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422  Makiya Nishikawa etal.

interact with the tissue, its V value is close to the volume of the blood vessels within
the liver. Compared with 131} human serum albumin (HSA), a vascular reference
substrate that distributes the sinusoidal and Disse spaces in the liver, all gene drugs
listed in Table 19.1 had larger V value, indicating their reversible interaction with
the tissue. During the 60 minute perfusion, radioactivity could be detected in the
outflow when **P-PS was bolusly administered into the liver (Takakura etal., 1996),
showing a very slow dissociation of the 32p_PS§ oligonucleotide attached onto the
surface of liver cells. The reversible (V) and irreversible (E) parameters of these
gene drugs decreased with an increasing dose, indicating that both interactions are
saturable processes.

Constant infusion

Contrary to the bolus input experiment that is particularly useful for examining
the initial stages of hepatic uptake of drugs, constant infusion gives direct inform-
ation on the uptake behavior of drugs at steady state. In particular, slow processes
can be clearly characterized by this approach. Furthermore, the binding and
internalization processes can be distinguished from each other (Nishida etal.,
1992). When a drug is constantly supplied to the liver, a fraction would be steadily
extracted by the tissue, and the extraction ratio at steady state (E) for the drug is
calculated as follows:

Cin 55— Lroutss
E, = i oS (17)

Cin,ss

where Ci, . and C,, . are the concentration of the drug in the perfusate before
and after passing through the liver under steady state condition. Then (at steady
state), the hepatic clearance (CLp, mL/min) of the drug is expressed as:

CLy = ExQ (18)

where 2 (mL/min} is the perfusion rate.

To obtain the binding and internalization parameters of a drug, a physiological
one-organ model is employed as shown in Figure 19.5 (Nishida etal., 1992). In this
model, the sinusoidal compartment, consisting of the vascular and Disse spaces, is
assumed to be under, a well stirred condition, and the concentration is assumed to
be similar to that in the outflow (C,, corresponding to C,u s in Eq 17; Cy, equals to
Cinss)- The binding compartment is characterized by a maximum binding amount
(Xx) and a binding constant (K) and rapid equilibration is assumed to occur
between the sinuscidal and binding compartments. V, represents the sum of the
volumes of the sinusoid and Disse spaces (assumed to be 0.180 mL/g liver). Assum-
ing the internalization process follows a first-order rate kinetics, the internalization
rate of a drug (dX/dz) is expressed as a product of a binding amount X and its rate
constant (k). Then, in the sinusoidal and binding compartments, a mass-balance
equation is defined as follows:

dC, dXy _
v, (W) + (ﬁ) = 0Cy — QCs — ki X (19)
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G Sinusoidal compartment fod
—> G, —>
Q Q

W H ...........

Binding compartment

k¢

Intracellular space

Figure 19.5 Physiological pharmacokinetic model for hepatic uptake of drug constantly
infused in the isolated rat liver perfusion system. Q, flow rate (mL/min);
Cy, inflow concentration (pg/mL); C,, sinusoidal concentration {ug/mL);
V., sinuscidal volume (mL); X, binding constant {(ug); X, maximum bind-
ing amount (pg); K, binding constant (mL/ug); k., internalization
rate constant (min~").

Assuming the binding of a drug to the cell surface is consistent with the Langmuir
equation, the following expression holds:

XoKC,
T TFKC, (20)
Differentiated with respect to ¢ (time}, Eq 20 is changed to
dX XK (dC,)
o e (I 21
dt " (1+KC)E\dl (21)

To substitute Eq (19) with Eq (21) gives the following equation:

XK\ [dc, kinXaoKCs
Ve+ —2 1 {E2) = gc, - QC, - (Smlells
( (1+KCS)2)(dt) - ( I ¥ KC, ) (22)

When the constant infusion experiments are performed at various inflow concen-
trations of a drug, the differential equations are numerically solved (Nishida etal.,
1992; Ogawara etal., 1998, 1999).

When *?P-pDNA was constantly infused in the isolated perfused rat liver, how-
ever, its uptake by the perfused liver did not reach a steady state during the
experimental period of 60 minutes (Yoshida etal., 1996). Therefore, a precise
analysis of the binding and internalization characteristics could not be performed.
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424 Makiya Nishikawa etal.
Isolated perfused kidney

The same statistical analytical method used for the liver can be applied to examine
the disposition characteristics of a drug in the kidney. The following parameters
are important to understand the renal disposition of drug:

o
AUC:] Cdt ' (23)
0

MTT = /midt (24)
| AUC

F, = fom (dji“)dz (25)
1) |

=40 Ddi /7 26
MTT, F (26)

where MTTy;q (sec) is the mean transit time of drug in the kidney; F,, denotes the
urinary recovery (excretion) ratio; dX,/dt is the urinary excretion rate, and MTT, is
the urinary mean excretion time. Then the distribution volume at steady state (Vq)
is calculated from these moment parameters as follows:

Fo=AUC-Q (27)
V, _Q-MTTyia (28)
Fo

where Fy is the venous outflow recovery ratio. By adjusting the renal arterial
pressure (from 70-80 to 55mmHg) and tying off the ureters, one can have a
‘nonfiltering’ kidney, in which the glomerular filtration does not occur. This
technique is useful to distinguish events occurring in the capillary side of the
kidney from those in the luminal side.

Reference substances are required to understand the pharmacokinetic charac-
teristics of a gene drug in the perfused kidney. Serum albumin can be used as
a marker that is hardly filtered at the kidney and rarely taken up by the tissue
through the passage. Inulin is a well-known marker of glomerular filtration rate.
These references have unique pharmacokinetic parameters when subjected to the
pharmacokinetic analysis in the isolated perfused rat kidney (Table 19.2). Oligo-
nucleotides with different internucleotide linkages are found to have significant
reversible interaction with the kidney (because they have larger MTTy;y and Vy,
parameters representing reversible interaction, than those reference substances)

(Sawai efal., 1995, 1996).

Tissue-isolated perfused tumor

The pharmacokinetics of a gene drug within tumor tissue is a very important issue
because cancer becomes one of the major targets for gene therapy, and various
protocols are now under clinical trials (Roth and Cristiano, 1997). For iz vive gene
delivery protocols, a gene drug, free or complexed with vector, is sometimes
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Table 19.2 Moments and distribution volume of *2P-pDNA and *2P-oligonucleotides in the
single-pass rat kidney perfusion system

Compound Dose AUC ) MTTa (sec) V4 {mL)
(ng/kidney) (% dose sec/mL} _

HppQy? 0.42 376+ 4 145 +0.07 0.462 £ 0.013
*ppgs 0.42 3354 1 1.51 +£0.12 0.491 + 0.011
S2p.ps? C042 319+ 23 254 +0,14 0.716 £ 0.022
e Inulkin® - 3592 + 49 142 +0.10 0.449 & 0.09]
Hin-BSA - 302412 0.900 £+ 0.014 0.240 £+ 0.001
Notes

PO, PS3, PS, 20-mer antisense oligonucleotide complementary to the human c-my mRNA with different
interhucleotide linkages; PO, phosphodiester; PSs, three phosphorothioate linkages on both ends; PS,
phaosphorothioate; BSA, bovine serum albumin. a Sawai efal., 1996; b Mihara etal., 1993a.

injected directly into tumor tissues (Kitajima etal., 1992; Ratajczak etal., 1992;
Plautz etal., 1993; Sun eial., 1995; Wei etal., 1995; Toloza etal., 1996; Dow etal.,
1998; Nemunaitis etal., 1999) because the direct administration circumvents
vascular and interstitial barriers in the systemic delivery of a gene drug to the
tumor. Injected intratumorally, a gene drug would distribute within the tissue, and
fractions reaching to the blood vessel would be cleared by blood flow, so the
profiles of the drug in the outflow include information on their disposition char-
acteristics within the tumor tissue (Saikawa et al., 1996). Quantitative evaluation of
its disposition within the tumor tissues is important to assess and predict the
efliciency of in vive cancer gene therapy. A tissue-isolated tumor is a good experi-
mental system to investigate the intratumoral disposition of pharmaceuticals,
because (i) experimental conditions are easily controlled, (ii) its disposition features
in the tumor tissue can be obtained independently from those in other normal
tissues, and (i) disposition characteristics can be quantitatively analyzed by a
pharmacokinetic approach.

Since Gullino and Grantham reported in 1961 the use of a tissue-isolated tumor
in studying exchanges of fluids between host and tumor, their model has been
used in estimating physiological properties of tumors, such as blood flow, inter-
stitial pressure, and energy metabolism, and in evaluating the effect of interstitial
pressure on the distribution of macromolecules. In their model, blocks of Walker
256 carcinoma are inoculated in the adipose tissue around the ovary and enclosed
in a plastic bag to separate it from other tissues. After an adequate period, the
tumor, isolated from other tissues, can he perfused after being cannulated with
tubes into the aorta and vena cava. To ensure independent perfusion for the
isolated tumor, all blood vessels supplying other tissues (left renal artery and vein,
right renal vein, inferior vena cava, and aorta) should be ligated. After admini-
stration of a drug, the outflowing perfusate is collected at appropriate time intervals
for analysis. Figure 19.6 shows a scheme of the experimental system of the tissue-
isolated tumor of Walker 256 carcinosarcoma.

Some physiological parameters of this tissue-isolated tumor vary among pre-
parations. Necrosis can be apparently observed near the center of the tissue with
the increase in the size of the tumor (Warren, 1970; Leunig etal., 1992; Fox etal.,
1993). Therefore, the blood supply to the tissue is highly heterogeneous and, in
this case, the tumor tissue can be divided into a well perfused (viable) region and
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Adrenal

Vena Cava

Intratumoral
Injection

Figure 19.6 Schematic presentation of perfusion system of the tissue-isolated tumor
preparation.

a poorly perfused (necrotic and/or hypoxic) region. Fluid regularly oozes out from
the tumor surface (Butler etal., 1975), but the fluid leakage is highly unique, for
each tumor preparation and its rate hardly correlates with the size of the tumor
(Saikawa etal., 1996). Therefore, the tumor tissue can be divided into two regions,
viable and necrotic regions. Large tumors possess widespread necrotic regions that
are poorly perfused with blood. On the other hand, viable regions are enriched
with vasculature, Based on these results and anatomical characteristics of tumor
tissues, a pharmacokinetic model to evaluate the intratumoral behavior of a drug
after intratumoral injection is developed (Figure 19.7). In the model, the tumor
tissue is assumed to be composed of two compartments, well perfused and poorly
perfused regions. A drug in the well perfused region is assumed to be cleared from
the vascular side quickly and in the poorly perfused region it is assumed to be
transferred to the well perfused region or leak out. The poorly perfused region is
assumed to have little blood supply and also to contain some necrotic tissue. The
well perfused region, in contrast, is assumed to consist of vascular space and its
surrounding space, which is in equilibrium to the vascular space. Based on these
assumptions, the following equations are derived to describe the change in the
drug amount in these two regions with time:
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]

Poorly perfused region
X
ks
4
ke
Xy >
Well perfused region

Figure 19.7 Pharmacokinetic model for analyzing drug disposition following direct
intratumoral injection. ky, rate constant of transfer from poorly perfused
region to well perfused region; ke, venous appearance rate constant;
ky, rate constant of leakage from the surface; X; and Xy, drug amounts in
well perfused and poorly perfused regions, respectively.

dX)

W=k|X2 — kX, (29)
X,
{d_tz = —(ki + k3)Xq (30)

where X, and X, are drug amounts in well and poorly perfused regions, respect-
ively; k) is the rate constant of transfer from poorly perfused regions to well
perfused regions; ks is the venous appearance rate constant; and k3 is the rate
constant of leakage from the surface. The integration of Eq (29) and (30) gives

J=Ae™ + Be™P (31)
_ k| -I-(] —R)(k;t—k-g)

A = kX ky +ky — ko (32)
_ kkaRX, .
- ky +hy —ky (33)

b= ky 4+ ky (35)

where [ (% of dose/min) is the appearance rate in venous outflow, which is equal to
koXy; Xo is the injected dose; and R is the dosing ratio into the poorly perfused
region. To estimate the pharmacokinetic parameters, &y, ky, k3 and R, the venous
outflow pattern is fitted to Eq (31).
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428 Makiya Nishikawa etal.

This pharmacokinetic model has been applied to analyze the intratumoral
disposition characteristics of lipidic drug carriers (Nomura etal., 1998a), macro-
molecular prodrugs of MMC (Nomura etal., 1998b), and naked pDNA (Nomura
etal., 1997). Some parameters obtained based on the model vary among tumor
preparations, depending on their sizes (Saikawa et al., 1996). Therefore, in order to
use the pharmacokinetic model for evaluating the intratumoral behavior of a drug,
the sizes of the tumor preparations should be controlled. Figure 19.8 summarizes
the pharmacokinetic parameters, k; and ke, representing the transfer rate within
the tissue and the venous appearance rate, respectively, of >*P-pDNA and other
test compounds. Extensive differences in the physicochemical properties of test
compounds, i.e.,, from low-molecular weight drugs like mitomycin C (MMC, MW
334) to particulate lipidic carriers like fat emulsions (mean diameter of 250 nm),
slightly affected &, but greatly influenced ko, indicating that the rate of transfer
from the poorly perfused compartment to the well perfused compartment is the
determining factor that controls the intratumoral behavior of a drug following its
direct injection. In Figure 19.8, cationic liposome shows the smallest £ value, and
cationic MMC-dextran conjugate (MMC-Dcat) has a larger k; than anionic con-
Jugate (MMC-Dan); these results indicate that the electrical interaction of a cationic
drug with the anionic surface of the ussue prolongs the drug's retention in the
tumor. Furthermore, pDNA-cationic iposome complex injected in the tumor was
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Figure 19.8 Pharmacokinetic parameters, k; and ke, following direct intratumoral
injection of drugs in ussue-isolated tumor. k, is the rate constant of
transfer of drug from poorly perfused region to well perfusion region,
and ks is the venous appearance rate constant of drug. MMC, mitomycin
C; MMC-Dan, MMC conjugate with anionic dextran (T-70); MMC-Dcat,
MMC conjugate with cationic dextran (T-70); Large Emulsion, egg phos-
phatdylcholine (PC)soybean oil emulsion with diameter of 250 nm; Small
Emulsion, egg PC/soybean oil emulsion with diameter of 86 nm; Neutral
Liposome, egg PC/dioleoylphosphatidylethanolamine (DOPE) liposome
with diameter of 120 nm; Cationic Liposome, Liposome, egg PC/DOPE/
dimethyldioctadecylammonium liposome with diameter of 125 nm.
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hardly recovered in the outflow (Nomura etal., 1997). In such cases, the pharma-
cokinetic analysis cannot be performed because the analysis uses the venous
appearance rate of drug.

CONCLUDING REMARKS

It is important to develop vector and/or transfection methods that enable us to
achieve gene expression ir vive that is high in its efficiency and long in its duration.
Understanding the elimination pathway, rate and extent of gene drugs such as
pDNA and antisense oligonucleotides is a prerequisite to designing a good
approaches for improving their efficacy. Pharmacokinetic analysis will give us
information on the events occurring in the body following drug administration,
therefore, it is a powerful tool for developing a strategy to fight the inefficient
results of gene therapy trials thus far.
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To develop a suitable vector and an administration technique for in vivo gene transfer, the tissue
distribution of plasmid DNA (pDNA) needs to be understood. In this study, a novel residualizing
radiolabel for pDNA was developed. 4-[p-Azidosalicylamido]butylamine (ASBA) was coupled with
diethylenetriaminepentaacetic acid (DTPA) anhydride, then the conjugate was reacted with pDNA
by photoactivation, followed by labeling with (1'In]InCl; to obtain "' In-pDNA. The overall structure
of pDNA was well preserved, and the retention of its transcriptional activity was 40—98%. After
intravenous injection of "'In-pDNA into mice, about 50% of the radioactivity was recovered in the
liver within 3 min. The level remained stable for at least 2 h, followed by a very slow decrease to 45%
at 24 h. This contrasted with the results obtained with 3*P-pDNA by nick translation, in which a
rapid decrease in hepatic radioactivity was observed. The amount of radicactivity in the lung following
the administration of polyethyleneimine/'''In-pDNA complexes correlates well with the transgene
expression. These results indicate that the novel residualizing radiclabel clearly demonstrates the
cells that have taken up pDNA and, therefore, gives us useful information about how to design a

better approach for nonviral in vivo gene delivery.

INTRODUCTION

The in vivo gene transfer profile required for effective
gene therapy, such as target cell-specificity of gene
transfer, efficiency and duration of transgene expression,
and number of transfected cells, depends on the target
disease. These features are determined not only by the
properties of the vector used, but also by the nature of
the target cells, the route and method of administration,
and the tissue distribution of the vector.

On many occasions using nonviral vectors, plasmid
DNA (pDNA) encoding a target gene is used to deliver
the gene to the target cell. Transgene expression by using
pDNA occurs only in cells that have taken up the DNA
following its administration. Therefore, the development
of a vector and/or an administration technique that
achieves the delivery of pDNA to the target cell in an
efficient and specific manner is absolutely essential for
successful in vivo gene therapy. Various approaches have
been reported to improve the efficiency of in vive gene
transfer, such as complex formation with cationic vectors,
electroporation, gene gun, and large-volume injection ().
These approaches improve the transgene expression by
increasing the amount of pDNA delivered to the target
cell.

Optimizing in vivo gene transfer by these approaches
requires a detailed understanding of the tissue distribu-
tion of pDNA. To this end, several tracing methods have
been used such as 3?P-label by nick translation (2, 3).
However, radioactive metabolites, which are generated
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before and after the cellular uptake of radiolabeled
pDNA, often make it extremely difficult to quantitatively
analyze the tissue distribution and pharmacokinetics of
pDNA. Therefore, pharmacokinetic analyses of tissue
distribution of pDNA complex are only possible for very
short periods after in vivoe administration (4, 5). For
studies involving macromolecules such as antibodies,
biologically active proteins, pelymers, and their drug
conjugates, residualizing radiolabels have been developed
to trace their tissue distribution. So far, hydrophilic bi-
functional chelate-radioactive metal complexes or radio-
iodination using sugar-containing spacers has been used
as residualizing radiolabels for such compounds (6-10).
In these approaches, relatively large, hydrophilic mol-
ecules are incorporated into the structure of the radio-
labeled adducts. After catabolism, radioactive metabolites
that are hydrophilic with a high molecular weight are
hardly able to pass through biological barriers such as
the plasma and lysosomal membranes (11}, promising the
retention of radioactivity within the cells that have taken
up the radiolabeled compound.

In an attempt to study the tissue distribution of pDNA,
Bogdanov et al. (12) recently reported a 9mTe-label for
pDNA by which the tissue distribution of pDNA can be
monitored noninvasively and continuously. However, the
linker for the label was cationic and interacted with
pDNA in an electrostatic manner. Such an interaction
altered the physicochemical properties of pDNA, as
shown by agarose gel electrophoresis, which would alter
the tissue distribution characteristics of pDNA. In addi-
tion to radiclabels, biotin (13) or a fluorescent dye (14)
has been covalently introduced into pDNA by photo-
activation. Neves et al. (14) found that fluorescently
labeled pDNA retains 40% of its transcriptional activity
as unlabeled pDNA. Compared with the nick translation
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Scheme 1. Synthesis of DTPA—ASBA Conjugate
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method, the supercoiled structure of pDNA was retained
by this technique. In a separate experiment, a peptide
nucleic acid clamp was developed as a noncovalent, but
highly stable, adduct for pDNA to label it with a
fluorescent dye (15). These fluorescent labels, however,
will be less efficient for tissue distribution studies
because they require laborious processing for quantifica-
tion. The release of metabolites containing the label is
another problem as far as the quantitative analysis of
the tissue distribution of a labeled pDNA is concerned.

The aim of this study is to develop a residualizing
radiolabel for pDNA by which we can quantitatively
analyze the tissue distribution of pDNA without needing
to consider the efflux of radioactive metabolites from cells.
To this end, we have applied a residualizing radiolabel
method for pDNA similar to that widely used for radio-
labeling proteins: '!In label using a bifunctional chelat-
ing agent, diethylenetriaminepentaacetic acid (DTPA).
Due to the low degree of reactivity of DTPA anhydride
with the primary amino groups in pDNA, we newly
designed a chelating agent for pDNA by conjugating
DTPA anhydride to 4-[p-azidosalicylamido]butylamine
(ASBA) and successfully synthesized DTPA—-ASBA con-
jugate. Then, it was covalently coupled to pDNA by
photoreaction followed by "'In radiolabeling. The char-
acteristics of the "In-pDNA were examined, and then
the tissue distribution of radioactivity was investigated
in mice after intravenous injection, and compared with
data obtained with 3P-labeled pDNA using the nick
translation method. Finally, we used 'In-pDNA for
analyzing the tissue distribution of pDNA/nonviral vector
complex and found the new residualizing radiolabel
useful for designing effective gene delivery approaches.

EXPERIMENTAL PROCEDURES

Chemicals, [¢-2?PldCTP was obtained from Amer-
sham (Tokyo, Japan). ""'Indium chloride (['!In]InCls)
was supplied by Nihon Medi-Physics (Takarazuka, Ja-
pan). DTPA anhydride and ASBA were purchased from
Dojindo (Kumamoto, Japan) and Pierce, respectively.
Fetal bovine serum (FBS) was obtained from Biowhit-
taker (Walkersville, MD). Opti-MEM I was obtained from
Gibco BRL (Grand Island, NY). Dulbecco’s modified
Eagle’s minimum essential medium (DMEM) and other
reagents for cell culture were purchased from Nissui
Pharmaceutical Co., LTD {Tokyo, Japan). pDNA encoding
firefly luciferase ¢cDNA was prepared as previously
reported (16). Polyethyleneimine (PEI) with an average
molecular mass of 10 000 was purchased from Poly-
sciences, Inc. (Warrington, PA). All other chemicals were
of the highest grade available.

Radiolabeling of pDNA. To a 27.5 uL of dimethyl
sulfoxide solution of ASBA (1 mg) was added DTPA
anhydride (2 mg) under dark-room conditions, and the
mixture was incubated at room temperature for 1 h to
obtain DTPA—ASBA conjugate (Scheme 1). Then, 25 uL
of pDNA solution (4 mg/mL) was added to the mixture
and the volume was adjusted to 500 4L, with phosphate
buffered saline (PBS) of pH 7.4. The mixture was im-
mediately irradiated under an UV lamp (365 nm, Ultra-
Violet Products, CA) at room temperature for 15 min to

OH
> Na—O-CONH(CHz).NHCO—)“
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obtain DTPA—ASBA coupled pDNA (DTPA-ASBA-—
pDNA). The product was purified by ethanol precipitation
twice, and was dissolved in 20 uL of acetate buffer (0.1
M, pH 8). To 10 uL of sodium acetate solution (1 M) was
added 10 4L of [*!'In]InCl;, then 20 yL of DTPA—-ASBA—-
pDNA. The mixture was incubated at room temperature
for 1 h, and unreacted {M'In]InCl; was removed by
ultrafiltration. The purity was checked by Sephadex G-25
column (1 x 40 ¢m) chromatography and 1% agarose gel
electrophoresis. The reaction was performed using dif-
ferent amounts of the starting materials, ASBA, DTPA,
and pDNA. To determine the number of DTPA bound
to pDNA, small amounts of free DTPA were added
before radiolabeling with [M'In]InCls, followed by the
separation of 'iIn-pDNA and "'In-DTPA by gel filtra-
tion. 32P-labeling of the pDNA was performed as reported
previously (4),

Animals. All animal procedures were examined by the
Ethics Committee for Animal Experiments at the Kyoto
University. Female ICR mice (20—25 g} were obtained
from the Shizuoka Agricultural Co-operative Association
for Laboratory Animals (Shizuoka, Japan).

Transfection to Cultured Cells. HepG2 cells and
COS7 cells were obtained from American Type Culture
Collection (Manassas, VA) and maintained in DMEM
supplemented with 10% FBS at 37 °C under an atmo-
sphere of 5% CO;g in air. Cells were plated on a 6-well
plate at a density of about 2 x 10° cells/well (10.5 em?)
and cultivated in 2 mL of DMEM supplemented with 10%
FBS. After 24 h, the culture medium was replaced with
medium containing pDNA (2 seg) complexed with 5 uL of
Lipofectamine 2000 (Invitrogen). Six hours later, the
pDNA complex was removed and the cells were incubated
for an additional 18 h. Then, the cells were scraped off
and suspended in 200 4L of PBS. The cell suspension was
subjected to three cycles of freezing and thawing, followed
by centrifugation at 10000g for 3 min. Ten microliters of
the supernatant was mixed with 100 uL of luciferase
assay buffer (Picagene, Toyo Ink, Tokyo, Japan), and the
light produced was immediately measured using a lumi-
nometer (Lumat LB 9507, EG & G Berthold, Bad Wild-
bad, Germany). The activity was indicated as the relative
light units (RLU) per milligram of cell protein. The
protein content of the cell suspension was measured
using a protein assay kit (Dojinde, Kumamoto, Japan)
and determined with reference to a standard curve for
bovine serum albumin.

Transgene Expression in Muscle In Vivo, Control
(unmodified) pDNA or DTPA-ASBA—pDNA was injected
into the gastrocnemius muscle of anesthetized mice at a
dose of 1 ug of pPDNA/50 11 of saline. Immediately after
injection, electric pulses were applied using a forceps-
type electrode. Square-wave electric pulses were gener-
ated by a CUY21 electroporator {Nepa Gene, Tokyo,
Japan). The parameters of the pulse were fixed at 200
Vicm for the electrical field strength, 20 ms duration, and
six pulses. At 2 days after injection, the injected muscle
was dissected and subjected to assays for luciferase
activity and protein content.

Tissue Distribution of Radiolabeled pDNA after
Intravenous Injection. For the tissue distribution
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studies, the concentration of 3?P- and !'!In-pDNA was
adjusted by the addition of nonradiolabeled pDNA. Each
mouse was injected with ""'In-pDNA or #P-pDNA in
saline (10 pg/100 uL). At predetermined periods after
injection, groups of three mice each were anesthetized
with ether and blood was collected from the vena cava
to obtain plasma by centrifugation at 2000g for 2 min.
The liver, kidney, spleen, lung, and heart were excised,
rinsed with saline, and weighed. !!In-radioactivity of
tissue samples was counted in a well-type Nal scintilla-
tion counter (ARC-500, Aloka, Tokyo, Japan). #*P-radio-
activity was measured in a scintillation counter (LSA-
500, Beckman, Tokyo, Japan) after addition ef Clear-Sol
I (Nacalai tesque, Kyoto, Japan) to tissue sample.
Pharmacokinetic Analysis. Tissue distribution of
#2P.pDNA after intravenous injection was pharmaco-
kinetically evaluated based on the clearance concept (17).
In brief, the change in the amount of a test compound
(pDNA) in a tissue with time can be described as follows:

dX;
-7 = CLiCp - keﬂ'lux,i‘Xi

T (1)

where X; represents an amount of pDNA in tissue { after
administration, C, is its concentration in plasma, CL;
expresses an apparent tissue uptake clearance from the
plasma to tissue i, and kemuy; represents an efflux rate
from tissue i. When the efflux from tissues can be
ignored, eq 1 is simplified to

P CLC, (2)
Integration of eq 2 from time 0 to ¢, gives
CL, = (3)
‘T AUC,_,,

where AUC is an area under the plasma concentration—
time curve of pDNA. According to eq 3, CL; is obtained
by dividing the amount in a tissue by AUC. The total
body clearance (CLiya) was calculated by fitting an
equation to the plasma eoncentration data of the radio-
activity-time profile using the nonlinear least-squares
program MULTI (18).

Tissue Distribution and Transgene Expression
Following Intravenous Injection of PEL/pDNA Com-
plex. pDNA was mixed with PEI at varying ratios and
left at room temperature for 30 min. The mixture
obtained was subjected to 1% agarose gel electrophoresis
to check the complex formation. The N/P ratio, the ratio
of the concentration of total nitrogen (N) in PEI to the
phosphate groups (P) in pDNA, was used as an index of
complex preparation. 'In-pDNA in a free or complexed
form with PEI was injected inte a mouse tail vein, and
the tissue distribution of radioactivity was evaluated 6
h later. In separate experiments, transgene expression
in the lung was measured following the injection of naked
pDNA or PEL/pDNA complex. In both experiments, the
dose of pDNA was fixed at 30 yg/mouse.

RESULTS

Characteristics of 1" In-pDNA. Scheme 1 illustrates
the chemistry used to prepare DTPA—ASBA conjugate.
The product was analyzed by mass spectroscopy, which
revealed that DTPA—ASBA was successfully obtained.
Then, DTPA—ASBA conjugate was reacted with pDNA,
and the final product was labeled with '''In, Table 1
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Figure 1. Sephadex G-25 gel filtration profiles of ' In-pDNA,
[n-DTPA, and 1"In-DTPA-ASBA. Each sample was applied

- to a Sephadex G-25 column (1 x 40 cm) and filtrates (40 drops/

tube) were collected and radiocactivity measured. Keys: (@),
Un.pDNA; (O), 11 In-DTFA, (a), 1In-DTPA-ASBA.
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Figure 2. Agarcse gel electrophoresis of !!!In-pDNA. Ten
micrograms of pDNA or 111In-pDNA was applied to 1% agarose
gel and run at a constant voltage. pPDNA was detected with an
UV lamp. For the detection of radioactivity, the gel was cut into
pieces and the radioactivity was measured in a y-counter.
Lanes; (1} control pDNA; (2—4) 1!In-pDNA (lane 2, condition
3; lane 3, condition 2; lane 4, condition 1).

Table 1. Properties of !'In-pDNA
reaction conditions
pDNA ASBA DTPA no. of DTPA

specific activity

{ug) (ug) (ug) molecules/’pDNA (cpm/ug of pDNA)
1 100 1000 2000 15.8 2 000 000
2 100 500 1000 4.1 400 000
3 1c0 250 500 2.3 200 000

summarizes the reaction conditions and the properties
of 11]n-pDNA obtained. The number of DTPA-ASBA
molecules bound to pDNA was a function of the amounts
of ASBA and DTPA in the reaction mixture, and pDNA
derivatives with various numbers of DTPA-ASBA mol-
ecules could be obtained. The numbers of DTPA-ASBA
molecules in pPDNA were calculated to be 15.8, 4.1, and
2.3, based on the amounts of radioactivity eluted in
pDNA and DTPA fractions (data not shown). The specific
activity of 1" In-pDNA was as high as about 2 x 10° cpm/
ug of pDNA with the largest number of DTPA—ASBA
molecules (condition 1).

MIn-pDNA showed only one peak on Sephadex G-25
column chromatography at the void velume, which could
be easily distinguished from the peaks of '!In-DTPA and
MIn.DTPA—ASBA (Figure 1). On agarecse gel electro-
phoresis, 1"!'In-pDNA showed almost a pattern similar
to that of control pDNA (Figure 2). However, the percent-
ages of the open circular and linear forms slightly
increased with the increasing number of DTPA—ASBA
molecules. The measurement of ! In-radioactivity of the
gel indicated that more than 95% of radioactivity were
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Figure 3. Transgene expression in (A) HepG2 and (B) COS7
cells after transfection of pDNA and DTPA-ASBA--pDNA. Cells
(2 x 105 cells) cultured on a 12-well plate were combined with
2 ug of pDNA complexed with Lipofectamine 2000. Results are
expressed as the mean + SD of three wells.

Control

detected at the positions where pDNA was visualized,
suggesting that !'In is associated with pDNA. These
distribution characteristics of ''In-radioactivity on the
gel were confirmed by autoradiography (data not shown).

Transgene Expression. Gene transfection to HepG2
cells and COS7 celis with the control pDNA complex
resulted in luciferase activities of 1.5 x 10 and 9.3 x
101¢ RLU/mg of protein, respectively (Figure 3). The
transfection activity of the modified pDNA decreased on
increasing the number of DTPA—ASBA molecules: about
97-98,92-94, and 55% of the activity was retained after
the modification of 2.3 (condition 3), 4.1 (condition 2), and
15.8 (condition 1) DTPA—ASBA molecules, respectively.

The transfection activity of the pDNA derivatives
modified with DTPA—ASBA was also examined in vivo
after intramuscular injection followed by electroporation.
Again, there was successful transgene expression in
mouse muscle with activity 93, 82, and 40% that of the
control pDNA, respectively (data not shown). In the
following tissue distribution experiments, 1In-pDNA
with the highest specific activity (condition 1) was used.

Tissue Distribution and Pharmacokinetic Analy-
sis after Intravenous Injection. Figure 4 shows the
plasma concentration (A) and liver accumulation (B) time
courses of radioactivity after intravenous injection of
MIp. and 3P-pDNA into mice at a dose of 0.5 mg/kg.
When 1In-pDNA was injected, radioactivity in plasma
rapidly decreased with time, and a large amount of
NIn-radioactivity was recovered in the liver (up to
50—60% of the dose), which almost leveled off for 2 h. At
24 h after injection, the radicactivity in the liver re-
mained at about 45% of the injected dose. In a similar
fashion, 2?P-radioactivity following the injection of 32P-
pDNA decreased in plasma with time, and there was
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Figure 4. Plasma concentration (A) and liver accumulation
(B) time courses of radioactivity in mice after intravenous
injection of 1In-pDNA or 32P-pDNA at a dose of 0.5 mg/kg (10
ng/mouse). Keys: (@), 1HIn-pDNA; (O), 32P-pDNA. Results are
expressed as the mean + SD of three mice.

accumulation in the liver (up to 50-60% of the dose)
within 3 min. However, the radioactivity in the liver fell
continuously with time down to about 5% of the dose at
12 h. These results obtained with 32P-pDNA were basi-
cally similar to previously reported results (4, 5).

The injection of 3P-pDNA resulted in a relatively high,
but transient, accumulation of radioactivity in organs
such as the kidney, spleen, and lung, whereas ''In-pDNA
showed less accumulation of radioactivity in these organs
{Figure 5). The urinary excretion of “In-radioactivity
was greater than that of **P-radioactivity, and about 20%
of the injected dose was excreted 30 min postinjection
(data not shown).

Table 2 summarizes the AUC and clearances caleu-
lated based on the radioactivity at 2 h after intravenous
injection of In- and ¥P-pDNA in mice. '1In-pDNA
showed a greater hepatic clearance than 32P-pDNA,
reflecting the prolonged retention of radioactivity within
the liver. On the other hand, the uptake clearances for
the lung, kidney, and heart were greater with 32P-pDNA
than with 1'In-pDNA.

Distribution and Transgene Expression by PEI/
pDNA. Finally, we examined the correlation between the
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Figure 5. Tissue distribution-time courses of radioactivity in
mice after intravenous injection of 111In-pDNA (A) and #P-pDNA
(B} at a dose of 0.5 mg/kg (10 ug/mouse). Keys: (@), kidney; (0,
spleen; (a), lung; (O), heart. Results are expressed as the mean
+ 8D of three mice,

tissue distribution of "'In-radioactivity and transgene
expression in the lung after intravenous injection of PEI/
(*1In-)pDNA compiex into mice. It is well-known that
intravenous PEI/pDNA can result in transgene expres-
sion in organs with the greatest degree in the lung, and
the expression efficiency is at least partially determined
by the N/P ratio of the complex (19, 20). In the present
experiment, the transgene expression in the lung in-
creased with an increase in the N/P ratio from 0 (naked)
to 15. Separately, the delivery of 111In-pDNA to the lung
was examined by determining the radioactivity in the
lung at 6 h after intravenous injection of PEL/"!"In-pDNA
complex. Then, the expression was plotted against the
amount of radioactivity in the organ (Figure 6), As shown
in this figure, the expression in the lung correlated well
with the amount of "!In-radioactivity in the organ, except
for the case of naked *In-pDNA that showed no signifi-
cant luciferase activity.

DISCUSSION

Although pDNA amplified in, and extracted from,
bacteria is one of the most promising vectors for gene
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Figure 6. Relation between the concentration of 1lIn-
radioactivity and transgene expression in the lung at 6 h after
intravenous injection of (!!!In-)pDNA at a dese of 30 ug/mouse.
Results are expressed as the mean + 8D of three mice.

transfer both in vive and in vitro, its transcriptional
activity depends on the functional form of the plasmid:
supercoiled (SC), open circular (OC), and linear (L) forms.
For example, the OC and L forms of a plasmid were 90
and 10% as efficient as the SC form as far as cell
transfection was concerned (21). In addition, the chemieal
and biological properties such as the charge density and
the susceptibility to nuclease digestion depend on the
structure of pDNA (22). Recently, Houk et al. (23)
reported topoform-dependent pharmacokinetic charac-
teristics of pDNA. Therefore, it is very important to
investigate the tissue distribution properties of the pDNA
with a structure similar to that used in gene transfer
studies, namely, the SC form. To this end, various
approaches have been developed to label pDNA with
flucrescent probes or radioisotopes under conditions
where the SC form of pDNA is hardly altered. These
include covalent coupling of a fluorescent dye by photo-
activation (14), radioiodination of cytidine (24), applica-
tion of a fluorescent peptide nucleic acid clamp (153, and
metabolic labeling using {*H]thymidine 5'-triphosphate
(25). Other methods for labeling of pDNA could induce
significant changes in the structure. In the present study,
although a portion of the chemically modified pDNA
showed structural alterations, most of the pDNA retained
its 5C form. In addition, the modified pDNA retained its
transcriptional activity (40—98% as control pDNA), in-
dicating that "'In-pDNA reflects the pharmacokinetic
features of the unlabeled pDNA.

Various techniques have been reported to trace exter-
nally administered pDNA in vivo. Zelphati et al. (15)
reported a peptide nucleic acid (PNA)-based fluorescent
label for pDNA which was fully transcriptionally active.
This approach would be also useful in determining the
tissue distribution of pDNA, although one first needs to
meodify the pDNA of interest to add the PNA binding
sites. In addition, the radiolabel makes it much easier
to trace the in vive distribution of labeled pDNA than
any fluorescent label. PCR amplification of pDNA with
an internal standard can also quantitatively determine
the plasma concentration of pDNA after in vivo admin-
istration (26). An analysis based on agarose gel electro-
phoresis of samples containing pDNA has been used to
monitor the pharmacokinetics of pDNA in rats (23).
These techniques estimating the amount of pDNA by gel
electrophoresis are too laborious, especially when infor-
mation on the tissue distribution of pDNA is required.
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Table 2. AUC and Clearances of Radiolabeled pDNA in Mice

Nishikawa et al.

AUC clearance (uL/h)
compound (% of dose h/mL) total liver lung spleen kidney heart
1Wn.pDNA 2.8 36000 17800 69 374 407 3
32p.pDNA 3.9 25800 8670 408 372 1120 181

11Ip-labeling has been widely used in tissue distribu-
tion studies of proteins, polymers, and particulates. A
chelating agent is required for labeling with !!In. DTPA
anhydride has long been used as a bifunctional chelating
agent for "In labeling of many different molecules,
especially monoclonal antiboedies {(27). Although several
studies have demonstrated that other chelating agents
such as 1-(4-isothiocyanatobenzyliethylenediaminetetra-
acetic acid (28) and a N-hydroxysulfosuccinimide ester
of 1,4,7,10-tetraazacyclododecane NN’ N” N"”-tetraacetic
acid (29) can form more stable chelates with '1In, DTPA-
My chelate has sufficient chelating stability in vivo (30).
After cellular uptake of 1"'In-labeled proteins followed by
intracellular catabolism, !'In is present as 1'In-DTPA-
lysine and ""In-DTPA in vivo {31). These radicactive
metabolites are relatively large in size and highly hy-
drophilic, both characteristics making them largely un-
able to cross biological membranes. Therefore, after
cellular uptake, the 'In-radioactivity remains within the
cells. These characteristics of 1" In-labeling are beneficial
for evaluating the pharmacokinetic characteristics of
various compounds (17), This concept has been applied
to the radiclabeling of pDNA for the tissue distribution
study. The conjugation of DTPA—-ASBA to pDNA, which
would be governed by the photoreactivity of ASBA to
pDNA (32), resulted in pDNA derivatives that can be
efficiently radiolabeled with 1!'In. Although the exact
structure needs to be elucidated, '''In-radioactivity re-
mained for a significantly long period after systemic
administration of !'In-pDNA, indicating that "' In-pDNA
has advantages on its tissue distribution studies similar
to those of '!'In-labeled other macromolecules. As listed
in Table 2, 11'In-pDNA gave a greater hepatic clearance
than #P-pDNA, although 3*P-pDNA was taken up by the
liver as fast as 1" In-pDNA. Rapid efflux of radioactive
metabolites of **P-pDNA will explain the difference in
the hepatic clearance of these two derivatives. The
released radioactive metabolites are delivered to other
organs such as the lung, kidney, and heart, which
increased the clearance values of **P-pDNA for these
organs (Table 2). Tissue uptake clearance is a useful
parameter, which can be directly compared with those
of others and physiological parameters such as blood flow
and the rate of fluid-phase endocytosis (17). Therefore,
a theoretical design of any delivery approach for pDNA
can be achieved by considering the relationships between
the characteristics on structures and the pharmacokinetic
parameters. The present study clearly indicates that the
hepatic clearance of pDNA is 20—25% of the hepatic
plasma flow rate, and the clearances for other organs are
about 2% or smaller than that for the liver.

As shown in Figure 6, this novel pDNA radiolabeling
is very useful for developing better approaches to in vivo
gene transfer because the amount of "In-radioactivity
in the lung correlated well with the transgene expression
level. These results indicate that the organ level of pPDNA
delivery is important for the final output. Under the
experimental settings used in the present study, about
8% of dose/g of tissue, i.e., 0.8 ug of pDNA/ung, are
needed for a detectable expression in this organ. The
amount of naked pDNA delivered to the lung was too low
for a significant gene expression. In a strict sense,
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however, the amount of pDNA targeted to the nucleus
could be a better index of transgene expression.

In conclusion, a new residualizing radiolabel for pPDNA
has been successfully developed. The radiolabeled pDNA
can nicely designate the tissues and cells that take up
the DNA after administration. Because gene transfer
only occurs in the cells taking up pDNA, the tissue
distribution data of pDNA can be used to evaluate the
targeting ability of the vector and administration tech-
nique used. Then, a better approach can be developed
based on the tissue distribution data of a vector system.
Thus, "“In-pDNA is useful not only for evaluating the
tissue distribution of pDNA and its complex with a vector
system, but also for designing an effective vector for
targeted delivery of pDNA.
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