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ABSTRACT: CXCL10 (also known as IP-10 in humans and CRG-2 in mice) is a nonglycosylated chemokine
and a member of the non-ELR CXC chemokine subfamily implicated in a variety of inflammatory
conditions. The role of CXCL10 in different disease states still requires clarification, and new approaches
are necessary to better understand its biological function. We report here the isolation of a series of nuclease-
resistant RNA aptamers that act to antagonize human CXCL10 function in a number of in vitro and
cell-based assays. The two most potent aptamers identified were highly selective for human CXCL10. A
further aptamer was identified that antagonized both the human and the mouse CXCL10. A combination
of a molecular-biology-based truncation and solid-phase synthesis enabled the truncation of one of the
aptamers from 71 to 34 nucleotides. This was followed by PEGylation, 3′ capping, and further stabilization
of the RNA aptamer, while its high potency was maintained. These aptamers could be utilized as powerful
target validation tools and may also have therapeutic potential. To our knowledge, the CXCL10 aptamers
generated are the most potent antagonists of CXCL10/CXCR3 signaling reported to date.

CXCL10 is a 77 amino acid secreted nonglycosylated
chemokine (1). The mature protein contains four cysteines,
the first two of which are separated by one amino acid. It
lacks the ELR sequence preceding the first cysteine, typical
of CXCL8 and other CXC chemokines active on neutrophils,
and hence, it is a member of the non-ELR CXC chemokine
subfamily.

CXCL10 is involved in the activation and recruitment of
leukocytes, as well as nonhematopoietic cells (2). It is
expressed constitutively at low levels in thymic, splenic, and
lymph node stroma (3). However, its expression can be
induced by interferonγ (4) in a variety of cell types,
including endothelial cells, keratinocytes, fibroblasts, me-
sangial cells, astrocytes, monocytes, and neutrophils (5). High
expression has been noted in many Th1-type inflammatory
conditions, including skin diseases (6-8), atherosclerosis (9),
multiple sclerosis (10, 11), and allograft rejection (10, 12,

13). hCXCL101 has been shown to have angiostatic (14-
17) and antitumor activity (18, 19). This chemokine might
also have an important regulatory role in inflammatory bowel
disease (20) and allergic response (21), and it has been
recently demonstrated to stimulate HIV replication (22).

Chemokines activate leukocytes by binding to G-protein-
coupled receptors. CXCL10 binds to the CXC chemokine
receptor 3 (CXCR3), which can be activated by two further
ligands, interferon-inducible T cell-R chemoattractant
(CXCL11) and monokine induced byγ-interferon (CXCL9)
(23). The CXCR3 binding chemokines are unique in their
ability to bind receptors from both the CC and CXC classes
of chemokine receptors (24).

A review of the approaches taken for target validation of
chemokines and their receptors has been reported recently
(25), and the role of CXCL10 in different disease states still
requires clarification. Although some CXCL10 knockout
models (26) and neutralization antibody studies have been
reported (20, 21, 27-29), new chemical, biochemical, and
biological approaches are still required to further validate
this target. The goal of these studies was to generate novel
antagonists that could be used to better understand the
biological function of CXCL10.

In view of the advances in SELEX methodology (30, 31)
and reports demonstrating the successful generation of
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aptamers against proteins, this procedure was used to
generate nuclease-resistant RNA antagonists to CXCL10. The
methodology is an in vitro protocol in which single-stranded
oligonucleotides are selected from DNA or RNA combina-
torial libraries of∼1015 different sequences, on the basis of
binding affinity at a target protein or other molecule (30,
32). Several cycles of exposure to the target, selection, and
amplification are performed until the target-specific se-
quences dominate the population. Since their discovery in
1990 (30, 33), aptamers have been generated against a wide
variety of targets (34, 35). The selected aptamers have
demonstrated very good affinity and specificity for their
targets, and a number of them have been shown to be
biologically active both in vitro (36, 37) and in vivo (38).
We report here the isolation of a series of RNA aptamers
with high binding affinity for human and/or mouse CXCL10
that act to antagonize its function in a number of in vitro
and cell-based assays. These aptamers could be utilized as
powerful target validation tools and may also have thera-
peutic potential. To our knowledge, the CXCL10 aptamers
generated are the most potent antagonists of CXCL10/
CXCR3 signaling reported to date.

EXPERIMENTAL PROCEDURES

Materials. Human and mouse CXCL10, human CCL1,
CCL22, IL-2, IL-4, IL-7, and IL-12, and the anti-CCL1
antibody were purchased from R&D Systems, Europe Ltd.
(Abingdon, Oxon, U.K.). Human and mouse CXCL11 and
CXCL9 were purchased from Peprotech (London, U.K.). The
anti-IL-12, anti-IL-4, anti-IFN-γ, anti-CD3, anti-CD28, and
anti-CD95L antibodies were purchased from Pharmingen,
BD Biosciences (Oxford, U.K.). Forskolin was purchased
from Sigma-Aldrich (Poole, Dorset, U.K.).

SELEX. Iterative rounds of selection and amplification
were performed as described (37) with minor modifications.
Human and mouse CXCL10 (3µg/µL) were diluted to the
required concentration in SCHMK buffer (110 mM NaCl, 1
mM MgCl2, 20 mM HEPES, pH 7.0, 1 mM CaCl2, 5 mM
KCl) and incubated with 100µL of Dynal beads overnight
at 4 °C to allow hydrophobic bead binding, and SELEX
stringency was applied as described (39). For each SELEX
round, RNA, diluted in 50µL of wash buffer, was added to
the beads in individual Eppendorf tubes at the amounts
shown in Table 1. The tubes were incubated at 37°C for 30
min, after which individual samples were washed to remove
unbound RNA. To elute specifically bound RNA, 20µL of
3 N7 primer (5 pmol/µL) was added to individual tubes and
the mixture heated at 95°C for 3 min and then left at room
temperature (rt) for 5 min. Reverse transcription of the eluted

RNA was then carried out in the presence of the beads, and
the supernatant was transferred to a fresh tube. PCR and in
vitro transcription were then performed to generate RNA for
the next round of SELEX as described previously (31). 2′-
Fluoropyrimidines were used in the selection because they
are known to impart a greater level of RNA stability, making
the transcribed material stable enough to be used in cell
culture assays.

Aptamer-Chemokine Binding Assays.Binding assays were
carried out by nitrocellulose filter partitioning as described
(31).

Cloning and Sequencing.Aptamer DNA was cloned into
the plasmid pCR2.1 using the TA cloning kit (Invitrogen)
according to the manufacturer’s instructions. Plasmid clones
were purified and sequenced, and the sequences derived from
both SELEX experiments (hCXCL10 and mCXCL10) were
aligned using the Clustal software package of the GCG suite
of molecular biology programs.

Oligonucleotide Synthesis.Synthesis of full-length RNAs
was performed by in vitro transcription of synthetic DNA
templates and purification by denaturing gel electrophoresis,
as described (31). 2′-Fluoropyrimidines (aimed to increase
endonuclease resistance; Trilink BioTechnologies Inc., San
Diego, CA) and 2′-hydroxypurines (Roche Molecular Bio-
chemicals, Mannheim, Germany) were used in each case.

Truncated RNAs were synthesized either biologically using
in vitro transcription and purified by denaturing gel elec-
trophoresis (aptamer C44-47) or chemically (aptamers C44-
34 and C44-38), gel-purified, and deprotected (Dharmacon
Research, Lafayette, CO). 2′-Fluoropyrimidines and 2′-
hydroxypurines were also used in each case. Serial 5′ and
3′ truncations in five nucleotide steps were carried out by
PCR, amplification, and in vitro transcription (Figure 5).
Since 5′ PCR primers for aptamer generation usually contain
the T7 RNA polymerase promoter, a strategy was designed
to ensure that each of the 5′ nested primers would allow
initiation of the in vitro transcription reaction. To achieve
this, a region containing+1-6 nucleotides of the T7 RNA
polymerase transcription start site (GGAGA) was added to
the 5′ end of each 5′ primer as shown in Figure 5. This
approach generated a total of 49 possible truncations. A
rational approach using secondary structure predictions (see
below) for each possible truncate simplified the screening
procedure to only 15 different truncated C44 forms (data
not shown) which were synthesized by PCR followed by in
vitro transcription and purification.

Cell Lines.The stable RBL cell line expressing human
CXCR3 was generated and maintained in DMEM/F-12
medium supplemented with 10% FCS, 2 mML-glutamine,
and 0.8 mg/mL G418 (Life Technologies).

A CHO-K1 cell line coexpressing the human CCR8
(Euroscreen) and Gq proteins was generated and maintained
in DMEM/F-12 medium supplemented with 10% FCS, 1 mg/
mL G418, and 0.4 mg/mL hygromycin B.

A CHO cell line coexpressing human CXCR3 and GR16
(Euroscreen) was generated and maintained in DMEM/F-
12 high-glucose medium supplemented with 10% FCS, 15
mM HEPES, and 2 mML-glutamine (Life Technologies).

cAMP Assay.A HitHunter cAMP assay kit (EFC Chemi-
luminescent Detection) for suspension cells was used to
detect cAMP levels (DiscoveRx, Fremont, CA). Prior to the
aptamer experiment, dose-dependent induction of cAMP by

Table 1: Protein/RNA Amounts Used during Each Round of the
SELEX Experiment

round of
SELEX

amt of hCXCL10
or mCXCL10
added (µL)

amt of RNA
added (pmol)

binding
time (min)

no. of
postbinding

washes

1 50 1100 30 5
2 25 100 30 6
3 10 100 30 8
4 5 100 30 10
5 2.5 100 15 12a

6 2.5 100 15 12
a 5 min per wash.
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forskolin was measured. The activity of hCXCL10 required
to inhibit forskolin-induced cAMP production was then
measured by incubating cells with hCXCL10 for 30 min prior
to the addition of forskolin. The EC50 and EC70 values of
hCXCL10 were determined for each experiment. Cells were
washed and resuspended in culture medium without FCS at
a density of 6× 106 cells/mL. After 30 min of incubation
of aptamer/CXCL10 mixtures at 37°C, a 5µL sample of
the cells was added to each well, and the resulting mixtures
were incubated at 37°C for 60 min. A 5 µL sample of
forskolin (a final concentration of 10µM at around EC50)
was then added, and the resulting mixtures were incubated
at 37°C for another 30 min. HitHunter cAMP assay reagents
were then added according to the manufacturer’s instructions.
The luminescent signal was read in a Viewlux imager
(Perkin-Elmer). The data were normalized to the percentage
of maximum hCXCL10 activity in the absence of aptamers.

Secondary Structure Prediction of RNA Aptamers.Sec-
ondary structures of individual aptamers were predicted using
the MFOLD program (40).

Assay for hCXCL10 or mCXCL10 Binding to Heparin,
Measured by Surface Plasmon Resonance.Surface plasmon
resonance measurements were conducted using a BIAcore
2000 instrument as described (37). The inhibitory effects of
preincubating aptamers with the chemokine (200 nM) for
30 min at rt prior to injection were observed, and the
reduction in maximum binding response was calculated as
a percentage of that of random control aptamer responses.

FLIPR Assays.A microtiter plate based calcium mobiliza-
tion FLIPR assay (41) was conducted as described (37) with
the following modifications. Cells were plated at a density
of 3 × 105 cells/mL into black 96-well viewplates (Packard
Biosciences) 24 h prior to the assay. The cell medium was
removed, and the cells were loaded with 100µL of 1 µM
Fluo 4AM (Molecular Probes) in FLIPR buffer (10 mM
HEPES, 10 mM glucose, 3 mM probenecid, 145 mM NaCl,
5 mM KCl, 2 mM CaCl2, 1 mM MgCl2). Following 1 h of
incubation, the cells were washed with 100µL of the same
buffer without dye and probenecid, and 100µL of buffer
was then added to each well. A 50µL sample of chemokine
(at EC50-70 final concentration)( aptamer was added. The
plates were read every 1 s for 1 min on an FLIPR (Molecular
Devices, Sunnyvale, CA), with the agonist added at 5 s.
Concentration-response curves or single agonist responses
were generated by calculating peak fluorescence counts
above background and normalized according to basal values.
For agonist responses to chemokine in the presence/absence
of aptamer, agonist was incubated with aptamer/buffer for
30 min at rt prior to addition to the cells. The EC50 and EC70

values were determined prior to each aptamer experiment.
Each point represents the mean and standard error of three
replicate wells.

Preparation of Chronically ActiVated Human Th1 and Th2
Lymphocytes.The preparation of activated Th1 and Th2 cells
was carried out as described (42) with several modifications.
Umbilical cord CD4 lymphocytes (Poietic Systems, Ger-
mantown, MD) were cultured in complete RPMI medium
with 10% FCS and 10 ng/mL IL-2 overnight. A total of 1×
106 cells/mL were plated out into plates coated with anti-
CD3 and anti-CD28 antibodies at 5µg/mL, in either Th1
medium [complete RPMI medium with IL-2 plus 10 ng/mL

IL-12 and 1µg/mL anti-IL-4 antibody (Pharmingen)] or Th2
medium [complete RPMI medium with IL-2, plus 10 ng/
mL IL-4 and 1µg/mL anti-IFN-γ antibody (Pharmingen)].
The Th1 and Th2 directed cord blood cells were stimulated
for 4-6 days at 37°C in a CO2 incubator until the cells
were confluent. The cells were washed twice and transferred
to a flask at 0.5× 106 cells/mL in complete RPMI plus IL-2
(10 ng/mL) and IL-7 (5 ng/mL). After a rest period of 4-7
days these once-stimulated cells were frozen down as primary
activated stocks or restimulated as secondary activated cells,
rested for 5-6 days, and used in the chemotaxis assays. For
the second activation phase, anti-CD95L (2µg/mL) was
added to Th1 and Th2 media, to prevent apoptosis.

Chemotaxis Assay.This assay was performed as described
(37) with the following modifications. Th cells were washed
once in PBS and resuspended in chemotaxis buffer (RPMI,
2% FCS, 10 mM Hepes) at 5× 106 cells/mL. Chemotaxis
chambers (96-well) fitted with a 3µm pore polycarbonate
filter (Receptor Technologies Ltd., Adderbury, Oxon, U.K.)
were used. Aptamer and chemoattractant were preincubated
for 30 min at rt in chemotaxis buffer, and then 30µL was
transferred to the bottom well of the chemotaxis plate. A 50
µL sample of Th cells, washed once in PBS and resuspended
in chemotaxis buffer at 5× 106 cells/mL, was placed on
top of the filter above each well. After 1-2 h of incubation,
the cells of the bottom well were transferred to a 96-well
flat-bottom plate. The wells were washed once with 60µL
of chemotaxis buffer, and this was also transferred to the
96-well flat-bottom plate. A 10µL sample of Alamar Blue
(Serotec Ltd., Kidlington, Oxford, U.K.) in PBS was finally
added to each well of the flat-bottom plate. After 17-18 h,
the plate was read on a Cytofluor II fluorescent plate reader
(Applied Biosystems, Warrington, Cheshire, U.K.) at 530
nM (excitation) and 590 nM (emission). The same assay was
carried out for both Th1 and Th2 cells. Each point represents
the mean and standard error of three replicate wells.

Data Analysis.Dissociation constants (Kd) and EC50 and
IC50 values were determined by fitting the data using Prism
3.0 or Robosage Microsoft Excel add-in software.

RESULTS

SELEX.Nuclease-resistant and high-affinity RNA ligands
to human and mouse CXCL10 were generated independently
by six iterative rounds of SELEX, using the conditions
described in Table 1. To ensure the isolation of high-affinity
aptamers, the stringency of the SELEX procedure was
increased in later rounds by reducing the amount of protein
and RNA, reducing the binding time, and increasing the
stringency of postbinding washes in the experiment (39). As
there was no significant change in the apparent affinity of
the last RNA pools, the SELEX was assumed to have reached
completion. The round 6 pool was cloned, and 50 individual
aptamer clones derived from both hCXCL10 and mCXCL10
SELEX experiments were sequenced. Aptamers in this study
have a core variable region (40 bases) and 5′- and 3′-terminal
regions of 15 and 16 bases, respectively. An alignment of
the aptamer variable regions led to the identification of six
sequence families along with a number of “orphan” se-
quences that were only represented once in the final pools
(Figure 1).

Inhibition of the CXCL10 Chemokine Function by Aptamers Biochemistry, Vol. 44, No. 23, 20058451



Binding of the Anti-hCXCL10 and Anti-mCXCL10 Aptam-
ers to Their Chemokine Targets.To characterize individual

aptamers, RNA was made from 36 representative clones
(indicated in Figure 1) and the relative binding of each of

FIGURE 1: Sequence of aptamer clones. The 40N variable region of each DNA clone is illustrated. Sequences were aligned and grouped
into sequence families and orphans. An asterisk indicates one representative of each sequence group characterized in a nitrocellulose binding
assay. “P” aptamers were generated by the hCXCL10 SELEX, whereas “C” aptamers were generated by the mCXCL10 SELEX. The
highest affinity aptamers for hCXCL10 or mCXCL10 are in boldface type.
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the family-derived or orphan-derived RNAs to the corre-
sponding chemokine target (25 nM) was determined in an
RNA binding assay by using nitrocellulose filter partitioning.
The affinities of 12 anti-hCXCL10 and 11 anti-mCXCL10
aptamers were then determined in nitrocellulose binding
assays. P12 and P31 (Figure 1, boldface) were found to be
the highest affinity anti-hCXCL10 aptamers (1.76 and 1.53
nM, respectively) (Supporting Information, Figure 7). C44
(Figure 1, boldface) was found to be the highest affinity anti-
mCXCL10 aptamer (3.5 nM) (data not shown). Further
characterization focused on the functional behavior of the
anti-hCXCL10 aptamers (P12/P31) and the anti-mCXCL10
aptamer (C44).

In Vitro Functional Characterization of Anti-hCXCL10
Aptamers.It has been postulated that GAGs on the cell
bearing the seven transmembrane chemokine receptor fa-
cilitate ligand binding to its high-affinity receptor (43), while
GAGs on endothelial cells and in the extracellular matrix
might be important for retaining chemokines close to their
site of secretion (44). GAGs might also be involved in the
signaling of chemokines (45, 46). CXCL10, like many
chemokines, binds to cell surface GAGs (15, 47, 48). To
determine if the high-affinity aptamers generated in this study
were capable of functionally antagonizing hCXCL10, the
ability of the aptamers to block the binding of hCXCL10 to
heparin was measured using surface plasmon resonance
(BIAcore). Both P12 (not shown) and P31 (Figure 2A) were
able to functionally antagonize the binding of hCXCL10 to

heparin in a dose-dependent fashion. The random control
aptamer showed no activity (Figure 2A).

Cell-Based Functional Characterization of Anti-hCXCL10
Aptamers.The ability of P12 and P31 aptamers to antagonize
hCXCL10-induced intracellular calcium mobilization was
tested in an RBL cell line stably expressing the human
CXCR3 receptor (Figure 2B). P12 and P31 aptamers but not
a random control aptamer blocked this mobilization in a dose-
dependent fashion. Additionally, P12 and P31 (but not the
random control aptamer) also blocked hCXCL10-induced
chemotaxis of human Th1 cells (Figure 2C). None of the
aptamers had any effect on the fluorescent readout in either
calcium mobilization or chemotaxis assays in the absence
of hCXCL10 (data not shown).

A cAMP assay was used to further investigate the
functional activity of these aptamers. The CXCR3 receptor
is known to couple to Gi-type G-proteins. Activation of
CXCR3 would lead to receptor-mediated inhibition of
adenylyl cyclases. hCXCL10 activity was thus measured by
its ability to inhibit forskolin-induced cAMP production.
Figure 2D shows a dose-dependent inhibition of the hCXCL10
activity by the P31 and P12 aptamers. Further analyses
revealed that the hCXCL10 agonist dose-response curve
could be rightward shifted by the presence of increasing
concentrations of P12 and P31 (Supporting Information,
Figure 8).

Table 2 summarizes the affinities and potencies of the best
anti-hCXCL10 aptamers in the binding assay and in different

FIGURE 2: Functional characterization of anti-hCXCL10 aptamers. P12 (2), P31 (9), and a random aptamer control (b) are shown. (A)
Aptamer blockade of heparin binding to hCXCL10 in vitro by using surface plasmon resonance. P31 showed a dose-dependent heparin
binding inhibition. Each point represents the sensorgram peak as a percentage of the random control value. (B) Aptamer inhibition of
calcium mobilization in RBL cells expressing human CXCR3. (C) Aptamer antagonism of hCXCL10-induced chemotaxis in human Th1
cells. (D) Inhibition of hCXCL10 activity by aptamers in a cAMP assay. In all these assays, a dose-dependent inhibition is shown with P12
and P31 aptamers but not with the random aptamer. (B-D) experiments were carried out in triplicate. Error bars represent SE.
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functional assays. A very good correlation of aptamer
potencies between these assays was found.

Specificity of Anti-hCXCL10 Aptamers.hCXCL10 shares
∼37% identity with hCXCL9 and hCXCL11, the other two
IFN-γ-inducible non-ELR CXC ligands of the CXCR3
receptor. As can be seen in Figure 3A-C, P12, P31, and
the random control aptamer did not specifically antagonize
hCXCL9 or hCXCL11 function in a chemotaxis assay. The
same result was observed in a calcium mobilization assay
(data not shown). The observed high potency and specificity
are in agreement with the expected properties of RNA
aptamers.

It is known that hCXCL10 and mCXCL10 are functional
across species, and this is in agreement with the high
homology between amino acid sequences (70% identity).
However, when P12 and P31 were tested against mCXCL10,
they did not antagonize its function either in the calcium
mobilization assay (Figure 3D) or in the heparin binding
assay (data not shown), demonstrating the high level of
selectivity for hCXCL10. The activity of P12 and P31
activity at nonrelated chemokines was also tested. P12 and
P31 aptamers did not have any effect on hCCL1/CCR8-
induced signaling in a calcium mobilization assay using CHO
cells expressing the recombinant human CCR8 receptor
(Supporting Information, Figure 9A). Additionally, the
aptamers did not have any effect on hCCL22 chemokine in
a chemotaxis assay using human Th2 cells (Supporting
Information, Figure 9B). In summary, the anti-hCXCL10
aptamers demonstrated high specificity and selectivity by
functionally antagonizing hCXCL10 but not mCXCL10,
hCXCL9, hCXCL11, hCCL1, or hCCL22 chemokines.

C44 Aptamer: A Potent Antagonist against Both mCXCL10
and hCXCL10 Orthologues.The aptamers described above
have been shown to be specific antagonists of hCXCL10.
To better understand the biological function of CXCL10,
aptamers to the murine orthologue have also been generated.
C44, the highest affinity anti-mCXCL10 aptamer derived
from the mCXCL10 SELEX, was found to block both
mCXCL10 and hCXCL10 functional activities. As shown
in Figure 4A, C44 blocked heparin binding both to mCXCL10
(left panel, IC50 ) 30-40 nM) and to hCXCL10 (right panel,
IC50 ) 34-40 nM). When C44 aptamer was tested in a
calcium mobilization assay using an RBL cell line expressing
the human CXCR3 receptor, it was able to strongly antago-
nize mCXCL10 function (IC50 ) 37.0 nM, Figure 4B, left
panel) as well as hCXCL10 function (Figure 4B, right panel,
IC50 ) 45.9 nM). C44 was also tested in an hCXCL10-
induced chemotaxis assay using human Th1 cells and
displayed potency similar to those of the other two functional
assays (Figure 4C, IC50 ) 20.2 nM). In summary, the anti-

Table 2: Affinities and Potencies of the Best Anti-hCXCL10
Aptamers in Different Binding and Functional Assays According to
Figure 2 and the Supporting Information

Kd (nM) IC50 (nM)

aptamer
nitrocellulose

binding
heparin
binding

calcium
mobilization chemotaxis cAMP

(2) P12 1.8 NDa 27.6 1.3 28.0
(9) P31 1.6 15 20.3 19.7 2.0
(b) random - - - - -

a ND stands for not determined.

FIGURE 3: Specificity of anti-hCXCL10 aptamers. (A) P12 and
P31 aptamers did not have any specific antagonistic effect on other
hCXCR3 ligands (hCXCL9 and hCXCL11) in a human Th1
chemotaxis assay. hCXCL10 (b), hCXCL11 (2), and hCXCL9 (0)
curves are shown. (B) Anti-hCXCL10 aptamers did not show any
effect on mCXCL10 in the calcium mobilization assay (150 nM
aptamer). C44 depicts the anti-mCXCL10 aptamer used as a positive
control described in Figure 4. All these experiments were carried
out in triplicate. Error bars represent SE.
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mCXCL10 aptamer is a potent antagonist of both mCXCL10
and hCXCL10 in at least two functional assays. Notably,
the random aptamer showed no specific antagonism in any
of the functional assays.

Optimization of the C44 Aptamer Molecule. (a) C44
Truncation.By generating progressively shorter oligonucle-
otides, it is possible to truncate active aptamers to identify
the minimum functional element and consequently reduce
future production costs. In this study, a molecular-biology-
based truncation procedure was used in conjunction with
solid-phase synthesis. Thus, serial 5′ and 3′ truncations in
five nucleotide steps were carried out by PCR amplification
followed by in vitro transcription and gel purification (Figure
5). A rational approach using secondary structure predictions
drastically reduced the number of PCR-based truncates to
be screened. The truncated RNAs were first tested against
human and mouse CXCL10 in a calcium mobilization assay
using RBL-CXCR3 cells at a single aptamer concentration
(150 nM). The most potent aptamers (able to inhibit more
than 90% of the calcium signaling) were then retested in

the 0-450 nM range and demonstrated a dose-dependent
inhibition. The best hCXCL10-specific C44 aptamer truncate
was a 62-mer molecule (C44-62, Figure 6A). This truncated
version contains 56 nucleotides of the original 71 nucleotide
sequence plus 6 bases added to the 5′ end as part of the
truncation strategy. Surprisingly, the potency of this shorter
molecule increased 2-3-fold compared to that of the original
C44 aptamer (data not shown). The best mCXCL10-specific
aptamer truncate was a 47-mer molecule (C44-47). This
aptamer was shown to be equipotent with the full-length C44
aptamer (IC50 ) 40.2 nM, Figure 6A,B). Although P12 and
P31 (described earlier) were shown to be potent anti-
hCXCL10 antagonists, C44-62 might constitute a better
candidate with therapeutic potential because it is derived from
the same parent molecule (C44) truncated for target valida-
tion studies, generating C44-47.

(b) Addition of Chemical Modifications.Initial steps
toward aptamer stabilization were taken by performing the
SELEX methodology using 2′-fluoropyrimidines, which are
known to provide a greater level of RNA stability to

FIGURE 4: C44 aptamer is a potent antagonist of both mouse and human CXCL10. C44 aptamer (9) and a random control aptamer (b) are
shown. (A) Aptamer blockade of heparin binding to mCXCL10 (left panel) and hCXCL10 (right panel) chemokines by using surface
plasmon resonance. Each point represents the sensorgram peak in each case as a percentage of the random control one. (B) Aptamer
inhibition of calcium mobilization in RBL cells expressing human CXCR3 by mCXCL10 (left panel) and hCXCL10 (right panel) chemokines.
(C) Aptamer antagonism of hCXCL10-induced chemotaxis in human Th1 cells. (B, C) Experiments were carried out in triplicate. Error
bars represent SE.
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endonucleases. However, many additional chemical modi-
fications have been described in the literature, some of which
have been shown to be successful in stabilizing the aptamer
molecules in cell-based assays or in vivo. After a careful
analysis of those modifications present in the best in vivo
RNA aptamers, a 40K PEG was added to the 5′ end of the
truncated C44 aptamer via an N6 linker. We expected the
linker would reduce the steric effects between the PEG group
and the rest of the molecule as well as protect against 5′
exonucleases. Additionally, an idT was added to the 3′ end
of the molecule to protect against 3′ exonucleases. To test
whether these chemical groups might alter the original
potency, a set of differentially modified C44-47 versions was
synthesized and tested in an mCXCL10-induced calcium
immobilization assay. The modifications were found not to
dramatically alter the potency of the original C44-47
molecule (Table 3). Secondary structure prediction (data not
shown) suggested that C44-47 could be shortened to 38 (C44-
38) or 34 (C44-34) bases (Figure 6A), at the same time
reducing any possible detrimental effect of appending the
T7 promoter to the truncation fragments. To make the C44-
34 structure more stable, a predicted U-A base pair, formed
between the 5′ and 3′ ends of the molecule, was replaced by
a G-C base pair. When the C44-38 aptamer was finally
tested in an mCXCL10 calcium mobilization assay, it was
shown to be slightly more potent than the C44-47 aptamer
(IC50 ) 29.3 nM, data not shown). Further addition of an

N6 with or without PEGylation at the 5′ end of the C44-38
or the C44-34 molecule did not dramatically alter the
potencies of these molecules (Table 3). Figure 6C depicts
the concentration-response curves of the differentially
modified C44 aptamers. In summary, the C44 aptamer has
been truncated to less than half the size of the original
molecule and has been chemically modified. This is likely
to result in a substantial increase in the in vivo half-life
without compromising potency. To ensure that the aptamer
optimization did not alter the specificity, the PEGylated C44-
34 aptamer was tested against the other two mCXCR3
ligands: mCXCL11 and mCXCL9. This aptamer did not
specifically antagonize these ligands in a calcium mobiliza-
tion assay (data not shown).

In conclusion, the evolution of the 71-mer aptamer C44
to the PEGylated 34-mer aptamer with the retention of high
potency and specificity has resulted in the identification of
an excellent candidate molecule for future studies of
CXCL10/CXCR3 biology.

DISCUSSION

The elucidation of the role of chemokines and their
receptors in both normal physiology and in disease states
has previously been approached in different ways. The range
of activity in the chemokine network is highly complex and
involves several levels of redundancy. At present, there is a
growing interest in unraveling the function of individual

FIGURE 5: A molecular-biology-based strategy designed to truncate the C44 aptamer from both 5′ and 3′ ends. (A) The ds DNA sequence
encoding the C44 cloned aptamer is shown together with the 5N7 and 3N7 primers utilized for the aptamer generation. (B) The set of all
5N7 and 3N7 primers utilized for the nested PCR from both ends is also shown. The T7 RNA polymerase promoter region is underlined
in the 5N7 primer sequence. The GGGAGA region (boldface) at the 5′ end of each 5N7 primer constitutes the minimal region required for
the T7 RNA polymerase promoter to be functional.
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chemokine ligands. In the case of CXCR3 receptors,
CXCL10 expression is sometimes regulated differently from
CXCL11 and CXCL9, as shown in an allograft rejection
model (49-51). Thus, while chemokine receptors may bind
multiple chemokines, a specific ligand-receptor interaction
may be important in particular physiological and pathological
conditions. This highlights the importance of validating the
chemokine ligands individually or in combination to under-
stand their biological role in a specific situation (25).

To complement gene knockout and antisense technologies,
techniques have been developed that allow the generation
of specific peptide or nucleotide aptamers to target proteins.
In contrast to antibody generation, aptamers can be produced
rapidly using an in vitro selection procedure. In this study,
we have focused on the generation and characterization of
RNA aptamers to better understand the biological function
of CXCL10. We report here the isolation of a series of RNA
aptamers with high binding affinity for human and/or mouse
CXCL10 that act to antagonize CXCL10 function in a
number of in vitro and cell-based assays.

An important step in chemokine-mediated leukocyte
recruitment is the immobilization of the chemokines on cell
surface GAGs (25). Campanella et al recently found that the
N-terminal residue (52) as well as residues in the loop regions
(20-24 and 46-47) of the mCXCL10 chemokine were
important for CXCR3 binding. Interestingly, these same loop
regions together with K26 were also the major heparin
binding site, suggesting that the CXCR3 and heparin binding
sites of CXCL10 were partially overlapping (47). Since anti-
hCXCL10 aptamers (P12, P31, and C44) and the anti-
mCXCL10 aptamers (C44) block not only heparin binding
in vitro but also CXCR3 binding and activity (Figures 2 and
4; Supporting Information, Figure 8), these molecules might
bind either to these loop regions alone or in addition to
several other regions of the CXCL10 molecule.

P12 and P31 were shown to be potent antagonists of
hCXCL10 function in different cell-based assays, showing
a very good correlation in activity (Table 2). Although
hCXCL10 shares∼37% identity with hCXCL9 and
hCXCL11, neither P12 nor P31 specifically antagonized

FIGURE 6: Screening and optimization of C44 truncates against hCXCL10 and mCXCL10. (A) C44 and C44-62 are antagonists of both
hCXCL10 and mCXCL10. Further sequential truncation from 62 bases to 47, 38, and 34 bases generated 3 aptamers capable of antagonizing
only mCXCL10. Underlined G and C bases replaced U and A bases, respectively (see below). (B) The C44-47 aptamer (9) was shown to
be equipotent to C44 aptamer (2) (IC50 ) 40.2 nM) against mCXCL10. The random aptamer (b) did not show any response. (C) Different
chemical modifications designed in the C44-47 molecule did not alter dramatically the potency of the naked molecule (see also Table 3).
PEG-N6-C44-47-idT (4, solid line), N6-C44-47-idT (9, dashed line), C44-47-idT (O, dot chain), C44-47 ([, solid line), and a random
control (b, solid line) are shown. The hexamer introduced in the 5′ end of C44-62 and C44-47 aptamers as a consequence of maintaining
the T7 promoter region is in boldface type (A). Experiments B and C were CXCL10-induced calcium mobilization assays and were carried
out in triplicate. Error bars represent SE.

Table 3: Size, Length, and Potencies of the Different Chemically
Modified Versions of the Truncated C44 Aptamers Produced by
Dharmacon Research (Lafayette, CO)a

a Potencies were estimated in an mCXCL10-induced calcium
mobilization assay using the RBL-CXCR3 cell line. DH4 represents
the chemically synthesized version of C44-47, utilized as a positive
control of the chemical synthesis.
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these chemokines (Figure 3A,B). The strong selectivity of
P12 and P31 aptamers is demonstrated by the fact that they
did not antagonize the mCXCL10 ligand (Figure 3D), despite
being 70% identical to hCXCL10. This striking selectivity
suggested the aptamers could specifically discriminate against
other chemokines less related to hCXCL10 than mCXCL10.
This was demonstrated by the observation that when two
CC-chemokines, CCL1 and CCL22, were tested, P12 and
P31 aptamers did not block their activity (Supporting
Information, Figure 9). In summary, these RNA molecules
are not only potent but also very specific and selective
antagonists of their target.

The C44 aptamer was the only RNA molecule identified
capable of antagonizing both the human and the mouse
CXCL10, making this aptamer an excellent tool for target
validation and potentially a candidate for therapeutic use.
This aptamer was shown to be functional in assays against
both mouse and human CXCL10 (Figure 4).

The optimization of aptamers for in vivo studies involves
a truncation step that is crucial to reduce large-scale
production costs of aptamers. Commonly, aptamer truncation
is performed using solid-phase synthesis. Here, we have
introduced a strategy where the truncation procedure was
biological, by using nested PCRs followed by in vitro
transcription and purification (Figure 5). Although this
procedure was successful and less expensive than the
production of multiple truncates through chemical synthesis,
for the final truncation steps, we complemented it with a
chemical truncation approach. This was done primarily to
eliminate the potential detrimental effect of appending the
T7 promoter region to each truncation fragment. Thus, we
eliminated five out of six bases from the promoter in the
final 34-base version.

Some attempts to optimize aptamers for in vivo studies
have resulted in a loss of affinity or potency throught either
truncation or addition of post-SELEX chemical modifications
(53, 54). We have successfully truncated the 71-mer C44
molecule to a 38-mer, maintaining the original potency.
Moreover, the further truncation to less than half of the
original length (34-mer), PEGylation, N6 addition, and
capping at the 3′ end only slightly altered the original potency
of C44 (Table 3).

The cross-talk between the CXCL10/CXCR3 receptor and
other chemokine/receptor systems is illustrated in several
papers. First, CXCR3 ligands such as CXCL10 can also
antagonize the CCR3 receptor (55). At the same time, CCL11
(and also CCL13) bind with high affinity and antagonize
the CXCR3 receptor (56). Second, CXCL13 has been
reported to also bind CXCR3, in addition to its previously
known partner CXCR5 (57). Finally, mouse CCL21, the
usual CXCR5 ligand, can signal through CXCR3 (58),
despite human CCL21 not being a ligand for the human or
mouse CXCR3 receptors (59). This complicated interplay
of interactions may serve to finely tune inflammatory
responses in vivo. We believe that these aptamers could be
utilized as powerful target validation tools able to dissect
CXCL10-specific function.

In summary, we report here the isolation of a series of
nuclease-resistant and selective RNA aptamers with high
binding affinity for human and/or mouse CXCL10 that act
to antagonize CXCL10 function in a number of in vitro and
cell-based assays. These aptamers might represent powerful

target validation tools, and they could also be beneficial in
situations where exaggerated CXCL10 synthesis is harmful
and therefore may also have potential as therapeutic tools
in their own right. To our knowledge, the CXCL10 aptamers
are the most potent antagonists reported to date at the
CXCL10/CXCR3 signaling axis.
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the agonist concentration-response curve (cAMP assay) by
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