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Inhibition of IL-1 Signaling by Antisense 
 Oligonucleotide-mediated Exon Skipping of IL-1 
 Receptor Accessory Protein (IL-1RAcP)

A Seda Yılmaz-Eliş1, Annemieke Aartsma-Rus1, Peter AC ‘t Hoen1, Huma Safdar2, Cor Breukel1, Bart JM van Vlijmen2,  
Judith van Deutekom3, Sjef de Kimpe3, Gert-Jan van Ommen1 and J Sjef Verbeek1

The cytokine interleukin 1(IL-1) initiates a wide range of proinflammatory cascades and its inhibition has been shown to 
decrease inflammation in a variety of diseases. IL-1 receptor accessory protein (IL-1RAcP) is an indispensible part of the IL-1R 
complex that stabilizes IL-1/IL-1R interaction and plays an important role in the signal transduction of the receptor complex. The 
soluble form of IL-1RAcP (sIL-1RAcP) contains only the extracellular domain and serves as a natural inhibitor of IL-1 signaling. 
Therefore, increasing sIL-1RAcP levels might be an attractive therapeutic strategy to inhibit IL-1–driven inflammation. To 
achieve this we designed specific antisense oligonucleotides (AON), to redirect pre-mRNA IL-1RAcP splicing by skipping of the 
transmembrane domain encoding exon 9. This would give rise to a novel Δ9IL-1RAcP mRNA encoding a soluble, secreted form 
of IL-1RAcP, which might have similar activity as natural sIL-1RAcP. AON treatment resulted in exon 9 skipping both in vitro and 
in vivo. A single dose injection of 10 mg AON/kg body weight induced 90% skipping in mouse liver during at least 5 days. The 
truncated mRNA encoded for a secreted, soluble Δ9IL-1RAcP protein. IL-1RAcP skipping resulted in a substantial inhibition of 
IL-1 signaling in vitro. These results indicate that skipping of the transmembrane encoding exon 9 of IL-1RAcP using specific 
AONs might be a promising therapeutic strategy in a variety of chronic inflammatory diseases.
Molecular Therapy–Nucleic Acids (2013) 2, e66; doi:10.1038/mtna.2012.58; published online 22 January 2013
Subject Category: Antisense oligonucleotides; Therapeutic proof-of-concept

Introduction

Interleukin 1 (IL-1) plays a central role in the generation of 
inflammatory responses. After binding of IL-1 to the cell sur-
face receptor IL-1RI, IL-1 receptor accessory protein (IL1-
RAcP) facilitates stabilization of the ligand–receptor complex. 
Furthermore, IL-1RAcP is a crucial co-receptor in this com-
plex that enables recruitment and binding of intracellular 
proteins such as MyD88 and a series of IL-1R–associated 
kinases, which finally lead to nuclear factor-κB activation. 
IL-1 is a very effective cytokine and minute amounts are suf-
ficient to induce a cellular response. Activation of IL-1RI is 
counterbalanced by a large variety of inhibiting molecules 
and mechanisms. First, there is the other member of the IL-1 
receptor family, IL-1RII which also associates with IL-1RAcP 
upon binding of IL-1. However, this receptor lacks the intra-
cellular domain present in IL-1RI, and therefore is consid-
ered as decoy receptor.1,2 Both transmembrane and soluble 
forms of IL-1RII have been found.3 In addition, IL-1R antag-
onist (IL-1Ra) is a natural inhibitor of IL-1 signaling which 
competes with IL-1 for binding to IL-1RI. IL-1Ra binds poorly 
to IL-1RII and very high amounts of IL-IRa are needed to 
occupy all IL-1RI.4 Moreover, the soluble form of IL-1RI binds 
strongly to IL-1Ra than with IL-1, diminishing the inhibiting 
effect of IL-1Ra.5 A soluble isoform of IL-1RAcP (sIL-1RAcP) 
is involved in a third mechanism of inhibition of IL-1 signal-
ing. sIL-1RAcP, which lacks the transmembrane and intrac-
ellular domain present in IL-1RAcP6,7 and therefore unable 

to facilitate signal transduction, is mainly produced by the 
liver as an acute phase protein and circulates systemically.8 
It interacts with the cell surface IL-1RI, IL-1RII, and possibly 
with soluble IL-1RII in the extracellular space, forming a high 
affinity IL-1 scavenger.9 In this way, sIL-1RAcP provides at 
least three mechanisms to entrap secreted IL-1.2,10,11 It has 
been shown that sIL-1RAcP selectively reduces IL-1 activ-
ity on cells such as B lymphocytes and chondrocytes, which 
express more surface type II decoy receptors.2 Low levels of 
type II receptors on T lymphocytes prevent suppression of 
the IL-1 responses of these cells in vivo and in vitro by sIL-
1RAcP. Since IL-1Ra preferentially binds to the type I recep-
tor, which is present on all nucleated cells, it inhibits IL-1 
responses of both B and T lymphocytes. Therefore, increas-
ing sIL-1RAcP levels might be the preferred approach over 
administration of IL-Ra for long-term treatment of a disease 
in which IL-1–mediated activation of B cells plays an impor-
tant role, without affected T lymphocyte function.

Its specific inhibitory role makes sIL-1RAcP an attractive 
therapeutic target. It has been shown that increased produc-
tion of sIL-1RAcP encoded by an adenoviral vector ame-
liorates collagen-induced arthritis in mice.12 Alternatively, a 
novel form of sIL-1RAcP might be produced by modulating 
IL-1RAcP splicing using antisense oligonucleotide (AON)-
mediated exon skipping. AONs are chemically modified, short 
nucleic acid sequences, which can modulate pre-mRNA splic-
ing when they bind to the specific regions of the target tran-
script.13 Some of the chemical modifications protect AONs 



38

Molecular Therapy–Nucleic Acids

AON-mediated Exon Skipping of IL-1RAcP 
Yılmaz-Elis ̧  et al.

2

from endo and exonucleases and some others increase bio-
availability by preventing renal clearance (reviewed in ref. 14). 
The effectiveness of AON-mediated exon skipping has been 
successfully confirmed on wide range of target genes in vari-
ous in vitro and in vivo studies, among which restoring the 
reading frame in Duchenne muscular dystrophy patients to 
get partially functional dystrophin, changing levels of alterna-
tively splice products of Bcl-x to change the balance from anti- 
to pro-apoptotic Bcl-x and producing a novel splice variant in 
tumor necrosis factor receptor-II to switch its transmembrane 
form to a novel soluble form by deleting the transmembrane 
domain-encoding exon (reviewed in ref. 15).

In this study, we employed AONs to mediate skipping of 
exon 9 to induce the production of a novel form of sIL-1RAcP. 
We designed AONs consisting of 2′-O-methyl phosphorothio-
ate RNA (2′-O-MePS) or a mix of locked nucleic acid (LNA) 
and 2′-O-MePS, targeting transmembrane encoding exon 
9 IL-1RAcP pre-mRNA. Both in vitro and in vivo treatment 
of IL-1RAcP-expressing cells with these AONs resulted in 
a decrease of full-length (FL) IL-1RAcP mRNA up to 90%, 
which was replaced by a novel shorter transcript lacking exon 
9. In the absence of exon 9 the IL-1RAcP mRNA encoded 
a soluble IL-1RAcP, Δ9IL-1RAcP (Figure 1). Effective skip-
ping of exon 9 resulted in a strong decrease of cellular IL-1 
responses of mouse and human cell lines.

Results
AONs targeting IL-1RAcP exon 9 induce highly effective 
exon skipping in vitro
Series of different 2′-O-MePS AONs targeting mouse 
and human IL-1RAcP exon 9 and the flanking introns 
were designed (Table 1) based on previously described 
guidelines.16

We evaluated the efficacy of 2′-O-MePS AONs in mouse 
NIH-3T3 and human HEPG2 cells (Figure 2b,f). The trans-
fection efficiency was tested using 5′-fluorescein (FAM)-

labeled control AON. Generally, 70–80% of the cells showed 
specific nuclear uptake of AON at a concentration of 500 
nmol/l (data not shown). Therefore the first series of in vitro 
tests were performed with an AON concentration of 500 
nmol/l. After 24 hours total RNA was isolated and reverse 
transcription-PCR (RT-PCR) was performed by using prim-
ers specific for exons 8 and 10. Almost all AONs specific 
for mouse IL-1RAcP induced shorter transcript fragments 
with the size corresponding to the specific skipping of target 
exon 9 (ENSMUSE00000644552) (Figure 2b). For human 
IL-1RAcP, only one AON (PS372) was distinctively effec-
tive in inducing the skipping of exon 9 (ENSE00002509358) 
(Figure 2f). Sequence analysis of the shorter PCR prod-
ucts both for mouse and human confirmed the exclusion of 
exon 9. In addition, a more extensive PCR analysis was per-
formed by using primers specific for exons 5 and 11 showing 
that the AONs used are specific to exon 9 and do not affect 
other parts of the IL-1RAcP transcript confirming the pre-
diction from the blast sequence analysis (Supplementary 
Figure S1).

Table 1 Overview of the different AONs used to specifically skip exon 9 in 
IL-1RAcP pre-mRNA

AONs targeting mouse IL-1RAcP

PS299 CUCCAGCCAGUAAACAUGGUAA

PS300 AAAACCACAGGCGAGUUCUAC

PS325 AUGACUACAGCAAAUGACAA

PS326 CCAAAGUGAGCUCGGUAAAAG

PS327 GCACACUUCCAAUACUUACC

PS328 UACUUACCAAGAAAUUGU

PS355 GGUAUGACUACAGCAAAUGACAAAA

PS356 GUACCUUGGUGGUAUGACUACAGCA

PS357 AAAACCACAGGCGAGUUCUACUGUG

PS358 CAGUAAACAUGGUAAACCACAAUGA

PS359 AAGAGGACCAUCUCCAGCCAGUAAA

PS360 CAAAGUGAGCUCGGUAAAAGAGGAC

PS361 AGCACACUUCCAAUACUUACCAAGA

PS300L AAAACCACAGGCGAGUUCUAC

PS300E UCCAAAACCACAGGCGAGUUCUACU

PS327E CAGCACACUUCCAAUACUUACCAAG

AONs targeting human IL-1RAcP

PS372 UGUUACUUACCUAAAAUGGUUUC

PS374 UAGCCAGUAAACAUGGUAAACAA

PS375 AGAAUCACCACUAGCAGGACUGU

PS376 UCUUGGAGCUGGCACUGGAAU

PS 372L UGUUACUUACCUAAAAUGGUUUC

FAM-AON GAAAAUUGUGCAUUUACCCAUUUU

In AONs-targeting mouse IL-1RAcP, all AONs except PS300L consist of 
2′-O-methyl RNA with a full-length and phosphorothioate (2′-O-MePS) 
backbone. In AONs-targeting human IL-1RAcP, all AONs except PS372L 
consist of 2′-O-methyl RNA with a full-length phosphorothioate backbone. 
PS300L and PS372L contain a mix of 2′-O-MePS and locked nucleic acids, 
indicated with bold letters.
Abbreviations: AON, antisense oligonucleotide; IL-1RAcP, interleukin-1 
receptor accessory protein.

8 9 10

8 9 10 8 10

With AONWithout AON

∆9IL-1RAcPIL-1RI
IL-1RAcP

IL-1

Cytoplasm

Soluble ∆9IL-1RAcPMembrane bound IL-1RAcP

Figure 1 AON-mediated skipping of IL-1RAcP exon 9. Targeting 
exon 9 in IL-1RAcP pre-mRNA with AON (black bar) induces the 
expression of an alternatively spiced mRNA encoding a soluble 
isoform (Δ9IL-1RAcP) that lacks the transmembrane domain. 
AON, antisense oligonucleotide; IL-1RAcP, interleukin-1 receptor 
accessory protein.
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Each AON was tested at least three times to select the 
ones that give reproducible results. The most potent mouse 
IL-1RAcP AONs, PS300 and PS327, were selected for fur-
ther analyses. PS357 although seems very efficient in skip-
ping, does not give reproducible results so was not selected 
for further analysis. Different concentrations of AONs PS300 
and PS327 were transfected into NIH-3T3 cells and quan-
titative PCR (qPCR) analysis was performed with the prim-
ers targeting exon 9. The maximum skipping efficiency we 
achieved was 50% with 100 nmol/l of PS300 and 200 nmol/l 
of PS327 (data not shown). To increase the skipping efficiency 
of these AONs, their sequences were extended to 25-mer 
which increases melting temperatures (Tm’s). (PS300E and 
PS327E). However, extensive analysis at different concentra-
tions revealed that the  extension did not significantly affect 
the skipping efficiency (Figure 2d). Therefore, in an alterna-
tive approach to enhance efficiency of PS300, we designed 
a chimeric 2′-O-Me/LNA-PS which contains five LNA nucle-
otides (PS300L). The ability of this AON to induce skipping 
was tested in different concentrations (20–500 nmol/l) by 
qPCR using the primers targeting exon 9, which shows the 
amount of FL non-skipped IL-1RAcP (Figure 2d). The best 
skipping was observed with PS300L at a concentration of 50 
nmol/l and the analysis of skipping efficiency using qPCR 

revealed that almost 85–90% skipping could be achieved 
with this AON (Figure 2d). For PS300L, no direct correlation 
between the AON concentration and skipping efficiency was 
observed. This is not surprising because at higher concen-
trations, especially LNA AONs can hybridize very tightly to 
other LNA residues so less AON would be available to bind 
to target RNA for skipping. Moreover, AONs can also become 
toxic to the cell at higher concentrations. To increase the skip-
ping efficiency of human IL-1RAcP exon 9 also a chimeric 
2′-O-Me/LNA-PS version of PS372 was generated (PS372L) 
and tested in different concentrations. However, this resulted 
in a more modest increase in skipping efficiency of 5–10% 
(data not shown).

IL-1RAcP mRNA without exon 9 is translated into 
secreted sIL-1RAcP
Although IL-1RAcP mRNA could be detected by RT-PCR 
analysis, it could not be detected on protein level with west-
ern blot. Albeit, it cannot be excluded that there is little cor-
relation between IL-1RAcP mRNA and protein levels in the 
cells used the most likely explanation for this negative result 
is the much lower sensitivity of the western blot analysis com-
pared with PCR analysis. To prove that removal of exon 9 
resulted in a functional mRNA encoding a novel sIL-1RAcP, 
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we transfected HEK293T cells with expression vector pcDNA 
3.1B containing FL or truncated (Δ9) IL-1RAcP cDNA to over-
express these proteins. After 48 hours of transfection, cell 
lysates and culture media were collected for sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and western 
blot. The complete IL-1RAcP protein could be detected from 
lysates of HEK293T cells transfected with FL IL-1RAcP cDNA 
but not in the culture medium of these cells (Figure 3). In 
contrast, a slightly smaller protein could be detected not only 
in the lysate of cells transfected with Δ9IL-1RAcP cDNA but 
also in the culture medium of these cells showing that IL1-
RAcP without the exon 9-encoded transmembrane region 
was secreted.

Treatment with IL-1RAcP–specific AON decreased the 
expression of IL-1 responsive genes in vitro
The direct biological effect of AON-mediated exon skipping of 
IL-1RAcP was determined by measuring mRNA expression 
levels of the IL-1–responsive genes IL-6 or intercellular adhe-
sion molecule-1 (ICAM-1) in the mouse cell line NIH-3T3 and 
the human cell line HEPG2, respectively using qPCR. The 
adhesion molecule ICAM-1 and the cytokine IL-6 are nor-
mally expressed at low levels in resting cells but their expres-
sion increases upon response to IL-1. Effective exon skipping 
induced by 300L in NIH-3T3 cells (Figure 4a, lower panel) 
resulted in reduced IL-1β–dependent upregulation of IL-6 
compared with non-transfected NIH-3T3 cells, whereas no 
difference in IL-6 mRNA expression was seen between trans-
fected and non-transfected cells after tumor necrosis factor-α 
stimulation (Figure 4a). Comparable results were found with 
AON PS372L-mediated skipping of exon 9 of human IL1-
RAcP in HEPG2 cells (Figure 4b). Upon treatment with IL-1 
cells transfected with the AON PS372L showed a decreased 
mRNA expression of the IL-1–responsive ICAM-1 expression 
compared with untransfected cells.

PS300L effectively induced IL-1RAcP exon 9 skipping in 
mouse liver
To determine whether the effective skipping observed in vitro 
could be confirmed in vivo, exon skipping was analyzed in 
liver from mice injected intravenously with the most effective 
AONs. Administration (intravenously in tail vein, 100 mg/kg 

of mouse, for 4 consecutive days) of PS300 resulted in skip-
ping efficiency <50% in liver, as determined 1 day after the 
last AON injection, with no detectable skipping in spleen and 
kidney (data not shown). Moreover, no skipped product was 
detected in either saline or control AON-treated mice.

Since the efficacy of in vivo skipping needs to be increased 
to expect a biological effect, the AONs were complexed with 
Invivofectamine, lipid-based nanoparticles that allows highly 
efficient delivery of synthetic oligonucleotides used in RNA 

IL-1RAcP

Lysate

N
on

-t
ra

ns
fe

ct
ed

F
L 

IL
-1

R
A

cP

∆9
IL

-1
R

A
cP

N
on

-t
ra

ns
fe

ct
ed

F
L 

IL
-1

R
A

cP

∆9
IL

-1
R

A
cP

Culture medium

∆9IL-1RAcP

Figure 3 Western blot analysis of HEK293 cells and culture 
medium after transfection with expression vectors encoding 
either full length (FL) or Δ9 cDNAs of IL-1RAcP. IL-1RAcP, 
interleukin-1 receptor accessory protein.

10

20

18

16

14

12

10

8

6

4

2

0
No stimulation IL-1 stimulation TNF-α stimulation

No stimulation IL-1 stimulation

**

*

**
*

TNF-α stimulation

No AON

ns IL-1 TNF-α ns IL-1 TNF-α ns IL-1 TNF-α

PS300L Control AON

No AON

ns IL-1 TNF-α ns IL-1 TNF-α ns IL-1 TNF-α

PS372L Control AON

No AON
PS372L
Control AON

No AON
PS300L
Control AON

a

b

8

6

R
el

at
iv

e 
IL

-6
 p

ro
du

ct
io

n
R

el
at

iv
e 

IC
A

M
-1

 p
ro

du
ct

io
n

4

2

0

Figure 4 Inhibition of IL-1 signaling with AON targeting 
IL-1RAcP. (a) IL-1– and TNF-α–induced IL-6 production levels were 
measured by qPCR on the NIH-3T3 cells transfected with PS300L 
and control AON for 48 hours and stimulated for 5 hours. **P < 
0.002, *P < 0.05. (b) IL-1– and TNF-α–induced ICAM expression 
levels were measured by qPCR on the HEPG2 cells transfected with 
PS372L and control AON for 48 hours and stimulated for 5 hours. 
**P = 0.002, *P < 0.05, β-actin was used as the reference gene and 
each bar represents the mean value of three different experiments ± 
SEM. AON, antisense oligonucleotide; ICAM, intercellular adhesion 
molecule; IL-1RAcP, interleukin-1 receptor accessory protein; ns, 
no stimulation; qPCR, quantitative PCR; TNF, tumor necrosis factor.



41

www.moleculartherapy.org/mtna

AON-mediated Exon Skipping of IL-1RAcP 
Yılmaz-Elis ̧  et al.

5

interference to the mouse liver i.e., hepatocytes, the cell type 
within the liver IL-1RAcP is mainly expressed. Mice were 
injected intravenously in the tail vein on day 0, once, with the 
maximum dose of 10 mg/kg of AON PS300. On day 1 mice 
were killed and livers were harvested for RNA isolation. By RT-
PCR, presence of skipped product could be detected in two 
out of three mice administered with Invivofectamine-PS300 
(Supplementary Figure S2), confirmed by sequence anal-
ysis (Supplementary Figure S2). The skipped band was 
not detected in the liver samples of mice injected with non-
complexed PS300 (n = 3) which confirms that without Invi-
vofectamine a single dose of 10 mg/kg is too low to induce 
detectable skipping. No skipped product was detected in the 
liver samples of mice injected with control non-target–specific 
oligonucleotide Invivofectamine (n = 2) which eliminates the 
effect of Invivofectamine in formation of the shorter product.

Based on these findings, PS300 and PS300L, both com-
plexed to Invivofectamine, were injected 10 mg/kg intrave-
nously (n = 4/group) on day 0 in tail vein. On day 2, partial 
hepatectomy was performed to isolate RNA from the liver. 
RT-PCR analysis showed that both PS300 and PS300L were 
able to induce the production of skipped product (Figure 5) 
with PS300L skipping efficiency was 90%. The skipping per-
sisted for at least 5 days as demonstrated by the analysis 
of liver RNA from mice killed 5 days after the administration 
of the AONs. In both timepoints, the skipping efficiency of 
PS300L was larger than that of PS300. Slight variations of 
skipping efficiencies were observed between individual mice 
in the same group.

Discussion

Strategies to manipulate splicing can be used to correct aber-
rant splicing caused by mutations, to inhibit protein expres-
sion by generating out-of-frame transcripts and to alter the 
function of a protein by skipping or including exons.17 Here, 
we show a convincing example of the third concept by skip-
ping the transmembrane domain encoding exon 9 of IL1-
RAcP, resulting in not only the decrease of the expression of 
membrane bound IL-1RAcP mRNA but also increase in Δ9IL-
1RAcP mRNA which is supposed to express a novel soluble 
inhibiting protein. The inhibiting effect was demonstrated by 
the decrease in expression of the IL-1–responsive cytokine 
IL-6 and chemokine ICAM-1.

sIL-1RAcP downregulates IL-1 signaling in two different 
mechanisms; by competing with membrane bound IL-1RAcP 

for association with IL-1RI and by forming high affinity IL-1 
scavenger with sIL-1RII in the extracellular space.7,9 In our in 
vitro experiments, the inhibitory effect on IL-1 signaling was 
only determined for the first mechanism, decrease of mem-
brane bound IL-1RAcP, because the second mechanism, the 
formation of the soluble scavenger, requires soluble IL-1RII 
that we think is not present in the culture media. Therefore, on 
the basis of the in vitro results, we most likely underestimate 
the inhibiting effect of Δ9IL-1RAcP in vivo, where sIL-1RII 
is present to form the scavenger for an additional systemic 
inhibitory effect.

Most of the AONs targeting mouse IL-1RAcP exon 9 
induced quite efficient skipping. Each AON was tested at least 
three times in different experiments to select the ones that 
gave best skipping efficiency reproducibly. Although some 
AONs cover overlapping regions (e.g., PS327 and PS361, 
PS356 and PS300, PS325 and PS355) on the target pre-
mRNA, there might be slight differences in terms of targeting 
different splice enhancer sites, which makes them more or 
less effective. The length of the AON also affects the binding 
properties; increasing the length causes increase in Tm but it 
may also change secondary structure that would increase or 
decrease AON’s skipping efficiency. Moreover, presence of 
CCC and GGG repeats and G/C contents of targeted region 
change the effect.

The human and mouse IL-1RAcP exon 9 sequences are 
around 20% different. Therefore, they have different second-
ary structures which makes some target sites less or more 
accessible for the AONs. For human IL-1RAcP exon 9, we 
have shown proof-of-concept of the exon skipping approach. 
The efficacy of the only tested chimeric AON PS372L spe-
cific for human IL-1RAcP was much lower compared with the 
efficacy of the mouse-specific AON PS300L. However, it is 
still possible to design more chimeric AONs with varying the 
position and the number of LNAs to achieve better skipping 
and biological effect in the human system.

We have designed more AONs for mouse IL-1RAcP exon 
9, covering most of the possible target regions. Therefore, 
it was more likely to find AONs with better skipping efficacy 
for mouse compared with human. The first selection was 
followed by further optimization to maximize the outcome 
both in vitro and in vivo. We added LNA bases to the most 
promising mouse 2′-O-MePS AON (PS300), making a chi-
meric (PS300L), to improve its efficiency, as LNA bases 
display a remarkably increased thermodynamic stability 
and enhanced nucleic acid recognition.18 This resulted in 
an increase in efficiency up to 90%. PS300L contains five 
LNA bases, mainly placed on G and Cs in order to provide 
higher increase in Tm (>15 °C increase in Tm compared 
with PS300). Although it was already partially prevented 
by 2′-O-Me modification, an unmethylated C of an internal 
CpG was LNA modified to prevent its recognition as non-
self causing immunostimulation.19

The main challenge with the in vivo experiments is the 
delivery of the AON to the target organ or cell type. Previ-
ous studies have shown that after systemic administration, 
AONs mainly accumulate in the liver and are taken up by 
both hepatocytes and Kupffer cells. In order to direct the 
cellular uptake more in favor of hepatocytes, we used a 
lipid-based  delivery method20 and complexed the AON to 

Figure 5 RT-PCR analysis of liver samples of the mice 
administered intravenously with Invivofectamine-complexed 
PS300 or PS300L. Dosage of 10 mg/kg was injected on day 0, 
partial hepatectomy was performed on day 2, and the mice were 
killed on day 5 and the livers were harvested for RNA isolation. 1–4 = 
mice injected with PS300; 5–8 = mice injected with PS300L; M = 100 
bp marker, + = PS300L in vitro, positive control. RT-PCR, reverse 
transcription-PCR.

PS300

Day 2
MM 1 2 3 4 1 2 3 4 5 6 7 8 5 6 7 8 +

Day 5 Day 2 Day 5

PS300L
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Invivofectamine. The increased uptake of AON by hepato-
cyes resulted in dramatic increase in IL-1RAcP exon 9 skip-
ping up to 90% even with low dose. However, not only liver 
cells express IL-1RAcP. IL-1RAcP mRNAs were observed to 
vary in a tissue or cell type-specific manner, making certain 
organs more responsive and susceptible to IL-1–induced 
inflammation.21 Therapeutic control of IL-1 responsiveness 
might be improved by targeting effector cells, especially mac-
rophages, directly, providing both a reduction of membrane 
bound IL-1RAcP on these cells and an increase of Δ9IL-
1RAcP that forms high affinity IL-1 scavenger. Neverthe-
less, targeting of AONs to immune cells is not very effective. 
One approach to achieve transit across the cell membrane 
is conjugation of AONs to arginine-rich or cell-specific pep-
tides. A variety of different arginine-rich peptides have been 
used for the delivery of AONs to T-cells and dendritic cells.17 
New delivery methodologies will boost the development of 
new therapeutic interventions in the immune system based 
on AON-mediated exon skipping.

In conclusion, we have shown that AONs specific for exon 
9 can modify very effectively the pre-mRNA splicing of IL1-
RAcP in vitro and in vivo, in mouse liver. In vitro we dem-
onstrated that this resulted in decrease in IL-1β–mediated 
signaling. Thus, AONs have the capacity to induce a novel 
splice variant with therapeutic potential and this might be an 
attractive therapeutic approach to cope with IL-1–induced 
inflammatory conditions. The development of specific car-
rier molecules that direct the efficient uptake of the AONs 
to certain cell types, e.g., immune cells would considerably 
enhance the applicability and will improve the efficacy of 
exon skipping-based therapies in the near future.

Materials and methods

Design of AON. Based on the criteria published in Aartsma-
Rus et.al.16 a series of AONs were designed targeting exon-
internal sequences or exon-intron junctions (Table 1). AONs 
with phosphorothioate backbones and 2′-O-methyl ribose 
modifications (2′-O-MePS) were synthesized by Prosensa 
(Leiden, Netherlands) and AONs with 2′-O-MePS with addi-
tional LNA modifications were synthesized by Eurogentec 
(Seraing, Belgium). Transfection efficiency was assessed 
using a control AON with 5′-fluorescein group (6-FAM). All 
AONs were high-pressure liquid chromatography purified.

Cell culture and AON transfection. NIH-3T3 (mouse embry-
onic fibroblast cell line), HEPG2 (human hepatocellular liver 
carcinoma cell line), and HEK293T (human embryonic kid-
ney) cells were cultured in Dulbecco’s modified Eagle’s 
medium + 10% fetal bovine serum + penicillin/streptomycin 
at 37 °C with 5% CO2 and passaged when confluent using 
0.25% trypsin diluted with phosphate-buffered saline. Cells 
were plated in 6-well plates (1 × 106 cells per well) and trans-
fected with 10–500 nmol/l AON in 2 ml Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal bovine serum 
and Lipofectamine 2000 (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instruction. The nuclear localization 
and transfection efficiency of the 6-FAM–labeled AON was 
assessed using a fluorescent microscope starting from 6–8 
hours after transfection. Medium was changed 6–8 hours after 

transfection and the cells were cultured further to confluency 
for 24 or 48 hours for RNA or protein isolation, respectively.

RNA isolation, RT-PCR, and qPCR. Total RNA was isolated 
by using Trizol (Invitrogen) reagent according to the manu-
facturer’s protocol from minimally 1 × 106 cells or 10 mg of 
tissue. For isolation of RNA from mouse liver samples, 20–30 
mg of tissue were homogenized in Magna Lyser Green 
Beads (Roche Applied Science, Nijmegen,  Netherlands) 
containing 500 μl phosphate-buffered saline with 5 μl 
2-mercaptoehtanol for 20 seconds at 7,000 rpm, followed 
by another 10 seconds at 7,000 rpm in the Magna Lyser 
(Roche Applied Science). Homogenized tissue of 250 μl was 
added to 750 μl Trizol and RNA was isolated according to the 
manufacturer’s protocol. About 1 μg of total RNA was used 
for first strand cDNA synthesis with random hexamer prim-
ers (Roche Applied Science). For the analysis of IL-1RAcP 
exon skipping, 1 μl of 20 μl cDNA was then amplified using 
the following primer sets, mouse IL-1RAcP forward (exon 8) 
primer GAGGATCTCAGGCGCAACTA, reverse (exon 10) 
primer TCAGCAGCACAAATTCCTCTT and forward (exon 5) 
primer CGTTTCATCTCACCAGGACTC, reverse (exon 11) 
primer GTTGGGGCTTAGAACAACCA; human IL-1RAcP for-
ward (exon 8) primer CAAGCGCAGCTATGTCTGTC, reverse 
(exon 10) primer TCTCGGTCAAAGATGCACAG and forward 
(exon 5) primer CGTTTCATCTCACCAGGACTC, reverse 
(exon 11) primer GTTGGGGCTTAGAACAACCA and the fol-
lowing PCR conditions: 25 cycles at 94 °C, 30 seconds; 60 °C, 
30 seconds; 72 °C, 1 minute (30 cycles for in vivo samples). 
PCR products were analyzed on 1.5% agarose gel stained 
with ethidium bromide To confirm proper exon skipping, PCR 
products were purified from gel with NucleoSpin Extract II Kit 
(Macherey-Nagel, Düren, Germany) following the manufac-
turer’s instructions and analyzed by Sanger sequencing. PCR 
products were also run on a DNA1000 LabChip on a 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA) which 
allows semi-quantitative assessment of exon skipping levels. 
qPCR reactions containing FastStart Universal SYBR Green 
Master mix (Roche Applied Science) and 10 pmol of each 
qPCR primer and 5 μl of 10 times diluted cDNA in a 20 μl total 
volume for each sample were performed on the Roche Light-
Cycler 48. Data were normalized to values of β-actin gene. The 
primer sets used in qPCR reactions were: mouse IL-1RAcP 
forward primer: AGAACTCGCCTGTGGTTTTG and reverse 
primer: TTCCAAAGTGAGCTCGGTAAA, mouse β-actin for-
ward primer: TGCGTGACATCAAAGAGAAG and reverse 
primer: GATGCCACAGGATTCCATA. For qPCR analysis of 
IL-1–induced IL-6 and ICAM-1 mRNA expression, the fol-
lowing primers were used: Mouse IL-6 forward primer: AGT-
TGCCTTCTTGGGACTGA, reverse primer: GTCTCCTCT 
CCGGACTTGTG; human ICAM-1 forward primer: CATAGAGA 
CCCCGTTGCCTAAA, reverse primer: TGGCTATCTTCTT 
GCACATTGC; human β-actin forward primer: AATGTCGC 
GGAGGACTTTGATTGC, reverse primer: AGGATGGCAA 
GGGACTTCCTGTAA.

In vitro human IL-1RAcP expression system. Human FL IL-
RAcP and IL-1RAcP without exon 9 (Δ9IL-1RAcP) cDNA were 
synthesized according to the method described by Ko et al.22 
cDNA was made with total random hexamers using RNA 
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isolated from the human liver cell line HEPG2. From this cDNA 
FL IL-1RAcP cDNA was cloned into the pcDNA3.1B (−) expres-
sion vector using primers with restriction endonuclease sites. 
For the exon 9 deletion construct, exons 1 to 8 and exons 10 
and 11 fragments were generated by PCR using primers with 
restriction enzyme sites, which allowed cloning into pcDNA3.1B 
(−). The restriction enzyme used to fuse exon 8 to exon 10 is 
type IIs restriction enzyme. Type IIs restriction enzymes cut out-
side their recognition site, the actual cut is sequence indepen-
dent. The resulting sticky ends allow a seamless joining of the 
coding sequences of exon 8 and exon 10.

Analysis of IL-1RAcP protein. HEK293T cells (1 × 106 per well 
of a 6-well plate) were transfected with 8 μg plasmids using 
Lipofectamine 2000. Whole cell extracts were prepared after 
48 hours after transfection by lysing the cells with RIPA buffer 
(Therma Scientific, Waltham, MA). Cells were incubated on 
ice for 15 minutes with gentle shaking and then disrupted by 
multiple passages through a syringe with a 19-G needle. Cell 
debris was removed by centrifugation at 4 °C at 12,000g for 
10 minutes. The protein concentration was determined by the 
Quant-it Protein assay kit (Invitrogen). In addition, cell culture 
supernatant was collected for protein analysis.

For western blot 15 μl of each sample was mixed with 5 
μl loading buffer, boiled for 5 minutes and loaded and run 
first at 70 V for 30 minutes then at 100 V on a 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis followed 
by transfer onto a nitrocellulose membrane. The membrane 
was blocked in Odyssey Blocking Buffer (Li-cor, Lincoln, NE) 
for 1 hour at room temperature and subsequently incubated 
overnight at 4 °C with a 1:1,000 dilution of goat anti-human 
IL-1RAcP antibody (R&D Systems, Minneapolis, MN). After 
five washes in 0.1% Tween 20 in phosphate-buffered saline, 
membranes were incubated for 1 hour at room temperature 
with the fluorescently labeled donkey anti-goat secondary 
antibody (Li-cor) diluted 1: 5,000 in Li-cor Odyssey blocking 
buffer and scanned in Odyssey Imaging System (Li-cor).

IL-1–induced cytokine production assay. 1 × 106 NIH-3T3 and 
HEPG2 cells were seeded in each well of a 6-well plate in 2 ml 
Dulbecco’s modified Eagle’s medium supplemented with 10% 
fetal bovine serum on day 0. On day 1, cells were transfected 
with PS300L (50 nmol/l) and PS372L (100 nmol/l), respec-
tively. On day 2, the medium was refreshed and transfection 
was repeated only for HEPG2 with PS372L. On day 3 NIH-
3T3 and on day 4 HEPG2 cells were stimulated with 10 ng/ml 
mouse IL-1β (Miltenyi Biotec, Bergisch Gladbach,  Germany) 
and 50 ng/ml TNF-α (Miltenyi Biotec) for 5 hours. After IL-1 
stimulation expression of IL-6 and ICAM-1, from mouse and 
human cell line, respectively was determined by qPCR.

IL-1RAcP skipping in mouse liver. AON PS300, PS 300L, 
and control small-interfering RNA were complexed with Invi-
vofectamine 2.0 Reagent (Invitrogen, Bleiswijk, Netherlands) 
according to the manufacturer’s protocol with the amount of 
AON being 2 mg/ml of Invivofectamine 2.0 Reagent. Subse-
quently, 6 weeks old female C57BL/6J mice were intravenously 
injected via the tail vein with 200 μl complexed AONs at a dose 
of ~10 mg AON per kg body weight. At 2 days after AON injec-
tion, all mice were subjected to liver biopsy as described previ-
ously23 and they were killed on day 5.

Supplementary Material

Figure S1. RT-PCR analysis by using primers targeting 
exon 5 and 11.
Figure S2. RT-PCR analysis of liver samples of mice 
treated with Invivofectamine-complexed PS300.
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