Tumor Targeting by an Aptamer
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Aptamers are small oligonucleotides that are selected to bind
tightly and specifically to a target molecule. We sought to deter-
mine whether aptamers have potential for in vivo delivery of radio-
isotopes or cytotoxic agents. Methods: TTA1, an aptamer to
the extracellular matrix protein tenascin-C, was prepared in fluo-
rescent and radiolabeled forms. After in vivo administration,
uptake and tumor distribution of Rhodamine Red-X-labeled
aptamer was studied by fluorescence microscopy. In glioblas-
toma (U251) and breast cancer (MDA-MB-435) tumor xeno-
grafts, biodistribution and imaging studies were performed
using TTA1 radiolabeled with ®*™Tc. Tenascin-C levels and tu-
mor uptake were studied in a variety of additional human tumor
xenografts. To assess the effect of radiometal chelate on biodis-
tribution, mercapto-acetyl diglycine (MAG,) was compared with
diethylenetriaminepentaacetic acid and with MAG>-3,400-
molecular-weight PEG (PEGg 400). Results: Intravenous injection
of fluorescent aptamer TTA1 produced bright perivascular fluo-
rescence in a xenografted human tumor within 10 min. In the en-
suing 3 h, fluorescence diffused throughout the tumor. Labeled
with ®¥mTc, TTA1 displayed rapid blood clearance, a half-life of
less than 2 min, and rapid tumor penetration: 6% injected dose
(%ID)/g at 10 min. Tumor retention was durable, with 2.7 %ID/g
at 60 min and a long-lived phase that stabilized at 1 %ID/g. Rapid
tumor uptake and blood clearance yielded a tumor-to-blood ratio
of 50 within 3 h. Both renal and hepatic clearance pathways were
observed. Using the ™ Tc-labeled aptamer, images of glioblas-
toma and breast tumors were obtained by planar scintigraphy.
Aptamer uptake, seen in several different human tumors, re-
quired the presence of the target protein, human tenascin-C.
Modification of the MAG, radiometal chelator dramatically al-
tered the uptake and clearance patterns. Conclusion: TTA1 is
taken up by a variety of solid tumors including breast, glioblas-
toma, lung, and colon. Rapid uptake by tumors and rapid clear-
ance from the blood and other nontarget tissues enables clear
tumor imaging. As synthetic molecules, aptamers are readily
modified in a site-specific manner. A variety of aptamer conju-
gates accumulate in tumors, suggesting imaging and potentially
therapeutic applications.
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Molecular targeting is of great interest for diagnosis
and therapy, particularly in oncology. In contrast to perfusion-
based imaging, molecular targeting is founded on the principle
of high-affinity ligand binding to a macromolecule within a
tissue of interest. Monoclonal antibodies (mAbs), because of
their high affinity, specificity, and wide range of available
targets, have been the workhorse of molecular targeting. Al-
though successes have been documented, mAbs have a long
blood residence, which decreases in vivo image quality. As a
result, intact mAbs are becoming obsolete for in vivo imaging.
In therapy, mAbs have the advantage of a higher uptake in
target tissue, but long blood residence often causes dose-
limiting hematologic toxicities. In addition, antibodies show
incomplete penetration into target tissues. Therefore, new
targeting agents and clinical protocols are needed. Examples
include the use of smaller antibody fragments (/,2) and
peptides (3), as well as antibody pretargeting strategies (4,5).
Here, we describe the use of an aptamer now in clinical trials
for specific targeting to tumor stromal elements.

As oligonucleotide ligands, aptamers are comparable to
antibodies in specificity and affinity for their target molecule,
typically a protein (6,7). At 8-15 kDa, aptamers are inter-
mediate in size between antibodies (150 kDa) and small
peptides (1-5 kDa) and are slightly smaller than single-chain
variable-fragment antibodies (scFvs, 25 kDa). As poly-
anions, aptamers are quite different in composition from
scFvs. As synthetic molecules, aptamers readily support site-
specific modifications that maintain structure and activity.
Aptamers can be coupled to diagnostic or therapeutic agents
and to bioconjugates, such as polyethylene glycol (PEG)
polymers, that can alter aptamer pharmacokinetics (8). Pre-
vious therapeutic work with aptamers has focused on block-
ing protein function; by far the most advanced work is
represented by the use of a vascular endothelial growth factor
aptamer, pegaptanib sodium (Macugen; Pfizer and Eyetech)
(9), now approved for treatment of macular degeneration
(10). In contrast to aptamers that block protein function, an
aptamer that delivers radionuclides and chemotherapeutics
was investigated in the experiments described here.

To effectively deliver a compound, a molecular targeting
agent must accumulate to a significant degree in the patho-
logic tissue. In addition, the ratio between pathologic and
normal tissues must be high. For successful in vivo imaging,
the targeting agent should not reside long in the blood or in
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the organs of metabolism. The small size and polyanionic
nature of aptamers may lead to rapid blood clearance and
tissue uptake and may minimize the residence in liver and
kidney, providing some potentially useful features for imag-
ing and radiotherapy (//—13). Initial experiments to address
aptamer suitability for in vivo imaging have been reported
(14), as have studies designed to elucidate oligonucleotide
biodistribution properties (/5,76). To describe the molecular
targeting properties of an aptamer in a human tumor xeno-
graft model, we chose a previously selected aptamer with
high affinity for a protein, tenascin-C, that is overexpressed in
tumor tissues (/7).

As a target protein, tenascin-C is distinguished by 2 fea-
tures: abundance and accessibility to circulating ligands.
Tenascin-C is a large (>10° Da) hexameric extracellular
matrix protein that is newly expressed during tissue remod-
eling processes including angiogenesis, embryonic develop-
ment, wound healing, and tumor growth (/8-217). Tenascin-C
is also overexpressed in the inflammatory foci of atheroscle-
rosis (22). In contrast to restricted expression in normal tis-
sues, inflammatory conditions, and wound healing, tenascin-C
is abundantly and continuously expressed in neovasculature
and tumor stroma. For example, tenascin-C was measured at
approximately 1 wmol/L within a human osteosarcoma (23);
there are 6 aptamer binding sites per tenascin-C molecule
(17). Tumors known to overexpress tenascin-C include car-
cinomas of the lung, breast, prostate, and colon, as well as
lymphomas, sarcomas, glioblastomas, and melanomas. An-
tibodies against tenascin-C are capable of imaging human
brain tumors (24,25). Because of its overexpression in many
tumor types, its abundance, and its accessibility to circulating
ligands, we chose tenascin-C for evaluation of aptamer-based
tumor targeting.

The modified RNA aptamer, TTA1, was previously iso-
lated using systematic evolution of ligands by exponential en-
richment (SELEX) against tumor cells and purified tenascin-C
(17). This aptamer has improved characteristics relative to an
initial tenascin-C aptamer, discovered in a SELEX experi-
ment targeting U251 glioblastoma cells (26). TTA1 binds
with a dissociation constant of 5 nmol/L to the fibrinogen-
like domain of tenascin-C. For protection against nucleases,
the aptamer contains maximal 2'-OMe purine substitutions,
2'-F pyrimidines, and a 3'-3" inverted phosphodiester link-
age. Finally, the synthetic aptamer was produced with a 5’
amine to serve as a conjugation site. Unlike most protein
constructs, the aptamer has a unique conjugation site. No
bioconjugate we have tested has altered aptamer affinity for
tenascin-C. The aptamer is therefore adaptable to different
labeling strategies, described here, to determine its tumor-
targeting characteristics.

MATERIALS AND METHODS

Oligonucleotide Synthesis

2'-Fluoropyrimidine phosphoramidite monomers were obtained
from JBL Scientific; 2'-OMe purine, 2'-OH purine, hexyl amine,
and (CH,CH,0)¢ monomers, along with the polystyrene solid sup-

port that initiates the synthesis with a 3'-3" linkage, were obtained
from Glen Research. Procedures were performed as previously
described (27).

Oligonucleotide Conjugations

TTA1 and TTA1.NB were conjugated to the technetium che-
lator MAG; (28), through the 5" amine, at a 50 mg/mL aptamer in
30% dimethylformamide with 5 molar equivalents of MAG,
succinimidyl ester buffered in sodium borate (100 mmol/L, pH
9.3), for 30 min at room temperature. Reversed-phase high-
performance liquid chromatography purification (29) yielded
MAG,-TTA1 and MAG,-TTA1.NB. For fluorescence studies, oligo-
nucleotides were conjugated to Rhodamine Red-X succinimidyl
ester (Molecular Probes, Inc.) using the above conditions for
conjugation and high-performance liquid chromatography purifi-
cation, to produce TTA1-Red or TTA1.NB-Red. Unlike fluorescein,
the conjugated Rhodamine Red-X greatly increased retention time
during reversed-phase high-performance liquid chromatography,
enabling efficient separation of conjugated and unconjugated aptamer.
Diethylenetriaminepentaacetic acid (DTPA) was coupled to the
oligonucleotide 5" amine as previously described (30). The succi-
nimidyl ester of MAG,-3,400-molecular-weight PEG (PEGs; 400)
was prepared as follows: PEGj; 400-N-hydroxysuccinimide (NHS)
was reacted with an excess of Fmoc-Lys(NH,)-COOH in acetoni-
trile with 10 molar equivalents of triethylamine. After extraction to
remove free Fmoc-Lys(NH,)-COOH, Fmoc was removed with 20%
piperidine in acetonitrile and the product was precipitated in ether,
dried under a vacuum, and then reacted with an excess of NHS-
MAG; in acetonitrile with 10 molar equivalents of triethylamine.
After a second extraction, the MAG,-PEGs; 409 Was activated with
DCC and NHS-OH, and the product was purified by filtration and
extraction. The resulting NHS-activated MAG,-PEG3; 400 Was pre-
cipitated in ether and dried under a vacuum. Conjugation to oligo-
nucleotides was performed as described for MAG,.

Radiolabeling

Oligonucleotides were labeled with **™Tc¢ in the following man-
ner: to 1 nmol MAG, aptamer (or MAG,-PEGs; 400 aptamer) were
added 200 pL of NaPO, buffer (100 mmol/L, pH 8.5), sodium
tartrate (23 mg/mL), and 50 pL of pertechnetate in saline (°°™Tc,
185 MBq) eluted from a Mo column (Syncor) within 12 h of use.
The labeling reaction was initiated by the addition of 10 pL of
SnCl, (5 mg/mL). The reaction mixture was incubated for 15 min
at 90°C, cooled to 25°C, and spin filtered (0.1-pwm Ultrafree
[Millipore], 5 min at 4,000 rpm) to remove any particulates or
precipitated material. Oligonucleotide was separated from un-
reacted **™Tc by spin dialysis through a 30,000-molecular-weight
cutoff membrane (Centrex; Schleicher and Schuell) followed by
three 300-pwL washes and resuspension of the oligonucleotide in
100 L of H,O. This labeling protocol results in incorporation of
30%-50% of the added **™Tc, with a specific activity of 74-111
MBg/nmol of DNA. ''In labeling was performed as previously
described (30). For 3P labeling, the oligonucleotides were phos-
phorylated with polynucleotide kinase (New England Biolabs)
using manufacturer-recommended conditions. The oligonucleo-
tides, having a 5’ amine, could be kinased (inefficiently) at the
available hydroxyl group of the 3'—3" linkage. Aptamer affinities
were determined by nitrocellulose filter partitioning using either
32p-labeled or *™Tc-labeled aptamer and purified human tenascin-C
(Chemicon). The antibodies BC-8 (kindly provided by Luciano
Zardi, Laboratory of Cell Biology, Istituto Nazionale per la Ricerca
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sul Cancro, Genoa, Italy), mTN12 (Sigma-Aldrich), and IgG
(Sigma-Aldrich) were labeled with '25I-N-succinimidyl-3(4-hydroxy-
phenyl)propionate (Bolton-Hunter reagent; Amersham Pharmacia)
according to manufacturer instructions.

Aptamer Biodistribution

Six- to 10-wk-old female nude mice (nu/nu; Taconic) received
a subcutaneous injection of 10° human tumor cells into the flank.
Tumors were allowed to grow to 200-350 mg—typically, for
10-30 d. Each mouse was briefly placed under a heat lamp to
dilate the tail vein. A 200-pL volume of Dulbecco’s phosphate-
buffered saline (Gibco BRL) containing 0.5 nmol of *°™Tc-labeled
oligonucleotide (37-55.5 MBq) was mixed with 4.5 nmol of
unlabeled oligonucleotide and injected into the tail vein using a
0.5-mL insulin syringe, to produce a 5-nmol (3.25 mg/kg) dose of
the 13-kDa aptamer. At specified times, 3 mice were anesthetized
with vaporized isoflurane (Aerrane; Baxter), and 200 L of blood
were collected by cardiac puncture. After cervical dislocation,
tissues were collected and weighed, and y-radioactivity was de-
termined using a scintillation counter. All procedures on animals
were performed according to the standards of the institutional
animal care and utilization committee.

Tumor Imaging

Tumor-bearing mice received an injection of °°™Tc-labeled
aptamer or control aptamer as just described. At specified times,
the mice were continuously anesthetized with vaporized isoflurane
and imaged ona LEM + y-camera (Siemens) for 20 min. Images were
presented using Nuclear MAC software (version 2.9; Scientific
Imaging, Inc.) and Photoshop (version 5.5; Adobe Systems Inc.).
Because aptamer clearance or metabolism was altered in animals that
recovered from continuous anesthesia, the animals used for imaging
were different from those used for biodistribution experiments.

Fluorescence Microscopy and Immunostaining

Nu/nu mice bearing U251 human glioblastoma tumors weigh-
ing 200-350 mg received a 5-nmol (3.25 mg/kg) injection of
TTA1-Red or TTA1.NB-Red in 200 pL of Dulbecco’s phosphate-
buffered saline, along with 50 nmol of nonbinding carrier oligo-
nucleotide (unlabeled TTA1.NB) that was included to slow
aptamer clearance mechanisms. At specified times, the animals
were anesthetized, perfused with saline, and killed. Tumors were
harvested, placed in liquid optimal-cutting-temperature medium
(Ted Pella Inc.), and frozen for storage at —80°C. Frozen sections
10 pwm thick were then cut and surveyed by fluorescence micros-
copy. Immunostaining of human tenascin-C was performed accord-
ing to manufacturer instructions (M.O.L. Staining Procedure,
PK-2200; Vector Laboratories). Briefly, slides with mounted frozen
sections were warmed to 25°C, incubated for 5 min in cold acetone,
rinsed 2 times for 2 min each in H,O, incubated with 0.1%
hydrogen peroxide in 0.3% normal horse serum for 20 min, rinsed
in phosphate-buffered saline, blocked for 60 min with mouse IgG
blocking reagent, and washed. Antibody specific for human
tenascin-C (BC-24, T-2551; Sigma-Aldrich) was diluted 1:1,600
in antibody diluent and incubated with the slide for 30 min. The
slides were washed, incubated with biotinylated antimouse IgG,
and washed and stained first with Vectastain ABC and then with
peroxidase substrate 3',3’diaminobenzidine (DAB substrate Kkit,
SK-4100; Vector Laboratories). Finally, the slides were counter-
stained with hematoxylin, dehydrated, and mounted for microscopy.
Immunostaining of mouse tenascin-C was identical except that
before incubation with rat antimouse tenascin antibody (MTn-12,

670

T-3413; Sigma-Aldrich), the slides were blocked with Super
Block (Pierce Biotechnology). The primary antibody was diluted
1:200 in antibody diluent, and the biotinylated antirat antibody
(E0468; Dako) was diluted 1:400 before washing and staining.

Antibody Blotting

Total tumor protein was extracted from tumor xenografts with a
sodium dodecylsulfate—containing protein sample buffer using a
dounce homogenizer and centrifuged to remove insoluble mate-
rial. Purified human tenascin-C was obtained from Chemicon. Cell
culture supernatant from mouse 3t12 fibroblast cells (American
Type Culture Collection) was obtained and stored frozen. Then,
10 pg of tumor protein extract, 10 wg of 3t12 cell supernatant
protein, and 1 g of purified human tenascin-C were separated on
a 10% polyacrylamide sodium dodecylsulfate precast gel (Novex;
Invitrogen) and electrophoretically transferred to nitrocellulose
(Novex). The membrane was blocked overnight at 4°C in Tris-
buffered saline (20 mm Tris, 150 mmol/L NaCl, pH 8.3) with
0.05% polysorbate-20 (Pierce) and 0.05% casein (w/v, I-block;
Tropix). Blocking solution was replaced with a 1:2,000 dilution of
antibody (mTN12 rat ascites fluid; Sigma), or mouse mAb BC-8
(Prof. Luciano Zardi, Laboratory of Cell Biology, Istituto Nazionale
per la Ricerca sul Cancro, Genoa, Italy) for 3 h at room temper-
ature followed by three 20-min washes with Tris-buffered saline—
polysorbate. To detect bound antibody, blots were incubated for 90
min with a 1:25,000 dilution of goat antirabbit IgG (Sigma) or
goat antimouse IgG, each conjugated to horseradish peroxidase,
and washed 5 times for 5 min in Tris-buffered saline—polysorbate.
Color was developed using chemiluminescence according to man-
ufacturer instructions (Amersham Pharmacia).

RESULTS

Aptamer Tumor Uptake and Localization:
Fluorescence Staining

Aptamer TTALI is a 13-kDa oligonucleotide that binds
tightly to tenascin-C (dissociation constant, 5 X 10~2 mol/L)
(I7). A nonbinding control aptamer, TTA1.NB, lacks 5
critical nucleotides (Fig. 1). A 5" amine, introduced synthet-
ically, provides a conjugation site for the amine-reactive
fluorophore and radiometal chelators indicated in Figure 1.
The tumor model chosen for these studies, U251, is a human
glioblastoma cell line xenografted to the flank of nude mice.
Tumor uptake and localization were initially determined by
injecting a fluorescent aptamer, TTA1-Red (Fig. 1), into
tumor-bearing mice. After sacrifice of the animals, tumors
were excised, frozen, and sectioned for fluorescence micros-
copy and immunohistochemical analysis (Fig. 2). Figure 2A
shows microscopic tumor sections stained with hematoxylin
and eosin. Ex vivo antibody staining, Figures 2B and 2C,
revealed abundant tenascin-C (both species’ isoforms) in the
tumor stroma, including perivascular distribution. Ten min-
utes after injection of aptamer, there was intense tumor
staining consistent with accumulation in the perivascular
space (Fig. 2D). The control aptamer showed no staining
(Fig. 2E). Within 3 h, aptamer was no longer confined to the
site of its initial binding but instead diffused throughout the
tumor stroma (Fig. 2F). The resulting staining pattern was
consistent with that of tenascin-C in the extracellular matrix.
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Together with the matrix-staining pattern, the observation
that 60% of aptamer residing in the tumor was intact
(described below) indicated that the fluorescent label tracked
the aptamer as opposed to a degradation product.

Tumor and Blood Levels Measured Using
99mTc-Labeled Aptamer

For quantitative study of aptamer uptake and biodistri-
bution, the 5’ amine—containing aptamer was conjugated to

FIGURE 2. Photomicrographs of tumor sections (x400). (A)
Staining with hematoxylin and eosin establishes morphology. (B
and C) Staining with human-specific mAb BC24 (B) or
mouse-specific mAb mTN12 (C) indicates human and mouse
tenascin-C distribution across tumor section. (D-F) Fluores-
cence micrographs illustrate aptamer that has penetrated
tumor intravenously. Ten minutes after injection of TTA1-Red
(D), staining suggests aptamer presence near blood vessels
(arrow), while control aptamer TTA1.NB-Red shows only auto-
fluorescence (E). Three hours after injection of TTA1-Red (F), stain-
ing has diffused through the tumor matrix. Scale bar is 100 pm.

the succinimidyl ester of MAG, (28) and radiolabeled with
99mTc (Fig. 1). The aptamer was readily labeled with a
specific activity of 2,775 MBg/mg (37 MBg/nmol). The
affinity for tenascin-C was unchanged by the radiolabeling
procedure (data not shown). To assess tumor targeting,
radiolabeled aptamer was intravenously injected into tumor-
bearing animals. At specified times, blood and tumor were
collected and data were calculated as percentage injected
dose/gram of tissue (%ID/g). For both TTA1l and the
control aptamer, blood clearance was extremely rapid,
dropping from 50% (the maximum at 0 min) to 18 %ID/g
in the initial 2 min and to 0.1 %ID/g at 60 min (Fig. 3A).
Tumor uptake was also rapid: Accumulation maximized at
10 min after injection, with 3.0 = 0.2 %ID/g and 5.9 = 0.6
%ID/g for the nonbinding and binding aptamers, respec-
tively. The control aptamer then washed out, decreasing to
0.15 %ID/g within 60 min after injection. In contrast, the
binding aptamer TTA1 was retained at 2.7 %ID/g at 60
min, with 1.2 %ID/g still remaining in the tumor at 17 h
after injection (Fig. 3A). The tumor-to-blood ratio of TTA1
surpassed 50 within 3 h and 180 within 16 h (Fig. 3B). For
comparison, antitenascin antibody BC-8 (37) required 40 h
to reach a tumor-to-blood ratio of 5 (Fig. 3B).

Biodistribution of **™Tc-Labeled Aptamer and
Control Aptamer

In addition to tumor and blood, the tissue distribution of
the ?°™Tc-labeled aptamer was examined at various times
(Table 1 and Fig. 4). Kidney levels were 19 %ID/g at 10
min and then dropped to 0.2 %ID/g at 3 h, reflecting renal
clearance. Hepatobiliary clearance was also evident: 15
%ID/g is found in the small intestine and 10 %ID/g in the
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FIGURE 3. Plots of tumor and blood levels of aptamer (A) and
tumor-to-blood ratio for aptamer and antibody (B) vs. time.
Aptamers (TTA1 and control aptamer TTA1.NB) and antibody
(BC-8 and control IgG) were radiolabeled with ®°™Tc and 125],
respectively. Rapid °®™Tc radioactive decay combined with exten-
sive clearance of aptamer-associated ®*™Tc from blood prevented
measurement of aptamer-associated %°™Tc beyond 1,200 min.

liver at 10 min. After 3 h, radioactivity moved from the
small intestine (dropping to 1-1.5 %ID/g) into the large
intestine to a level of 35-40 %ID/g. In comparing the 2
clearance pathways, we found that approximately 50% of
the injected **™Tc was cleared renally and that most of the
remainder was cleared through the hepatobiliary system.
Radioactivity was almost undetectable in blood, lung, and
muscle after 3 h. Greater than 95% of the *™Tc¢ had cleared
from the body by 24 h. The biodistributions of binding and
nonbinding aptamers were similar in nontumor tissues.

At 3 h after injection, radioactivity that remained in the
plasma could not be precipitated with ethanol (data not
shown). Therefore, this remaining radioactivity represented
aptamer that was degraded into low-molecular-weight me-
tabolites. In contrast, aptamer that extravasated into the
tumor remained 60% intact at 3 h as judged by the ethanol
precipitation assay (data not shown).

Aptamer Dose Response

To test aptamer biodistribution in response to dose level,
we injected *°™Tc-labeled TTA1 or TTA1.NB at 0.0325,
0.325, and 3.25 mg/kg. The dose was increased by the
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addition of nonradiolabeled aptamer to a 0.0325 mg/kg
dose of the radiolabeled aptamer. In this experiment, tumor
uptake levels were similar to the initial biodistribution;
however, clearance was not as rapid. The dose response
(Table 2) indicated a striking effect: At 3 h, the 100-fold
higher dose produced an approximately 3-fold increase in
%ID/g. Blood levels increased slightly at 2 min and 10 min
but were equivalent at later times. Taken together, increased
tumor uptake and equivalent 3-h blood levels produced an
increase in tumor-to-blood ratio from 14 to 38.

Aptamer Uptake into a Variety of Tumor Types

We found that the aptamer effectively targeted a variety
of tumors. Human tumor xenografts including colon
(SW620), breast (MDA-MB-468, MDA-MB-435), glioblas-
toma (U251), rhabdomyosarcoma (A673), and squamous
cell carcinoma of the head and neck (KB) were tested.
TTA1 accumulation at 3 h varied from 0.1 to 1.9 %ID/g
depending on the tumor (Fig. 5A). In these tumor xeno-
grafts, both human (Fig. 5B) and mouse (Fig. 5C) tenascin-C
were expressed. An exception was KB. This tumor did not
express human tenascin-C and, uniquely, did not display
aptamer uptake. TTA1 displayed 20-fold reduced binding
to murine versus human tenascin-C (/7). Because the KB
tumor did not express human tenascin-C and did not show
aptamer uptake, the data indicate that aptamer tumor targeting
required binding of the target protein.

In Vivo Tumor Imaging

As the high tumor-to-blood ratios of TTA1 suggested,
tumor images could be generated using aptamer TTA1. Using
a +y-camera, scintigraphic images of U251 tumor—bearing
mice were collected at time points identical to those for the
biodistribution data (Fig. 6A). The images reflected what was
observed by harvesting the tissues: At 10 min, the bladder and
liver were predominant, reflecting the 2 major clearance
pathways. Images of binding and nonbinding aptamer were
similar, and the tumor just became visible on the animal’s
flank. At 3 h, the intestines were prominent, with bladder still
evident for both binding and control aptamers. The tumor
was clearly revealed by TTAL. In images taken at 18 h (Fig.
6A), radioactivity had almost entirely cleared the body, and
the tumor was the brightest structure visualized. Finally, a
breast tumor generated using the cell line MDA-MB-435 was
imaged at 18 h (Fig. 6B), again demonstrating the ability of
the aptamer to recognize multiple tumor types.

Altering Biodistribution: Radiometal Chelator
Modification

We investigated the effects of radiometal chelator alter-
ations on aptamer biodistribution. The first modification
switched the TTA1 chelator to DTPA (Fig. 1), a highly
anionic moiety. The second modification altered the previ-
ous MAGg; chelator by insertion of a PEG; 499 spacer be-
tween chelator and aptamer (Fig. 1). Figure 7 compares the
biodistribution of MAG,(*°™Tc)-TTA1, DTPA('''In)-TTA1,
and MAG,(°*™Tc¢)-PEG; 400-TTA1 at 3 h. MAG, TTAl
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TABLE 1
Biodistribution of TTA1 and Control (TTA1.NB) Aptamers

TTA1 TTA1.NB
Tissue Time* (min) Mean (£SE) %ID/g Tumor-to-tissue ratio Mean (£SE) %ID/g Tumor-to-tissue ratio
Tumor 2 4.47 = 0.41 1.0 4.51 = 0.30 1.0
10 5.94 + 0.59 1.0 3.02 = 0.21 1.0
60 2.69 + 0.31 1.0 0.15 = 0.02 1.0
180 1.88 + 0.10 1.0 0.04 = 0.00 1.0
570 1.20 = 0.07 1.0 0.02 = 0.00 1.0
1,020 1.15 + 0.06 1.0 NA
Blood 2 18.25 = 1.14 0.2 15.01 = 0.51 0.3
10 2.27 + 0.25 2.6 2.05 = 0.20 1.5
60 0.11 = 0.00 24.0 0.10 = 0.02 1.4
180 0.03 + 0.00 58.8 0.03 = 0.00 1.3
570 0.01 = 0.00 92.2 0.01 = 0.00 1.6
1,020 0.01 = 0.00 202.5 NA
Lung 2 8.97 = 1.21 0.5 8.13 = 0.96 0.6
10 2.13 = 0.08 2.8 1.94 + 0.23 1.6
60 0.16 = 0.01 171 0.12 = 0.01 1.2
180 0.05 + 0.01 39.2 0.04 = 0.00 1.0
570 0.03 = 0.01 42.8 0.02 = 0.00 1.1
1,020 0.01 = 0.00 173.9 NA
Liver 2 9.12 + 0.53 0.5 7.90 = 0.35 0.6
10 12.46 = 1.25 0.5 9.10 + 0.83 0.3
60 1.23 + 0.09 2.2 0.42 = 0.10 0.3
180 0.40 + 0.08 4.7 0.21 = 0.06 0.2
570 0.10 = 0.02 11.5 0.06 = 0.00 0.3
1,020 0.07 = 0.00 15.4 NA
Spleen 2 5.10 = 0.41 0.9 4.86 = 0.13 0.9
10 2.46 = 0.21 2.4 1.22 = 0.12 2.5
60 0.64 + 0.08 4.2 0.11 = 0.02 1.3
180 0.20 + 0.03 9.5 0.04 = 0.01 1.1
570 0.06 = 0.00 19.3 0.02 = 0.00 0.9
1,020 0.03 + 0.00 38.7 NA
Kidney 2 44.43 + 4.28 0.1 54.47 = 1.21 0.1
10 18.81 £ 0.94 0.3 14.32 + 2.08 0.2
60 1.51 = 0.04 1.8 0.64 = 0.11 0.2
180 0.29 + 0.03 6.6 0.22 = 0.02 0.2
570 0.14 = 0.01 8.6 0.10 = 0.01 0.2
1,020 0.08 = 0.01 141 NA
Sm. int. 2 3.69 + 0.25 1.2 3.12 + 0.10 1.4
10 7.01 = 0.07 0.8 6.44 = 0.25 0.5
60 15.72 = 2.04 0.2 14.65 = 0.53 0.0
180 1.48 = 0.71 1.3 1.24 = 0.41 0.0
570 0.22 + 0.15 5.5 0.16 = 0.07 0.1
1,020 0.28 + 0.24 4.1 NA
Lg. int. 2 2.34 + 0.24 1.9 2.28 = 0.18 2.0
10 0.89 + 0.04 6.7 0.77 = 0.07 3.9
60 10.80 = 5.38 0.2 21.66 = 11.68 0.0
180 26.18 = 7.84 0.1 18.02 = 3.49 0.0
570 1.26 = 0.71 0.9 0.72 = 0.18 0.0
1,020 0.30 + 0.17 3.9 NA
Muscle 2 1.27 = 0.13 3.5 1.49 + 0.05 3.0
10 0.87 + 0.09 6.8 1.84 = 1.00 1.6
60 0.06 + 0.00 42.0 0.05 = 0.00 2.9
180 0.02 + 0.00 117.7 0.01 = 0.00 3.9
570 0.01 = 0.00 109.0 0.01 = 0.00 2.6
1,020 0.00 + 0.00 420.3 NA

*Time at which animals were anesthetized, blood was collected, animals were killed, tissues were weighed, and radioactivity was
quantified in y-counter. n = 3 mice per interval.
Sm. int.= small intestine; Lg. int. = large intestine.
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showed its characteristically high intestinal accumulation.
Conjugated to the aptamer, DTPA-'!!In abolished hepato-
biliary clearance; instead, we observed increased and persis-
tent accumulation in the liver and kidney. The radiolabel
accumulated rapidly in the kidney to about 15 %ID/g (Fig. 7).
This level was maintained for at least 24 h.

We hypothesized that inserting PEG between the chelate
and the aptamer (Fig. 1) might increase the hydrophilicity
of the metabolic product and thereby alter the biodistribution.
Indeed, with insertion of a PEGg; 490 linker, hepatobiliary
clearance was no longer observed (Fig. 7). **™Tc accumu-
lated to a high degree in the kidney (21 %ID/g). However, in
contrast to DTPA-!!!In, this level represented transient pas-
sage through the kidney into the urine: By 17 h, no residual
radioactivity remained in the kidney (data not shown). The
conclusions for both chelators were supported by animal
images obtained at 10 min, 1 h, and 3 h (data not shown).
Taken together, the data indicate that simple and accessible
changes to the radiometal chelator can have significant
effects on tissue uptake and clearance patterns.

DISCUSSION

When fluorescently labeled and injected intravenously
into tumor-bearing mice, aptamer TTA1 escapes the vascu-
lature within 10 min, binding to tenascin-C-rich extracellu-
lar matrix immediately adjacent to the vessels. The aptamer
has a dissociation constant of 5 nmol/L and the target is dense
(1-10 pmol/L), suggesting the possibility of slow interstitial
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diffusion (32), a so-called binding site barrier. Instead, be-
tween 10 min and 3 h, the aptamer diffuses significantly as
judged by the fluorescent images. The affinity, target density,
and size of the targeting molecule can separately affect
uptake and diffusion rate within a tumor (32,33). The rela-
tively rapid ko, and kogr (2 X 10°M " 's™land 1 x 1073571,
respectively) (/7) and small size (13 kDa) of the aptamer
may individually contribute to the observed rapid diffusion.
Because the target protein is hexameric, conversion to a
bivalent aptamer (similar to a bivalent antibody) may
affect uptake levels and the intratumoral diffusion rate.
Regardless of mechanism, this relatively small (13 kDa)
and polyanionic targeting agent displays an interesting
property: The circulating species, and associated bioconju-
gate, diffuses into the tumor from the initial extravasation site
within 3 h. This feature may be of interest for therapeutic
applications, such as for coupling to cytolytic compounds or
to a-emitting radioisotopes with short half-lives, short
pathlengths within tissues (<100 wm), and high energy
emission (34).

Aptamer uptake by tumors was also studied using a **™Tc-
radiolabeled form. A maximal tumor uptake of 6 %ID/g was
observed rapidly, within 10 min, and was then found to be 1.9
%ID/g at 3 h. The control aptamer also showed high initial
uptake (3 %ID/g at 10 min), but in contrast to TTAI, it
washed out of the tumor rapidly (0.04 %ID/g at 3 h). Blood
clearance was extremely rapid, leading to tumor-to-blood
ratios of 50 within 3 h and 180 at 16 h. Together with the

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 47 ¢ No. 4 « April 2006



TABLE 2
Biodistribution of 9°mTc-Labeled Aptamer TTA1 in Response to Increasing Dose

0.0325 mg/kg 0.325 mg/kg 3.25 mg/kg
Time* Mean (+=SE) Tumor-to- Mean (+=SE) Tumor-to- Mean (=SE) Tumor-to-
Tissue (min) %ID/g blood ratio %ID/g blood ratio %ID/g blood ratio
Tumor 2 2.45 * 0.186 0.1 2.41 £ 0.209 0.1 3.10 = 0.304 0.1
10 2.12 = 0.653 1.6 4.08 = 0.269 2.9 4.40 = 0.212 2.7
60 0.90 = 0.215 4.6 1.63 = 0.117 8.0 2.50 = 0.262 15.4
180 0.68 =+ 0.046 14.3 1.45 = 0.296 27.9 1.96 = 0.068 38.4
Blood 2 16.95 + 2.900 19.70 = 3.520 23.70 = 2.020
10 1.35 + 0.233 1.41 = 0.076 1.64 = 0.123
60 0.20 = 0.048 0.20 + 0.025 0.16 = 0.008
180 0.05 + 0.005 0.05 + 0.003 0.05 + 0.003
Lung 2 7.91 £1.170 9.91 = 1.520 10.10 = 1.130
10 1.38 = 0.138 1.80 = 0.197 1.47 = 0.091
60 0.41 + 0.040 0.40 + 0.025 0.50 + 0.080
180 0.16 + 0.004 0.13 = 0.019 0.16 * 0.037
Liver 2 36.38 = 2.630 22.60 = 1.580 10.50 + 1.270
10 46.60 = 11.000 32.10 = 1.210 10.80 + 1.030
60 12.30 + 2.010 12.20 + 1.500 5.44 + 0.197
180 3.22 £ 0.162 2.27 £ 0.261 1.45 £ 0.152
Spleen 2 14.88 + 0.92 11.20 = 1.25 6.28 + 0.88
10 17.40 = 3.04 12.00 = 1.57 3.45 = 0.15
60 5.57 + 1.45 4.62 = 0.55 1.73 = 0.10
180 1.09 = 0.14 1.21 = 0.16 0.545 = 0.02
Kidney 2 52.72 = 5.93 51.10 = 4.30 45.7 + 3.65
10 31.50 = 8.91 68.60 = 3.40 39.8 = 1.23
60 5.47 = 1.66 15.40 £ 1.13 13.8 £ 3.37
180 1.05 = 0.08 4.60 = 0.08 4.63 = 0.62
Sm. int. 2 4.49 = 0.35 3.91 = 0.40 3.74 £ 0.43
10 3.06 = 0.73 3.73 = 0.45 4.29 + 0.65
60 27.10 = 3.96 22.70 = 1.17 15.6 £ 2.24
180 5.33 + 1.04 6.08 = 2.04 2.23 = 0.40

*Time at which animals were anesthetized, blood was collected, animals were killed, tissues were weighed, and radioactivity was

quantified in y-counter. n = 3 mice per interval.
Sm. int. = small intestine.

fluorescent staining patterns, these data demonstrate rapid
extravasation, rapid blood clearance, and durable tumor re-
tention, suggesting a potential match with short-lived radio-
labeled species such as common isotopes used in PET.

As judged by an ethanol precipitation assay, the aptamer
is rapidly degraded in blood. In contrast, aptamer that has
entered the tumor remains largely intact, indicating that on
extravasation the aptamer has reached a privileged site for
protection from nuclease activity. This is consistent with data
indicating that the majority of blood-borne oligonucleotide is
degraded on passage through the liver (Andrew Stephens,
unpublished data, June 1996). Two primary mechanisms
operate simultaneously to remove TTAl-associated *°™Tc
from blood: renal filtration of intact aptamer and metabolites,
and biliary excretion of the remaining metabolites.

We found an effect of aptamer dose on tumor uptake and
tumor-to-tissue ratios. Slight increases of **™Tc¢ in blood at
2 and 10 min suggested that intact aptamer levels might be

higher at increased doses and, thus, that there exists a sat-
urable clearance mechanism or nuclease activity (/4) op-
erating in the first minutes after aptamer injection. Notably,
the effect of increased dose is mimicked by the addition of
a nonbinding carrier oligonucleotide (unlabeled TTA1.NB;
data not shown). This increased accumulation with the
addition of unlabeled aptamer appears counterintuitive.
However, it can be understood in the context of a rapid
and saturable clearance mechanism and high concentration
of target protein in the tumor. Increasing the dose results in
a greater circulating blood level; with a large excess of
target protein in the tumor, increased blood levels result in
increased tumor accumulation. Regardless of mechanism,
the ability of a nonbinding oligonucleotide to boost early
blood levels and tumor uptake may be useful clinically:
Aptamer uptake into the target tissue could be increased
by coadministration of a readily available, cost-effective
generic-sequence oligonucleotide.
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FIGURE 5. Tenascin-C expression and aptamer uptake into a
variety of solid tumors. (A and B) Blots probed with antibody
BC-8, specific for human tenascin (A), or antibody mTN12,
specific for mouse tenascin (B). Purified human tenascin-C was
present as control, for which large and small splice isoforms are
evident. (C) Bar graph showing %ID/g in the various tumors.
Data are mean = SE (n = 3). A673 = rhabdomyosarcoma; KB =
squamous cell carcinoma of head and neck; MDA-MB-435 =
breast tumor; MDA-MB-468 = breast tumor; PC-3 = prostate
tumor; SW620 = colon tumor; U251 = glioblastoma.

In evaluating aptamers as tissue-targeting agents, we
would have found scFv (25 kDa) or small peptide ligands
(~1 kDa) to the same target protein to be useful, but they
were not available. For comparison, however, a high-affinity
scFv to an oncofetal fibronectin reached a maximum of
8 %ID/g at 3 h with a tumor-to-blood ratio of 1.9 at 3 h
(35). Both scFv and aptamer develop high tumor-to-blood
ratios over time, with the scFv reaching 12 at 24 h and the
aptamer reaching 50 within 3 h and 180 at 16 h. Therefore,
scFv uptake and clearance kinetics are intermediate be-
tween antibody and aptamer. In summary, aptamer TTA1
reaches high tumor-to-blood ratios relative to the antibody
and scFv, and the kinetics are rapid, being comparable
instead to small peptides (3).

Tenascin-C is overexpressed in many solid tumors, and
the aptamer effectively targets a variety of tumor types. A
correlation exists between levels of human tenascin-C ex-
pression and uptake of aptamer. The KB tumor, uniquely,
does not express human tenascin-C and consequently dis-
plays no aptamer uptake. Thus, these data demonstrate 3
salient features of TTA1-based tumor targeting: Uptake is
strictly dependent on the presence of the target protein, a
wide variety of tumors are clinical candidates for in vivo
imaging with TTA1, and high-affinity binding is necessary to
achieve accumulation at the target site.

As a target protein, the abundant and hexameric extra-
cellular matrix protein tenascin-C can be contrasted to
sparsely expressed proteins, such as growth factors. Spec-
ificity of expression makes some growth factors, such as
vascular endothelial growth factor, attractive targets. It will
be of interest to compare imaging agents that are targeted to
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abundant versus rare target proteins. Low levels of tenascin-C
expression occur in some normal tissues such as skin,
kidney, and liver, leading one to question—in considering
tenascin-C as a target protein—whether the aptamer might
target normal tissues in humans. However, tenascin-C
levels in normal tissues are far below those seen in path-
ologic tissues, as has been demonstrated in histochemical
staining experiments (36) and in our Western blotting ex-
periments (data not shown). Further, target accessibility to
circulating ligands is of paramount importance: The aptamer
may be cleared before it reaches sites that are less well
perfused (37). A combination of tissue accessibility and
target abundance, absent in most normal tissues, may be
critical for developing high target-to-blood ratios.

When radiolabeled with °°™Tc, aptamer TTA1 displays
both renal and hepatobiliary clearance. Because of nucleo-
Iytic degradation in blood, clearance patterns may be
dominated by aptamer metabolites. If so, insertion of a
hydrophilic linker between aptamer and radiometal chelator
might alter the biodistribution pattern. Indeed, substitution of
DTPA-'!"In or insertion of a PEG; 409 linker dramatically
reduced hepatobiliary clearance. The DTPA-!!!In aptamer
displayed persistent kidney uptake: Similar behavior is seen
with DTPA-'!"In—labeled peptides and antibody fragments,
which are filtered by the glomerulus and reabsorbed in the
proximal tubule. There, the molecules are metabolized. The
chelate '''In-g-lysine appears to be the dominant retained
metabolite (38—40). A similar process may be occurring with
DTPA-conjugated aptamers, where the most likely break-
down products include the chelated radiometal, linkage, and
perhaps 5'-terminal nucleotides. With the PEG linker, renal
clearance predominated and was transient, representing
passage into urine rather than uptake by the kidneys. These
experiments support previous observations that oligonucle-
otides conjugated with MAG3 versus hydrazinonicotin-
amide (/5) display different biodistributions. Because of
DNA oligonucleotide degradation, the observed clearance
patterns are dominated by the chelator. Taken together, the
data indicate that simple and accessible changes to the
radiometal chelator can have significant effects on tissue
uptake and clearance patterns.

CONCLUSION

As a target, tenascin-C is expressed abundantly in many
tumors at sites that are directly accessible to circulating
aptamer, enabling TTA1 uptake into a variety of tumor
types including glioblastoma, breast, and colon. Aptamer-
based tumor targeting has 2 distinct phases: rapid access
(shared by binding and nonbinding species) followed by
durable retention within the tumor (binding aptamer only).
Rapid uptake, rapid blood clearance, and high tumor-
to-blood ratios enable scintigraphic imaging within 60 min
of injection. Instead of remaining at the site of entry, the
aptamer diffuses throughout the tumor stroma. Modifying
the radiometal chelator dramatically alters tissue uptake and
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FIGURE 6. Aptamer-based y-camera
images of tumors. With binding aptamer
but not with control aptamer, U251 glio-
blastoma tumor is faintly visible at
10 min, prominent at 3 h, and the brightest
structure at 18 h. Structures prominent
at 10 min include bladder and visceral
mass. Large intestine, bladder, and tu-
mor are seen at 3 h. Also tested was
MDA-MB-435 breast tumor implanted
20 hr into mammary fat pad of female nude
mice and allowed to grow to 400 mg.
TTA1 was labeled with 9MTc, injected
intravenously at 3.25 mg/kg, and imaged
at 20 h.

clearance patterns, indicating that aptamer properties can be
tailored to address different needs. Chemical synthesis
enables facile, site-specific conjugation to a variety of inert
and bioactive molecules, smoothing transitions between

discovery, research, and clinical applications. Given the
variety of human pathologic states that express high levels
of tenascin-C, the properties of aptamer TTA1 are a topic of
ongoing interest.
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small.
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