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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 PEGylatiargihing, 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 13). hCXCL1(' has been shown to have angiostafid-
chemokine {). The mature protein contains four cysteines, 17) and antitumor activity 18, 19). This chemokine might
the first two of which are separated by one amino acid. It also have an important regulatory role in inflammatory bowel
lacks the ELR sequence preceding the first cysteine, typical disease Z0) and allergic response2f), and it has been
of CXCL8 and other CXC chemokines active on neutrophils, recently demonstrated to stimulate HIV replicati®@&)(
and hence, it is a member of the non-ELR CXC chemokine Chemokines activate leukocytes by binding to G-protein-

subfamily. coupled receptors. CXCL10 binds to the CXC chemokine
CXCL10 is involved in the activation and recruitment of "eceptor 3 (CXCR3), which can be activated by two further
leukocytes, as well as nonhematopoietic cel. (t is ligands, interferon-inducible T celi- chemoattractant

expressed constitutively at low levels in thymic, splenic, and (CXCL11) and monokine induced byinterferon (CXCL9)

including endothelial cells, keratinocytes, fibroblasts, me- Of chemokine receptor24).

sangial cells, astrocytes, monocytes, and neutrogB)ilsligh A review of the approaches taken for target validation of
expression has been noted in many Thi-type inflammatory chemokines and their receptors has been reported recently
conditions, including skin disease&{8), atherosclerosi®, (29, and the role of CXCL10 in different disease states still
multiple sclerosis 10, 11), and allograft rejection1(, 12, requires clarification. Although some CXCL10 knockout

models 26) and neutralization antibody studies have been
reported 20, 21, 27—29), new chemical, biochemical, and

c IIM-L}']\."-"("SS)"" recipient of a postdoctoral Marie Curie Industry Host  piplogical approaches are still required to further validate
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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

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

amt of hCXCL10 no. of . .
round of ormCXCL10 amtof RNA binding posthinding the next round of SELEX as described previousi§)( 2-
SELEX added gL) added (pmol) time (min) ~ washes Fluoropyrimidines were used in the selection because they
1 50 1100 30 5 are known to impart a greater level of RNA stability, making
2 25 100 30 6 the transcribed material stable enough to be used in cell
3 10 100 30 8 culture assays.
é g 5 i%% 3;% ig Aptamer-Chemokine Binding AssayBinding assays were
6 25 100 15 12 carried out by nitrocellulose filter partitioning as described
a5 min per wash. (3D).

Cloning and Sequencingptamer DNA was cloned into
) ] ] the plasmid pCR2.1 using the TA cloning kit (Invitrogen)
aptamers against proteins, this procedure was used tOyccording to the manufacturer’s instructions. Plasmid clones
generate nuclease-resistant RNA antagonists to CXCL10. Theyere purified and sequenced, and the sequences derived from
methodology is an in vitro protocol in which single-stranded poth SELEX experiments (hCXCL10 and mCXCL10) were
oligonucleotides are selected from DNA or RNA combina- gjigned using the Clustal software package of the GCG suite
torial libraries of~10" different sequences, on the basis of f molecular biology programs.
binding affinity at a target protein or other molecul@0( Oligonucleotide SynthesiSynthesis of full-length RNAs
32). Several cycles of exposure to the target, selection, andyyas performed by in vitro transcription of synthetic DNA
amplification are performed until the target-specific se- templates and purification by denaturing gel electrophoresis,
quences dominate the population. Since their dlgcovery_m as described3l). 2-Fluoropyrimidines (aimed to increase
1990 @0, 33), aptamers have been generated against a widegngonuclease resistance; Trilink BioTechnologies Inc., San
variety of targets 34, 35). The selected aptamers have pjego, CA) and 2hydroxypurines (Roche Molecular Bio-
demonstrated very good affinity and specificity for their chemicals, Mannheim, Germany) were used in each case.
targets, and a number of them have been shown to be Tryncated RNAs were synthesized either biologically using
biologically active both in vitro §6, 37) and in vivo @8). in vitro transcription and purified by denaturing gel elec-
We report here the isolation of a series of RNA aptamers yophoresis (aptamer C44-47) or chemically (aptamers C44-
with high binding affinity for human and/or mouse CXCL10 34 gnd C44-38), gel-purified, and deprotected (Dharmacon
that act to antagonize its function in a number of in vitro Research, Lafayette, CO).-Bluoropyrimidines and '2
and cell-based assays. These aptamers could be utilized afydroxypurines were also used in each case. Sefiah8
powerful target validation tools and may also have thera- 3' tryncations in five nucleotide steps were carried out by
peutic potential. To our knowledge, the CXCL10 aptamers pcR, amplification, and in vitro transcription (Figure 5).
generated are the most potent antagonists of CXCL10/gjnce 5PCR primers for aptamer generation usually contain
CXCR8 signaling reported to date. the T7 RNA polymerase promoter, a strategy was designed
to ensure that each of thé Bested 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 8 end of each 5Sprimer 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 mMylutamine,
and 0.8 mg/mL G418 (Life Technologies).

A CHO-K1 cell line coexpressing the human CCRS8
(Euroscreen) and Gq proteins was generated and maintained
in DMEM/F-12 medium supplemented with 10% FCS, 1 mg/

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-IFNy, 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 describegiff with minor modifications.
Human and mouse CXCL10 (&/uL) were diluted to the
required concentration in SCHMK buffer (110 mM NaCl, 1
mM MgCl,, 20 mM HEPES, pH 7.0, 1 mM Cagl5 mM
KCI) and incubated with 10@L of Dynal beads overnight
at 4 °C to allow hydrophobic bead binding, and SELEX
stringency was applied as describ&®)( For each SELEX mL G418, and 0.4 mg/mL hygromycin B.
round, RNA, diluted in 5Q:L of wash buffer, was added to A CHO cell line coexpressing human CXCR3 and1&
the beads in individual Eppendorf tubes at the amounts (Euroscreen) was generated and maintained in DMEM/F-

shown in Table 1. The tubes were incubated at@G7or 30
min, after which individual samples were washed to remove
unbound RNA. To elute specifically bound RNA, 2Q of

3 N7 primer (5 pmo}iL) was added to individual tubes and
the mixture heated at 9% for 3 min and then left at room
temperature (rt) for 5 min. Reverse transcription of the eluted

12 high-glucose medium supplemented with 10% FCS, 15
mM HEPES, and 2 mM.-glutamine (Life Technologies).
CAMP AssayA 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
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forskolin was measured. The activity of hCXCL10 required IL-12 and 1ug/mL anti-IL-4 antibody (Pharmingen)] or Th2

to inhibit forskolin-induced cAMP production was then medium [complete RPMI medium with IL-2, plus 10 ng/
measured by incubating cells with hCXCL10 for 30 min prior mL IL-4 and 1ug/mL anti-IFN+ antibody (Pharmingen)].

to the addition of forskolin. The Ef and EGq values of The Th1 and Th2 directed cord blood cells were stimulated
hCXCL10 were determined for each experiment. Cells were for 4—6 days at 37°C in a CQ incubator until the cells
washed and resuspended in culture medium without FCS atwere confluent. The cells were washed twice and transferred
a density of 6x 10° cells/mL. After 30 min of incubation  to a flask at 0.5« 1Cf cells/mL in complete RPMI plus IL-2

of aptamer/CXCL10 mixtures at 37C, a Sul sample of (10 ng/mL) and IL-7 (5 ng/mL). After a rest period of-Z

the cells was added to each well, and the resulting mixturesdays these once-stimulated cells were frozen down as primary
were incubated at 37C for 60 min. A 5uL sample of  activated stocks or restimulated as secondary activated cells,
forskolin (a final concentration of 10M at around EG) rested for 5-6 days, and used in the chemotaxis assays. For
was then added, and the resulting mixtures were incubatedthe second activation phase, anti-CD95L 4@/mL) was

at 37°C for another 30 min. HitHunter CAMP assay reagents added to Th1 and Th2 media, to prevent apoptosis.

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.

Chemotaxis Assayhis 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 & 1 cells/mL. Chemotaxis

Secondary Structure Prediction of RNA Aptame&ec-  chambers (96-well) fitted with a 3m pore polycarbonate
ondary structures of individual aptamers were predicted usingfjjter (Receptor Technologies Ltd., Adderbury, Oxon, U.K.)
the MFOLD program 40). were used. Aptamer and chemoattractant were preincubated

Assay for hCXCL10 or mCXCL10 Binding to Heparin, for 30 min at rt in chemotaxis buffer, and then 20 was
Measured by Surface Plasmon Resonafeeface plasmon  transferred to the bottom well of the chemotaxis plate. A 50
resonance measurements were conducted using a BlAcorel. sample of Th cells, washed once in PBS and resuspended
2000 instrument as describedl?j. The inhibitory effects of in chemotaxis buffer at 5 10° cells/mL, was placed on
preincubating aptamers with the chemokine (200 nM) for top of the filter above each well. After-42 h of incubation,

30 min at rt prior to injection were observed, and the the cells of the bottom well were transferred to a 96-well
reduction in maximum binding response was calculated asflat-bottom plate. The wells were washed once with.40
a percentage of that of random control aptamer responsesof chemotaxis buffer, and this was also transferred to the

FLIPR AssaysA microtiter plate based calcium mobiliza-  96-well flat-bottom plate. A 1L sample of Alamar Blue
tion FLIPR assay41) was conducted as describ&¥(with (Serotec Ltd., Kidlington, Oxford, U.K.) in PBS was finally
the following modifications. Cells were plated at a density added to each well of the flat-bottom plate. After118 h,
of 3 x 1(P cells/mL into black 96-well viewplates (Packard the plate was read on a Cytofluor Il fluorescent plate reader
Biosciences) 24 h prior to the assay. The cell medium was (Applied Biosystems, Warrington, Cheshire, U.K.) at 530
removed, and the cells were loaded with 1000f 1 uM nM (excitation) and 590 nM (emission). The same assay was
Fluo 4AM (Molecular Probes) in FLIPR buffer (10 mM carried out for both Th1 and Th2 cells. Each point represents
HEPES, 10 mM glucose, 3 mM probenecid, 145 mM NaCl, the mean and standard error of three replicate wells.

5 mM KCl, 2 mM CaC}, 1 mM MgCl). Following 1 h of Data AnalysisDissociation constants() and EG and
incubation, the cells were washed with 100 of the same |c,, values were determined by fitting the data using Prism

buffer without dye and probenecid, and 100 of buffer 30 or Robosage Microsoft Excel add-in software.
was then added to each well. A 5Q sample of chemokine

(at EGo-70 final concentration- aptamer was added. The RESULTS
plates were read ewefl s for 1 min on an FLIPR (Molecular
Devices, Sunnyvale, CA), with the agonist added at 5 s. SELEXNuclease-resistant and high-affinity RNA ligands
Concentrationresponse curves or single agonist responsesto human and mouse CXCL10 were generated independently
were generated by calculating peak fluorescence countsby six iterative rounds of SELEX, using the conditions
above background and normalized according to basal valuesdescribed in Table 1. To ensure the isolation of high-affinity
For agonist responses to chemokine in the presence/absencaptamers, the stringency of the SELEX procedure was
of aptamer, agonist was incubated with aptamer/buffer for increased in later rounds by reducing the amount of protein
30 min at rt prior to addition to the cells. The Es@and EGo and RNA, reducing the binding time, and increasing the
values were determined prior to each aptamer experiment.stringency of postbinding washes in the experim&j.(As
Each point represents the mean and standard error of threghere was no significant change in the apparent affinity of
replicate wells. the last RNA pools, the SELEX was assumed to have reached
Preparation of Chronically Actiated Human Th1l and Th2 ~ completion. The round 6 pool was cloned, and 50 individual
LymphocytesThe preparation of activated Thl and Th2 cells aptamer clones derived from both hCXCL10 and mCXCL10
was carried out as describet?) with several modifications.  SELEX experiments were sequenced. Aptamers in this study
Umbilical cord CD4 lymphocytes (Poietic Systems, Ger- have a core variable region (40 bases) ar@ad 3-terminal
mantown, MD) were cultured in complete RPMI medium regions of 15 and 16 bases, respectively. An alignment of
with 10% FCS and 10 ng/mL IL-2 overnight. A total ofd the aptamer variable regions led to the identification of six
10° cells/mL were plated out into plates coated with anti- sequence families along with a number of “orphan” se-
CD3 and anti-CD28 antibodies atig/mL, in either Thl guences that were only represented once in the final pools
medium [complete RPMI medium with IL-2 plus 10 ng/mL  (Figure 1).
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Aptamer Sequence Family Assayed
(binding)

P7 . TCCCAACAT ACTGAACGAT GCCACAACCC ...TCACTCC CCCT...... Orphan *
P17 CCACCAACAC ACTGCATAA. .ACAGAACC. ...TCATCCC CCTGCC.... Orphan *
P32 .CTCAAGCAT TTC...... A TTCCCCATCA GTCCCACGCA GCCCT..... Orphan *
P25 .. .GAAACCT TTTGAGAAAA GCCCCCACCA .TCCCAT.CA CCCCT..... Orphan *
c2 .TCTAGTCG ATAATTCTGC CCAAGACATC CTTCCTCTTG CC........ I

Cc17 .TCTAGTCG ATAATTCTGC CCAAGACATC CTTCCTCTTG CC........ I

P27 .TCTAGTCG ATAATTCTGC CCAAGACATC CTTCCTCTTG CC........ I

Cc24 .TCTAGTCG ATAATTCTGC CCAAGACATC CTTCCTCTTG CC........ I *
c27 .TCTAGTCG ATAATTCTGC CCAAGACATC CTTCCTCTTG CC........ I

C13 .TCTAGTCG ATAATTCTGC CCAAGACATC CTTCCTCTTG CC........ I

P38 . TCTAGTCG ATAATTCTGC CCAAGACATC CTTTCTCTTG CC........ I *
C30 .TCTAGTCG ATAATTCTGC CCAAGACATC CTTCCTCTTG CT........ I *
C23 L. .CAACTCTCC CCTACCTCCC CTTCTTCTTC CTCCCTCGCTG Orphan *
c11 L. . .GACCCGAC ACATCCAGTA CTTCCTCTCC TTCACTGCCC Orphan *
C44 «...CATGCG TCTGACCTAC GTGCCAAGCA TTTGTGTAAC CCGT...... Orphan *
PL ... ACTG AACGATATCC TTGGCGCGCA TC.GCGTATC CCCTGCT... Orphan *
P18 AAACGAGCCA AAAGTGGAAG CCTCA..CTG CAAACCTCGT CCC....... IT *
P34 AAACGAGCCA AAAGTGGAAG CCTCA..C.G CAAACCTCGT CCC....... IT *
P6 AAACGAGCCA AATGTGGAAG CCTCA..C.G CAAACCTCGT CCC....... IT *
P2 L. TCCGTAGAAT CCTTAACCTG CAAACATGAC TCCCCTGGT. Orphan *
P15 AAGACT CACATAAAAA CCCGGAAACG AGCCTACTCT CCcCccc. Orphan *
Pl6 ... TC CAGGAAAGCA CCCCAGTGTC ACTCCATCAT AGGCGCCT.. Orphan *
c42 ... TGACT CCTCTGA.CA GCCTAATTTT CCCCGATTAC CCTG...... ITI

cis ... TGACT CCTCTGA.CA GCCTAATTTT CCCCGATTAC CCTG...... ITI *
c22 L. TGACT CCTCTGA.CA GCCTAATTTC TCCCGATTAC CCTG...... IIT *
P26 .GAGGTCT CACGCTT.GT AACGAGCCTG TCTTCATCCT CCCT...... Orphan *
P48 . .AAGACT CACAGT..GA AACGAGCCGC TCATCTTCTG CCGGCC.... Orphan *
P19 .TGACT.T CGTTCTGGCC .CTCTGTATT TT.CCATACA CTGCCC.... Iv

C38 .TGACT.T CGTTCTGGCC .CTCTGTATT TT.CCATACA CTGCCC.... v *
C15 .. TGACT.T CGTTCTGGCC .CTCTGTATT TT.CCATACA CTGCCC.... v

C40 ....GCCTCT CGATCTGCCC .ATTCGTATC GTATTACGCA CTGCC..... Orphan *
P47 ... .AGTTCT CAGGCTGAGC .CCATACGAC CTTCCCTCTG GCCCCT Orphan *
P30 ..... TTTCA CAGGCTGGAC ATCGCATGTA CGTCCTTGCA TGCCT..... Orphan *
C32 .TCGACT CGTATTGCCC ATAGTCATTC CTTTCCCCTA TGCC...... v

Cle .TCGACT CGTATTGCCC ATAGTCATTC CTCTCCCCTA TGCC...... v *
c21 .TCGACT CGTATTGCCC ATAGTCATTC CTTTCCCCTA TGCC...... v

C31 .TCGACT CGTATTGCCC ATAGTCATTC CTTTCCCCTA TGCC...... v *
Ceée .TCGACT CGTATTGCCC ATAGNCATTC CTTTCCCCTA TGCC...... v

c7 L. TGACT TGTCTGGCTC CTTTTGTACC CTTCCCCAAT TGCCC..... Orphan *
P28  ...... AGTT TCTTCTGAGG TCTGAACCTT TCCGAAAGCT GGCGCT.... VI

P24  ...... AGTT TCTTCTGAGG TCTGAACCTT TCCGAAAGCT GGCGCT.... VI *
P22 ... AGTT TCTTCTGAGG TCTGAACCTT TCCGAAAGCT GGCGCT.... VI

P31 «+ses AGTT TCTTCTGAGG TCTGAACCTT TC.GAAAGCT GGCGCT... VI *
P12 . .ACTGAACC TAATTTGAAA T.TGGCTGGC GCGCATATTC CGT....... Orphan *
P13 L.l CT AAACTTGTAA TTTGCCGATG AAACCTAGAC TCCCCGGT.. Orphan *
P10 AAATTCC CTAACCATAG TTAGGCCACA GAACTCCGCG CCT....... Orphan *
c20 ... GTC CCTTCCAAAT ATCACTCTCA CATCGAGTAC CCGCCCT... Orphan *
P37 ... TGACTCC TCCCCAACTC ATTGCAGCTA GCTCCATTGC CCC....... Orphan *
P29 ... GCT TTTCCTGACT AAGTGGGCTC ATCCTAACCC CACCCT.... Orphan *

Ficure 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.

Binding of the Anti-hCXCL10 and Anti-mCXCL10 Aptam- aptamers, RNA was made from 36 representative clones
ers to Their Chemokine TargefBo characterize individual ~ (indicated in Figure 1) and the relative binding of each of
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FiGure 2: Functional characterization of anti-hCXCL10 aptamers. X2 P31 @), and a random aptamer contr@®)(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 Th1l
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.OBexperiments were carried out in triplicate. Error bars represent SE.

the family-derived or orphan-derived RNAs to the corre- heparin in a dose-dependent fashion. The random control
sponding chemokine target (25 nM) was determined in an aptamer showed no activity (Figure 2A).
RNA binding assay by using nitrocellulose filter partitioning. Cell-Based Functional Characterization of Anti-hCXCL10
The affinities of 12 anti-hCXCL10 and 11 anti-mCXCL10 AptamersThe ability of P12 and P31 aptamers to antagonize
aptamers were then determined in nitrocellulose binding hCXCL10-induced intracellular calcium mobilization was
assays. P12 and P31 (Figure 1, boldface) were found to betested in an RBL cell line stably expressing the human
the highest affinity anti-hCXCL10 aptamers (1.76 and 1.53 CXCR3 receptor (Figure 2B). P12 and P31 aptamers but not
nM, respectively) (Supporting Information, Figure 7). C44 arandom control aptamer blocked this mobilization in a dose-
(Figure 1, boldface) was found to be the highest affinity anti- dependent fashion. Additionally, P12 and P31 (but not the
MCXCL10 aptamer (3.5 nM) (data not shown). Further random control aptamer) also blocked hCXCL10-induced
characterization focused on the functional behavior of the chemotaxis of human Thl cells (Figure 2C). None of the
anti-hCXCL10 aptamers (P12/P31) and the anti-mCXCL10 aptamers had any effect on the fluorescent readout in either
aptamer (C44). calcium mobilization or chemotaxis assays in the absence
In Vitro Functional Characterization of Anti-hCXCL10 of hCXCL10 (data not shown).
Aptamers.It has been postulated that GAGs on the cell A cAMP assay was used to further investigate the
bearing the seven transmembrane chemokine receptor fafunctional activity of these aptamers. The CXCR3 receptor
cilitate ligand binding to its high-affinity recepto43), while is known to couple to Gi-type G-proteins. Activation of
GAGs on endothelial cells and in the extracellular matrix CXCR3 would lead to receptor-mediated inhibition of
might be important for retaining chemokines close to their adenylyl cyclases. hCXCL10 activity was thus measured by
site of secretion44). GAGs might also be involved in the its ability to inhibit forskolin-induced cAMP production.
signaling of chemokines4b, 46). CXCL10, like many Figure 2D shows a dose-dependent inhibition of the hCXCL10
chemokines, binds to cell surface GAGK>(47, 48). To activity by the P31 and P12 aptamers. Further analyses
determine if the high-affinity aptamers generated in this study revealed that the hCXCL10 agonist desesponse curve
were capable of functionally antagonizing hCXCL10, the could be rightward shifted by the presence of increasing
ability of the aptamers to block the binding of hCXCL10 to concentrations of P12 and P31 (Supporting Information,
heparin was measured using surface plasmon resonanc&igure 8).
(BlAcore). Both P12 (not shown) and P31 (Figure 2A) were  Table 2 summarizes the affinities and potencies of the best
able to functionally antagonize the binding of hCXCL10 to anti-hCXCL10 aptamers in the binding assay and in different
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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

Ka (nM) I1Cs0 (nM)
nitrocellulose heparin ~ calcium
aptamer binding  binding mobilization chemotaxis cAMP
(a) P12 1.8 ND 27.6 1.3 28.0
(m) P31 1.6 15 20.3 19.7 2.0
(®) random - - - - -

aND stands for not determined.

functional assays. A very good correlation of aptamer
potencies between these assays was found.

Specificity of Anti-hCXCL10 AptametsCXCL10 shares
~37% identity with hCXCL9 and hCXCL11, the other two
IFN-y-inducible non-ELR CXC ligands of the CXCRS3
receptor. As can be seen in Figure-38, 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 CCRS8 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 Orthologued.he 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
mMCXCL10 and hCXCL10 functional activities. As shown
in Figure 4A, C44 blocked heparin binding both to mCXCL10
(left panel, IGo = 30—40 nM) and to hCXCL10 (right panel,
ICs0 = 34—40 nM). When C44 aptamer was tested in a
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calcium mobilization assay using an RBL cell line expressing . oc 2. Specificity of anti-hCXCL10 aptamers. (A) P12 and
the human CXCR3 receptor, it was able to strongly antago- p31 aptamers did not have any specific antagonistic effect on other
nize mCXCL10 function (I6 = 37.0 nM, Figure 4B, left hCXCR3 ligands (hCXCL9 and hCXCL11) in a human Thil
panel) as well as hCXCL10 function (Figure 4B, right panel, chemotaxis assay. hCXCL1®), hCXCL11 (a), and hCXCL9[J)

ICso = 45.9 nM). C44 was also tested in an hCXCL10- curves are shown. (B) Anti-hCXCL10 aptamers did not show any

ind d chemotaxi ina human Thi I ndeffect on mCXCL10 in the calcium mobilization assay (150 nM
uced chemotaxis assay using huma cells a aptamer). C44 depicts the anti-mCXCL10 aptamer used as a positive

displayed potency similar to those of the other two functional control described in Figure 4. All these experiments were carried
assays (Figure 4C, lg= 20.2 nM). In summary, the anti-  out in triplicate. Error bars represent SE.
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FiIGURE 4: C44 aptamer is a potent antagonist of both mouse and human CXCL10. C44 amaed @ random control aptamd®)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) Aptamel
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 Thl cells. (B, C) Experiments were carried out in triplicate. Error
bars represent SE.

mMCXCL10 aptamer is a potent antagonist of both mCXCL10 the 0-450 nM range and demonstrated a dose-dependent
and hCXCL10 in at least two functional assays. Notably, inhibition. The best hCXCL10-specific C44 aptamer truncate
the random aptamer showed no specific antagonism in anywas a 62-mer molecule (C44-62, Figure 6A). This truncated
of the functional assays. version contains 56 nucleotides of the original 71 nucleotide
Optimization of the C44 Aptamer Molecule. (a) C44 sequence plus 6 bases added to thersl as part of the
Truncation.By generating progressively shorter oligonucle- truncation strategy. Surprisingly, the potency of this shorter
otides, it is possible to truncate active aptamers to identify molecule increased-23-fold compared to that of the original
the minimum functional element and consequently reduce C44 aptamer (data not shown). The best mCXCL10-specific
future production costs. In this study, a molecular-biology- aptamer truncate was a 47-mer molecule (C44-47). This
based truncation procedure was used in conjunction with aptamer was shown to be equipotent with the full-length C44
solid-phase synthesis. Thus, serialahd 3 truncations in aptamer (IGo = 40.2 nM, Figure 6A,B). Although P12 and
five nucleotide steps were carried out by PCR amplification P31 (described earlier) were shown to be potent anti-
followed by in vitro transcription and gel purification (Figure hCXCL10 antagonists, C44-62 might constitute a better
5). A rational approach using secondary structure predictionscandidate with therapeutic potential because it is derived from
drastically reduced the number of PCR-based truncates tothe same parent molecule (C44) truncated for target valida-
be screened. The truncated RNAs were first tested againstion studies, generating C44-47.
human and mouse CXCL10 in a calcium mobilization assay (b) Addition of Chemical Modificationslnitial steps
using RBL-CXCR3 cells at a single aptamer concentration toward aptamer stabilization were taken by performing the
(150 nM). The most potent aptamers (able to inhibit more SELEX methodology using' Zluoropyrimidines, which are
than 90% of the calcium signaling) were then retested in known to provide a greater level of RNA stability to
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A) 40N variable region 3N7 primer
I« i

3’ CCCTCCTGCTACGCCGTACGCAGACTGGATGCACGGTTCGTAAACACATTGGGCAGTCTGCTGAGCGGGCT 5

5’ TAATACGACTCACTATAGGGAGGACGATGCGGCATGCGTCTGACCTACGTGCCAAGCATTTGTGTAACCCGTCAGACGACTCGCCCGA 3
i

5N7 primer (includes T7 promoter)

B 3N7 primer
) 3’ GTCTGCTGAGCGGGCT 5

other 3N7

primers
’ : 3’ GGGCAGTCTGCTGAGC 5’ 3N7-a
3 truncation 3’ ACATTGGGCAGTCIGC 5’ 3N7-b
3/ CGTAAACATTGGGCAG 5’ 3N7-¢

3/ CGGTTCGTAAACATTG 57 3N7-4

3’ ATGCACGGTTCGTAAA 5’ 3N7-e
3’ ACTGGATGCACGGTTC 5’ 3N7-f

5N7 primer (includes T7 promoter)
5’ TAATACGACTCACTATAGGGAGGACGATGCGG 3

other 5N7

primers
5N7-a 5/ GEGAGAGACGATGCGGCATGC 3
5N7-b 5/ GGGAGATGCGGCATGCGTCTG 3 , .
SN7-c 5/ GGGAGACATGCGTCTGACCTA 3’ 5’ truncation
5N7-d 5/ GEGAGAGTCTGACCTACGTGC 3/
5N7-e 5’ GEGGAGAACCTACGTGCCAAGC 3/
5N7-f 5’ GGGAGACGTGCCAAGCATTTG 3

Ficure 5: A molecular-biology-based strategy designed to truncate the C44 aptamer froni bath®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 ‘tlea& of each 5N7 primer constitutes the minimal region required for

the T7 RNA polymerase promoter to be functional.

endonucleases. However, many additional chemical modi- N6 with or without PEGylation at the' ®nd of the C44-38
fications have been described in the literature, some of whichor the C44-34 molecule did not dramatically alter the
have been shown to be successful in stabilizing the aptamemotencies of these molecules (Table 3). Figure 6C depicts
molecules in cell-based assays or in vivo. After a careful the concentrationresponse curves of the differentially
analysis of those modifications present in the best in vivo modified C44 aptamers. In summary, the C44 aptamer has
RNA aptamers, a 40K PEG was added to therid of the been truncated to less than half the size of the original
truncated C44 aptamer via an N6 linker. We expected the molecule and has been chemically modified. This is likely
linker would reduce the steric effects between the PEG groupto result in a substantial increase in the in vivo half-life
and the rest of the molecule as well as protect agaihst 5 without compromising potency. To ensure that the aptamer
exonucleases. Additionally, an idT was added to therfl optimization did not alter the specificity, the PEGylated C44-
of the molecule to protect against &onucleases. To test 34 aptamer was tested against the other two mCXCR3
whether these chemical groups might alter the original ligands: mCXCL11 and mCXCL9. This aptamer did not
potency, a set of differentially modified C44-47 versions was specifically antagonize these ligands in a calcium mobiliza-
synthesized and tested in an mCXCL10-induced calcium tion assay (data not shown).

immobilization assay. The modifications were found notto  In conclusion, the evolution of the 71-mer aptamer C44
dramatically alter the potency of the original C44-47 tothe PEGylated 34-mer aptamer with the retention of high
molecule (Table 3). Secondary structure prediction (data notpotency and specificity has resulted in the identification of
shown) suggested that C44-47 could be shortened to 38 (C44an excellent candidate molecule for future studies of
38) or 34 (C44-34) bases (Figure 6A), at the same time CXCL10/CXCR3 biology.

reducing any possible detrimental effect of appending the

T7 promoter to the truncation fragments. To make the C44- DISCUSSION

34 structure more stable, a predicted N base pair, formed The elucidation of the role of chemokines and their
between the Band 3 ends of the molecule, was replaced by receptors in both normal physiology and in disease states
a G—C base pair. When the C44-38 aptamer was finally has previously been approached in different ways. The range
tested in an mCXCL10 calcium mobilization assay, it was of activity in the chemokine network is highly complex and
shown to be slightly more potent than the C44-47 aptamer involves several levels of redundancy. At present, there is a
(ICs0 = 29.3 nM, data not shown). Further addition of an growing interest in unraveling the function of individual
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A) Size (-mer)
Ca4 5’ GGGAGGACGAUGCGGCAUGCGUCUGACCUACGUGCCAAGCAUUUGUGUAACCCGUCAGACGACUCGCCCGA 37 71
C44-62 5’ GGGAGAUGCGGCAUGCGUCUGACCUACGUGCCAAGCAUUUGUGUAACCCGUCAGACGACUCG 3 62
C44-47 5/  GGGAGAGUCUGACCUACGUGCCAAGCAUUUGUGUAACCCGUCAGACG 3 47
C44-38 5’ UCUGACCUACGUGCCAAGCAUUUGUGUAACCCGUCAGA 3’ 38
C44-34 5 GGACCUACGUGCCAAGCAUUUGUGUAACCCGUCC 3° 34
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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 Mptaawestiown to
be equipotent to C44 aptamek)((ICso = 40.2 nM) against mCXCL10. The random aptan®y ¢lid 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 M, dashed line), C44-47-idTQ dot chain), C44-474, solid line), and a random
control @, solid line) are shown. The hexamer introduced in therlsl 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, GO)

Aptamer  Chemical modifications MW Length IC50
(kDa) (nt) (nM)

DHI 5' 40 kDa PEG-N6-C44-47-idT 3' 15.6 48 90.5
DH2 5'N6-C44-47-idT 3' 15.6 48 59.2
DH3 5' C44-47-idT 3' 155 48 475
DH4 5' C44-47 3 15.2 47 45.8
C44-47 5' C44-47 3' 15.2 47 37.5
DH6 5' 40 kDa PEG- N6-C44-38-idT 3' 12.6 39 72.0
DH7 5' N6-C44-38-idT 3' 12.6 39 46.0
DH8 5' 40 kDa PEG- N6-C44-34-idT 3' 11.3 35 75.5
DH9 5' N6-C44-34-idT 3' 11.3 35 43.4

aPotencies 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.

chemokine ligands. In the case of CXCRS3 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 ligantleceptor 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 situatio?5}.

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 GAGsZ5). Campanella et al recently found that the
N-terminal residuef2) 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 overlappind?). 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
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these chemokines (Figure 3A,B). The strong selectivity of target validation tools, and they could also be beneficial in
P12 and P31 aptamers is demonstrated by the fact that thesituations where exaggerated CXCL10 synthesis is harmful
did not antagonize the mCXCL10 ligand (Figure 3D), despite and therefore may also have potential as therapeutic tools
being 70% identical to hCXCL10. This striking selectivity in their own right. To our knowledge, the CXCL10 aptamers
suggested the aptamers could specifically discriminate againstire the most potent antagonists reported to date at the
other chemokines less related to hCXCL10 than mCXCL10. CXCL10/CXCR3 signaling axis.

This was demonstrated by the observation that when two

CC-chemokines, CCL1 and CCL22, were tested, P12 and ACKNOWLEDGMENT

P31 aptamers did not block their activity (Supporting

) - We thank Simon Dowell for critically reading the paper
Information, Figure 9). In summary, these RNA molecules y g pap

| b | i d select and for his support. We are grateful to Ashley Barnes for
are not only potent but also very specific and selective g pe|nf| discussions and to Andrew Rhodes for his ideas

antagonists of their target. . about aptamer characterization. We also thank Elizabeth
The C44 aptamer was the only RNA molecule identified Capper for her support and useful comments about the
capable of antagonizing both the human and the MOUSE -y CR3/CXCL10 axis.

CXCL10, making this aptamer an excellent tool for target

vallidation and potentially a candidatg for _therapeutic use. SUPPORTING INFORMATION AVAILABLE

This aptamer was shown to be functional in assays against . o o

both mouse and human CXCL10 (Figure 4). One figure with nitrocellulose binding assays of the P12
The optimization of aptamers for in vivo studies involves and P31 aptamers, two figures showing a rightward shift in

a truncation step that is crucial to reduce large-scale the agonist concentratiemmresponse curve (CAMP assay) by

production costs of aptamers. Commonly, aptamer truncationthese aptamers at two different concentrations, and two

is performed using solid-phase synthesis. Here, we havefigures with P12 and P31 aptamers showing no effect on

biological, by using nested PCRs followed by in vitro free of charge via the Internet at http://pubs.acs.org.

transcription and purification (Figure 5). Although this
procedure was successful and less expensive than th
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'3end only slightly altered the original potency
of C44 (Table 3).

The cross-talk between the CXCL10/CXCRS3 receptor and
other chemokine/receptor systems is illustrated in several
papers. First, CXCR3 ligands such as CXCL10 can also
antagonize the CCR3 recept8). At the same time, CCL11
(and also CCL13) bind with high affinity and antagonize
the CXCRS3 receptor 56). Second, CXCL13 has been
reported to also bind CXCR3, in addition to its previously
known partner CXCR557). Finally, mouse CCL21, the
usual CXCR5 ligand, can signal through CXCR38)
despite human CCL21 not being a ligand for the human or
mouse CXCR3 receptor$9). 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 11.

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
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