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Abstract

Immune stimulation triggered by siRNAs is one of the major challenges in the development of
safe RNAi-based therapeutics. Within an immunostimulatory siRNA sequence, this hurdle is
commonly addressed by using ribose modifications (e.g. 2-OMe or 2’-F) which results in
decreased cytokine production. However, since immune stimulation by siRNAs is a sequence-
dependent phenomenon, recognition of the nucleobases by the trigger receptor(s) is also likely.
Here, we use the recently published crystal structures of Toll-like receptor 8 (TLR8) bound to
small molecule agonists to generate computational models for ribonucleotide binding by this
immune receptor. Our modeling suggested that modification of either the Watson-Crick or
Hoogsteen face of adenosine would disrupt nucleotide/TLR8 interactions. We employed chemical
synthesis to alter either the Watson-Crick or Hoogsteen face of adenosine and evaluated the effect
of these modifications in an sSiRNA guide strand by measuring the immunostimulatory and RNA
interference properties. For the siRNA guide strand tested, we found that modifying the Watson-
Crick face is generally more effective at blocking TNFa production in human peripheral blood
mononuclear cells (PBMCs) than modification at the Hoogsteen edge. We also observed that
modifications near the 5’ end were more effective at blocking cytokine production than those
placed at the 3’ end. This work advances our understanding of how chemical modifications can be
used to optimize siRNA performance.

Keywords
TLRS8; siRNA; immune stimulation; nucleobase modification

Introduction

One of the hurdles in the development of potent and safe RNA interference (RNAI)
therapeutics is countering the immune response triggered by certain short interfering RNAs
(siRNAs).[1-4] In humans, Toll-like receptors (TLRs) 7 and 8 have been implicated in the
siRNA-induced immune response.[®! At this time, molecular recognition of RNA by TLR7
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or TLR8 is poorly understood, however it has been shown that certain sequence motifs
found in either the passenger or guide strands of sSiRNA duplexes activate these TLRs. For
instance, adenosine-rich RNAs containing the sequences AUGU, AUAU, or UAUA, among
others, are known to stimulate TLR8 in human immune cells.[®] In addition, recent crystal
structures of human TLR8 bound to small molecule agonists identify binding sites for
aromatic heterocycles at the dimer interface, suggesting where nucleobases within
immunostimulatory RNA strands may interact with this receptor.[’] Indeed, site directed
mutagenesis studies show that residues involved in small molecule agonist binding (e.g.
hTLR8 D543) are also required for RNA binding.[] In the absence of high-resolution
structures of TLRs bound to RNA, models for the RNA-protein complex are valuable in
guiding the design of new nucleoside analogs capable of blocking this interaction.

Here, we report the use of automated docking to evaluate binding modes for nucleoside
bisphosphates in the small molecule agonist-binding site of TLR8. The docking process led
to models for adenosine and uridine binding by TLR8 that are supported by the available site
directed mutagenesis and RNA activation data. Furthermore, the model for adenosine
binding suggested nucleobase modification strategies that would disrupt recognition of the
nucleobase by TLR8. Indeed, using either a Hoogsteen or Watson-Crick (WC) face-
modified adenosine analog reduced TNFa production in human peripheral blood
mononuclear cells (PBMCs) when placed within an immunostimulatory siRNA. We also
analyzed the gene knockdown activity of our modified siRNAs and identified a modified
SiRNA with similar RNAI activity to the unmodified sSiRNA, but with substantially reduced
TNFa stimulation.

Results and Discussion

Models for nucleotide binding to TLR8

Recent crystal structures of human TLR8 bound to small molecule agonists provide a
starting point for modeling RNA binding to this immune receptor.[”] Since agonist
compounds are aromatic heterocycles (e.g. CLO97, Figure 1A), they share structural
similarities to the nucleobases found in RNA. Furthermore, certain amino acid residues
present in human TLR8 have been shown to be vital for both small molecule agonist and
RNA recognition indicating overlap of the binding sites for these two TLR8 ligand
classes.[®] As a result of this observation, we used the OpenEye suite of programs to
generate models for how a nucleotide within an oligoribonucleotide activator could bind into
the small molecule agonist binding site in human TLR8. This method would allow us to
generate possible ligand conformations, dock them into the receptor-ligand binding site, and
score the resulting binding poses.[9-101 We used the 3’,5’-bisphosphates of the four canonical
ribonucleosides to account for possible roles a phosphodiester backbone might play in RNA
binding and to easily identify poses that would not be compatible with oligonucleotide
binding (e.g. 5’ or 3’ phosphate directed into the protein interior or buried in a protein
pocket). We analyzed the top ten scoring poses assumed by the four 3/, 5’-bisphosphates
(Figures 1B and 1C, Supplementary Figures 2—4, Supplementary Table 1) to assess overall
binding plausibility. For both the adenosine and uridine compounds, multiple, similar
binding poses were compatible with oligonucleotide binding (i.e. exterior phosphate
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positions) which also invoke roles for residues known to be involved in RNA recognition
(i.e. D543, R429, and Y353)[7-8] (Figures 1B and 1C, Supplementary Figures 2 and 3,
Supplementary Table 1). In addition, high scoring poses for these bisphosphates place the 5/
phosphate in a similar position within the binding pocket as the sulphate ion found in the
TLR8-CLO97 crystal (Figure 1).l7] Less compelling binding models for guanosine and
cytidine were generated by this approach, suggesting that these nucleotides present in
immunostimulatory sequences either occupy different binding pockets than the small
molecule agonists of TLR8 or that the receptor undergoes significant conformational
changes to accommaodate their binding (Supplementary Figure 4). Interestingly, our models
for A and U binding suggest close approach of the nucleotide 2’-hydroxyl and 3’-phosphate
to the side chain of R429 which is held in position through a H-bonding interaction to Y353
(Figure 1B, 1C). These two residues are known to be important for activation of TLR8 by
RNA.[7-8] |n addition, the nucleotide 2’-hydroxyl has been implicated in TLR8 activation in
previous studies that focus on the effect of sugar modifications within an siRNA strand on
immune stimulation.[11-16]

Immune stimulation by siRNAs bearing modified adenosines

Chemical modification of siRNAs is a useful tool for enhancing the potency of RNAI
therapeutics17-191 and has also been shown to abrogate immunostimulatory effects. Fucini
et al. reported that ribose modifications, particularly 2’-F, placed on the adenosines of an
siRNA significantly decreased cytokine release from human PBMCs while maintaining
knockdown activity.[20] While ribose modifications are known to inhibit immune
stimulation, the effects of SiRNA base modifications on immune response remain largely
unexplored.[21] Our model for adenosine recognition by TLR8 (Figure 1B) suggested that
modification of either the WC or Hoogsteen edge of the purine could block this interaction.
However, base modifications to an siRNA guide strand pose the risk of disrupting essential
hydrogen bonding crucial for the formation of the A-form duplex needed to activate RNAI.
Previously, our lab has developed replacements for adenosine in siRNAs that maintain base
pairing with uridine while altering either the Hoogsteen (7-triazolo-8-aza-7-
deazaadenosines)[22-23] or WC face (N2-alkyl-2-aminopurines)[24-23 (Scheme 1).

While initial studies suggested that replacement of adenosines with N2-alkyl-2-aminopurines
at specific positions was tolerated by the RNAI machinery and reduced immune stimulation,
a systematic study of both types of modification at multiple positions in a single SiRNA has
not been reported.[21. 25]

To evaluate the effects of adenosine modification on immune stimulation and RNAI activity,
we used a previously published siRNA sequence targeting the PIK3CB mRNA.[26] This
SiRNA has a guide strand rich in adenosines (8/21 positions) and stimulates cyokine
production in human PBMCs when complexed with transfection agent (Figure 2A).
Interestingly, higher levels of TNFa are stimulated by this siRNA formulation than IFNc,
which is consistent with TLR8 activation (Figure 3A).[15 27-29]

We used our previously described nucleoside analog phosphoramidites to install a reactive
alkyne at different positions along the PIK3CB siRNA guide strand, then carried out copper-
catalyzed azide/alkyne cycloaddition (CUAAC) reactions with an N-ethylpiperidine azide to
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introduce the triazole modifications shown in Scheme 1.122: 241 This particular azide was
chosen because the resulting triazoles are sterically demanding, but are only minimally
destabilizing to RNA duplexes.[?2: 251 To test the immunostimulatory properties of the
modified siRNAs, we transfected the duplex oligonucleotides into human PBMCs and
quantified TNFa production after 16-20 h of incubation (Figure 2B). We found that, for this
sequence, modifying positions near the 5’ end of the siRNA (i.e. guide positions 1, 3, 6, and
10) with either nucleobase analog, position 12 with the Hoogsteen analog or position 18 on
the WC face, resulted in a greater than three-fold reduction in cytokine production.
Interestingly, modification at positions 1 or 3 with the WC-directed triazole resulted in more
than a 15-fold reduction in TNFa production. These results are consistent with the
observation that modification of a single nucleotide position is sufficient to block cytokine
production caused by an immunostimulatory siRNA.[14: 16, 20]

We also performed a cytotoxicity assay using two WC-edge modified siRNAs that showed
the lowest cytokine stimulation, in comparison with unmodified siRNA and untreated cells.
We found minimal toxicity for all the tested siRNAs, similar to the untreated control, which
shows that the decrease in cytokine production is due to the chemical modification and not
cellular toxicity (Supplementary Figure 1).

Watson-Crick face modification generates an antagonist

Our model for adenosine binding to TLR8 suggested that modifying the Hoogsteen face
would be highly disruptive since it would block interaction with D543, a residue known to
be important for RNA recognition by TLR8 (Figure 1B). However, our results show that at
the positions most sensitive to modification (i.e. positions 1 and 3), altering the WC edge
provided a larger reduction in TNFa than modification at the Hoogsteen face. This led us to
consider the possibility that our WC edge modification generated an RNA capable of
binding the receptor but incapable of activation. Such a molecule could function as a TLR
antagonist, preventing cytokine production due to other stimulatory molecules present, such
as the passenger strand of the transfected siRNA. Others have shown that 2’-O-methylation
of short RNA strands generates TLR antagonists,[16: 30-31] which explains how modification
of only one strand in an siRNA can block immune stimulation caused by the other strand. To
determine whether our nucleobase modification was functioning as an antagonist, we
stimulated TNFa production in PBMCs using the small-molecule agonist R-848 in the
presence and absence of the PIK3CB siRNA modified at guide strand position 1 on the WC
edge. Indeed, the presence of this modified siRNA reduced R-848-mediated TNFa
production, consistent with its function as a TLR8 antagonist (Figure 3).

RNA interference activity of siRNAs bearing adenosine modifications

To evaluate the RNAI performance of modified PIK3CB siRNAs, we tested their activity in
HeL a cells using a dual-luciferase assay. We used the previously reported psiCHECK-2
vector[22], wherein the PIK3CB target sequence was inserted into the 3-UTR of the Renilla
luciferase gene. The knockdown activities of the WC face modified siRNAs were compared
to the previously reported knockdown activities of the Hoogsteen face modified siRNA
(Figure 4).[22]
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We found that modifications to the WC face at each of the eight guide strand adenosines
inhibited RNAI activity (Figure 5). Previous RNAI studies with a different sequence had
shown that position 2 of the guide strand is sensitive to this modification whereas
modification at position 14 was tolerated.[2%] Here, all eight positions tested showed
significantly reduced RNAI activity, with position 20 as the most tolerant to modification (~
two-fold reduction in knockdown compared to the unmodified siRNA). On the other hand,
modification on the Hoogsteen face at positions 12, 15, and 20 in this sequence retains
RNA. activity (Figure 4).122] Thus, for this sequence, the best strategy for maintaining RNAi
activity while reducing immune stimulation using these nucleobase modifications, is to
substitute position 12 with the Hoogsteen face modification. This modification at position 12
causes a three-fold decrease in TNFa production (Figure 2) while retaining native levels of
knockdown activity (Figure 4).1221 While this modification strategy is not yet optimal
because immune stimulation is not completely inhibited, our previous studies suggest that
pairing this modification at guide stand position 12 with a modified passenger strand would
likely reduce immune stimulation further.[21]

Conclusions

Molecular modeling with recently published crystal structures of Toll-like receptor 8
(TLR8) bound to small molecule agonists suggested that modification of either the Watson-
Crick (WC) or Hoogsteen face of adenosine could disrupt nucleotide/TLR8 interactions. We
found that modifying the WC face of adenosine is more effective at blocking TNFa
production in PBMCs than modification to the Hoogsteen face. For the sequence tested,
modifications near the 5’ end of an siRNA were more effective at blocking cytokine
production than those placed near the 3’ end. This position dependence highlights the
importance of specific nucleotide positions within an immunostimulatory oligonucleotide.
This work advances our understanding of how chemical modifications can be used to
optimize siRNA performance.

Experimental Section

Modeling nucleotide binding to TLR8

Nucleoside-3’,5’-bisphosphates were modeled into the CLO97 binding site in human TLR8
via conformer generation, receptor creation and molecular docking protocols using the
OpenEye suite of programs.[®-19] Conformer Generation: Each of the four canonical
ribonucleoside 3/, 5’-bisphosphates had conformers generated using OMEGA.. Conformer
generation was expanded to 5000 conformers from the default 200 conformers in order to
account for more binding poses. Receptor Generation: Receptors were generated from the
high-resolution structure of CLO97 bound to TLR8.[’ A receptor using CLO97 as the
ligand was first used to study how adenosine-3’,5’-bisphosphate could bind into the receptor.
The position of the exocyclic amine of CLO97 was used as a constraint in order to retain this
interaction with D543, a residue known be necessary for both small molecule and RNA
interactions (Supplementary Figure 4).[7-8] Using the best fit pose of the adenosine-3’,5'-
bisphosphate shown in Figure 1B, a new receptor was generated constraining the 3’
phosphate, 3’ carbon and 2’ hydroxyl positions (Supplementary Figure 5). This was done to
minimize binding poses that would not accommodate the nucleotide as part of an RNA
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strand. Molecular Docking: Using FRED, the nucleoside bisphosphates were docked and
analyzed for potential ligand/protein interactions. Pose categories were generated when the
nucleobase of a particular nucleoside would consistently overlay with the nucleobase
position from its other poses (Supplementary Figures 1-3, Supplementary Tables 1).
Therefore, binding modes represented in the top 10 poses that had nucleotide/protein
interactions consistent with mutagenesis and available binding data as well as observed at
high pose frequencies were regarded to be significant. The top 10 poses were ordered in
rank of their computed chemguass4 scores via FRED.

Synthesis, purification and quantification of 21-mer RNA

The 7-ethynyl-8-aza-7-deazaadenosine and N2-propargyl-2-aminopurine ribonucleoside
phosphoramidites were synthesized as previously described[?2: 241 The RNA 21-mer
oligonucleotides incorporating these phosphoramidites were synthesized on an ABI 394
synthesizer (DNA/Peptide Core Facility, University of Utah, Salt Lake City) using 5-DMTr
protected B-cyanoethyl phosphoramidites (1.0 mmol scale). All the oligonucleotides were
deprotected as previously described.[32] The RNA oligonucleotides containing ethynyl and
propargyl modifications were gel purified and quantified as previously described[33],
MALDI mass spectrometry was used to confirm the identity of the RNAs.

Triazole formation with alkyne-modified PIK3CB siRNA guide strands

The reaction of the 7-ethynyl-8-aza-7-deazaadenosine modified siRNA with 1-(2-
azidoethyl)-piperidine was performed as described previously.[22] Products were gel
purified(33] and subjected to mass spectrometry analysis with mass values as previously
reported.[22] A dry pellet of pure propargyl containing RNA (20 nmol) was dissolved in H,0
(1 L), then treated sequentially with tris-[1-(3-hydroxypropyl)-1H-[1,2,3]triazol-4-
yl)methyl]lamine (THPTA) ligand[34! (1 L, 1 M in H,0), CuSOy4 (1 L, 100 mM in H,0),
sodium ascorbate (1 pL, 1 M in H,0) and 1-(2-azidoethyl)-piperidine (1 uL of 50 mM) in
Tris-HCI (0.5 M, pH 8.0). The resulting reaction mixture was incubated at room temperature
for 6.5 h. The reaction mixtures were diluted to twice the original volume with PAGE
loading buffer (80% formamide containing 10 mM EDTA). The 21-mer RNA product was
gel purified and quantified as above. MALDI-MS or ESI-MS was used to confirm the
identity of the reaction products for all PIK3CB guide strands modified with N-
ethylpiperidine triazole linked through N2 of 2-aminopurine. ESI-MS was used for the guide
strands modified at positions 1, 3, 6, 10, 12, 15, and 20. The calculated monoisotopic mass
(positive mode) is equal for all the siRNAs containing this modification. [M+H]* calculated:
7017.031; [M+Na]* calculated: 7039.013; [M+2Na]* calculated: 7060.995. Observed:
position 1 = 7037.06; position 3 = 7016.07; position 6 = 7036.07; position 10 = 7059.01,
position 12 = 7059.02; position 15 = 7039.06; position 20 = 7036.10. MALDI-MS was used
to verify the identity of the position 18 modified guide strand. Calculated average mass
(positive mode) [M+H]*: 7020.175. Observed: 7021.22.

siRNA duplex formation

Hybridization of the siRNA duplex was carried out by mixing equal amounts of pure
modified guide and passenger strands, reaching a final concentration of 20 uM in Tris-HCI

Chembiochem. Author manuscript; available in PMC 2015 February 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Valenzuela et al. Page 7

(10 mM) and KCI (50 mM, pH 7.5). The samples were heated for 5 minutes at 95°C, and
were slowly cooled to room temperature for over 2-3 hours.

Cytokine assay

Peripheral blood mononuclear cells (PBMCs) (Sanguine Biosciences) were plated in a 96-
well plate at 2.5-5 x 10° cells per well in RPMI medium (Cellgro) supplemented with
penicillin/streptomycin (2X) and 10% fetal bovine serum. N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium methyl-sulfate (DOTAP) (Roche Applied Science) was used as
a liposomal transfection agent. Formulation was carried out by mixing siRNAs and DOTAP
at a working concentration of 10 ug DOTAP/ug of RNA, and incubated at room temperature
for 15-40 minutes. Cultured PBMCs were treated with the formulated siRNAs and
incubated for 16 — 20 h at 37 °C. Human TNFa in the cell culture supernatants was
quantified in triplicate by using LEGEND MAX™ ELISA kit with pre-coated plates
(BioLegend, Inc.), while human IFNa was measured in triplicate using VeriKine™ Human
IFNa ELISA Kit (PBL InterferonSource). Small molecule agonist R-848 (Imgenex) was
used as a positive control.

Cell culture and RNAI activity assay

HelL a cells (ATCC) were grown in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO)
supplemented with 1x Antibiotic-Antimycotic (Anti-Anti) (Gibco) and 10% fetal bovine
serum, and incubated in 5% CO, at 37°C. SiPORT NeoFX transfection reagent (Ambion)
was used for the reverse transfection of HelLa cells. Cells were allowed to grow in flasks
until reaching 80-90% confluence, then treated with Accutase (Innovative Cell
Technologies) and diluted in fresh medium (DMEM, 10% FBS, 1x Anti-Anti) to a
concentration of 1 x 10° cells mL™L. The (psiCHECK-2-PIK3CB) plasmid[?2], which
contains Renilla (hRIuc) and Firefly (hluc+) luciferase reporter genes and the PIK3CB
SiRNA target sequence (5’-GCACATCTCCTAAUATGAATCCTATCAGAA-3') inserted
into the 3’ UTR of the Renilla luciferase gene was used for RNAi experiments. The Renilla
luciferase functions as a reporter of sSiRNA activity, while the firefly luciferase functions as
an internal control. SIRNA and plasmid transfections were carried out as previously
described[21-22] ysing 20 ng of psiCHECK-2-PIK3CB per siRNA assayed. This assay was
carried out in triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Complex of the imidazoloquinoline CLO97 bound to human Toll-like receptor 8

(TLRS8) determined by x-ray crystallography.l”] The sulphate ion shown is from the
crystallization liquor and is present near the CLO97 binding site in the crystallized complex.
(B) Model of adenosine 3’, 5’-bisphosphate and (C) uridine 3’, 5’-bisphosphate bound to the
agonist binding site of TLR8 (see Materials and Methods for docking procedure).
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Figure 2.

Cytokine production by human PBMCs treated with siRNAs. (A) TNFa and IFNa levels
generated by transfection with the PIK3CB siRNA. (a) buffer only (b): PIK3CB without
transfection agent (c) and (d): transfection with PIK3CB siRNA. (B) Comparison of TNFa
levels resulting from transfection of human PBMCs with siRNAs bearing adenosine
modifications at different positions on the PIK3CB guide strand. Controls: (a) buffer alone;
(b) R-848 (10 ug/ml, positive control), (c) unmodified duplex, Blue bars: Hoogsteen face-
localized modification (N-ethylpiperidine triazole linked through C7 of 7-deaza-8-
azaadenosine); Red bars: Watson-Crick (WC) face localized modification (N-ethylpiperidine
triazole linked through N2 of 2-aminopurine). SIRNAs were transfected at a concentration of
125 nM.
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Antagonistic activity of the Watson-Crick (WC) face localized modification at guide
position 1. Modified PIK3CB siRNA (125nM) was cotransfected with the agonist R-848
(1pg/mL) into human PBMCs. Controls: (a) buffer alone; (b) siRNA without transfection
agent; Red bars: (1) WC face localized modification at guide position 1.
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Knockdown activity of modified PIK3CB siRNAs. Activity is reported as the ratio of
Renilla/firefly luciferase signals. Controls: (a) buffer alone; (b) unmodified duplex, Blue
bars: Hoogsteen face localized modification; Red bars: Watson-Crick (WC) face localized
modification. SIRNAs were transfected at a concentration of 30 pM in HelLa cells.
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Scheme 1.
(Top) Sequence of the siRNA used in this study with guide strand adenosines replaced by

nucleoside analogs highlighted in blue. (Bottom) Structures of adenosine analogs with
Hoogsteen or Watson-Crick (WC) face-localized N-ethylpiperidine triazole modification.
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