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Abstract
RNAi therapeutics are designed to produce the precise silencing effects against the gene-linked diseases which were known 
to be untreatable in the past. The highly immunostimulatory nature of siRNA enhances the off-target effects and easily get 
attacked by nucleases; hence, their modulation is essentially required for accurate alterations to be made in the structures to 
intensify the pharmacological attributes. The phosphonate modifications act as shield against undue phosphorylation effects, 
and the molecular changes in ribose sugar lowers the level of immunogenicity and increases the binding efficacy. When 
bases are substituted with virtual/or pseudo bases, they eventually reduce the off-target effects. These changes modulate the 
nucleic acid sensors and control the hyper-activation of innate immune response. Various modification designs based on 
STC (universal pattern), ESC, ESC + (advanced patterns) and disubstrate have been explored to silence the gene expression 
of various diseases e.g., hepatitis, HIV, influenza, RSV, CNV and acute kidney injury. This review describes the various 
innovative siRNA therapeutics and their implications on the developed immune regulations to silence the disease effects.
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Introduction

Interfering RNA (RNAi) technology is being employed to 
target the disease-associated gene to knockdown/or silence 
its debilitating effect by halting the activity of associated 
mRNA, therefore, repressing the translation process. Fire 
and Mello, in 1998, have demonstrated the RNAi concept 
for the first time, using dsRNA in Caenorhabditis elegans 
to observe the silencing effects. These discoveries on the 
RNA-mediated process of gene regulations have advanced 
our knowledge in this field [1]. Later on, the work has been 
extended to watch the effects of siRNA molecular machines 
in plants. The final effects demonstrated the guide sequence-
dependent endo-nucleolytic cleavage was linked to inhibit the 
translation by mRNA [2]. By 2001, microRNA (miRNA) has 
also been explored and classified in small RNA regulators 
[3]. In the past, siRNA therapeutics development has faced 
many challenges regarding stability and specificity along 
with accurate drug delivery to the target tissues. But, the 
most recent advancements in the arena of chemistry, genetics 
and biotechnology have revolutionized the field of nucleic 
acid developments to the next level.

In the past decade, incredible efforts have been made 
to study many chemical modification geometries and 
to analyse and evaluate their efficacy and biosafety in 
modified-siRNA drugs. siRNA/or mRNA used in higher 
concentration, without modification-treatments, can 
enhance the immunostimulatory effects of nucleic acid 
sensors initiating the strong innate immune response, by 
secreting excessive IFN-α. The nucleoside modifications 
are an effective tool to increase stability and reduce the 
immunogenicity of nucleic-acid therapeutics [6]. Various 
siRNA modification chemistries are being used to control  
the innate immune stimulations in context with increasing  
potency and decreasing the involved toxicities. Off-target 
effects mediated by siRNAs, however, is one more param-
eter which considerably affect the precision and accu-
racy in the drug effectiveness. Chemical modifications 
of nucleotides can be placed at the phosphate backbone, 
ribose moiety and base. Phosphothioate (PS)-modified oli-
gonucleotides are hydrophobic and more stable with an 
increased half-life of oligonucleotides and enhance their 
affinity to specific proteins. The protein binding capacity 
of oligonucleotides is advantageous to penetrate into the 
cells, but excessive bindings could lead the in-vivo toxic-
ity with a consequence of eliminating of drug metabo-
lites from the body. siRNA joined with PS will not make 
any changes in-vivo biodistribution and can accumulate 
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in the liver, kidney, intestine, bone marrow, lymph nodes 
etc. [4]. 2′-Deoxy-2′-fluoro (2′-F) modification of adeno-
sine reduces the cytokine production substantially while 
retaining knockdown activity of siRNA. Substitution with 
bases would provide the advantage of being resistant to 
the attack of nucleases, which is also a crucial point for 
nucleic acid-based drug development [5, 6].

Additionally, various siRNA drug delivery platforms 
are being used and analysed in biodistribution studies 
such as, lipid nanoparticles (LNPs), drug phospholipid 
complex (DPC™), trimethylolpropane trimethacrylate 
(TRiM™), acetylgalactosamine (GalNAc-siRNA conju-
gates), local drug EluteR biodegradable (LODER™) pol-
ymers, exosomes and polypeptide nanoparticles (PNPs). 
The most popular platforms are, siRNA-LNPs have shown 
greater efficiency and GalNAc-siRNA also provided the 
better results through intravenous administration [7–9, 16].

RNA is constitutive of single-stranded oligonucleo-
tides, which provides no apparent pathogenic and inflam-
matory response, despite being highly potent in nature [10, 
11]. However, the long-double stranded dsRNA or RNA 
accumulated in higher concentration can induce the innate 
immune response, which could be TLR-mediated and non-
TLR-mediated, in the cytoplasm to degrade the nucleic acid 
of the pathogens. Non-TLR-mediated immune response is 
mainly triggered by retinoic acid-inducible gene-1 (RIG-1), 
and its proteins bind to siRNA in the cytoplasm [12]. Toll-
like receptors (TLR7) and myeloid differentiation primary 
response 88 (MyD88) adaptor recognize the influenza infec-
tion; however, TLR 7 also gets induced by molecules of non-
viral origin and can sense the endosomal ssRNA to detect 
RNA viruses. dsRNA is known as the potent stimulator of 
innate response. GU-rich ssRNA oligonucleotides (RNA 40) 
derived from human immunodeficiency (HIV) virus activates 
the dendritic cells (DCs) to release interferon-α and proin-
flammatory cytokines. MyD88 is the central node linked 
to IL-1R receptor-associated kinases (IRAK), a family of 
kinases, including nuclear factor kappa B (NF-kB) [13–15].

The first RNAi-based therapeutic ONPATTRO® (pati-
siran, ALNTTRO2), for the treatment of hereditary tran-
sthyretin amyloidosis (hATTR amyloidosis) with polyneu-
ropathy in adults, is approved by FDA and EC in 2018 for 
commercial manufacturing [16, 17]. The present review 
illustrates the various innovative siRNA therapeutic designs 
with modification chemistries and its subsequent impact on 
innate immune response to substantiate the silencing effi-
ciency and lowering down the associated toxicities.

Mechanism of RNAi

siRNA is ~ 21–22 bp long dsRNA molecules, which recog-
nize the RNAi enzymatic machinery leading to a homol-
ogy dependent degradation of target mRNA. Dicer is  

complexed with TAR (trans-activation response)-RNA 
binding protein (TRBP) presents siRNA to RNA-induced 
silencing complex (RISC). Protein argonaute-2 (Ago2) 
cleaves mRNA molecules between 10 and 11 basis rela-
tive to the 5′ end of antisense siRNA. The catalytic activ-
ity of RNA-induced silencing complex (RISC) cleaves the 
strand from loaded siRNA as ‘passenger strand’ released 
with a single-stranded guide RNA molecule that directs 
the specificity of the target molecule by intermolecular 
base pairing (Fig. 1) [18, 19]. siRNA unwinds the 5′ end, 
a less thermodynamically stable ends, of the guide strand 
which joins Ago-2. The complementary RNA molecules 
are recognized by guide RNA and cleaved by the catalytic 
activity of Ago-2. siRNA targets mRNA to destabilize the 
transcripts or repress the translation, if they bind to an 
endogenous substrate of RNAi as micro miRNA. The pri-
mary microRNA transcripts (pri-miRNA) are expressed 
within the nucleus. This is processed within nucleus into 
60–70 bp hairpins processed by microprocessor complex-
drosha enzyme (Drosha-DGCR8) (Fig. 1). The loop is 
escaped into the cytoplasm by RNase III Dicer. One of the 
two strands is loaded into the RISC. The mature miRNA 
shares partial complementarity with 3′UTR of the target 
mRNA. miRNA results in translation repression, which 
can be accompanied by degradation [20].

The siRNA duplexes are processed by their direct deliv-
ery to the target cells or by intracellular processing of the 
longer RNA hairpin transcripts which are mainly produced 
by DNA. Short hairpin RNA (shRNA) is transported to the 
cytoplasm and processed into siRNA by Dicer. The designed 
therapeutics work on the first strategy as the direct siRNA 
effectors are the consequence of potent gene silencing. But 
these require repeated administration of the drugs in a clini-
cal setting; which is not a cost-effective process. However, 
DNA-based RNAi drugs have more potential of being stably 
introduced in a gene therapy setting, allowing a single treat-
ment of viral vector delivered shRNA genes [21].

Modification chemistries for siRNA 
— a solution for increasing potency 
and reducing toxicities

siRNAs and ASO can be modified structurally based on 
phosphonate; ribose and base analogs (Fig.  2). These 
changes are carried out on H/OH for RNA or DNA, ethyl 
bicyclic nucleic acid (S) (cEt-BNA(S)) and phosphorodi-
amidate morpholino oligomer (PMO). siRNA modifica-
tions by substituting 2′-OH with 2′-methoxyethyl (2′-OMe 
or 2′-MOE), with locked nucleic acid (LNA), or unlocked-
nucleic acid (UNA) or glycol nucleic acid (GNA), have been 
competently observed to supress innate immunostimulatory 
response effectively driven by siRNA (Fig. 2). These various 
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chemical geometries also offer enhanced potency, specific-
ity and potentially abrogate the lethal effects [21, 22]. For  
instance, the combination of 2′-OMe and PS modifica-
tions facilitate the systemic administration of cholesterol- 
conjugated siRNA to achieve the efficient ApoB mRNA 
silencing in the liver and jejunum (in-vivo model) [23]. In 
addition, these combinations of 2′-OMe and 2′-F have also 
been used for ONPATTRO® [24, 25]. miRNA inhibitors 
(AntimiRs) or miRNA mimics down or upregulate the miR-
NAs. Miravirsen, an AntimiR-122, has been used in trials for 
hepatitis C virus infection.

In the beginning, unmodified and partially modified 
siRNA (21 nucleotide sequences or more) were tried to 
silence the genes CNV in-vivo on the local tissues such as, 
eyes. Modified and unmodified siRNA drugs e.g., Beva-
siranib, AGN211745 and AGN21174526 were designed to 
inhibit the activity of VEGF, in the treatment of macular 
degeneration-AMD a leading cause of blindness and neo-
vascular AMD. These drugs activate TLR3 and TRIF to 
induce IL-12 and IFN-γ could affect blood and lymphatic 
system [27, 28].

Phosphonate modification

ASO modification on the PS, where oxygen from phos-
phodiester is substituted by sulphur, is able to protect from 
nucleases. It also enables the rapid attachment to albumin 

assisting in cell penetration than naked siRNA. But the 
excessive binding could lead to in-vivo toxicity, conse-
quently, accumulating the drug in liver, kidney, intestine, 
bone marrow, lymph nodes etc. with slow elimination of 
drug metabolites [4, 29, 30]. The neutral phosphodiester 
gp of phosphate backbone siRNA allows the easy delivery 
into cells, where thioesterase converts modified siRNA into 
its native form to attain the robust results [52]. PS-DNA 
oligomers bind to the active site of primers to inhibit the 
activity of reverse transcriptase (RT) of HIV-1 [31]. PS 
linkage stereoisomers Rp and Sp influence the performance 
of siRNA from 3′ to 5′ antisense strand and are the superior 
over RNase activities (Fig. 2) [9]. PS modifications increase 
the oligos; stability for their effective transportation.

The other PS modification chemistries offer special phar-
macological properties. For instance, PS2 increase the affin-
ity between RISC and siRNA; methyl phophonate (MP) and 
methoxy propyl phosphonate (MOP) reduce the ASO pro-
tein bindings, hence, decrease the toxicity especially MOP 
linkage at 2 and 3 position from 5′ end of DNA gap reduces 
the hepatotoxicity level of ASO. Peptide nucleic acid (PNA) 
and phosphotriesters increase the therapeutic capability of 
siRNA/ASO molecules and able to target certain nucleic 
acids to enhance its diagnostic skills [30–33].

For phosphonate modification, phosphate at 5′ of siRNA is 
introduced exogenously, modified by either phosphorylation 
mediated by cleavage and polyadenylation factor-I subunit-1 
(Clp 1) or by chemical synthesis.

Fig. 1   RNAi gene silencing 
mechanism. Long ds RNA is 
cleaved by a dicer into siRNA/
miRNAs. RNA-induced silenc-
ing complex assists in finding 
the complementary sequence in 
mRNA transcript, consequently 
deactivating the translation on 
that specific gene and increasing 
the cytosine methylation and 
mRNA cleavage. The pri-
miRNA are expressed within 
the nucleus. This is processed 
within the nucleus into ‘Drosha-
DGCR8’. The loop is escaped 
into the cytoplasm by RNase III 
Dicer. One of the two strands is 
loaded into the RISC
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5′-Phosphate is rapidly dephosphorylated naturally; 
hence, it is imperative to select other analogs such as 5′-(E)-
vinyl phosphonate (5′-(E)-VP), 5′-MP, (S)-5′-C-methyl 
with phosphate, 5′-PS etc. with similar conformations to 
protect from dephosphorylation and increase the activity, 
potency and stability. These analogues were evaluated for 
their effectiveness in-vivo and in-vitro. The substitute of 
oxygen and carbon with E-vinyl phosphonate moieties at 5′ 
end could improve the potency by 20 folds [34]. The intact 
stable oligonucleotides are effectively loaded on the RISC, 
help in achieving the appropriate pharmacokinetic proper-
ties. Therefore, this modification applied to the ds-siRNA 
improves the potency level in-vivo by its efficient accumula-
tion in tissues [35].

Ribose and base modifications

Ribose sugar modifications at 2′ position protect siRNA 
from the attack of ribonucleases. 2′-OMe is a natural ribose 
sugar and used frequently in the course of ribose modifica-
tion in the drug development process. 2′-OMe increases the 
stability, having a greater affinity to target its mRNA and 
reducing the immunogenicity [36]. Other analogs 2′MOE 
and 2′-F also help increase the binding affinity. 2′-O-benzyl 
or 2-methyl-4-Pyridine (six 2′-O-CH2Py (4)) are well toler-
ated on the guide strand and also help increase the activ-
ity, even these modifications have to be placed at the 8 and 
15 positions on the guide strand [37, 38]. Other molecules 
e.g. UNAs, LNAs, GNAs, (S)-cEt-BNAs, tricyclo-DNA 
(tcDNA) and PMOs are able to increase the affinity of base 
pairing (Fig. 2). The conformational flexibility of nucle-
otides is decreased due to ribose and base modifications, 
which increase their binding affinity. For example, locked 
nucleic acid (LNA) is linked to 2′oxygen and 4′ carbon of 
ribose showed enhanced binding affinity. Its methylated  
analogue is also denoted as constraint (cEt) BNA. tcDNA is 
another constrained nucleotide having the attributes towards 
increasing the binding affinity; it is, however, a bit smaller 
than LNA (i.e. ΔTm ∼2 °C for tc DNA and ΔTm 4 to 8 °C 
per modification for LNA). Stable chimeric oligonucleotides 
may be prepared by various sugar modifications with higher 

affinity, which could help eliminate the negative effects 
caused by another modification [36, 39].

Substitution with bases would provide the advantage 
of being resistant to nucleases in nucleic acid–based drug 
development. The base analogues e.g. pseudouridine, thio-
uridine, methyladenosine and methyl cytidine; their cytidine 
and uridine (Fig. 2) residues can help attenuate the innate 
immune response, which ensure that the designed ASO 
drugs are being more resistant to the attacks of nucleases. 
Pseudouridine was found to enhance the translational capac-
ity and biological stability in mice models. These chemicals, 
indeed, are considered to play a significant role in research 
and development of molecular medicines. However, the 
main concerns for using these synthetic molecules, being 
added to the specific genome, are ought to be metabolized 
safely in the human body [5, 6].

2′–5′ Oligoadenylate synthetase (2′–5′-OAS) and ribo-
nuclease L (latent) RNase L, induced by interferons, are 
involved in the sensory and effector functions following 
the viral infections. OAS catalyses to produce 2′–5′-linked 
oligo adenylates (2–5A) that activates RNase L, resulting in 
breaking down the single-stranded self and non-self RNA. 
Therefore, modified nucleosides are present in cellular tran-
scripts have been shown to suppress activation of several 
RNA sensors [6].

An adenosine analogue e.g. N-ethylpiperidine 7-EAA 
triazole (7-EAA, 7-ethynyl-8-aza-7-deazaadenosine), when 
added to the RNA strand pairs with uridine to form helix 
structure. This modified structure could attenuate the swift 
interactions between TLR8 and nucleotide of drug; there-
fore, it weakens the strong immunogenicity/immunostimula-
tory reaction to increase the safety of siRNA [40].

Phenylpyrrolocytosine (PhpC-6′) is a cytosine mimic, vir-
tually identical to natural cytosine in siRNA, which could 
provide incredible base-pair fidelity, thermal stability and  
gene silencing activity. siRNA containing Php-C tends 
to accumulate in cytoplasm of HeLa cells, as revealed by 
real-time imaging for cellular trafficking [41]. Fucini et al. 
reported that adenosine is an important target for optimal 
modifications. 2′-F modification of adenosine results in a 
substantial decrease in cytokine production while retaining 
siRNA knockdown activity [37].

Passenger strand like guide strand of siRNA assembles 
on RISC causing off-target effects. 5-Nitroindole nucleo-
tides (a universal base) which are incorporated at the 15th 
position of siRNA passenger strand eventually decrease the 
efficacy of the same strand, therefore, they help control the 
off-target-mediated effects [42]. 5-Fluoro-2′-deoxyuridine 
(FdU) substitution in siRNA can effectively suppress gene 
expression, induce the repair of damaged DNA, apoptosis 
and cell death [43]. More studies are being required to miti-
gate the off-target effects induced by undesired bindings of 
proteins to target mRNA [44].

Fig. 2   Phosphonate, ribose and base modifications of siRNAs. The 
original forms of DNA nucleotide and RNA nucleoside subunits are 
also presented with all the bases [adenine, guanine, cytosine, thymine 
(DNA) and uracil (RNA)]. Phosphonate modifications secure the RNA 
from phosphorylation e.g. methyl phosphonate, peptide nucleic acid 
and deoxybasics. Ribose sugars often provide protection from nucle-
ase attack and base affinity for stability, for example, 2′-O-methyl, 
2-O-methoxy ethyl, locked nucleic acid, unlocked nucleic acid (UNA), 
(S)-cEt BNA bridged nucleic acid, tricyclo DNA tc DNA (PS), N, 
N-dimethyl amino phosphorodiamidate morpholino oligomer (PMO) 
and glycol nucleic acid (GNA). The base analogs reduce the exces-
sive immune stimulations e.g. 5′-fluorouridine, 2′-thiouridine and 2,4- 
difluoro toluyl ribose nucleoside

◂
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Modification designs of siRNA

The modification chemicals such as 2′-OMe, 2′-F and PS 
have been validated in many therapeutics in context with 
the elimination of immunogenic effects and hybridization-
dependent off-target effects to improve the nuclear stability 
and potency [45, 46]. Dar et al. (2016) has prepared a special-
ized databank for chemically modified siRNAs to provide 
the understanding of effects through chemical modifications. 
This repository would furnish the essential information for 
developing stable and efficacious siRNA for future research 
[46]. In case of heavy modifications e.g. 2-OMe is placed 
in the antisense strand of QPI-1007, whereas L-DNA was 
placed in the sense strand could accelerate the siRNA stabil-
ity/and biocompatibility. Pre-clinical and clinical validations  
of various modifications were described by Hu et al. [9]. 
The universal modification pattern, STC, was developed by 
Alnylam Pharmaceutical with improved stability and affin-
ity for effective gene silencing. STC chemistry is known to 
compromise on toxicity point of view.

The new generation pattern, ESC, was proposed with  
extra 4 PS linkages at the 5′ antisense and 3′ sense strand 
with reduction in 2′-F substitutions in order to eliminate the 
associated toxicities essential for pharmacodynamic attrib-
utes that consequently reduce the dosing frequency (e.g. 
Cemdisiran-ALNCC5). The position of 2′-deoxy-2′-fluoro 
and 2′-O-methyl ribosugar modifications across both strands 
of the double-stranded siRNA duplex provide advantage with 
improved potency and sustainable stability without compro-
mising intrinsic RNAi activity [9]. The N-acetyl glucosamine 
(NAG)-ligand for asialoglycoprotein (ASGPR) receptor is 
synthesized at the 5′ prime end of the sense strand and suit-
able for subcutaneous inoculations not intravenous. The NAG 
ligand directs to trigger the hepatocytes in the liver [47, 49]. 
This transformative approach can be applied for RNAi thera-
peutics including other investigational oligonucleotides for 
their accurate delivery to liver tissues. The nucleotides must 

remain stable against nucleolytic degradation especially by 5′ 
exonucleases. GILVAARI™, an approved siRNA therapeutic, 
is based on ESC design [47, 48].

The advanced ESC designs for DV18 comprised 6PS 
linkages at three strand terminals, with 2′F modifications at 
sites 7, 9, 10 and 11 in sense strand (SS) and at 2, 6, 8, 9, 14 
and 16 in the antisense strand (AS). The 2′F modifications, 
in case of DV22, at sites 8 and 9 replaced by 2′-OMe, have 
provided effective gene silencing in non-human primates in 
preclinical trials. The conjugates of N-acetylgalactosamine-
siRNA are attributed to the hepatotoxicity by escalating the 
off-target gene silencing mediated by miRNA-like recogni-
tion between siRNA and mistargeted RNA.

The technical design for ESC + has the glycol nucleic 
acid (GNA) substituted in the seed region; as compared to 
ESC that specifically mitigates the hepatotoxicity. Inves-
tigational siRNA therapeutics e.g. ALN-HBVO2, ALN-
AATO2 and ALN-AGT of Alnylam therapeutics are based 
on ESC + design. Chemical modification of ribonucleotides 
is availed for enhancing stability and reducing the risk of 
innate immune stimulation, in case of ARC-AAT drug [9]. 
Arrowhead has added the inverted bases (e.g. deoxythymine-
idT) at the strand terminus including unlocked nucleic acid 
(UNA) and X (without nucleoside base) for AD-5, flanking 
UAU or UAUAU motifs and siRNA conjugation with hydro-
phobic substrates, and this design is being used in clinical 
trials (Fig. 3).

The technology on disubstrate siRNA (DsiRNA) has been 
recognized form Dicerna placing 3 consecutive 2′-F moieties 
at 9, 10 and 11 are positioned at 5′-end and other site have 
alternative 2′-OMe and 2′-F moieties in the flank sequence. 
A constant flank sequence ‘GCA​GCC​GAA​AGG​UGC’ con-
tains inner complementary pairing motifs of ‘GCA​GCC​’ and 
‘GGC​UGC​’, consecutive 2′-OMe moieties used to modify 
these motifs and consecutive DNA/RNA nucleosides can 
be positioned without additional modifications in ‘GAAA” 
bubble. DNA nucleosides can also be added at 2, 12, 16, 18, 
20 and 21 positions in antisense strand at 5′-end. GalNAc 
moieties may be placed at unpaired GAAA nucleotides of 
DsiRNA. PS linkages are also required to be placed at spe-
cific positions in the antisense strand and flank sequences 
as well [9].

Innate immune signaling (TLR‑dependent)

TLR-dependent innate immune signalling, with TLR 3 and  
other significant TLRs, occurs in the lung, aorta, dermis,  
choroidal and umbilical vein. Fibroblast cell lines also 
express TLR3 receptors. Exogenous siRNA/ and dsRNA 
can also activate TLR 3 and other RNA sensors to escalate  
the production of cytokines such as, IFNγ and IL-12 (in-
vivo) triggering the inflammatory response [27]. siRNA 

Fig. 3   Representative designs of various siRNA modification patterns 
used in preclinical and clinical trials. STC — universal modification 
pattern. ESC — a new generation pattern proposed with extra 4PS 
linkages at the 5′ (antisense) and 3′ (sense) strand with reduction in 
2′-F substitutions. Advanced ESC-designs comprised 6PS linkages 
at three strand terminals e.g. DV18 has 2′F modifications at sites 7, 
9, 10 and 11 in sense strand (SS) and at 2, 6, 8, 9, 14 and 16 in the 
antisense strand (AS). ESC + design does provide a technical devel-
opment by substituting GNA. Partial modification QPI-1007, partial 
modification ESC (Onpattro/Patisiran) and full modification ESC 
(Givlaari/Givosiran) are based on ESC design. Full modification 
inclisiran ALN PCSsc design. Disubstrate siRNA (DsiRNA) technol-
ogy being recognized form Dicerna placing 3 consecutive 2′-F moie-
ties at 9, 10 and 11 position at 5′-end and other site have alternative 
2′-OMe and 2′-F moieties in the flank sequence. Arrowhead: at the 
end of terminus strand contain UNA and X without nucleoside base 
Hu et al. [9]

◂
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can bind to the TLR 3 ectodomain, which triggers receptor 
dimerization [50]. Notably, the use of naked and unmodi-
fied siRNA as therapeutics could activate the TLR3 local-
ised on plasma membrane. The long dsRNA induces the 
endosomal TLRs producing type I IFN response [13, 
51]. TLR response can also be generated by off-target 
sequences. It is hypothesized that both naked and conju-
gated siRNA are less likely to activate TLR3 in cytoplasm/ 
or endosome e.g. reduction in choroidal neovasculariza-
tion in TLR3 mice is the cause of a similar effect.

Most of the intracellular pathways are induced by acti-
vation of TLR 7/8 and TLR3 sensors. These pathways are 
depicted in Fig. 4. TLR 7/8 signal through myeloid differ-
entiation primary response-88 (MyD88) pathways. TLR3 
also signals through TIR domain containing adaptor induc-
ing interferon-β (TRIF adaptor protein) in the cytoplasm. 
TRIF provides the signals for downstream production of 
IFN-β and IFN-α via TRAF family-associated NFkB acti-
vator binding kinase-1 (TANK-binding kinase-1/ or TBK1), 
which mediates through a transcription factor, interferon 
regulatory factor-3 (IRF3) [52, 53]. MyD88 and Toll/
interleukin-1 receptors (TIR) are also associated through 
TLR7/8 to form a signalling complex of intermediate mol-
ecules like, IL-1 receptor associated kinase-1 (IRAK-1), 
IRAK-4 and TNFR-associated factor-6 (TRAF6). The 
subsequent signalling events and nuclear translocation of 
NFkB lead to the activation of transcription factors such 
as IRF5 and IRF7 that upregulate the expression of IFNα 
and inflammatory cytokines. This process occurs mostly  
in DC and B-cells. TLR7 and TLR8 ligands tend to follow 
the MyD88-IRF7 pathway (Fig. 4).

Lysosomal TLRs are engaged to induce TNF-α, and 
inflammatory cytokine and IFN-α stimulation is associ-
ated with advanced signals. TIR family provides a plat-
form for MyD88, which is the conserved central node for 
innate immune signaling. MyD88 DDs form a structure 
with IL-1 receptor-associated kinase (IRAK DD) denoted 
as ‘Myddosome’. TIR domain groups-TRIF, TRAF and 
p13k deem to recognize a plethora of RNAs from viral 
and bacterial pathogens, through binding and oligomeri-
zation of MyD88 adaptor. IFN-β and IFN-α upregulate 
the IRF7 and other IFN-inducible genes. This process  
allows the production of additional IFN-α, which amplifies  
the responses in a series of cycles. TLR3 gets activated 
through TRIF that activates receptor interacting protein-1 
(RIP-1) and TRAF6, leading to the downstream production  
of NFkB, activating transcription factor (ATF) and c-Jun 
transcription factors finally inducing the inflammatory 
cytokines IL-6 and TNF-α (Fig. 4) [15, 54].

Innate immune signalling 
(TLR‑independent)

The cytoplasmic sensors other than TLRs such as binding 
protein kinase-R (PKR) or retinoic acid inducible gene 1 
(RIG-1) proteins perform via TLR-independent signaling 
to recognize the extrinsic siRNAs in viral infections [55, 
56]. siRNA construct with blunt ends is responsible for IFN 
induction upregulated in an autocrine and paracrine manner.

RIG-1 contains two caspase recruitment domains (CARD) 
near its N-terminus that signals the activation of IRFs and 
NFkB. The dsRNA indulges into C-terminal of helicase 
domain eventually leading to the production of IFNβ and 
inflammatory mediators [57, 58]. RIG-1 adaptor proteins 
viz. IFN-β promotor stimulator 1(IPS-1), mitochondrial 
antiviral signaling (MAVS), virus-induced signaling adap-
tor (cardif or VISA), and fas-associated protein with death 
domain (FADD) adaptor produce the signals through RIG-1 
for dsRNA. It performs the downstream activation of IPS-1 
adaptor and the upstreaming of IRF7 for the production of 
type l IFN [59–63]. Protein kinase-R (PKR) pathway acti-
vates the signal transduction by proinflammatory stimuli, 
including bacterial lipopolysaccharide (LPS), TNF-α and 
IL-1. PKR is a component of the inhibitors of kappa B kinase 
complex that phosphorylate ELF-2α to play a catalytic role 
in its activation to inhibit translation. The stress-activated 
protein kinases p38 and c-Jun NH (2)-terminal kinase (JNK) 
are also regulated by PKR to induce the production of proin-
flammatory cytokines [64]. The higher sensitivity in kinase 
assays has revealed that siRNAs are able to mediate some 
level of PKR activation [65, 66]. The RNA recognition by 
cytoplasmic receptors RIG-1 and PKR are considered to 
be sequence-independent and RIG-1 is also involved in the 
induction of IFN through NFkB (Fig. 4).

The uncapped 5′-triphosphate groups of RNA bind to 
the activated RIG-1, consequently aggressive IFN response 
is developed in the cells expressing RIG-1 [67, 68]. These 
groups on RNA usually represent the pathogen-associated 
molecular pattern (PAMP), which is different from host 
RNA. siRNA constructs are synthesized using phage poly-
merase which usually activates RIG-1 to induce interferon, 
even in the absence of TLR7/8 expression e.g. engineered 
T7-siRNA help remove the initiation 5′-triphosphate syn-
thesis, thereby alleviating interferon induction by this class 
[69]. The blunt-ended siRNA can also activate RIG-1. 
However, asymmetrical siRNA design having standard 3′ 
overhang at one end and 5′-antisense ends have become 
more widely used siRNAs to improve the potency of RNAi 
therapeutics [23, 70].
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Fig. 4   TLR 3, TLR 7/8, RIG-1/MDA5 and PKR sense the siRNA and 
dsRNA. TLR7 and TLR8 generate the signals through their endoso-
mal presence. MyD88, an adaptor protein, pathways through a com-
plex IRAK-1, IRAK-4 and TRAF-6; and it also activates TRAF-3 
pathway to regulate and translocate NF-κβ releasing cytokines, 
through IRF-5, IRF-7 and TAB1-3 via kinase 1KKB signaling with 
subunits p50 and p65. A stress stimulus for cytokines for autophagy/
or apoptosis is produced via p38 (MAPK). IRAK-1, IRAK-4 and 
TRAF-6 also activate ATF2-c-Jun transcription factors to regulate the 
transcription of genes to express interferon IFNα. TLR-3 receptors 
from endosomes begin the sensing process via TRIF adaptor which 
activates IRF3 and IFNβ expression. NF-κβ and ATF2-c-Jun would  

also cause the release of inflammatory cytokines through TLR3 sign-
aling. Triphosphate-ssRNA and blunt-ended dsRNA binds to the  
cell membrane followed by RIG-1 sensors through IPS-1 protein 
adaptor could generate IRF 5, IRF 7, TAK1-1KKB and TRAF-3 to 
IRF-3 to transcript and induce the formation of cytokines and IFN. 
The long dsRNA binding to PKR causes dimerization and transpho-
sphorylation results in the formation of phosphorylated eIF2α and 
IκB; which cause the inhibition of translation and nuclear transloca-
tion, respectively. PKR phosphorylation also activates via p38 MAPK 
and STAT1 and 2 (through ORF-9) process the transcription through 
stimulation of IFN & ISG genes in the nucleus



2713Drug Delivery and Translational Research (2023) 13:2704–2718	

1 3

Immunostimulatory siRNA

The stimulation of TLR and non-TLR sensing pathways 
largely depend upon the RNA sequences presented in the 
process. The unmodified, blunt-ended siRNA activate 
TLR7/8 through endosomes and RIG into the cytoplasm to 
get the end product as type I IFN, which could excel the 
associated toxicities due to off-target effects [58, 65]. Cell 
lines of lung fibroblasts, MRC-5 or glioblastoma T98G 
express a strong level of RIG-1 response. Moreover, the 
innate signaling is mostly influenced by the used modifi-
cation chemistries and delivery carriers.

The chemical modifications of siRNA using 2′-F, 
2′-OMe or 2′-deoxyribonucleotides to substitute the 
purines and pyrimidines in a specific sequence manner  
could provide minimal immunostimulatory activity in-vivo 
(mice model) in lipid formulations. Incorporation of two 
2′-OMe guanosine or uridine residues in the sense strand  
of highly immunostimulatory siRNA molecule is suffi-
cient to minimise the IFN and inflammatory cytokines 
induction in-vitro (human PBMCs) and in-vivo (mice 
model) [71]. This largely inhibits TLR 7/8 pathway. The  
anti-inflammatory effects of RNA can be achieved by 
using either 2′OMe-uridine, -guanosine, or -adenosine 
residues in any combination; however, 2′OMe-cytidine 
combination have not shown much effect to lower down 
the immune stimulation [71, 72]. Nucleotide modifications 
using 2′OMe in antisense strand (with < 20% nucleotides) 
are generally well tolerated and could have an impact on 
gene silencing. The selective modification eliminates the 
subtle immune response, nevertheless, could lead to the 
production of antibodies in mice models [71, 73]. 2′OMe 
substitution at position 9 of sense strand reduces the 

efficiency to assemble on RISC, which might affect the 
RNAi mechanism. But this principle does not comply with 
all the RNA duplexes [74]. Therefore, it is critical to make 
changes on the antisense strand of siRNAs to minimize 
immunostimulatory activities.

Human TLRs get activated by the pathogen-derived 
RNAs. In addition, the modified nucleotides can occur  
naturally or by using chemicals and could reduce the innate 
response by antagonizing the TLR and RIG activities [72, 
75]. However, DNA nucleotides incorporated at the blunt 
ends of siRNA still induce inflammatory response through 
TLR7/8-mediated immune stimulation. Locked nucleic acid 
contains ′O,4′-C methylene bridge in the sugar ring which is 
reported to display the partially reduced immunostimulatory 
activities with increased stability, but the siRNA containing 
inverted deoxy abasic end caps can retain the immunostimu-
latory activity (Table 1) [10]. Of note, 2′-fluoro and 2’-O 
methyl have unpredictable effects/or bystander effects on the 
immunostimulatory activities of modified siRNA.

The non-viral origin of ssRNA induces TLR depend-
ent production of cytokines, which could also detect the 
RNA virus infections [13]. In addition, dsRNA can also 
lead to the direct stimulation of innate immune cells giv-
ing the indication of viral infection. Guanosine (G) and 
uridine (U)-rich ssRNA oligonucleotides derived from 
HIV-1 stimulate the DCs and macrophages to secrete 
IFNα, proinflammatory and regulatory cytokines. TLR-
deficient mice showed that murine TLR7 and human 
TLR8 mediate the species-specific recognition of GU-
rich ssRNA [14]. TLR and MyD88 are required to sense 
ssRNA viruses like vesicular stomatitis virus (VSV) and 
influenza and able to stimulate IFN-α in-vivo. Hence, TLR 
and MyD88 have an important role in receptor recognition 

Table 1   Typical features of immunostimulatory siRNAs to induce TLR and RIG immune signalling in the cytosol resulting in production of 
interferon and cytokines

Immuno-stimulatory siRNAs Cytokine and  
interferon production

Activated immune 
signaling receptors

Associated immuno-stimulatory activities References

5′-UGUGU-3′ motif IFN-α TLR8 Off-target effects and toxicities associated with 
immune stimulations

[11, 77]

GU/ or AU rich IFN-α, TNF-α TLR 7/8 Against cancer, allergic and infectious diseases [11, 77]
5′-GUC​CUU​CAA-3′ motif
DNA added at blunt ends
Deoxy abasic end caps addition

IFN-α TLR 7/8 Detect viral nucleic acids [10]

Blunt ends Type I IFN, p56 RIG-1 Off-target effects [58, 65]
Uracil repeats IFN-α, TNF-α, IL-6 TLR7 Detect viral infections [65, 93]

[21, 88]
[68, 94]

5′-Triphosphate IFN-α, IFN-β RIG-1 Antiviral [68, 89, 95]
miRNA-interfering RNA IFN-α, TNF-α TLR 7/8 Antiviral [90]
AU- or GU-rich motifs and CpG 

dinucleotide flanked by AU
Type I IFN TLR 7/8 Antiviral [78]
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of a wide range of pathogenic viruses to build immunity 
against ssRNA viruses [76]. AU-rich oligoribonucleo-
tides (ORNs) mediate the human TLR8 activation, while 
GU-rich ORNs mediate the TLR7/8 activation. GU and 
AU rich ORNs stimulate the TLR-dependent innate and 
adaptive immune effects that would be beneficial against 
cancer, allergic and infectious diseases. Forsbach et al. 
identified the sequences stimulated the production of both 
cytokines and TNF-α, suggesting the existence of RNA 
motifs specifically for both or the single receptors. The 
motif analysis defined specific GU-rich 4-mer sequences 
such as, UUGU, GUUC, GUUU, UUUC, UGUU or UCUC 
activating the human TLR7/8 by inducing IFN, proinflam-
matory cytokines and chemokines from cells expressing 
only TLR7 or both TLR 7 and TLR8. On the other hand, 
AU-rich sequences such as AUGU, UAUA, AUAU, AUAC, 
UAUU, AAAU, CUAC, GUAC or UAUC were found to 
induce the strongest TNFα response, but not IFN stimulat-
ing monocytes and mDCs and not pDCs [77]. Host driving 
of CpG dinucleotide elimination at RNA level is a unique 
phenomenon in vertebrates. ssRNA with specific sequence 
motifs of AU- or GU-rich and CpG dinucleotides flanked 
by AU can significantly stimulate the antiviral immune 
response by secreting type I IFN (Table 1) [78].

It is critical to assess the valid immune response after 
siRNA treatment and to monitor IFN-α, cytokine IL-6 and 
TNF-α. However, IFNβ, IL-6, IL-8 and other chemokines 
in the supernatant of siRNA-treated cells have been used 
to monitor the activities through RIG-1/MDA5 and PKR 
pathways. Notably, the cytokines secreted through cell-
lines may not indicate precise molecular pathways. The 
systemic administration of immunostimulatory siRNA 
formulations with a specific delivery system elevates the 
cytokines in 1–2 h [58, 65, 79]. Nevertheless, the nega-
tive cytokine interpretation always requires utmost care. 
For instance, lower level of IFN-α detection in the liver 
or spleen of treated mice does not manifest the systemic 
cytokine response. It suggests no immunotoxicity in mice, 
but is associated with off-target effects of gene expression 
via non-specific antiviral and antitumor activities [80].

Efficacy of siRNA could be identified by using green 
fluorescent protein (GFP), reporter systems and bacte-
rial invasion. For instance, a chimeric luciferase-CCR5 
gene by high-throughput assay is used for quantifying the 
expression, and level of luciferase would help determine 
the efficiency of the shRNA clones [81]. The pharma-
cokinetic and biodistribution studies along with route of 
administration of siRNA drugs are the important param-
eters to be considered to control the magnitude of immune 
response and safety.

Toxigenic effects and non‑specific activities

The non-targeted siRNA (~ 21 nucleotides) suppressed 
the choroidal neovascularization (CNV) in mice-model 
in comparison to siRNA targeting vascular endothelial 
growth factor-A/VEGFA Receptor-1 (VEGFA/VEFAR1), 
without off-target RNAi and IFN αβ activation, reported 
by Kleinman et al. [27]. CNV suppression is performed 
via activation of TLR3 and TRIF inducing IFN and IL-12. 
Human choroidal endothelial cells expressing TLR3 cod-
ing variant 412FF may induce cytotoxicity, providing 
a direct clue to use this tool for personalized pharma-
cogenetic therapy. TLR 3 expressed in multiple human 
endothelial cells indicating that generic siRNA could treat 
8% world’s population with CNV disorder, could also pro-
duce the immunostimulatory effects [27]. TLR-mediated 
response is the major cause for stimulating the immune 
cells and inflammatory cytokines. However, it can also 
activate the cytoplasmic RNA sensors to produce an effec-
tive response, especially in non-immune cells. The strong 
interactions of siRNA with nucleic acid sensors always 
results in inflammatory outcome; therefore, it is critical to 
abrogate this particular property in the candidate siRNA 
to develop safe and effective therapeutic [58]. Judge  
et al. reported that siRNA used with non-viral delivery 
vehicle can also act as potent stimulator for interferons 
and inflammatory cytokines production in-vivo (mice)  
and in-vitro (human blood culture). The achieved toxic-
ity levels depend upon the used sequence. It is important 
to design siRNA with immunostimulatory motifs which 
could provide effective silencing through RNAi inducing 
minimal immune activation [11].

Off-target gene silencing has been noticed for increas-
ing hepatotoxicity using GalNAc-siRNA (modified) con-
jugates. The gene silencing is mediated by miRNA in 
between the siRNA and mistargeted RNA. Furthermore, 
the disorganised nucleotides in the antisense strands with-
out changing 2′OMe, 2′-F or PS/ or putting GNA at 7′ posi-
tion could edge off both off-target effects and hepatotoxic-
ity. These modifications affect the binding of siRNA with 
another target mRNA in a seed region-specific manner.

The immunostimulatory standards are to be prepared 
using unmodified siRNA with known immunostimulatory 
traits and considered for in-vivo quality test to analyse 
the siRNA integrity. Similarly, the modified siRNAs are 
also required to validate for precise efficacy with dimin-
ished lethal effects for both test and control and also to 
be compared with unmodified siRNA [7, 82]. The dsR-
NAs, irrespective of their GU contents, stimulate the I 
IFN induction in plasmocytoid dendritic cells (pDCs). 
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Immunostimulatory motif in the sense strand exerts the 
immunostimulation and targets the silencing effect. Mice 
injected with immunostimulatory siRNA complexed with 
cationic liposomes are able to produce a response equal to 
TLR9 ligand CpG with IFN-α in T-cells and dendritic cells 
of spleen. On the other hand, the immunostimulatory effect 
was not noticed in TLR7-deficient mice. Therefore, TLR7-
based immune recognition in a sequence specific manner 
could also be opted as an additional biological activity for 
the characterization of immunostimulatory siRNA [10].

The ssRNA induce TNF-α and IFN-α in human PBMCs. 
Activated macrophages to activate immunostimulatory 
TLR7, if treated with interferon γ could suppress the expres-
sion of TLR 7 by RNAi reduced the sensing of all immu-
nostimulatory ssRNAs [88]. The bifunctional siRNA har-
bours both proinflammatory and specific silencing activities. 
miRNA with conserved uridine bulge design in human cells 
and can also produce the silencing efficiency. The increased 
cytokine production enhances the immunostimulatory activ-
ity protecting against Semliki Forest Virus infection (in-
vitro); therefore, TLR8 and TLR7 get modified and become 
immunomodulatory in nature. The bifunctional D-siRNA 
strategy can be applied to any siRNA application, along with 
emerging CpG-siRNA delivery strategy which could modu-
late the immune cells to work against various viral infections 
and other cancer like diseases [90].

Systemic administration of synthetic siRNA duplex 
always ended up with high inflammatory innate response 
with IFN and cytokines; largely contribute to reducing down 
the overall efficacy [10, 11]. siRNA treatments have also 
been described to be efficacious in-vivo studies including 
influenza A [83]; herpes simplex virus [84]; respiratory syn-
cytial virus and parainfluenza [85]; hepatitis B virus in mice 
and HepG cells [7, 89]; ebola in non-human primates [86] 
and SARS in monkeys and mice [87].

Conclusion

siRNA therapeutics have the biggest advantage over other  
small peptides and monoclonal therapeutics; as it exe-
cutes base pairing with mRNA specifically to perform 
the required duty right on time. But monoclonal antibod-
ies and other peptides need a spatial conformation of the 
target molecule to neutralize them. Therefore, the higher 
activity, specificity and affinity will not be identified. On 
the other hand, the gene of interest can be directly targeted 
by siRNA having the right nucleotide sequence. RNAi 
modalities confer a shorter time-period for research and 
development while eliminating the contamination issues 
observed by using animal products, in comparison with 
peptides and monoclonal antibodies. The diseases and 

other genetic disorders were left untreatable in the past 
due to lack of advancement in technology, but it is feasible 
now by using siRNA therapeutics [9, 91, 92].

RNAi opens new avenues for the therapeutic develop-
ment industry, despite having its extensive clinical appli-
cations yet to be revealed. More studies are required to 
develop appropriate delivery carriers, erasing the associ-
ated toxicities, associated costs and other biological bar-
riers for siRNA therapeutics [26]. The extensive strategies 
can be made to use RNAi applications for studying genes 
and their consecutive expressions e.g. producing animals 
encoding shRNAs (similar to siRNAs) or the use of viral 
vectors. However, the biggest advantage of RNAi appli-
cations is in the development of therapeutics. Different 
drug targets like p53, caspase 2 protein (CASP2), pro-
tein kinase N3 (PKN3), β2-adrenergic receptor, mutated 
kirsten rat sarcoma viral oncogene (KRAS) and micro-
RNAs could be utilized, with various routes of adminis-
tration such as ocular, intravenous, subcutaneous, intra-
tumoural etc. Using appropriate siRNA modification 
portfolios with specific molecular geometries, delivery 
systems and optimization of effective dose (at zero tox-
icity level) with an increased half-life (from minutes to 
months to years) would help design the well-informed 
therapeutic interventions of siRNA for humans and ani-
mals against various genetic, cancer and infectious dis-
eases in the foreseeable future.
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