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Abstract

Since its inception more than a decade ago, the field of shortinterfering RNA
(siRNA) therapeutics has demonstrated potential in the treatment of a wide
variety of diseases. The power behind RNA interference (RINAi) therapy lies
in its ability to specifically silence target genes of interest. As more biological
data have become available, it has become evident that, in addition to mediat-
ing RINAI, siRNA molecules have the potential to potently induce the innate
immune system. One of the significant challenges facing the field today is the
differentiation between therapeutic effects caused by target-specific, RNAi-
mediated gene silencing and those caused by nonspecific stimulation of the
innate immune system. Unless appropriate experimental measures are taken
to control for RNA-induced immunostimulation, genetic manipulation can
be confused with immune activation. This review attempts to provide an
accessible background in siRNA-relevant immunology and to highlight the
ways in which siRNA can be engineered to avoid or provoke an innate im-
mune response.
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INTRODUCTION

In recent years, excitement surrounding the discovery of RNA interference (RINAi) has mounted
as researchers have taken advantage of this endogenous cellular mechanism to address a broad
range of diseases using specially designed short interfering RNAs (siRINAs). RNAi therapeutics
have the potential to treat a variety of diseases by inducing the specific and reversible loss of
expression of target genes. For example, RNAI has the potential to treat cancer by silencing genes
that promote uncontrolled cell proliferation (1). High cholesterol potentially can be kept in check
by using RINAI to silence a gene that promotes low-density lipoprotein retention (2). Using such
gene knockdown approaches, researchers have been able to address a variety of disease states in
rodent and nonhuman primate models, including hepatitis B virus (3), Huntington’s disease (4),
hypercholesterolemia (2), and Ebola virus (5, 6). More recently, siRNA delivery to solid tumors
has been reported in humans (7).

On the cellular level, RNAI is an endogenous mechanism by which sequence-specific siRNA
induces gene silencing through the targeting and cleavage of complementary messenger RNA
(mRNA) within the cytoplasm of the cell (8, 9) (Figure 1). RNAI is triggered by the presence of
double-stranded RNA (dsRNA), which is cleaved by the intracellular enzyme Dicer into 21-base
pair fragments of siRNA (10). The siRNA is loaded into a protein complex called the RNA-
induced silencing complex (RISC), which unwinds the siRNA, retaining the antisense strand (11).

/‘@

VNN &< \VAVAVS
— @

NAN V)V

Sense strand cleavage 1

Interferon
response

NN — \NAQAN

Target mRNA cleavage Target mMRNA recognition

Figure 1

RNA interference leads to gene silencing at the messenger RNA (mRINA) level. When long double-stranded
RNA (dsRNA) is introduced into the cytoplasm, it is cleaved into small interfering RNA (siRINA) by the
enzyme Dicer (lef?). Alternatively, synthetic siRNA can be introduced directly into the cell (right). The
siRNA is then incorporated into the RNA-induced silencing complex (RISC), which unwinds the siRNA
duplex and mediates the cleavage of the sense strand. The activated RISC-siRINA complex binds to and
degrades mRNA that is complementary to the antisense siRINA strand. This results in silencing of the target
gene and any proteins that it may encode.
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RISC then seeks out and cleaves any mRINA that is complementary to the antisense strand, thus
silencing the target gene and preventing protein production.

Unfortunately, dsRNA, the natural trigger of RINAI, can be a potent activator of an innate im-
mune interferon (IFN) response when longer than 30 base pairs (12). This characteristic seemingly
limits any therapeutic advantage offered by the RNAi pathway. RNAI likely developed evolution-
arily as a natural defense mechanism against viruses, given that long dsRNA is a hallmark of viral
infection (13). Fortunately, it is possible to introduce into the cell synthetically designed siRNA
that circumvents Dicer mechanics as well as the immunostimulation associated with long dsRNA
(9) (Figure 1).

After several early reports suggested that siRNA delivery did not result in a dsRNA-induced
innate immune response (9, 14, 15), siRNA became widely regarded as nonimmunostimulatory.
Although many reports began to emerge on the therapeutic applicability of RNAI, far fewer studies
attempted to examine the effect of siRNA delivery on the immune system. However, we now know
that siRNA can provoke the innate immune system (16-18). Atits most basic level, siRINA delivery
involves the introduction of foreign material into a robust biological environment and therefore
has the potential to sound the immunological alarm.

Acknowledgment and control of the immunostimulatory potential of siRNA are important
aspects of siRNA therapeutic development. This review describes the basic functioning of the
innate immune system as well as the ways in which the immune system recognizes and reacts to
siRNA. It is our hope that the information contained herein will enable readers to design their
own siRNA delivery studies to account for immune stimulation as well as to evaluate critically
the immunological aspects of the siRNA delivery literature. Before we discuss engineering issues
that affect immunostimulatory properties of siRNA, we must first understand some of the basic
principles of how the innate immune system operates.

THE RNA-RELATED IMMUNE SYSTEM

Over time, competition between ancient pathogens and our evolutionary ancestors has led to a
complex network of defensive cells and molecules that we call the immune system. This system has
equipped us with an arsenal of defense mechanisms that seek out and destroy nonself molecules,
including bacteria, fungi, and viruses. The mammalian immune system has evolved to recognize
siRINA as a signature of viral infection, and as such, siRNA is capable of inducing a potent and
potentially dangerous innate immune response. The following section highlights aspects of the
immune system most relevant to siRNA design and its subsequent therapeutic application.

The Innate Immune System Responds to siRNA

The human immune system is divided into two separate branches: the innate immune system
and the adaptive immune system. The innate immune system is generally the first defense against
infection and responds to pathogens in a generic fashion (19). The innate immune response is
acute; it acts swiftly and potently for a short window of time without conferring any long-term or
protective immunity to the host. In contrast, the adaptive immune system, which developed later
in the evolutionary process, comprises highly specialized B and T cells that are trained to react to
very specific portions of pathogenic molecules (20). On one hand, upon recognizing a pathogen,
B cells respond by triggering the production of antibodies specific to that pathogen. T cells, on
the other hand, are responsible for the destruction of pathogens and infected host cells as well as
the recruitment of other immune cells. Both B and T cells differentiate into long-lived memory
cells, which confer immunological memory to the host body long after the infection has passed.
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The process of recognizing and responding to nonself nucleic acids such as siRNA is governed
almost exclusively by the innate immune system. Innate immune responses are typically divided
into two categories: acute inflammatory responses and antiviral responses. The inflammatory re-
sponse is characterized by an induction of small signaling molecules called cytokines, including
interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-12 (IL-12) and tumor necrosis factor o
(TNF-«). Interleukins promote the development and differentiation of B, T, and natural killer
(NK) cells, thus linking the innate and adaptive immune systems (21). TNF-« acts to promote
inflammation, induce apoptosis, and inhibit viral replication (22). Together, these proinflamma-
tory cytokines stimulate phagocytosis, the process by which macrophages internalize and destroy
invading pathogens (23).

The antiviral response, however, is marked by the release of a group of cytokines called
Type I IFNS, a class of proteins that includes IFN-a and IFN-f, upregulate the expression of
more than 100 antiviral genes, leading to an antiviral state (24, 25). Antiviral genes perform many
regulatory functions, notably inducing the proliferation of NK cells and memory T cells. Both
inflammatory and antiviral responses are capable of destroying pathogens and eliciting adaptive
immune responses. Phagocytotic cells such as macrophages, neutrophils, dendritic cells (DCs),
and NK cells quickly differentiate into cells whose primary focus is microbe destruction. For in-
stance, antiviral responses are characterized by the rapid release of IFN-« from a subset of DCs
called plasmacytoid DCs (pDCs). If this response does not eliminate the pathogen, DCs activate
the adaptive immune system to assist in the overall immune response (26).

The innate immune system generates both inflammatory and antiviral responses through the
stimulation of pathogen or pattern recognition receptors (PRRs). These receptors recognize dis-
tinct pathogenic patterns that are not present on self-cells (26-28) and can distinguish between
viruses, fungi, bacteria, and other pathogens. Importantly for siRNA delivery, the innate immune
system has evolved to include multiple PRRs that recognize different aspects of RNA structure,
providing a redundancy that makes immunostimulation difficult to escape. These varied PRRs
are depicted in Figure 2. The following sections discuss the PRRs that are responsible for the
detection of and response to siRNA.

Toll-Like Receptors Recognize RNA

Toll-like receptors (TLRs) are a class of PRRs that recognize structurally conserved regions of
foreign pathogens. The name reflects a structural similarity shared with a Drosophila (fruit fly)
protein encoded by the gene To// (29). Each member of the TLR family is responsible for the de-
tection of particular pathogen-associated molecules. For example, some TLRs recognize bacterial
components, such as flagellin, whereas others recognize fungal molecules, such as -glucan. To
date, 10 functional TLRs (TLRs 1-10) have been identified in humans, and 12 functional TLRs
(TLRs 1-9 and TLRs 11-13) have been discovered in mice (30). Toll-like receptors with rele-
vance to siRNA delivery include TLR3, which recognizes dsRNA, and TLR7 and TLRS, which
recognize single-stranded RNA (ssRNA).

TLR3 responds to dsRNA, which is a typical characteristic of viral replication found in lysed
or apoptotic virally infected cells (31). Studies have indicated that the horseshoe-like struc-
ture of TLR3 facilitates dsRNA recognition (32, 33). Interactions between TLR3 and dsRNA
were originally reported in 2001 when TLR3-deficient mice exhibited reduced immune re-
sponses to dsRNA viruses (34). Since then, it has been demonstrated that TLR3 also recog-
nizes dsRNA products derived from the replication of single-stranded (ssRINA) viruses (35). Be-
cause siRNA has a double-stranded structure, TLR3 has also been shown to respond to siRNA
(36, 37).

Whitebead et al.
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Figure 2

Short interfering RNA (siRNA) provokes immune stimulation via multiple pathogen recognition receptors.
Toll-like receptor 3 (TLR3) (red) exists both on the cell surface and in subcellular compartments of select
cells. TLR7 (orange) and TLRS (yellow) exist solely in the endosomes and lysosomes of specialized immune
cells and recognize siRNA in a sequence-dependent manner. PKR, a dsSRNA-dependent protein kinase, and
retinoic acid-inducible gene 1 protein (RIG-I) are present in the cytoplasm of certain cell types and can
detect and react to siRNA in a sequence-independent fashion. When activated, each receptor sets off a
unique immune signaling cascade that causes increased transcription of mRNA encoding for Type I
interferons and inflammatory cytokines.

In humans, TLR3 is expressed in endosomes and on the cell surface of select cell populations.
Specifically, TLR3 is found in the endosomes of mature dendritic cells (mDCs), fibroblasts, and
epithelial cells (38, 39) as well as on the surface of fibroblasts and epithelial cells. Importantly,
TLR3 expression is heterogeneous across different cell lines and across different species. Unlike
humans, mice express TLR3 in macrophages, dendritic cells, B cells, T cells, and neutrophils (40).
TLR3 activation sets off an immunostimulatory cascade that results in the increased production
of IFN-o and IFN-§.

TLR7 is an important pattern recognition receptor that responds to ssRNA in a sequence-
specific manner. It is located exclusively in the intracellular vesicles, including endosomes, lyso-
somes, and the endoplasmic reticulum of pDCs and B cells (31, 41). Originally discovered in
2002, TLR?7 initially was shown to respond to particular antiviral and antitumor compounds (42).
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Two years later, Diebold, Heil, and coworkers (43, 44) demonstrated that ssRNAs trigger TLR7.
TLR7 also reacts to ssSRNA viruses (45). siRNAs, which are composed of two strands of ssRNA,
were subsequently shown to elicit a TLR7-mediated response in a sequence-dependent manner
(18, 46, 47). When activated in the endosome, TLR7 initiates a signal cascade that results in the
upregulation of interferon molecules IFN-« and IFN-f (48). When activated in the lysosome,
TLR?7 induces the production of inflammatory cytokines TNF-a and IL-12 (49). In B cells,
TLR7 activation primes the adaptive immune system by initiating the differentiation of B cells
into antibody-secreting plasma cells (41).

TLR8 is another PRR that recognizes ssRNA, and it shares several similarities with TLR7. It,
too, responds to ssRNA in a sequence-dependent fashion and is expressed only within intracellular
vesicles. Like TLR7, TLRS has been shown to respond to GU-rich motifs (43). However, unlike
TLRY7, it has also been shown to respond to AU-rich motifs (50). In addition, TLR8 appears
in only myeloid lineage cells, which include monocytes, macrophages, and mDCs. Interestingly,
although TLRS8 has been shown to play an active role in the human immune system, its activity
appears to be present, but reduced, in mice (27, 51). Downstream, TLRS activation results in the
upregulation of the same inflammatory molecules as the TLR7 response, although the relative
expression of these molecules differs (52). Additionally, TLRS8 activation induces the production
of IL-1 and IL-6, which amplify the immune response (52, 53). Interestingly, siRINA is not the
only nucleic acid capable of inducing an innate immune response, as DNA is recognized by TLR9
(see sidebar, DNA Can Activate the Innate Immune System).

Cytoplasmic Receptors Recognize RINA

Toll-like receptors are not the only class of PRRs that recognize and respond to siRNA. Al-
though TLRs guard the endosomal compartments against pathogenic infection, several addi-
tional proteins mediate immune response to siRNA in the cytoplasm (Figure 2). These include
a dsRNA-dependent protein kinase called PKR (54) as well as the RNA helicase protein retinoic
acid—inducible gene 1 protein (RIG-I) (31, 55). Each of these recognizes and responds to sequence-
independent structural characteristics of RNA.

PKR is a protein kinase expressed in the cytoplasm of most mammalian cells that responds to
dsRINA (56), although the specific features of siRNA that it recognizes remain unclear. PKR can

DNA CAN ACTIVATE THE INNATE IMMUNE SYSTEM

RNA is not the only oligonucleotide capable of activating the innate immune system when introduced into the
body. It has been shown that DNA containing particular sequences of nucleotides, called CpG motifs, stimulate
a proinflammatory response upon recognition by TLR9 (115-117). CpG is shorthand for cytosine-phosphate-
guanine, meaning that the two nucleotides are neighboring units on a linear DNA strand. TLR9 is similar to TLR7,
as it appears in the subcellular compartments of plasmacytoid dendritic cells and causes a strong interferon response
when stimulated (103). As it was discovered earlier, immunostimulatory DNA technology is more developed than
the corresponding siRNA technology and is moving toward application in a clinical setting. At the time of this
writing, Coley Pharmaceutical Group, together with GlaxoSmithKline (GSK), is conducting a Phase III clinical
trial for the treatment of non-small cell lung cancer. Specifically, in conjunction with GSK’s immunotherapeutic
drug, the trial is using CpG-DNA as a TLR9-antagonizing adjuvant to induce an enhanced immune response
to lung cancer cells. Such efforts in the field of immunostimulatory DNA highlight the therapeutic potential of
immune-activating siRINA once a greater understanding of its biology is in place.
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react to as little as 11 base pairs of dsRNA in a nonsequence-specific fashion (57). PKR activation
leads to the inhibition of protein translation as well as to an interferon response (56, 58). Both
traditional siRNA and blunt siRNA have been shown to induce moderate levels of PKR activation
(57,59, 60). Whereas each strand of traditional siRINA contains a two—base pair 3’ overhang, blunt
siRNA has no overhangs (Figure 34).

RIG-I recognizes uncapped 5'-triphosphate structures of dsRNA or ssRINA, as the lack of a
cap is a trademark of viral RNA sequences (13, 55, 61, 62). Figure 35 depicts the backbone of
native, capped RNA. Blunt-ended siRINA can also generate a RIG-I-mediated immune response,
independent of siRNA sequence (59). This is a concern for synthetic siRNAs transcribed in vitro
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The chemical structure of small interfering RNA (siRNA) affects immune stimulation. (#) Traditional
siRNA duplexes contain two—base pair 3’ overhangs on each strand. Blunt siRNA has no overhangs. (b) At
the 5" end, native duplexed RINA contains a triphosphate group (orange) capped with a methyl-guanosine
nucleotide (magenta). Uncapped siRNA, with only a triphosphate at the 5’ end, causes immunostimulation
via retinoic acid—inducible gene 1 protein (RIG-I). (¢) Oligonucleotide bases (black) include adenine,
thymidine, cytosine, guanine, and uracil. A nucleobase modification, in particular addition of a 5-methyl
group (red), is shown for cytosine and uracil. (¢) A locked nucleic acid modification inserts a 2’-O, 4'-C
methylene bridge into the ribose ring of the nucleotide. (¢) Unlocked nucleic acids are modified to remove
the 2’-3’ carbon bond in the sugar ring. (f) The utilitarian 2’-O-methyl modification can mitigate
siRNA-induced immunostimulation while retaining RNA interference potency.
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Table 1 Pattern recognition receptors (PRRs) uniquely recognize and respond to RNA

PRR Ligand Cell line expression Subcellular location Primary response
TLR3 siRNA Epithelial cells Cell surface IFN-«
dsRINA Fibroblasts IFN-B
IFN-y
Epithelial cells Endosome IFN-«
Fibroblasts IFN-B
mDCs IFN-y
TLR7 siRNA pDCs Endosome IFN-o
ssRNA IFN-3
Lysosome TNF-o
IL-12
B cells B cell differentiation
TLRS siRNA Monocytes Endosome IFN-o
ssRINA Macrophages IFN-B
mDCs
Lysosome TNF-o
IL-1
1L-6
1L-12
PKR Long dsRNA Most mammalian cells Cytoplasm IFN-«
IFN-3
Inhibition of protein
translation
RIG-I Uncapped 5'-triphosphate Fibroblasts Cytoplasm IFN-«o
RNA and blunt RNA mDCs IFN-B

Abbreviations: TLR, Toll-like receptor; siRNA, small interfering RNA; dsRNA, double-stranded RNA; IFN, interferon; mDCs, mature dendritic cells;
ssRNA, single-stranded RINA; pDCs, plasmacytoid dendritic cells; TNF-«, tumor necrosis factor o; IL, interleukin; PKR, double-stranded

RNA-dependent protein kinase; RIG-I, retinoic acid-inducible gene 1 protein.
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or by phage polymerases, which often develop blunt ends (63). RIG-I is expressed in fibroblasts
and mDCs (64) and, once activated, initiates an immunological cascade that generates a strong
interferon response (25, 59).

In summary, the mammalian immune system has been trained to recognize siRNA as a foreign
molecule that is likely a sign of viral infection and to respond robustly. As such, these oligonu-
cleotides are capable of eliciting a potent anti-inflammatory response via a diverse group of pattern
recognition receptors existing in varied cell lines and varied cellular locations. Table 1 summa-
rizes the heterogeneous PRR expression patterns in different cell types within the mammalian
system. TLR3 can interact with siRINA on the cell surface, TLRs 3, 7, and 8 recognize siRNA in
subcellular compartments, and PKR and RIG-I respond to siRNA in the cytoplasm. Each PRR,
depending on its location, induces a unique immunological response to an siRNA target; together
the PRRs result in a dynamic and robust anti-inflammatory response to siRNA delivery. Finally,
PRR expression changes over time as environmental conditions vary (65). Because the immuno-
logical response to siRINA delivery is so multifaceted, the immunostimulatory potential of siRINA
must be considered during the design and execution of siRNA studies.
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FACTORS INFLUENCING siRNA-MEDIATED IMMUNE ACTIVATION

The diverse repertoire of PRRs in mammalian systems recognizes and reacts to many different
features of siRNA. The following sections describe the ways in which siRINA and its associated
delivery vehicle can be engineered either to provoke or to evade the innate immune system.

siRNA Sequence Influences Immunostimulation

The innate immune system employs a variety of strategies to ensure the detection of and response
to pathogenic signatures. Whereas cytoplasmic RNA receptors such as PKR and RIG-I recognize
RINA regardless of its sequence, TLR7 (and TLRS in humans) recognize ssRNA in a sequence-
specific manner (18, 43, 44, 46). Specifically, Judge and colleagues (18) found that the presence of
a 5'-UGU-3’ sequence within RNA results in a potent TLR7-mediated interferon response. More
generally, siRNAs rich in GU-rich motifs tended to provoke more immunostimulatory activity,
whereas a decrease in the presence of uridine residues had the opposite effect. In a separate study,
Hornung and coworkers (46) identified 5'-GUCCUUCAA-3’" as an immunostimulatory motif
capable of inducing cytokine production independent of the number of GU nucleosides. This
motif lost immunostimulatory activity in TLR7 knockout mice, suggesting that TLR7 plays a
critical role in mounting an immune response to such sequences. However, these are only two of
the many specific RNA sequences that the TLR7/8 arm of the innate immune system has been
found to recognize (18, 44, 46, 47, 66).

Interestingly, it has been determined that the only molecular characteristics that are necessary
and sufficient to stimulate a TLR7/8-mediated immune response are the presence of a ribose sugar
backbone and multiple uridine residues in close proximity to one another (66). These are the two
defining attributes that distinguish RNA from DNA. As such, all unmodified ssRNA molecules
have the potential to invoke immunostimulatory activity to some extent, with the magnitude of
the response determined by the presence of specific sequences within the strand. The substitution
of certain residues within an RNA molecule has been shown to diminish the proinflammatory
response. In particular, substituting guanosine with adenosine resulted in reduced TNF-a and
IL-6 production in blood cells (peripheral blood mononuclear cells), whereas substituting uridine
with adenosine decreased IFN-« production in plasmacytoid dendritic cells (43, 67).

siRNA Structure Influences Immunostimulation

In addition to the specific nucleotide sequence, the chemical structure of the siRNA duplex can
also influence the degree of innate immune response. RIG-I, for example, has been shown to
bind to ssRINA or dsRINA containing uncapped 5’-triphosphate groups (Figure 35), which results
in an interferon-mediated immune response (61-63). Uncapped RNA is a sign of viral infection
and subsequently induces inflammatory action. Additionally, Marques and colleagues (59) have
reported that blunt-ended dsRNA can provoke immunostimulatory activity through recognition
by RIG-I. Such activity is reduced upon incorporation of 3’ overhangs onto either or both RNA
strands, as RIG-I loses its ability to unwind and bind to the RNA. This study suggests a structural
basis for self versus nonself RNA discrimination. Although self microRINAs present in the cyto-
plasm have been processed by Dicer to include 3’ overhangs, viral dsSRNAs typically possess blunt
ends (59).

Nucleotide structure also has a profound effect on innate immune system activation. Re-
searchers originally explored the idea of making chemical modifications to the 2’-OH group
on the ribose ring of the RNA backbone as a way of decreasing the susceptibility of RNA to
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endonuclease degradation. While exploring alternative 2’ chemistries, it was discovered that such
changes can reduce or even eliminate the innate immune response.

Locked nucleic acids (LNAs; Figure 3d) are modified from traditional nucleic acid structure
through the introduction of a 2’-0, 4’-C methylene bridge in the ribose ring. When inserted into an
RINA strand, such a modification can reduce immune recognition and response (68—70) but can also
compromise RINAI potency depending on point of insertion (46). Reduced immunostimulation
occurs only when both strands of the siRNA are modified with LNAs (71, 72).

In contrast, unlocked nucleic acids (UNAs) have been explored more recently as an alternative
approach to modifying siRINA duplex stability and off-targeting effects (Figure 3e). UNAs are
missing the bond between the 2" and 3’ carbon positions on the sugar ring of the nucleotide, which
permits increased molecular flexibility (73). Initial studies have established guidelines on which
positions on the antisense strand are the best choices for introducing UNAs to inhibit off-targeting
effects while retaining RNAi potency (74, 75). Although the immunostimulatory properties of
UNASs have yet to be examined, the modification is a distinctly nonviral characteristic and thus
has the potential to reduce immune system activation.

Various laboratories have demonstrated the ability of alternative 2’ modifications to modulate
the innate immune response, including 2'-F, 2’-H (i.e., 2’-deoxy) and 2’-O-methyl (2’-O-Me)
chemistries (3,47, 76). The extent of immune inhibitory activity of 2’-F modifications is dependent
upon the position of insertion into the siRNA sequence as well as the number of nucleotide
substitutions within the duplex (49). 2’-H modifications mimic DNA structure and offer the
ability to evade immune recognition while keeping normal TLR7/8 function intact (77). Cekaite
and coworkers (77) demonstrated that 2'-H modification of either uridine or thymidine residues
contained within the RNA strand can reduce unwanted off-target effects of RNAi. More recently,
it has also been shown that modifying an siRINA duplex with a combination of DNA analogs,
2'-F-modified RNAs, and LNAs can lend enhanced silencing efficacy while reducing immuno-
stimulatory properties in human blood cells (78).

Relative to other types of nucleotide modification, 2’-O-Me modifications (Figure 3f) act as
potentinhibitors of RNA-induced immune stimulation without diminishing RNAi potency. Mod-
ification of the 2’ sugar position with an O-methyl group successfully inhibits TLR7/8-mediated
recognition of siRNA by the immune system as well as eliminates the RIG-I-mediated immunos-
timulatory effects of uncapped 5'-triphosphate siRNAs (18, 61, 77, 79). Judge and colleagues (71)
found that, when performed on a limited number of residues within the sense strand of siRNA,
2'-0-Me modification was capable of abolishing immunostimulation without adversely inhibiting
RNAI ability. In fact, they determined that modifying as few as two guanosine or uridine residues
within an RNA molecule effectively extinguished TLR7/8-mediated immune activity in both hu-
man blood cells and in mice (71). More recently, it has been suggested that judiciously inserting
2'-0-Me modifications into both strands of the siRNA duplex may be the best approach to min-
imize immunostimulatory effects, although antisense strand modifications need to be performed
with care to avoid hindering RNAi activity (1).

Interestingly, RNAs containing 2'-O-Me modifications have been identified as TLR7 antago-
nists (72, 80). In other words, the presence of 2'-O-Me-modified RNA effectively shuts off TLR7
activity, causing significant reductions in inflammatory cytokine production even when TLR7 is
further provoked with immunostimulatory ligands. It has been speculated that such antagonistic
activity may be part of the cell’s self versus nonself recognition system. Self~-RNAs often contain
2’ modifications on the sugar ring. When TLR7 detects what it perceives as self-RNA, it may
turn itself off to prevent an autoimmune reaction to other self-ligands in the vicinity. Such a
finding could have important implications for the development of therapeutics for autoimmune
diseases.
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Some guidance is available regarding which nucleotide positions in an siRNA sequence are
best suited for 2’ modifications. Jackson and colleagues (81) found that the introduction of a 2'-O-
Me substitution at nucleotide position 2 of the antisense strand reduced the off-target silencing
of mRNA transcripts that shared partial complementarity to the antisense strand. Interestingly,
modifications at nucleotide position 9 on the sense strand have been shown to interfere with RISC
assembly and subsequent sense strand cleavage (82), and can therefore reduce RNAI efficiency
(49). In general, the positions of modifications within a specific RNA duplex need to be chosen
carefully to avoid reducing the potency of the RNAI process (46, 68, 76, 83).

Nucleobase structure has also been manipulated in an attempt to reduce proinflammatory
effects caused by siRNA delivery. On the basis of evidence that methylation of the nucleotides of
immunostimulatory DNA abrogates immune recognition, Kariké et al. (84) introduced methyl
groups onto several different types of nucleobases, including 5-methyl-cytidine and 5-methyl-
uridine, which are shown in Figure 3c. Their results indicate that such nucleobase modifications
can decrease an siRNA-provoked immune response, although questions remain as to whether or
not base modification will interfere with base pairing and ultimate RNAI ability.

siRNA Delivery Vehicles Influence Immunostimulation

Because siRNA is large (~13 kDa) and has a negatively charged backbone, its ability to readily
cross lipophilic cellular membranes is decreased. As such, a delivery vehicle is usually required
for effective delivery in both cell culture and animals. In vivo, a delivery vehicle also protects
siRNA from various threats to exogenously introduced therapeutics, including phagocytosis and
enzymatic degradation. Through the inclusion of different surface moieties, a delivery vehicle can
extend circulation time and/or potentially target specific cell types within the body through ligand-
receptor interactions. Interestingly, naked siRNA, although relatively inefficient at inducing gene
silencing, does not necessarily cause innate immune activation (85). In contrast, the use of siRNA
delivery material can have a substantial effect on siRNA-promoted immunostimulation, and the
choice of delivery vehicle can account for immune responses varying up to two orders of magnitude
(49, 86, 87). Delivery vehicles can act through a variety of mechanisms, escorting siRNA molecules
across the membrane in unique ways and into differing subcellular compartments en route to the
cytoplasm. Therefore, depending on the path of the delivery package, RNA will be exposed to
differing numbers and types of pattern recognition receptors.

For example, cationic materials have been a popular choice of delivery vector, as they readily
condense RNA because of electrostatic attraction. Most are believed to enable intracellular delivery
by mediating endosomal uptake into the cell and subsequent endosomal escape into the cytoplasm,
where the siRINA can interact with the RNAi machinery (88). When coupled to a cationic delivery
material, siRNA is guided through several subcellular locations, enabling it to interact with TLRs
in the endosomal compartments of immune cells as well as with RIG-I and PKR, which are
present in the cytoplasm of most cell types. Therefore, this type of vehicle exposes its cargo to
many PRRs, rendering the siRINA more prone to innate immune recognition and response than
a delivery vehicle that avoided trafficking through the endosomal and lysosomal compartments.
For example, a lipid-like siRNA delivery material, C12-200, has been shown to gain cellular entry
through pinocytosis in vitro (89). Because pinocytosis avoids the endosomal/lysosomal pathway,
the C12-200 delivery mechanism may potentially limit TLR-induced immunostimulatory action.

The size, charge, and in vivo biodistribution of a delivery nanoparticle can also alter both
the intensity of an immune response as well as the resulting cytokine expression profile. In 2005,
Judge and coworkers (18) compared and contrasted immune responses to the delivery of siRNA to
human blood cells using various delivery materials. They found that although stable nucleic acid
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lipid particle (SNALP)-encapsulated and polyethylenimine-complexed siRNA caused an IFN-o
immune response, the use of polylysine, which forms larger delivery particles, resulted in an in-
flammatory response dominated by cytokines, including IL-6 and TNF-« (18). It has also been
demonstrated that using different formulation techniques can increase significantly the immunos-
timulatory properties of the lipidoid delivery vehicle ND98-5 (90).

EXPERIMENTAL APPROACHES TO SILENCING AND STIMULATION

Today, researchers can design experiments in a way that decouples gene silencing effects from im-
mune stimulation effects. This is especially important in light of the ability of immunostimulatory
RNA to lend therapeutic benefit.

siRNA-Induced Immune Stimulation Can Be Monitored and Controlled

This section describes careful designs for siRNA delivery studies that should provide convincing
evidence of RNAi-induced efficacy and/or immunostimulation-induced efficacy. Information re-
garding the proinflammatory nature of a particular siRNA and its delivery vehicle is of utmost
importance when evaluating potential for further clinical development.

Following siRNA delivery, it is possible to measure cytokine production by collecting and
evaluating cell supernatant (in vitro experiments) or animal serum (in vivo experiments) (91).
RIG-I and PKR-mediated immune stimulation can be preliminarily assessed in certain (but not
all) cell types by screening for the presence of IFN-f, IL-6, and IL-8. To assess TLR-mediated
immunostimulatory action, transfection must occur in a primary immune cell culture. Presence of
IFN-a, IL-6,and TNF-« in vitro is suggestive of TLR-induced innate immune activation, whereas
the upregulation of IFN-«, IL-6, and TNF-o in animal sera indicates systemic inflammatory
action in vivo (49).

Cytokine levels increase transiently upon siRNA-induced immune activation, and the timing of
maximum inflammatory levels can vary significantly depending on the animal model, siRNA deliv-
ery vehicle, and cytokine in question. Most cytokine levels elevate, peak, and disappear anywhere
from 1 to 24 h after the initial dosing of siRNA (49). Given the variability in cytokine expression
profiles, Robbins and colleagues (49) recommend that sample collection take place at multiple time
points to ensure the best chance of detecting inflammatory action. Results should be interpreted
with caution, keeping in mind that performing an exhaustive study of cytokine activation is difficult.

When in need of a more sensitive assay to probe for evidence of immunostimulation, mRNA
levels of a gene called IFITT can be quantified in transfected cells using the quantitative polymerase
chain reaction (QPCR). IFITI expression occurs upstream of IFN expression, and therefore, up-
regulation of IFIT1 can be observed prior to increases in IFN production (93). Using such an
approach, it is possible to detect low levels of immunostimulatory action through increases in
IFTT1 mRNA levels without detection of IFN-« in serum (1).

Many siRNA delivery studies attempt to use control siRNAs to evaluate any nonspecific effects
that may occur in addition to the intended RNAI. The issue of nonspecific immune stimulation is
of particular relevance in the treatment of illnesses that benefit from an innate immune response,
such as viral infections or cancer. The demonstration that control siRNAs cannot achieve the same
therapeutic effects as target-specific siRNAs is often meant to instill confidence that sequence-
specific RNAI is taking place and that immune stimulation is not factoring into positive outcomes.
Unfortunately, it is now known that siRNA-induced immune stimulation is sequence dependent
(18, 46, 47). Therefore, it cannot be expected that any two siRNAs (e.g., the experimental and
control siRINAs) will elicit the same immunological response.
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Control siRNAs need to be selected carefully to avoid misinterpreted results. A popular control
siRNA encoding a nonmammalian gene, green fluorescent protein, has recently been shown to
have an unusually low immunostimulatory profile (94). The use of such a control has the potential
to mislead investigators into believing that the positive effects of siRNA therapy are due solely to
target-specific silencing rather than activation of the innate immune system. Any control siRINAs
used in comparative analysis need to be chosen carefully to ensure that the control siRNA induces
the same level of immunostimulatory activity as the therapeutic siRNA in question.

One of the most useful approaches when performing siRNA delivery studies in vivo involves
the use of chemical modifications that minimize the immunostimulatory potential of the siRNA
delivery complex. This may include the use of strategically placed 2’-O-Me modifications and/or
substitution of uridine residues with 2’-deoxythymidine residues. Trial and error is often required
in the design of a nonimmunostimulatory siRINA sequence that retains RNAi potency.

Using modified target siRINAs in conjunction with modified control siRNAs would allow the
differentiation between sequence-specific versus off-target RINAi effects while minimizing the
influence of innate immune activity. Results obtained with modified versus unmodified RNA can
be compared should there be an interest in provoking the immune system for the treatment of
diseases that benefit from proinflammatory action. This experimental approach will assist both
investigators and the scientific community in more fully appreciating the complicated, multifaceted
effects of siRNA on a living organism.

Immunostimulatory RNA Can Have Therapeutic Activity

Because certain classes of diseases can potentially benefit from inflammatory action, siRNA studies
must be designed carefully to differentiate between target-specific, RNAi-mediated therapeutic
effects and nonspecific immunostimulatory therapeutic effects. For example, extensive demonstra-
tions have shown that organisms ward off viral infections with greater speed and efficiency when
the innate immune system is stimulated (95, 96).

For example, Morrissey and coworkers (3) designed a study to differentiate between RINAi
and immune-induced therapeutic outcomes in a hepatitis B virus (HBV) mouse model (3). Upon
finding that unmodified anti-HBV siRNAs stimulated production of IFN-¢, IL-6, and TNF-«,
chemically modified siRNAs were designed that abrogated immune effects. Both modified and
unmodified anti-HBV similarly reduced HBV titers in mice at the same dose, indicating that the
siRNA-mediated anti-HBV outcome was a sequence-specific effect of RNA..

Another consequence of innate immune stimulation that can be exploited for therapeutic pur-
poses is antiangiogenic activity. Vascular endothelial growth factor (VEGF) and its receptor,
VEGFR, have been indicated as key proteins in stimulating the proliferation of blood vessels (97—
99). Because interferons act specifically to suppress VEGF expression at the mRNA level (100),
the expression of either IFN-« or IFN-f may result in reduced angiogenesis (101). Accordingly,
numerous investigations have explored the application of immunostimulatory nucleic acids, both
DNA (102, 103) and RNA (104, 105), in cancer therapy.

Angiogenesis also has implications in the treatment of age-related macular degeneration
(AMD), an eye disease caused by excessive vascularization of the retina that can lead to blind-
ness. Some of the most advanced siRNA clinical trials involve presumed RNAi-induced silencing
of the VEGF or VEGEFR genes. Recently, it has been demonstrated that the inhibition of vascu-
larization is an siRNA class effect, that is, any siRNA 21 nucleotides or longer of any sequence is
capable of achieving a therapeutic outcome in AMD models (106). Interestingly, these nonspe-
cific effects were found to occur without the detection of off-target effects or IFN-« or IFN-f3,
suggesting that TLR7/8 immune stimulation was not mediating antiangiogenic activity. Upon
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further analysis, it was found that siRNAs can interact with TLR3 present on the surface of
human choroidal endothelial cells, which causes a release of IFN-y and IL-12 and subsequent
reductions in neovascularization (106).

Silencing and Immunostimulatory siRNA Properties
Can Be Used Synergistically

Although induction of the innate immune system often is viewed as an unwanted side effect
of siRNA delivery, in certain diseases, such as cancer or viral infection, it may be desirable to
stimulate inflammatory action. One study in particular, carried out by Gantier and colleagues (107),
aimed to identify sequence-based modifications that would allow for the design of bifunctional
siRNAs with both proinflammatory and specific silencing activities, and with potentially increased
therapeutic benefits. It was found that the introduction of a nonpairing uridine bulge in the
passenger strand robustly increased immunostimulatory activity in human immune cells while
rendering no effect on the silencing efficiency of the siRINA. A separate examination, in addition
to confirming the immunostimulatory nature of motifs heavy in uridine, determined that lower
hybridization strength between the two RINA strands yields a more immunostimulatory product
(108).

Several studies have set out to take advantage of both the gene-silencing and immune-
stimulating abilities of siRNA synergistically to achieve a therapeutic effect (80, 109, 110). In
one example, Poeck and coworkers (105) induced substantial apoptosis of metastatic melanoma
lung tumors in a mouse model using uncapped 5'-triphosphate siRNA targeting the Bc/2 gene.
The 5’-triphosphate ends characteristic of viral RNA are recognized by RIG-I in the cytosol (61,
62), triggering a strong IFN response. This immunostimulatory response was combined with an
siRNA targeting Bc/2, an oncogene that promotes tumor proliferation (111, 112). Comparison of
the results of delivering uncapped 5’-triphosphate siRNA with capped siRNA showed that both
B2 silencing and RIG-I-mediated immunostimulation were needed to achieve maximal tumor
suppression (105). Chemically modified siRNAs were not used in this study, so the precise con-
tribution of Be/2 silencing relative to RIG-I activation was not ascertainable. It will be interesting
to determine the relative contributions of immunostimulation to silencing in future studies.

FUTURE OUTLOOK

The real power behind RNAI therapy lies in its ability to potently and specifically silence target
genes and their associated proteins. The introduction of nonself siRNA into the cell, however,
can provoke a potentially robust innate response. Given the myriad of cell types that respond to
RINA and pattern recognition receptors acting through multiple mechanisms in varied cellular
locations, significant potential exists for siRNA to induce immune-based off-target effects. Such
immunostimulation depends on a wide variety of factors, including the sequence and structure of
RNA, delivery vehicle, target cell type, and animal model being examined. Therefore, each study
must be individually crafted to properly control and account for siRNA-mediated innate immune
activation.

In a clinical setting, the consequences of overstimulating the innate immune system can be
dire. A robust proinflammatory response can induce chills, fever, and hypotension in patients
(113). In the unfortunate event of a cytokine storm, patients are at risk of nausea, hypotension,
vasodilation, depletion of white blood cells, prolonged cardiovascular shock, acute respiratory
distress syndrome, and even death (114). Given these potential complications, the acknowledgment
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and control of immunostimulatory action is of utmost importance in moving siRNA into higher-
order animal models and clinical trials.

The good news is that a wealth of information regarding methods to alleviate siRNA-induced
immunostimulatory effects has been uncovered in recent years. It is relatively straightforward to
engineer siRNAs to include nucleotide modifications that reduce or eliminate TLR-mediated
immune effects without negatively impacting gene silencing ability. Particularly useful to this
end are 2’ nucleotide modifications, which are available to researchers through typical laboratory
resource suppliers. Although such modified RNAs come at an increased cost to researchers, they
offer the scientific community the much-needed ability to differentiate between the therapeutic
effects of RNAi-induced gene silencing and immunostimulatory action. Moving forward, careful
consideration of RNA-mediated innate immune stimulation will ensure the full potentiation of
siRNA-based therapeutics and the broadest application of RNAI in the clinic.

SUMMARY POINTS

1. RNA interference is a cellular mechanism that mediates potent gene-specific silencing.
Short interfering RNAs (siRNAs) have the potential to be used therapeutically to silence
genes involved in the pathogenesis of a wide variety of diseases, including viral infection,
hereditary disorders, and cancer.

2. Exogenous siRNA introduced into the body has the potential to activate the innate
immune system through interaction with pattern recognition receptors (PRRs).

3. PRRs capable of recognizing and responding to siRNA include Toll-like receptor 3
(TLR3), which recognizes double-stranded RNA, and TLR7 and 8, which recognize
single-stranded RNA. The cytoplasmic PRR proteins PKR and RIG-I are also able to
mount an immune response against siRINA.

4. The nucleotide sequence of siRNA affects its immunostimulatory properties. For exam-
ple, motifs high in uridine content trigger a TLR7-mediated immune response.

5. The chemical structure of siRNA affects its immunostimulatory properties. Modifications
to the 2’ position on the ribose ring of the RNA backbone can substantially reduce innate
immune activation while retaining RNAi potency.

6. The delivery vehicle used to facilitate siRNA transfection can affect the innate immune
response by altering the delivery pathway and the PRRs that interact with the siRNA in
different cellular locations.

7. Delivery experiments for siRNA need to be designed carefully to differentiate between
therapeutic effects caused by gene silencing versus those caused by immunostimulation.
The easiest way to ensure reduced immunostimulatory properties is to introduce 2’
modifications into the siRNA duplex.

8. Awareness of and control for siRNA-induced immune activation will ensure the most
rapid development of siRNA therapeutics in the clinic.
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