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Abstract Purpose: To evaluate the pharmacokinetic
(PK) properties of Bcl-2 antisense oligodeoxynucleotide
G3139 when combined with the anthracycline anticancer
drug doxorubicin (DOX) in a model of MDA435/LCC6
human breast cancer in severely compromised immu-
nodeficient (SCID) mice. Methods: An orthotopic model
of MDAA435/LCC6 solid breast tumors was developed
by bilateral implantation of passaged cells in female
SCID-RAG2 mice. The G3139 plasma profile was
compared for two common routes of administration (i.v.
or i.p.) in single and multiple dose treatment regimens of
5 mg/kg G3139 alone or with simultaneous DOX (5 mg/
kg) administration. At selected times, plasma and major
organs were assayed for [PH]G3139 using scintillation
counting and DOX determined using HPLC. The mo-
lecular integrity of G3139 was analyzed using SDS-
PAGE. The PKs of G3139 and DOX were evaluated
using a two-compartment model. Results: G3139 ad-
ministered i.v. at 5 mg/kg revealed a biexponential
plasma concentration-time curve with a Cmax of
99.9 ng/ml and elimination half-lives of 0.03 h and
9.8 h, respectively, which resulted in an area under the
concentration-time curve (AUC) of 15.9 pg-h/ml. G3139
administered i.p. showed a plasma absorption, distri-
bution and elimination profile typical of this route of
administration, characterized by half-lives of 0.03 h,
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0.2 h and 8.9 h, respectively and a Cmax of 8.6 pg/ml.
Based on AUC comparisons, the bioavailability of
G3139 injected i.p. was 84% compared to i.v. adminis-
tration. Subtle changes were observed in G3139 PKs
after three prior i.p. doses of G3139. Specifically, a six-
fold slower absorption rate, lower Cmax (6.9 pg/ml),
increased Tmax (0.2 h), and an AUC of 17.4 pg-h/ml
were observed, consistent with concentrations ap-
proaching saturation levels in tissue sites to which
G3139 distributes. Coadministration of DOX had sig-
nificant effects on the PK properties of G3139, mani-
fested by an increased Cmax (11.2 pg/ml), higher AUC
(19.7 pg-h/ml), and ninefold lower plasma clearance for
single-dose G3139 administration. G3139 in plasma re-
mained largely intact (<17% degraded in plasma over
4 h), and increased plasma protein association occurred
as a function of time. G3139 was detected in both
healthy and tumor tissue after i.v. and i.p. administra-
tion. The highest tissue levels of G3139 were observed in
the kidneys (40 pg/g), and low levels (<2 pg/g) were
detected in lung, heart and muscle. The rate of accu-
mulation of G3139 in organs was dependent upon
G3139 levels in plasma and the presence of coadminis-
tered DOX. Significant accumulation of G3139 was
observed in solid tumors, with peak levels of approxi-
mately 5 pg G3139/g tumor, and approximately a two-
to threefold tumor/muscle AUC ratio. The Kkinetics
of G3139 accumulation in tumor tissue increased with
increasing circulating G3139 concentration. The tissue
distribution properties of DOX were also altered in
the presence of coadministered G3139: in the presence of
G3139, tumor exposure to DOX increased two-
to threefold without alteration in plasma DOX PKs.
Conclusions: These findings indicate that drug-drug
interactions between G3139 and DOX are modest and
favorable in that elevated tumor DOX levels are
achieved without compromising G3139 tumor uptake or
significantly altering plasma drug concentrations.

Keywords Antisense - Bcl-2 - Doxorubicin -
Pharmacokinetics - Breast cancer
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Abbreviations A4S: antisense - AUC: area under the
concentration-time curve - Cmax: maximum concentra-
tion - CL: clearance - DOX.: doxorubicin - i.p.:
intraperitoneal - i.v.: intravenous - K01/KI10: respective
absorption and elimination rate constants - K01 half-life/
K10 half-life: respectively absorption and elimination
half lives - ODN: oligonucleotide - PK: pharmacokinet-
ics - SCID: severely combined immunodeficient -

to0 distribution half life - ¢/, elimination half

life - Tmax: time to Cmax - V: volume of distribution

Introduction

Overexpression of the oncogene product Bcl-2 is asso-
ciated with chemoresistance in a variety of cancers, the
mechanism involving the inhibition of programmed cell
death or apoptosis [1, 2, 3, 4]. Recently, antisense oli-
gonucleotides (AS ODNs) to Bcl-2 have been developed
as a novel strategy to modulate Bcl-2 levels in tumor
cells via specifically hybridizing to complementary re-
gions of the mRNA coding Bcl-2 [5]. Downregulation of
Bcl-2 is believed to occur by direct AS ODN mRNA
inhibition and/or degradation of these duplexes by
RNAse H resulting in an inhibition of Bcl-2 protein
translation [6, 7]. Specific properties of AS ODN:g, i.e.,
ODN sequence, chemical modification of the ODN
sequence, stability, RNA binding affinity, RNase H
activity, and cellular uptake, determine the effectiveness
of the ODN as a therapeutic agent [8].

Recently, a phosphorothioate AS sequence directed
against the open reading frame of the Bcl-2 RNA
(G3139; Genta, Berkeley Heights, N.J.) has been shown
to be effective in a variety of tumor models in vitro and
in vivo and is currently in clinical development [9, 10,
11]. Since many cytotoxic drugs are believed to act by
inducing apoptosis, concurrent Bcl-2 AS ODN and drug
treatment presents an effective strategy resulting from
possible AS ODN-drug synergism [12, 13, 14, 15, 16, 17,
18]. Prior to combining AS ODNs with chemothera-
peutics, understanding the in vivo PKs of each drug is
imperative to identify potential drug interactions that
may result in adverse or favorable biological responses.
PK studies allow predictions of drug bioavailability,
drug exposure to target tissues, and identification of
organs of potential toxicity. Few studies have examined
the PK properties and tumor delivery of G3139 [9, 19].
Furthermore, there are no published reports on the ef-
fects of multiple treatments or coadministered chemo-
therapeutics on the PK properties of G3139. Given the
high DNA-binding avidity of certain anticancer drugs,
such as doxorubicin (DOX), possibilities exist for DOX-
G3139 interactions both in the circulation and in tissues,
and these could affect the bioavailability of both agents.

In this study, we evaluated the PK properties of
G3139 in MDAA435/LCC6 breast cancer tumor-bearing
SCID mice to define the PK properties of G3139 in
the presence and absence of DOX, and in order to
evaluate possible G3139-drug PK interactions and help

elucidate the relationship between therapeutic re-
sponses and the concentrations of G3139 in plasma
and solid tumors.

Materials and methods

AS ODN and drugs

The phosphorothioate ODN (18-mer), G3139, with a sequence
complementary for the first six codons of the open reading frame of
Bcl-2 mRNA (5-tct ccc age gtg cge cat-3’, molecular weight
5684.58 Da) was used as the AS ODN, and was a gift from Genta
(Berkeley Heights, N.J.). [’H]G3139 was prepared by inserting a
non-exchangeable [°H] at the 5" position of the thymidine of G3139
(Trilink Biotechnologies, San Diego, Calif.). Doxorubicin (DOX)
was from Faulding (Vaudreuil, Quebec). Acetonitrile, acetone,
propan-2-ol, and ammonium formate were of either analytical or
HPLC grade.

Cell lines, mice and tumor models

The human breast cancer cell line MDA435/LCC6 was obtained
from Dr. R. Clarke, Georgetown University [20]. Female SCID-
RAG?2 mice (4-6 weeks of age, 18-22 g) were obtained from the
BC Cancer Agency Joint Animal Facility breeding colony and kept
in an aseptic environment. MDA435/LCC6 cells were routinely
maintained by serial passages of ascites i.p. in SCID-RAG2 mice.
An orthotopic tumor model of MDA435/LCC6 cells in RAG2 mice
was established by bilateral implantation of 2x10° in vivo-passaged
MDAA435/LCC6 cells into the mammary fat pad. All animal pro-
tocols were approved by the B.C. Cancer Agency Animal Welfare
Committee.

PKSs and tissue distribution

PK experiments with [P’H]G3139 were conducted in female RAG2
mice bearing MDA435/LCC6 tumors (0.1-0.15 g). The PKs of
G3139 (5 mg/kg) were compared after a single bolus injection ei-
ther i.v. or i.p.. In addition, the PK properties of G3139 (5 mg/kg)
were examined after three consecutive i.p. doses given on days 1-4.
The PKs of G3139 were also studied in the presence and absence
of DOX (5 mg/kg) given i.v. 1 h before the G3139 injection. At
selected times after G3139 treatment, mice (three per group) were
euthanized by CO, asphyxiation over 6 h. Blood was collected via
cardiac puncture and placed into EDTA-coated microtainer tubes.
Plasma was isolated from whole blood by centrifugation at 500 g
for 10 min. Major organs (i.e., liver, spleen, lung, heart, kidney),
muscle and solid tumor were dissected, rinsed in PBS, dried, and
weighed into glass tubes. A 20% homogenate of liver in distilled
water was pregared using a Polytron homogenizer (Kinematica,
Switzerland). ["H]G3139 was determined in plasma and tumor/
tissue homogenates using Solvable (Packard, Missasauga, Ont.), a
tissue solubilizer, (50°C overnight) and treatment with a cocktail of
200 mM EDTA, 30% H,O, and 10 N HCI for 1 h at room tem-
perature. The amount of radioactivity in samples was determined
using scintillation counting (TRI-CARB Model 1900, Packard
Instrumentation, Meridien, Ct.).

HPLC analysis of DOX

DOX in plasma and tissues was determined using a previously
described HPLC method [21, 22]. Briefly, DOX was extracted from
plasma or tissue homogenates with acetonitrile and reconstituted in
mobile phase consisting of 16 mM ammonium formate (pH 3.5)/
acetone/isopropanol (75:20:5). Samples were run using isocratic
elution on a Waters 2690 HPLC with a built-in autosampler



(Milford, Mass.), a C18 guard column (Waters), a Nova-Pak CI18
analytical column (Waters), and a Waters 474 fluorescent detector.
The concentrations of DOX in various organs were determined
from a previously prepared calibration curve utilizing background
fluorescent corrections for drug-free organs and appropriate tissue/
blood correction factors.

In vivo stability and plasma protein association
of G3139 in plasma

The molecular weight characteristics of radioactive G3139 and
plasma protein binding were determined using SDS-PAGE to
determine the in vivo stability of G3139. SCID mice were injected
with 5 mg/kg G3139 (containing [PH]G3139) and blood was iso-
lated at specific time-points (0.083, 0.5, and 4 h) after injection.
ODNSs were extracted from plasma using a modified procedure as
previously described [23]. Briefly, plasma was incubated with
proteinase K (1 mg/ml) in an extraction buffer of 0.5% SDS,
10 mM NaCl, 20 mM Tris-HCI, pH 7.6, 10 mM EDTA for 2 h at
37°C. The samples were extracted twice with phenol/chloroform/
isoamyl alcohol (25:24:1 v/v) and once with chloroform. Ex-
tracted ODNs were precipitated with 75% ethanol and reconsti-
tuted in distilled water. Both ODNs in plasma and extracted
ODNSs were then run on a 20% SDS-PAGE gel containing 7 M
urea. Biorad standards were run to identify points on the gel of
appropriate molecular weight. The gel was cut up and [*H] levels
determined using the Solvable procedure and scintillation count-
ing (see PK methods).

PK modeling and statistical analyses

The plasma and tumor data were modeled using WinNonLin
version 1.5 PK software (Pharsight Company, Mountain View,
Calif.). One-, two-, and three-compartment models and first-order
administration were tested for fit to the plasma and tumor data.
Appropriate models to fit the plasma and tumor data were se-
lected based on the goodness of fit for each model, including the
visual assessment of the distribution of residuals, rank and Ak-
aike’s information criterion. Curves were appropriately weighted
to accurately fit the absorption, distribution and elimination
phases. All linear regression was done using Microsoft Excel
(Seattle, Wash.). Student’s -test was used to determine the sig-
nificance of differences between two treatment groups. Multiple
comparisons were done using one-way analysis of variance
(ANOVA), and post-tests comparing different treatment means
were done using Bonferroni’s test (Statistica release 4.5, StatSoft,
Tulsa, Okla.). Differences were considered significant for P-values
<0.05.

Results

Comparison of single-dose
i.v. versus i.p. PK of G3139

We first compared the PKs and biodistribution after a
single 1.v. bolus or i.p. injection of [*'H]G3139 (5 mg/kg)
in MDA435/LCC6 tumor-bearing mice. G3139 admin-
istered i.v. revealed a biexponential plasma concentra-
tion-time curve (Fig. 1A), described by a two-
compartment model with first-order elimination. The
descriptive PK parameters are summarized in Table 1.
The plasma concentration-time profile exhibited a Cmax
of 99.9 pug/ml, and an AUC of 15.9 pg-h/ml (Table 1).
The two distinct phases of the curve revealed a short
distribution half-life of 0.03 h and longer terminal
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elimination half-life of 9.8 h (Table 1). This suggests
that G3139 was distributed and eliminated rapidly, as
seen from its high distribution rate constant K12
(10.1 k") and plasma clearance (CL 10.5 ml/h). The
kidneys showed the highest peak concentration of
G3139 (40 pg/g tissue), suggesting that urinary excretion
was the primary route of elimination. G3139 was also
distributed to relatively high levels in liver and spleen (9—
11 pg/g tissue) and to lower levels in lung, heart and
muscle (<5 pg/g tissue). The radioactivity persisted in
various organs for up to 6 h, with a slow rate of G3139
turnover from the liver (Fig. 1). This was also reflected
by the tissue distribution rate constants: the ratio K12/
K21 was 2.7, indicating net transfer of G3139 to the
periphelral compartment (K21 3.8 h™! compared to K12
10.1 h™).

G3139 after i.p. injection showed characteristic ab-
sorption, distribution and elimination profiles associated
with this route of administration. A single bolus i.p. dose
of 5 mg/kg produced plasma and tissue distribution
profiles described by a first-order two-compartment
model with first-order absorption and elimination, fol-
lowing a short lag time (Fig. 1). Compared to G3139
given i.v., low plasma concentrations of G3139 were
attained shortly after i.p. dosing (2.6 pg/ml at 0.08 h), as
G3139 plasma levels were dependent upon the absorp-
tion of G3139 from the peritoneal cavity. Accumulation
of G3139 in plasma after i.p. injection occurred with a
relatively short absorption half-life (K01 half-life) of
0.03 h, a distribution half life of 0.2 h and an elimina-
tion half-life of 8.9 h. The Cmax was 8.6 ug/ml with a
time to Cmax (Tmax) of approximately 0.2 h. The
plasma AUC following i.p administration was slightly
lower than that following i.v. administration (13.3 vs
15.9 pg-h/ml, P<0.05) indicating a bioavailability of
84%.

After absorption, the distribution and elimination
kinetics of G3139 administered i.p. were also different
from those after i.v. administration, with t;a and t;,f8
of 0.2 and 8.9 h, respectively, possibly because of a
continuous influx of G3139 from the i.p. depot. Distri-
bution constants were strikingly different, and clearance
was 3.3-fold lower after i.p. than after i.v. administration
(3.2 vs 10.52 ml/h, Table 1). The organ distribution of
G3139 was markedly different following i.v. and i.p.
administration, except for the liver (Fig. 1). In all cases,
G3139 distribution into organs following i.v. adminis-
tration showed a sharp concentration spike, and in all
cases was two- to tenfold higher than following i.p.
administration.

PK properties of G3139 administered i.p.
in multiple dosage regimens

Daily i.p. injections of G3139 have been shown to
produce steady-state plasma levels after approximately
72 h [9]. To understand the PK properties of G3139
after repeated administration in the preclinical tumor
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Table 1 Summary of selected pharmacokinetic (PK) parameters of
G3139 and doxorubicin (DOX) in plasma after the indicated
treatments. RAG2 mice bearing MDA435/LCC6 tumors were
treated with a single i.v. or i.p. dose of 5 mg/kg of G3139 on day 17
after tumor implantation (0.1 g tumor weight). Mice were killed at
selected times after [H]G3139 treatment and the amount of
[*H]G3139 in plasma determined using scintillation counting (see
Methods). Data are means (»=3 mice per time-point, 18 mice per

Time (hours)

treatment group). DOX was determined in plasma samples by
HPLC. PK parameters were estimated using WinNonLin using
a two-compartment model with first-order input and elimination
(Cmax maximum concentration in plasma; AUC._, area under the
concentration-time curve; } volume of distribution; K0/, K10, K12,
K21 absorption and distribution rate constants between compart-
ments 1 and 2; ¢;/,x distribution half life; ,/>f elimination half life;
CL plasma clearance)

Drug Route/ Cmax  AUCy, V (ml) KOl e tpf KO KIO K12 K2l CL
treatment (ug/ml)  (ugh/ml) half-life (h) (h) (h) GhH ®hH @hH  @hH  (mlh)

G3139  iwv. 99.9+0.5 15.9+0.6 3.6 - 0.03 9.8 - 10.51  10.06 3.80  10.52
i.p. 8.6+0.8 13.3+£1.1 88  0.03 0.20 8.9 246 034 243 0.74 3.2
i.p. (after three 69+19 174+22 71  0.17 0.21 3.5 41 0.63 1.83 1.03 4.4
prior i.p. doses)*
i.p. (after three 11.2+1.4 19720 77 0.04 078  209.7 19.7 0.05 0.78 0.06 0.4
prior 1pb doses +

DOX)

DOX  iv. 0.6+0.05 3.0£0.4 667 - 0.23 50.5 - 0.06 224 0.74 9.3

i.v. (after three 0.4+0.03 3.2+£0.3 592 - 0.30 374 - 0.04 1.24  1.04 11.1

prior i.p. G3139 doses)®

“Mice were given 5 mg/kg of G3139 on days 17-19 and the G3139 PK determined on day 20
*Mice were given 5 mg/kg of G3139 on days 17-19 and the G3139 PK determined on day 20 in the presence of DOX (5 mg/kg given i.v.

1 h prior to G3139)

“Mice were given 5 mg/kg of G3139 on days 17-19 and the DOX PK determined on day 20



model investigated here, we injected the tumor-bearing
mice with [*H]G3139 i.p. after three daily doses of
unlabeled G3139 at 5 mg/kg. Differences in the plasma
PK parameters were observed between a single i.p. dose
and an i.p. dose given after three prior doses (Fig. 2).
Interestingly, the circulating G3139 levels from three
prior doses had a dramatic effect on the absorption
rate of G3139 from the i.p. cavity: there was a sixfold
increase in the absorption half-life to 0.17 h, equivalent
to a decrease in KOl to 4.1 h™'. The mean Cmax at-
tained was slightly lower but not significantly different
(6.9 pg/ml for multiple doses vs 8.6 pg/ml for a single
dose, P>0.05) with a delay in Tmax from 0.2 to 0.4 h.
Also, the AUC was marginally elevated (17.4 pg-h/ml
after multiple doses vs 13.3 pg-h/ml after a single dose,
P <0.05) possibly as a result of a smaller volume of
distribution, consistent with close to equilibrium levels
of G3139 in plasma and tissue compartments (lower
K12, K12=K21; Table 1). Furthermore, tissue distri-
bution profiles of G3139 appeared to reach near
saturation in various organs, reflected by slower
absorption, distribution and elimination profiles of the
drug (Fig. 2).

Fig. 2A-F Distribution profile
of G3139 in plasma and various
organs in MDA435/LCC6
tumor-bearing SCID-RAG2
mice after multiple treatments
with G3139. Mice with tumors
(0.1-0.15 g, day 17) were either
injected with a single i.p. dose
of PH]G3139 (5 mg/kg) (open
triangles) or given three doses of
G3139 (5 mg/kg) on days 17-19
prior to determination of

A

100 .

104

ug Bel-2 AS ODN/mi plasma
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In vivo stability and protein binding of G3139

To ensure that the PK properties of G3139 were those of
the intact molecule and not those of degraded and/or
dissociated [3H]G3139 label, we confirmed the molecular
weight identity of the ODN using SDS-PAGE. SCID
mice were injected with [PH]G3139, and at various times
after injection of G3139, plasma was collected and ex-
tracted for analysis of G3139. The [*H] recovery from the
G3139 extracted from plasma was >90% and the levels
of dissociated label in [PH]G3139 was low (5%). After
[*H]G3139 was injected into mice, the percentage de-
graded was low over the time-course studied, ranging
from 12% to 17% over the first 30 min after injection
and decreasing to 5% after 4 h. These values were de-
termined from radioactivity counts of SDS-PAGE bands
of molecular weight <5 kDa (Fig. 3). At 4 h, the low
levels of fragmented ODN may have been due to disso-
ciation of [*H] and/or distribution from the circulation.

In addition, whole plasma samples were analyzed for
G3139-protein association. At 5 min after i.v. injection,
the majority of plasma G3139 appeared in the free form
(i.e., 65% not protein bound; Fig. 3). Furthermore, the

100
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0.1

[*H]G3139 PK (closed trian- 3
gles). Levels of G3139 in plasma
(A), liver (B), spleen (C), lung
(D), heart (E), and kidney (F)
were determined at the indicat-
ed times usingg scintillation
counting for ["H] (see Materials
and methods). Data are
expressed as means=SD (n=3
mice per time-point)
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association of G3139 with plasma proteins increased as
a function of time (22% at 5 min to 50% at 4 h; Fig. 3),
also seen as a reduction in the levels of free G3139 in
plasma. The protein-associated forms of G3139 inter-
acted with 20-50 kDa and >160 kDa proteins (Fig. 3),
which may have been responsible for the slow elimina-
tion of G3139 from plasma.

Effect of coadministered DOX on the PK of G3139

When DOX was coadministered i.v. with i.p. G3139,
subtle changes in the plasma PK of G3139 were ob-
served (Table 1). An elevated G3139 Cmax was ob-
tained in the presence of DOX (11.2 pg/ml compared to
6.9 pg/ml without DOX, P <0.05). The absorption rate
of G3139 from the i.p. cavity into plasma was enhanced
fourfold in the presence of DOX with an increase in the
KOI rate constant to 19.7 h™' from 4.1 h™" in the absence
of DOX. In the presence of DOX, the volume of dis-
tribution increased to 7.7 ml (compared to 7.1 ml
without DOX). Although the presence of DOX had a
substantial effect on the t; 50 (0.8 h vs 0.2 h, G3139 with
and without DOX, respectively), the mean AUCs were
not significantly different (19.7 pg-h/ml in the presence
of DOX vs 17.4 pg-h/ml without DOX; P> 0.05). There
were no substantial differences in the organ distribution
of G3139 in the presence and absence of DOX (Fig. 4),
although the splenic accumulation of G3139 in the
presence of DOX appeared to be enhanced 1.5-fold after
2 h (Fig. 40C).

100 =
80 + [ control
—~ & B AS, 5 min
# ] AS, 30 min
£ 70 B8 AS. 4 h
T 60
o - #
4
® 50 7
@ s
m a’i.:
= 404 HE
(m] T 5.':
O 304 25
EE
LR 0
20 z: %5
g 13 %
4 k4
10 H
;:; g
o4 o5 A = 7]
<5 5 20 30 50 100 =160
l| Molecular weight fraction (KDa)
F

Fig. 3 SDS-PAGE molecular weight analysis of G3139 in plasma
following i.v. injection of G3139 to SCID-RAG?2 mice. Mice were
injected with a single i.v. bolus of [*'H]G3139 (5 mg/kg) and plasma
samples were collected at 5 min, 30 min and 4 h after G3139
injection. Isolated ODNs (see Methods) and plasma were run on a
SDS-PAGE gel (12.5% and 20%). Intact ODN were those of
5 kDa molecular weight, fragmented ODN (F) were <5 kDa and
those associated with plasma components were >5 kDa

We also evaluated the plasma levels of DOX in the
presence and absence of G3139 to determine the rela-
tionship between G3139 PK and DOX PK (Fig. 5A,
Table 1). Plasma DOX concentrations were largely
unaltered in the presence of G3139 (Fig. SA) and only
subtle changes were observed in the descriptive
PK properties compared to those with DOX alone
(Table 1). The AUCs of DOX in the presence and
absence of G3139 were not significantly different
(3.2 pg'h/ml with G3139 treatment vs 3.0 pg-h/ml after
DOX alone, p>0.05). No metabolites of DOX (doxo-
rubicinol and aglycone) were identified up to 2 h after
injection. The levels of metabolites in plasma at 6 and
24 h were at low but non-quantifiable levels (<10 ng/
ml).

Tumor delivery of G3139

To evaluate the amount of G3139 reaching the tumor
site, the [°H] levels were determined as a function of time
after i.v. or i.p. injection (Fig. 6A). We modeled the
tumor data mathematically to a one-compartment
model, to evaluate the descriptive tumor PK parameters
and to elucidate the tumor microkinetics after various
treatments (Table 2). G3139 following i.v. administra-
tion rapidly accumulated at the tumor site (Tmax 0.2 h)
compared to accumulation following i.p. administration
(Tmax 0.8 h), and the rate of absorption following i.v.
administration (K01 56.9 h™') was approximately nine-
fold higher than following i.p. administration (KOl
6.7 h"). Despite the higher plasma Cmax attained
following i.v. than following i.p. administration (i.v.
99.9 ug/ml vs i.p. 8.6 ug/ml; Table 1), the peak tumor
levels of G3139 attained with the two routes of admin-
istration (Cmax i.v. 5.2 pg/g tumor vs i.p. 5.7 pg/g
tumor; P>0.05) and the corresponding AUCs (i.v.
25.2 ugh/g vs i.p. 22.6 pg-h/g; P>0.05) were similar
(Table 2). Unlike the muscle levels of G3139 (Fig. 6A, a
vs b), the tumor G3139 uptake (tumor Cmax) appeared
to be independent of plasma G3139 levels (or bioavail-
able dose) suggesting that G3139 uptake may be
dependent upon certain inherent tumor pathology. In-
terestingly, G3139 demonstrated higher selectivity for
tumor than for muscle tissue (Fig. 6A vs B), corre-
sponding to a 2.5- to 3.8-fold higher tumor/muscle AUC
ratio (Table 2). The concentration of G3139 was sus-
tained at the tumor site for prolonged periods (Fig. 6A),
corresponding to a low elimination rate constant K10 of
0.06 h ' (Table 2).

Circulating levels of G3139 after three prior doses
produced subtle effects on the tumor absorption profile
of G3139. Administration of G3139 after three prior
doses led to a decrease in absorption rate constant K01
(1.0 h'™"), an increase in K01 half-life (0.7 h) and an in-
crease in Tmax (2.1 h) in tumor tissue compared to the
values following a single i.p. dose of G3139 (Fig. 6B;
Table 2). Despite the lower Cmax (4.9 ng/g tumor), the
mean AUC (23.2 pgh/g) was slightly higher, but this
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was not significantly different from the values obtained
with a single i.p. dose of G3139 (P>0.05; Table 2).
Also, no differences were seen in the tumor elimination
rate constants (K10 0.15 h™'), indicating that tumor re-
tention was independent of circulatory G3139 concen-
tration or prior G3139.

In the presence of DOX, relatively small differences
were observed in the tumor accumulation rate of G3139
(Fig. 6C; Table 2). Interestingly, lower levels of G3139
were observed in tumors in the presence of DOX,
corresponding to lower Cmax (3.7 pg/g tumor vs
4.9 pg/g tumor in the absence of DOX, P <0.05) and
AUC values (17.1 pugh/g tumor vs 23.2 ug-h/g tumor
without DOX, P<0.05). In parallel experiments, the
tumor DOX profiles were also examined to help eluci-
date the effect of G3139 on tumor DOX uptake
(Fig. 5B; Table 2). Tumor DOX levels were markedly
elevated in the presence of G3139 (Cmax 43.7 pg/g

Time (hours)

tumor) compared to the levels with DOX alone (Cmax
27.8 ug/g tumor, P<0.05; Fig. 5B). The corresponding
DOX AUCs were also significantly higher (696 and
480 pg'h/g tumor in the presence and absence of
G3139, respectively, P<0.01). The microkinetics of
tumor DOX in the presence of G3139 were also sub-
stantially different (Table 2). There appeared to be a net
transfer of DOX into tumors in the presence of G3139,
seen as a sevenfold higher K01 (35 h™') compared to the
transfer with DOX alone (KOl 5 h!). However, this
occurred with a twofold higher elimination rate con-
stant in the presence of G3139 (K10 0.04 vs 0.02 h'').
In addition, DOX metabolites were detected in tumors
at low but non-quantifiable levels beyond 2 h after
administration. Taken together, these results suggest
possible G3139-DOX interactions at the tumor site,
leading to preferential accumulation of DOX within
tumors.
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Fig. 5A, B Doxorubicin concentration-time profiles in plasma and
tumor in the presence and absence of G3139 in MDA435/LCC6
tumor-bearing SCID-RAG2 mice. Mice with tumors (0.1-0.15 g)
were injected with G3139 (5 mg/kg) daily on days 1-4. DOX was
administered at 5 mg/kg on day 4, either in the presence (closed
diamonds) or absence (open diamonds) of Bcl-2 AS G3139. Plasma
samples (A) and tumor samples (B) were taken at the indicated
times, and analyzed for DOX using HPLC. Data are expressed as
means +SD (n=3 mice per time-point)

Discussion

The regulation of apoptosis or programmed cell death is
under the control of several gene products and cross-talk
between various intracellular signaling pathways [11]. In
recent years, several attempts to achieve proapoptotic
stimulation in tumor cells have targeted a family of
proto-oncogenes, particularly Bcl-2 and homologues,
Bcl-XL, Mcl-1, which have been implicated in the inhi-
bition of apoptosis [24, 25, 26]. G3139, an AS phosp-
horothioate ODN to Bcl-2, has been shown to directly
induce apoptosis [11] and several studies have shown
that G3139 can act synergistically when combined with
chemotherapeutics [12, 13, 14, 15, 16, 17, 18]. Clinical
testing of G3139 has progressed to late phase II trials
[27, 28], and combinations with mitoxantrone, docet-
axel, Taxol, and dacarbazine are being explored [18, 29,
30, 31].

One issue regarding combining AS ODN therapy
with anticancer drugs for chemosensitization purposes
that has not been previously addressed is potential PK,
metabolic or tissue interactions between the ODN and
the coadministered chemotherapeutic agent. This be-
comes important when administering drugs with narrow
therapeutic indices, where alteration in plasma drug
levels could produce unwanted drug toxicities and po-
tentially compromise therapeutic activity. We undertook
such investigations in order to help differentiate the AS-
from the ODN-related PK effects in the therapeutic
activity of G3139. We first compared the PK of G3139
after i.v and i.p. administration since these are the
two routes of administration commonly utilized for
preclinical studies. Following i.v. injection of G3139 to
SCID mice, we observed a biexponential plasma
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concentration-time curve with a short « half-life of
0.03 h and a longer f§ half-life of 9.8 h. The rapid ex-
cretion and distribution of G3139 in vivo leads to low
AUCs necessitating repeated drug dosage regimens to
maintain steady-state G3139 levels in plasma.

By comparison, i.p. G3139 injection produced a
prolonged plasma terminal elimination half life of 8.9 h
consistent with other PK studies using phosphorothioate
ODNs [23, 32, 33]. The relative bioavailability of i.p.
G3139 administration was 84% compared to i.v. G3139,
reflecting the lack of significant adsorption constraints
with the i.p. route. Peak concentrations of G3139 in
organs after i.v. injection were markedly higher com-
pared to after i.p. administration (particularly, spleen,
lung, heart and kidneys) indicating the potential for
toxicities that could occur with higher bolus doses. The
peak tumor levels and AUCs following administration
by the two routes (i.v. vs. i.p.) were very similar, which
confirms the selection of i.p. dosing for therapeutic
studies aimed at optimizing prolonged down-regulation
of Bcl-2 protein.

In our studies, investigation of the PK of G3139 was
followed by determination of the radioactive counts of
G3139 in plasma and biological tissues following ad-
ministration. It is important to note that degradation of
ODN mediated by nucleases in plasma and any dissoci-
ation of the radioactive label could have led to inaccu-
racy in the prediction of the G3139 PK properties, and
consequently, we confirmed the integrity of the G3139 in
plasma by evaluating the molecular weight identity of the
AS ODN. Our studies revealed that G3139 remains
largely intact, with <17% of the label degraded in
plasma after 30 min, confirming the resistance of
phosphorothioate ODNSs to nuclease digestion [9, 23, 32,
33]. The levels of degraded label after 4 h appeared to be
slightly lower (5%) possibly because of time-dependent
fragmentation of G3139 to smaller metabolites with
subsequent dissociation of [*H]. In view of these results,
it appears that the use of radiolabeled G3139 provided
plasma PK parameters representative of intact G3139.
We cannot definitely confirm that similar relationships
hold for tissue-associated G3139 due to the potential for
degradation during homogenization and extraction. It
may be reasonable to predict that G3139 radioactivity
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levels in tissues with relatively low metabolic activity (e.g.
muscle and tumor) are primarily intact G3139. There-
fore, we believe that [PH]G3139 can be used to identify
important PK parameters for comparisons between dif-
ferent dosing regimens and combination treatments.
Since ODNSs often need to be administered chroni-
cally to attain persistent modulation of target gene ex-
pression, we examined the PK effects of G3139 after
repeated administration. Substantial changes were ob-
served in the absorption and distribution rates of G3139
in vivo resulting from the presence of close to equilib-
rium levels in tissue compartments. Multiple treatments
with G3139 were able to produce elevated and pro-
longed G3139 levels in tissues, increasing exposure of
tumor cells to G3139. Extrapolation of these results to
drug efficacy studies in MDA435/LCC6 tumors with
such regimens of Bcl-2 AS ODNSs in preclinical thera-
peutic models has indicated that sustained Bcl-2 levels

in tumors correlate with downregulation of Bcl-2 protein
and a reduction in tumor growth [16].

Combining DOX with G3139 produced subtle
changes in the plasma G3139 PKs. Elevated plasma
Cmax, AUC, and volume of distribution values of
G3139 in the presence of DOX were possibly a result of
G3139-DOX interactions in plasma. In parallel experi-
ments, we also examined the effect of coadministered
G3139 on DOX PKs. Interestingly, the plasma DOX
PKs were relatively unaltered in the presence of G3139
in plasma. Changes in plasma G3139 PKs, but no sub-
stantial changes in the organ distribution of G3139, were
observed in the presence of DOX. This could have been
a result of direct G3139-DOX interactions in plasma in
either free or protein-bound form, which may affect the
excretory pathway of G3139. Further studies focusing
specifically on metabolism and excretion properties of
G3139 are required to fully elucidate these interactions.
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Table 2 Summary of selected pharmacokinetic parameters of
G3139 in tumor after the indicated treatments. RAG2 mice bearing
MDAA435/LCC6 tumors were treated with a single i.v. or i.p. dose
of 5 mg/kg of G3139 on day 17 after tumor implantation when
tumors weighed approximately 0.1 g. Mice were killed at selected
times after [PH]G3139 treatment and the amount of [PH]G3139 in
plasma determined using scintillation counting and DOX deter-
mined using a HPLC assay (see methods). Data are means (n=3

mice per time-point, 18 mice per treatment group). PK parameters
were estimated using WinNonLin using a one-compartment model
with first order input and elimination (Cmax maximum concen-
tration in tumor; Tmax time to Cmax; AUC,., area under the
concentration-time curve; V¢ tumor volume of distribution; K01,
K10 absorption and elimination rate constants; K01 half life, K10
half life absorption and elimination half lives)

Drug Route/ Cmax Tmax AUCy, Vt (ml) KO1 K10 KOl K10 Tumor/muscle
treatment (ng/g tumor) (h) (ug'h/ml) half-life (h) half-life (h) (b)) (b)) AUCO-t
G3139  iv. 5.24+0.8 0.2 252+2.6 19.2 0.01 12.22 56.9 0.06 2.5
.p. 5.7+£1.0 0.8 22.6+2.3 16.3 0.10 5.07 6.7 0.14 3.8
i.p. (after three prior 49+£0.7 2.1 232+3.0 149 0.67 4.72 1.03  0.15 4.9
i.p. doses)*
1.p. (after three prior 3.7+£0.8 1.9 17.1+£19 19.7 0.56 4.21 1.24 0.16 54
i.p. doses + DOX)®
DOX iLv. 27.8+3.8 1.0 480.9+32.0 3.5 0.13 25.40 536 0.02 -
i.v. (after three 43.7+6.2 0.2 696.1 £63.5 2.3 0.02 15.87 35.37  0.04 -

prior i.p. G3139 doses)”

“Mice were given 5 mg/kg of G3139 on days 17-19 and the G3139 PK determined on day 20
®Mice were given 5 mg/kg of G3139 on days 17-19 and the G3139 PK determined on day 20 in the presence of DOX (5 mg/kg given i.v.

1 h prior to G3139)

“Mice were given 5 mg/kg of G3139 on days 17-19 and the DOX PK determined on day 20

To date there have been no published reports on the
kinetics of ODN transport into tumors in vivo. We
observed a selective delivery of G3139 to tumor com-
pared to muscle. We also demonstrated that high tumor
levels of G3139 of approximately 46 pg/g tumor could
be attained with i.p. administration, corresponding to
approximately 3% of the injected dose. The mechanisms
of ODN delivery to tumor cells remains largely un-
known, although it has been speculated that protein-
mediated transport may be involved. G3139 appears to
interact with two specific molecular weight protein
groups, i.e., 15-40 kDa and > 160 kDa. The fact that a
large fraction of the G3139 remained largely intact and
in the free form indicates that free ODN passively ac-
cumulates in tumors. Our results indicate that a part of
the G3139 remained protein bound, and the observed
concentrations of G3139 in plasma may have been due
to the circulating levels of the protein-bound form,
possibly due to the high-affinity interactions of phosp-
horothioate ODNs with lipoproteins, heparin-binding
proteins, albumin and/or «2 macroglobulins [34, 35, 36].
The exact mechanism of tumor AS ODN uptake and
whether this occurs via the free or protein-associated
form is still unclear. The fact that downregulation of the
target protein can be achieved in vivo in this tumor
model indicates that AS ODNs are released into the
cytoplasm either via direct membrane-receptor traffick-
ing or via the endosomal/lysosomal apparatus to allow
hybridization with the target Bcl-2 mRNA [16]. Based
on our tumor uptake of 5 pg/g tumor weight, we esti-
mated the G3139 uptake to be 400,000 molecules
available/tumor cell (from a G3139 molecular weight of
5685 g/mole, and assuming a homogeneous population
of 10” tumor cells/g tumor).

In tumor tissue, in the presence of coadministered
DOX, very subtle changes were observed in the G3139

accumulation rate, corresponding to a slightly lower
Cmax and AUC of G3139. More striking, however, was
our observation that tumor exposure to DOX was in-
creased by the presence of coadministered G3139 and
that this was achieved in the absence of plasma DOX
PK alterations. The PK interactions between G3139 and
DOX appear to favor selective delivery to tumor tissue.
The plasma exposure to DOX in mice treated with
G3139 was minimally reduced compared to no G3139
treatment whereas tumor exposure to DOX was in-
creased two- to threefold. The reasons for these changes
are not fully understood, but could be related to en-
hanced drug permeability of tumor tissue treated with
G3139. The increased tumor uptake of DOX-G3139
complexes from the circulation and increased binding of
DOX to tumor cells could arise from altered perme-
ability of these complexes at the tumor site. We have
shown that treatment of MDA435/LCC6 tumors with
G3139 results in significant apoptosis [16]. Alternatively,
due to the high DNA binding capacity of DOX, this
could permit elevated drug levels at the tumor site due to
DOX intercalation with exposed DNA in tumor cells
undergoing apoptosis. The presence of DOX at the tu-
mor site may depend upon the dissociation of the DOX-
ODN complex, release of DOX from cellular DNA, or
removal by macrophages that are involved in engulf-
ment of cells undergoing apoptosis (in this case with
G3139 and DOX).

In summary, we showed that analysis of radiolabeled
G3139 PK parameters provides useful information that
could help establish optimized treatment regimens and
correlate the PK information with tumor delivery and
therapeutic activity in preclinical tumor models. As
such pharmacodynamic relationships are established, we
could then predict the potential impact of specific
treatment combinations on antitumor activity. In the



case of DOX, such interactions appear favorable in that
elevated tumor drug levels were achieved without com-
promising G3139 tumor uptake. This type of informa-
tion may be very useful when designing treatment
protocols combining ODNs and other anticancer drugs.
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