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ABSTRACT. Microfold (M) cells are intestinal epithelial cells specialized for sampling and transport of luminal
antigens to gut-associated lymphoid tissue for initiation of both mucosal and systemic immune responses.
Therefore, M-cell targeted vaccination has the potential to be a better immunization strategy. Glycoprotein 2
(GP2), an antigen uptake receptor for FimH* bacteria on M cells, can be a good target for this purpose. Aptamers
are oligonucleotides that bind to a variety of target molecules with high specificity and affinity. Together with its
low toxic feature, aptamers serves as a tool of molecular-targeted delivery. In this study, we used Systematic
Evolution of Ligands by EXponential enrichment (SELEX) to isolate aptamers specific to murine GP2 (mGP2).
After ten rounds of SELEX, eleven different aptamer sequences were selected. Among them, the most frequently
appeared sequence (~60%) were aptamer NO. 1 (Aptl), and the second most (~7%) were aptamer NO. 5 (Apt5).
In vitro binding experiment confirmed that only Aptl and Apt5 specifically bound to mGP2 among eleven
aptamers initially selected. Aptl showed the strongest affinity with mGP2, with the Kd value of 110+2.6 nM
evaluated by BIACORE. Binding assays with mutants of Aptl suggest that, in addition to the loop structure, the
nucleotide sequence, AAAUA, in the loop is important for binding to mGP2. Furthermore, this aptamer was able
to bind to mGP2 expressed on the cell surface. These results suggest that this mGP2-specific aptamer could serve

as a valuable tool for testing M-cell-targeted vaccine delivery in the murine model system.
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Introduction

Epithelial cells of the gastrointestinal tract are constantly
exposed to a vast assortment of commensal bacteria and
occasionally to pathogenic microorganisms. To protect
themselves, the hosts have evolved gut-associated lym-
phoid tissue (GALT) such as Peyer’s patches (PPs) and iso-
lated lymphoid follicles (Miller et al., 2007). GALT plays a
critical role in recognition and uptake of intestinal antigens
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and induction of mucosal immune responses. The initial
step of antigen-specific immune responses in GALT is sam-
pling and transport of luminal antigens across the epithelial
cells. Lymphoid follicles of GALT are covered by special-
ized epithelial cells called follicle-associated epithelium
(FAE). Because the mucus barrier over the FAE is less than
that over the villus epithelium, luminal antigens have rela-
tively easy access to the cell surface of FAE. Microfold
cells (M cells) are specialized epithelial cells located in
FAE and are important for uptake and transport of luminal
antigens to the immune cells of GALT (Bockman and
Cooper, 1973; Owen, 1977). Unlike the absorptive entero-
cytes, M cells have a reduced glycocalyx and lack hydro-
lytic enzymes. Furthermore, the basal plasma membrane of
M cells is deeply invaginated to form a pocket-like struc-
ture termed the ‘M cell pocket’, where dendritic cells (DCs)
and lymphocytes are embraced. Owing to these characteris-
tics, M cells can quickly transfer luminal antigens to
antigen-presenting cells to induce antigen-specific antibody



responses, both mucosal IgA and systemic IgG (Nochi et
al., 2007). Based on the fact that antigen delivery thorough
M cells is important for induction of efficient mucosal
immune responses, M-cell targeted vaccines can be an
effective strategy for mucosal immunization (Takahashi et
al., 2009).

We have reported that Glycoprotein 2 (GP2), a glycosyl-
phosphatidylinositol (GPI) anchored protein, is exclusively
expressed on the apical plasma membrane of M cells
(Terahara et al., 2008; Hase et al., 2009). GP2 serves as an
uptake receptor for type-I-piliated bacteria such as Escheri-
chia coli and Salmonella enterica serovar Typhimurim to
induce antigen-specific mucosal IgA response and system-
atic IgG responses to these bacteria (Hase et al., 2009).
These observations suggest that a good immunization strat-
egy might be to develop a mucosal vaccine that targets
GP2.

Antibodies and aptamers are among the best vehicles
used for delivering molecules to specific targets. Aptamers
are oligonucleotides that can bind to various targets such as
small molecules, peptides and proteins with a high affinity
and specificity (Hesselberth et al., 2000). Compared to
antibodies, aptamers possess distinctive advantages as
molecular targeting vehicles: a relatively high binding affin-
ity for various types of molecules, low-immunogenicity,
and ease of synthesis and modification. In addition, aptam-
ers are small enough to have a high renal clearance (Que-
Gewirth and Sullenger, 2007). Owing to these advantages,
aptamers may represent a valid alternative to antibodies,
particularly for drug delivery (Bunka and Stockley, 20006).

In an attempt to obtain GP2-targeting vehicles for the
development of an efficient mucosal vaccine delivery sys-
tem, we employed an in vitro evolution process, Systematic
Evolution of Ligands by EXponential enrichment (SELEX)
(Ellington and Szostak, 1990; Tuerk and Gold, 1990), to
screen RNA aptamers specific for murine GP2 (mGP2).
Here, we report the isolation of a mGP2 specific aptamer
with a Kd value of 110+£2.6 nM and have determined the
nucleotide sequences important for its binding to mGP2.

Materials and Methods

Recombinant protein preparation

Human embryonic kidney HEK293T cells were transfected with
an mGP2-human IgG1 Fc fusion protein (mGP2-Fc) expression
vector or a control human IgG1 Fe (Fc) expression vector (Hase et
al., 2009) and cultured for 7 days. The proteins (mGP2-Fc or Fc)
secreted into the culture supernatant were purified with a HiTrap
Protein A HP affinity column (GE Healthcare).

In vitro selection of RNA aptamer

The RNA library for in vitro selection consisted of a 30-
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Table I.  SELECTION CONDITIONS
Round RNA pool mGP2 tRNA  Time wash
(nM) (M) (uM)  (min)  (plxtimes)

1 10 1.0 0 60 500%1
2 5 0.5 5 30 500%1
3 2.5 0.25 15 20 500%2
4 2.5 0.15 30 15 500%3
5 1.25 0.1 60 10 500x4
6 1.25 0.05 120 10 500%5
7 1.25 0.05 120 10 500%6
8 1.25 0.05 120 10 500x7
9 1.25 0.05 120 10 500%8
10 1.25 0.05 120 10 5009

nuculeotide random region (N30) flanked by two constant
regions, 5'-GGGAGAAUUCCGACCAGAAG-(N30)-CCUUUC-
CUCUCUCCUUCCUCUUCU-3' (Kikuchi et al., 2003). RNAs
were denatured at 94°C for 2 min, and then cooled to room tem-
perature in phosphate buffered saline (PBS). The RNA pool was
mixed with mGP2-Fc and incubated in PBS at room temperature.
After the incubation, the mixture was passed through a 0.45 um
HAWP nitrocellulose filter (Millipore) and washed with PBS. The
mGP2-Fc-bound RNAs on the filter were recovered with 400 pl
of 7 M urea at 90°C for 5 min. The eluted RNAs were ethanol
precipitated and reverse transcribed using AMV reverse transcrip-
tase (Roche Applied Science) at 42°C for 1 hour. The products
were PCR amplified (94°C for 30 sec, 55°C for 30 sec and 72°C
for 30 sec) using Gene Taq (Nippon Gene) with forward primer
5'-AGTAATACGACTCACTATAGGGAGAATTCCGACCAGAAG-3'
and reverse primer, 5'-AGAAGAGGAAGGAGAGAGGAAAGG-3'
(Invitrogen), and transcribed using the T7 Ampliscribe kit (Epi-
centre Technology). The RNA products were treated with DNase |
and purified by Micro Bio-Spin Columns P-30 (Bio-Rad laborato-
ries) or 8% PAGE containing 7 M urea. At the fourth and seventh
rounds, magnetic beads (Dynabeads M-450 Epoxy; Dynal Bio-
tech) were used instead of the nitrocellulose membrane for protein
fixation. Table I summarizes the conditions used in each round of
the selection.

Sequence analysis

After the tenth round of selection, the cDNA pool was inserted
into the pGEM-T Easy vector (Promega) and cloned in Escheri-
chia coli DH-5a strain (TOYOBO). Plasmid DNA was isolated
using PureYield™ Plasmid Miniprep System (Promega) and the
clones were sequenced with a 3130 Genetic Analyzer (Applied
Biosystems).

Binding analysis of radiolabeled aptamers

The isolated aptamers and their mutants were radiolabeled by in
vitro transcription as described above in the presence of [a*?P]ATP
(PerkinElmer). The labeled aptamers were mixed with mGP2-Fc
or Fc in PBS and incubated for 10 min at room temperature. The
mixture was then filtered using HAWP nitrocellulose filter. Radio-
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activity retained on the filter was counted with a BAS2000 Bio-
imaging Analyzer (Fuji Film). The binding activity was evaluated
as the ratio of the radioactivity retained on the filter to that of total
input.

Kinetic analysis of the binding of mGP2-specific
aptamer with mGP2-Fc

Kinetic analysis was performed with a BIACORE 3000 (GE
Healthcare). Twenty-five nM biotinylated GP2-specific aptamer
was immobilized on a streptavidin-coated sensor chip (GE health-
care). Various concentrations of mGP2-Fc (0-1000 nM) in PBS
were injected at a flow rate of 20 pl/min for 4 min for the associa-
tion phase, and the dissociation phase was monitored by injecting
PBS for 4 min. The data were analyzed with the BIAevaluation
program version 3.2 (GE healthcare). Kinetic parameters were
determined by a simple model, A+B=AB and the data were fit
with local fit of kinetic simultaneous Ka/Kd model.

Prediction of the secondary structure of the aptamers

The secondary structure of aptamers was predicted by using the
UNA Fold software. (http://www.idtdna.com/UNAFold/Home/
Index).

Preparation of mutant aptamers

The template single-stranded DNAs including complementary
sequences or deleted sequences of the loop region were syn-
thesized (OPERON). These DNAs were used for in vitro tran-
scription as described above. The mutant sequences are shown in
Fig. 3.

Binding of the mGP2-specific aptamer to mGP2-
expessing HeLa cells

HeLa cells cultured in DMEM (Sigma) containing 10% heat-
inactivated fetal bovine serum were transfected with an mGP2
c¢DNA in pcDNA3 plasmid on coverslips. After 48 hours, the cov-
erslips were washed with ice-cold PBS and fixed with 4% (w/v)
paraformaldehyde for 20 min. Coverslips were washed with ice-
cold PBS and incubated with a mixture of FITC-labeled mGP2-
specific aptamer (Hokkaido System Science) and rat anti-mGP2
mAb (2F11-C3) (MBL) at room temperature for 60 min. The sam-
ple was further incubated with Alexa Fluor 555-conjugated don-
key anti-rat IgG (H+L) antibody (Invitrogen). After washing with
PBS, the samples were mounted with VECTASHIELD Mounting
Medium with DAPI (VECTOR LABORATORIES) and observed
by fluorescent microscopy (OLYMPUS-BX51).

Statistical analysis

Quantitative data are presented as mean+SD. Differences between
two groups were analyzed by the Student’s 7 test (Fig. 1) and to
analyze the differences among three groups by analysis of var-
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iance (One-Way ANOVA followed by Turkey’s post hoc test.)
(Fig. 4).

Results

In vitro selection of aptamers against mGP2

To obtain aptamers specific for mGP2, we performed
SELEX, with increasing selection pressure (Table I), using
an RNA pool consisting of approximately 10'* different
molecules with 30 nt randomized sequences flanked by two
constant regions in a 74-nt long RNA. We used magnetic-
bead selection instead of nitrocellulose filters in the fourth
and seventh rounds to exclude system-dependent aptamers,
i.e. those having affinity for the nitrocellulose filter. After
ten rounds of SELEX, eleven different aptamer sequences
were selected (Table II). Among them, about 60% were
aptamer NO. 1 (Apt 1) and 7% were aptamer NO. 5 (Apt
5). There was no consensus sequence between these two
aptamers.

Binding of aptamers to mGP2

To confirm the specific binding of these aptamers to mGP2,
we incubated mGP2-Fc or Fc, as a negative control, with
radiolabeled aptamers. The two most frequently appearing
aptamers, Aptl and Apt5, specifically bound to mGP2-Fc
but not to Fc (Fig. 1). By contrast, the other aptamers failed
to specifically bind mGP2-Fc (Fig. 1).

Since Aptl showed the highest binding ability for mGP2,
we focused mainly on this aptamer for the rest of the study.
The kinetic analysis with BIACORE showed that the bind-
ing of Aptl to mGP2 increased in response to the increment
of mGP2 concentration (Fig. 2). The K, value evaluated by
BIACORE of the binding kinetics of Aptl with mGP2 was
110£2.6 nM.

Identification of the critical region in Aptl for binding
to mGP2

The loop region of aptamers is often important for binding

Table II. SEQUENCES IN THE RANDOM REGION OF SELECTED APTAMERS
(%)
Aptl CAAGUAGUUGGCGCCUACUAUAGAAAUACG (59.3)
Apt2 UGCUUUUGGUGGAGGUGGUAGCACUGGCGG 3.7)
Apt3 CACGUUGGUGGUGGAGGUGUGCUGAGGUCC (3.7)
Apt4 GAUGGCUCAAGUUGGUGGUGGUGGAUUGGG 3.7)
Apt5 CGUACACGUUAGUUGAGAUUACCCCUGGUC (7.4)
Apt6 CUCAUUGGUGGAGGUGGAGAGCUUUUGGUU (3.7)
Apt7 GAUAGUGUCACGAUGGAGGUGGUGGUGUGA 3.7)
Apt8 GGAUGAACGGCCUGUGGGGGGGGAGGAGGC 3.7)
Apt9 CGCGUAGGAGGUGGUGGAGCGUUUUUGGUC (3.7)
Aptl0 GCCUAUGGUGGAGGUGGAUGGCUGCUGCGU 3.7)
Aptll CGAUUGGGUGGUGGAGGUGCUUUGGGUCUC 3.7)
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Fig. 1. Binding specificity of SELEX-selected aptamers for mGP2. The
binding activity of 3?P-radiolabeled aptamers was measured as described
in Materials and Methods. Binding is shown as the percentage of the
radioactivity retained on the filter compared to that of the total input. Data
are mean+SE values (n=3). **p<0.01.

to its target (Mi et al, 2009). Therefore, we examined
whether the loop region in Aptl was involved in its binding
to mGP2. We synthesized two mutants of Aptl, mDI1 and
mD2 which lack the predicted loop structures, loop 1 and
loop 2, respectively (Fig. 3). Both mD1 and mD2 no longer
bound to mGP2. We also constructed additional mutants,
mC1 and mC2, in which the nucleotide sequence of loop 1
and loop 2 were replaced with their complementary sequen-
ces (Fig. 3). Although the predicted structure of these
aptamers maintained the same loop structure as Aptl, both
aptamers showed reduced binding to mGP2; 84% and 63%
reduction for mC1 and mC2, respectively, compared to
Aptl (Fig. 3 and Fig. 4). These results suggest that loop1 is
more important than loop 2 for the binding to mGP2 and
that the nucleotide sequence of loop 1, AAAUA, in addi-
tion to its three-dimensional structure, contributes to the
binding with mGP2.

Binding of Aptl to mGP2-expressing HeLa cells

In order for the aptamers to act as a vehicle for drug/
vaccine delivery, they have to bind to their target molecule
in its naturally existing form. To examine this point, we tes-
ted the binding of Aptl to HeLa cells transiently expressing
mGP2 on the cell surface. As shown in Fig. 5, we were able
to detect the colocalization of Aptl and anti-mGP2 anti-
body, indicating that Aptl can bind to mGP2 expressed on
the cell surface.

Discussion

In this study, we have reported the isolation and characteri-
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Fig. 2. Kinetic analysis of the Aptl binding with mGP2. Kinetic analysis

was performed with a BIACORE as described in Materials and Methods.
Sensorgrams are shown for immobilized Aptl interacting with various
concentrations of mGP2-Fc.

zation of an RNA aptamer that specifically binds to mGP2.
We first obtained eleven aptamers by SELEX, using mGP2-
Fc as the bait. Subsequent in vitro binding assays revealed
that, among the selected aptamers, two of them, Aptl and
Apt5, were able to specifically bind to mGP2 (Fig. 1). We
evaluated the kinetics of Aptl since it had the highest affin-
ity and specificity, and the K, value for Aptl was 110+2.6
nM, the strongest binder of mGP2-Fc. This is still relatively
weak compared to the Kd value of 10°~10!! M for aptam-
ers reported previously (Keefe et al., 2010).

In general, frequently selected aptamer sequences tend to
possess a consensus sequence and/or share a similar struc-
ture (Kikuchi et al., 2003; Vaish et al., 2003). However,
there was no consensus sequence between Aptl and AptS
in the random sequence region, suggesting that the secon-
dary structure, rather than a consensus sequence, is impor-
tant for the binding of these aptamers to mGP2. Therefore,
we focused on the secondary structure. Their secondary
structures were predicted using the UNA Fold program.
Both aptamers likely conformed to a stem-loop structure in
the randomized region, although their structures did not
resemble each other (our unpublished observation).

Indeed, in vitro binding assays with Aptl deletion
mutants suggested that the loopl region of Aptl is impor-
tant for its binding to mGP2 (Fig. 3). However, replace-
ment of the “AAAUA’ sequence in the loop region with the
complimentary sequence markedly reduce the binding
affinity to mGP2, suggesting that this nucleotide sequence
also contributes to the binding to mGP2 (Fig. 3 and Fig. 4).

We have also shown in this study that Apt 1 can bind to
mGP2 expressed on the cell surface, which is prerequisite
for any in vivo application of aptamers (Fig. 5). Our ulti-
mate goal for the GP2-specific aptamer is its future applica-
tion for the development of a GP2-targeted, efficient
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(F)
mutant sequences

mC1
5’-GGGAGAAUUCCGACCAGAAGCAAGUAGUUGGCGCCUACUAUAGUUUAUCGCCUUUCCUCUCUCCUUCCUCUUCU-3

mC2
5-GGGAGAAUUCCGACCAGAAGCAAGUAGUUGGCGCCUAGAUUAGAAAUACGCCUUUCCUCUCUCCUUCCUCUUCU-3’

mD1
5-GGGAGAAUUCCGACCAGAAGCAAGUAGUUGGCGCCUACUAUAGCGCCUUUCCUCUCUCCUUCCUCUUCU-3’

mD2
5’-GGGAGAAUUCCGACCAGAAGCAAGUAGUUGGCGCCUAUAGAAAUACGCCUUUCCUCUCUCCUUCCUCUUCU-3

Fig. 3. Predicted secondary structures and binding activity of Aptl and its mutants. The secondary structure of aptamers was predicted by UNA Fold. (A,
B) The structures of the loop-deleted aptamers. (C, D) The aptamers that have complementary sequences in their loop regions. The binding of these mutant
aptamers with mGP2 is shown as dot blots (A—D). Positions of the plots are enclosed with circles. (E) Samples plotted at each position is as follows; 1, the
total input of each mutant aptamer used for the binding assay (without washing). 2, aptamer alone (without addition of any proteins). 3, aptamer with
mGP2-Fc. 4, aptamer with hIgG-Fc. (F) Sequence of mutant aptamers. 5' and 3' constant regions of aptamers are underlined. Italic bold letters indicate the

sequences altered in the mutants.
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mucosal vaccine delivery system. To this end, the obtained
aptamer has to reach intestinal M cells via the oral route,
which could present some technical challenges. Aptamers,
especially RNA aptamers, are susceptible to degradation by
nucleases. Furthermore, aptamers might be recognized by
Toll-like receptors (TLRs) 3, 7, 8 and 9 and modulate
immune responses (Akira et al., 2006), although it has been
suggested that TLR recognition of aptamers might actually
be advantageous for vaccines since it could exert an adju-
vant effect (Koyama et al., 2009). Common strategies to
overcome nuclease degradation are modification of the 2'
position of the ribose ring by fluorination and methylation
(Green et al., 1995; Healy et al., 2004) and incorporation of
aptamers into liposomes (Willis et al., 1998). The methyla-
tion modification has also been reported to reduce the risk
of TLR recognition (Yu et al., 2009). On the other hand, a
major negative aspect of these modifications is that modi-
fied aptamers often lose ligand binding ability because of
the resulting structural change. In fact, fluorinated Aptl lost
its mGP2-binding capacity in our hands (our unpublished
observation).

Another possibility for delivering aptamers to M cells is
changing the route of administration. Accumulating studies
have reported that M cells exist not only in FAE of GALT
but also in the nasopharynx-associated lymphoid tissue

DAPI

Fig. 5.
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Fig. 4. Binding affinity of Aptl mutants mC1 and mC2 with mGP2. The
binding activity of *P-radiolabeled aptamers was measured as described
in Materials and Methods. Results are shown as the relative radioactivity
of the mutants bound to mGP2 compared to that of Aptl. Data are mean
+SE values (n=3). *p<0.05.

(NALT) (Spit et al., 1989; Kiyono and Fukuyama, 2004).
We have confirmed the expression of GP2 by NALT M
cells (our unpublished observation). Considering the many

anti-mGP2

Binding of Aptl to cells expressing cell surface mGP2. HeLa cells transiently expressing mGP2 were incubated with FITC-labeled Aptl (green)

and anti-mGP2 mADb, followed by Alexa Fluor 555-conjugated secondary antibody to visualize mGP2 (red). Scale bars, 100 pm.
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pathogens such as influenza virus that infect through the
respiratory tract, NALT should be an important barrier
against infection and for induction of mucosal immune
responses (Kiyono and Fukuyama, 2004; Brandtzaeg,
2011). Since the delivery distance of aptamers to nasal M
cells is far less than that of intestinal M cells, the risk of
degradation should be decreased. In addition, human tonsils
are known to resemble mouse NALT tissue (Perry and
Whyte, 1998; Park et al., 2003; Cesta, 2006). Therefore,
the administration of GP2-specific aptamers through NALT
is a promising protocol for mucosal vaccine delivery.

In conclusion, our mGP2-specific aptamer should be a
useful tool for testing M-cell-targeted drug/vaccine delivery
in the murine model system.
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