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Cell Culture and Xenograft-Bearing Animal
Studies of Radiolabeled Antisense DNA—Carrier
Nanoparticles with Streptavidin as a Linker

Kayoko Nakamura', Yi Wang?, Xinrong Liu?, Atsushi Kubo!, and Donald J. Hnatowich!-

!Department of Radiology, Keio University School of Medicine, Tokyo, Japan; and ?Division of Nuclear Medicine, Department of
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Transmembrane transfectors (carriers) are increasingly being
viewed as helpful or even necessary to improve cellular delivery
in connection with antisense tumor targeting and other applica-
tions requiring cell membrane transport of DNAs, RNAs, and
other oligomers. We are investigating streptavidin as a conve-
nient linker for biotinylated carriers and oligomers because it re-
quires only simple mixing for preparation. The goal of this study
was to evaluate antisense DNA-streptavidin—carrier nanopar-
ticles for accumulation in cell culture and in xenograft-bearing
mice. Methods: The 3 carriers were cholesterol, a 10-mer Tat
peptide, and a 10-mer polyarginine peptide. A 20-mer DNA tar-
geting the mdr1 messenger RNA coding for Pgp expression
was used as the phosphodiester (PO) DNA as well as the phos-
phorothioate (PS) DNA. In all cases, the %™Tc radiolabel was
on the DNA. The 8 nanoparticles were first tested in mdr1*+
KB-G2 and TCO-1 cells and in mdr1*/~ KB-31 cells in culture
for evidence of improved accumulation and antisense targeting.
Thereafter, the PS DNA-streptavidin-Tat, PO DNA-streptavidin—
Tat, and PS DNA-streptavidin-cholesterol nanoparticles were
administered intravenously to KB-G2 xenograft-bearing mice,
and tissue distributions were measured. Results: In culture,
the PO nanoparticles showed increased accumulation com-
pared with the corresponding nanoparticles without the carrier
in all 3 cell types; in contrast, with the PS nanopatrticles, any sim-
ilar carrier-mediated increase may have been obscured by the
much higher protein-binding affinity of PS DNA. As evidence of
antisense targeting, the Tat and cholesterol PS nanoparticles
showed statistically significant accumulation at 23 h in cells in
the descending order TCO-1, KB-G2, and KB-31, although there
were no significant differences among the PO nanoparticles. In
xenograft-bearing mice, the tissue accumulation of both forms
of the PS nanoparticles greatly exceeded that of the PO nanopar-
ticles and, including in the tumor, were similar to that obtained
previously for naked PS DNA. Conclusion: The presence of
the streptavidin linker had no obvious detrimental effect on the
functions of the carriers and antisense DNAs. The higher protein-
binding affinity of the PS nanoparticles than the PO nanoparticles
was still apparent both in vitro and in vivo, the pharmacokinetics
of the PS nanoparticles were similar to that of naked PS DNA,
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and the carriers improved cellular accumulation, at least for the
PO nanoparticles. These observations, taken together with the
higher accumulation of both forms of the antisense PS nanopar-
ticles in mdr1++ KB-G2 and TCO-1 cells than in mdr1*/~ KB-31
cells, suggest that further effort is justified to confirm that the
antisense properties of the DNAs were not compromised by
the presence of streptavidin.
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The results of recent investigations suggest that radio-
labeled DNAs and other oligomers for antisense targeting
of tumor cells require transmembrane transfectors (carriers)
for improved cell membrane transport. Fortunately, a large
number of potential carriers have been identified, primarily
for use in cell culture, but with increasing reports of suc-
cessful in vivo use as well (/). However, at present, most of
the potentially useful carriers can be attached to oligomers
only by covalent conjugation, usually requiring involved or-
ganic synthesis, a process that can be technically challeng-
ing. Recent reports have described the use of streptavidin to
alter the pharmacokinetics of the Tat peptide (2) and an
antisense peptide nucleic acid oligomer (3). We considered
that streptavidin could be used in this manner as a linker for
radiolabeled antisense oligomer—carrier nanoparticles. In
addition to a greatly simplified preparation stabilized by the
high binding affinity of biotin for streptavidin, the advan-
tages include the possibility of attaching up to 4 carriers or
oligomers in any combination because streptavidin pos-
sesses 4 biotin-binding sites, because many potential carriers
with biotin groups attached are already available commer-
cially, and because other carriers with primary amines at-
tached may be readily biotinylated. However, streptavidin
may interfere with the transfection properties of the carrier,
may unfavorably alter the pharmacokinetics of the oligomer
within the nanoparticle, and may restrict the messenger RNA
(mRNA)-binding properties of the antisense oligomer. The
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goal of this study was to evaluate DNA—streptavidin—carrier
nanoparticles, first in culture, primarily to establish whether
the carriers were still capable of increasing cellular accu-
mulation, and then in xenograft-bearing mice, primarily to
establish whether the pharmacokinetic properties of the DNA
in the form of nanoparticles remained favorable for tumor
targeting. As a secondary goal, the influence of streptavidin
on the antisense properties of the DNA was also examined.

The 3 carriers used in this investigation have each been
reported to increase cell membrane transport in culture. The
Tat and polyarginine peptides are short cationic peptides
with recognized effectiveness as carriers (4). The Tat peptide
is believed to be capable of transfecting possibly all cell
types by an as-yet-unknown mechanism (5) and has been
used as a carrier for molecules such as proteins, peptides,
and MRI contrast agents (6,7) as well as oligonucleotides
(8). A polyarginine peptide with properties similar to those
of Tat was recently reported to be an effective carrier (9—
11). Finally, charge-neutral cholesterol was selected as a
third carrier both because of recent reports of effectiveness
(12) and to avoid anticipated difficulties (that were not
realized) in the preparation of nanoparticles with anionic
DNAs and cationic carriers.

We have generally used the phosphorothioate (PS) form of
DNA in antisense studies. Although this DNA has the
advantage over the native phosphodiester (PO) form of in-
creased stability against exo- and endonuclease degradation,
PS DNA is also characterized by an affinity for serum and
tissue proteins not shared by PO DNA (/3). A high accumu-
lation of PS DNA in both experimental and control cells has
been reported (/4); this accumulation may be attributable, at
least in part, to the nonspecific protein-binding affinities of
PS DNA. Although potentially an advantage in cell culture
studies, this increased affinity may also be responsible for
high background radioactivity levels of PS DNA used in vivo
(1). Therefore, PO DNA blocked with biotin and streptavidin
on the 3’ end and a mercaptoacetyltriglycine (MAG3) group
on the 5’ end was included in this investigation as a potential
alternative to PS DNA to reduce background radioactivity
levels. In preparation for this investigation, an 18-mer PO
DNA blocked with biotin and streptavidin on the 3’ end and a
MAGS3 group on the 5’ end was radiolabeled and incubated at
a concentration of 20 nM in Dulbecco minimum essential
medium containing 1% fetal bovine serum. Size-exclusion
high-performance liquid chromatography (HPLC) analysis
showed that radiolabeled low-molecular-weight degradation
products were present after about 6 h of incubation; however,
87% of the DNA was still intact after 18 h of incubation.

The mdrl mRNA was selected because of our continuing
interest in this target (/4—16) and because of the availability
of 3 Pgp-expressing cell lines, KB-31, KB-G2, and TCO-1.
KB-G2 was transfected from its parent, human oral epi-
dermoid carcinoma cell line KB-31, and has been reported
to overexpress the target mdrl mRNA (/7). TCO-1, an
anaplastic thyroid carcinoma cell line established from
chemotherapy-resistant cancer, was also shown by reverse
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transcription—polymerase chain reaction to express mdrl
mRNA (/8). KB-31 was used as a limited expression
control cell line (/9) but with caution, because multidrug
resistance may be easily and inadvertently acquired. Be-
cause its mdrl expression may be equivocal, this cell line is
described here as mdrl ™'~ to emphasize this fact. The base
sequence of the antisense DNA was selected for this mRNA
target and had been previously shown to provide inhibition
of Pgp in MDM 3T3 cells when incubated at a 100 nM
concentration (20). Indirect evidence (/4,15) and direct
evidence obtained by in situ transcription (27) of anti-
sense targeting of this DNA to its mdrl mRNA have been
reported from these laboratories.

Because establishing the antisense function of the strepta-
vidin nanoparticles was a secondary goal, no sense or scram-
bled control DNA was used in this investigation. However,
accumulation specific to antisense targeting may be evident
in the measurement of the accumulation of the anti-mdrl
antisense DNA in the KB-31 low-level-expression cell line
compared with both the KB-G2 and the TCO-1 high-level-
expression cell lines (14,15,18).

MATERIALS AND METHODS

All DNAs were obtained from Integrated DNA Technologies,
Inc., with biotin on the 3" end and a primary amine on the 5" end
attached via a 6-carbon alkyl linker and were HPLC purified. The
base sequence was 5'-CCA-TCC-CGA-CCT-CGC-GCT-CC (15).
S-Acetyl N-hydroxysuccinimide (NHS)-MAG3 was synthesized in-
house (22), and its structure was confirmed by elemental analysis,
proton nuclear magnetic resonance analysis, and mass spectroscopy.
The Tat and polyarginine peptides were both 10-mer peptides
purchased from 21st Century Biochemicals as the native L-isomer
with biotin attached to the amine end also via a 6-carbon alkyl
linker and were HPLC purified. The Tat amino acid sequence was
biotin-glycine-arginine-lysine-lysine-arginine-arginine-glutamine-
arginine-arginine-arginine. Cholesteryl choloroformate was obtained
from Aldrich. Biotinyl-3,6-dioxaoctanediamine was purchased
from Pierce. Biotinylated cholesterol was synthesized by reacting
biotinyl-3,6-dioxaoctanediamine with cholesteryl choloroformate.
The cell lines KB-31, KB-G2, and TCO-1 were gifts from Dr. [samu
Sugawara, Research Institute of Tuberculosis, Tokyo, Japan. Stan-
dard chemicals were obtained from various suppliers and used
without purification. ?°™Tc-Pertechnetate was eluted from a
99Mo-2°mT¢ generator (Daiichi Radioisotopes).

Biotinylated Cholesterol

Although both the Tat and the polyarginine peptides were
biotinylated by the manufacturer, biotinylated cholesterol was pre-
pared in-house for this investigation. In brief, 12 mg of cholesteryl
choloroformate (26.7 wmol) in 60 L of anhydrous chloroform was
added to a 1.5 mL centrifuge tube containing 12 mg (32 pwmol) of
biotinyl-3,6-dioxaoctanediamine in 200 p.L of anhydrous 1-methyl-
2-pyrrolidinone (NMP). The mixture was vortexed to a clear so-
lution. To the solution was added 4 pL of diisopropylethylamine,
and the solution was agitated and placed at room temperature for
16 h. The raw product was precipitated as a white powder by the
addition of 1 mL of ethyl ether. The white powder was dissolved in
200 wL of NMP and precipitated again by the addition of ethyl ether.
The product was solubilized and precipitated 2 more times. After
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vacuum drying, the white powder was dissolved in 400 pL of
chloroform and washed with 400 wL of 0.1 NH4OAc 4 times. The
chloroform solution was collected, the solvent was removed by
evaporation over nitrogen, and the product was lyophilized under
vacuum to remove any remaining NH,OAc. The product was
analyzed on a Thermo LCQ Classic quadrupole ion-trap mass
spectrometer (Thermo Electron Corp.), with data being acquired in
the positive-ion mode (Proteomics and Mass Spectrometry Facility,
University of Massachusetts Medical School). The results compared
favorably with the expected mass of 786 Da (787.1: MW+H™;
809.4: MW +Na™, electron ionization).

DNA Conjugation and Radiolabeling

All DNAs were conjugated with S-acetyl NHS-MAG3 via the
5'-derivatized amine as previously described (23). A solution of
1 mg of DNA in 200 pnL of 0.2 M (pH 8.0) N-(2-hydroxyethyl)-
piperazine-N'-(2-ethanesulfonic acid) buffer was added to a vial
containing 1.0-1.5 mg of S-acetyl NHS-MAG?3. The mixture was
vortexed immediately and incubated for 1 h at room tempera-
ture. Thereafter, to the solution was added, in order, 50 pL of 2 M
NH,OAc and 120 pL of freshly prepared SnCl,-2H,O:tartrate
solution (20 mg/mL; disodium tartrate [100 mg/mL] in 0.5 M
NH,HCO3;, 0.25 M NH4OAc, and 0.18 M NH,OH; pH 9.2) with
agitation. The mixture was heated at 100°C for 25 min, allowed to
cool, and then purified on a 1- by 20-cm P4 column (BioRad) with
0.25 M NH4OAc as the eluant. The peak fractions were pooled,
and the DNA concentration was quantitated by measuring the UV
absorbance at 260 nm. The purified samples were stored at refrig-
erator temperatures. All solutions were passed through a 0.22 pm
filter to ensure sterility.

MAG3-conjugated biotinylated PO DNA (molecular weight
[MW] = 7,004) and PS DNA (MW = 6,873) were radiolabeled
with °*™Tc¢ in the usual manner. Radiolabeling of each DNA was
achieved by introducing about 18.5-37 MBq (20 wL) of **™Tc-
pertechnetate generator eluant into a solution consisting of 15 pL
(about 10 pg) of MAG3-conjugated oligomer in 0.25 M NH,4OAc,
45 pL of 0.25 M NH4OAc, 15 pL of disodium tartrate-2H,O
(50 pg/pl) in a pH 9.2 buffer, and 5 pL of fresh SnCl,-2H,0
(4 pg/wl) in 10 mM HCI with ascorbate added to 1 mg/mL. The
final pH was about 7.8. After the mixture was vortexed and then
heated for 20 min in boiling water, labeling was confirmed by
chromatography on a C;g3 SepPak column (Waters), in which the
first elution with phosphate-buffered saline (PBS) removed radio-
labeled pertechnetate and tartrate, the second elution with 40%
acetonitrile removed radiolabeled DNA, and radiolabeled colloids
were retained on the SepPak column. The radiochemical purity
was consistently 90% or better.

Preparation of Nanoparticles

The streptavidin—Tat nanoparticles were prepared by dissolving
streptavidin (MW = 60,000) and biotinylated Tat (MW = 1,736)
in 0.5 M NaCl and 0.2 M NH,OAc at 10.0 pg/pl (streptavidin)
and 0.5 pg/pl (Tat). To 20 pL of the streptavidin solution in a 0.5-
mL nonstick centrifuge tube was added, very slowly, 11.6 wL of
the Tat solution, with continuous vigorous agitation (molar ratio,
1:1). Using the Tat peptide radiolabeled with *™Tc via MAG3 and
added at tracer levels during nanoparticle preparation, the strepta-
vidin—Tat nanoparticles were analyzed by size-exclusion HPLC
with an eluant of 20% acetonitrile in 1 M NaCl and 0.1 M
NH,4OAc at a flow rate of 0.6 mL/min. The appearance in the UV
trace at 280 nm of a single peak corresponding to a single peak in
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the radioactivity trace was evidence of complete complex formation.
Thereafter the biotinylated DNA was added to the streptavidin—Tat
nanoparticles in the same fashion. Evaluation of the final product
was accomplished by adding, at tracer levels, complementary
DNA (cDNA) radiolabeled with *°™Tc followed by size-exclusion
HPLC analysis. The appearance in the UV trace at 280 nm of a
single peak corresponding to a single peak in the radiochromato-
gram was evidence of successful nanoparticle preparation, since
this assay is capable of resolving 2:1 and higher-order nanopar-
ticles (Fig. 1). Radiolabeled polyarginine and cholesterol nano-
particles were both prepared and tested in the same fashion, with
identical results. Radioactivity recoveries were measured in all
radioactive HPLC analyses and were, in all cases, 90% or better. The
specific radioactivity of each type of nanoparticles was between
29.6 and 37 MBg/mg.

Cellular Accumulation Studies

All cells were growing in monolayers and were expected to be in
the logarithmic phase at the time of study. Wells of 24-well plates
were seeded with 0.3 x 10°-0.4 x 10° cells per well. In triplicate,
0.5 mL of *°™Tc-labeled oligomers, either as nanoparticles with a
carrier or, as a control, nanoparticles without a carrier (i.e., DNA—
streptavidin), was added to each well, and the cells were incubated
with OptiMEM (serum-free) medium (Invitrogen Japan K.K.
Tokyo) at 37°C in humidified 5% carbon dioxide. The DNA
concentration was, at all times 50 nM and therefore was well below
the levels of saturation of mdr! mRNA in these cells (/4). A 100 uL
portion of each supernatant was removed from each well, and
radioactivity was counted. The contents of each well were then
aspirated, and the cells were rinsed twice with cold PBS. The cells
were lysed, and aliquots of the cell lysate were collected. The cell-
associated radioactivity in the lysis fraction was measured against
a standard of the added radioactivity. After the radioactivity was
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FIGURE 1. Size-exclusion HPLC radiochromatograms of free

99mTc-labeled PO-cDNA before (trace A) and after (trace B)
addition to naked PS DNA (trace B) and after addition to PS
DNA as the DNA-streptavidin-Tat nanoparticle (trace C). The
retention time of the nanoparticle is confirmed by UV absor-
bance at 280 nm (trace D). The slight shoulder in the radioac-
tivity profile of the DNA-streptavidin—-Tat nanoparticle at higher
MW is evidence that the contribution of higher-order products
was no more than about 10%.
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counted, the protein concentration in the cell suspension was deter-
mined as described previously (/4). No evidence of cellular toxicity
by growth delay was observed in any cells studied in this investigation.

Animal Studies

All animal studies were performed with the approval of the Keio
University School of Medicine Laboratory Animal Care and Use
Committee. Nude mice (6 wk-old male BALB/c nu/nu; Sankyo
Laboratory Inc.) were each injected subcutaneously in the left thigh
with a 0.1 mL suspension containing 107 KB-G2 tumor cells.
Animals were used 12 d later, when the tumors were about 1 cm in
any dimension (weight, 0.8-1.2 g). In groups of 3, animals received,
viaatail vein, 1 pg (3.0-3.7 MBq) of each type of DNA nanoparticle
for each time point. Animals were sacrificed under halothane
anesthesia, blood and other organs were removed and weighed,
and radioactivity was counted in a Nal(T1) well counter along with a
standard of the injectate.

RESULTS

Preparation of Nanoparticles

Figure 1 shows size-exclusion HPLC evidence for the
successful preparation of the PS DNA-streptavidin—Tat
nanoparticle. The radiochromatogram of free *™Tc-labeled
MAG3-PO cDNA showed only a single peak as evidence
of successful radiolabeling (Fig. 1, trace A), and that peak
shifted appropriately to a higher MW with the addition of the
naked PS DNA (Fig. 1, trace B). A shift to an even higher
MW occurred, as expected, when the radiolabeled cDNA
was added to the PS DNA as the DNA-streptavidin—Tat
nanoparticle (Fig. 1, trace C). That this peak may be attrib-
uted to the nanoparticle is evident in the UV trace at 280 nm
(trace D) that shows that the retention time of streptavidin
protein is approximately that of the radioactivity peak.
Because only trace levels of radiolabeled cDNA was added
in this analysis, most of the nanoparticle was unlabeled and
would have a slightly lower MW than the labeled nano-
particle and therefore a slightly longer retention time. The
slight shoulder in the radioactivity profile at a higher MW
was at the expected retention time for 2:1 nanoparticles (i.e.,
DNA-streptavidin—2Tat or 2DNA-streptavidin—Tat), indi-
cating that if higher-order nanoparticles were present, then
they contributed no more than about 10% to the final product.
The same results were obtained when the radiolabeled PO

cDNA was used to evaluate the PO DNA—streptavidin—Tat
nanoparticle.

Cellular Accumulation Studies

The histograms in Figure 2 (PO DNA) and Figure 3 (PS
DNA) show the average percentage accumulation (n = 3)
for each type of nanoparticle in each of the 3 cell types at 3,
7, and 23 h of incubation. For comparison, the figures also
show the results for the corresponding PO or PS DNA carrier-
free nanoparticles. As shown in Figure 2, at all 3 time points
and for all 3 types of nanoparticles, there was an obvious
increase in the accumulation of the PO DNA incubated as
nanoparticles with a carrier as opposed to without a carrier.
However, the results shown for the PS DNA in Figure 3 are
very different. The accumulation of the PS DNA in all of the
nanoparticle types was more than an order of magnitude
higher than that of the PO DNA. An analysis of significance
(Student ¢ test, P < 0.05) identified no significant differences
among the 3 cell types for the PO DNA nanoparticles at any
time. However, at 23 h, the accumulation of the PS DNA
incubated as nanoparticles with Tat and cholesterol or without
a carrier was significantly different in cells in the descending
order TCO-1, KB-G2, and KB-31. This analysis therefore
provides evidence of cellular accumulation through an anti-
sense mechanism for the PS DNA-streptavidin—Tat and PS
DNA-streptavidin—cholesterol nanoparticles as well as the
carrier-free nanoparticles.

Animal Studies

On the basis of the in vitro results shown in Figures 2 and
3, the 3 types of nanoparticles selected for study in animals
were the PS DNA-streptavidin—cholesterol, PS DNA-
streptavidin-Tat, and PO DNA-streptavidin—Tat nanopar-
ticles. In groups of 3, nude mice bearing KB-G2 tumors
growing subcutaneously in one thigh received one of the
types of nanoparticles at 1 g per animal via a tail vein and
were sacrificed at 6 or 18 h. The results of these studies are
shown in Table 1. As in the cell culture studies, the accumu-
lation of the PS nanoparticles exceeded that of the PO
nanoparticle because of the higher protein-binding affinity
of the PS DNA (/3). The presence of streptavidin did not
interfere with this property.

Cell accumulation (%)
1.0

0.8
06

FIGURE 2. Histogram showing average 0.4
percent accumulation at 3 h (OJ), 7 h (H), 02l
and 23 h ) of %™Tc-labeled PO DNA '
incubated as Tat, polyarginine (PolyA), 0.0
and cholesterol (CHO) nanoparticles or
carrier-free nanopatrticle in KB-31, KB-G2,
and TCO-1 cells (n = 3; error bars indi-
cate 1 SD).

KB-G2 | TCO-1

Cell type and carrier
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Cell accumulation (%)

50 [
40t
% 7
Z %
2t % g 9 é FIGURE 3. Histogram showing average
% ? % percent accumulation at 3 h ({J), 7 h (),
2 and 23 h (&) of 99mTc-labeled PS DNA
g incubated as Tat, polyarginine (PolyA), and
Z cholesterol (CHO) nanoparticles or carrier-
KB-31 | KB-G2 | TCO-1 | KB-31 | KB-G2 | TCO-1 | KB-31 | KB-G2 | TCO-1 | KB-31 | KB-G2 | TCO-1 free nanoparticle in KB-31, KB-G2, and
Tat Tat Tat PolyA PolyA PolyA CHO CHO CHO  [Carrier-free|Carrier-free|Carrier-free. TCO-1 Ce"S (n — 3; error bars indicate
Cell type and carrier 1 SD). Note that scale differs from that in
Figure 2.
DISCUSSION Fortunately, the number of candidate carriers available to

In general, all in vivo applications of radiolabeled DNAs
and their analogs (collectively, oligomers) are currently
characterized to various degrees by the same limitations:
poor pharmacokinetic delivery to the target after intravenous
administration and, for applications with intracellular tar-
gets, poor transport through cell membranes. Attempts to
increase delivery are now focusing on transmembrane trans-
fectors (carriers), which are intended to improve cellular
accumulation by chaperoning the oligomers through cellular
membranes.

transport oligomers into tumor cells is now exceedingly large.
Among these, the most efficient are certainly the viral carriers
(24). However, at present, no practical method for packaging
within these vectors an antisense DNA radiolabeled with a
relatively short-lived radionuclide, such as ®™Tc, and in the
concentrations required, has been reported. Among the non-
viral carriers, cationic carriers such as cationic peptides (25)
or cationic liposomes (26) have an advantage when used with
anionic oligomers such as DNA because electrostatic attach-
ment requires only simple mixing. However, when carriers

TABLE 1

Biodistribution in KB-G2 Xenograft-Bearing Mice of ®®*mTc-Labeled PS DNA-Streptavidin—Cholesterol, PS
DNA-Streptavidin-Tat, and PO DNA-Streptavidin—Tat Nanoparticles with Sacrifice at 6 Hours and 18 Hours (n = 3)

PS DNA-streptavidin—-
cholesterol nanoparticle

PS DNA-streptavidin-

Tat nanoparticle

PO DNA-streptavidin—

Tat nanoparticle

Time (h) Tissue %ID/g SD T/B SD %ID/g SD T/B SD %ID/g SD T/B SD
6 Blood 0.099 0.013 0.147 0.015 0.046 0.004
Heart 0.137 0.023 1.38 0.180 0.206 0.010 1.42 0.156 0.053 0.006 1.14 0.032
Lung 0.300 0.052 3.12 0.022 0.532 0.107 3.64 0.697 0.124 0.033 2.72 0.967
Liver 9.13 1.50 94.2 26.6 14.7 1.44 101 16.7 2.79 0.448 59.9 4.21
Spleen 3.39 0.436 35.0 9.81 5.35 0.351 36.8 4.77 1.19 0.140 25.5 0.686
Stomach 1.01 1.23 9.68 11.7 6.27 7.50 40.0 45.7 0.122 0.024 2.62 0.288
Large intestine 0.868 0.486 8.43 3.97 0.773 0.365 5.15 2.06 0.169 0.024 3.69 0.844
Kidney 0.866 0.126 8.85 1.77 1.32 0.058 9.08 1.00 0.448 0.064 9.63 0.503
Muscle 0.026 0.003 0.264 0.068 0.048 0.003 0.332 0.044 0.013 0.001 0.273 0.036
Bone 0.399 0.016 4.09 0.761 0.662 0.069 4.51 0.214 0.101 0.016 2.20 0.542
Tumor 0.179 0.037 1.81 0.292 0.232 0.026 1.60 0.261 0.068 0.013 1.46 0.225
18 Blood 0.050 0.011 0.044 0.010 0.014 0.001

Heart 0.092 0.007 1.91 0.299 0.104 0.025 2.34 0.309 0.026 0.002 1.90 0.072
Lung 0.245 0.060 4.98 0.892 0.227 0.023 5.31 1.41 0.111 0.009 7.98 1.09
Liver 8.04 1.75 165 28.6 993 3.36 223 50.6 2.60 0.451 185 15.4
Spleen 2.73 0.441 475 16.5 2.64 0377 48.9 7.72 1.06 0.015 88.7 14.6
Stomach 0.192 0.078 3.95 0.711 0.165 0.130 10.0 10.9 0.063 0.010 5.77 1.83
Large intestine 0.383 0.058 13.0 111 0.550 0.236 27.4 24.6 0.074 0.020 1441 14.6
Kidney 0.679 0.136 13.8 0.675 0.694 0.113 15.9 2.28 0.226 0.030 16.1 0.731
Muscle 0.022 0.008 0.422 0.079 0.021 0.006 0.464 0.064 0.008 0.001 0.550 0.066
Bone 0.405 0.123 8.13 1.48 0.389 0.065 8.87 0.669 0.113 0.019 8.10 0.620
Tumor 0.123 0.030 2.48 0.290 0.127 0.018 2.94 0.509 0.039 0.006 2.75 0.315

T/B = tissue-to-blood ratio.
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are to be used with uncharged oligomers, such as peptide
nucleic acids and phosphorodiamidate morpholino oligomers
(MOREFs), covalent conjugation is usually necessary for
attachment, and the synthesis of these nanoparticles can
prove difficult. Even the solid-phase synthesis of peptide
nucleic acid—peptide carrier nanoparticle is not without its
own difficulties and, in our experience has led to products of
questionable quality.

Accordingly, in the present study we examined the use of
streptavidin as a convenient linker for biotinylated carriers
and radiolabeled, biotinylated oligomers as a means of
avoiding difficult preparation. Although the use of strepta-
vidin may limit repeat administrations because of immu-
nogenicity, endogenous biotin is not expected to displace
either biotinylated oligomers or biotinylated carriers. In
preliminary studies, D-biotin at 56 mM was incubated with
streptavidin—Tat for 1 h in 37°C PBS, with no evidence of
displacement. Because the serum concentration of endog-
enous biotin in a mouse is about 10 nM (27), the displace-
ment of Tat or other biotinylated agents from streptavidin
by endogenous biotin should be negligible.

The use of streptavidin as a linker for carriers and
oligomers functioned as anticipated in the preparation of
the nanoparticles. As evidence of successful preparation,
the addition of *™Tc-labeled cDNA at tracer levels to the
unlabeled DNA-streptavidin—Tat nanoparticle resulted in
an HPLC radioactivity profile demonstrating the absence of
free DNA and therefore a successful preparation (Fig. 1).

This investigation examined both PO and PS DNAs and cho-
lesterol, Tat, and polyarginine carriers. Both in cell culture
and in animals, higher radioactivity accumulation was ob-
served for the PS nanoparticles than for the PO nano-
particles. Although the lower radioactivity levels for the PO
DNA may have been due to nuclease degradation of the PO
DNA, recent results show that PO DNAs protected at both
ends, like the PO DNA used in the present study, are stable
against degradation over prolonged periods (Yi Wang, un-
published observations, 2006). In our view, a more likely ex-
planation for the higher radioactivity levels for the PS DNA
is the protein-binding affinity of this chemical form of DNA
(13), resulting in high levels in cell culture (Fig. 3) and high
levels in blood in vivo (Table 1), exactly as was observed
earlier for naked PS DNA (/,14). As shown here, substituting
the PO DNA for the PS DNA in each nanoparticle resulted in
decreased accumulation both in culture and in vivo.

Although the addition of each carrier to the PO DNA-
streptavidin nanoparticle improved cellular accumulation
at all 3 time points (Fig. 2), no similar improvement was
observed for the PS DNA nanoparticles (Fig. 3). This
apparent absence of carrier-mediated increased cellular ac-
cumulation may have been related to the 10-fold-higher
accumulation of the PS DNA nanoparticles compared to the
PO DNA nanoparticles. If the carrier-mediated accumulation
of the PS DNA nanoparticles is similar to that of the PO DNA
nanoparticles, as is reasonable, then this accumulation rep-
resents only a small and probably unobservable fraction of
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the total PS nanoparticle accumulation attributable primarily
to nonspecific protein binding. These data confirm that cho-
lesterol, Tat, and polyarginine functioned as carriers within
the nanoparticles for the PO DNA and possibly the PS DNA
as well.

In addition to confirming that carrier function was pre-
served in the nanoparticles, the results of the cell studies may
provide evidence as to whether the DNAs accumulated
through an antisense mechanism. In this regard, the accu-
mulation of the anti-mdrl DNA nanoparticles should in-
crease in cells in the descending order TCO-1, KB-G2, and
KB-31 in approximate proportion to the mdrl expression
level. Naked PS DNA accumulated in the same order after
20 h (14) through an antisense mechanism, as demonstrated
better by indirect evidence (/4,15) and by direct evidence
from in situ transcription (27). When incubated for 23 h as
both Tat and cholesterol nanoparticles as well as carrier-free
nanoparticles, the PS DNA showed the expected statistically
significant differences in accumulation in TCO-1, KB-G2,
and KB-31 cells (Fig. 3). That evidence of antisense accu-
mulation was not apparent at either 3 or 7 h of incubation may
indicate that the clearance of excess radiolabeled DNA over
10-24 hisrequired. Itis also possible that the protein-binding
affinity of the PS DNA encouraged nonspecific protein-
mediated, carrier-independent accumulation at levels that
obscured carrier-mediated accumulation at early times, be-
fore specific binding to the target mRNA became evident.
The reason for the anomalous results obtained with the
polyarginine nanoparticles was not pursued. Recent studies
with rhodamine 123 accumulation (a substrate of Pgp) mea-
sured by flow cytometry provided definitive evidence that the
incubation of KB-G2 cells with antisense nanoparticles sig-
nificantly decreases Pgp expression, almost certainly through
an antisense mechanism (data not presented).

In contrast to the observations for the PS DNA nano-
particles, no obvious pattern among cell types was observed
for the PO DNA nanoparticles at any time, suggesting that
the accumulation was mediated by mechanisms other than
an antisense mechanism. Ongoing fluorescence microscopy
studies with KB-G2 cells of fluorescence-labeled PS and
PO DNAs incubated naked and as Tat nanoparticles have
shown migration to the nucleus in all cells incubated with
PS DNA and a uniform absence of nuclear migration in
identical studies with PO DNA (Xinrong Liu, unpublished
observations, 2007). Because nuclear migration is increas-
ingly being viewed as an indication of antisense targeting
(21), these results, taken together, may indicate that the PO
DNA under the conditions of these cell studies has limited
access to the mdrl mRNA target.

The xenograft-bearing animal studies were performed
with the 3 types of nanoparticles judged from the cell
studies to be the most instructive. Thus, the PS DNA-
streptavidin-Tat, PS DNA-streptavidin—cholesterol, and
PO DNA-streptavidin—Tat nanoparticles were administered
at 1 pg, and the animals were sacrificed at either 6 or 18 h.
A statistical comparison of the results in Table 1 for the PS
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DNA-streptavidin—Tat and PS DNA—streptavidin—cholesterol
nanoparticles showed no significant differences (Student
t test, P < 0.05) at 18 h but significantly higher PS DNA-
streptavidin—Tat nanoparticle accumulation in all tissues at
6 h. At both time points, the exceptions were the stomach
and large intestine. Because results for stomach and intes-
tine samples often vary significantly with subtle changes in
preparation quality, accumulation in these organs may be
difficult to interpret. An examination of the tissue-to-blood
ratios showed that the significant differences at 6 h might
be explained by the higher level of the Tat nanoparticles in
blood at this time leading to increases in the levels in or-
gans simply because of the blood therein. Similarly, the ab-
sence of significant differences at 18 h might be explained
by identical levels in the blood at this time. Only the liver-
to-blood and spleen-to-blood ratios were anomalous and
only at 18 h, suggesting that at this time, there was higher
accumulation of the Tat nanoparticles than the cholesterol
nanoparticles in these organs. These results suggest that
some differences in pharmacokinetics between the 2 car-
riers were manifested despite the presence of streptavidin in
the PS DNA nanoparticles.

A statistical comparison of the results shown in Table 1 for
the PS DNA—streptavidin—Tat and the PO DNA-streptavidin—
Tat nanoparticles showed that a significantly higher accu-
mulation of both types of the PS nanoparticles than the PO
nanoparticles occurred in all tissues other than the stomach
and large intestine at both time points. An examination of
the tissue-to-blood ratios indicate that the higher accumu-
lation of the PS nanoparticles might have been attributable
to higher levels in the blood, probably because of the higher
protein-binding affinity of the PS DNA for serum proteins.
That the tissue-to-blood ratios for the liver, spleen, and bone
were anomalously high further suggests that the increased
accumulation in these organs was attributable to the higher
protein-binding affinity of the PS nanoparticles for these
organs. These results suggested that the high protein-binding
affinity of the PS DNA was manifested despite the presence
of streptavidin in the nanoparticles.

Although naked PS DNA was not included in this inves-
tigation, the results of a recent similar xenograft-bearing
animal study may be used to compare the PS DNA—streptavidin
nanoparticles with naked PS DNA (76). At both time points,
when stomach and large intestines are omitted, the values for
the PS DNA-streptavidin—Tat and PS DNA-streptavidin—
cholesterol nanoparticles are never more than about a factor
of 4 of that for the naked PS DNA. Therefore, streptavidin
and the carriers had a fairly modest influence on the phar-
macokinetics of PS DNA. Furthermore, the levels in tumors
in animals receiving the PS DNA-streptavidin—Tat nano-
particle and those receiving the PS DNA-streptavidin—
cholesterol nanoparticle were similar at both times. These
results show that, in addition to apparently preserving the
properties of the PS DNA and the carriers, the presence of
streptavidin or the carriers within the nanoparticles had only
a modest influence, at best, on the pharmacokinetics of PS

DNA-CARRIER NANOPARTICLES * Nakamura et al.

DNA. In particular, the presence of streptavidin did not en-
courage rapid accumulation in normal tissues, such as the
liver.

Recently, an investigation of the influence of streptavidin
on the properties of the same 3 carriers in MCF-7 cells in
culture but constructed with a 25-mer antisense MORF
against the survivin mRNA was conducted (28). A statis-
tically significant increase in the accumulation of each type
of nanoparticle compared with that of naked MORF was
observed, with increases of about 9-fold for Tat and 11-fold
for polyarginine after 12 h of incubation. The increase was
lowest but still significant for cholesterol. In addition, the
same relative accumulation was observed for the carrier-
free MORF-streptavidin nanoparticle control versus the
naked MOREF control, providing evidence that streptavidin
was not responsible for the increased accumulation. Finally,
the higher cellular accumulation over time of the antisense
MORF-streptavidin—Tat nanoparticle control relative to
that of the sense MORF-streptavidin—Tat nanoparticle con-
trol was statistically significant at all times other than 3 h,
providing evidence for antisense binding of the nano-
particles and therefore escape from entrapment.

CONCLUSION

An advantage of the use of streptavidin as a linker is the
simplicity of preparation of oligomer—carrier nanoparticles
in contrast to covalent conjugation and therefore the ease
with which different nanoparticles may be made and tested.
Obviously, the same approach may be used to link tumor-
targeting agents, such as antitumor antibodies and antitumor
peptides, to antisense oligomers with or without carriers.
Evidence was obtained that the function of the carriers was at
least partially preserved when they were bound to streptavidin
in the nanoparticles and that the pharmacokinetic properties
of the antisense DNA were not markedly changed. Although
indications from this investigation suggest that adding radio-
labeled antisense PS DNA to cells as streptavidin—carrier
nanoparticles does not restrict the targeting of mRNA, further
investigations are needed to firmly establish this point.

ACKNOWLEDGMENTS

The authors thank Dr. Isamu Sugawara (Research Institute
of Tuberculosis, Tokyo, Japan) for providing the Pgp-
expressing cell lines for this investigation. This research
was supported in part by the Office of Science (BER); the
U.S. Department of Energy (grant DE-FG02-03ER63602);
the National Institutes of Health (grant SR21CA100092);
and Grants-in-Aid for Scientific Research (16591225 and
17659374) and the 21st Century Center of Excellence (COE)
Program entitled “Establishment of Individualized Cancer
Therapy Based on Comprehensive Development of Minimally
Invasive and Innovative Therapeutic Methods (Keio Univer-
sity)” from the Japanese Ministry of Education, Science,
Sports and Culture.

1851


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

REFERENCES

—_

[}

[

[=2)

\l

=)

Nel

1852

. Hnatowich DJ, Nakamura K. The influence of chemical structure of DNA and

other oligomer radiopharmaceuticals on tumor delivery. Curr Opin Mol Ther.
2006:8:136-143.

. Lee HIJ, Partridge WH. Pharmacokinetics and delivery of Tat and Tat-protein

conjugates to tissues in vivo. Bioconjug Chem. 2001;12:995-999.

. Lee HJ, Boado RJ, Braasch DA, Corey DR, Partridge WM. Imaging gene

expression in the brain in vivo in a transgenic mouse model of Huntington’s
disease with an antisense radiopharmaceutical and drug-targeting technology.
J Nucl Med. 2002;43:948-956.

. Nakanishi M, Eguchi A, Akuta T, et al. Basic peptides as functional components

of non-viral gene transfer vehicles. Curr Protein Pept Sci. 2003;4:141-150.

. Vives E, Richard JP, Rispal C, LeBleu B. TAT peptide internalization: seeking

the mechanism of entry. Curr Protein Pept Sci. 2003;4:125-132.

. Bhorade R, Weissleder R, Nakakoshi T, Moore A, Tung CH. Macrocyclic

chelaters with paramagnetic cations are internalized into mammalian cells via a
HIV-tat derived membrane translocation peptide. Bioconjug Chem. 2000;11:
301-305.

. Polyakov V, Sharma V, Dahlheimer JL, Pica CM, Luker GD, Piwnica-Worms D.

Novel Tat-peptide chelates for direct transduction of technetium-99m and
rhenium into human cells for imaging and radiotherapy. Bioconjug Chem. 2000;
11:762-771.

. Astriab-Fisher A, Sergueev DS, Fisher M, Shaw BR, Juliano RL. Antisense

inhibition of P-glycoprotein expression using peptide-oligonucleotide conju-
gates. Biochem Pharmacol. 2000;60:83-90.

. Shiraishi T, Nielsen PE. Photochemically enhanced cellular delivery of cell

penetrating peptide-PNA conjugates. FEBS Lett. 2006;580:1451-1456.

. Noguchi H, Matsumoto S. Protein transduction technology: a novel therapeutic

perspective. Acta Med Okayama. 2006;60:1-11.

. Jiang T, Olson ES, Nguyen QT, Roy M, Jennings PA, Tsien RY. Tumor imaging

by means of proteolytic activation of cell-penetrating peptides. Proc Natl Acad
Sci USA. 2004;101:17867-17872.

. Manoharan M. Oligonucleotide conjugates as potential antisense drugs with

improved uptake, biodistribution, targeted deliver, and mechanism of action.
Antisense Nucleic Acid Drug Dev. 2002;12:103—128.

. Hnatowich DJ, Mardirossian G, Fogarasi M, et al. Comparative Properties of a

technetium-99m-labeled single-stranded natural DNA and a phosphorothioate
derivative in vitro and in vivo. J Pharmacol Exp Ther. 1996;276:326-334.

14.

15.

16.

20.

21.

22.

24.

25.

26.

217.

28.

Nakamura K, Kubo A, Hnatowich DJ. Antisense targeting of P-glycoprotein
expression in tissue culture. J Nucl Med. 2005;46:509-513.

Nakamura K, Fan C, Liu G, et al. Evidence of antisense tumor targeting in mice.
Bioconjug Chem. 2004;15:1475-1480.

Nakamura K, Wang Y, Wang Y, Liu X, Kubo A, Hnatowich DJ. Influences of two
transfectors on delivery of technetium-99m antisense DNA in tumor-bearing
mice. Mol Imaging Biol. 2006;8:188-192.

. Sugawara I, Satake S, Watanabe M, et al. Tumor imaging of multidrug-resistant

cancers with organotechnetium complex. Tumor Targ. 1996;2:224-229.

. Sugawara I, Watanabe M, Yamashita T, Itoh K, Itoyama S. Multiple anti-cancer

drug resistance observed in untreated anaplastic thyroid carcinoma cell lines.
Tumor Targ. 1995;1:93-98.

. Noonan KE, Beck C, Holzmayer TA, et al. Quantitative analysis of MDRI

(multidrug resistance) gene expression in human tumors by polymerase chain
reaction. Proc Natl Acad Sci USA. 1990;87:7160-7164.

Alahari SK, DeLong R, Fisher MH, Dean NM, Viliet P, Juliano RL. Novel
chemically modified oligonucleotides provide potent inhibition of P-glycopro-
tein expression. J Pharmacol Exp Ther. 1998;286:419-428.

Liu X, Nakamura K, Wang Y, et al. Initial mechanistic studies of antisense
targeting in cells. J Nucl Med. 2006;47:360-368.

Winnard P Jr, Chang F, Rusckowski M, Mardirossian G, Hnatowich DJ.
Preparation and use of NHS-MAG3 for technetium-99m labeling of DNA. Nucl
Med Biol. 1997;24:425-432.

. Wang Y, Liu G, Hnatowich DJ. Methods for MAG3 conjugation and **™Tc

radiolabeling of biomolecules. Nat Protoc. 2006;1:1477-1480.

Behlke MA. Progress towards in vivo use of siRNAs. Mol Ther. 2006;13:644—
670.

Smyth Templeton N. Liposomal delivery of nucleic acids. DNA Cell Biol.
2002;21:857-868.

Zhang Y, Liu C, Liu N, Ferro Flores G, Rusckowski M, Hnatowich DJ. Elec-
trostatic binding with Tat and other cationic peptides increases cell accumu-
lation of *°™Tc-antisense DNAs without entrapment. Mol Imaging Biol. 2003;5:
240-247.

Mock DM, DuBois DB. A sequential, solid-phase assay for biotin in physiologic
fluids that correlates with expected biotin status. Anal Biochem. 1986;153:272—
278.

Wang Y, Nakamura K, Liu X, Kitamura N, Kubo A, Hnatowich DJ. Simplified
preparation via streptavidin of antisense oligomers/carriers nanoparticles showing
improved cellular delivery in culture. Bioconjug Chem. 2007;18:1338—1343.

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 48 * No. 11 ¢ November 2007


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

The Journal of

NUCLEAR MEDICINE

Cell Culture and Xenograft-Bearing Animal Studies of Radiolabeled Antisense DNA-
Carrier Nanoparticles with Streptavidin as a Linker

Kayoko Nakamura, Yi Wang, Xinrong Liu, Atsushi Kubo and Donald J. Hnatowich

J Nucl Med. 2007;48:1845-1852.
Doi: 10.2967/jnumed.106.039339

This article and updated information are available at:
http://inm.snmjournals.org/content/48/11/1845

Information about reproducing figures, tables, or other portions of this article can be found online at:
http://ijnm.snmjournals.org/site/misc/permission.xhtml

Information about subscriptions to JNM can be found at:
http://ijnm.snmjournals.org/site/subscriptions/online.xhtml

The Journal of Nuclear Medicineis published monthly.
SNMMI | Society of Nuclear Medicine and Molecular Imaging
1850 Samuel Morse Drive, Reston, VA 20190.

(Print ISSN: 0161-5505, Online ISSN: 2159-662X)

SOCIETY OF

Il NUCLEAR MEDICINE
© Copyright 2007 SNMMI; all rights reserved. AND MOLECULAR IMAGING


http://jnm.snmjournals.org/content/48/11/1845
http://jnm.snmjournals.org/site/misc/permission.xhtml
http://jnm.snmjournals.org/site/subscriptions/online.xhtml
http://jnm.snmjournals.org/

