immune cell activation. 

Nanoparticle type used in synergy 
with siRNA 

Targeted 
immune  
Cell 

In-vivo In-vitro  Gene targeted 
by siRNA 

Comments Reference 

PGLA-based Dendritic 
Cells 

Lymphoma 
mice 

 STAT3; 
Silencing 

Ovalbumin-specific T-cell activity was observed 
when NP was administered to lymphoma mice. 
Growth of tumor restricted. 

[68] 

 Dendritic 
Cells 

 B16F10 STAT3; 
Silencing 

CD86 expression upregulated, 
Increased release of TNF-α, 
Proliferation of allogenic T-cells 

[123] 

 Dendritic 
Cells 

 CD8 OVA 1.3 T cells SOCS1 Increased levels of TNF-a, IL-6, IL-12, IL-2, 
More immunotherapeutic effects 

[68] 
 

PEI-based Dendritic 
Cells 

Lymphoma 
mice 

B16 melanoma STAT3; 
Silencing 

Dendritic cells are enabled to perform CTL 
activity, 
Reduced growth of tumor in B16 mice. 

[122] 

 Dendritic 
Cells 

Ovarian 
cancer mice 

HEK293 cells 
 

PD-L1; 
Silencing 

Induction of TLR5 and TLR7, 
Restoration of the function of Dendritic cells in 
ovarian cancer mice. 

[59] 

 Dendritic 
Cells 

Ovarian 
cancer mice 

 miR-155 Increased miR-155 activity, 
Anti-inflammatory mediators silenced, 
Restoration of CTL activity of Dendritic cells in 
ovarian cancer mice.  

[124] 

Lipid-based Dendritic 
Cells 

 Hep3b cell line  PD-L1 
PD-L2; 
Knockdown 

Knockdown of PD-L expression [120] 

 Monocytes Lymphoma 
graft 

 CCR2; 
Silencing 

No deposition of CCR2 in sites of inflammation, 
Decrease in tumor volume 

[119] 

Lipid Envelope-based Dendritic 
Cells 

 Cell line from 
Female C57BL/6 
(H-2b) mice 

A20; 
Silencing 

LPS stimulation, 
Increase in immunostimulatory cytokines 

[121] 

Stearylatedoctaargininelipid-based Dendritic 
Cells 

 HeLa cells and 
E.G.,7-OVA cells 

SOCS1; 
Silencing 

Increased STAT1 phosphorylation, 
Increase in immunostimulatory cytokines 

[111] 

Gold nanoparticles Macrophages Lung cancer 
mice 

Mouse BALB/c 
macrophage J774.2 
cell line 

VEGF; 
Silencing 

Decrease in TAMs in lung tumor tissues, 
Decrease in tumor size, 
Enhancement of survival in mice 

[107] 

Mannosylated Polymeric Micelles Macrophages  Breast cancer cell 
line 

CD206; 
Knockdown 

Improved delivery of the siRNAs, 
90% knockdown  

[114] 

 
 
PEI-conjugated siRNAs: Numerous studies 

were conducted using PEI-based nanoparticles to 
target the dendritic cells owing to their 
bio-compatibility and non-immunogenic nature [66]. 
Silencing of PD-L1 resulted in the shifting of the 
tumor-associated regulatory dendritic cells to the 
normal dendritic cells, thus enhancing the 
immunostimulatory cytokines when a PEI-based 
nanoparticle was injected peritoneally in in vitro, as 
well as in vivo ovarian cancer murine model [59]. In 
another study, STAT-3 was silenced using siRNA in in 
vitro and in vivo lymphoma mouse models by stearic 
acid-modified nanoparticles (PEI-StA), leading to the 
restoration of the usual properties of the dendritic 
cells, which was capable of promoting cytotoxic T 
lymphocyte (CTL) activity [122]. 

6. Impact of Combinational Therapy 
(siRNA-nanoparticles) for Enhanced 
Anti-Cancer Therapy 

Drug resistance in cancer remains an issue 
concerning the failure of chemotherapeutics, leading 
to tumor recurrence and metastasis. A combination of 
these therapies, particularly by targeting genes that 
are involved in drug resistance in a siRNA-dependent 

manner post-delivery upon nanoparticles, has 
emerged as a novel strategy for cancer therapy. The 
mechanism upon which this synergistic action is 
based is elucidated below (Figure 10), and their 
pre-clinical significance and relevance is synopsized 
in Table 2.  

6.1 PEG-based nano-conjugates for siRNA 
delivery 

PEG-based nano-conjugates offer a promising 
enhanced delivery of siRNAs with biocompatibility 
and ease of production. As a result, in recent times, 
PEG base nano-conjugates have been employed in 
several studies to deliver siRNAs [66].  
PEG-PAMAM/VEGF siRNA dendriplexes displayed 
efficient gene silencing and inhibited vascular-like 
formation (angiogenesis) in retinal vascular 
endothelial cells for reduced tumor volume [125]. An 
arginine-grafted, bio-reducible poly(cystamine-
bisacrylamidediaminohexane), called ABP, and 
PAMAM (PAM-ABP) were used for delivering 
anti-VEGF siRNA to various cancers for tumor 
regression [126]. TWIST is a transcription factor 
involved in drug resistance of ovarian cancer and the 
combination of PAMAM dendrimers along with 
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mesoporous silica nanoparticles were used to carry 
the siRNA targeting TWIST gene for down-regulation 
of TWIST mRNA to overcome cisplatin-resistant 
ovarian cancer cells by increasing the sensitivity of 
cancer cells for chemotherapeutics to cause tumor 
regression [127, 128].  Similarly, co-administration of 
the nanoparticles with siRNA and paclitaxel caused a 
reduced tumor size and mortality via intra-tumoral 
injection in tumor-bearing mice [129].  

In a similar study, a dendrimer based on 
enzymatically synthesized glycogen (ESG) with a 
Quaternary ammonium group was introduced via an 
epoxide ring-opening reaction alongside glycidyl 
tri-methyl-ammonium chloride (GTMA). These 
polymers were bound by siRNA targeted for 
superoxide dismutase 2 (Sod2) via electrostatic 
interactions, causing downregulation of this 
mitochondrial antioxidant enzyme and increased 
susceptibility to chemotherapeutically induced redox 
damage, resulting in ovarian clear cell carcinomas 

based on tumor regression [130].   
A biodegradable polymeric matrix has been used 

as a vehicle for the delivery of siRNA with a drug. The 
drug, siG12D LODER, was used, which is a miniature 
biodegradable polymeric matrix containing an 
anti-KRASG12D siRNA (siG12D) drug designed to 
ensure the release of the drug regionally within the 
pancreatic tumor at a prolonged rate. Since most of 
the cases of Pancreatic ductal adenocarcinoma contain 
KRAS oncogene, this drug is expected to result in 
silencing and hence in the inhibition of cancer growth 
(NCT01188785).  

Thus, based on the above-listed studies it would 
be suggestive that PEG-based nano-conjugates cause 
enhanced anti-cancer therapy due to the targeted 
delivery caused by the nano-conjugates. Even though 
further studies need to be conducted in this direction, 
it appears as a promising combinational theragnostic 
therapy.   

 
 

 
Figure 10. Systemic delivery of siRNA via different nanoparticle-based units for reduced tumor regression. Various nanoparticles such as solid NPs, liposomal NPs, lipid solid 
NPs, and polymeric NPs are used to deliver siRNA with each one having a different loading mechanism. siRNA-mediated silencing or knowing down of the MDR gene works on 
the above-discussed principle.  
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6.2 Lipid-based nano-conjugates for siRNA 
delivery 

Lipid-based nano-conjugates have gained 
tremendous attention in recent times due to their high 
stability and ability to deliver cargo in a pH- 
responsive manner [66]. A delivery system composed 
of Glu-urea-Lys PSMA-targeting ligand/siRNA was 
developed to be incorporated into a lipid nanoparticle 
for targeting androgen receptors and inhibiting tumor 
cellular proliferation on the surface of PCa cells [131]. 
Similarly, combinations of LHRHPEG- siRNA and an 
anti-cancer drug-MSN were delivered via liposomal 
nanoparticle complex for anti-cancer therapy. The 
mixture of LHRHPEG-siRNA (BCL2)-MSN and 
LHRH-PEG-siRNA (MRP1)-MSN provided effective 
downregulation of BCL2 and MRP1 mRNA levels in 
vitro, leading to tumor regression [132].  

A liposomal complex was prepared by mixing 
siRNA conjugated with DOTAP/cholesterol, which 
contains Apolipoprotein A or recombinant human 
ApoA-1 for anti-cancer therapy [133]. DOTAP–
cholesterol was intravenously delivered by TUSC2 in 
phase 1 of the clinical trial [134]. The tumor 
suppressor gene showed gene expression and 
alterations in TUSC2-regulated pathways in vitro and 
in vivo studies for reduced tumor volume in lung 
cancer (NCT00059605). Folic acid molecules (FNP) 
were used to modify the liposomal complex along 
with DOTAP-chol for targeting siRNA delivery in 
folate receptor-overexpressing lung cancer cells for 
tumor regression [135]. Amino-PEG is mostly 
conjugated by folate and is incorporated into the 
bilayer of the liposomes for targeting VEGF via siRNA 
delivered by synthesizing bio-reducible PEI (SS-PEI) 
polymer for treating liver cancer in vivo murine model 
for tumor regression. This PEI-based siRNA 
nanoparticle system downregulated VEGF and 
inhibited liver tumor growth [136].  

DCR-MYC was used as a novel synthetic dsRNA 
in a stable lipid particle suspension, which is 
responsible for targeting the oncogene MYC. Since the 
activation of MYC is required for tumor growth, this 
study proposes to inhibit advanced cancer growth 
(NCT02110563). Similarly, in another trial, DCR-MYC 
was used to inhibit hepatocellular cancer growth. It 
was administered to patients by intravenous infusion, 
and this study had undergone Phase 2 trials with 
reduced tumor volume and increased survival 
(NCT02314052).  

Atu 027 is a liposomal-siRNA formulation that 

was used to inhibit protein kinase in the vascular 
endothelium. It had been administered as a single 
treatment, which was followed by its use as repeated 
treatment and was applied as therapy to numerous 
patients with advanced solid cancer, and lipid 
nanoparticles had been used as vehicles for delivery. 
This study had undergone the completion of the 
Phase 1 trials (NCT00938574). 

Thus, based on the aforementioned pre-clinical 
and clinical studies it would be suggested that 
delivery of siRNA alone or in combination with 
anti-cancer drugs via lipid nano-conjugates provides 
a promising avenue for developing more therapeutic 
ventures in this direction.  

6.3 Metal-based nano-conjugates for siRNA 
delivery 

Metal-based nano-conjugates have gained a lot 
of attention in recent times due to their ability to 
deliver targeted siRNA. In a similar study, 
Ruthenium-based nanoparticles were used to deliver 
siRNAs in combination with a metal-organic 
framework to exhibit significant downregulation of 
P-gp and VEGF as compared to single siRNA, which 
suggests the enhanced gene silencing effects [137].  

Similarly, using the combinational approach in 
ovarian cancer, the NOTCH3 gene was knocked down, 
which encoded a marker involved in ovarian cancer 
recurrence and chemotherapy resistance. An 
aptamer-siRNA chimera was delivered using gold 
nanoparticles conjugated with iron (II, III) oxide and 
PEI to target the overexpressed protein known as 
vascular endothelial growth factor (VEGF). The 
aptamer successfully targeted VEGF signaling in 
cisplatin-resistant cells via a nanoparticle chimera 
delivery system, which effectively knocked down the 
NOTCH3 gene for tumor regression in ovarian cancer 
[138]. Moreover, Au-Fe3O4 heterogeneous 
nanoparticles were developed to deliver VEGF 
aptamer-Notch3 siRNA chimera specifically to 
VEGF-positive ovarian cancer cells to silence the 
target Notch3 gene and enhance the antitumor effects 
[139]. Therefore, these findings suggest that MOF 
nanoparticles are a promising vector for the delivery 
of siRNA and effective therapeutics for the treatment 
of drug-resistant cancers. 

Thus, based on above mentioned pre-clinical 
study MOFs-conjugated siRNA offers an interesting 
avenue that would require further investigation to 
understand comprehensively but offer a novel avenue 
for siRNA-Nanoconjugates-based tumor regression.  
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Table 2. Preclinical and clinical studies involved in combinational therapy for inhibiting various stages of MDR cancers.  

Type of 
Cancer 

siRNA Nanoparticle In Vitro In Vivo Clinical 
Trails 

Hallmark 
Modulation 

Reference 

Lung 
Cancer  

MRP1 + BCL2  Cationic lipids - DOTMA and 
N-[1-(2,3-dioleoyloxy) 
N,N,N-trimethylammonium methyl 
sulfate (DOTAP) 

H69AR cell line, 
MCF-7/ AD cell 
line, and 
HCT15 cell line. 

  
Metastasis [140] 

MRP1 + BCL2  Pyridylthiolterminated MSN, as an 
inhalation delivery 

None A549 cell line, Tumor 
(A549)-bearing 
nude mice  

Phase 1 Invasion [135] 

Prostate 
Cancer 

TRIM24 gene-specific siRNA Nanocarrier system based on human 
monoclonal prostate-specific membrane 
antigen-antibody (PSMAab) for targeted 
delivery of tripartite 
Motif-containing 24 (TRIM24)-siRNA. 

PSMA + CRPC cells. 
  

Invasion [105] 

GRP-78 specific siRNA;  Calcium phosphate core, dioleoyl 
phosphatidic acid, and 
arginine-glycine-aspartic acid 
peptide-modified polyethylene glycol, for 
co-delivery of the 
78-kDa glucose-regulated protein 
(GRP78)-specific siRNA and docetaxel as a 
combination therapy. 

PC3-CRPC PC3-CRPC 
 

Metastasis [141] 

Si-TWIST (si419 and si494), a 
developmental transcription 
factor that leads to 
chemotherapic resistance and 
cancer cell stemness. 

Amphiphilic PAMAM dendrimer YTZ3-15 
or polyethyleneimine (PEI) coated 
mesoporous silica nanoparticle (MSN)  

 
A2780R and Ovcar8 
cells; mice treated 

 
Metastasis [128, 142, 

143] 

Breast 
Cancer 

P-gp and VEGF-specific siRNA Selenium/ruthenium-MOF nanoparticles 
 

MCF-7/T cell; nude 
mice 

 
Invasion and 
metastasis 

[144], [145] 

 
 

7. Conclusion and Future Outlooks 
Even though there has been a significant 

advancement in the understanding of cancer 
mechanisms, the clinical and preclinical trials done on 
patients and animal cell lines with the most 
aggressive tumors have scarcely improved in the last 
40 years.  

siRNA based therapeutics have widespread 
benefits in addressing several challenges posed to the 
chemotherapeutics in the present standard of care. 
Compared it to other therapeutic approaches, siRNA 
provides substantial benefits. It can accurately inhibit 
the expression of target genes, promote tumor cell 
apoptosis, and have fewer side effects than traditional 
treatment methods. The potential of siRNA-based 
drugs to remodel TME has also proven to be effective 
and could intervein with the core proteins in all 
components of TME. The use of siRNA in 
combination with nano-conjugates in vivo to silence 
specific genes will be a valuable tool for future 
approaches in cancer therapies. The combination of 
minimum delivery materials with higher therapeutic 
component loading can help prevent material-related 
toxicity and other undesirable consequences. 
However, the present pace of discovering new drug 
targets and enhanced engineering in nanoparticle 
design strengthen the areas of prospective 
development. However, in recent times, 

nano-CRISPR-based therapies are emerging as a novel 
avenue that may pose stiff competition to 
nano-conjugate-based siRNA delivery [146].  

Some of the key challenges include: Nucleases 
are the primary degraders of SiRNA molecules in the 
blood stream restricting their target. Moreover, there 
is a scope for non-specific targeting which contribute 
towards issues in specificity. With regards to the 
immune system, SiRNA can induce inflammation and 
might affect therapy. Several other off-target effects 
are, issues with mRNA sequencing.  

However, nanoconjugate-based siRNA therapy 
is expected to gain widespread acceptance and 
become a standard technique of cancer treatment 
soon. Several Phase I trials exploring the use of siRNA 
for the treatment of solid tumors have recently 
concluded. To present, nanoconjugate-based delivery 
methods have been used in all trials to deliver 
therapeutic siRNA to tumor tissue after systemic 
dosing. Despite worries about overstimulating the 
immune system after systemic siRNA treatment in 
people, the data on siRNA therapeutics so far has 
demonstrated that they are well tolerated, with very 
minor and treatable immunostimulatory effects.  
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