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Antibody-dependent cellular cytotoxicity plays a pivotal role
in antibody-based tumor therapies and is based on the recruit-
ment of natural killer cells to antibody-bound tumor cells via
binding of the Fc� receptor III (CD16). Here we describe the
generation of chimeric DNA aptamers that simultaneously bind
to CD16� and c-Met, a receptor that is overexpressed in many
tumors. By application of the systematic evolution of ligands by
exponential enrichment (SELEX)method, CD16� specific DNA
aptamers were isolated that bound with high specificity and
affinity (91 pM–195 nM) to their respective recombinant and cel-
lularly expressed target proteins. Two optimized CD16� spe-
cific aptamerswere coupled to eachof twoc-Met specific aptam-
ers using different linkers. Bi-specific aptamers retained
suitable binding properties and displayed simultaneous binding
to both antigens. Moreover, they mediated cellular cytotoxicity
dependent on aptamer and effector cell concentration. Dis-
placement of a bi-specific aptamer from CD16� by competing
antibody 3G8 reduced cytotoxicity and confirmed the proposed
mode of action. These results represent the first gain of a tumor-
effective function of two distinct oligonucleotides by linkage
into a bi-specific aptamer mediating cellular cytotoxicity.

Aptamers are structured single-stranded oligonucleotides
that can bind to a large variety of targets with high affinity and
specificity (1, 2). Aptamers can be isolated by an in vitro selec-
tion and an evolution process referred to as systematic evolu-
tion of ligands by exponential enrichment (SELEX)2 (3, 4).
Because aptamers have the capacity to inhibit protein-protein
interactions with potencies similar to those observed with anti-
bodies, aptamers can also trigger inhibition signals, e.g. by
blocking receptor multimerization, and consequently act as
therapeutic antagonists. Reversely, bi- and multivalent aptam-
ers can activate co-stimulatory receptors, e.g. to enhance T cell
reactivity (5, 6). Finally, aptamers can be applied in ligand-based
targeted therapies to specifically deliver cytotoxic payloads (7,
8) or siRNA (9) to tumor cells. Monoclonal antibodies serve as
established and successful tumor therapeutics. However, natu-

rally bivalent antibody formats comprise the risks of immuno-
genicity (10) and undesired activation by receptor dimerization
(11). Development of monovalent therapeutic antibodies is
elaborate and time-intensive (MetMAb (12)). Although anti-
bodies exceed aptamers with proof as therapeutic molecules,
high stability, and good pharmacokinetics, the potential advan-
tages of aptamers are a rapid optimization, cost-effective and
uniform synthesis, and a high probability of an absence of
immunogenicity (5, 13). Approval of Macugen (pegaptanib
sodium (14)) as the first therapeutic aptamer in 2007 as well as
promising approaches in preclinical development and clinical
trials (15, 16) only a few years after inception of the technology
indicate aptamers as a promising new class of targeted
therapeutics.
Antibody-dependent cellular cytotoxicity (ADCC (17)) orig-

inating from the interaction of Fc fragments of antibodies with
Fc� receptors (Fc�R) on natural killer (NK) cells plays a pivotal
role in antibody-based tumor therapies (18, 19). NK cells are
critical to host defense against invading organisms (20), are
important for suppressing tumor metastasis and outgrowth
(21), and can additionally stimulate components of the adaptive
immune system to eliminate tumors (19, 22). ADCC, phagocy-
tosis, and clearance of immune complexes by NK cells (23) are
mediated by the intermediate affinity Fc receptor Fc�RIII� or
CD16� (24). CD16� is expressed byNK cells, ��-T cells, mono-
cytes, and macrophages. The low affinity isoform Fc�RIII�
(CD16�) is highly related to CD16� and expressed on human
neutrophils and eosinophils. Both isoforms can be proteolyti-
cally cleaved off cells (25, 26), but the prevalent soluble isoform
is sCD16� (27). The CD16� polymorphism Phe-158 to Val-158
enhances its affinity for IgG1 and is associated with improved
clinical outcome in tumor patients treated with therapeutical
antibodies (28, 29). Several studies revealedADCCas onemajor
mode of action of antibody-based therapeutics (30, 31) and
stimulated more interest in how to mobilize, expand, and acti-
vateNK cells in humans (32). So far, antibody effector functions
such as recruitment ofNK cells (33–35) or cytotoxic T cells (36)
were successfully transferred to therapeutic, scFv-based bi-spe-
cific antibody strategies but could not be exploited in an
aptamer format. Enabling NK cell recruitment to tumors by
CD16� specific aptamers could combine the advantages of this
molecule format with the potency of the tumor-effective func-
tion of ADCC (Fig. 1).
Receptor tyrosine kinases (RTKs) are key regulators of criti-

cal cellular processes such as cell growth, differentiation, and
tissue repair, but aberrant expression can contribute to the
development and progression of cancer (37). In this study, the
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receptor tyrosine kinase hepatocyte growth factor receptor
(HGF-R or c-Met) was used as a tumor-associated antigen for
specific targeting of tumor cells. c-Met is a multidomain recep-
tor tyrosine kinase expressed on cells of epithelial origin (38, 39)
and is essential for embryonic development (40) and wound
healing. Aberrant c-Met signaling due to dysregulation of the
receptor or overexpression of the natural ligand hepatocyte
growth factor induces several biological responses that collec-
tively give rise to invasive growth (37, 41, 42).
Specific recruitment of NK cells to c-Met-overexpressing

tumors by a bi-specific aptamer simultaneously binding to
c-Met andCD16� could induce ADCC and represent a suitable
starting concept for the development of stable, nucleotide-
based tumor therapeutics. High affinities to both CD16� allo-
forms Val-158 and Phe-158 in addition to high specificity to
CD16� over the CD16� isoform could induce ADCC inde-
pendent of allelic status or soluble CD16� decoy proteins. In
addition, the monovalent tumor antigen binding architecture
of the aptamers would enable inhibitory effects while per se
excluding undesired c-Met activation. We herein present the
first gain of a tumor-effective function of two distinct oligonu-
cleotide entities by linkage into a bi-specific aptamermediating
tumor cell lysis.

EXPERIMENTAL PROCEDURES

Aptamers and Target Proteins—Aptamers up to 100 bp in
length were synthesized and PAGE-purified by EurofinsMWG
Operon (Ebersberg, Germany), and longer and PEG-linked oli-
gonucleotides were from Integrated DNA Technologies (Leu-
ven, Belgium). Target proteins CD16�-6His, CD16�-10His,
and c-Met-Fc were purchased at R&D Systems, and Fc-CD16�
Val-158 and Phe-158 fusion proteins were kindly provided by
Angela Lim (EMD Serono).
Aptamer Selection on Recombinant Protein—An ssDNA oli-

gonucleotide library containing a 40-base random sequence
flanked by primer regions on either end was used as a starting
point for aptamer selection. The library sequence was 5�-GG-
AGGGAAAAGTTATCAGGC-(N)40-GATTAGTTTTGGAG
TACTCGCTCC-3�, the forward primer was 5�-GGAGGG
AAAAGTTATCAGGC-3�, and the reverse primer was 5�-
GGAGCGAGTACTCCAAAACTAAT-riboC-3� (43). Apta-
mer amplification and precipitation were performed as de-
scribed (81). Usage of a 3�-terminal ribo-dCTP reverse primer

enabled alkaline-induced antisense strand break followed by
Tris-borate-EDTA-PAGE strand separation (biostep gels).
The respective ssDNA band was extracted with a scalpel, and
aptamers were eluted for 18 h at 37 °C in 300 mM sodium ace-
tate (Merck), 20 mM EDTA (Invitrogen) buffer, precipitated,
and reconstituted in DPBS (Invitrogen).
Aptamer selection was based on the separation of target pro-

tein with bound aptamers on 0.5 M KOH-pretreated nitrocellu-
lose filters (Whatman), whereas unbound aptamers were
removed by washing. Selections were performed for 12 consec-
utive rounds at 37 °C in a 100-�l final volume DPBS for 1 h to
obtain aptamers for use under physiological conditions. The
first selection rounds were carried out with 1.6 �M aptamer
library, 1 �M target protein, and 500-�l DPBS washing volume.
From round 2 on, 1�Mpools were usedwith decreasing protein
and increasing tRNA competitor concentrations (up to 1
mg/ml), two 1000-�l washing steps, negative filter selections
(to remove filter binding sequences), and adequate counterse-
lections at equal concentrations. Aptamers were eluted with
preheated 7 M urea, 100 mM sodium acetate, 3 mM EDTA elu-
tion buffer. Precipitation, PCR amplification, reverse strand
break, and PAGE purification (as above) yielded an enriched
aptamer pool for further SELEX cycles. Pools of several rounds
were cloned with a TOPO-TA cloning kit (Invitrogen) before
sequencing of 96 clones per round (Eurofins MWG Operon).
Sequenceswere grouped into aptamer families of 90% sequence
identity using DNA Star SeqMan software. Structure predic-
tion was obtained by themfold software (44) set to salt concen-
trations as in DPBS and 37 °C.
Cell SELEX—Cell SELEX was initiated with 1 �M pools of

CD16�DNA filter SELEX rounds 3 and 5 as pre-enriched start-
ing libraries using alternating 2� 107 recombinant CD16�Val-
158- or Phe-158-positive Jurkat cells in a cross-selection, with
decreasing cell amounts in later rounds. Counterselection was
carried out from round 2 using CD16�-negative Jurkat E6.1
cells. Selections were performed at 37 °C, 300 rpm for 30min in
200 �l of binding buffer (0.05% BSA in DPBS), and two 1-ml
washing stepswere implemented by centrifugation. Cell-bound
aptamers were purified by phenol/chloroform extraction, and
then amplified and analyzed as described above.
Dot Blot Affinity Determination—Affinities were determined

essentially as described (81). Briefly, 5 fmol of radiolabeled
aptamerswere incubatedwith protein dilution series for 30min
at 37 °C in 30 �l of dot blot buffer (0.1 mg/ml tRNA, 0.1 mg/ml
BSA, DPBS), and then aptamer-protein complexes were cap-
tured on a nitrocellulose filter (Schleicher and Schuell; pre-
treated as before), whereas unbound aptamers were immobi-
lized on a PVDF Hybond P membrane (GE Healthcare;
pretreated with methanol, water, and DPBS). Radioactivity was
quantified using a Storm PhosphorImager and ImageQuant
software (GE Healthcare). The percentage of aptamer bound
was calculated using the formula: % of aptamer bound � 100 �
(cpm of nitrocellulose/cpm of nitrocellulose � cpm of PVDF),
and the background signal (aptamer bound to buffer only) was
subtracted. Binding curveswere plotted inMicrosoft Excel, and
KD values were calculated by non-linear fitting using XL fit
(IDBS, Surrey, UK).

FIGURE 1. Concept of bi-specific aptamers mediating tumor cell lysis. Bi-
specific aptamers mimic ADCC by recruitment of natural killer cells via
Fc�RIII� (CD16�) to c-Met-overexpressing tumor cells.
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Flow Cytometry—Cellular binding was determined using a
FACScan cytometer and CellQuest software (BD Biosciences)
as described (45). Briefly, 100 pmol of 3�-biotinylated aptamer
or 10 �g of biotinylated reference antibody were used, and
1.5 � 104 events were detected via streptavidin-R-phycoeryth-
rin conjugate (Sigma-Aldrich). All samples were incubated at
21 °C and 300 rpm due to temperature-dependent affinities of
some aptamers (supplemental Fig. S7). Propidium iodide
(Invitrogen) enabled dead cell exclusion by appropriate gating.
Bi-specific Aptamers and Linker Length Estimation—All

aptamers were synthesized as one oligonucleotide chain and
PAGE-purified. The nucleotide-to-nucleotide distance was
averaged from the single-stranded portions of Protein Data
Bank (PDB) entries 1HUT and 1OOA with PyMOL software
(Schrödinger, LLC) to be 7 Å. Maximal putative linker lengths
were calculated using this estimation.
ElectrophoreticMotility Shift Assay—5pmol of aptamerwere

incubated with 40 pmol of CD16�-6His and/or 15 pmol of
c-Met-Fc in 10 �l of DPBS for 30 min at 37 °C. 2 �l of 6� DNA
gel loading buffer (Novagen) were added, and the total volume
was run on a water-cooled 4–20% Tris-borate-EDTA gel (bio-
step) followed by ethidium bromide staining (Invitrogen) and
detection with a trans-illuminator (Alpha Innotech).
Serum Stability—10 pmol of gel-purified, radiolabeled oligo-

nucleotides were incubated in PBS-buffered 90% FBS (Invitro-
gen), freshly preparedmurine serum, or DPBS (Invitrogen) and
analyzed as described (55).Half-life curve fittingwas performed
using the Origin software (OriginLab).
Cell Lines and Isolation of PBMC and NK Cells—Jurkat E6.1

(ATCC TIB 152) were cultured in RPMI 1640 � 2 mM gluta-
mine, 1mM sodiumpyruvate, and 10% fetal calf serum (FCS) (all
Invitrogen). 100 nM methotrexate (Sigma-Aldrich) was added
to the culture medium of transfected Jurkat CD16� Val-158 or
Phe-158 cells. GTL-16 cells were cultured in 10% FCS supple-
mented DMEM medium. MKN-45 cells (DMSZ ACC 409)
were cultured as Jurkat cells but with 20% FCS, and EBC-1 cells
(HSRRB JCRB0820) were cultured in minimal Eagle’s medium
(Sigma-Aldrich) with 2 mM glutamine and 10% FCS. All cells
were kindly provided by Christa Burger, Merck Serono, and
cultured at 37 °C and 5% CO2, except for GTL-16 incubated at
10% CO2. PBMC were isolated by Ficoll density gradient cen-
trifugation from peripheral blood from healthy donors (at
Merck, Darmstadt, Germany) using Lymphoprep tubes (Axis-
Shield) following the manufacturer’s protocol. NK cells were
further enriched byMACSusing anNK cell isolation kit (Milte-
nyi Biotec) following the manufacturer’s instructions. All cells
were used immediately after isolation.
ADCC Assay—ADCC assays were performed for 4 h at 37 °C

and 5% CO2 at least in triplicate in a GAPDH release aCella-
TOXassay (Cell Technology) using 104 target cells and PBMCs.
Aptamer dilutions in RPMI 1640 with 10% ultralow IgG FCS
(both Invitrogen) were measured at a constant PBMC:target
cell ratio of 80:1. For blocking experiments, the CLN0020-com-
peting monoclonal antibody 3G8 (BioLegend) was added at a
20-fold molar excess. Enzyme solutions were added as sug-
gested by themanufacturer, and bioluminescence was immedi-
ately measured on a VarioSkan Flash luminometer (Thermo
Scientific). Mean values of all references were calculated using

Microsoft Excel, the “medium only” background signal was
subtracted, and lysis was calculated using the formula

% of specific lysis � 100 �
SL � STCL � SECL

ML � STCL
(Eq. 1)

where SL � sample lysis; STCL � spontaneous target cell lysis;
SECL � spontaneous effector cell lysis; and ML � maximal
lysis.

RESULTS

Aptamer Selection and Characterization—SELEX to select
CD16 specific DNA aptamers using recombinant human
CD16�-6His and CD16� Val-158 or Phe-158 alloforms
expressed on recombinant Jurkat cells yielded enriched pools in
all selections (supplemental Figs. S1–S5). Pool sequencing
revealed 29 enriched aptamer families (of�90% sequence iden-
tity in the randomized region), in parts unique to one selection
but also found throughout all pools of later SELEX rounds (sup-
plemental Fig. S5 and supplemental Table S1). CD16� specific
aptamers bound with 6–429 nM affinities to recombinant
CD16�, but not to the highly related isoform CD16� (Fig. 2, A
andC, supplemental Fig. S6). However, specific cellular binding
to CD16� on recombinant Jurkat orNK cells was only observed
for CLN0020 and CLN0123. CD16� specificity was confirmed
by flow cytometry in which both NK cells and recombinant
CD16�-positive cells were bound, and no unspecific binding to
CD16-negative Jurkat E6.1 cells could be observed (Fig. 2).
CLN0123 showed lower CD16� affinity (193 nM, supplemental
Figs. S6 and S8) and, as expected, only weak cellular binding
(supplemental Fig. S8). Competition dot blots revealed that
CLN0020 and CLN0123 bound in or near the Fc binding
domain ofCD16�, but bound to different epitopes (supplemen-
tal Fig. S11).
c-Met specific DNA aptamer sequences were isolated and

characterized analogously to CD16� filter SELEX. CLN0003
and CLN0004 c-Met affinities (91 pM and 11 nM, respectively)
were accompanied by specific cellular binding to c-Met-posi-
tive cell lines GTL-16, MKN-45, and EBC-1 (Fig. 2). Fc only as
well as c-Met-negative Jurkat E6.1 cells were not bound (Fig.
2m B,D, and E). Biotinylated aptamers used for flow cytometry
are shown in Fig. 3C, and selected aptamers are listed with
sequence and affinities in Table 1.
Structure Prediction and Minimization—Using the mfold

tool yielded a reasonable structure prediction for CLN0020
only (Fig. 3A), and the predicted 34-mer core sequence could be
confirmed in dot blots to be essential. Removal of only base C20
resulted in a distinct affinity loss (Fig. 3B), whereas adjacent
sequences were redundant (Fig. 3C). Other aptamers could be
minimized individually (Fig. 3C). With information about core
and putative linker sequences given, these four partly mini-
mized sequences were used for the construction of bi-specific
aptamers.
Bi-specific Aptamers—24 different bi-specific aptamers

(bsA1–bsA32) were designed (Table 2 and supplemental
sequence data), and they were all synthesized as one individ-
ual oligonucleotide chain. Differently minimized aptamers
were used to screen for a suitable linker length while retain-
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ing high affinities, and several kinds of linker were applied: a
15-deoxyadenosine linker (46), up to 44 nucleotides as “orig-
inal” linker derived from full-length sequences known to be
not essential for binding, as well as short polyethylene glycol
(PEG) chains (supplemental Table S3). Assuming that an
optimal bsA linker should bridge approximately the distance
spanning from complementarity-determining regions to the
Fc binding domain in the hinge region of an antibody, this
distance was estimated from measurement of PDB entry
1T83 (47) to be �65 Å. Bi-specific aptamers were designed

with putative linker lengths of �0–217 Å (Table 2 and sup-
plemental Table S3).
Most bi-specific aptamers retained high affinities in dot blots

similar to the respective parental clones, such as picomolar
c-Met affinities of CLN0003-derived bsA17 (Table 2 and sup-
plemental Fig. S12). CD16� affinities of bi-specific aptamers
based on CLN0020 were 19–82 nM, whereas bsA15 showed
174 nM CD16� affinity similar to the parental aptamer
CLN0123 (Table 2). Simultaneous binding to both target pro-
teins was confirmed for bsA17 and bsA31 by electrophoretic

FIGURE 2. Biochemical and cellular binding characterization of CD16� and c-Met specific aptamers. A, representative dot blot raw data of three DNA
aptamers CLN0003, CLN0004, and CLN0020. NC, nitrocellulose membrane readout; PVDF, polyvinylidene difluoride membrane readout. B, fitted binding
curves for CLN0003 and CLN0004 to c-Met or Fc. C, fitted CLN0020 binding to both CD16� allotypes and minor binding to CD16�. Enlarged symbols represent
calculated KD values. D, FACS analysis of CLN0003 binding to c-Met-positive GTL-16, MKN-45, and EBC-1 cells as compared with c-Met-negative control Jurkat
E6.1 cells. E, CLN0004 binding to Met-positive GTL-16, MKN-45, and EBC-1 cells as compared with Jurkat E6.1. F, CLN0020 binding to NK cells and to both
alloforms of CD16� presented on recombinant Jurkat cells, in comparison with the parental, CD16-negative Jurkat E6.1 cell line.

TABLE 1
Selected DNA aptamers binding c-Met or CD16� (a complete list can be found in supplemental Table S2)

Aptamer
SELEX
Target Sequencea KD n

Frequency
in SELEXb

nM %
CLN0003 c-Met TGGATGGTAGCTCGGTCGGGGTGGGTGGGTTGGCAAGTCT 0.09 � 0.04 3 3
CLN0004 c-Met GAGTGCGTAATGGTACGATTTGGGAAGTGGCTTGGGGTGG 11 � 5 6 10
CLN0015 CD16 GGCAGAAGAAATATCGAAACCCAGAATGGTCGGCCAGGCG 24 � 18 7 31
CLN0020 CD16 CACTGCGGGGGTCTATACGTGAGGAAGAAGTGGGCAGGTC 45 � 28 10 4
CLN0021 CD16 GCAAGTATGAGCGCAGGAGTTAGGTCCCGTGGCGATGGGT 25 � 19 5 40
CLN0023 CD16 GACGTTAAGCTAGCAGGTGTTAGGTCCCGTGGTGATGAAT 18 � 14 5 2
CLN0030 CD16 TAAACCCCAAAACAGTGCAACTAGGTGTAGGTCCCGTGGT 6 � 5 6 4
CLN0118 CD16 ACGGACTCGCAAAAGGTGGAACAGGAGTGGGCCCCGCGGC 31 � 20 2 27
CLN0123 CD16 AGAGGGGAGGGTCGGGTATCGGCGTGTTCGGGGGATCTGC 193 � 29 4 2
CLN0126 CD16 GGCGTTGTCGGGCGCAGGTGTAGGCCTCGTGGTGGTGGGT 46 � 11 2 6

a Aptamer families are shown without the flanking constant regions used for selection.
b Frequencies of most sequence families varied in several analyzed selection rounds; the highest respective frequency is stated.
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migration shift assays (EMSA; Fig. 4). All other bi-specific
aptamers exhibited similar patterns (data not shown). Addi-
tional bio-layer interferometry confirmed simultaneous bind-
ing of bsA17 to c-Met-Fc and Fc-CD16� Val-158 (supplemen-
tal Fig. S13).
Serum Stability—Because further functional assays demanded

measurements in the presence of serum and stability was of
interest for this therapeutic concept, the serum half-life of
selected radiolabeled aptamers was determined to be 9.8
(CLN0004), 14.5 (CLN0020), 6.4 (bsA3), and 20.3 h (bsA17) in
freshly thawed FCS. In addition, bsA17 remained stable in PBS
for 48 h (Fig. 5 and supplemental Fig. S14).
ADCC Assays—Bi-specific aptamers displaying high affini-

ties and simultaneous binding to both target proteins as well as
suitable serum stabilities were applied in functional ADCC
assays. 16 suitable bi-specific aptamers were evaluated, includ-

ing CLN0004-derived bsA31 (probably with suitable linker but
with relatively low c-Met affinity) as well as CLN0003-based
bsA11, -15, -17, and -22 (sharing high c-Met affinities com-
bined with varying linkers; supplemental Tables S3 and S4).
Bi-specific aptamer bsA17 mediated cellular cytotoxicity on
GTL-16 and EBC-1 cells with a similar magnitude to antibody-
positive control cetuximab (Fig. 6, A and B). This effect was
reduced by either aptamer or effector cell dilution (Fig. 6,A–C).
In addition, blocking of aptamer binding to CD16� by the addi-
tion of competing antibody 3G8 in 20-fold excess led to a sig-
nificant decrease of specific cell lysis, further supporting the
proposed mode of action (Fig. 6G). The bsA17-related bi-spe-
cific aptamer bsA22 similarly mediated specific GTL-16 cell
lysis that could be diminished by reduction of aptamer concen-
tration or effector cell amount (Fig. 6, E and F). CLN0004-de-
rived bsA31, showing lower c-Met affinity (92 nM), induced

FIGURE 3. Structure prediction and dot blot-based minimization. A, CLN0020 structure prediction indicating nucleotides 20 –53 to be essential for structure
formation. Numbering indicates base numbers of the full-length aptamer. B, affinity alteration upon removal of C20 in CLN0020 as determined in a dot blot.
C, dot blot minimization studies of c-Met specific CLN0003 and CLN0004 as well as CD16� specific CLN0020 and CLN0123. Aptamers could be minimized
individually up to a 34-mer CLN0020 core sequence. Asterisks mark the truncation variants used for the design of bi-specific aptamers.

TABLE 2
Selected bi-specific aptamers (a complete list can be found in supplemental Table S3)

Construct 5� aptamera Linker sequence 3� aptamer

Putative
linker
lengthb CD16�-6His KD n c-Met-Fc KD n

Å nM nM
bsA3 -19CLN0020-24 GCAGGTCAAAAAAAAAAAAAAA -20CLN0004-23 154 39 � 10 3 141 � 16 6
bsA31 -19CLN0020-24 GCAGGTCAAAAAAAAAAAAAAA -20CLN0004 154 24 � 4 4 92 � 41 3
bsA32 -19CLN0020-31 AAAAAAAAAAAAAAA -20CLN0004 105 33 � 1 2 119 � 22 3
bsA11 -19CLN0020 GCAGGTCGATTAGTTTTGGAGTACTCGCTCC CLN0003 217 82 � 9 2 0.16 1
bsA15 CLN0123 GATTAGTTTTGGAGTACTC CLN0003 140 174 1 0.22 1
bsA17 -19CLN0020-24 GCAGGTC CLN0003 49 19 � 2 3 0.35 � 0.09 6
bsA21 -19CLN0020-24 GCAGGTCAAAAAAAAAAAAAAA CLN0003 154 19 � 2 2 0.28 � 0.12 3
bsA22 -19CLN0020-31 AAAAAAAAAAAAAAA CLN0003 105 27 � 5 2 0.24 � 0.10 3

a 20CLN0020 denotes a 20-nucleotide truncation 5� of CLN0020, CLN0020–24 designates a 24-nucleotide truncation 3� of CLN0020, and so forth.
b Maximal distances bridged by nucleotide linkers were estimated from x-ray structures as described under �Experimental Procedures.�
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weaker but distinct cytotoxicity at higher concentrations above
100 nM (Fig. 6H). Bi-specific aptamer bsA15 (with lowerCD16�
affinity) mediated specific GTL-16 cell lysis at comparable con-
centrations but with lower maximal cell lysis (Fig. 6I). When
comparing bi-specific aptamers differing mostly in linker
length, only linkers of �50–100 Å (of bsA17 and bsA22) were
more suitable than longer linkers (217 Å of bsA11, Fig. 6D). It

must be noted that putative linker lengths were calculated
based on crystal structures of other DNA aptamers, so these
linker lengths were estimations only. Although a precise EC50
determination was not feasible with mostly qualitative data
obtained, the half-effective dose of bsA17 and bsA22 was in the
low two-digit nanomolar range of 1–50 nM (Fig. 6, A, B, and E).
Supplemental Table S4 gives a concluding overview of analyzed
bi-specific aptamers and all properties that have been
characterized.

DISCUSSION

Aptamer Selection andCharacterization—Both filter and cell
SELEX approaches with CD16� counterselection led to the
selection of CD16� specific DNA aptamers that did not bind
CD16�. Although the specificity is surprising, it is in line with
reported aptamers that can be highly specific (48, 49). In com-
parisonwith antibodies, CD16� specificity could prevent decoy
of therapeutically applied bsA by soluble CD16� vastly present
in the blood and ensure recruitment of CD16�-presenting
effector cells. In addition, high affinity to both CD16� Val-158
and Phe-158 allotypes could enable a positive ADCC response
in all patients, whereas in current antibody therapies, V/V allele
carriers are associated with higher ADCC and improved clini-
cal outcome than F/F patients (28, 31). Unexpectedly, aptamers
that were enriched in cell SELEX and showed high CD16�
affinity in dot blot assays mostly did not bind CD16� on the
same cells as used for selection in flow cytometric measure-
ments. Similarly, most filter SELEX-derived CD16� specific
aptamers bound to recombinant CD16�-6His with high affin-
ity, but not to cellular CD16� presented on recombinant Jurkat
or NK cells. This could be due to disruption of their tertiary
structure by binding of comparatively large streptavidin-phy-
coerythrin conjugates for staining purposes. Because such
aptamers were probably not suitable to serve as one entity cou-
pled to another aptamer in bi-specific constructs, optimization

FIGURE 4. Simultaneous binding of bi-specific aptamers bsA17 and bsA31 to CD16� and c-Met. A, CLN0003-derived bsA17 exhibited binding to CD16�-
6His (additional band in lane 2) or c-Met-Fc fusion proteins (additional band in lane 3). This c-Met-Fc bound aptamer band shifted again upon the addition of
CD16�-6His (lane 4). B, negative control parental single aptamer CLN0003 did not show a migration shift. Additional bands in all lanes could be due to
unspecific aggregation. C and D, bsA31 and original single c-Met specific aptamer CLN0004 exhibited the same pattern as in A and B. E, negative control
aptamer (CLNC) did not bind to any protein, as expected. Application of a gradient gel and size differences between CD16�-6His and c-Met-Fc fusion protein
led to differently extended migration (lanes 2 and 3) and an expectedly minor but clearly present migration shift upon the addition of both target proteins (from
lane 3 to 4). Arrows indicate the lowest migration frontier of specific aptamer bands.

FIGURE 5. Serum stability of major DNA aptamers. A and B, PAGE of bsA17
after incubation in FCS or murine serum, respectively. Bands at the migration
level of the 0-h sample represent intact aptamer, whereas increasing signals
at lower positions depict breakdown products. C, degradation of bsA17 in
PBS was evaluated similarly but could not be observed within 48 h. D, inten-
sity values were extracted from gels, the percentage of intact aptamer was
calculated, and a curve was fitted to the resulting time course. Half-lives in
FCS were determined as 9.8 (CLN0004), 14.5 (CLN0020), 6.4 (bsA3), and 20.3 h
(bsA17), as well as 11 h for bsA17 in murine serum. Gel raw data of stability
curves of additional aptamers are not shown.
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of the detection method (e.g. switching to direct dye labeling)
was not performed.
Selected c-Met specific aptamers exhibited desirable proper-

ties such as high affinity and clear cellular binding (Fig. 2) but
recognized the same epitope on c-Met (supplemental Fig. S11),
impeding examination of epitope dependence for cytotoxic
efficacy (cf. Ref. 50). This work represents the first description
of DNA aptamers that show high specificity and affinity to
c-Met or CD16�.
Design of Bi-specific Aptamers—The design of bi-specific

aptamers included the development of linkers to approximately
match the distance between complementarity-determining
regions and the Fc binding domain in whole antibodies. The
rationale was mimicking antibody architecture to improve the
chance of enabling a similar cytotoxic effect. Mostly, linkers
were designed based on the respective full-length sequences
because minimization studies had shown that these sequences

were not essential and did not interfere with high affinity bind-
ing. Additionally, 15-deoxyadenosine linkers were used as
described by Müller et al. (46). Most linkers enabled both orig-
inal affinity and simultaneous target protein binding (Table 2,
Fig. 4, and supplemental Table S4). Calculated linker lengths
were based on nucleotide distances in single-stranded portions
of DNA aptamer crystal structures and consequently repre-
sented an estimate only. Coupling of bi-specific aptamers was
achieved by complete synthesis rather than hybridization to
obtain more uniform bi-specific aptamers.
Serum half-lives were determined in murine and fetal calf

serum to be 6.4–20.3 h (Fig. 5). Stabilities were in accordance
with comparable studies of DNA aptamer degradation in
human serum and plasma, reporting strongly varying half-lives
from several minutes to 42 h (51–53). Differences may reflect
diverse applied methods (51, 54) or a strong sequence depend-
ence of nuclease degradation (55) including a rigid structure

FIGURE 6. Functional ADCC assays of bi-specific aptamers. A, bi-specific aptamer bsA17-mediated specific GTL-16 cell lysis as compared with background
levels of non-binding negative control aptamer (CLNC) and reference with medium only. B, similar bsA17-mediated concentration-dependent specific EBC-1
cell lysis. C, PBMC:target cell ratio reduction diminished cytotoxicity of both bsA17 and cetuximab at 50 nM. D, influence of linker lengths on bsA-mediated cell
lysis. Estimated linker lengths were 49 Å for bsA17, 105 Å for bsA22 and 217 Å for bsA11. E and F, bsA22-induced specific cytotoxicity dependent on aptamer
concentration and effector cell amount. G, the addition of 20-fold molar excess of antibody 3G8 resulted in a decrease of bsA17-mediated lysis due to inhibition
of bsA17-binding to CD16�. H, bsA31 with lower c-Met affinity induced weaker but distinct lysis at higher concentrations. I, bsA15, composed of CLN0123 as
a lower affinity CD16� binding entity, mediated weak but significant cytotoxicity as well. GTL-16 cells were applied in all measurements, except for B. Maximal
lysis varied between individual experiments due to donor and CD16� allotype dependence. ADCC assays were performed 5 times with n � 4 (A), 4 times with
n � 4 (B), 3 times with n � 3 (C), 3 times with n � 9 (D), 4 times with n � 4 (E), 1 time with n � 3 (F), 3 times with n � 9 (G), 2 times with n � 4 (H), and 1 time with
n � 4 (I), and representative measurements are shown as mean � S.D.
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versus exposed termini (5). In addition to high affinity simulta-
neous binding, bsA serum stabilities provided clear evidence of
the suitability for functional evaluation.
Functional Analyses—Aptamer-mediated cellular cytotoxic-

ity was dependent on the concentration of bi-specific aptamers
and the amount of applied effector cells. Reduced lysis upon
CD16 binding blocking by 3G8 provided proof for the sug-
gested mode of action. Specific cytotoxicity was demonstrated
for independent human gastric and lung cancer cell lines and
determined 3–6 times in independent experiments applying
effector cells of different blood donors. Taken together, these
results validate that bi-specific aptamers can mediate specific
cellular cytotoxicity.Maximal specific cell lysis (Fig. 6) was sim-
ilar to comparable bi-specific scFv formats (35, 56, 57) and ther-
apeutical antibodies (58). Activation with IL-2 or longer incu-
bation could have further increasedmaximal lysis (59, 60). Note
that the actual effector:target cell (E:T) ratio was �8:1 when
applying 80:1 PBMC:target cells (32). Because ADCC-mediat-
ing c-Met specific antibodies R13 and R28 (61) were not avail-
able for comparative studies, EGF receptor-specific cetuximab
was used as a qualitative antibody-positive control and as an
indicator for a valid experimental setup including e.g. suitable
NK cell reactivity.
In quantitative comparisonwith the potency reported for the

two c-Met specific antibodies R13 andR28 of 60 nMEC50 (when
synergistically applied (61)), half-effective concentrations were
lower for individually applied bsA17 or bsA22 (10–50 nM; Fig.
6). Other published c-Met antibody therapeutics comprise only
Fab fragments (11) or Escherichia coli-produced monovalent
antibodies (MetMAb (12)) that do not induce cellular cytotox-
icity. Therapeutic “enhanced ADCC” antibodies target other
surface proteins and exhibit EC50 values in a low ng/ml range
translating to low picomolar concentrations (58). CD16�-tar-
geting bi-specific scFv formats that are comparable with bsAs
described herein show half-maximum effective doses at low
nanomolar (62) to three-digit picomolar concentrations (45,
57), whereas similar constructs as trivalent bi-specific triple
bodies mediate ADCCwith low picomolar EC50 values (35, 56).
Finally, CD3 specific T cell recruiting BiTEs exhibit half-maxi-
mum effective doses partly below 1 ng/ml, which equals low
picomolar to femtomolar concentrations (59, 60). Due to target
protein dependence of ADCC, direct comparison of bi-specific
aptamers is only feasible to c-Met antibodies applied toGTL-16
cells, and single bi-specific aptamers bsA17 or bsA22 alone
exhibit a higher potency than synergistically applied c-Met
antibodies R13 and R28 (61).
Cytotoxicity was mediated by high affinity bsAs containing

linkers that maximally bridge �49–154 Å, a distance similar to
�65 Å in antibodies. In accordance to these findings, effective
bi-specific scFv molecules contain Gly-Ser linkers bridging
similar distances (e.g. 110 Å in Ref. 35). Decreased cytolytic
efficacies were observed with increasing linker lengths, and
linkers with putative separation distances over �200 Å did not
elicit significant cytotoxicity, regardless of high affinities to
both target proteins (e.g. bsA11 in Fig. 6D). This indicates the
importance of the spatial distance for enabling cellular cytotox-
icity (as evaluated in another way by Bluemel et al. in Ref. 50).

Perspective—The bi-specific aptamers described herein
exhibit affinities similar to certain BiTEs with three-digit pico-
molar to low nanomolar tumor antigen binding and medium
affinity effector specific antigen binding (63). These similar
characteristics point out that bi-specific aptamers could induce
serial killing of NK cells (cf. 64). However, the efficacy of BiTEs
clearly supersedes that of the first generation bi-specific aptam-
ers reported herein. Relocalization of cytotoxic T cells instead
of NK cells by targeting CD3 instead of CD16 could potentially
increase the efficacy of bi-specific aptamers. In this study,
c-Met was used to bring NK cells into close proximity of tumor
cells to trigger ADCC, but the application range of bi-specific
aptamers could be broadened by facile exchange of the tumor-
specific portion targeting further tumor markers such as the
validated targets EpCAM or EGF receptor.
Future work could focus on in vivo evaluations using xeno-

graftmousemodels expressing humanCD16 receptors (65, 66).
Despite positive results in functional cellular assays, issues of
serum stability and poor pharmacokinetics remain to be solved.
Stability can be further improved, e.g. by usage of modified
nucleotides with substituted 2� residues. Suitable 2�-hydroxy-
purine 2�-fluoro-pyrimidine oligonucleotide and 2�-methoxy-
purine 2�-fluoro-pyrimidine oligonucleotide aptamers (67),
sharing all essential characteristics with the successfully
employed DNA aptamer CLN0020, are already available (sup-
plemental Figs. S15–S17). Renal clearance could be reduced by
aptamer coupling to PEG (68), hydroxyethyl starch, or other
glycosylation (69, 70). In a more elegant approach, neonatal Fc
receptor (FcRn)-mediated recycling of antibodies (71) could be
mimicked by additional coupling of aptamers binding to the
neonatal Fc receptor FcRn at pH 6 but not at pH 7.4.3 In con-
trast to antibodies, aptamers as single binding entities possess
the property of binding tumor-specific surface receptors with-
out the risk of activation (11). Bi-specific aptamers optimized
in such ways could mimic most eligible features of compara-
ble therapeutic antibody approaches but exceed them, for
example, with uniform and cost-effective synthesis as well as a
proposed absence of immunogenicity (13, 73).
So far, workwas published on linkage of aptamers that aimed

at delivery of payloads (8, 74), an affinity increase by avidity, and
a stronger receptor (75) or enzyme inhibition (76–78). Further-
more, two copies of RNA aptamers were assembled on an
oligonucleotide-based scaffold to induce receptor activation
(79), and with it, T cell co-stimulation that led to tumor growth
inhibition in mice (6). Bi-specific aptamers have also been
developed to capture different ligands in diagnostic applica-
tions (80). To our knowledge, the work presented herein
describes for the first time the gain of a tumor-effective func-
tion of two distinct binding entities by linkage into a bi-specific
aptamer mediating tumor cell lysis. Bi-specific aptamers repre-
sent a suitable starting concept for the development of stable,
nucleotide-based therapeutics to mediate lysis of c-Met-posi-
tive tumors. A facile exchange of the tumor-specific entity
could broaden the approach to treatment of further cancer
types, thereby opening new avenues for tumor therapy.

3 R. Günther, unpublished results.
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