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The obstacles to the development of therapeutic aptamers for systemic inflammatory diseases, such as nuclease
degradation and renal clearance, have not been fully overcome. Here, we report a novel PEGylation method,
sbC-PEGylation, which improves the pharmacokinetic properties of RNA aptamers that act against interleukin-
17A (IL-17A) in mice and monkeys. sbC-PEGylated aptamers were synthesized by coupling the symmetrical
branching molecule 2-cyanoethyl-N,N-diisopropyl phosphoroamidite to the 5¢ end of the aptamer, before
conjugating two polyethylene glycol (PEG) molecules to the aptamer. Pharmacokinetic studies showed that
compared with conventionally PEGylated aptamers, the sbC-PEGylated aptamer exhibited excellent stability in
the blood circulation of mice and monkeys. In addition, one of the sbC-PEGylated aptamers, 17M-382, in-
hibited the interleukin-6 (IL-6) production induced by IL-17A in NIH3T3 cells in a concentration-dependent
manner, and the half-maximal inhibitory concentration of sbC-PEGylated 17M-382 was two times lower than
that of non-PEGylated 17M-382. Furthermore, the intraperitoneal administration of sbC-PEGylated 17M-382
significantly inhibited the IL-6 production induced by IL-17A in a mouse air pouch model. Our findings suggest
that the novel PEGylation method described in this study, sbC-PEGylation, could be used to develop anti-IL-
17A aptamers as a therapeutic option for systemic inflammatory disease.
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Introduction

Aptamers are artificial oligonucleotides that specifi-
cally bind to target molecules with a high affinity. Con-

sequently, they can inhibit the binding of a protein to its
receptor, similar to therapeutic neutralizing antibodies. How-
ever, aptamers are considered to have some clinical advan-
tages over therapeutic antibodies, for example, they exhibit
low immunogenicity [1–3].

A large variety of therapeutic aptamers have been reported
since the systematic evolution of ligands by exponential en-
richment (SELEX), a technique used to identify aptamers, was
established [4,5]. However, only pegaptanib, an anti-vascular
endothelial growth factor (VEGF) aptamer, has been approved
for the treatment of age-related macular degeneration [6]. In
addition, recent developments in this area have focused on
treatments for ophthalmic disease [7]. These points indicate that
the obstacles to the development of therapeutic aptamers for

other diseases, especially systemic diseases, such as nuclease
degradation and renal clearance, have not been fully overcome.

PEGylation, in which polyethylene glycol (PEG) is con-
jugated to a pharmaceutical, is one of the strategies used to
inhibit the enzyme degradation and renal clearance of drugs
and, hence, to improve their stability in vivo. In studies of
protein-based therapeutics, it was reported that the molecular
weight (MW) and configuration of PEG affected not only the
pharmacokinetic (PK) properties of the drug but also its bi-
ological activity. Thus, it is important to select PEG with
appropriate MW and configurations for the desired clinical
benefits [8–11]. On the other hand, there is limited infor-
mation about the PEGylation of aptamers, although various
techniques involving oligonucleotide modification have been
developed to protect aptamers from nuclease degradation
[12–16]. In this study, to optimize the in vivo PK properties
of aptamers, we developed a novel PEGylation method,
symmetrical branching 2-cyanoethyl-N,N-diisopropyl (CED)
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phosphoramidite PEGylation (sbC-PEGylation), and we eval-
uated the effects of sbC-PEGylation on the PK properties of
RNA aptamers that inhibit interleukin-17A (IL-17A), which
were originally reported by Ishiguro et al. [17]. It was found
that sbC-PEGylation markedly improved the PK properties and
enhanced the neutralizing activity of anti-IL-17A aptamers.
These results suggest that sbC-PEGylation might represent a
breakthrough in the development of therapeutic aptamers.

Materials and Methods

PEGylation and oligonucleotides

The PEGylation and synthesis of the oligonucleotides were
performed by GeneDesign, Inc. (Osaka, Japan). The PEG
molecules used in this study were obtained from NOF Cor-
poration (Tokyo, Japan) or JenKem Technology (Beijing,
China). Symmetrical branching CED phosphoramidite, DMT-
triethyloxy-glycol phosphoramidite (ChemGenes Corpora-
tion, Wilmington, MT), and ssH linker phosphoramidite
(Sigma-Aldrich Corporation, St. Louis, MO) were used for the
sbC-PEGylation of the anti-IL-17A aptamers, according to the
scheme described in Fig. 1. In brief, the 5¢-OH oligonucleotide
(compound 2) was sequentially synthesized from a 3¢-inverted
deoxythymidine (idT)-loaded controlled pore glass that served
as a starting material by using an automated solid-phase oli-
gonucleotide synthesizer, before being subjected to acid det-
ritylation. In the same synthesizer, symmetrical branching
CED phosphoramidite (compound 1, 6 equivalents) was re-
acted with compound 2 to give compound 3, which had a 5¢-O-

branched oligonucleotide. After oxidation and deprotection
of compound 3, the resultant compound 4 was reacted with
DMT-triethyloxy-glycol phosphoramidite (compound 5, 9
equivalents), giving compound 6. Oxidation and deprotection
of compound 6 proceeded in the same manner as described
earlier, and the resultant compound 7 was reacted with ssH
linker phosphoramidite (compound 8, 9 equivalents) and ox-
idized successively, giving compound 9. Then, compound 9
was cleaved from the resin and base deprotected by using
ammonium hydroxide. Next the 2¢-tert-butyldimethylsilyl
(TBDMS) group was deprotected with acid, and then the
product was purified by using reverse-phase column chroma-
tography to give the purified amine compound 10, which was
used as a PEGylation precursor. Next, an aqueous solution of
compound 10 and a dimethyl sulfoxide-acetonitrile (4:1) so-
lution of activated PEG (compound 11, 9 equivalent) were
added to 0.1 M sodium carbonate buffer solution (pH 9.0), and
the mixture was stirred at 25�C for 2 h to give the crude PE-
Gylated product. After the crude PEGylated product had been
purified with reverse-phase column chromatography, the de-
sired purified PEGylated aptamers were obtained. In some
studies, compound 2 was conventionally PEGylated by using
ssH linker phosphoramidite alone. The weights of the sbC-
PEGylated and PEGylated aptamers were calculated as oli-
gonucleotide weight values.

The RNA sequence of the anti-IL-17A aptamers (17M-
200-S1 and 17M-382) used in this study, 5¢-GGGUA
GCCGGAGGAGTCAGTAAUCGGUACCC-3¢, was based
on the Apt21-2 sequence reported by Ishiguro et al. [17]. To

FIG. 1. Scheme for sbC-PEGylation. DMTr, 4,4¢-dimethoxytrityl; MMTr, p-methoxyphenyl diphenylmethyl; OCE,
cyanoethoxy.
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prevent nuclease degradation, fluorine, methoxy, or hydrogen
groups were introduced at the 2¢-OH positions of some ri-
boses, and the aptamers’ phosphodiester backbones were
partially replaced with phosphorothioate.

PK studies in mice

The PK studies were performed according to the proce-
dures approved by the Zenyaku Kogyo Co., Ltd., animal care
and use committee. Male C57BL/6J mice (6 weeks old) were
purchased from Charles River Laboratories, Japan (Kana-
gawa, Japan). They were maintained at around 22�C under a
12 h light/dark cycle and given standard chow and tap water
ad libitum. sbC-PEGylated or PEGylated aptamers were
dissolved in saline at a concentration of 0.2 mg/mL. They
were intravenously administered to the mice at a dose of
1 mg/kg. Blood was collected from the mice at the indicated
time points (n = 3 per time point), and ethylenediaminete-
traacetic acid (EDTA) plasma samples were prepared and
stored at -70�C until the assays.

PK studies in monkeys

The PK studies in cynomolgus monkeys were conducted at
Ina Research, Inc. (Nagano, Japan), according to the proce-
dures approved by the Ina Research, Inc., institutional animal
care and use committee. Male cynomolgus monkeys (age: 3–
5 years; body weight: 2.6–4.4 kg) were used in this study.
sbC-PEGylated or conventionally PEGylated 17M-382 was
dissolved in saline at a concentration of 1 mg/mL. The ap-
tamers were intravenously administered to the monkeys
(n = 3) at a dose of 1 mg/kg. Two weeks after their intrave-
nous administration, they were also subcutaneously admin-
istered at a dose of 1 mg/kg. Blood was collected at the
indicated time points, and EDTA plasma samples were pre-
pared and stored at -70�C until the assays.

Enzyme-linked oligo-sorbent assay

The plasma levels of aptamers were measured by using an
enzyme-linked oligo-sorbent assay (ELOSA) according to
the method reported by Healy et al. [18]. The RNA sequences
of the detection probe and capture probe were 5¢-6-FAM-
spacer 18-GGGUACCGAUUACUG-3¢ and 5¢-ACUCCUC
CGGCUACCC-spacer 9-amino C6 linker-3¢, respectively.
The PK parameters were derived by using noncompartmental
models with WinNonlin� version 6.4 on Phoenix� 1.4
(Pharsight Corp., Mountain View, CA).

In vitro IL-17A-neutralizing activity

The effects of sbC-PEGylation on the IL-6 production
induced by human IL-17A in NIH3T3 cells were examined.
Namely, 10 ng/mL of human IL-17A (R&D Systems, Inc.,
Minneapolis, MN) was incubated with various concentra-
tions of the aptamers for 30 min at 37�C. Then, suspensions
of NIH3T3 cells (American Type Culture Collection, Man-
assas, VA) (density: 5 · 105 cells/mL) and mouse tumor ne-
crosis factor (TNF)-a (2 ng/mL; R&D Systems, Inc.) were
added to the plates. After 24 h, the supernatants were col-
lected and stored at -70�C until the assays were performed.
Then, the levels of mouse IL-6 in the supernatants were
measured by using an ELISA kit (Invitrogen Corporation,
Frederick, MD).

In vivo IL-17A-neutralizing activity

According to the method reported by Maione et al. [19], we
examined the effects of sbC-PEGylation on the IL-17A-
neutralizing activity of 17M-382 by using a mouse air pouch
model. sbC-PEGylated 17M-382 was intraperitoneally admin-
istered at 1, 24, 72, or 168 h before the administration of human
IL-17A (500mg/pouch, kindly donated by Dr. Ishiguro, Tokyo
University) into each air pouch. Then, the exudates from
each air pouch were collected at 24 h after administration of
human IL-17A and they were stored at -70�C until the
concentration of IL-6 was measured by using an ELISA kit
(Invitrogen Corporation).

Statistical analysis

Data are expressed as the mean – standard deviation
(SD, n = 3, for the PK studies and in vitro studies) or the
mean – standard error of the mean (SEM, n = 7 or 8, for the
mouse air pouch model). The statistical significance of dif-
ferences was assessed by using one-way analysis of variance
(ANOVA) followed by Dunnett’s test. These statistical an-
alyses and the determination of half-maximal inhibitory
concentration (IC50) values (using the four-parameter curve
fit algorithm) were performed by using the Kaleida Graph 3.6
software (Synergy Software, Reading, PA). P-values of
<0.05 were considered significant.

Results

sbC-PEGylation

Figure 2A shows the results of the reverse-phase high
performance liquid chromatography (HPLC) analysis of 17M-
382 after it had been sbC-PEGylated with two-armed 40-kDa
PEG (Y-shaped PEG; JenKem Technology). The yields of
sbC-PEGylated 17M-200-S1 and sbC-PEGylated 17M-382
were 85.0% and 87.4%, respectively. After purifying them
with reverse-phase HPLC, we confirmed that the sbC-
PEGylated aptamers contained two 40-kDa PEG molecules
using matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS, Fig. 2B).

Effects of sbC-PEGylation on the PK properties
of aptamers in mice

To evaluate the effects of sbC-PEGylation on the renal
clearance and nuclease degradation of aptamers in vivo,
we first used 17M-200-S1, which was easily degraded in
mouse serum (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/nat). sbC-
PEGylated 17M-200-S1 had the longest plasma half-life (t1/2,
22.5 h) of the aptamers that were conjugated with 80-kDa
PEG. The plasma t1/2 of sbC-PEGylated 17M-200-S1 was
approximately two to three times longer than those of the
two-armed 80-kDa PEG (7.5 h) and the four-armed 80-kDa
PEG (10.5 h). Compared with the aptamers that were PE-
Gylated with 40-kDa PEG, the sbC-PEGylated 17M-200-S1
remained in circulation for 4.5 to 6.0 times longer (Fig. 3 and
Table 1).

Next, we used 17M-382, which was not degraded in mouse
serum for 72 h (Supplementary Fig. S1), to evaluate the ef-
fects of sbC-PEGylation on renal clearance. The plasma t1/2

of sbC-PEGylated 17M-382 (22.8 h) and sbC-PEGylated
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17M-200-S1 (22.5 h) did not differ virtually. In addition, the
plasma t1/2 of sbC-PEGylated 17M-382 was almost as long as
that of 17M-382 PEGylated with four-armed 80-kDa PEG
(20.9 h, Table 1). However, the use of linear 40-kDa PEG
instead of two-armed PEG markedly reduced the plasma t1/2

of sbC-PEGylated 17M-382 (4.9 h). Taken together, it was
considered that sbC-PEGylation with two 2-armed 40-kDa
PEG molecules increased the aptamers’ MW to a greater
extent (total: 80 kDa) and induced more marked steric hin-
drance (caused by the 4 arms around the aptamers) than
conventional PEGylation, resulting in reductions in renal
clearance and nuclease degradation.

Effects of sbC-PEGylation on the PK properties
of aptamers in monkeys

Since it was predicted that the most suitable oligonucleo-
tide/PEGylation combination would optimize the aptamers’
PK properties in monkeys, we used 17M-382, and we com-
pared the PK properties of sbC-PEGylated aptamers with
those of conventionally PEGylated aptamers. When sbC-
PEGylated 17M-382 was administered intravenously and
subcutaneously, it exhibited plasma t1/2 of 72.0 – 10.3 and
107 – 52.8 h, respectively, which were 4.1 and 6.5 times
longer than those obtained for 17M-382 PEGylated with

FIG. 2. (A) Reverse-phase HPLC
and (B) matrix-assisted laser desorp-
tion/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS)
analyses of sbC-PEGylated 17M-382.
*The yield of sbC-PEGylated 17M-
382 was 87.4%.

FIG. 3. Plasma concentration-time curves of sbC-PEGylated
and conventionally PEGylated aptamers after their intrave-
nous injection into mice. 17M-200-S1 that had been sbC-
PEGylated with two 2-armed 40-kDa PEG (Y-shaped PEG,
block) or conventionally PEGylated with various PEG (orange:
SUNBRIGHT� GL4-800GS2; yellow-green: SUNBRIGHT
GL2-800GS2; yellow: SUNBRIGHT GL4-400GS2; green:
SUNBRIGHT GL2-400GS2; blue: Y-shaped PEG) was intra-
venously administered to mice at a dose of 1 mg/kg. Three mice
were used at each time point, and the data are expressed as
mean – SD values (n = 3).
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two-armed 40 kDa PEG, respectively. Similarly, the area
under the curve values of sbC-PEGylated 17M-382 were 5.3
to 5.5 times longer than those of PEGylated 17M-382. On the
contrary, the CL/F value of sbC-PEGylated 17M-382 was
approximately one-fifth lower than that of PEGylated 17M-
382. When the aptamers were administered subcutaneously,
the Tmax of sbC-PEGylated 17M-382 was 3.8 times longer
than that of PEGylated 17M-382. However, there were no
differences in Cmax, Vz/F, or Vss (intravenous administra-
tion) between the aptamers (Fig. 4 and Table 2).

The effects of sbC-PEGylation on the in vitro
neutralizing activity of 17M-382

Since the PEGylation of pharmaceuticals sometimes re-
duces their biological activity [10], it is possible that sbC-
PEGylation might decrease the neutralizing activity of the
anti-IL-17A aptamers. Thus, we examined the effects of sbC-
PEGylation on the neutralizing activity of 17M-382. Non-
PEGylated 17M-382 inhibited the IL-6 production induced
by IL-17A in a concentration-dependent manner (Fig. 5), and
its IC50 value was 19.7 – 6.3 ng/mL. On the other hand, the
IC50 value of sbC-PEGylated 17M-382 was 10.0 – 1.0 ng/
mL. These results indicate that rather than reducing the
in vitro neutralizing activity of the aptamers, sbC-PEGylation
enhanced it by about twofold.

The effects of sbC-PEGylation on the in vivo
neutralizing activity of the aptamers

Next, we examined the effects of sbC-PEGylation on in vivo
IL-17A-neutralizing activity by using a mouse air pouch
model. In the saline-treated group, the IL-6 concentration of
the air pouch was increased at 24 h after the administration
of human IL-17A. However, the intraperitoneal administration
of sbC-PEGylated 17M-382 1 h before the administration of
IL-17A reduced the IL-6 concentration of the air pouch in a
dose-dependent manner (Fig. 6A). Significant differences
were observed between the IL-17A-neutralizing activity in-
duced by 1 and 3 mg/kg of sbC-PEGylated 17M-382.
Moreover, sbC-PEGylated 17M-382 continued to exhibit
in vivo neutralizing activity for 72 h; that is, 3 mg/kg of sbC-
PEGylated 17M-382 significantly reduced the IL-6 con-
centration of the air pouch (Fig. 6B). These findings indicate
that sbC-PEGylated aptamers diffuse into inflamed tissues
and that the in vivo neutralizing activity of sbC-PEGylated
aptamers can be maintained for several days.

Discussion

In this study, we reported a novel PEGylation method,
sbC-PEGylation, which markedly improved the PK param-
eters and in vitro neutralizing activity of anti-IL-17A apta-
mers. Moreover, it was indicated that sbC-PEGylated

Table 1. Plasma Half-Lives (t1/2) of sbC-Pegylated and Pegylated Aptamers in Mice

Aptamers

PEG

t1/2 (h)Product name MW (kDa) No. of arms

sbC-PEGylated 17M-200-S1 Y-shaped PEG+Y-shaped PEG 80 (40 + 40) 4 (2 + 2) 22.5
PEGylated 17M-200-S1 SUNBRIGHT� GL4-800GS2 80 4 10.5

SUNBRIGHT GL2-800GS2 80 2 7.5
SUNBRIGHT GL4-400GS2 40 4 5.0
SUNBRIGHT GL2-400GS2 40 2 4.3
Y-shaped PEG 40 2 3.7

sbC-PEGylated 17M-382 Y-shaped PEG+Y-shaped PEG 80 (40 + 40) 4 (2 + 2) 22.8
SUNBRIGHT ME-400GS+SUNBRIGHT

ME-400GS
80 (40 + 40) 2 (linear+linear) 4.9

PEGylated 17M-382 SUNBRIGHT GL4-800GS2 80 4 20.9

SUNBRIGHT� is a registered trademark of the NOF Corporation.
MW, molecular weight.

FIG. 4. Plasma concentration-time curves of sbC-PEGylated and conventionally PEGylated aptamers after their injection
into monkeys. 17M-382 that had been sbC-PEGylated with two 2-armed 40-kDa PEG (A) or conventionally PEGylated with
a two-armed 40-kDa PEG (B, SUNBRIGHT GL2-400GS2) was intravenously (closed circles) or subcutaneously (open
circles) administered to monkeys at a dose of 1 mg/kg. Data are expressed as mean – SD values (n = 3).
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aptamers diffuse into inflamed tissue and that they continue
to exhibit in vivo neutralizing activity for 72 h after their
administration. To the best of our knowledge, this is the first
report to indicate that performing PEGylation with both
symmetrical branching CED phosphoramidite and two-
armed 40-kDa PEG improves the PK properties of aptamers,
although Kang et al. reported that the conjugation of two
linear PEG molecules and a symmetrical doubler prolonged
the in vitro whole blood clotting time of an anti-thrombin
DNA aptamer [20].

Figure 3 and Table 1 suggest that the MW of PEG (total:
80 kDa) and the steric hindrance induced by two 2-armed
PEG inhibit the renal clearance and nuclease degradation of
aptamers. Since the t1/2 of 170-kDa PEG in circulation was
only 1.4 times longer than that of 50-kDa PEG [21], it was
suggested that the conjugation of 80-kDa PEG might be an
inefficient way of prolonging the plasma t1/2 of aptamers.
However, the half-life of 17M-200-S1 that had been PEGy-
lated with 80-kDa PEG was two times longer than that of
17M-200-S1 that had been PEGylated with 40-kDa PEG
(Table 1). These results suggested that the use of two 40-kDa
PEG might be responsible for improvement of PK properties
by sbC-PEGylation. As for the number of arms, compared
with two-armed PEG, there were no advantages of using
four-armed PEG molecules when PEG was conjugated to
aptamers by using conventional methods. On the other hand,
the half-life of 17M-200-S1 that had been sbC-PEGylated
with two 2-armed 40-kDa PEG molecules (total: four-armed
80-kDa PEG) was two times longer than that of 17M-200-S1
that had been PEGylated with four-armed 80-kDa PEG.
These differences between sbC-PEGylation and PEGylation
were not obvious when 17M-382, a stable oligonucleotide,
was used. In addition, the plasma t1/2 of 17M-382 was
markedly reduced when it was sbC-PEGylated with two
linear 40-kDa PEG molecules. These results indicate that the
4 arms formed by sbC-PEGylation induce greater steric
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FIG. 5. In vitro neutralizing activity of sbC-PEGylated
aptamers. The IL-6 production induced by human IL-17A in
NIH3T3 cells was inhibited by sbC-PEGylated 17M-382
(open circles) and non-PEGylated 17M-382 (closed circles).
Data are expressed as the mean – SD values of three inde-
pendent experiments.
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hindrance around oligonucleotides and prevent aptamers
from being subjected to nuclease degradation.

PEGylation sometimes inhibits the biological activity of
pharmaceuticals, although the loss of biological activity by
PEGylation can be ameliorated by the associated increase in
the molecule’s half-life. It was reported that the PEGylation
of an anti-VEGF aptamer reduced its in vitro biological ac-
tivity by 25% [10]. On the other hand, the steric hindrance
induced by sbC-PEGylation might have enhanced the bind-
ing of the anti-IL-17A aptamer to IL-17A, and hence, in-
creased its in vitro neutralizing activity (Fig. 5). Ishiguro
et al. also found that the PEGylation of Apt21-2 with a two-
armed 40-kDa PEG molecule, SUNBRIGHT� GL2-400GS2,
increased its in vitro neutralizing activity against mouse IL-
17A [17]. In addition, the in vitro neutralizing activity of anti-
IL-17A aptamers against human IL-17A improved after their
PEGylation with various kinds of PEG, including SUNB-
RIGHT GL2-400GS2, GL2-800GS2, and GL4-800GS2 (data
not shown). Therefore, it was suggested that PEG might di-
rectly interact with IL-17A. Importantly, sbC-PEGylation
was able to increase the in vivo pharmacological activity of
anti-IL-17A aptamers by enhancing their neutralizing activ-
ity and prolonging their half-lives.

Figure 6A indicates that the sbC-PEGylated aptamers were
able to easily diffuse into inflamed tissues after their ad-
ministration. Aptamers are so small that they are able to
recognize epitopes that antibodies cannot access [22]. In
addition, it was reported that aptamers are able to efficiently
penetrate into biological compartments [2]. Namely, their
small size is one of the advantages that aptamers have over
therapeutic antibodies. Based on PK studies, we used 80-kDa
PEG (total MW of aptamer: 92 kDa) to prolong the half-life
of aptamers in vivo. As a result, we found that the steric
hindrance induced by sbC-PEGylation with two 2-armed 40-
kDa PEG seemed to be greater than that associated with the
use of 80-kDa PEG. In fact, the Tmax (48 h) of sbC-PEGylated
17M-382 was 3.8 times longer than that (12.7 h) of PEGy-
lated 17M-382 when they were administered to monkeys
subcutaneously. However, since there were no differences in
Cmax, Vz/F, or Vss between the sbC-PEGylated and PEGy-
lated aptamers, it was suggested that sbC-PEGylated apta-

mers diffuse through the body in the same way as PEGylated
aptamers. In particular, the sbC-PEGylated 17M-382 in-
hibited the production of IL-6 in air pouches when it was
administered intraperitoneally 1 h before the injection of IL-
17A (Fig. 6A). As for therapeutic antibodies, certolizumab
pegol, a PEGylated Fab’ fragment of an anti-TNF-a antibody
(total MW: 90 kDa), is able to penetrate inflammatory tissue
more easily than other whole anti-TNF-a antibodies (total
MW: 150 kDa, ref. 23). Taken together, it was suggested that
the sbC-PEGylation of aptamers with 80-kDa PEG does not
affect their ability to penetrate into inflammatory tissues.

sbC-PEGylation might be one way of overcoming the
limitations associated with the modification of ribose and/or
phosphate backbones after conventional SELEX, which are
used to enhance nuclease resistance. Since these modifica-
tions sometimes reduce the pharmacological activity of ap-
tamers, not all of the nucleotides of an aptamer can be
chemically modified. In the case of anti-IL-17A aptamers, we
synthesized >400 chemically modified aptamers and exam-
ined their in vitro neutralizing activity and stability in mouse
serum. As a result, we identified 17M-382, in which 2 of its
31 nucleotides cannot be chemically modified. Disappoint-
ingly, the half-life of 17M-382 that had been conjugated to a
conventional two-armed 40-kDa PEG molecule was only
17 h when it was administered to monkeys subcutaneously or
intravenously. When it was compared with ARC15105, an
anti-von Willebrand factor aptamer that has been PEGylated
with 40-kDa PEG, which was selected by variant SELEX (t1/2:
67 h, iv; 65 h, sc; refs. 24 and 25), it was found that chemical
modification could not completely prevent 17M-382 from
undergoing nuclease degradation in monkeys. However,
sbC-PEGylation markedly prolonged the half-life of 17M-
382 (t1/2: 72 h, iv; 107 h, sc), which was consistent with the
findings obtained for ARC15105.

IL-17A is a cytokine that is mainly produced by T helper
17 cells and plays a pathogenic role in systemic inflammatory
diseases, such as multiple sclerosis, rheumatoid arthritis,
psoriasis, etc. [26]. Thus, it is clear that anti-IL-17A aptamers
have therapeutic potential as treatments for systemic in-
flammatory diseases. In fact, anti-IL-17A and anti-IL-17 re-
ceptor A aptamers inhibited the progression of experimental

FIG. 6. In vivo neutralizing activity of anti-IL-17A aptamers. The IL-6 production induced in air pouches by human IL-
17A was inhibited by the intraperitoneal administration of sbC-PEGylated 17M-382. The aptamers were administered to the
mice at 1 h (A) or 24, 72, or 168 h (B) before the administration of human IL-17A into the air pouches. Data are expressed as
mean – SEM values (n = 7 or 8). **P < 0.01, ***P < 0.001 compared with the saline+IL-17A-treated group (ANOVA fol-
lowed by Dunnett’s test). ANOVA, analysis of variance.
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autoimmune encephalomyelitis (EAE), glucose-6-phosphate
isomerase (GPI)-induced arthritis, collagen-induced arthritis,
and osteoarthritis in mice [17,27,28]. It was also reported that
the administration of anti-IL-17A antibodies ameliorated the
symptoms of EAE, GPI-induced arthritis, and IL-23-induced
dermatitis in mice [29–31], and clinical trials of anti-IL-17A
antibodies, such as secukinumab and ixekizumab, revealed
that the neutralization of IL-17A was successful as a therapy
for psoriasis and ankylosing spondylitis (AS) in humans [32–
34]. Since aptamers are considered to have some clinical
advantages over therapeutic antibodies [1–3], anti-IL-17A
aptamers might be an alternative to anti-IL-17A therapeutic
antibodies. In particular, after its subcutaneous administra-
tion to monkeys, sbC-PEGylated 17M-382 exhibited a plas-
ma t1/2 of 107 h, which was longer than the plasma t1/2 of
albinterferon (human serum albumin-interferon a) in mon-
keys (91–92 h, ref. 35) and etanercept (a TNF receptor-Ig
fusion protein) in humans (80 h, ref. 36). It is strongly sug-
gested that sbC-PEGylation is a useful method for developing
therapeutic anti-IL-17A aptamers for systemic inflammatory
diseases, such as psoriasis and AS.

In conclusion, we report that sbC-PEGylation, a novel
PEGylation method, improved the PK properties of anti-IL-
17A aptamers. This study also suggests that the creation of
new configurations using branching molecules (or doublers),
spacers, and PEG could improve the PK properties of apta-
mers. In addition to modern oligonucleotide modification
techniques, the use of novel PEGylation methods, such as
sbC-PEGylation, could aid the development of therapeutic
aptamers, especially for systemic disease.
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