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Preeclampsia (PE) is a rising, potentially lethal complication of
pregnancy. PE is driven primarily by the overexpression of
placental soluble fms-like tyrosine kinase 1 (sFLT1), a validated
diagnostic and prognostic marker of the disease when
normalized to placental growth factor (PlGF) levels. Injecting
cholesterol-conjugated, fully modified, small interfering
RNAs (siRNAs) targeting sFLT1 mRNA into pregnant mice
or baboons reduces placental sFLT1 and ameliorates clinical
signs of PE, providing a strong foundation for the development
of a PE therapeutic. siRNA delivery, potency, and safety are
dictated by conjugate chemistry, siRNA duplex structure,
and chemical modification pattern. Here, we systematically
evaluate these parameters and demonstrate that increasing
20-O-methyl modifications and 50 chemical stabilization and
using sequence-specific duplex asymmetry and a phosphocho-
line-docosanoic acid conjugate enhance placental accumula-
tion, silencing efficiency and safety of sFLT1-targeting
siRNAs. The optimization strategy here provides a framework
for the chemical optimization of siRNAs for PE as well as other
targets and clinical indications.

INTRODUCTION
Preeclampsia (PE) affects up to 10% of human pregnancies world-
wide,1 and is a leading cause of maternal and fetal mortality and
morbidity. Women with PE develop hypertension, often with protein-
uria, after 20 weeks of pregnancy. Maternal complications include kid-
ney failure, pulmonary edema, and stroke. PE also increases adverse
outcomes for the baby, includingmortality, growth restriction, cerebral
palsy, and cardiovascular disease in adulthood.Delivery is currently the
only curative treatment for PE, but it can cause preterm birth compli-
cations and adverse clinical outcomes, depending on gestational age.1–4

Although the etiology and pathophysiology of PE are unclear, high
serum levels of soluble fms-like tyrosine kinase 1 (sFLT1) is a major
contributor to the clinical signs of the disease and is directly linked to
disease severity.5–11 sFLT1 variants result from alternative polyadenyla-
tion of vascular endothelial growth factor receptor 1 (VEGFR1) and
include the extracellular domain of VEGFR1. When secreted from
Mo
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placenta, sFLT1 variants sequester VEGF and placental growth factors
circulating in the blood.12,13 Exogenous VEGF supplementation or
reduction of sFLT1 improve PE symptoms in humans and animal
models.6,14–18

Small interfering RNA (siRNA) is a promising class of drugs that bind
complementary, target mRNA to reduce its expression.19 We previ-
ously found that siRNA targeting the most highly upregulated
sFLT1 mRNA variants in PE placenta20 ( i.e., sFLT1-i13 [short],
sFLT1-i13 [long], and sFLT1-e15a) selectively reduce placental
sFLT1mRNA and circulating serum sFLT1 protein inmice and circu-
lating serum sFLT1 protein, blood pressure, and proteinuria in ba-
boons.21 These asymmetric siRNA were conjugated to cholesterol
(Chol) and used 20-O-methyl (20-OMe) and 20–fluoro (20-F) ribose
modifications in an alternating pattern,22 terminal phosphorothioate
(PS) linkages, and a phosphate at the 50 end of the antisense (or
“guide”) strand of the siRNA, which facilitates recognition by the
siRNA effector protein Argonaute 2 (Ago2) (Figure 1). Owing to
continued advances in siRNA chemistries, this early-generation scaf-
fold could be further optimized.

Chol conjugation delivers siRNA to a wide range of tissues, especially
those that are highly vascular with fenestrated endothelia, like
placenta.23–27However,Chol-conjugated siRNAs cancause cytotoxicity
at higher doses with significant acute cytokine stimulation compared to
other hydrophobic conjugates.28–30 In addition to the hydrophobic con-
jugate, the chemical structure of the siRNA backbone, such as duplex
symmetry,31 PS content,32 and the number and position of 20-OMe
modifications,33 affect siRNA distribution, potency, and safety. Indeed,
themost clinically advanced siRNAs, which are conjugated toN-acetyl-
galactosamine (GalNac) for liver-specific delivery, require 50 PS
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Figure 1. siRNA chemical modifications used in this study

(A) Schematic of asymmetric siRNA with alternating 20-OMe/20-F chemical pattern. (B) Corresponding chemical modifications.
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modifications for exonuclease stability34 and increased 20-OMe content
for increased metabolic stability33 to achieve safe, efficacious, and sus-
tained (>6 months) gene modulation in vivo.35 Further modification
of the guide strand with the stable analog 50-(E)-vinylphosphonate
(VP) may also improve potency and stability in vivo.36–38

Here, we show how sequential modifications of chemical architecture,
including hydrophobic conjugate, duplex symmetry, 20-OMe content,
and 50 moiety, optimize the placental delivery, silencing efficiency,
and safety of sFLT1-targeting siRNAs. This work outlines an
approach for the systematic evaluation of siRNA chemical parameters
for the optimization of these characteristics.

RESULTS
PC-DCA conjugation increases siRNA accumulation in mouse

placenta

We found that sFLT1-targeting Chol-siRNAs efficiently deliver to
placenta with primary liver clearance.21 Changing the chemical con-
jugate alters tissue distribution profiles and silencing efficiency of
siRNA in non-pregnant mice,32,39 but the effect of conjugate modality
on placental accumulation has not been determined.

To explore whether changing conjugate modality could enhance
placental accumulation, we synthesized a panel of fully modified
Huntingtin (Htt) targeting siRNAs conjugated to Chol, docosahexae-
noic acid (DHA, 22:6 n-3), or docosanoic acid (DCA, 22:0) with
or without the polar head group, phosphatidylcholine (PC) (siRNA
1–5). All of the conjugates were attached to the sense strand via a
phosphodiester bond. These conjugates previously demonstrated de-
livery to a wide range of tissues.30 Divalent (DIO) (siRNA 6) and non-
conjugated (NOC) siRNAs were used to control for the relative
contribution of conjugate and compound size to distribution. DIO
siRNA contains 2 passenger strands covalently connected at their 30

ends through a tetra-ethylene glycol linker base paired to two iden-
tical guide strands. DIO and conjugated siRNA structures are shown
in Figures 2A and 2B (chemical modification legend in Figure 1A).
The same sequence was used for all of the compounds; this sequence
and all of the modification patterns are shown in Table S1.
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Pregnant CD1mice were subcutaneously injected with 20 mg/kgHtt-
targeting siRNA (n = 3mice/group) and sacrificed after 48 h.We used
2 complementary assays to evaluate siRNA tissue accumulation. First,
we attached a Cy3 fluorophore to the 50 end of the siRNA passenger
strand. Cy3 has minimal impact on hydrophobic siRNA tissue distri-
bution,30 and enables the qualitative evaluation of spatial distribution
in organs (Figure 2C). Second, we used peptide nucleic acid (PNA)
hybridization, which enables quantification of the guide strand (Fig-
ure 2D).40 PNA hybridization does not rely on the presence of Cy3 on
siRNA and thus can be used for the quantification of labeled or non-
labeled compounds.

NOC siRNA showed essentially no placental accumulation; most of
the injected compound was retained in and cleared by the kidney.
The DIO siRNA, which shows promising results for CNS delivery,39

reduced renal retention but did not support appreciable accumulation
in placenta (Figures 2C and 2D). Consistent with previous studies,
Chol siRNA, DCA siRNA, and PC-DCA siRNA showed higher accu-
mulation in liver and lower accumulation in kidney relative to DHA
siRNA, PC-DHA siRNA, and NOC siRNAs. This is because less hy-
drophobic compounds (i.e., DHA and PC-DHA) preferentially bind
high-density lipoproteins that traffic to kidney, while more hydro-
phobic compounds (i.e., Chol, DCA, and PC-DCA) preferentially
bind low-density lipoproteins, which traffic to liver.24,30

PC-DCA siRNAs showed the highest accumulation in placenta
compared to the other chemistries, including Chol (Figures 2C, 2D,
and S1C). Because conjugate-mediated siRNA delivery is defined by
conjugate chemistry, not the sequence,30,32 data generated for one
sequence can in most cases be used to predict the behavior of other
siRNA with similar conujugate chemistry. PC-DCA was therefore
selected as the best conjugate for siRNA-mediated downregulation
of placental sFLT1.

The impact of siRNA duplex asymmetry on sFLT1-targeting

siRNA activity

A 20-nt/15-nt structure was used for sFLT-1 targeting siRNA in our
previous study.21 Separately, we demonstrated that the presence and



Figure 2. PC-DCA siRNA conjugates demonstrate enhanced placental accumulation

Pregnant CD1 mice subcutaneously injected with 20 mg/kg Cy3 labeled siRNA variants on embryonic day (E) 14. (A) Schematic of chemical modification scaffold used. (B)

Chemical structure of siRNA conjugates. (C) Tissue fluorescence imaging. Leica DM5500. 10� tiled array images. Scale bar, 1 mm. All images acquired at identical laser

intensity. NOC, no conjugate. (D) Guide strand accumulation quantified after 48 h by PNA hybridization assay; n = 3 mice/group; average results shown from 3 liver or kidney

punches/mouse or 6 placentae/mouse (1 punch/placenta). p values describe statistically significant differences between each compound and the PC-DCA compound

(1-way ANOVA; *p < 0.05, **p < 0.01; ***p < 0.001; non-significant differences unmarked).
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length of PS-modified single-stranded overhangs at the 30 end of the
siRNA guide strand significantly affect silencing efficiency in a
sequence-specific manner.32 To systematically evaluate the impact
of duplex asymmetry/overhang length on the activity of sFLT1-target-
ing siRNA, we created a panel of compounds with different lengths
of 30 guide strand overhangs. Overhangs were created by varying
lengths of the passenger strand from 12 to 20 nt (Figures 3A
and 3B; Table S2). Two sequences were used, sFLT1-i13_2283 and
sFLT-e15a_2519, which target the sFLT1-i13 (siRNA 8–14) and
sFLT1-e15a (siRNA 15–21) isoforms, respectively.21 The siRNA panel
was tested in HeLa cells using a Dual-Glo Luciferase reporter (seeMa-
terials and methods). Each siRNA was evaluated by a 7-point dose-
response curve (Figures 3C and 3D).

For both siRNA sequences, the 12-nt passenger strand (siRNA 8
and 15) was inactive, indicating a lower limit to passenger strand
length that can support RNAi activity. This is similar to what has
been reported.41 In the case of sFLT1-i13_2283, passenger strand
lengths of 14 nt and above were tolerated (siRNA 10–14), with
the 14-nt strand (siRNA 10) supporting the highest activity
(Figure 3C). Elimination of duplex asymmetry with the 20-nt pas-
senger strand (siRNA 14) negatively affected silencing. In the case
of sFLT-e15a_2519, a passenger strand length of at least 16-nt
(siRNA 19 and 20) was required for maximal activity. Elimination
of asymmetry (siRNA 21) did not negatively affect activity
(Figure 3D).
To explore whether we could further improve the activity of siRNAs
with either the 14-nt or 16-nt passenger strand, we applied chemical
modifications (shown in Figure S2B) that are thought to decrease
duplex stability and encourage duplex unwinding, the mechanism
used to release the passenger strand following duplex loading onto
Ago2 (Figure S2; Table S2).42 In 14-nt passenger strands, 20-F was re-
placed with 20-OMe at positions 2 and 14 (across from guide strand
positions 13 and 1 because 20-OMe confers looser base stacking inter-
actions than 20-F.43 In 16-nt strands, we substituted cytosine (C) for
adenine (A) at position 8 (i.e., across from 20-OMe guide strand po-
sition 9) to introduce a bulge in the duplex.44 We found neither strat-
egy to be effective. siRNA activity was minimally affected by the new
14-nt strand and severely inhibited by the mismatch in the 16-nt
strand (Figures S2C and S2D).

Chemical pattern affects activity of sFLT1-targeting siRNAs

In parallel to testing the impact of duplex asymmetry on siRNA activ-
ity, we tested the impact of varying 20-OMe/20-F modification pat-
terns on siRNA activity using the same methods. Guide strands (Fig-
ure S3A) were designed to include a (1) 30 terminal 20-OMe (position
20), to enhance exonuclease stability;45 (2) 20-F at positions 5 or 7, to
increase target affinity for the siRNA seed (i.e., guide strand positions
2–8); and (3) an additional 20-OMe at positions 12, 16, or 18, to
enhance guide strand stability. Position 14 was maintained as 20 F
due to the well-reported limited tolerance of 20-OMe at this posi-
tion.33,46,47 The guide strand panel was evaluated in the context of
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 137
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Figure 3. Impact of passenger strand length on compound activity varies for each siRNA sequence

(A) Schematic of guide strand chemical modification pattern. (B) Schematic of cholesterol-conjugated passenger strand chemical modification patterns; symbols next to each

schematic used in graphs. (C and D) Dose-response results (n = 3, means ± SDs). Target name and start site of target sequence indicated in each graph. HeLa cells treated

with siRNAs at concentrations shown for 72 h. mRNA levels measured using the Dual-Glo Luciferase Assay System and calculated as percentage of untreated control. Non-

linear regression curves with R2 < 0.8 displayed as dashed lines. Each table reports values corresponding to graph: Maximum KD (%), maximum percentage target mRNA

knockdown with top treatment dose of siRNA; IC50, half maximal inhibitory concentration (*R2 < 0.8; nd, not determined); AUC, area under the dose-response curve.
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2 different 15-nt passenger strands, one having the conventional
alternating 20-OMe/20-F composition (siRNA 26–41) and the other
containing 80% 20-OMe content (siRNA 42–57) to see whether
high 20-Ome content in the passenger strand could be tolerated (Fig-
ure S3B; Table S2).

As previously reported,48 20-Ome at guide strand position 20 negatively
affected activity (siRNA 27, 35, 43, and 51); however, the addition of
20-F at position 5 (siRNA 29, 37, 45, and 53), and to a lesser extent
at position 7 (siRNA #32, 40, 48, and 56), had a partial compensatory
effect (Figures S3C and S3D). Interestingly, for some variants, pairing
the guide strand with the 80% 20-OMe passenger strand improved the
area under the curve (AUC) compared to pairing with the alternating
20-OMe/-F passenger strand (siRNA 29 versus 45, 37 versus 53, 30
versus 46, 38 versus 54, 39 versus 55) (Figures S3E and S3F). The
AUC metric was used in cases in which the dose-response curve was
incomplete (i.e., zero knockdown or maximum knockdown was not
achieved in the dose range tested). Incomplete dose-response curves
result in unreliable half-maximal inhibitory concentration (IC50)
values, while AUC is a versatile metric that can be used on any kind
of dose-response curve.49 This result suggests that increasing 20-OMe
content of the guide strand in certain positions needs corresponding in-
creases in 20-OMe in the passenger strand to retain siRNA activity.

sFLT1-targeting siRNAs can tolerate 20-OMe-rich chemical

modification patterns

Since increasing 20-OMe modifications in the guide strand was better
tolerated when paired with 20-OMe-rich passenger strands, we
tested various 20-OMe-rich patterns in the guide strand in the context
of a fully 20-OMe passenger strand (siRNA 58–61) (Figure 4A;
Table S2). These 20-OMe-rich duplexes ranged from 83% to 94%
138 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
20-OMe content, and were tested alongside the conventional alter-
nating 20-OMe/20-F control siRNA (siRNA 26 and 34) and the best
performing variant from the previous experiment (siRNA 45 and
53 in Figure S3), which had an overall 20-OMe content of 63%. The
activity of sFLT1-i13_2283 was minimally perturbed in the context
of 86% 20-OMe content (siRNA 58) but increasing 20-OMe content
to 94% (siRNA 59) was less tolerated (Figure 4B). In the context of
sFLT1-e15a_2519, all 20-OMe-rich variants improved activity
compared to the 20-OMe/20-F modification pattern (Figure 4C).

To confirm the silencing efficiency of selected scaffolds in the context
of endogenous mRNA, we tested the high 20-OMe-rich scaffolds in
WM-115 human melanoma cells using the sFLT1 QuantiGene assay
(see Materials and methods). The 20-OMe-rich scaffolds retained
siRNA activity and did not differ from conventional 20-OMe/20-F
control siRNA activity for both sFLT1-i13_2283 and sFLT1-
e15a_2519 (Figures 4D and 4E). Thus, in the context of endogenous
mRNA, 20-OMe-rich siRNA can efficiently load into Ago2 and silence
sFLT1. Since an increase in 20-OMe content is expected to signifi-
cantly enhance overall stability and activity in vivo,33,50,51 we chose
siRNA 58 (86% 20-OMe, Figure 4D) as the scaffold for sFLT1-
i13_2283 and siRNA 61 (94% 20-OMe, Figure 4E) as the scaffold
for sFLT1-e15a_2519 for further analyses.

These patterns were combined with the optimized duplex asymmetry
identified (i.e., 14-nt passenger strand for sFLT1-i13_2283 and 16-nt
passenger strand for sFLT1-e15a_2519) (from Figures 3C and 3D)
and the PC-DCA conjugate for in vivo testing. In the case of
sFLT1-e15a_2519, 16-, 17-, and 20-nt passenger strands showed
only minimal differences in potency. The configuration providing
maximum asymmetry (i.e., 16-nt) was selected because asymmetry



Figure 4. 20-OMe-rich chemical modification patterns do not significantly reduce silencing

(A) Schematic of cholesterol conjugated compounds; symbols next to each schematic used in graphs. (B–E) Dose-response results (n = 3, means ± SDs). Target name and

start site of target sequence indicated in each graph. HeLa or WM115 cells treated with siRNAs at concentrations shown for 72 h. mRNA levels measured using the Dual-Glo

Luciferase Assay System (HeLa) or Quantigene 2.0 RNA Assay (WM-115) and calculated as a percentage of untreated control. Non-linear regression curves with R2 < 0.8

displayed as dashed lines. Each table reports values corresponding to graph: Maximum KD (%), maximum percentage target mRNA knockdown with top treatment dose of

siRNA, IC50, half-maximal inhibitory concentration (*R2 < 0.8, and nd, not determined); AUC, area under the dose-response curve.
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has been shown to be beneficial for in vivo activity compared to blunt
siRNAs.32

Optimization of siRNA 50 moiety improves placental

accumulation and silencing

The 50 chemical moiety on the guide strand anchors it to the MID
domain of Ago2 during siRNA loading.52,53 For many siRNA se-
quences, the presence of a 50-phosphate improves MID domain bind-
ing.53,54 Incorporation of a more stable phosphate mimic, VP, may
further improve siRNA stability and silencing efficiency.37,38,55–57

We tested the impact of 50-VP (siRNA 62 and 65), 50-OH (siRNA
63 and 66), or 50-PS (siRNA 64 and 67) on placental accumulation
and silencing efficiency of PC-DCA-conjugated siRNA in the opti-
mized asymmetric, 20-OMe-rich scaffold (Figures 5A and 5B;
Table S1). The sFLT1-e15a isoform is expressed only in humans
and non-human primates; thus, in vivo activity of sFLT1-
e15a_2519 cannot be assessed in mice. Nevertheless, to maintain con-
sistency with future studies in humans and non-human primates, a
1:1 mixture of both compounds, sFLT1-i13_2283 and sFLT1-
e15a_2519, were injected into mice for evaluation. The non-targeting
control (NTC) similarly consisted of a 1:1 mixture of a non-targeting
sequence synthesized in each optimized scaffold. The silencing effi-
ciency data shown in Figure 5 corresponds to the activity of sFLT-
i13_2283 since that is the only target expressed in mice.

Both 50-OH and 50-PS variants silenced sFLT1-i13 by 47%–48%
(p < 0.0001). We observed a small but significant improvement in
silencing by 50-VP-containing siRNA compared to 50-OH and 50-PS
(66%, p < 0.01; Figure 5C). In addition to enhanced silencing effi-
ciency, 50-VP compounds showed higher placental levels compared
to 50-OH compounds (_2283: 44 mg/g versus 31 mg/g, p < 0.01;
_2519: �80 mg/g versus 63 mg/g; Figure 5D). Therefore, we elected
to incorporate 50-VP into our optimized scaffold.

The PC-DCA conjugate reduces monocyte saturation, the

primary cause of dose-limiting toxicity

Unlike unmodified RNAs, which activate Toll-like receptors (TLRs)
and the inflammatory cytokine-driven immune response,58,59 fully
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 139
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Figure 5. Optimization of 50-moiety results in increased tissue accumulation and silencing efficiency in vivo

Pregnant CD1 mice injected with a mixture of 20 mg/kg sFLT1-i13_2283 and 20 mg/kg sFLT1-e15a_2519 siRNA variants on E13 and E14. (A) Schematic of the chemical

pattern of siRNA compounds injected. (B) Chemical structures of 50-moieties tested. (C) sflt1-i13mRNA levels in placenta on E18 measured using the Quantigene 2.0 RNA

Assay. Levels were normalized to Flt1 and presented as a percentage of PBS control (n = 5, means ± SDs). (D) Amount of siRNA accumulation in the placenta on E18

measured using PNA hybridization assay (n = 5). p values describe statistically significant differences between compounds (1-way ANOVA; **p < 0.01; ****p < 0.0001.

Unpaired t test; ##p < 0.01. Non-significant differences unmarked).
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20-F or 20-OMe modified siRNAs are non-inflammatory and, in
certain contexts, antagonistic to TLR stimulation.60–65 However,
Chol conjugation to fully modified siRNA induces a cytokine
response at higher doses,28–30 possibly due to its accumulation in
the immune cells of bone marrow that play a role in the cytokine
response of the innate immune system. PE itself is associated with im-
mune imbalances and chronic inflammation, which sets up a cycle of
oxidative damage that promotes further oxidative stress.66,67 Thus, if
not carefully optimized, the innate immune stimulatory potential of
Chol-siRNAs may negate the therapeutic benefit of sFLT1 reduction.
We decided to test the immune stimulatory potential of and acute
cytokine response to PC-DCA versus Chol siRNA in the optimized
20-OMe-rich, asymmetric, 50-VP scaffold.

We used fluorescence-activated cell sorting (FACS) to measure accu-
mulation of Cy3-labeled conjugated siRNA in immune cell popula-
tions of bone marrow. Since the exact cell populations that may be
involved in the immune response to fully modified siRNA are unclear,
we chose a cell staining and gating strategy that provided us with
broad cell populations. For this experiment, granulocytes and mono-
cytes were chosen as broad innate immune cell categories. In addition
140 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
to granulocytes and monocytes, a granulocyte subpopulation consist-
ing primarily of neutrophils was studied since these are the most
predominant granulocytes in circulation and are often involved in
initiating an immune response.68

Cy3-labeled sFLT-i13_2283 with either the Chol (siRNA 68) or PC-
DCA (siRNA 69) conjugate (Figure 6A; Table S1) were injected at
three different doses in non-pregnant mice. Femur bone marrow
cells were sorted 24 h post-injection and gated to identify immune
cell populations as follows: First, singlet cells were identified by plot-
ting forward scatter area (FSC-A) versus forward scatter height
(FSC-H) and selecting cells along the diagonal through the origin
(Figure 6B, top left scatterplot). The singlets were then visualized
on a graph of granularity (side scatter, SSC-A) versus size
(FSC-A) to exclude lymphocyte populations and select potential
monocytes (lower gate) and granulocytes (upper gate) (Figure 6B,
middle scatterplot). Monocytes were defined as the CD11b+ popula-
tion of the lower gate (Figure 6B, bottom scatterplot). Neutrophils,
broadly defined as Gr-1+ high granulocytes, were selected from a
graph of granularity (SSC-A) versus Gr-1 staining intensity (Fig-
ure 6B, top right scatterplot). Fraction and intensity of Cy3-labeled



Figure 6. PC-DCA conjugated siRNA show lower accumulation in bone marrow immune cells

FACS analysis of bone marrow cells of CD1 mice injected with Cy3 labeled sFLT1-13_2283 siRNA variants. (A) Schematic of the siRNA chemical scaffold used in this

experiment. (B) Gating scheme used to quantify Cy3 intensity of specific cell populations in the bone marrow in (B), (C), and (D). (C–E) Frequency distribution histogram of Cy3

fluorescence intensity (left) and bar graphs of Cy3 median fluorescence intensity (right) of bone marrow (C) neutrophils, (D) granulocytes, and (E) monocytes 24 h post-

injection of siRNA variants (n = 3, means ± SDs). p values describe statistically significant differences between compounds (1-way ANOVA; *p < 0.05; non-significant

differences unmarked).
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conjugated siRNA in each cell population were measured using
FlowJo software.

For both PC-DCA and Chol siRNA, a dose-dependent shift in Cy3+

population distribution was observed in neutrophils, granulocytes,
and monocytes (Figures 6C–6E, histograms). The rightward shifts
in population distribution, indicative of the number of cells trans-
fected by the siRNA, was greater for Chol siRNA (gray histograms)
compared to PC-DCA siRNA (blue histograms) for all injected doses
in all three cell populations. In neutrophils, the median fluorescence
intensity (MFI) of cells (Figure 6C, bar graphs) was higher for Chol
siRNA compared to PC-DCA siRNA at 5 mg/kg (Chol: 30.8 MFI;
PC-DCA: 0.3 MFI) and 20 mg/kg (Chol: 1,402.0 MFI; PC-DCA:
1,076.0 MFI) doses, consistent with the increase in the number of
transfected cells by Chol siRNA (versus PC-DCA siRNA). The
same was true in granulocytes (Figure 6D, bar graphs) at 5 mg/kg
(Chol: 48.9 MFI; PC-DCA: 6.8 MFI) and 20 mg/kg (Chol: 1,300.0
MFI; PC-DCA: 916.3 MFI) doses. Interestingly, in both neutrophils
and granulocytes, the median fluorescence intensity for Chol and
PC-DCA siRNA groups were similar at the 10 mg/kg dose (neutro-
phils—Chol: 294.0 MFI; PC-DCA: 334.7 MFI; granulocytes—Chol:
328.3 MFI; PC-DCA: 306.3 MFI). In monocytes, which are the pri-
mary effectors of a cytokine response, the differences in the number
of cells transduced (Figure 6E, histogram) and MFI (Figure 6E, bar
graph) between the Chol and PC-DCA siRNA treated mice were
clearer. At 5 and 20 mg/kg, the MFI of monocytes was higher in
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 141
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Figure 7. Optimization of 50-moiety, 20-ribose modification pattern and conjugate results in increased tissue accumulation and silencing efficiency in vivo

Pregnant CD1 mice injected with a mixture of 20 mg/kg sFLT1-i13_2283 and 20 mg/kg sFLT1-e15a_2519 siRNA variants on E13 and E14. (A) Schematic of the chemical

pattern of siRNA compounds injected. (B) sflt1-i13 mRNA levels in placenta on E18 measured using the Quantigene 2.0 RNA Assay. Levels were normalized to Flt1 and

presented as percentage of PBS control (n = 6, means ± SDs). (C) Amount of sFLT1-i13_2283 siRNA accumulation in the placenta on E18measured using PNA hybridization

assay (n = 6). p values describe statistically significant differences between compounds (1-way ANOVA; **p < 0.01; ****p < 0.0001; non-significant differences unmarked.

Unpaired t test; #p < 0.05; ####p < 0.0001).
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Chol siRNA treated mice, with the difference being statistically signif-
icant at 20 mg/kg (5 mg/kg—Chol: 93.3 MFI; PC-DCA: 26.4 MFI;
20 mg/kg—Chol: 1,147.0 MFI; PC-DCA: 793.3 MFI, p < 0.04). At
10 mg/kg, a smaller difference in MFI was observed (Chol: 353.7
MFI; PC-DCA: 299.7 MFI).

As PC-DCA supports better functional accumulation of siRNA in the
placenta with reduced delivery to bone marrow immune cells, we
selected PC-DCA as the optimal conjugate for further evaluation.

Systematic chemical optimization of sFLT1-targeting siRNAs

improves placental accumulation and degree of sFLT1 silencing

with a better safety profile

With the development of our chemically advanced scaffolds (Fig-
ure 7A, siRNA 62 and 65), we performed a head-to-head comparison
with the first-generation sFLT1-targeting siRNAs (Figure 7A;
Table S1) in pregnant mice.21 Even though a 1:1 mixture of sFLT1-
i13_2283 and sFLT1-e15a_2519 was tested, the silencing efficiency
data shown in Figure 7 correspond to the activity of sFLT1-
i13_2283 alone since that is the only target expressed in mice. After
subcutaneous injection of 20 mg/kg of each compound into mice,
we observed increased silencing of placental sFLT1-i13 by the
advanced siRNA compared to the first-generation siRNA (39% versus
63%, p < 0.05; Figure 7B) and a 3-fold increase in placental accumu-
lation (37 mg/g versus 12 mg/g, p < 0.0001; Figure 7C).

Because immune cell accumulation may be influenced by duplex
asymmetry and 20-OMe content, not just conjugate chemistry, we
compared the acute serum cytokine response to a high dose
(75 mg/kg) of the advanced chemistry siRNA (siRNA 62) versus
the first-generation siRNA (Figure 8A; Table S1). While the levels
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of most interleukins (ILs) did not change, a significant increase in
serum IL-6 and IL-12 levels was observed in mice treated with the
first-generation siRNA compared to phosphate buffered saline
(PBS) control (IL-6: 2.4, p < 0.0001; IL-12: 2.4, p < 0.0001). The
advanced siRNA did not stimulate IL-6 levels but caused a non-signif-
icant increase in IL-12 levels (IL-6: 0.8, IL-12: 1.7) (Figure 8B). These
collective results are consistent with our observation of relatively
higher accumulation of Chol siRNA in monocytes, but we were sur-
prised to see that the advanced siRNA did not show any IL-6 stimu-
lation, given that we did see some accumulation of PC-DCA siRNA in
monocytes at higher doses (Figure 6E). Further research is necessary
to elucidate the relationship between siRNA chemistry and inter-
leukin stimulation pathways.

The first-generation compound also showed a significant increase in
colony-stimulating factors (CSFs), such as granulocyte CSF/CSF-3
(8.7, p < 0.01), and in chemokines, such as interferon-g-inducible
protein 10 (IP-10) (18.4, p < 0.001), monocyte chemoattractant
protein-1 (MCP-1) (58.9, p < 0.05) and eotaxin (2.2, p < 0.05).
Although treatment with the advanced siRNA also caused increases
in M-CSF (2.1), IP-10 (4.7), macrophage inflammatory protein
(MIP)-1b (8.2), and MCP-1 (5.4) (not statistically significant), these
levels were consistently lower compared to that of the first-generation
siRNA group (Figure 8B).

DISCUSSION
There remains an unmet need for the development of a PE therapeu-
tic. We previously demonstrated siRNA-mediated silencing of
placental sFLT1 mRNAs as a viable therapeutic approach. Here, we
demonstrate that a combination of 50 moiety, 20-OMe content, duplex
asymmetry, and conjugate chemistry optimization can significantly



Figure 8. PC-DCA conjugated 20-OMe-rich siRNA show reduced serum cytokine levels

(A) Schematic of siRNA chemical modifications used. (B) Serum cytokine levels of CD1 mice 24 h post-injection with 75 mg/kg of sFLT1-i13_2283 siRNA variants (n = 3,

means ± SDs). p values describe statistically significant differences between compounds (1-way ANOVA; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; non-significant

differences unmarked).
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enhance placental delivery, silencing efficiency, and safety of RNAi-
based modulation of sFLT1. Findings from this study further advance
sFLT1-targeting siRNA therapies toward the clinic.

While the GalNac conjugate is the basis of currently approved siRNA
drugs (i.e., givosiran),69,70 it delivers to the liver only.71–73 Several
strategies are being explored to achieve extrahepatic delivery,
including antibody conjugates,74,75 peptide conjugates,76,77 multiva-
lency,39 and hydrophobic conjugates.30 DIO is widely distributed
and retained in mouse brains compared to mono-siRNA, likely due
to its increased size and cooperativity of PS-driven cellular uptake,39

but multivalency did not support placental delivery (Figure 2).
Instead, lipid conjugation is necessary to deliver siRNAs to placenta.
Using PC-DCA instead of a Chol conjugate enhanced siRNA delivery
to the placenta while maintaining similar delivery to liver and kidney
(Figures 2 and S1). In general, the more hydrophobic conjugates
showed a trend for increased placental accumulation compared to
the less hydrophobic conjugates, which is likely due to hydrophobic-
ity-driven serum binding profiles.24,30 However, the accumulation of
PC-DCA siRNA was significantly higher than DCA and Chol siRNA,
despite being the least hydrophobic of the three.30 This result suggests
that a choline moiety on hydrophobic conjugates may further drive
placental accumulation. The placental extracellular matrix is rich in
heparan sulfate, a complex acidic glycosaminoglycan with negatively
charged side chains.78 It is possible that these side chains are involved
in electrostatic interactions with the positive charge of the choline
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moiety to increase accumulation in placenta. Further investigation is
required to investigate the role of positive charge in placental entry.

Consistent with previous reports, the impact of duplex symmetry on
in vitro activity is sequence dependent.31,41 Indeed, we found that us-
ing a 20-nt symmetric duplex instead of a 20-nt/15-nt asymmetric
structure reduces target silencing for sFLT1-i13_2283, but not
sFLT1-e15a_2519. sFLT1-i13_2283 may benefit from the lower ther-
modynamic stability offered by a shorter passenger strand because it
has higher G/C content at the 30 end of the guide strand (5 of 7 res-
idues are G/C) compared to sFLT1-e15a_2519 (2 of 7 residues are
G/C), potentially reducing the efficiency of duplex unwinding.
However, further investigation is required to understand the
interplay between sequence and duplex asymmetry. We also confirm
that the extent of duplex asymmetry should be limited, even for
sequences that benefit from it.31,41 For both sFLT1-i13_2283 and
sFLT1-e15a_2519, the use of 12-nt passenger strands entirely inhibits
activity.

The majority of clinical-stage compounds possess a larger fraction of
20-OMe modifications than 20-F modifications.79 20-OMe is more sta-
bilizing against nucleases than 20-F,45 and increasing 20-OMe content
enhances siRNA potency and the duration of effect in vivo for some
sequences.33 Here, we observed that introducing 20-OMe in the guide
strand had a negative impact on activity. However, in some cases,
pairing 20-OMe-rich guide strands with 20-OMe-rich passenger
strands improved activity (Figure S3), suggesting that chemical modi-
fication patterns of the guide and passenger strands should be opti-
mized in tandem. 20-OMe rich scaffolds with very limited 20-F
(86% or 94% 20-OMe per molecule) demonstrated in vitro activities
comparable to that of the original 20-OMe/20-F scaffold (Figure 4)
in a sequence-specific manner. sFLT1-e15a_2519 maintained full po-
tency, but sFLT1-i13_2283 decreased slightly. As 20-F incorporation
is a point of safety concern,80 reducing 20-F content to less than
15% is exciting and may generate a stable, safe clinical candidate.
Nevertheless, because 20-OMe tolerance is sequence dependent, iden-
tifying additional 20-OMe-rich siRNAs will require extensive
screening.

Using the 50-VP modification further enhanced silencing efficiency
(Figure 5). However, the degree of improvement, both in accumula-
tion and levels of silencing, was relatively small (extra 13 mg/g accu-
mulation; 14% difference in mRNA expression). Thus, 50-VP is likely
not needed for delivery to tissues with high siRNA accumulation.
Indeed, the FDA-approved, fully modified GalNAc siRNA givosiran69

contains a 50-OH modification70 and induces long-term silencing in
liver.71–73 However, in tissues with lower siRNA accumulation,
such as placenta, even small improvements could be clinically
significant (Figures 2 andS1). Future work should explore the clinical
significance of 50-VP incorporation in tissues of low siRNA
accumulation.

Combining 50-VP, 20-OMe-rich content, sequence-specific duplex
asymmetry, and the PC-DCA conjugate into sFLT1-targeting
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siRNAs significantly improved in vivo silencing efficiency in mouse
placenta compared to the first-generation compound (Figure 7).
We also observed that PC-DCA compound was better tolerated
than the Chol siRNA, with pronounced activation of select interleu-
kins, CSFs, and chemokines with the Chol compound (Figure 8).
Despite the vast majority of injected Chol siRNA accumulating in
liver, no changes in liver damage markers (e.g., amino-transferases)
were observed.21 Thus, the dose-limited toxicity is likely related to
the significant transduction of bone marrow monocytes. The shift
to PC-DCA from Chol significantly decreases monocyte transduction
(Figure 6), translating into better tolerability. Collectively, these find-
ings are clinically significant; with the ability to deliver fully modified,
conjugated siRNAs to a wide range of tissues (including immune
cells), it is critical to find a conjugate that balances optimal activity
with minimal toxicity.

The RNAi therapeutics field is exploding and hydrophobic conjuga-
tion of fully modified siRNAs is paving a way as a class of compounds
with a promising therapeutic future.30,81 The optimization approach
presented in this study provides a framework for modulating factors
to test fully modified conjugated siRNAs and advance them toward
the clinic.

MATERIALS AND METHODS
Oligonucleotide synthesis

Oligonucleotides were synthesized by phosphoramidite solid-phase
synthesis using modified (2ʹ-F, 2ʹ-O-Me) phosphoramidites with
standard protecting groups, on a MerMade12 (Biosearch Technolo-
gies, Novato, CA) or on a Dr Oligo 48 (Biolytic, Fremont, CA), using
modified protocols. Phosphoramidites were prepared at 0.1 M in
anhydrous acetonitrile (ACN), with added dry 15% dimethylforma-
mide in the 20-OMe-uridine amidite. 5-(Benzylthio)-1H-tetrazole
(BTT) was used as the activator at 0.25 M. Detritylations were per-
formed using 3% trichloroacetic acid in dichloromethane. The
capping reagents used were CAP A, 20% n-methylimidazole in
ACN, and CAP B, 20% acetic anhydride, 30% 2,6-lutidine in
ACN (synthesis reagents were purchased at AIC, Westborough,
MA). Sulfurization was performed with a 0.1-M solution of
3-[(dimethylaminomethylene)amino]-3H-1,2,4-dithiazole-5-thione
(DDTT) in pyridine (Chemgenes, Wilmington, MA) for 4 min. Phos-
phoramidite coupling times were 4 min. 50-Vinyl tetra phosphonate
(pivaloyloxymethyl) 20-O-methyl uridine 30-CE phosphoramidite
(VP) was used for the 50-vinyl-phosphonate coupling when needed.
Cy3 phosphoramidite (Quasar 570 CE) was purchased from
GenePharma (Shanghai, China). All of the other amidites were pur-
chased from Chemgenes. Unconjugated oligonucleotides were syn-
thesized on 500-Å long-chain alkyl amine (LCAA) controlled pore
glass (CPG) functionalized with Unylinker terminus (Chemgenes).
Cholesterol-conjugated oligonucleotides were made on a 500-Å
LCAA-CPG support, where the cholesterol moiety is bound to
tetra-ethylenglycol through a succinate linker (Chemgenes). Divalent
oligonucleotides (DIO) were synthesized on a modified solid sup-
port.39 DCA-, DHA-, and PC-DCA-conjugated oligonucleotides
were synthesized on a modified solid support.30
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Deprotection and purification of oligonucleotides for sequence

screening

The columns containing unconjugated and cholesterol-conjugated
oligonucleotides attached to the solid support were deprotected 1 h
at room temperature with methylamine gas (Airgas). Columns with
deprotected oligonucleotides were rinsed out with a mixture of
0.1 M sodium acetate in 85% ethanol, followed by 85% ethanol
wash, the excess ethanol was dried from the columns, and the oligo-
nucleotides were flushed out in water.

Deprotection and purification of oligonucleotides for in vivo

experiments

Conjugated and Cy3-labeled oligonucleotides were cleaved and
deprotected in 28%–30% ammonium hydroxide and 40% aqeous
methylamine (AMA) in a 1:1 ratio for 2 h at room temperature.
The VP-containing oligonucleotides were cleaved and deprotected
as previously described.82 Briefly, CPG with VP oligonucleotides
was treated with a solution of 3% diethylamine in 28%–30% ammo-
nium hydroxide at 35�C for 20 h.

The solutions containing cleaved oligonucleotides were filtered to
remove the CPG and dried under vacuum. The resulting pellets
were re-suspended in 5% ACN in water. Purifications were per-
formed on an Agilent 1290 Infinity II HPLC system. VP- and
DIO-conjugated oligonucleotides were purified using a custom
20 � 150 mm column packed with Source 15Q anion exchange
resin (Cytiva, Marlborough, MA); run conditions: eluent A,
10 mM sodium acetate in 20% ACN in water; eluent B, 1 M sodium
perchlorate in 20% ACN in water; linear gradient, 10%–35% B for
30 min at 40�C. Hydrophobic-conjugated and Cy3-labeled oligonu-
cleotides were purified using a 21.2 � 150-mm PRP-C18 column
(Hamilton, Reno, NV); run conditions: eluent A, 50 mM sodium ac-
etate in 5% ACN in water; eluent B, 100% ACN; linear gradient,
25%–60% B for 30 min at 60�C. Flow was 30 mL/min in both
methods and peaks were monitored at 260 nm and for labeled oli-
gos at 550 nm. Fractions were analyzed by liquid chromatography-
mass spectrometry (LC-MS), and pure fractions were dried under
vacuum. Oligonucleotides were re-suspended in 5% ACN and de-
salted by size exclusion on a 25 � 250-mm custom column packed
with Sephadex G-25 media (Cytiva) and lyophilized.

LC-MS analysis of oligonucleotides

The identity of oligonucleotides was verified by LC-MS analysis on an
Agilent 6530 accurate mass Q-TOF using the following conditions:
buffer A: 100 mM 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and
9 mM triethylamine (TEA) in LC-MS grade water; buffer B:
100 mM HFIP and 9 mM TEA in LC-MS grade methanol; column,
Agilent AdvanceBio oligonucleotides C18; linear gradient 0%–30%
B 8 min (VP and DIO); 50%–100% B 8 min (hydrophobic conjugated
and labeled oligos); temperature, 60�C; flow rate, 0.5 mL/min. LC
peaks were monitored at 260 nm and for labeled oligos at 550 nm.
MS parameters: Source, electrospray ionization; ion polarity, negative
mode; range, 100–3,200 m/z; scan rate, 2 spectra/s; capillary voltage,
4,000; fragmentor, 180 V.
Deprotection, purification, and LC-MS reagents were purchased from
Fisher Scientific, Sigma-Aldrich, and Oakwood Chemicals.

MS characterization of siRNA strands used for in vivo experiments
are shown in Figures S6–S8.

Injection of conjugated siRNAs into mice

Animal experiments were performed in accordance with animal care
ethics approval and guidelines of the University of Massachusetts
Medical School Institutional Animal Care and Use Committee
(IACUC, protocol no. A-2411) and the Beth Israel Deaconess Medical
Center IACUC Committee (protocol no. 027-2020). Female CD1
mice at 6–8 weeks of age (The Jackson Laboratory, Bar Harbor,
ME) received an intrascapular subcutaneous injection with 150 mL
PBS (PBS controls) or with the indicated amount of siRNA (uncon-
jugated or lipid conjugated) suspended in 150 mL PBS. Pregnant
females were injected on embryonic day (E)13 and/or E14.

Fluorescence microscopy

At 48 h post-injection, mice were euthanized (0.5 mL ketamine and
xylazine mixture/mouse) and perfused with PBS. Tissues were
collected and immersed in 10% formalin solution overnight at 4�C.
Tissues were embedded in paraffin and sliced into 4-mm sections
that were mounted on glass slides. Tissue sections on glass slides
were deparaffinized by incubating twice in xylene for 8 min. Sections
were rehydrated in an ethanol series from 100% to 95%–80%, for
4 min each. Slides were then washed with PBS for 2 min, incubated
with DAPI (250 ng/mL, Molecular Probes, Eugene, OR) in 10�
PBS for 2 min, and washed again in PBS for 2 min. Slides were
mounted with PermaFluor mounting medium (Molecular Probes)
coverslips and dried overnight at 4�C. Sections were imaged at 10�
using a Leica DM5500B microscope (Leica, Wetzlar, Germany) fitted
with a DFC365 FX fluorescence camera.

PNA hybridization assay

Tissue concentrations of antisense strands were determined using a
PNA hybridization assay.40,83 Tissues (liver, kidney 5 mg; placenta
13 mg) were placed in QIAGEN (Hilden, Germany) collection micro-
tubes holding 3-mm tungsten beads and lysed in 200 mL MasterPure
tissue lysis solution (EpiCentre) containing 0.2 mg/mL proteinase K
(Invitrogen, Carlsbad, CA) using a QIAGEN TissueLyser II. Lysates
were then centrifuged at 1,000 � g for 10 min and incubated for
1 h at 55�C–60�C. Sodium dodecyl sulfate (SDS) was precipitated
from lysates by adding 30 mL 3 M potassium chloride and pelleted
centrifugation at 5,000� g for 15 min. Conjugated siRNAs in cleared
supernatant were hybridized to a Cy3-labeled PNA probe fully com-
plementary to the antisense strand (PNABio, Thousand Oaks, CA).
Samples were analyzed by high-performance liquid chromatography
(HPLC) (Agilent, Santa Clara, CA) over a DNAPac PA100 anion-ex-
change column (Thermo Fisher Scientific, Waltham, MA), in a
gradient of sodium perchlorate, as follows: Buffer A: 50% water;
50% ACN; 25 mM Tris-HCl, pH 8.5; 1 mM ethylenediaminetetraac-
etate. Buffer B: 800 mM sodium perchlorate in buffer A. Gradient
conditions: 10% buffer B within 4 min, 50% buffer B for 1 min, and
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50%–100% buffer B within 5 min. Cy3 fluorescence was monitored
and peaks integrated. Final concentrations were ascertained using
calibration curves generated by spiking known quantities of lipid-
conjugated siRNA into tissue lysates from an untreated animal.
Representative PNA standard curves for siRNA quantitation in
tissues are shown in Figure S4. Spiked samples for calibration and
experimental samples were processed and analyzed under the same
laboratory conditions. Representative HPLC chromatograms used
for PNA quantification of siRNA in tissues are shown in Figure S5.

Cell culture (HeLa and WM-115 cells)

HeLa cells (ATCC, #CCL-2) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Cellgro, #10-013CV) and WM-115 cells
(ATCC CRL-1676) were maintained in Eagle’s minimum essential
medium (EMEM) (Sigma-Aldrich, M0643). The media was supple-
mented with 9% fetal bovine serum (FBS) (#26140, Gibco, Waltham,
MA), and all of the cells were grown at 37�C and 5% CO2. Cells were
split every 2–7 days, and discarded after 15 passages.

Transfection of sFLT1-i13 and sFLT1-e15a target sequences into

HeLa cells

cDNA sequences corresponding to 20-nt-long, unique regions of
sFLT1-i13 and/or sFLT1-e15a targetmRNAs (seeTable S2)were cloned
into psiCheck-2 vectors (C8021, Promega, Madison, WI) according to
themanufacturer’s protocol.HeLa cellswereplated (36 or 66 cells/10-cm
dish; see Table S2) and grown overnight (O/N) to �80% confluency
before being transfected with 24 mg psiCheck-2 plasmid. Transfections
were performed using Lipofectamine 2000 (11668019, Invitrogen) ac-
cording to the manufacturer’s protocol. Transfected cells were grown
O/N before transfer and treatment with siRNAs.

Direct delivery (i.e., passive uptake) of oligonucleotides

Transfected HeLa cells were diluted to 8,000–10,000 cells/50 mL
DMEM containing 6% FBS; WM-115 cells were diluted to 25,000
cells/50 mL EMEM containing 4.5% FBS. siRNAs were diluted to twice
the maximum test concentration in OptiMEM (31985-088, Carlsbad,
CA;) and serially diluted to create 7-point dose responses (see
Table S2 for dilution scheme). Diluted siRNA 50 mL was added to
50 mL diluted cells in 96-well cell culture-treated plates, resulting in
a final concentration of 1.5 mM siRNA for the maximum dose and
3% or 2.25% FBS. Cells were incubated for 72 h at 37�C and 5% CO2.

Method for quantitative analysis of target mRNA expression

HeLa cells: mRNA was quantified using the Dual-Glo Luciferase
Assay System according to the manufacturer’s protocol (#E2940,
Promega). Luminescence was detected on a Veritas Luminometer
(#998-9100, Promega) or a Tecan M1000 (Tecan, Morrisville, NC).
For each cell treatment plate, control reporter (fLuc) was used as a
normalization control, and data were plotted as a percentage of the
mean results from untreated cells.

WM-115 cells: mRNA was quantified using the QuantiGene 2.0 assay
kit (QS0011, Affymetrix, Santa Clara, CA). Cells were lysed in 250 mL
diluted lysis mixture composed of 1 part lysis mixture (13228, Affy-
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metrix), 2 parts H2O, and 0.167 mg/mL proteinase K (QS0103, Affy-
metrix), for 30 min at 55�C. Probe sets for human sFLT1-i13,
sFLT1-e15a, andHPRT (SA-50459, SA-50496, SA-10030, Affymetrix)
were diluted and used according to the manufacturer’s recommended
protocol. Cell lysates were mixed thoroughly before 20–60 mL lysate
and 20 mL probe set mixture were added to each well of a capture plate
in triplicate. Lysis mixture, 20–60 mL, diluted in 2 parts H2O was also
added, such that each well contained 100 mL total. For each cell treat-
ment plate,HPRT was used as a normalization control, and data were
plotted as a percentage of the mean results from untreated cells.

Immune cell isolation and FACS analysis

Eight-week-old female mice were injected subcutaneously with a
panel of Cy3-labeled siRNA variants. After 24 h, mouse femur bone
was dissected and femur bone marrow cells were isolated by flushing
dissected femur bones with PBS using a 23-G needle onto a 40-mmcell
strainer placed in a 50-mL conical tube. The bone marrow was then
smashed using a 5-mL plunger, followed by rinsing of the strainer
with PBS. The cell solution collected in the 50-mL tube was centri-
fuged at 350 g for 5 min at room temperature and washed once
with PBS. Cell numbers were adjusted to 107 cells/mL, and 100 mL
of these cells were stained with FITC-CD11b (#11-0118-42,
eBioscience, Hatfield, UK) and Pacific Blue-GR-1 (#RM3028, Invitro-
gen) antibodies according to the manufacturer’s recommendations to
identify cell populations. Cells were analyzed using Cytoflex LX
(Beckman Coulter Life Sciences, Indianapolis, IN) and gated appro-
priately to identify singlets, CD11b+ monocytes, and Gr-1+ granulo-
cytes. The compensation matrix was defined based on single-color
controls. All graphical and statistical analyses were performed using
FlowJo according to the manufacturer’s instructions.

Serum cytokine measurements

Blood was collected from mice 24 h post-injection via cardiac punc-
ture in a serum separator tube, allowed to stand at room temperature
for 10 min and then centrifuged at 1,500 � g for 10 min at 4�C to
separate the serum from other blood components. The serum was
then analyzed for cytokine levels using the Cytokine & Chemokine
36-Plex Mouse ProcartaPlex Panel 1A (Invitrogen) according to the
manufacturer’s instructions.

Statistical analyses

Dose-response data were analyzed using GraphPad Prism 9.0 soft-
ware (GraphPad Software, San Diego, CA). Concentration-depen-
dent IC50 curves fitted using the log(inhibitor) versus response – var-
iable slope (4 parameters) method. The lower limit of the curve was
set to >0, and the upper limit of the curve was set to a constant =
100. AUCs calculated using automatic software settings (i.e., baseline:
Y = 0, minimum peak height: ignore peaks <10% of the distance from
Ymin to Ymax). Statistical outliers were identified using Q = 1% and
were excluded from the calculations of the fitted curve and AUC.
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