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Interleukin-1 beta (IL-1b) plays a central role in the induction of
rheumatoid arthritis (RA). In the present study, we demon-
strated that lipidoid-polymer hybrid nanoparticle (FS14-NP)
can efficiently deliver siRNA against IL-1b (siIL-1b) to macro-
phages and effectively suppress the pathogenesis of experi-
mental arthritis induced by collagen antibody (CAIA mice).
FS14-NP/siIL-1b achieved approximately 70% and 90% gene-
silencing efficiency in the RAW 264.7 cell line and intraperito-
neal macrophages, respectively. Intravenous administration of
FS14-NP/siRNA led to rapid accumulation of siRNA in macro-
phages within the arthritic joints. Furthermore, FS14-NP/siIL-
1b treatment lowered the expression of pro-inflammatory cyto-
kines in arthritic joints and dramatically attenuated ankle
swelling, bone erosion, and cartilage destruction. These results
demonstrate that FS14-NP/siIL-1b may represent an effective
therapy for systemic arthritis and other inflammatory disorders.
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INTRODUCTION
Rheumatoid arthritis (RA) is one of the most common systemic auto-
immune disorders that primarily affects the joints and is characterized
by hyperplasia, vascularization, and infiltration of inflammatory cells.
RA can lead to systemic complications, bone destruction, and
disability.1,2 Increased secretion of pro-inflammatory cytokines by im-
mune cells is essential for the induction and development of RA.3,4

Among the pro-inflammatory cytokines, interleukin-1 (IL-1), tumor
necrosis factor alpha (TNF-a), and interleukin-6 (IL-6) are mainly
produced by macrophages and have been reported to be key regulators
accelerating inflammation and stimulating the secretion of matrix-de-
grading enzymes such as matrix metalloproteinases (MMPs).1,5,6 As
one of the most important cytokines in RA, the IL-1 family is associ-
ated with acute and chronic inflammation. IL-1b has been identified
as a therapeutic target that is overexpressed in synovial fluid at high
concentrations, and it has been shown to induce bone erosion and
cartilage destruction by stimulating MMP expression.7,8

The main strategy of RA treatments is disease-modifying antirheu-
matic drugs (DMARDs), which are further classified into biological
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DMARDs (bDMARDs) and synthetic DMARDs (sDMARDs).9

For example, inhibition of IL-1b by antagonists has shown a great
anti-inflammatory effect and can prevent recurrent bouts of the
disease.8,10,11 However, administration of these bDMARDs (mainly
antagonists such as monoclonal antibodies) may provoke serious
infections and acute anaphylaxis.12,13 Also, sDMARDs, e.g., metho-
trexate (MTX) and leflunomide (LEF), are often associated with
side effects, such as liver damage, bone marrow suppression, and sys-
temic complications (S. Arava et al., 2013, Ann. Rhum. Dis.,
abstract).14

RNAi is an important mechanism for regulating gene expression by
small RNA molecules via mRNA cleavage or translational inhibition.
Small interfering RNA (siRNA), one of the most potent RNA-based
gene regulators, can specifically downregulate virtually any target
gene via RNAi, and this process has been used widely for treatment
of a variety of diseases.15–18 As such, the delivery of siRNAs to mac-
rophages provides an alternative strategy for RA treatment.19–21

However, the application of siRNAs has been hindered by a series
of biological barriers, including enzymatic degradation in blood cir-
culation, activation of the immune system, limited membrane
crossing, and endosomal or lysosomal entrapment.22 As a result, a va-
riety of delivery systems for siRNA have been developed to protect
siRNAs and overcome these barriers.23 In the past few decades, the
development of siRNA delivery methods based on peptides,24–26

polymers,27–29 liposomes,30–34 and lipid-like materials35,36 has
achieved great success. However, there are still serious in vivo delivery
issues concerning low transfection efficiency and toxicity that remain
unresolved.37–39 Recently, we have developed a novel polymer-lipi-
doid hybrid nanoparticle (FS14-NP) that is composed of Pluronic
an Society of Gene and Cell Therapy.
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Figure 1. Schematic Illustration of the Synthesis of Lipidoid-Polymer-Based Nanoparticles and the Delivery of siRNA to CAIA Mice for Suppression of the

Pathogenesis of RA
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F127 and spermidine-based lipidoid (S14), which presents superior
transfection efficiency in macrophages and excellent in vivo silencing
in inflammatory models (C.Y., unpublished data).

In the present study, we evaluated the intracellular uptake and gene-
silencing efficacy of siRNA against IL-1b, when delivered by polymer-
lipidoid hybrid nanoparticles in both RAW 264.7 cells and intraper-
itoneal macrophages. We also investigated the biodistribution and
therapeutic effects of FS14-NP/siIL-1b in mice with collagen-anti-
body-induced arthritis (CAIA).

RESULTS
Preparation and Characterization of FS14-NP

FS14-NP was synthesized by a nanoprecipitation method wherein a
mixture of S14 and F127 is injected into acetate buffer. FS14-NP/
siRNA complexes were further prepared through electrostatic inter-
actions by incubating the particles with siRNAs (Figure 1). The
FS14-NP measured 81.5 ± 2.07 nm in diameter with a polydispersity
index (PDI) of 0.25 ± 0.01 and was positively charged at
approximately +22 mV (Figure 2A, Table 1). After complexation
with siRNA, the size of the FS14-NP/siRNA complex increased to
131.2 ± 3.22 nm, with a PDI of 0.34 ± 0.01. Both FS14-NP and
FS14-NP/siRNA showed well-dispersed distribution and spherical
shape from TEM imaging with diameters of approximately 81 and
138 nm, respectively (Figure 2B). Encapsulation efficiency was
further tested, showing that FS14-NP exhibited around 80% encap-
sulation efficiency at a weight ratio of 5 (S14 to siRNA) without any
significant change when the weight ratio was further increased to 7.5
(Figure S1A). The FS14-NP also exhibited high loading capacity
(siRNA loaded:total nanoparticle weight � 100) of approximate
5.1 wt% for siRNA at the weight ratio of 5 (corresponding to an
N/P ratio of 5.2).
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Figure 2. Characterization of FS14-NP and FS14-NP/siRNA Complex

(A) Hydrodynamic size of FS14-NP and FS14-NP/siRNA by DLS. (B) Representative

TEM images of FS14-NP and FS14-NP/siRNA complexes.

Table 1. Characterization of FS14-NP and FS14-NP/siRNA

Formulations Size (nm) PDI Zeta Potential (mV)

FS14-NP 81.5 ± 2.07 0.25 ± 0.01 +21.8 ± 0.78

FS14-NP/siRNA 131.2 ± 3.22 0.34 ± 0.01 +21.4 ± 0.71

Molecular Therapy
In Vitro Bioactivity of FS14-NP

The in vitro uptake properties of FS14-NP encapsulated Cy3-labeled
siRNA (FS14-NP/Cy3-siRNA) were first evaluated in the RAW 264.7
macrophage cell line treated with or without lipopolysaccharide
(LPS), and compared with naked Cy3-siRNAs. Uptake of FS14-NP/
Cy3-siRNA was dramatically increased upon activation of the macro-
phages with LPS, compared to non-activated macrophages. In
contrast, there was almost no signal in activated or non-activated
macrophages when treated with naked Cy3-siRNA (Figure 3A). In
accordance with the confocal microscopy images, quantitative evalu-
ation of cellular uptake for FS14-NP/Cy3-siRNA by flow cytometry
showed an approximately 1.5 times higher fluorescence intensity in
activated macrophages than in non-activated cells (Figure 3B). Co-
staining endosomes with LysoTracker Green (green) showed only a
partial overlap with Cy3-siRNAs (red) delivered by FS14-NPs after
8 h (Figure 3C), suggesting that most nanoparticles escaped the endo-
somes and released the siRNA into the cytoplasm.

Furthermore, the gene-silencing efficiency of FS14-NP/siIL-1b was
measured on both RAW 264.7 cells and isolated primary intraper-
itoneal macrophages. The observed IL-1b gene-silencing efficiency
of FS14-NP/siIL-1b in RAW 264.7 was over 70%, compared to
60% when using the commercial transfection reagent TKO (Mirus;
Figure 3D). Even more significantly, FS14-NP/siIL-1b suppressed
IL-1b expression in primary macrophages by over 95% compared
with 70% for TKO/siIL-1b. Moreover, transfection with TKO
seemed more toxic to the cells, as indicated by the dramatic reduc-
tion of IL-1b expression by TKO-scrambled negative control (siNC;
Figure 3E). Importantly, FS14-NP/siRNA exhibited over 90% cell
viability after a 24 h incubation on RAW 264.7 cells at different
1426 Molecular Therapy Vol. 27 No 8 August 2019
weight ratios (from 1.5 to 7.5; Figure S1B), confirming its high
biocompatibility.

Accumulation of FS14-NP/siRNA in Arthritic Joints

To investigate the accumulation of the developed delivery system to
the arthritic joints, FS14-NP encapsulated Cy5.5-labeled siRNA
nanoparticles (FS14-NP/Cy5.5-siRNA) were intravenously injected
into CAIA mice. Subsequently, the mice were scanned with an IVIS
200 imaging system (Xenogen, Caliper Life Sciences, Hopkinton,
MA, USA) at different time points. The results demonstrated that
FS14-NP/Cy5.5-siRNA exhibited much stronger signals in the in-
flamed joints after 4 h compared with free Cy5.5-siRNA, and the
signal remained detectable for more than 24 h (Figures 4A and S2).
Also, FS14-NP/Cy5.5-siRNA resulted in higher accumulation in the
liver, whereas free Cy5.5-siRNA was detected only in the kidneys
(Figure 4B). More importantly, paws dissected from FS14-NP/
Cy5.5-siRNA-treated mice demonstrated much stronger fluorescent
signals than free Cy5.5-siRNA, especially in the ankles (Figure 4C),
confirming greater accumulation of FS14-NP/Cy5.5-siRNA in
arthritic joints.

We also observed a great number of synovial macrophages in the vi-
cinity of blood vessels (outlined by a white line in Figure 4D), and
high levels of Cy5.5 signals (red) were found in the paw tissues
from mice that received the FS14-NP/Cy5.5-siRNA treatment. In
contrast, only negligible Cy5.5 signals were obtained from tissues
from mice undergoing free Cy5.5-siRNA treatment. Furthermore,
immunohistochemical staining showed that the majority of FS14-
NP/Cy5.5-siRNA co-localized with macrophages, indicating prefer-
ential uptake into macrophages.

In Vivo Therapeutic Efficacy of FS14-NP/siRNA in CAIA Mice

Arthritis was induced in CAIA mice by intravenous injection of an
antibody cocktail on day 0 and intraperitoneal injection of LPS on
day 3 (CAIA mice). The CAIA mice were subsequently randomized
into three groups, and PBS, FS14-NP/siIL-1b, or non-specific siRNA
control particles (FS14-NP/siNC) were administered intravenously
on days 2, 4, 5, and 7, respectively. Arthritis score, bodyweight loss,
and ankle thickness were recorded from days 0 to 9. The results
showed that FS14-NP/siIL-1b efficiently suppressed the ankle
swelling and arthritis scores during arthritis progression. Representa-
tive images of hindpaws and forepaws from mice treated with FS14-
NP/siIL-1b exhibited dramatic reduction in ankle swelling compared
with paws from mice treated with PBS and FS14-NP/siNC on day 9
(Figure 5A). Quantification of ankle thickness and arthritis score
showed significant suppression from day 5 until at least day 9 (Figures
5B and 5C). FS14-NP/siIL-1b showed approximately 73% and 52%



Figure 3. In Vitro Uptake and Gene-Silencing Effect of FS14-NP/siRNA

(A) Confocal microscopy showing cellular uptake of FS14-NP/Cy3-siRNA by both non-activated and LPS-activated RAW264.7 cells. (B) Quantification of Cy3-labeled siRNA

uptake inmacrophages by flow cytometry. (C) Confocal microscopy images showing endosome escape of Cy3-siRNA (red) after an 8 h incubation with primarymacrophages

(red arrows indicate that siRNA escaped from the endosome into the cytoplasm; white arrows indicate some siRNA still co-localized within the endosome). (D)

mRNA expression level of interleukin-1b (IL-1b) in RAW 264.7 cells and (E) primary peritoneal macrophages after transfection with FS14-NP/siIL-1b. Data are presented as

means ± SD (n = 3); **p < 0.01, ***p < 0.001.
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reduction in arthritis score and ankle thickness compared to control
FS14-NP/siNC on day 9. In addition, the mice receiving FS14-NP/
siIL-1b (�11%) did not lose as much bodyweight as those treated
with PBS (�18%) or FS14-NP/siNC (�17%) (Figure 5D). Moreover,
the H&E staining of the liver frommice treated with FS14-NP/siIL-1b
demonstrated less infiltration of inflammatory cells (darker cells),
similar to that in untreated mice (Figure S3). Taken together, the re-
sults indicate that FS14-NP/siIL-1 induces remission of systemic
inflammation without exerting adverse effects in vivo.
Expression of Inflammatory Cytokines in Joints

The expression of pro-inflammatory cytokines in joints wasmeasured
at both the mRNA and protein levels. In correlation with the
improved clinical indexes above, FS14-NP/siIL-1b significantly
reduced not only the expression of its IL-1b mRNA target, but also
mRNAs for pro-inflammatory factors and matrix-degrading enzymes
(IL-1b, TNF-a, MMP-3, and MMP-13) in the paws (Figures 6A and
6C–6E). No significant difference in mRNA expression was observed
between administration with PBS and FS14-NP/siNC. Consolidating
Molecular Therapy Vol. 27 No 8 August 2019 1427
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Figure 4. FS14-NP/siRNA Accumulation in

Inflammatory Joints

Arthritic mice were injected intravenously with (a) FS14-NP/

Cy5.5-siRNA, (b) free Cy5.5-siRNA, and (c) PBS. (A) In vivo

imaging showing accumulation of FS14-NP/Cy5.5-siRNA

in arthritic joints at 24 h after injection. (B) Organs and (C)

paws were imaged after 24 h injection. (D) Co-localization of

FS14-NP/Cy5.5-siRNA (red) with synovial macrophages

(F4/80, green). Nuclei were stained with DAPI (blue), and

blood vessels (V) are outlined (white). Scale bars, 50 mm.
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this result, the suppression of IL-1b by FS14-NP/siIL-1b treatment
was also observed at the protein level (Figure 6B). Moreover, the
expression of IL-1b in non-targeted organs (including the liver,
spleen, and kidney) showed negligible changes when treated with
FS14-NP/siIL-1b, FS14-NP/siNC, or PBS (Figure S4). These results
indicate that the intravenously injected FS14-NP/siIL-1b nanopar-
ticles specifically downregulate gene expression in target tissues
(joint) without adverse effect in the non-target tissues tested in our
study.

Systemic Production of Pro-inflammatory Cytokines

The influence of FS14-NP/siIL-1b on systemic inflammation was
further evaluated. The expression of the pro-inflammatory cytokines
IL-1b, IL-6, TNF-a, and granulocyte-macrophage-colony-stimu-
lating factor (GM-CSF) were measured in blood on day 9. As shown
in Figures 7A and 7B, FS14-NP/siIL-1b significantly suppressed the
systemic expression of IL-1b and -6 when compared to FS14-NP/
siNC treatment, with approximately 40% and 80% reduction, respec-
1428 Molecular Therapy Vol. 27 No 8 August 2019
tively. Although the downregulation of IL-1b
may reflect the direct silencing of the gene expres-
sion, the decline of IL-6 is probably a sign of gen-
eral lowered state of inflammation in the joints.
No significant difference was obtained in the
expression of TNF-a (Figure S5) and the expres-
sion of GM-CSF was too low to be detected for all
the treatments (data not shown).

Attenuation of Bone Destruction by Silencing

of IL-1b

To assess the influence of FS14-NP/siRNA on
bone destruction, the mouse legs were scanned
with micro computed tomography (mCT) and
dual energy X-ray absorptiometry (DEXA). 3D
reconstructions of mCT scans of the paws and
knees of mice receiving FS14-NP/siIL-1b treat-
ment showed that the bone erosions did not differ
significantly from those in untreated mice
(normal mice) (Figure 8A). In contrast, mice
treated with PBS or FS14-NP/siNC demonstrated
substantial bone defects at the joints, especially in
the knees, where massive erosions in the cartilage
were observed (indicated by arrows). Addition-
ally, the bone mineral content (BMC) of the paws was determined
by DEXA, which is the same technique used for quantifying BMC
in clinical studies. The BMC of paws from mice treated with FS14-
NP/siIL-1b, PBS, or FS14-NP/siNC were, on average, 16, 14, and
13 mg, respectively. Compared to treatment with PBS or FS14-NP/
siNC, treatment with FS14-NP/siIL-1b was highly effective in pro-
tecting the bone from destruction, showing a BMC similar to that
in normal mice (17 mg; Figure 8B). In addition, bone erosion scores
of paws from PBS, FS14-NP/siIL-1b, FS14-NP/siNC, and untreated
mice were, on average, 2.33, 0.71, 1.08, and 0.25, respectively (Fig-
ure 8C). A significant difference in erosion score was found between
FS14-NP/siIL-1b and PBS treatments, indicating a high proficiency of
FS14-NP/siIL-1b to suppress bone erosion. However, surprisingly, no
significant difference in erosion score was found between FS14-NP/
siIL-1b and FS14-NP/siNC treatments.

Furthermore, the extent of inflammation and cartilage integrity was
assessed by H&E andMasson-Goldner trichrome staining to evaluate



Figure 5. Therapeutic Effect of FS14-NP/siIL-1b on CAIA

Mice

(A) Representative images of paws on day 9; left: hindpaw,

right: forepaw. (B) Clinical scores of arthritic mice treated with

PBS, FSP14/siIL-1b, or FSP14/siNC. (C) Changes in ankle

thickness and (D) bodyweight loss (%) after the indicated

treatment. Data are presented as means ± SD (n = 6); *p <

0.05, **p < 0.01, ***p < 0.001.
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the effects of FS14-NP/siIL-1b. As shown in Figure 8D, the tissue
from FS-NP/siIL-1b-treated mice appeared similar to that of un-
treated mice with smooth edges for collagen staining (pale pink in
H&E-stained sections and blue in Masson-Goldner-trichrome-
stained sections) and no sign of leukocytes influx. In contrast, the sec-
tions from PBS- and FS-NP/siNC-treated mice showed dramatic
infiltration of inflammatory cells and destruction of the cartilage
(red arrows).

In summary, the FS14-based delivery system demonstrated well-
defined physicochemical properties; good in vitro biological perfor-
mance, in terms of internalization and silencing efficiency; and efficient
arthritis suppression in vivodeterminedbyankle swelling, expressionof
pro-inflammatory cytokines, and repression of bone destruction.

DISCUSSION
There have been over 50 clinical trials on the use of siRNAs for the
treatment of various diseases, including diabetic, kidney injuries,
tumors, and virus infections.40 In recent years, many studies have at-
tempted RNAi-based therapies for arthritis, which offer new possibil-
ities in the field, in order to avoid the side effects caused by conven-
tional DMARD treatments. Delivery of siRNAs against TNF-a is one
of the most widely used therapeutic strategies for RNAi-based
arthritis treatment. Chitosan- and peptide-based siRNA polyplexes
have been used through both intravenous and intraperitoneal admin-
istration for the treatment of collagen-induced arthritis (CIA) mice
and CAIA mice.41–43 siRNAs against the p65 subunit of NF-kB,
Notch 1, and CD40 among others, were also investigated for the treat-
ment of arthritis.44–46 However, siRNA-based therapies in rheuma-
tology and delivery of siRNA against various biomarkers for arthritis
demand more investigation.
M

IL-1b is an important marker of the severity of RA.47

The use of antibodies against IL-1b in RA has been
shown to be effective, although to a lesser degree
than anti-TNF antibodies. In autoinflammatory dis-
eases,48 as well as in children with systemic juvenile
idiopathic arthritis, anti-IL-1b is highly effective,
which has led to its use in these.49,50 Thus, the func-
tion of IL-1 inhibitory treatment is still worth study-
ing in polyarticular arthritic conditions. In the
present study, we describe a novel approach for
anti-inflammatory treatment of arthritis in vivo by
IL-1b silencing, mediated by our in-house-devel-
oped lipidoid-siRNA lipoplex. Lipidoids with hydro-
phobic chains of 14 carbons in length were synthesized, as they were
more likely to provide high gene-silencing efficiency.51 FS14-NP
with a condensed structure was formulated through hydrophobic in-
teractions among the lipidoid S14 and F127, in which the amphiphilic
triblock copolymer F127 forms a hydrophilic corona and helps
stabilize the nanoparticles in circulation. The F127 copolymer was
chosen because it is widely used in pharmaceutical applications and
has been approved by the U.S. Food and Drug Administration
(FDA). Cellular uptake studies were conducted in both activated
and non-activated macrophages, and FS14-NP was preferably inter-
nalized by activated macrophages, probably due to the natural phago-
cytic property of macrophages after activation.52 This prompted us to
investigate FS14-NP as a strategy for targeted delivery tomacrophages
in RA.

In the CAIA mouse model, arthritis is induced by a cocktail of anti-
bodies against type II collagen, which leads to infiltration of macro-
phages and other inflammatory cells in the affected joints.53 During
the development of arthritis, the synovial fluid exhibits a dramatic in-
crease in blood vessels, which are leaky, with abnormal, immature,
dilated morphology.54,55 We observed rapid accumulation of FS14-
NP/siRNA to the arthritic joints (Figure 4A), which could be related
to the enhanced-permeability-and-retention (EPR)-like effect of our
nanoparticles.56,57 However, the determination by immunohisto-
chemical staining of the co-localization of FS14-NP/siRNAwith mac-
rophages (Figure 4D) indicates that the particles may be deposited
into the joints primarily via infiltrating macrophages that had en-
gulfed the particles by endocytic uptake.

Early therapeutic intervention can reduce joint damage, promote
remission of inflammation, and improve the clinical outcome.58 In
olecular Therapy Vol. 27 No 8 August 2019 1429
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Figure 6. FS14-NP/siIL-1b Downmodulate

Inflammatory Cytokines in Arthritic Joints

Paws were isolated on day 9 and homogenized. The mRNA

expression for (A) IL-1b, (C) TNF-a, (D) MMP-3, and (E)

MMP-13 were measured by real-time PCR, relative to

GAPDH. Paw lysates were collected, and the expression of

the inflammatory cytokine (B) IL-1b was assayed by ELISA;

*p < 0.05, ***p < 0.001.
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our study, particles were pre-administered intravenously at day 2
before LPS induction (day 3) followed by administration at days 4,
5, and 7. The therapeutic effect of FS14-NP/siIL-1b treatment was
evidenced by the suppression of arthritis score, ankle thickness, and
the reduction in the expression of pro-inflammatory biomarkers,
such as IL-1b, TNF-a, MMP-3, and MMP-13. Specific suppression
of IL-1b expression upon FS14-NP/siIL-1b delivery suggests that
sequence-specific silencing of the target gene was achieved. MMPs
are matrix-degrading proteinases often associated with bone and
cartilage destruction, and the expression of MMPs is stimulated by
IL-1b overexpression.59 In accordance with these results, we found
that expression levels of both MMP-3 and -13 were downregulated
when IL-1b was silenced by FS14-NP/siIL-1b treatment (Figures
6C and 6D). In contrast, we found no evidence of IL-1b knockdown
by FS14-NP/siIL-1b in other tested tissues, leaving the physiological
function of other tissues largely undisturbed. Also, we found that
FS14-NP/siIL-1b triggered downregulation of the pro-inflammatory
cytokines IL-1b and -6 in the serum collected on day 9.
1430 Molecular Therapy Vol. 27 No 8 August 2019
Delivery of siIL-1b by FS14-NP significantly sup-
pressed joint destruction, indicated by a high
BMC (Figure 8B) and reduced bone erosion (Fig-
ures 8A and 8C). The patellae from some of the
knees in Figure 8A were missing or incomplete,
which may be because of the damage sustained
during dissection when isolating the bones from
the muscles. Moreover, the erosion score with a
trend similar to that of the arthritis score (Figures
5B, 5C, and 7C) suggests that the severity of the
bone destruction is correlated with the arthritic
index. Finally, the reduced influx of inflammatory
cells and the preservation of cartilage integrity by
FS14-NP/siIL-1b were also supported by the his-
tological investigations.

In summary, we have demonstrated that the
silencing of IL-1b by FS14-NP/siIL-1b signifi-
cantly suppressed the paw swelling, expression
of inflammatory cytokines, and progressive
bone destruction in a mouse model of RA.
Moreover, the treatment also exhibited systemic
anti-inflammatory effects with reduced expres-
sion of pro-inflammatory cytokines in the cir-
culation without affecting gene expression in
non-target tissues. The results indicate that
FS14-NP/siIL-1b may represent an effective therapy for arthritis
and possibly also a promising treatment for other inflammatory
disorders.

MATERIALS AND METHODS
Materials

Pluronic F127, spermidine, and 1,2-epoxytetradecane (ETD) were
purchased from Sigma-Aldrich. IL-1b-specific siRNA (siIL-1b) and
siNC were supplied by Integrated DNA Technologies (Coralville,
IA, USA). IL-1b DsiRNA containing sense 50-mAmGCmAGmCU
AUGGmCAmACmUGmUUCCUGmAT-30 and antisense 50-UUmC
AGGAAmCAmGUmUGCCAUAGCUmGCmUmUmC-30; negative
control DsiRNA containing sense 50-mCmAUmAUmUGCGCGmU
AmUAmGUmCGCGUUmAG-30 and antisense 50-CUmAACGCG
mACmUAmUACGCGCAAUmAUmGmGmU-30; and siEGFP with
sense 50-GACGUAAACGGCCACAAGUTC-30 and antisense 50-AC
UUGUGG CCGUUUACGUCGC-30were purchased from Ribotask
(Denmark) and labeled at the sense strand with Cy3 or Cy5.5 for



Figure 7. Systemic Expression of Inflammatory

Cytokines

At day 9, blood was collected and the expression of (A) IL-1b

and (B) IL-6 were measured in serum, using the Inflammatory

Cytokine 4-Plex Mouse Panel kit. Data are presented as

means ± SD (n = 6); ***p < 0.001.
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bioimaging. Arthrogen-CIA arthritogenic monoclonal antibody
cocktails and LPS were purchased from Chondrex (USA). Primers
were all purchased from Sigma-Aldrich (Table S1).

Synthesis of Lipidoids

Lipidoids were synthesized by a ring-opening reaction between alkyl
epoxides and amines (C.Y., unpublished data). In the present study,
the lipidoid (S14) was synthesized between 1,2-ETD and spermidine.
Briefly, spermidine and 1,2-ETD were added into a 2 mL glass vial at
molar ratio of 1:4. The mixture was heated to 90�C with stirring and
conducted in the dark for 2 days. Finally, the crude product was
purified through chromatography on silica gel and the developing
solvent from CH2Cl2 to the mixture of CH2Cl2/MeOH/NH4OH
(75:22:3) was used for gradient elution. The obtained product (S14)
was a transparent, pale yellow oil that was kept at�20�C until further
use.

Preparation of Nanoparticles

The lipidoid (S14) nanoparticles were formed by the nanoprecipita-
tion method. Briefly, the synthesized lipidoid (S14) was dissolved in
ethanol at a concentration of 100 mg/mL, and Pluronic F127 was
dissolved in DMSO at a concentration of 100 mg/mL. Thirty micro-
liters of the lipid-polymer mixtures (w/w, S14/F127 = 1:2) was in-
jected quickly into 970 mL acetate buffer (200 mM, pH 5.4) with
stirring, to spontaneously assemble hybrid nanoparticles (FS14-
NP). FS14-NP was purified with double-distilled H2O (ddH2O) in
a 1 kDa dialysis bag for 2 h. A centrifuge with a molecular weight
cutoff (MWCO) of 10 kDa (Pall Corporation) was used for buffer
exchange of the FS14-NP. To encapsulate siRNA, 20 mM of siRNA
solution was mixed with FS14-NP at various weight ratios (weight
of S14 to the amount of siRNA), and the mixture was incubated
at 37�C for 30 min.

Characterization of FS14-NP/siRNA Nanoparticles

The size and zeta potential were determined by DLS at 25�C, with
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The
morphology was examined by transmission electron microscope
(TEM; Technai G2 Spirit) operated at 120 kV. Briefly, nanoparticles
were loaded on a copper grid with carbon film and stained with
uranyl formate. The encapsulation efficiency for siRNA was quanti-
Mo
fied by using RiboGreen reagent (Invitrogen,
Copenhagen) according to the manufacturer’s
instructions, and the fluorescence was measured
at the excitation wavelength of 480 nm and emis-
sion wavelength of 520 nm, using a FLUOStar
Optima (BMG Labtechnologies). Free siRNA was also included as a
reference for the calculation of efficiency.

Cell Culture

RAW 264.7 cells (ATCC, Manassas, VA, USA) were maintained in
DMEM supplemented with 10% fetal bovine serum and 1% peni-
cillin-streptomycin at 37�C in 5% CO2 and 100% humidity.

Primary intraperitoneal macrophages were isolated from C57BL/6J
mice.60 Briefly, 5 mL of ice-cold PBS was injected into the peritoneal
cavity of the mice after sacrifice. The peritoneal fluid was collected by
syringe after gentle shaking. The cells were maintained on ice before
cell culture. Following isolation, the cells were grown in DMEM sup-
plemented with 10% fetal bovine serum and 1% penicillin-strepto-
mycin at 37�C in 5% CO2 and 100% humidity. Finally, the non-
adherent cells (non-macrophages) were washed away before further
treatments.

Cell Viability

Cell viability was evaluated by AlamarBlue assay (Molecular Probes,
Life Technologies) according to the manufacturer’s protocol. Cells
were seeded in a 96-well plate (5� 103 cells/well) and incubated over-
night. The medium was replaced with 100 mL fresh medium contain-
ing FS14-NP/siRNA at a final concentration of 50 nM siRNA at
different weight ratios (S14 to siRNA) of 1.5, 3, 5, and 7.5. The cells
were rinsed with PBS after a 24 h incubation and replaced with
AlamarBlue reagent (10% in medium) for a 2 h incubation at 37�C.
The fluorescence intensity of the supernatant (the medium) was
measured by a plate reader (FLUOstar OPTIMA;Moritex BioScience)
at an excitation wavelength of 540 nm and an emission wavelength of
590 nm.

Cellular Uptake Studies

Internalization of FS14-NP/Cy3-siRNA by LPS-activated macro-
phages was conducted in RAW 264.7 cells.21 Briefly, the cells were
seeded in 8-well tissue culture chambers at a density of 2.5 � 104

cells/well. After overnight incubation, the cells were pre-incubated
with or without LPS (1 mg/mL) for 24 h, after which the medium
was exchanged for fresh medium containing nanoparticles/Cy3-
labeled siRNA at a final concentration of 50 nM siRNA and incubated
lecular Therapy Vol. 27 No 8 August 2019 1431
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Figure 8. Bone Erosion Evaluated by mCT, DEXA, and

Histology

(A) 3D reconstructed mCT images of the paws and knees

from CAIA mice treated with PBS, FS14-NP/siIL-1b, or

FS14-NP/siNC and untreated on day 9. (B) Bone mineral

content (BMC) of paws from mice treated with PBS

(14 mg), FS14-NP/siIL-1b (16 mg), or FS14-NP/siNC

(13 mg) and untreated (17 mg), as determined by DEXA;

means ± SD (n = 6). (C) Clinical erosion score of paws of

mice treated with PBS (2.33), FS14-NP/siIL-1b (0.71), or

FS14-NP/siNC (1.08) and left untreated (0.25) were eval-

uated in a double-blindmanner: 0 represents normal joints,

and 4 represents complete joint destruction. (D) Histolog-

ical sections of paws stained with H&E or Masson Goldner

trichrome. Influx of inflammatory cells and cartilage dam-

age are indicated (red arrows). Means ± SEM (n = 6); *p <

0.05, **p < 0.01; NS represents no significance.

Molecular Therapy
at 37�C for 1 h. After the cells were fixed with 4% paraformaldehyde,
they were stained with Concanavalin A-Alexa Fluor 647 conjugate for
the cell membrane and Hoechst 33342 for the nucleus (Molecular
Probes). The cell uptake was visualized by confocal microscope
(LSM 710; Zeiss, Germany). For the quantification of cell uptake,
5 � 104 cells/well were seeded on a 24-well plate in growth medium
and incubated overnight. After pre-incubation with or without LPS
(1 mg/mL) for 24 h, the medium was exchanged for fresh medium
containing nanoparticles/Cy3-labeled siRNA at a final concentration
1432 Molecular Therapy Vol. 27 No 8 August 2019
of 50 nM siRNA and incubated at 37�C for 1 h.
Finally, the cells were detached by 0.05%
Trypsin-EDTA (Gibco, Invitrogen) and quanti-
fied by flow cytometry (Becton Dickenson).

Cellular uptake and endosome escape were
further studied in primary macrophages that
were seeded in 8-well tissue culture chambers
(Sarstedt, Germany) at a density of 2.5 � 104

cells/well. After overnight incubation, the me-
dium was exchanged for fresh medium con-
taining FS14-NP/Cy3-siRNA at a final con-
centration of 50 nM siRNA and incubated
at 37�C for 8 h. Then, the cells were incu-
bated for 30 min with LysoTracker Green
(Invitrogen), after which the cells were fixed
with 4% paraformaldehyde for 10 min at
room temperature and washed three times
with PBS. The nucleus was then stained
with Hoechst 33342 (Molecular Probes) for
10 min at 37�C. Fluorescent images were ob-
tained with a confocal microscope (LSM 710;
Zeiss, Germany).

Gene-Silencing Efficiency

The silencing efficiency was evaluated on RAW
264.7 cells and primary macrophages. Briefly,
RAW 264.7 cells (5 � 104 cells/well) or primary macrophages (2 �
105 cells/well) were seeded in a 24-well plate and incubated overnight.
FS14-NP/siIL-1b or FS14-NP/siNC was added to the cells at a final
concentration of 50 nM and compared to the commercialized trans-
fection reagent TKO (Mirus). After overnight incubation, the me-
dium was replaced with 800 mL fresh medium and incubated for
another 24 h. The cells were then activated with fresh medium con-
taining 100 ng/mL LPS for 4–6 h. Gene expression was measured
by quantitative PCR.
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Accumulation of Lipidoid-siRNA Nanoparticles to the Inflamed

Joint

The CAIA mouse model was induced with Arthrogen-CIA arthro-
genic monoclonal antibody 5-clone cocktail (Chondrex). Six- to
eight-week-old male DBA/1JRj (Janvier Labs, France) mice were in-
jected intravenously with 1.5 mg/mouse of the monoclonal antibody
cocktail on day 0 and injected intraperitoneally with 50 mg/mouse LPS
(Chondrex) on day 3. At day 7, the mice were intravenously injected
with nanoparticles containing Cy5.5-labeled scrambled siRNA or
naked Cy5.5-siRNA at a dose of 0.5 mg/kg or PBS as the control.
The mice were subsequently scanned after 30 min and 2, 4, and
24 h with an IVIS 200 imaging system (Xenogen, Caliper Life Sci-
ences, Hopkinton, MA, USA) while under anesthesia with 2.5% iso-
flurane (IsoFlo Vet; Abbott). After 24 h, the mice were sacrificed,
and the paws were harvested for immunofluorescence studies to vali-
date the colocalization of nanoparticles withmacrophages. Briefly, the
paws were fixed with neutral buffered formalin for 48 h, decalcified
in 10% EDTA (pH 7.4), embedded in paraffin, and sectioned at
8 mm thickness. The sections were deparaffinated and incubated
with rat anti-mouse F4/80 (1:100 dilution; catalog no. 14-4801;
eBioscience) and Alexa Fluor 488-conjugated AffiniPure Goat anti-
rat IgG (H+L; 1:200 dilution; catalog no. 112-545-003; Jackson
ImmunoResearch). Fluorescent images were taken with a confocal
microscope (LSM 710; Zeiss, Germany).

Treatment of Arthritis by siRNA Delivery

Six- to eight-week-old male DBA/1JRj (Janvier Labs, France) mice
were injected intravenously with 1.5 mg/mouse of the monoclonal
antibody cocktail on day 0 and injected intraperitoneally with
50 mg/mouse LPS (Chondrex) on day 3. The CAIA-induced arthritic
mice were intravenously injected with FS14-NP/siIL-1b or particles
with an equivalent dose of random siRNA (1 mg/kg intravenously
by tail vein) on days 2, 4, 5, and 7. PBS injection was used as the con-
trol. The arthritis condition was evaluated daily, with a scoring system
that had a theoretical maximum of 24 points according to the require-
ment of the Danish Experimental Animal Inspectorate, in which 1
point was assigned for each swollen toe, 1 for tarsal and/or carpal
impact, and 1 for metatarsal and/or metacarpal impact. For ethical
reasons, the animals were sacrificed no later than reaching the score
of 10 or 20% weight loss. The ankle thickness (two hindpaws) was
determined daily with a digital calliper, and the average change in
ankle thickness was calculated. Mice were weighed every second
day, and the percentage of weight loss was calculated. On day 9, the
mice were sacrificed, and their paws, blood, and organs were har-
vested for further analysis.

Evaluation of Bone Destruction

The paws were fixed in 10% buffered formalin for 48 h and washed
with PBS. The BMC of the isolated paws (n = 6) was determined
with a DEXA scanner (pDEXA SabreXL; Norland Stratec, Pforzheim,
Germany) at a pixel size of 0.1 � 0.1 mm2. In addition, the paws and
knees of the mice were scanned in a mCT scanner (mCT 35; Scanco
Medical, Brüttisellen, Switzerland) in high-resolution mode (1,000
projections/180�) with an isotropic voxel size of 15 mm, an X-ray
tube voltage of 45 kVp, a current of 88 mA, and an integration time
of 800 ms.

The datasets of the paws and knees were visualized in 3D with Amira
(version 5.6; FEI Visualization Science Group, Mérignac, France).
The interactive 3D visualizations were anonymized by J.S.T., and
the clinical score of the paw erosions was evaluated in a double-blind,
randomized manner by P.S. and B.D., separately. The joint destruc-
tion was graded from 0 to 4, where 0 represented normal joints and
4 represented complete joint destruction.61

Subsequently, the paws were decalcified in EDTA, embedded in
paraffin, and cut into 4-mm-thick sections. Histologic investigations
including H&E and Masson-Goldner trichrome stains were carried
out to further validate the inflammation and cartilage integrity.

Analysis of the Expression of Pro-inflammatory Cytokines

Paws were homogenized in PBS. After centrifugation, IL-1b and
TNF-a in the supernatant were measured by ELISA (R&D Systems).
Day 9 blood was drawn from the retro-orbital plexus and the concen-
trations of TNF-a, IL-1b, IL-6, and GM-CSF in serum were deter-
mined by using the Inflammatory Cytokine 4-Plex Mouse Panel kit
(catalog no. LMC0003M; Invitrogen) according to the manufacturer’s
recommendation. Also, total RNA was extracted from paws, liver,
spleen, and kidney with Trizol reagent (Invitrogen), according to
the manufacturer’s protocol. cDNA was prepared by using the Revert
Aid RT Reverse Transcription Kit (catalog no. K1691) and used as the
template for real-time PCR with the SYBR Green kit (Invitrogen),
running on a LightCycler 480 Real-Time PCR System (Roche). The
quantitative data presented are an average of mRNA expression of
target gene relative to GAPDH (n = 6). Mice that were not induced
were included as negative controls (untreated).

Statistics

Data are presented as means ± SD of at least three independent
culture experiments, unless stated otherwise. One-way analysis of
variance (ANOVA) between groups was used for statistical analysis.
Statistical significance was established when p < 0.05.

Study Approval

The experiments were approved by the Danish Experimental Animal
Inspectorate (J. no. 2014-15-0201-00001), and housing of the mice
was carried out according to Danish legislation and Directive 2010/
63/ on the protection of animals used for scientific purposes.
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Supplemental Information 
 

 

Figure S1. (A) Encapsulation efficiency of FS14-NP for siRNA at different weight ratios of S14 to 
siRNA, mean ± SD (n=3); (B) Cell viability of FS14-NP/siRNA at indicated weight ratios after 24h. 
mean ± SD (n=5) 
 

 
Figure S2. FS14-NP/siRNA accumulation in inflammatory joints. (A) In-vivo imaging showing 
accumulation of FS14-NP/Cy5.5-siRNA in arthritic joints at 4 h post injection. (B) Quantitative 
evaluation of the relative fluorescent intensity of the paws after 24 hours. CAIA mice were injected i.v. 
with FS14-NP/Cy5.5-siRNA (FS14-NP/siRNA), Free Cy5.5-siRNA (Free siRNA) and PBS. The in vivo 
accumulation of FS14-NP/siRNA in arthritic joints was imaged by IVIS at 4 h and 24 h post injection 
on day 7. 
 

 



 

 

Figure S3. Representative images of H&E staining of liver sections from mice treated with PBS, FS14-
NP/siIL-1b, FS14-NP/siNC and comparing to untreated mice. 
 

 

 
Figure S4. The expression of IL-1β in non-target tissues. Organs were isolated at day 9 and homogenized, 
the mRNA expression of IL-1β in (A) liver, (B) kidney and (C) spleen were measured by real-time PCR 
and normalized to housekeeping gene GAPDH.  
 

 
Figure S5. Systemic expression of TNF-α. The expression TNF-α in serum was measured in serum using 
an Inflammatory Cytokine 4-Plex Mouse Panel kit. Data are presented as mean ± SD (n=6). 
 
Table S1. Primers used for qPCR in the study. 

Target (mouse) Sequence 

IL-1β F   5′- CAGGCTCCGAGATGAACAAC -3′ 
R   5′- GGTGGAGAGCTTTCAGCTCATA -3′ 

TNF-α F   5′- GTAGCCCACGTCGTAGGTAA -3′ 
R   5′- ATCGGCTGGCACCACTAGTT -3′ 

MMP-3 F   5′- ATGAAAATGAAGGGTCTTCCGG -3′ 
R   5′- GCAGAAGCTCCATACCAGCA -3′  

MMP-13 F   5′ - ATGCATTCAGCTATCCTGGCCA -3′  
R   5′ - AAGATTGCATTTCTCGGAGCCTG -3′ 

GAPDH F   5′- GACGGCCGCATCTTCTTGTG -3′ 
R   5′- GCGCCCAATACGGCCAAATC -3′ 
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