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Interleukin 32 (IL-32) is a recently identified cytokine that induces major proinflammatory cytokines such as TNFa and
IL-1PB, which play an important role in chronic inflammatory diseases. To antagonize the biological function of IL-32
in cells, we generated RNA aptamers that could bind specifically to IL-32 protein. The highest affinity aptamer, AC3-3,
successfully antagonized IL-32 by abolishing the induction of TNFa in the human lung carcinoma cells expressing IL-32.
This aptamer could be used as a potent and selective antagonist against IL-32 to further elucidate the roles of IL-32 in
chronic inflammatory diseases, as well as a therapeutic agent.
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Introduction

Interleukin-32 (IL-32) is a newly identified proinflammatory
cytokine that was originally recognized as a transcript expressed
in activated natural killer cells stimulated with IL-2 or T cells
activated with mitogens."” IL-32 is expressed in blood mono-
cytes, endothelial cells, and epithelial cells.” Initially, 1L-32
was identified as a reciprocal proinflammatory cytokine regulat-
ed by the proinflammatory cytokine, IL-18, which is associated
with various chronic inflammatory diseases such as rheumatoid
arthritis, psoriasis, and inflammatory bowel disease.”” IL-32 has
emerged as an important factor involved in innate and adaptive
immune responses because it stimulates monocytes to produce
proinflammatory cytokines such as IL-1f, IL-6, TNFa, and che-
mokines® and induces differentiation of monocytes.7 The full-
length IL-32 gene of 705 bp has several splice variants including
IL-32a, B, v, 9, € and £, among which IL-32a exists as the major
isoform in hematopoietic cells.”® To date, receptors of those
IL-32 and its variants have not been identified, except that pro-
teinase 3 has recently been identified as an IL-32 binding pro-
tein.”

Recent studies have shown that IL-32 is highly expressed in
rheumatoid arthritis, 1011 ylcerative colitis,6 human stomach
cancer and lung cancer, " indicating that cancer progression is
promoted by inflammation. 1 Overexpression of human IL-32 in
mice by bone marrow transplantation (BM-hIL-32) was found
to elicit the expression and secretion of TNFa, IL-1p, and IL-6
in spleen cells after lipopolysaccharide stimulation.'® In addi-
tion, IL-32 associated with elevated TNFa expression was found
to exacerbate inflammatory arthritis and colitis.'’ It has also
been shown that a potent inducer of inflammation, prostaglandin
E2, is induced by IL-32 in mouse macrophages and human blood
monocytes.ll Knockdown of IL-32 suppresses expression of
anti-apoptotic proteins such as Bcl-2 in pancreatic cancer cells™
and impairs the induction of TNFa and IL-1f in human mono-
cytic cells. 1 Importantly, inhibitory blockade of IL-13 and TNF
a has been administered clinically to lessen the severity of

chronic inflammatory diseases.'®"” Since IL-32 reciprocally in-
duces various proinflammatory cytokines including IL-1,
IL-18, TNFa, and IL-6, blocking IL-32 with effective binding
ligands could be beneficial to patients with chronic inflamma-
tory diseases associated with the up-regulation of inflammatory
cytokines."

Nucleic acids ligands that are produced using a procedure
known as systematic evolution of ligands by exponential enrich-
ment (SELEX) as an in vitro selection strategy can adopt com-
plex structures (aptamers) to bind to target proteins with high
affinities."™" The SELEX procedure is an efficient method for
isolation of high affinity single stranded oligonucleotides from
DNA and RNA libraries consisting of 10" ~ 10" random oli-
gonucleotide sequences. In addition to protein targets, oligonu-
cleotide ligands for target molecules with high affinities have
been identified using the SELEX process for organic dyes and
other small molecules.”” Similar to antibodies, nucleic acid
aptamers fit epitopes on the target protein with nanomolar or
subnanomolar affinities by distinguish them from other proteins.
RNA or DNA aptamers against target proteins have been shown
to have inhibitory effects. RNA aptamers generated against a
member of the IL-6 cytokine family have been identified as
antagonistic ligands that interfere with binding of the cytokine
to its cognate receptor in vitro.”!

In the present study, we identified RNA aptamers that could
specifically bind to the proinflammatory cytokine IL-32 to ex-
plore the function of endogenous IL-32 without influencing
the expression of IL-32 protein in cells. Antagonistic RNA apta-
mers against IL-32 that were introduced into the cells reduced
the expression of TNFo induced by IL-32. Thus, the antagonistic
RNA aptamer against 1L-32 might effectively prevent the
progression of inflammation caused by IL-32 associated TNF
o expression.

Experimental Section

Preparation of IL-32 protein and random RNA library. Re-
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(A) Forward primer
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5" GAITAATACGACTCACTATA]GGGTTCACTGCAGACTTGACGAA 3’

N40 DNA template 5’ -GGGTTCACTGCAGACTTGACGAAGCTT---N40---AATGGATCCACATCTACGAATTC-3"

T7 Promoter

lPCR

3’ -TTACCTAGGTGTAGATGCTTAAG-5"
Reverse primer

5’ -GATAATACGACTCACTATAGGGTTCACTGCAGACTTGACGAAGCTT---N40---AATGGATCCACATCTACGAATTC-3"
3’-CTATTATGCTGAGTGATATICCCAAGTGACGTCTGAACTGCTTCGAA---N40---TTACCTAGGTGTAGATGCTTAAG-5"

In vitro transcription

i GGGUUCACUGCAGACUUGACGAAGCUU———N40———AAUGGAUCCACAUCUACGAAUUC 3" Random RNA library

B) / \
(kDa) '\.A-W
*

AC 1-1 -AAUGUGCUAAUAARAUCAACAAUCGUGGGCGCGUCGUCGU- 52 (%

Group 1 (4/18 clones)

AC 1-2 ~GGARCARUUAUAAUAAGGAGUUGGCCGUGARUGGGUGUGG- 45
Group2 (6/18 clones) AC 2-1 ~GACGGAGAUCAAGGGCGAGUCUCAUACCAAGUUGAUGGGG- 32 |- ‘IL_32
P AC 2-2 ~-UAUAAGAGGAAUAACACAGGGCGUCGCGAAGUCUGGUGGC— 25 [ B
AC 3-1 —-CCAGGAAGAGAAGUGUCAUGUGAUCAGUCCUGGUGGGUGG—
Group3 (8/18 clones) AC 3-2 ~CCAGCAAGAGAAGGGUUAAGGGAGGGCGUAGGUGCGGCGG- 18 |8
AC 3-3 -CCGGAGAGAAGGGUCAAAGUUGUGCGGGAGUGUGUUGUGG-
AC 3-4 -CCGUGAAGAGAAGGGUCAARUAUAGGCGGGUUUGGGGGUGG- P

Figure 1. Preparation of oligonucleotides for SELEX and sequences of selected RNA. (A) The sequence of the RNA pool for in vitro selection is
shown. A random RNA library was obtained by in vitro transcription of the DNA template, which contains 40 random nts. (B) The RNAs selected
after the tenth round of SELEX were sequenced and grouped based on sequence similarity. Each group had conserved sequences as indicated by
shaded nucleotides. (C) The purified recombinant IL-32y protein was analyzed by 12% SDS-PAGE analysis with Coomassie Brilliant Blue staining
and was found to be a single band with a molecular weight of 35 kDa (arrow).

combinant human IL-32y protein harboring 6xHis-tag at the
N-terminus was expressed in Escherichia coli and purified by
TALON affinity chromatography (Invitrogen, San Francisco,
CA) and subsequent size-exclusion chromatography (Superdex
G75, GE Healthcare, Piscataway, NJ), as described previously.22
The purified recombinant IL-32y protein that was found to be
about 35 kDa upon SDS-PAGE analysis with Coomassie Brilli-
ant Blue staining (Fig. 1C) was subjected to RNA aptamer
screening. The random RNA library used for selection of [L-32
specific RNA aptamers (Fig. 1A) was prepared as described
previously.”

Invitro selection of IL-32 specific RNA aptamers. [n vitro
selection was conducted using the purified His-tagged IL-32y
protein and the generated random RNA library. The random
RNA library (6 pg) was preincubated with 100 pL of Ni-NTA
Sepharose beads (GE Healthcare) in 100 pL of binding buffer
(20 mM sodium phosphate, 500 mM NaCl and 20 mM imida-
zole, pH 7.4) for 15 min at room temperature with occasional
shaking. The RNA-bead complexes were briefly centrifuged
and discarded to remove RNAs with nonspecific binding to
Sepharose bead. The SELEX procedure was conducted using
Ni-Sepharose His SpinTrap columns (GE Healthcare). The
resin was washed and equilibrated with binding buffer, after
which His-tagged IL-32y protein (50 pg) that was pre-incubated
with the binding buffer for 15 min at room temperature was
loaded onto the column and further eluted with the binding
buffer. After the column was washed three times with binding
buffer, 100 pL of the pre-cleared random RNA library was load-

ed onto the column. The column was washed three times with
the binding buffer to remove RNA molecules that did not bind
to the protein. Next, the bound RNA was eluted using elution
buffer (20 mM sodium phosphate, 500 mM NaCl and 300 mM
imidazole, pH 7.4), collected and then purified by phenol-chlo-
roform extraction and ethanol precipitation. The recovered
RNAs were reverse transcribed with RT pre-mix™ (Intron Bio-
technology, Gyeonggi-do, Korea) and amplified by PCR with
Tag DNA polymerase (SunGenetics, Daejeon, Korea), and the
amplified DNA was subjected to the in vitro transcription to
generate an RNA library for the next round. Following the 10"
round, the amplified cDNA was cloned into a linearized pGEM
T-Easy vector (Promega, Madison, WI). Subcloning and trans-
formation was carried out using E. coli, after which plasmid
DNA that was isolated from each clone was sequenced. Each
RNA aptamer was prepared by in vitro transcription using the
amplified cDNA or respective subcloned plasmid as a template.

Measurement of RNA aptamer binding to IL-32 protein. To
comparatively analyze the binding affinity of each RNA apta-
mer, semi-quantitative RT-PCR was carried out to analyze RNAs
eluted from the column after binding the individual RNA aptam-
er candidate to IL-32 protein. Specifically, 70 ng of IL-32 pro-
tein (2.0 pmole) was loaded and immobilized onto a Ni-Sepha-
rose column, and the exact amount (20 pmole) of RNA aptamer
candidate was poured into the column, as performed in the
SELEX process. The column containing the RNA-protein com-
plex was then washed three times with 200 pL of the binding
buffer, after which the eluents were collected as flow-thru.
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The IL-32 bound RNAs were then eluted from the column by
three consecutive washes with 200 pL of the elution buffer.
RNAs from the flow-thru and the IL-32 bound RNAs were then
extracted by phenol-chloroform and ethanol precipitation, and
the extracted RNAs from each elution were subjected to RT-
PCR using the aptamer specific primers described above. The
conditions for the PCR were as follows: 18 cycles of 95 °C for
20's, 55 °C for 20 s, and 72 °C for 30 s. Agarose gel electrop-
horesis was carried out to confirm that DNA was amplified
from each eluant and the amount of amplified DNA was quanti-
fied using the Gel-Pro analyzer software (Media Cybernetics,
Bethesda, MD).

Alternatively, the electrophoretic mobility shift assay (EMSA)
was conducted to monitor the binding affinity of the selected
RNA aptamer against IL-32. A fixed concentration of the select-
ed RNA aptamer (100 nM) was incubated with the target protein
at various concentrations (10 ~ 500 nM) in 20 pL of binding
buffer for 15 min at room temperature. The RNA-protein com-
plex was subjected to 8% non-denaturing polyacrylamide gel
electrophoresis and the resolved RNAs were then identified
by ethidium bromide staining. Next, the protein-bound RNA
was quantified and analyzed using the Gel-pro analyzer soft-
ware, and a binding curve was generated which was fitted to a
hyperbolic equation using Sigma plot (SPSS, Chicago, IL).

Cell culture and RNA aptamer transfection. Human lung
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epithelial cells with IL-18 receptor  chain expression (A549-
Rp) that were cultured, as previously described,” in DMEM
(HyClone Laboratories, Logan, UT) supplemented with 1%
penicillin-streptomycin and 10% fetal bovine serum. Cells were
grown in a humidified atmosphere of 5% CO, at 37 °C. Cells
(2% 10° cells/well) were seeded in 6-well plates in 1.0 mL of cul-
ture medium and then grown for additional 48 hrs. Transfection
of IL-32 RNA aptamer or negative control RNA was carried
out in 6-well plates with cells reaching 60 ~ 70% confluence.
The plated cells were then washed twice with phosphate-buff-
ered saline (PBS) and placed in 500 uL of serum-free medium
(DMEM) prior to transfection. RNA aptamers of given concen-
trations (10 to 100 nM) were mixed with Lipofectamine™ 2000
(Invitrogen) and transfection was conducted as previously sug-
gested by the manufacturer. For the case of IL-32 induction with
IL-1PB stimulation, cells were treated with 30 ng/mL of hIL-18
(R&D systems, Minneapolis, MN) 24 hrs after transfection. The
cells were then further incubated for 36 hrs after IL-1f treatment
or incubated for 60 hrs after RNA transfection without IL-1p,
after which they were trypsinized and harvested by centrifuga-
tion. The cell pellets and supernatants were then collected for
western blotting assay and ELISA, respectively.

Westem blotting assay. Harvested cell pellets were resus-
pended and lysed, and the total proteins were obtained and quan-
tified using protein assay reagent (Bio-Rad, Hercules, CA). A
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Figure 2. Predicted secondary structures of IL-32 RNA aptamer candidates. Predicted secondary structures of eight different sequences of IL-32
aptamer candidates (AC) obtained using Zuker’s M-Fold program are shown. The conserved sequences in each group are indicated by thick lines.
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total of 25 pg of proteins were loaded onto a 12% SDS-PAGE
and then transferred to nitrocellulose membrane (Whatmann,
Piscataway, NJ). The membrane was then blocked with 5%
nonfat milk and probed with the following primary antibodies:
anti-IL-32y (prepared as described previouslylz), anti-TNFa
(Abcam, Cambridge, UK), and anti-B-actin (Santa Cruz Bio-
technology, Santa Cruz, CA). After washing, the membrane was
incubated with secondary antibodies conjugated with enzyme-
peroxidase (Gendepot, Barker, TX) at a 1:10,000 dilution for 1
hr at room temperature, then developed using the enhanced che-
mical luminescence system (Intron Biotechnology).

Enzyme-linked immunosorbent assay (ELISA). Collected
cell culture supernatants that contain excreted human TNFa
were assayed using a commercially available human cytokine
ELISA kit (R&D Systems, Minneapolis, MN) for the liquid-
phase enhanced chemiluminescence (ECL) method according
to the vendor's instructions. The amount of chemiluminescence
from 300 pL of the supernatant was measured at 450 nm using
an ELISA reader (Photoread, Berthold, Germany). All values
(expressed as pg/mL) represent the mean + standard deviation
of triplicate independent experiments.

Results and Discussion

Selection of RNA aptamers specific to IL-32 protein. To gen-
erate RNA aptamers against [L-32, the SELEX method was
adopted for in vitro selection of target specific ligands. Recom-
binant human IL-32y protein was expressed and purified to
homogeneity as determined by SDS-PAGE and western blot
analysis (data not shown). The SELEX process was started from
the pool of the RNA library (~1024 nucleic acid sequences) that
was generated via PCR and in vitro transcription of DNA tem-
plates harboring random sequences of 40 nts (Fig. 1A). To select
RNA aptamers with a high affinity to the target protein, 10
iterative rounds were conducted by increasing the stringencies
of RNA-binding to the target protein as the rounds progressed.
Starting from the 4th round, a more stringent condition was em-
ployed by reducing the protein concentration at each subsequent
round: 25 pg (rounds 4-5), 10 pg (rounds 6-7), 5.0 pg (rounds
8-9), and 2.5ug (round 10).

After ten cycles of selection, the round ten pool was cloned
and 18 individual aptamer clones were sequenced. Sequence
alignment of these clones enabled them to be categorized into
three groups (Fig. 1B). Each group had a characteristic sequence
of clustered nucleotides in the middle of the random sequences
region, in which there was an AG-rich conserved sequence of
nine nucleotides [GAGAAG(G/U)GU] and ten nucleotides
[AGGGCQG] followed by [AAGU] in group 3 and 2, respec-
tively. Besides these groups, four clones among 18 subclones
were found to contain AU-rich sequences of six nucleotides
[UAAUAA] (Group 1). The secondary structures of eight diff-
erent RNA sequences identified in the tenth RNA pool were
predicted using the M-Fold program based on the Zuker algori-
thm.** Every RNA aptamer was predicted to contain several
stem-loop structures, in which the conserved sequences largely
reside at the loop or short stem flanking the loop regions in the
secondary structures (Fig. 2). These results imply that the con-
served sequences in each RNA aptamer candidate might be
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Figure 3. Measurement and confirmation of the binding affinity of ap-
tamers. (A) Affinity measurement using RT-PCR was performed with
a His spin trap column. A precise amount (20 pmole) of eight different
RNA aptamer candidates and non-specific RNA (negative control, N/
C) was reacted with IL-32 protein (2.0 pmole) in the affinity column
chromatography. RNA from the washing fraction and the affinity-
elution fraction was reverse transcribed and its cDNA was amplified.
Ethidium bromide staining identified free RNA and protein-bound
RNA in 2% agarose gel electrophoresis. (B) RNA aptamer AC3-3 at
100 nM was incubated with increasing concentrations of IL-32. The
RNA-protein complex was subjected to 8% non-denaturing polyacryla-
mide gel electrophoresis and the resolved RNA was identified by ethi-
dium bromide staining. The upper arrow indicates the RNAs bound to
IL-32 protein and the bottom arrow indicates the free RNA. The amount
of protein-bound RNA was calculated and graphed as a function of pro-
tein concentration, which was fit to the hyperbolic equation to provide
Kq of 78 nM.

exposed for interaction with the IL-32 protein. It has been shown
that RNA aptamers for target proteins often contain a conserved
sequence of several nucleotides in the loop structure.”” Thus,
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the conserved sequences residing at the RNA aptamer loop
and stem could constitute a binding motif structure to 1L-32,
whereas the stem structure of any other sequence could have
a stabilizing function on the RNA aptamer structure.

Binding affinity of RNA aptamers for IL-32 protein. To an-
alyze the binding affinity of the eight aptamer candidates target-
ing the IL-32 protein, we carried out semi-quantitative RT-PCR
for RNAs bound to the protein using a strict amount of RNA
aptamer candidates and IL-32 protein (Fig. 3A). For this method,
we used the His spin trap column in conjunction with the SELEX
process for immobilization of IL-32 protein, and PCR was limit-
ed to 18 cycles to avoid saturation of cDNA amplification. The
flow-through and affinity-eluted RNA fractions were then
collected and subjected to RT-PCR. The loaded RNAs were then
partitioned into the washing fraction that was unbound to the
protein and the affinity-elution fraction that bound to the protein.
As expected, the amount of RNAs bound to IL-32 protein was
negligible when compared to the negative control RNA con-
taining specific sequences to irrelevant viral protein.23 In con-
trast, some RNAS obtained at the tenth round of SELEX exhibit-
ed significant binding activity by showing an enriched amount
of RNA in the affinity-elution fraction. Among these RNA
aptamer candidates, aptamer clone AC3-3 was the most pro-
minent one able to bind to the target protein and was therefore
selected as the highest affinity aptamer for further study.

A gel retardation assay was conducted to measure the binding
affinity of RNA aptamer AC3-3 for the IL-32 protein (Fig. 3B).
Increasing amounts of IL-32 protein were mixed with a fixed
amount of RNA aptamer AC3-3 (100 nM). The RNA aptamer
was found to bind to the IL-32 protein in a dose-dependent
manner, as indicated by the increased intensity in the protein-
bound RNA band. After quantification of the RNA bands, a
hyperbolic equation was applied to fit the binding of RNA to
the protein. The fit provided an apparent dissociation constant
(Kq4) of 78 nM for the RNA aptamer AC3-3 with a saturation in
binding above 200 nM of IL-32 protein. About 10% of the RNA
aptamer was bound to the protein without a further increase in
binding at a higher concentration of protein, suggesting that
only a fraction of the RNA aptamer might be structurally com-
petent for binding to IL-32 protein under the conditions used in
the assay. We are currently investigating a method to increase
the population of RNA aptamers that is competent for binding
to the target protein by thermally resolving and reconstituting
the RNA structures.

Antagonistic activity of RNA aptamer against IL-32. [L-32
is well known as an inducer of proinflammatory cytokines such
as TNFa and IL-1p. To determine if the high affinity RNA apta-
mer AC3-3 generated in this study was capable of antagonizing
the function of IL-32 protein in cells that endogenously produce
IL-32, we conducted Western blot assay to monitor the expre-
ssion of proinflammatory cytokines after transfection of the
selected RNA aptamer in cells. The lung cancer cell line A549
variant (A549-Rp) that is the human lung carcinoma A549 cell
line with an IL-18 receptor § chain (IL-18Rp) expression was
used to test the efficacies of AC3-3 RNA aptamers in cells.
The stable clones of the IL-18Rf gene transfected A549 cells
(A549-Rp) that are responsive to IL-18 or IL-1f exhibit upre-
gulation of several cytokines, including IL-6, IL-8, and IL-32.2%
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Figure 4. Antagonistic activity of RNA aptamer AC3-3 against IL-32.
Lung cancer cells that expressed IL-18 receptor (A549Rf) were trans-
fected with the RNA aptamer AC3-3 at increasing concentrations or
the negative control RNA of irrelevant sequences (N/C) at 100 nM. 24
hrs after RNA transfection, IL-1f (30 ng/mL) was added to the cells to
induce proinflammatory cytokines IL-32. The IL-32-induced TNFa
production was examined after 36 hr incubation. (A) The cell extracts
were prepared and analyzed by Western blotting analysis with anti-1L-
32 and anti-TNFa antibodies. To confirm equal loading, the blots were
re-probed with anti-B-actin antibody. The amounts of TNFa. protein
were determined by densitometry and were normalized to the B-actin
protein, as shown by the numbers below the gel image. (B) IL-32-in-
duced TNFa secretion in the culture media was measured by ELISA.
Cell culture supernatant derived from the cell harvest in (A) was an-
alyzed by liquid-phase ECL (enhanced chemiluminescence) system
for human TNFa excreted in media. The signs in the parenthesis re-
present the presence or absence of IL-1f in the cell growth media. All
experiments were carried out in triplicate and the error bars represent
the S.D.

First, RNA aptamer AC3-3 at three different concentrations was
transfected into the A549-Rp cells stimulated with IL-1p and the
expression level of cytoplasmic IL-32 and TNFa was monitored
(Fig. 4A). TNFa production in cells with or without IL-1
stimulation was substantially reduced by 100 nM of the RNA
AC3-3 transfection, whereas the level of IL-32 protein in the
cells was not affected under this condition. Suppression of TNF
a expression by the AC3-3 aptamer was not pronounced at an
AC3-3 dosage lower than 50 nM. In contrast, the irrelevant RNA
with nonspecific sequences did not reduce TNFa expression in
cells, regardless of IL-1p stimulation. These results indicate that
the RNA aptamer specific to IL-32 functionally antagonizes
IL-32 and subsequently reduces TNFa expression without
affecting IL-32 expression level in the cells, demonstrating the
inhibitory efficacy of the RNA aptamer against 1L-32.

Next, we examined the inhibitory effect of AC3-3 against
IL-32-induced TNFa release from A549-Rp cells. Cell culture
supernatants obtained from cells harvested for western blot
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assay were assessed for human TNFa production using ELISA
(Fig. 4B). IL-32-induced TNFa secretion was reduced with the
AC3-3 aptamer transfection in a dose-dependent manner. At
high concentrations of AC3-3 aptamer (100 nM), TNFa produc-
tion was reduced by nearly 75% when compared with the un-
treated control. In contrast, the IL-32-induced TNFa. release
was not diminished by the irrelevant RNA, regardless of IL-1
stimulation. These data suggest that inhibition of the IL-32-
induced TNFa secretion was caused by specific activity of the
IL-32 antagonizing RNA aptamers in cells.

Taken together, we demonstrated that the RNA aptamer AC3-
3 specifically antagonizes the function of IL-32 to induce its cog-
nate proinflammatory cytokine, TNFa. The exact role of IL-32
in proinflammatory disorders has not been fully elucidated due
to the lack of selective antagonists against IL-32. Thus, the RNA
aptamer AC3-3 generated in this study can be used as a potent
and selective antagonist against human IL-32 to probe potential
roles of IL-32 in immune function as well as to treat chronic
inflammatory diseases if appropriate RNA delivery agents are
developed.
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