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Gene-directed enzyme prodrug therapy (GDEPT) has been investigated as a means of cancer
treatment without affecting normal tissues. This system is based on the delivery of a suicide gene,
a gene encoding an enzyme which is able to convert its substrate from non-toxic prodrug to
cytotoxin. In this experiment, we have developed a targeted suicide gene therapeutic system that is
completely contained within tumor-tropic cells and have tested this system for melanoma therapy
in a preclinical model. First, we established double stable RAW264.7 monocyte/macrophage-like
cells (Mo/Ma) containing a Tet-On® Advanced system for intracellular carboxylesterase (InCE)
expression. Second, we loaded a prodrug into the delivery cells, double stable Mo/Ma. Third, we
activated the enzyme system to convert the prodrug, irinotecan, to the cytotoxin, SN-38. Our
double stable Mo/Ma homed to the lung melanomas after 1 day and successfully delivered the
prodrug-activating enzyme/prodrug package to the tumors. We observed that our system
significantly reduced tumor weights and numbers as targeted tumor therapy after activation of the
InCE. Therefore, we propose that this system may be a useful targeted melanoma therapy system
for pulmonary metastatic tumors with minimal side effects, particularly if it is combined with
other treatments.
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Introduction
A major objective of anticancer therapy is to target the treatment to the tumors without
affecting normal tissues. Strategies such as gene-directed enzyme/prodrug therapy (GDEPT)
[1, 2] and antibody-directed enzyme/prodrug therapy (ADEPT) [3] have been developed for
this purpose with varying degrees of success [4]. Nanoparticle delivery enhanced by
attaching tumor cell- or tumor vascular-specific ligands to the nanoparticles [5] has achieved
some success. Targeted cytotherapy utilizing ‘delivery’ cells such as stem cells [6–11], or
other cells [12, 13] represents another strategy aimed at more focused cancer therapy.

Irinotecan (CPT-11) is a prodrug that is converted by carboxylesterase in the liver to a
potent topoisomerase I inhibitor, SN-38. Irinotecan is approved clinically for colorectal
carcinoma therapy [14]. Irinotecan was shown to strongly inhibit metastasis in a B16-F10
mouse lung melanoma model [15], and has been used alone or in combination to treat other
solid cancers, especially those involving the gastrointestinal tract [16]. However, the use of
this prodrug is limited because only 2–5% of the injected dose is converted to active SN-38,
and the drug has undesirable side effects such as diarrhea and neutropenia [17]. Moreover,
SN-38 has poor solubility [14]. Carboxylesterase (CE) produced by rabbit liver is much
more efficient than human CE in the conversion of irinotecan to SN-38. A secreted form of
rabbit CE delivered by neural stem cells has been shown to be effective after systemic
administration of irinotecan in several preclinical models [18–20]. However, despite its
advantages, expression of rabbit CE in a human host could result in immune consequences
[21]. This could result in its inactivation or other undesirable outcomes.

We hypothesized that it might be possible to sequester both a prodrug and the prodrug-
activating enzyme within the same cell for targeting B16-F10 lung melanomas in mice.
Bioengineered, tumor-homing cells could be given in large numbers intravenously, thereby
producing a self-contained ‘stealth’ prodrug/activator delivery system to circumvent both
immune complications and the side effects inherent with irinotecan given systemically.
Accordingly, we engineered mouse monocyte/macrophage cells (Mo/Ma; RAW 264.7,
ATCC TIB-78) for TetOn regulated production of intracellular rabbit carboxylase InCE
(InCE), pre-loaded them overnight with irinotecan, inoculated them systemically to mice
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with B16-F10luc2 lung melanomas, and administered tetracycline (doxycycline) when we
estimated that the engineered Mo/Ma had reached the tumors. Here we show that we could
attenuate the lung melanomas using this targeted cytotherapy approach.

Materials and methods
Reagents and cells

RAW 264.7 mouse monocyte/macrophage (Mo/Ma) cells were purchased from ATCC
(Manassas, VA). Irinotecan and doxycycline were from Sigma (St. Louis, MO) and
Clontech (Mountain View, CA); the TetOn system was from Clontech. Hygromycin and
G418 were from Invivogen (San Diego, CA) and Invitrogen (Carlsbad, CA). B16-F10-luc2
cells were obtained from Caliper Life Sciences (Hopkinton, MA).

Cell culture
RAW264.7 cells were cultured in RMPI containing 10% fetal bovine serum (Sigma) and 1×
penicillin–streptomycin in a 37°C humidified incubator with 5% CO2. Irinotecan was added
in fresh medium overnight and removed the following morning. Double-stable Mo/Ma were
maintained in the RPMI medium described above, with 100 μg/ml G418 and 100 μg/ml
hygromycin added to preserve stable transfection. B16-F10-luc2 cells were cultured in
RMPI containing 10% fetal bovine serum (Sigma) in a 37°C humidified incubator with 5%
CO2.

Generation of double-stable cells for inducible expression of InCE
We cloned the rabbit carboxylesterase (InCE) gene by PCR from a rabbit liver cDNA library
from Biochain (Hayward, CA). Primers used were as follows: forward primer, 5′-
GCTTGAATTCCGCCACCATGTGGCTCTG-3′ and reverse primer, 5′-
CGTGCTAGCTCACAGCTCAATGT-3′. Both primers contained restriction sites for
EcoR1 and Nhe1 to facilitate subcloning. The PCR product was run on a 1% agarose gel to
confirm proper amplicon size, then excised from the gel and ligated into the TOPO TA
cloning vector pCR 2.1 (Invitrogen) for 20 min. Then we transformed into Escherichia coli
TOP10 competent cells by heat shock (42°C) and streaked LB agar plates containing
ampicillin (mp) and x-gal. Positive transformants were selected using x-gal and amp and
grown up in LB agar containing amp. Then, the gene, which expresses an intracellular form
of rabbit carboxylesterase (InCE) from this vector, was excised with EcoR1 and Nhe1and
ligated into the pTRE-Tight plasmid (Clontech). Again, positive transformants were selected
using amp and colony PCR. Plasmid containing the InCE gene was isolated from these
bacteria using an Endo-Free Maxi kit (Qiagen). We then created a double-stable Mo/Ma
line. First, we transfected RAW 264.7 cells with the pTet-On Advanced plasmid (Clontech)
followed by selection in G418 media (500 μg/ml). We then transfected the selected cells
with the InCE-recombinant pTRE-Tight plasmid (InCE) and selected stable transformants
with hygromycin (500 μg/ml).

Homing study
To evaluate that double stable Mo/Ma cells home to the B16-F10-luc2, magnetic
nanoparticles were synthesized as described by Zhang et al. [22], and then ligand exchanged
and porphyrin-labeled as described by Balivada et al. [23].

Irinotecan loading of Mo/Ma and evaluation of irinotecan and SN-38 content
To evaluate irinotecan loading, 10 μM of the prodrug was added to medium, incubated with
double stable Mo/Ma cells overnight, and removed by thorough washing with PBS. Loading
was verified by examining the cells’ UV fluorescence on an epifluorescent microscope (Carl

Seo et al. Page 3

Mol Biol Rep. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Zeiss, New York) using an ultraviolet filter (Carl Zeiss, New York) immediately after
washing and 24 h later. Cells were lifted immediately after washing, counted using a
hemocytometer, and evaluated for viability with trypan blue staining. Cells were then lysed
using a sonicator at a No. 6 setting (Fisher Scientific, Waltham, MA). Irinotecan loading
was quantified by measuring fluorescence (excitation: 377 nm, emission, 427 nm) of the
cells on a fluorimeter (ISA FluoroMax 2 Jobin-Yvon-Spex, Edison, New Jersey) and
comparing it to the fluorescence of a standard curve of irinotecan in solution. To evaluate
irinotecan conversion to SN-38 by the InCE, double stable Mo/Ma monocytes were first
loaded with irinotecan at 10 μM overnight and washed as described above. Then, 1 μg/ml of
doxycycline was added to the medium for 24 h. After washing, cells were lifted, counted,
and viability assessed by trypan blue exclusion. Cells were lysed and fluorescence
(excitation: 377 nm, emission: 549 nm) was determined and compared to an SN-38 standard
curve to estimate the amount of SN-38 per cell. The amount of SN-38 in the medium after
the 24 h doxycycline incubation was also evaluated at this time.

Co-cultures with B16-F10-luc2
To test the cytoxic effect of irinotecan-loaded double stable Mo/Ma on B16-F10-luc2
melanoma cell lines, the cells were co-cultured. The irinotecan-loaded Mo/Ma and B16-F10-
luc2 melanoma cells were plated in a ratio of 1 (600 cells) to 5 (2400 cells) into wells of a
96 well plate and allowed to adhere overnight in medium that consisted of a 1:1 ratio of
double stable Mo/Ma and B16-F10-luc2 media; we found that both cells could thrive in this
hybrid media. The MTT assay (Roche, Mannheim, Germany) was carried out to assess cell
proliferation. To perform this assay, 10 μl of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a tetrazole) solution was added to each well of the 96 well
plate and incubated for 4 h at 37°C. One hundred microliter of solubilization solution (10%
sodium dodecyl sulfate in 0.01 M HCl) was then added to each well and incubated
overnight. Absorbance was read at 590 nm with a reference filter of 690 nm.

In vivo experiments
Eight week old C57/BL6 female mice (Charles River, Wilmington, MA) were given 2.5 ×
105 B16-F10-luc2 mouse melanoma cells intravenously. In preparation for injection 4 days
later, double-stable Mo/Ma cells were incubated with 10 μM irinotecan overnight followed
by washing. Two million of the irinotecan-loaded double stable Mo/Ma cells were given
intravenously 5 days after tumor cell inoculation. One day later, 2 mg/kg of doxcycline was
administered intraperitoneally (I.P.). This protocol was repeated two more times with
irinotecan-loaded double stable Mo/Ma cells given at 10 and 15 days, respectively, after
tumor cell inoculation.

Estimate of tumor burden
Mice were euthanized on day 18 after tumor cell inoculation. To determine the effect of
irinotecan-loaded double stable Mo/Ma therapy, we measured lung weights and counted
total tumor numbers of superficial tumors on lungs per mouse after photographing both
dorsal and ventral lung surfaces. Tumor counts were manually done from these photographs.
Other tissues that were collected included spleen, liver, and kidney.

Results
Construction of plasmid and Tet-On double stable Mo/Ma cell lines

The InCE PCR product from a rabbit liver cDNA library was amplified by PCR. As shown
in Fig. 1a, we observed the 1683 bp PCR product of InCE. Then, we ligated this sequence
with the TOPO TA-vector and transformed E. coli TOP10. Transformed cells were plated on
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Luria agar (LA) plates containing amp and x-gal. We selected positive transformants (white
colonies) to confirm inserts by enzyme digestion. To express InCE in a regulated expression
vector, we digested both the pTRE-Tight vector and the TOPO TA vector containing the
InCE sequence with EcoR1 and Nhe1. We ligated the InCE insert with the pTre-Tight
expression vector from the Tet-On system (Fig. 1b). We confirmed the presence of the InCE
insert by electrophoresis (Fig. 1b, c).

After construction of the double stable Mo/Ma cells as described in the “Material and
methods” section above, we estimated expression of InCE by the O-nitrophenyl acetate (O-
NPA) method [19]. Results are shown in Fig. 1d.

Homing study for double stable Mo/Ma cells
To verify that double stable Mo/Ma cells homed to tumors, we loaded double stable Mo/Ma
with magnetic nanoparticles containing 15 μg/ml of iron. Then we injected 1 million cells
I.V. into mice. After 1 day, mice were sacrificed and various organs (lung, kidney, liver,
spleen) were harvested, fixed, snap frozen, and sectioned. We stained lung using Prussian
blue and a nuclear fast red counterstain (Fig. 2). The turquoise color and arrows in Fig. 2
show iron-containing Mo/Ma cells stained with Prussian blue.

Evaluation of cell content of irinotecan and SN-38
We compared irinotecan levels in cells to a standard curve and found that 0.45 nmol of
irinotecan had loaded in the 2 × 106 Mo/Ma (data not shown). 24 h after loading, Mo/Ma
still contained most of the irinotecan loaded (Supplemental Fig. 1). Also, we estimated the
amount of SN-38 produced in irinotecan-loaded Mo/Ma in the presence of doxycycline (1
μg/ml). According to the standard curve, 2 × 106 Mo/Ma cells contained 0.15 nmol of
SN-38 24 h after doxycycline addition (data not shown).

Irinotecan-loaded Mo/Ma cell lines inhibit B16-F10 melanoma tumors in vitro
To validate prodrug efficiency for B16-F10-luc2 melanoma cell lines in vitro, we co-
cultured them with double stable Mo/Ma cells as described in Methods above. After cells
were plated, we added doxycycline to the co-cultures to a final concentration of 1 μg/ml. As
shown in Fig. 3, addition of doxycycline to co-cultures of InCE-expressing double stable
Mo/Ma with B16-F10-luc2 melanoma cells decreased total cell proliferation measured by
MTT assay, as compared to co-cultures without doxycycline.

Weight and number of tumors after treatments
Melanoma-bearing mice were intravenously inoculated with irinotecan-loaded double stable
Mo/Ma cells; 1 day later, mice were given doxycycline (2 mg/kg) to induce intracellular
InCE expression. We repeated these treatments three times during 18 days. After 18 days,
mice were anesthetized by 100 mg/kg of ketamine and 15 mg/kg of xylazine. Then 150 mg/
kg luciferin (Caliper Life Sciences) was given I.P. followed by a 5 min wait. Mice were
euthanized and lungs removed from them; lungs were placed in weigh boats in an IVIS
Lumina imager (Caliper Life Sciences). Luciferase bioluminescence, which reflects numbers
of B16-F10-luc2 cells present, was assessed (Fig. 4). As shown, we observed a reduced
luciferase signal in lungs receiving both irinotecan-loaded double stable Mo/Ma and
doxycycline. We also measured tumor weights and compared them to controls (Fig. 5). In
this experiment, lung tumor weights were significantly reduced in the treatment group
receiving irinotecan-loaded Mo/Ma with doxycycline (P value<0.1) compared to the group
receiving only irinotecan-loaded Mo/Ma. The average number of tumors in this treatment
group was significantly decreased relative to the group receiving irinotecan-loaded Mo/Ma
alone (P value<0.05) (Fig. 6a). In terms of average tumor size, most tumors observed in all
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three groups were quite small (smaller than<1 mm). Treatment did not reduce numbers of
medium (1–2 mm) or large tumors (greater than>2 mm) (Fig. 6b). Tumors were not noted in
other organs, except one tumor was noted in perirenal adipose tissue in a mouse in the tumor
alone group.

Discussion
Here we have shown for the first time that a prodrug/prodrug activating enzyme system self-
contained within tumor-homing cells can attenuate preclinical metastatic melanoma. The
delivery cells, in this case mouse monocyte/macrophage RAW 264.7 (Mo/Ma) cells, were
engineered to synthesize an intracellular form of InCE in a tightly regulated fashion; the
prodrug irinotecan was carried within the targeting cells themselves. This paradigm
circumvented the necessity of systemic administration of irinotecan. Hence, multiple levels
of control were built into the system to preclude damage to normal tissues while delivering a
potent chemotherapy in localized fashion to the tumor.

Irinotecan is the water-soluble form of camptothecin [24–26] and is used clinically or in
clinical trials to treat several types of human cancer [1, 27]. It has been shown to markedly
inhibit B16-F10 lung tumors in mice [15] In contrast to some prodrugs, irinotecan itself has
side effects such as severe diarrhea and neutropenia [28] when it is converted by CE in the
liver to SN-38, a potent topoisomerase I inhibitor [29]. Rabbit carboxylesterase (InCE) has
been shown to be 100–1000-fold more efficient than human carboxylesterase in converting
irinotecan to SN-38 [19]. To date, stem cell-directed CE has involved a secreted form of the
prodrug-activating enzyme [18–20]. However, rabbit CE secreted extracellularly could lead
to an immunological response in human tissue, inactivating the enzyme or causing otherwise
unwanted effects [30]. Thus, an advantage of the self-contained system described here is that
the InCE is expressed only intracellulary, taking advantage of the much greater efficiency of
the rabbit InCE compared to human CE while minimizing exposure to the immune system.

In a clinical situation, autologous human peripheral monocytes isolated by pheresis would
be used instead of mouse cells. Double-stable transfectants can require an unreasonable
amount of time to generate. However, we have evidence that by fine-tuning plasmid ratios, it
is possible to introduce the regulated system by transient transfection (unpublished data).
Systems such as the sleeping beauty transposon system or AAV vectors could also be used.
Thus, there are transfection systems which would allow the use of human delivery cells,
making such a construct potentially feasible.

Here, we used rabbit CE to maximize the chances of showing proof of concept. In a clinical
situation, human carboxylesterase could be the gene used. Even if rabbit CE were used, it
should largely remain within the stealth delivery cells, and the total amount of expression
would be relatively low. Therefore, we feel that the possibility of a deleterious immune
reaction would be slim. The stealth delivery cells should primarily be at the tumor site,
where activation of the innate immune response may be beneficial. Alternatively, tumor
sites are known for being immunoimpaired tissues, which could minimize any immune
damping of the enzyme activity.

We initially used a nanoparticle formulation containing irinotecan to load the targeting cells.
However, we observed that control cells incubated with free irinotecan were loaded with
comparable efficiency. Since a nanoparticle system is not necessary, the approach could be
more readily adapted to laboratories without nanoparticle expertise. The CPT-11 prodrug
causes minimal effect within monocytes (data not shown).

In the studies here, some leakage from monocytes was observed (data not shown). This
leakage could potentially produce undesired side effects, but none were seen. The lack of
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toxicity here can be explained by the low levels of irinotecan administered. We administered
0.45 nmol irinotecan in two million loaded Mo/Ma. This corresponds to a maximum
possible released amount of 8.8 μg/kg. Experimental mouse studies of irinotecan commonly
use dosages ranging from 30 to 100 mg/kg [31–34]. The ED50 of SN-38 is in the range of 1–
2.5 mg/kg [17]. Clearly, little or no toxicity should arise from drug dosages on the order of
1,000 times less than the ED50. Given the evidence that the loaded Mo/Ma home to the
tumor (Fig. 2), intratumoral concentrations of drug could be orders of magnitude higher than
systemic levels, thus explaining the efficacy of the treatment system seen here.

An advantage of the system described here would be realized if the active drug were more
lipophilic than the parent compound. This is indeed the case. SN-38, in contrast to
irinotecan, is very membrane-permeable [34] and thus can move out of the cell to result in a
desirable bystander effect on cancer cells. There are other examples where the cytotoxic
product moves easily through the membrane but the prodrug does not. This is exemplified
by the conversion of the prodrug CB1954 by nitroreductase to its active form [2].

The present system could be improved in several ways. The dose of doxycycline that was
used in these pilot studies was quite low (2 mg/kg). This dose could be increased to as much
as 50 mg/kg [35]. Thus, more intracellular InCE could have been synthesized, resulting in
more SN-38. This approach could also be combined with other treatments. For example, it
has recently been shown that Moxifloxacin [36] enhances the anti-tumor and anti-angiogenic
activity of irinotecan in human xenograft tumors.

We found that the engineered mouse monocytes homed effectively to tumors. Monocytes
and/or macrophages are often found as tumor-associated cells [37]. Rat monocytes were
shown to efficiently invade rat glioma spheroids in vitro, and peritoneal macrophages
specifically migrated to rat gliomas after intravenous or intracarotid administration [38].
Tie2-expressing monocytes were used successfully for targeted delivery of alpha interferon
to xenotransplanted U87 gliomas with reduction of growth and metastasis [13]. Valable et
al. administered P388-D1 monocytes IV to rats with C6 gliomas and observed that they
accumulated in the gliomas but also were found in liver and spleen [39]. The liver/spleen
cells were thought to indicate that some of these cells home towards the reticuloendothelial
system on their way to elimination from the body [39–42].

The RAW264.7 cell line employed here is a monocyte-macrophage line widely used as a
model for mouse monocyte-macrophage studies. These cells are leukemic cells that might
home more efficiently to tumors than normal mouse monocytes, and it would be valuable to
compare this ability to peripheral blood-derived monocytes. However, here our objective
was to show proof of concept for this cell-based delivery system, so we chose a cell line that
would be more amenable to the necessary genetic engineering. The double stable mouse
monocytes loaded with irinotecan but not subjected to doxycycline-induced release of InCE
did not reduce lung melanoma growth; in fact, they slightly stimulated growth (Fig. 5b).
Other work has shown slight stimulation of growth when unmodified delivery cells are
given, which is not surprising since these cells are often recruited into tumors as accessory
cells. In the suicide gene scenario described here, the delivery cells are killed along with
cancer cells, removing potential undesirable consequences of their continued coexistence in
the tumor microenvironment.

Many other potent suicide gene therapy systems are available for which it would be
advantageous to avoid toxic effects of the prodrug itself give systemically. In some cases,
this is due to the fact that potential activating enzymes such as aldehyde oxidase,
cytochrome P450 reductase, and glutathione S-transferase have such wide tissue distribution
that targeting is difficult [2]. Other examples exist where a potential prodrug has unfortunate
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side effects. For example, a mutant form of nitroreductase can convert gemcitabine to a
more toxic form. The present delivery system could potentially be used as a strategy to
reduce required doses of other chemotherapeutic agents such as dacarbazine. It could also be
used with other CE-activated prodrugs. For example, a CE-cleavable doxorubricin prodrug
has recently been described [43]. Thus, the system we describe here holds potential for
further development as a stealth enzyme activating prodrug system for targeted therapy of
melanoma and other types of cancer [5].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
In vitro experiments with InCE. a PCR was performed and the PCR product detected. The
arrow indicates the InCE PCR product. b Enzyme digestion of pTRE-InCE plasmid. The
upper arrow indicates the pTRE-tight vector and the lower arrow indicates the InCE insert.
c Construction of the pTRE-InCE plasmid. d Expression level of InCE from double stable
Mo/Ma cells with and without doxycycline. We estimated the level of InCE by O-
nitrophenyl acetate (O-NPA). Then we spectrophotometrically measured absorbance at
A415 nm. Results are presented as the mean ± standard errors of mean (SEM), *P>0.0016,
compared with the level of control
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Fig. 2.
Homing of Mo/Ma to the B16-F10-luc2 melanoma tumors 1 day after 1 × 106 double stable
Mo/Ma administration by I.V. We loaded Mo/Ma with magnetic nanoparticles containing 15
μg/ml of iron. Nuclei are visible as red color inside the turquoise color. The tumor section
was viewed and photographed at ×20 magnification. The boxed area is enlarged and
monocytes are circled and marked with black arrows for better visualization, while
melanoma granules are marked with white arrows
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Fig. 3.
Direct co-culture of irinotecan-loaded double stable Mo/Ma attenuated the growth of B16-
F10-luc2 when doxycycline was added to the medium. The MTT assay was carried out after
1, 2 and 3 days. Blue bars represent cultures without doxycycline and red bars represent
cultures with doxycycline. Irinotecan-loaded double stable Mo/Ma were co-cultured with
2.4 × 103 B16-F10-luc2 (Irinotecan-loaded double stable Mo/Ma:B16-F10-luc2 ratio = 1:5).
Results are presented as the mean ± SEM; *P>0.01, compared with the level of control
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Fig. 4.
Effect of various treatments on B16-F10-luc2 tumor-bearing mice. Bioluminescent and
photographic images of excised mouse lungs with tumors 3 weeks after injection of B16-
F10-luc2 melanoma cells. RAW(Irinotecan): double stable Mo/Ma after loading with
irinotecan in the absence of doxycycline; RAW(Irinotecan)/Doxy: double stable Mo/Ma
after loading with irinotecan in the presence of doxycycline
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Fig. 5.
In vivo assays. a Lung weights in mice after different treatments. b Representative images
of excised lungs from different treatments. RAW(Irinotecan): double stable Mo/Ma after
loaded irinotecan in the absence of doxycycline; RAW(Irinotecan)/Doxy: double stable Mo/
Ma after loaded irinotecan in the presence of doxycycline. *Statistically significant (P
value>0.1)
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Fig. 6.
The average number and average size of tumors in the mouse lungs after treatments.
RAW(Irinotecan): double stable Mo/Ma after loading with irinotecan in the absence of
doxycycline; RAW(Irinotecan)/Doxy: double stable Mo/Ma after loading with irinotecan in
the presence of doxycycline. *Statistically significant (P value>0.1)
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