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Abstract: We report a combined chemoimmunotherapy vehicle consisting of plasmid loaded
with doxorubicin and evaluate its efficacy in two different tumor models. A stable complex was
formed with a 1300:1 ratio of doxorubicin bound to native plasmid via intercalation. Pharma-
cokinetics of the complex showed much slower clearance from plasma up to 3 h compared to
10 min for free doxorubicin. In mice bearing NCI-H358 xenografts, lower doses of complex
(doxorubicin 0.5 mg/kg, plasmid 4 mg/kg) effectively reduced tumor growth compared to high
doses (5 mg/kg) of free doxorubicin (68% versus 77%). Similar results were observed in mice
bearing 4T1 murine allografts; the complex (doxorubicin 2 mg/kg, plasmid 8 mg/kg) was effective
and caused similar reduction of tumor compared to free doxorubicin (4 mg/kg) (47% versus
46%). The complex showed no signs of severe systemic toxicity or cardiotoxicity compared to
the free doxorubicin in mice as indicated by body weights and heart tissue histology. Elevated
levels of cytokines (IL-12, IL-6, and IFN-y) were observed in serum as well as in tumor tissue
after intravenous injection of complex when compared to plasmid or doxorubicin alone. This
approach simultaneously delivers both chemotherapeutic and immunotherapeutic agents without
time delay, improves pharmacokinetics of the free drug, lowers drug toxicity, upregulates a variety
of cytokines, and is effective against different tumors.
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Introduction patients.” The immune stimulating component responsible
was discovered to be “unmethylated CpG motifs” in bacterial
DNA.** With the discovery of toll-like receptors (TLRs) that
detect highly conserved pathogen-expressed molecules, tumor
immunology for cancer treatment has recently seen the
development of various synthetic agonists for several TLRs.” ™’
For cancer treatment, unmethylated CpG dinucleotides

Antitumor therapy with bacteria and bacterial products
dates back to the 1890s with the first use of live cultures of
streptococci injected directly into tumor masses that was later
on modified and used as Coley’s toxin." This early method
of immunotherapy resulted in clinical efficacy in 10% of the
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recognized by TLR-9 has shown promise as it elicits the
most favored Th1 immune response.® '” Short oligonucle-
otides containing such CpG motifs are used as adjuvants or
in combination with cytotoxic chemotherapy, and their
antitumor effects are well documented in various experi-
mental animal models."'~%°
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Tumor progression proceeds via immune tolerance and
resistance mechanisms.?' > The nonspecific nature of
conventional chemotherapy giving rise to dose-related tox-
icities and the lack of success of immunotherapy alone
against tumor burden have paved the way for combination
chemoimmunotherapy.”*~%” The synergism of combination
therapy depends greatly on the right timing and administra-
tion schedules.?® In general, it is desirable to develop carriers
that incorporate and simultaneously deliver both immune-
stimulating and cytotoxic chemotherapeutic agents and that
are active against various tumors with the ability to generate
a variety of cytokines rather than a single cytokine-based
therapy. To this end, here we report a combined chemoim-
munotherapy using a plasmid—doxorubicin complex. Al-
though it is reported that doxorubicin complexed to salmon
sperm DNA is less toxic than the free drug and is effective
against leukemia,?® there was no consideration in terms of
immune modulation at that time presumably due to lack of
immune stimulation by the DNA carrier.>* Both the plasmid
with unmethylated CpG motifs as a TLRY agonist and
doxorubicin as a TLR4 agonist are the subjects of this study.
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Recently, Zitvogel and colleagues reported that chemotherapy
can enhance antitumor immune response; specifically, the
anthracycline class of compounds can cause immunogenic
cell death through the release of HMGB1 protein that can
bind to TLR4 receptor on dendritic cells (DCs), leading to
efficient DC-mediated antigen cross-presentation to T cells.?!
The plasmid—doxorubicin complex has several favorable
characteristics for combined chemoimmunotherapy. First,
plasmid containing unmethylated CpG is known for its
antitumor activity and compared to CpG oligo itself; plasmid
has an abundance of such sequences. Second, a plasmid can
carry a number of doxorubicin drugs by intercalation®*>?
and can improve pharmacokinetics of the drug by increasing
blood circulation. Third, such intercalation (complexation)
can protect the plasmid against nucleases. Lastly, doxorubicin
by itself is known to enhance or modulate the immune
system.>'** We show that combination therapy using the
plasmid—doxorubicin complex delivers chemotherapeutic
agents simultaneously with immunotherapeutics and is more
effective and safer compared to cytotoxic chemotherapy
alone.

Materials and Methods

Chemicals. Doxorubicin and commercial doxorubicin
formula (K.U. doxorubicin HCI for injection; doxorubicin)
were purchased from Boryung Pharmaceutical (Seoul, Korea)
and Korea United Pharm (K.U. Seoul, Korea), respectively.

Mice. Athymic BALB/c female nude or BALB/c mice
were obtained from Orient Bio (Seoul, Korea) and were
housed under pathogen-free conditions. Animal care was
provided in accordance with the guidelines of the animal
care facility at Gwangju Institute of Science and Technology.

Preparation of Plasmid DNA. A 4.7-kbp pEGFP PC-1
vector DNA (Clontech, Palo Alto, CA) was amplified in the
Escherichia coli strain DH50. and purified using the endofree
plasmid giga prep kit (Qiagen, Valencia, CA). Endotoxin
levels in the plasmid were below 0.01 EU/ug as determined
by the QCL-1000 LAL assay (Cambrex, Walkersville, MD).

Complex Formation. A physical complex between the
native plasmid and doxorubicin was generated as described

(31) Zitvogel, L.; Apetoh, L.; Ghiringhelli, F.; Kroemer, G. Im-
munological aspects of cancer chemotherapy. Nat. Rev. Immunol.
2008, 8 (1), 59-73.
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Delivery Platform. Angew. Chem., Int. Ed. 2006, 45 (48), 8149—
8152.

(33) Bagalkot, V.; Zhang, L.; Levy-Nissenbaum, E.; Jon, S.; Kantoff,
P. W.; Langer, R.; Farokhzad, O. C. Quantum dot-aptamer
conjugates for synchronous cancer imaging, therapy, and sensing
of drug delivery based on bi-fluorescence resonance energy
transfer. Nano Lett. 2007, 7 (10), 3065-70.

(34) Machiels, J. P.; Reilly, R. T.; Emens, L. A.; Ercolini, A. M.; Lei,
R. Y.; Weintraub, D.; Okoye, F. L.; Jaffee, E. M. Cyclophospha-
mide, doxorubicin, and paclitaxel enhance the antitumor immune
response of granulocyte/macrophage-colony stimulating factor-
secreting whole-cell vaccines in HER-2/neu tolerized mice. Cancer
Res. 2001, 61 (9), 3689-97.

previously.*? Briefly, increasing picomoles of plasmid were
added in a stepwise fashion to a fixed concentration of
doxorubicin (3 #uM) in PBS buffer and the fluorescence of
doxorubicin was then measured by spectroflourophotometer
RFPC-100 (Schimadzu, Kyoto, Japan). For in vivo injections,
the complex was prepared before injection by mixing plasmid
(2—3 ug/ul) with doxorubicin (1—1.5 ug/uL) in sterile 5%
glucose solution. Based on fluorescence quenching, the
doxorubicin-to-plasmid ratio was 1300:1.

In Vitro Release of Doxorubicin from the Complex.
Doxorubicin (125 u#g/100 L) and complex (plasmid 500
ug, doxorubicin 125 ug/100 uL) in sterile 5% glucose were
dispensed in 8K membrane dialysis bags (Spectra Por
Biotech catalog no. E-02899-32, Cole-Parmer, IL) and
dialyzed by placing the bags in conical falcon tubes contain-
ing 20 mL of sterile PBS (n = 2). Release studies were done
in a shaking water bath (40 rpm) maintained at 37 °C. At
selected time intervals 2 mL of PBS solution outside the
dialysis bags was withdrawn for analysis and replaced with
2 mL of fresh sterile PBS solution. Doxorubicin concentra-
tion was calculated by measuring the fluorescence intensity
on Spectra Maxplus (Molecular Devices, Sunnyvale, CA)
at excitation 480 nm, emission 555 nm, cutoff 530 nm.
Doxorubicin in PBS served as standard in the linear range
of 5to 0.1 ug/mL.

In Vitro Serum Stability of Complex. The serum stability
assay was performed by incubating 20 ug of plasmid and
complex (plasmid 20 ug, doxorubicin 5 ug) in TE buffer
with 600 uL of freshly prepared serum and placed at 37 °C
shaking water bath. Mouse serum was freshly prepared as
follows: 300 uL of blood was collected by retro-orbital
bleeding and incubated at 4 °C for 2 to 3 h to allow clotting
and then centrifuged (6000g, 10 min, 4 °C); approximately
80—150 uL of serum could be obtained per mouse. All
procedures were performed as previously described.®

Pharmacokinetics. Female BALB/c mice received a
single intravenous injection in 5% sterile glucose containing
doxorubicin 5 mg/kg or complex (doxorubicin 5 mg/kg,
plasmid 20 mg/kg). At given time intervals, 300 4L of blood
was collected by retro-orbital puncture and mixed with 3.8%
sodium citrate (50 uL). Plasma (100 uL) was obtained by
centrifuging the samples at 5000g for 10 min and was treated
with 2 uL. of DNase I (Turbo DNase, Sigma, St. Louis, MO)
at 37 °C for 30 min to obtain and ensure a free unbound
form of doxorubicin. The amount of doxorubicin in plasma
was analyzed by directly measuring the fluorescence of
doxorubicin (excitation 480 nm, emission 520—640 nm, 5
mm slit) on a Shimadzu RF-PC100 spectroflourophotometer.

Xenograft/Allograft Tumor Experiments. A human non-
small-cell lung cancer xenograft model was established in
7-week-old BALB/c athymic mice by subcutaneous injection
of 2 x 107 NCI-H358 cells, purchased from Korea Cell Line
Bank (KCLB, Seoul, Korea).When tumors reached at least

(35) Houk, B. E.; Hochhaus, G.; Hughes, J. A. Kinetic modeling of
plasmid DNA degradation in rat plasma. AAPS PharmSci 1999,
1 (3), E9.
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90 to 110 mm?®, the mice were randomly divided into
experimental groups (8 mice/group). A suspension of 4T1
murine breast cancer cells (1 x 10°cells/mouse), purchased
from American Type Culture Collection (ATCC, Manassas,
VA), was injected subcutaneously to the dorsal flank of
BALB/c female mice (8-week-old) on day 0 and randomly
divided according to the experimental groups (10 mice/
group).

In Vivo Dosage and Tumor Measurements. Untreated
control groups received sterile 5% glucose solution only. In
the case of xenografts, mice received seven intravenous
injections every third day with (100 uL) of either plasmid 4
mg/kg or complex (doxorubicin 0.5 mg/kg, plasmid 4 mg/
kg) in sterile 5% glucose and five intravenous injections of
doxorubicin 5 mg/kg. For allograft experiments mice re-
ceived six alternate-day intravenous injections (100 uL) of
either doxorubicin 2 mg/kg, or plasmid 8 mg/kg, or complex
(doxorubicin 2 mg/kg, plasmid 8 mg/kg) and four alternate-
day injections of 4 mg/kg doxorubicin. At given time
intervals mice were weighed and implanted and tumor size
was measured with Vernier calipers. Tumor volume was
calculated as tumor volume = length x width x height x
0.5236.%°

Measurement of Serum or Tumor Cytokine Levels.
Normal 7-week-old female BALB/c mice or 4T1 tumor
bearing BALB/c mice received a single intravenous injection
of doxorubicin 2 mg/kg, plasmid 8 mg/kg, or complex
(doxorubicin 2 mg/kg, plasmid 8 mg/kg) in 100 uL of 5%
glucose. For serum cytokine ELISA, at given time intervals
300 uL of blood was collected by retro-orbital bleeding and
incubated at 4 °C for 2 to 3 h to allow clotting and then
centrifuged (6000g, 10 min, 4 °C) to obtain serum. For tumor
cytokine assay, the experimental groups of BALB/c mice
bearing 4T1 tumors were sacrificed at given time points and
tumor tissue were isolated. Isolated tumor tissues were snap-
frozen in liquid nitrogen and stored at —70 °C before
homogenization. The tumor tissues were homogenized with
the use of a high-speed homogenizer (T-25-Ultra-Turrax;
Janke & Kunkel GmbH & Co.) and then centrifuged
(14000g, 20 min, 4 °C) to get the supernatants of the tumor
extracts. We assayed the collected sera or the supernatants
for IL-6, IL-12, and IFN-y expression levels with an ELISA
kit (Quantikine, R&D Systems, Minneapolis, MN), using a
microplate reader to detect the color changes (Molecular
Devices, Menlo Park, CA).

Histopathology. Studies were done in 6-week-old female
BALB/c mice that received six alternate-day intravenous
injections of doxorubicin 2 mg/kg or 4 mg/kg or complex
(doxorubicin 2 mg/kg, plasmid 8 mg/kg) in 100 uL of 5%
sterile glucose solution. On day 13 after drug treatment, mice
were humanely killed by cervical vertebra dislocation and
heart tissues were harvested, and were fixed in 10% neutral
buffered formalin, embedded in paraffin, sectioned at 5 um

(36) Mathew, A. E.; Mejillano, M. R.; Nath, J. P.; Himes, R. H.; Stella,
V. J. Synthesis and evaluation of some water-soluble prodrugs
and derivatives of taxol with antitumor activity. J. Med. Chem.
1992, 35 (1), 145-51.
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thickness and then, stained with hematoxylin and eosin.
Histopathologic specimens were examined by light microscopy.

Statistical Analysis. Data are shown as the means £ SE.
Statistical significance was determined by ANOVA using
SigmaStat 3.0 (Jandel Scientific, San Rafael, CA). P < 0.001
was considered to be statistically significant for differences
between experimental groups.

Results

Complex Formation, in Vitro Drug Release, Serum
Stability, and in Vivo Pharmacokinetics. The combined
chemoimmunotherapy vehicle was formulated by complex
formation between plasmid and doxorubicin (Figure 1) and
monitored by fluorescence spectroscopy as previously re-
ported in our studies with aptamer—Dox complex.**** The
native fluorescence spectrum of doxorubicin (3 nmol) was
totally quenched at 2.28 pmol of plasmid, with a binding
ratio of doxorubicin to plasmid of 1300:1; there was no
aggregate formation (Figure 2A). Dox is known to prefer-
entially bind to 5-GC-3’ or 5’-CG-3’ sequences.’’*® Since
nearly 1300 Dox molecules bind per plasmid DNA, we
speculate that one Dox molecule could occupy 3—4 base
pairs of DNA. In vitro drug release studies conducted at 37
°C in sterile PBS buffer confirmed that doxorubicin was
stably complexed to plasmid and was slowly released (46
=+ 0.5%), extending up to 96 h, compared to free doxorubicin
(67 £ 15%), which was released rapidly within 6 h (Figure
2B). We next evaluated the stability of drug carrier (plasmid)
before or after complexation by an in vitro serum stability
test. At initial time points of 0.5 and 1 h, the complex retained
both the DNA bands (open circular, supercoiled), while
native plasmid showed only one DNA band (open circular
form). The complex was stable at least up to 6 h, while native
plasmid showed complete degradation at the time (Figure
2C). These results confirm that doxorubicin complexation
can partially protect the native plasmid against serum
nuclease degradation. Furthermore, we found that the phar-
macokinetics of the complex was remarkably changed when
intravenously administered (doxorubicin 5 mg/kg, plasmid
20 mg/kg). Doxorubicin levels in serum were much higher
and decreased slowly up to 3 h as compared to doxorubicin
alone (5 mg/kg), which was cleared within 1 h (0.059 +
0.0075 pg/mL vs 0.018 £ 0.0058 ug/mL; Figure 2D). The
area under curve for doxorubicin (5 mg/kg) was 10.41
ug-min/mL and 186.43 ug-min/mL for complex (doxoru-
bicin 5 mg/kg, plasmid 20 mg/kg) respectively. The pro-
longed plasma retention of the complex indicates its intact
nature and relative resistance to enzymatic degradation.

(37) Chaires, J. B.; Herrera, J. E.; Waring, M. J. Preferential binding
of daunomycin to 5’ATCG and 5’ATGC sequences revealed by
footprinting titration experiments. Biochemistry 1990, 29 (26),
6145-53.

(38) Frederick, C. A.; Williams, L. D.; Ughetto, G.; van der Marel,
G. A.; van Boom, J. H.; Rich, A.; Wang, A. H. Structural
comparison of anticancer drug-DNA complexes: adriamycin and
daunomycin. Biochemistry 1990, 29 (10), 2538-49.



Arming a Plasmid with Anticancer Drugs brief articles

Ase 1

SnaB 1
al 1
ApaL ‘N/Ecoﬂ 1
Nhel
ouc  TCMVIE £ Jgel

ori

HSV TK EGFP

Eco0109 I
PVA L 4731bp
pEGFP-C1 - O  OH
i e 2_oH
+ ‘OH

fI oH

) ori NMiul v 3
SV40 ori P o
’ sv4((’)c OCHso  OH OQOH
Dra 1l
Stu 1 NH;
Plasmid DNA as Immune stimulator Doxorubicin chemotherapeutic agent

and drug carrier

Chemo-immunotherapy

Plasmid-Doxorubicin complex \

Figure 1. Graphic representation of plasmid—doxorubicin complex as a vehicle for chemoimmunotherapy-based
cancer treatment.

A)
600
Free dox Complex
E)
3500 1
=
@ 400 1
L
=
"o 300 1
Q
=
3200
w
2
3100 4
[
0 T T T T T + Q T T y T v
520 540 560 580 600 620 640 0 20 40 . 60 80 100
Wavelength (nm) Time (hours)
c) D)
1kbp Control 30 min 1hr 3hr 6 hr 5
ager P C_P C P C P C P C 25 | £ s
=——— P 5 giig
20 E ':’g —e— free dox (5 mgfkg)
— = g 1.0
2 E 5 05
g 45 | S 00 — —
E:L 8 0 10 20 30 40 50 60 70
; 8 ; Time (minutes)
§ g 10 -0~ Complex (Dox 5 maikg. plasmid DNA 20 mgikg)
T
xa
ac 651
0 - * gy, P - 0_

0 50 100 150

Time (minutes)
Figure 2. (A) Fluorescence spectra of doxorubicin (3 nmol) with increasing picomoles of plasmid (from top to bottom:
0, 0.57, 1.14, 1.71, and 2.28.); the inset shows flourescence quenching of plasmid—doxorubicin complex after
excitation with a hand-held filtered UV lamp (VL-6LC, Vilber Laurmat, France). (B) Time-dependent in vitro release
profile of free doxorubicin 125 ug (®; n = 2) and complex (plasmid 500 ug, doxorubicin 125 ug [O; n = 2]). (C) Serum
stability of plasmid 20 ug and complex (plasmid 20 «g and doxorubicin 5 ug), incubated with mouse serum at 37 °C
and analyzed at various time points by gel electrophoresis as described in Materials and Methods, P represents
plasmid and C for complex. (D) Doxorubicin concentration—time profile in plasma of intravenously injected free
doxorubicin 5 mg/kg (®; n = 3) and complex (plasmid 20 mg/kg, doxorubicin 5 mg/kg [O; n = 3]) in female BALB/c
mice.
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Figure 3. Tumor xenograft and allograft treatments and body weight measurements in mice. (A) Mice bearing
NCI-H358 xenografts (8/group) were treated with seven intravenous injections every 3rd day of either plasmid 4 mg/
kg (O) or complex (plasmid 4 mg/kg, doxorubicin 0.5 mg/kg) (O) or doxorubicin 5 mg/kg (®) (received five injections)
in different groups as shown. Control animals were treated with 5% sterile glucose (gray boxes); arrows represent
injection schedule for complex (1) and doxorubicin 5 mg/kg (I) groups. Inhibition of tumor growth was significant with
complex (* indicates P < 0.001 versus untreated control or plasmid alone) without any loss of mice as compared to
free doxorubicin treatment that resulted in loss of 4 mice by day 26, and the remaining mice were sacrificed on day
27. (B) Mice (10/group) bearing 4T1 allografts were treated with six alternate-day intravenous injections of either
doxorubicin 2 mg/kg (®) or plasmid 8 mg/kg (O) or complex (plasmid 8 mg/kg, doxorubicin 2 mg/kg) (O) and control
(gray boxes), whereas the doxorubicin 4 mg/kg (a) group received four alternate day injections. Arrows represent
injection schedule for complex () and doxorubicin 4 mg/kg (/) groups. (C) Body weight change in mice over 45 days
after tumor inoculation treated with either doxorubicin 5 mg/kg or plasmid 4 mg/kg or complex (plasmid 4 mg/kg,
doxorubicin 0.5 mg/kg) and control. Mice treated with doxorubicin 5 mg/kg showed significant body weight loss
(* indicates P < 0.001 versus complex or plasmid), and all mice in the group were dead by day 27. (D) Body weight
change in mice over 29 days after tumor inoculation treated with either doxorubicin 2 mg/kg or 4 mg/kg or plasmid 8
mg/kg or complex (plasmid 8 mg/kg, doxorubicin 2 mg/kg) and control.

Combined Chemoimmunotherapy in Mice Bearing
NCI-H358 Xenograft Tumors. To test the efficacy of the
present combination therapy, we chose two different tumor
models for studying the effect of plasmid—Dox complex: a
xenograft (NCI-H358 non-small-cell lung cancer) tumor
model (immunocompromised) and 4T1 murine breast cancer
model (immunocompetent). Xenograft models are frequently
used to test the efficacy of TLR-9 agonists such as immu-
nomodulatory oligonucleotides, and they do possess normal
B cells, natural killer cells and macrophages to elicit immune
responses.’”® In the case of mice bearing NCI-H358
xenografts at the end of the treatment period by day 45,

animals that had received complex (doxorubicin 0.5 mg/kg,
plasmid 4 mg/kg) and doxorubicin (5 mg/kg) had tumor
volumes that were 68% and 77% smaller than the controls
(n = 8; mean tumor volume + SE: 144 + 32.86 mm?, 103
+ 10.21 mm? versus 453 £ 36.65 mm?; P < 0.001; Figure
3A). Animals that received plasmid alone (4 mg/kg) and 5%
sterile glucose-treated controls had similar tumor volumes
(453 & 36.65 mm® versus 486 & 127.96 mm?; Figure 3A).
The antitumoral effect from the plasmid (4 mg/kg) alone was
not observed. This could be attributed to result from lowered
stability of plasmid alone in blood serum as observed in the
pharmacokinetics of complex versus free Dox. Our results

(39) Wang, H.; Rayburn, E. R.; Wang, W.; Kandimalla, E. R.; Agrawal,
S.; Zhang, R. Immunomodulatory oligonucleotides as novel
therapy for breast cancer: pharmacokinetics, in vitro and in vivo
anticancer activity, and potentiation of antibody therapy. Mol.
Cancer Ther. 2006, 5 (8), 2106-14.
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(40) Wang, H.; Rayburn, E. R.; Wang, W.; Kandimalla, E. R.; Agrawal,
S.; Zhang, R. Chemotherapy and chemosensitization of non-small
cell lung cancer with a novel immunomodulatory oligonucleotide
targeting Toll-like receptor 9. Mol. Cancer Ther. 2006, 5 (6),
1585-92.
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Figure 4. Excised tumors from NCI-H358 xenograft tumor bearlng mice at 27th day that recelved seven |ntravenous
injections every 3rd day of either plasmid 4 mg/kg or complex 2 (plasmid 4 mg/kg, doxorubicin 0.5 mg/kg) o

doxorubicin (5 mg/kg group received five injections, tumors excised were stored at —70 °C and were imaged together
with all other groups at end of study) in different groups as shown. Control animals were treated with 5% sterile

glucose.

agree well with published data that supports the inefficacy
of CpG alone against reducing tumor volume. Balsari et al.
reported that indeed intravenous injection of CpG oligo-
nucleotide (200 ug) did cause an elevation of interleukin-12
and interferon-y but only results in 50% tumor volume
reduction as compared to CpG plus topetecan (chemothera-
peutic) treatment that resulted in 97% tumor reduction, and
it was also shown in a syngeneic rat bifocal liver metastasis
model that plasmid DNA injection without prodrug treatment
was not sufficient to induce therapeutic effect in this
model. **'Body weights at the end of the study for the
treatment groups varied between doxorubicin (5 mg/kg)
and complex (doxorubicin 0.5 mg/kg, plasmid 4 mg/kg)
compared to control or plasmid alone (4 mg/kg; n = §;
12 £ 033 g, 16 &+ 0.56 g versus 17 £ 0.58 g, 17 +
0.59 g). Because the weight loss for mice in the free
doxorubicin group was high, they underwent a five
intravenous injection schedule instead of seven as for all
other groups, with loss of all mice in the doxorubicin (5
mg/kg) group by day 26 (Figure 3C). Inhibition of tumor
growth was significant with complex (P < 0.001 versus
untreated control or plasmid alone) without any loss of
mice as compared to free doxorubicin treatment (5 mg/
kg) that resulted in loss of 4 mice by day 26. For ethical
reasons, we humanely killed the remaining mice in the
doxorubicin-treated group because of the severe toxicity
(25% weight loss) at day 27 (Figure 4).

Combined Chemoimmunotherapy in Mice Bearing
4T1 Allograft Tumors. We then investigated whether the
combination therapy was effective against 4T1 murine
allograft tumors. By day 29, mice in the complex and
doxorubicin (4 mg/kg) treatment groups showed similar
reductions with tumor volumes, which were 46% and 47%
smaller than the controls (n = 10; mean tumor volume =+
SE: 556 + 75.59 mm?, 568 + 36.06 mm? versus 1062 =+

(41) Dufes, C.; Keith, W. N.; Bilsland, A.; Proutski, I.; Uchegbu, I. F.;
Schatzlein, A. G. Synthetic anticancer gene medicine exploits
intrinsic antitumor activity of cationic vector to cure established
tumors. Cancer Res. 2005, 65 (18), 8079-84.

46.22 mm?; P < 0.001); however, at similar dose, doxorubicin
(2 mg/kg) treatment groups showed only a 15% reduction
(n=10; 901 £ 17.32 mm? Figure 3B). This result indicates
that the complex was more effective in reducing the growth
of 4T1 murine tumors when compared to free drug at a
similar dose (Figure 3B). Body weights varied between
experimental groups free doxorubicin (4 mg/kg or 2 mg/
kg), complex (doxorubicin 2 mg/kg, plasmid 8 mg/kg),
plasmid 8 mg/kg, and controls (n = 10; 20 + 0.46 g, 22 +
032 g, 23 £ 039 g, 23 £ 0.16 g, and 24 + 040 g,
respectively) (Figure 3D).

Administration of Complex Upregulated Thl Cytok-
ine Response. Both plasmid and doxorubicin used in this
combination therapy are known to stimulate the production
of cytokines such as IL-12 and IL-6.'*3*4243 We monitored
the time-dependent level of cytokines (IL-12, IL-6, and IFN-
y) after a single intravenous administration of doxorubicin
(2 mg/kg), plasmid (8 mg/kg), or complex (doxorubicin 2
mg/kg, plasmid 8 mg/kg) in the serum of female BALB/c
mice. The levels of IL-12 and IFN-y in the serum were
significantly increased at 4 and 8 h for complex group as
compared to doxorubicin alone that did not induce the
production of both cytokines (n = 3; 39.7 + 14.2 pg/mL
versus 4.2 + 1.4 pg/mL for IL-12 and 19 £ 3.89 pg/mL
versus 0.82 £ 0.93 pg/mL for IFN-y; Figure 5A,B). As
reported in previous literature, doxorubicin alone (2 mg/kg)
indeed induced a high level of IL-6 in serum as observed at
12 h; however, an additional effect was seen from the
complex group containing both plasmid and doxorubicin (n
=3; 111 & 19.03 pg/mL versus 196 £ 19.79 pg/mL; Figure

(42) Zhu, S.; Waguespack, M.; Barker, S. A.; Li, S. Doxorubicin directs
the accumulation of interleukin-12 induced IFN gamma into
tumors for enhancing STAT1 dependent antitumor effect. Clin.
Cancer Res. 2007, 13 (14), 4252-60.

(43) Klinman, D. M.; Yi, A. K.; Beaucage, S. L.; Conover, J.; Krieg,
A. M. CpG motifs present in bacteria DNA rapidly induce
lymphocytes to secrete interleukin 6, interleukin 12, and interferon
gamma. Proc. Natl. Acad. Sci. U.S.A. 1996, 93 (7), 2879-83.
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Figure 5. Time-dependent production of serum cytokine levels of (A) IL-12, (B) IFN-y, and (C) IL-6 after treatment with
single intravenous injection of doxorubicin 2 mg/kg (®), plasmid 8 mg/kg (O), or complex (plasmid 8 mg/kg,
doxorubicin 2 mg/kg) (O); 3 mice/group. (D) Tumor cytokine level of IFN-y measured at 24 h after treatment with

doxorubicin, plasmid, and complex.

5C). Since IFN- v is known to cause immune mediated tumor
suppression when expressed in tumors,** we were interested
in monitoring the levels of this cytokine in the tumors and
in its role in causing antitumor efficacy. Indeed, the amounts
of IFN-y in tumor tissue were significantly increased at 24 h
after complex (doxorubicin 2 mg/kg, plasmid 8 mg/kg)
injection as compared to doxorubicin (2 mg/kg) alone (n =
5; 23.18 & 8.2 pg/mg tumor versus n = 3; 5.5 + 5.5 pg/mg
tumor; Figure 5D). In contrast, we could not observe any
detectable amounts of IFN-y in the tumors of mice that
received naked plasmid (8 mg/kg). Although the tumor
cytokine assay was carried out for early time points of 7 h,
12 h, after treatment (data not shown), we could not observe
any significant change of IFN-y level in tumor tissue that
was blanked with control tumor tissue. Taken together,
effective antitumor effect of complex seems to be attributed
to synergistic effect of chemotherapeutic doxorubicin and
immunostimulant plasmid.

Discussion

The present study demonstrates the proof of concept for
a combined chemoimmunotherapy approach. Entrapping or
conjugating drugs to synthetic biocompatible polymeric
carriers or natural polymers such as RNA ensures efficient

(44) Tannenbaum, C. S.; Hamilton, T. A. Immune-inflammatory
mechanisms in IFN[gamma]-mediated anti-tumor activity. Semin.
Cancer Biol. 2000, 10 (2), 113-123.
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drug delivery and, in turn, minimizes the adverse toxicity
of drugs.*>~*7 In this regard, we used a plasmid as a drug
carrier in that it can load large amounts of doxorubicin
without need of chemical conjugations or treatments and
form a stable complex. We found that the stability of naked
plasmid was markedly enhanced in the form of complex with
doxorubicin as revealed in the in vitro serum stability assay
and in the in vivo pharmacokinetics data. Immunotherapy
approaches actively use synthetic CpG oligonucleotides that
can activate DCs; such activated DCs interact with T cells
and result in priming an efficient cytotoxic T-cell response.>*®
Since both plasmid that contains 27 unmethylated CpG
sequences and doxorubicin are known to stimulate the
production of several cytokines in parallel, we expected that
the complex could be used for immunotherapy as well as
chemotherapy owing to doxorubicin.**** Indeed, systemic

(45) Chytil, P.; Etrych, T.; Konak, C.; Sirova, M.; Mrkvan, T.; Boucek,
J.; Rihova, B.; Ulbrich, K. New HPMA copolymer-based drug
carriers with covalently bound hydrophobic substituents for solid
tumour targeting. J. Controlled Release 2008, 127 (2), 121-30.

(46) Duncan, R. Polymer conjugates as anticancer nanomedicines. Nat.
Rev. Cancer 2006, 6 (9), 688-701.

(47) Asayama, S.; Ogawa, A.; Kawakami, H.; Nagaoka, S. Double-
stranded RNA homopolymer poly(rC) *poly(rG) for a new pH-
sensitive drug carrier. Mol. Pharmaceutics 2008, 5 (1), 162—4.

(48) Ullrich, E.; Chaput, N.; Zitvogel, L. Killer dendritic cells and their
potential role in immunotherapy. Horm. Metab. Res. 2008, 40
(2), 75-81.
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Figure 6. Histologic appearance of heart tissues (n = 10/group) by light microscopy isolated on day 13 after a single
intravenous injection of sterile 5% glucose (control; A), doxorubicin (4 mg/kg; B), doxorubicin (2 mg/kg; C), and
complex (plasmid 8 mg/kg, doxorubicin 2 mg/kg; D). Hematoxylin and Eosin stain; magnification x400; scale bar = 50

um; Dox (doxorubicin); P (plasmid).

administration of the complex delivering both agents (chemo-
and immunotherapeutics) simultaneously caused effective
tumor reduction in both NCI-H358 xenografts and 4Tl
murine allografts. The higher antitumor effect of the complex,
on one hand, may be attributed to its higher stability in
plasma as compared to naked plasmid alone, which was
found to be ineffective, similar to reports where nonviral
gene delivery vehicles such as cationic lipid—DNA com-
plexes, liposome that both protect and prolong circulation
time of DNA can increase interactions of DNA with antigen
presenting cells such as macrophages and promote potent
antitumor responses through activation of cytotoxic host
effector cells.*>>* The cytokines such as IL-12 and IFN-y
have shown antitumor activity in various animal tumor
models and can cause increased proliferation of natural killer
cells and T cells.’"3> We observed elevated cytokine levels

(49) McLean, J. W.; Fox, E. A.; Baluk, P.; Bolton, P. B.; Haskell, A.;
Pearlman, R.; Thurston, G.; Umemoto, E. Y.; McDonald, D. M.
Organ-specific endothelial cell uptake of cationic liposome-DNA
complexes in mice. Am. J. Physiol. 1997, 273 (1 Pt 2), H387—
404.

(50) Hafner, M.; Zawatzky, R.; Hirtreiter, C.; Buurman, W. A.;
Echtenacher, B.; Hehlgans, T.; Mannel, D. N. Antimetastatic effect
of CpG DNA mediated by type I IFN. Cancer Res. 2001, 61 (14),
5523-8.

(51) Divino, C. M.; Chen, S. H.; Yang, W.; Thung, S.; Brower, S. T.;
Woo, S. L. Anti-tumor immunity induced by interleukin-12 gene
therapy in a metastatic model of breast cancer is mediated by
natural killer cells. Breast Cancer Res. Treat. 2000, 60 (2), 129—
34.

(52) Zagozdzon, R.; Golab, J.; Stoklosa, T.; Giermasz, A.; Nowicka,
D.; Feleszko, W.; Lasek, W.; Jakobisiak, M. Effective chemo-
immunotherapy of L1210 leukemia in vivo using interleukin-12
combined with doxorubicin but not with cyclophosphamide,
paclitaxel or cisplatin. Int. J. Cancer 1998, 77 (5), 720-7.

of IL-12 and IFN-y after administration of the complex,
which clearly indicates its effect on immunostimulation as
compared to naked plasmid alone.’*>* The main goals of
such combined chemoimmunotherapy approaches are to
integrate tumor cell killing and antigen release with an
activated immune system that, by default, is tolerant.’®> By
combining such chemotherapy (doxorubicin) with immuno-
stimulatory plasmid, we observed reduced tumor growth in
both xenograft and allograft tumor models but not a complete
tumor reduction. Most importantly, we were able to sub-
stantially reduce the effective chemotherapy dose, an im-
portant factor in the context of dose-dependent cytotoxicity.
Doxorubicin is widely used to treat a variety of neoplasms,
such as breast, ovarian, prostate, bladder, gastric, and
bronchogenic carcinomas.’® However, it is also associated
with acute as well as cumulative dose-dependent cardiotox-

(53) Link, B. K.; Ballas, Z. K.; Weisdorf, D.; Wooldridge, J. E.;
Bossler, A. D.; Shannon, M.; Rasmussen, W. L.; Krieg, A. M.;
Weiner, G. J. Oligodeoxynucleotide CpG 7909 delivered as
intravenous infusion demonstrates immunologic modulation in
patients with previously treated non-Hodgkin lymphoma. J. Im-
munother. 2006, 29 (5), 558-68.

(54) Shirota, H.; Gursel, L.; Gursel, M.; Klinman, D. M. Suppressive
Oligodeoxynucleotides Protect Mice from Lethal Endotoxic
Shock. J. Immunol. 2005, 174 (8), 4579-4583.

(55) van der Most, R. G.; Currie, A.; Robinson, B. W.; Lake, R. A.
Cranking the immunologic engine with chemotherapy: using
context to drive tumor antigen cross-presentation towards useful
antitumor immunity. Cancer Res. 2006, 66 (2), 601-4.

(56) Minotti, G.; Menna, P.; Salvatorelli, E.; Cairo, G.; Gianni, L.
Anthracyclines: Molecular Advances and Pharmacologic Develop-
ments in Antitumor Activity and Cardiotoxicity. Pharmacol. Rev.
2004, 56 (2), 185-229.
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icities, and this limits its clinical efﬁcacy.57759 Doxorubicin
cardiotoxicity causes myocyte apoptosis and was shown to
be linked to intracellular hydrogen peroxide formation.®
Therefore we have evaluated the safety of our plasmid—doxorubicin
complex in this context. Because doxorubicin is released
from the complex at a slower rate than its free form as

(57) Yagmurca, M.; Bas, O.; Mollaoglu, H.; Sahin, O.; Nacar, A.;
Karaman, O.; Songur, A. Protective effects of erdosteine on
doxorubicin-induced hepatotoxicity in rats. Arch. Med. Res. 2007,
38 (4), 380-5.

(58) Singal, P. K.; Iliskovic, N. Doxorubicin-induced cardiomyopathy.
N. Engl. J. Med. 1998, 339 (13), 900-5.

(59) Santos, D. L.; Moreno, A. J.; Leino, R. L.; Froberg, M. K.;
Wallace, K. B. Carvedilol protects against doxorubicin-induced
mitochondrial cardiomyopathy. Toxicol. Appl. Pharmacol. 2002,
185 (3), 218-27.

(60) Sawyer, D. B.; Fukazawa, R.; Arstall, M. A.; Kelly, R. A.
Daunorubicin-induced apoptosis in rat cardiac myocytes is
inhibited by dexrazoxane. Circ. Res. 1999, 84 (3), 257-65.
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confirmed by the in vitro drug release, such acute toxicities
to tissues (e.g., heart) might be reduced as compared to free
doxorubicin (2 mg/kg and 4 mg/kg). Indeed, histopathologic
analysis after administration of complex resulted in no visible
loss of myocardial tissue (Figure 6). Degenerative changes
indicated by myofibrillary loss, disarray, and cytoplasmic
vacuolization are seen in doxorubicin-treated groups (Figures
6B and 6C), compared to the control and complex groups
(Figure 6A and 6D).

In conclusion, we have shown that the combined chemoim-
munotherapy approach through systemic administration of
the bare plasmid—doxorubicin complex is safe and ef-
fectively reduces tumor growth.
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