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ABSTRACT

The study was designed to evaluate whether TAPET-CD, an attenuated strain of Salmonella typhimurium ex-
pressing Escherichia coli cytosine deaminase (CD), was capable of converting nontoxic 5-fluorocytosine (5-
FC) to the active antitumor agent S-fluorouracil (S-FU). The antitumor effect of TAPET-CD plus 5-FC against
subcutaneously implanted colon tumors was also evaluated. TAPET-CD was given to tumor-bearing mice by
a single bolus intravenous administration followed with S-FC by intraperitoneal administration. TAPET-CD
accumulated in tumors at levels 1000-fold higher than that in normal tissues and high levels of S-FU were de-
tected in tumors in mice treated with both TAPET-CD and 5-FC. No 5-FU could be detected in normal tis-
sues. Inhibition of tumor growth was observed in mice treated with either TAPET-CD alone or TAPET-CD
in combination with S-FC (TAPET-CD/S-FC), but not with 5-FC alone. TAPET-CD/S-FC inhibited tumor
growth by 88%-96%, compared to TAPET-CD alone, which inhibited tumor growth by 38%-79%. These
data suggest that tumor-targeting Salimmonella could be used to deliver prodrug-converting enzyme selectively

to tumors and produced anti-tumor effects when the corresponding prodrug was also given.

OVERVIEW SUMMARY

TAPET-CD, injected intravenously to tumor-bearing mice,
accumulates preferentially in tumors compared to normal
tissues. TAPET-CD also converts 5-fluorocytosine (5-FC) to
agent S5-fluorouracil (5-FU) selectively in tumors in mice
treated with TAPET-CD and 5-FC. No 5-FU can be detected
in normal tissues. The combination of TAPET-CD and 5-
FC effectively suppresses the growth of murine C38 colon
carcinoma and two human colon tumor xenografts, LoVo
and WiDr. TAPET-CD plus 5-FC is relatively nontoxic in
mice and monkeys at doses that produce therapeutic effects.
These studies demonstrate the potential use of attenuated
Salmonella as a tumor-selective protein delivery vector.

INTRODUCTION

HE PRIMARY LIMITATI®ON of cancer therapy is the lack of se-
lectivity of therapeutic agents to cancer cells. Because of

this lack of selectivity, anticancer agents elicit toxicity against
normal tissues, which ultimately limits the doses that can be
given to cancer patients. Many current discovery and develop-
ment efforts are devoted to finding anticancer agents that se-
lectively target cancer cells to improve the therapeutic index.
An alternative approach is to restrict the distribution of drugs
to tumors using local-regional administration methods. In or-
der to increase the exposure of drugs to tumors, techniquessuch
as tumor-specific antibodies also have been used to localize cy-
totoxic agents in tumor cells. An attenuated strain of Salmo-
nella typhimurium (VNP20009; Vion Pharmaceuticals, Inc.,
New Haven, CT) has recently been developed. The attenuation
is partly caused by the disruption of the msbB gene (Low et al.,
1999b), which regulates the addition of a terminal myristoyl
group to lipid A. Lipopolysaccharide isolated from Salmonella
expressing the mutated lipid A show a markedly diminished
ability to induce tumor necrosis factor-e (TNF-&). The attenu-
ation is also due to the deletion of the purl gene, causing
VNP20009 to require an external purine source for survival
(Low et al., 1999,).

Vion Pharmaceuticals, Inc., New Haven, CT 06511.
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We have previously shown that VNP20009 could be a good
vector for tumor-selective delivery of protein-based antitumor
agents. VNP20009 is genetically stable, as demonstrated in vivo
and in vitro (Clairmont et al., 2000). Compared to wild-type
Salmonella, the pathogenicity or toxicity of VNP20009 is re-
duced or eliminated more than 10,000-fold. Phase | studies in
cancer patients (Toso et al., 2002) and studies of several ani-
mal species (Lee et al., 2000) demonstrate a good safety pro-
file for VNP20009. According to animal studies (Zheng er al.,
2000), VNP20009 preferentially accumulates in tumors (with
tumor to normal tissue ratios of 300-25,000:1), and it persists
in tumor tissue for more than 4 weeks. VNP20009 exhibits an-
titumor properties, with tumor size reduction lasting for up to
50-60 days after a single intravenous administration in a vari-
ety of murine models (Luo er al., 2002). Because VNP2009 is
sensitive to a number of antibiotics, it can be conveniently elim-
inated from the body. In contrast, other vector systems such as
viruses or liposomes cannot be eliminated easily from the body.
In addition, VNP20009 is environmentally friendly because it
has difficulty surviving freely in the environment.

Using cytosine deaminase (CD) and green fluorescent pro-
tein genes as markers, we further demonstrated that VNP20009
could be used as a tumor-selective vector for delivering antitu-
mor agents (Zheng et al., 2000). TAPET-CD is generated by
the incorporation of the CD gene from Escherichia coli into
VNP20009. CD is an enzyme found in bacteria and fungi, but
not in mammalian cells. The enzyme converts S-fluorocytosine
(5-FC), a relatively nontoxic agent, to the cytotoxic an-
timetabolite S-fluorouridine (5-FU) (Deonarain et al., 1995).
The activated agent is then converted to 5'fluorouridine-
S'triphosphateand 5-fluoro-2'deoxyuridine-5' monophosphate,
resulting in the disruptionof RNA and DNA synthesiswith sub-
sequent toxicity to both quiescent and proliferating cells. 5-FU
is currently used in the clinical treatment of colorectal, stom-
ach, head and neck, and breast carcinomas. Although 5-FU is
not as toxic as some antitumor alkylating agents, sufficiently
high levels of 5-FU have been achieved in vivo that are capa-
ble of eradicating tumors after retroviral transductionof the CD
gene, even when CD incorporates into only 2% of tumor cells
(Huber et a/., 1994). Cumulative clinical data suggest that the
antitumor activity of 5-FU may be directly related to the dura-
tion of exposure and its concentration within the tumor. One
approach for achieving high and prolonged tumor concentra-
tions of 5-FU involves coadministration of TAPET-CD and S-
FC. TAPET-CD maintainsits VNP20009 properties (Lee e al.,
2001) and selectively produces high levels of CD in tumors
compared to normal tissues (Zheng et al., 2000). We report here
that TAPET-CD/S-FC induces prolonged, high concentrations
of 5-FU in tumor tissues, causing a reduction in tumor size
greater than that induced by TAPET-CD or 5-FC alone.

MATERIALS AND METHODS

TAPET-CD genetic manipulation

The CD gene was isolatedfrom E. coli using procedures de-
scribed by Laliberte and Momparler (1994) CD was initially
cloned into pTrxFus (In Vitrogen, Carlsbad, CA) to encode a
thioredoxin-CDfusion protein, then the fusion protein gene was
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subclonedinto pTrc99A. The cloned DNA was transformed into
Salmonella as described (Pawelek et al., 1997).

Cell culture

Murine B16-F10 melanoma cells were obtained from Dr. 1.
Fidler (M.D. Anderson Cancer Center, Houston, TX). C38
colon carcinoma cells were obtained from NCI (Frederick,
MD). Widr and LoVo colon carcinoma xenografts were ob-
tained from the American Type Culture Collection (Rockville,
MD). Cell lines were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at 37°C in
a humidified atmosphere of 5% CO,. At approximately 80%
confluence, cells were detached from the flasks by addition of
2 ml of trypsin, resuspended in 25 ml phosphate-bufferedsaline
(PBS), and transferred into a 50-ml Falcon conical centrifuge
tube. Cells were pelleted by centrifugationat 4°C for S min at
800 revolutions per minute (rpm) in a Beckman (Fullerton, CA)
GS-6R refrigerated centrifuge. The supernatant was discarded,
and the cell pellet was resuspended in PBS. The tumor cell sus-
pension was kept on ice until implantation into mice.

Animals

Female CS7BL/6 and nu/nu CD-1 female mice were obtained
from Charles River Laboratories (Wilmington, MA). Animals
used in the studies were as uniform in age and weight as pos-
sible. They were approximately 8 weeks of age, and body
weights of CS7BL/6 mice and nu/nu CD-1 mice ranged from
19-21 g and 23-26 g, respectively. All animals were kept in a
well-ventilated room in which a 12-hr light/12-hr dark pho-
toperiod was maintained. Room temperature was maintained
between 72°F = 2°F.

Quantitation of TAPET-CD accumulation and
SFC/S5FC conversion in tissues

Animals were inoculated intravenously with 1 X 106 colony-
forming units (cfu) of TAPET-CD on day 14 after B16-F10
melanoma tumor implantation. Mice received 300 mg/kg of S-
FC intraperitoneallyon day 17, 3 days after TAPET-CD injec-
tion. They were killed by inhalation of CO, at 10, 30, 90, 270,
and 360 min after 5-FC injection. Tissues, including tumor,
liver, spleen, brain, whole blood, and bone marrow were
weighed and homogenized in PBS, and bacteria were quanti-
tated by plating serial dilutions of the homogenates onto msbB
plates, incubating overnight at 37°C, and counting bacterial
colonies. The conversion of 5-FC to 5-FU in tissues including
tumor, liver, spleen, brain, serum, and bone marrow, was de-
termined by high-performance liquid chromatography (HPLC)
analysis. The detection limit for 5-FC and 5-FU was 0.5 ng/g
and 0.2 pg/g, respectively.

Antitumor activity of TAPET-CD

For the murine tumor model, C38 tumor tissue was asepti-
cally dissected from a tumor-bearing CS7BL/6 mouse. The tu-
mor was mechanically minced into 3-5 mm? pieces, and trans-
planted subcutaneously with a 16-gauge trocar needle into the
right flank of CS7BL/6 mice under methoxyflurane anesthesia.
Fifteen days after transplantation, when C38 tumors had grown
to a volume of approximately 300 mm?, the mice were ran-
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domized and divided into 4 groups of 10 animals each. Groups
| and 3 received PBS (0.1 ml). Groups 2 and 4 were injected
in the tail vein with TAPET-CD at | X 18° cfu per mouse on
day 15. Groups 3 and 4 received daily three intraperitoneal in-
jections of 5-FC at a dose of 300 mg/kg on days 19 through 40.

WiDr cells were implanted subcutaneously (5 X 10° cells)
into mue/ne CD-1 mice (day 0). By day 21, mice had similar tu-
mor sizes of approximately 250 mm? as determined by elec-
tronic caliper measurements. They were randomly assigned into
4 groups of 7-8 animals each. Groups 1 and 3 received PBS
(0.1 ml). Groups 2 and 4 were injected in the tail vein with
TAPET-CD at 1 X 10° cfu per mouse. Groups 3 and 4 received
daily three intraperitoneal injections of 5-FC at a dose of 300
mg/kg on days 23 through 44.

LoVo human colon carcinoma cells were implanted subcu-
taneously into mu/me CD-1 mice. By day 20, tumors had grown
to approximately 150 mm?>. Groups | and 3 received PBS (0.1
ml). Groups 2 and 4 received a single dose of TAPET-CD at
1 X 10° cfu per mouse through the tail vein. Groups 3 and 4
received daily three intraperitoneal injections of 300 mg/kg S-
FC on days 26 through day 53.

In another control experiment, CD-1 nude mice were im-
planted with Widr human colon tumors and treated with 5-FU,
either alone or in combination with TAPET-CD when tumor
reached approximately 250 mm?3. 5-FU was given intraperi-
toneally to mice S days after TAPET-CD administration, once
daily for 5 days at 50 mg/kg per day.

Tumor volume was measured in three dimensions twice
weekly and calculated with the formula L. X H X W/2, where
L, H, and W represent length, height, and width, respectively.
Tumor volume was presented as mean * standarddeviationand
Student’s ¢ test was performed for statistical analysis.

RESULTS

TAPET-CD tissue distribution

The distribution of TAPET-CD was determined by quanti-
tating the amount of TAPET-CD in tumors and normal tissues.
Three days after TAPET-CD injection, the highest levels of
TAPET-CD occurred in tumors (1.1 X 10° + 1.4 X 108 cfu/g),
followed by spleen (9.3 X 10° + 3.1 X 10° cfu/g) and liver
(2.2 X 10° £ 8.0 X 10* cfu/g). The amount of TAPET-CD in
brain, bone marrow, and whole blood was approximately four
to five orders of magnitude lower than that found in tumors
(Fig. 1). These results indicate that TAPET-CD preferentially
accumulates and proliferates in tumors rather than in normal
tissues. Tissue distribution of TAPET-CD in non-tumor-bear-
ing mice was similar except that approximately 10 times less
bacteria were detected in the brain (data not shown).

In Vivo 5-FC/5-FU conversion in tumors
by TAPET-CD

The concentrations of 5-FC in serum and different tissues
are shown in Figure 2A. The concentration of 5-FC in the un-
treated control group was undetectable (data not shown). Sim-
ilarly, 5S-FC could not be detected in mice treated with 60 mg/kg
5-FU. In mice treated with 5-FC only, the average concentra-
tion of 5-FC was 1675 pg/ml in serum, 260 pg/g in liver, 119
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pgl/g in tumor, 103 pg/g in spleen, 57 pg/g in bone marrow,
and 13 pg/g in brainat 30 min afteradministrationof 300 mg/kg
5-FC. In mice previously treated with TAPET-CD, the tissue
distribution of 5-FC in the above tissues was similar to those
of mice treated with 5-FC alone, indicating that TAPET-CD
treatment may not change the distribution pattern of 5-FC in
the body. The concentrations of 5-FU in serum and different
tissues in mice receiving 5-FC, with and without TAPET-CD,
were also determined. As shown in Figure 2B, no 5-FU was
detected in any tissues of the group treated with 5-FC alone,
indicating that no endogenousconversion of 5-FC to 5-FU oc-
curs in the body. In the group treated with 5-FU alone, mice
received a single therapeutic dose of 60 mg/kg. The concen-
trations of 5-FU in the evaluated tissues ranged from 0.7 to 10
wg/g at 30 min after 5-FU injection. The average level of 5-FU
in tumors (4 pg/g) was significantly lower than that in serum
(10 pg/ml) and liver (6 pg/g) and similar to that in bone mar-
row (5 pglg) and spleen (4 pg/g). However, the highest levels
of 5-FU were detected in tumor tissues of mice receiving both
TAPET-CD and a single dose of 300 mg/kg of 5-FC. The 5-
FU levels reached 19 pg/g in tumors 30 min after 5-FC ad-
ministration, 4.75-fold more than that found in tumors of mice
treated with 60 mg/kg of 5-FU. No 5-FU was detected in other
tissues in mice receiving TAPET-CD/S-FC. These results indi-
cate that 5-FC was efficiently converted to S-FU in tumors by
CD, which was expressed by high levels of accumulated
TAPET-CD. Because TAPET-CD in other tissues was about
1000-fold lower than in tumors, there was insufficient CD in
these tissues to convert 5-FC to 5-FU.

Pharmacokinetics of 5-FC and converted
5-FU in tissues

The pharmacokinetics of S-FC conversionto 5-FU in tumors
are shown in Figures 3A and 3B. After a single intraperitoneal
injection of 5S-FC (300 mg/kg), S-FC in tumors quickly reached
a level of 160 pg/g at 10 min, then gradually declined and be-
came undetectable at 90 min. The comparative 5-FC levels in
the tested tissues were: Serum > liver > tumor > spleen >
bone marrow > brain. Peak 5-FC concentrations ranged from
LS pg/g in the brain to 2,000 gg/ml in serum.

The pharmacokinetic pattern of converted 5-FU in tumors
was similar to that of 5-FC in mice treated with TAPET-CD/5-
FC. The concentration of converted 5-FU reached a peak level
of 19 pg/g at 30 min in tumors and declined gradually to 5 pg/g
at 270 min after 5-FC injection. Low levels of 5-FU (< 0.2 pg/g)
were occasionally detected in a few samples in bone marrow
and spleen at one or two time points. An intraperitoneal dose
of 5-FU (60 mg/kg) gave an intratumoral peak level of ap-
proximately 4.7 pg/g at 30 min after administration.

Antitumor activity of TAPET-CD

Figure 4 A shows the antitumor activity of TAPET-CD/S-FC
in C38 murine colon tumors. Tumor growth of C38 was not al-
tered by weatment with S-FC. A significant inhibition (79% at
day 40) of tumor growth was obtained in mice that received a
single injection of TAPET-CD. In the group treated with
TAPET-CD/S-FC, all tumors underwent regression during the
first week of treatment, reached their nadir (96% inhibition) on
day 26, and then grew slowly, reaching approximately their
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FIG. 1.

Tissue distribution of TAPET-CD in mice implanted with B16-F10 melanoma. Mice were administered intravenously

with TAPET-CD at 1 X 10® colony-forming units (cfu) per mouse 14 days after tumor implantation. Bacteria content in tissues
were evaluated 3 days after bacteria inoculation. **denotes p < 0.01 between tumor and normal tissues.

original sizes on day 40. The tumors in the TAPET-CD/S-
FC-treated animals were significantly smaller than those in ei-
ther the 5-FC or TAPET-CD groups from day 26 to the com-
pletion of the experiment (» < 0.01 between TAPET-CD/S-FC
and TAPET-CD on day 40).

As indicated in Figure 4B, WiDr tumors in the PBS control
group grew exponentially,increasing in size 10- to 12-foldover
the time period examined. S-FC had little effect on the growth
of WiDr tumors in mice (12.5% inhibition on day 47). A sin-
gle injection of TAPET-CD caused some degree of tumor in-
hibition (58%) on day 47. The antitumor effect of TAPET-
CD/S-FC was not apparent until after 1 week of 5-FC injection.
At the completion of the experiment (day 47), profound anti-
tumor effects (88% inhibition) were observed in the group
treated with TAPET-CD/5-FC. p < 0.05 was obtained for
TAPET-CD/5-FC versus TAPET-CD on day 47.

TAPET-CD alone had only modest antitumor effects (38%
inhibition at day 54) in LoVo tumors. Pronounced antitumor
activity was obtained in mice treated with TAPET-CD/S-FC.
The treatment of TAPET-CD/S-FC resulted in an 89% inhibi-
tion of tumor growth compared to the control group. No effects
on tumor growth were observed in the control group treated
with 5-FC alone (Fig. 4C). p < 0.01 was obtained for TAPET-
CD/S5-FC versus TAPET-CD on day 54.

Similar weight loss (10%—15% of original body weight) was
observed in mice treated with TAPET-CD alone and TAPET-
CD/5-FC. At 300 mg/kg, 5-FC was relatively nontoxicto mice.
No animals died in groups treated with TAPET-CD alone or
TAPET-CD/5-FC.

S-FU, at 50 mg/kg, given once daily for S days, produced
significant toxicity when used alone or in combination with
TAPET-CD. Weight loss in mice treated with 5-FU was greater
than 15% of original body weight. The experiment was termi-
nated 10 days after 5-FU dosing because of severe toxicity. The

mortality in both groups treated with 5-FU and TAPET-CD/5-
FU was greater than 40%. No additive antitumor activity be-
tween 5-FU and TAPET-CD could be observed because of the
early termination of the experiment.

DISCUSSION

We have previously demonstrated that the genetically mod-
ified Salmonella typhimurium, VNP20009, targets and repli-
cates intratumorally in syngeneic tumors and human tumor
xenografts in murine models (Pawelek ez al., 1997; Zheng et
al., 2000). The use of VNP20009 as a delivery system for an-
titumor agents has numerous advantages for gene therapy. First,
amplification within tumors is highly selective, surpassing the
specificity observed for tumor-specific antibodies. Second, am-
plification theoretically requires only one bacterium to seed the
tumor site, making delivery highly efficient and increasing the
likelihood of reaching metastases that are inaccessible to other
therapeutic methods. Third, systemic administrationenables ac-
cumulation of the therapeutic vector at tumor sites. Fourth, the
expressionof enzymes or proteins at high levels makes the vec-
tor ideal for carrying prodrug-converting enzymes, cytokines,
antiangiogenic peptides, antigenic peptides for immunomodu-
lation, or other agents individually or in combination into tu-
mors. Fifth, long-term, sustained expression of antitumor agents
within a tumor can be achieved, because of the slow clearance
of bacteria from the tumor.

In this study, we have evaluated the tissue distribution of
TAPET-CD, in vivo CD activity by measuring the conversion
of 5-FC to 5-FU, and antitumor activity of TAPET-CD, both
alone and with 5-FC. We demonstrated that TAPET-CD pref-
erentially replicates and accumulates in tumors and consistently
expresses active CD that converts 5-FC to 5-FU efficiently and
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FIG. 2. Tissue distribution of 5-fluorocytosine (5-FC) (A) and S-fluorouracil (5-FU) (B) in mice implanted with B16-F10 mel-
anoma. Mice were administered intravenously with TAPET-CD at | X 10% colony-forming units (cfu) per mouse 14 days after
tumor implantation. Tissues were collected 30 min after a single dose of 5-FC (300 mg/kg) or S-FU (60 mg/kg) was adminis-
tered intraperitoneally. For 5-FC and 5-FU groups, phosphate-bufferal saline (PBS) instead of TAPET-CD was given. Three
mice were used for each group and **denotes p < 0.01 between groups treated with 5-FU alone and TAPET-CD/S-FC.

locally. Because the amount of TAPET-CD in normal tissues
is approximately 1000-fold less than that in tumors, the con-
version of 5-FU in normal tissues was undetectable. After a sin-
gle dose of 300 mg/kg S-FC, the converted 5-FU in tumors
reached the highest level (19 pg/g) at 30 min, then gradually
declined at 4.5 hr to 5 pg/g, a level that remains cytotoxic to
many tumor cell lines. A minimal or undetectable level of 5-
FU was found in normal tissues. In contrast, when given di-
rectly to mice, 5-FU distributed relatively randomly in most tis-
sues, with levels of 5-FU in blood, liver, and spleen becoming

higher than in tumors. For example, at 60 mg/kg S-FU, a dose
that causes mild toxicity, intratumoral concentrations of 5-FU
reached 4.7 wg/g at 30 min and dropped below an effective con-
centration of 1 pg/g at 90 min. In a cancer patient receiving
300 mg of the antitumor drugs UTF or tegafur, which are de-
rivatives of 5-FU, intratumoral concentrations of 5-FU were ap-
proximately 0.18 ugl/g at 5.5 hr after drug administration
(Arima er al., 1986). TAPET-CD/S-FC clearly produced a
higher and more prolonged presence of 5-FU in tumors. Higher
intratumoral 5-FU levels could likely produce a higher antitu-
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FIG.3. Pharmacokineticsand tissue distributionof S-fluorocytosine(5-FC) (A) and S-fluorouracil(5-FU) (B) in mice implanted
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ter tumor implantation. Tissues were collected 10 to 360 min after a single dose of 5-FC (300 mg/kg) or 5S-FU (60 mg/kg) was
administered intraperitoneally to TAPET-CD group or phosphate-bufferal saline (PBS)-treated group, respectively. Three mice
were used for each group.

mor effect (Presant e al., 1994; Gamelin e al., 1996; Muller  antitumor effect than either agent acting alone. Tumor regres-
et al., 2000). sion was observed in some mice receiving the combinationreg-

Using murine and human colon tumor models, we unequiv- imen. TAPET-CD and CD activity persisted in B16-F10 mel-
ocally demonstrated that TAPET-CD/S-FC produced a superior  anomas for a minimum of 14 days (Zheng et al., 2000). During

B

FIG. 4. Tumor growth inhibition of C38 murine colon carcinoma (A), WiDr human colon carcinoma (B), and LoVo human
colon carcinoma (C) by TAPET-CD and 5-flurocytosine (5-FC). TAPET-CD [1 X 106 colony-forming units (cfu) per mouse|
was injected intravenously to mice bearing C38 (day 15), WiDr (day 21), or LoVo (day 20) carcinoma when tumor reached
150-300 mm?. 5-FC was given intraperitoneallyat 300 mg/kg, three times daily, as indicated. Seven to 10 animals were used
per group. *denotesp < 0.05 and **denotesp < 0.01 between TAPET-CD alone and TAPET-CD/S-FC treated group.
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the course of the in vivo efficacy experiment, we further de-
tected the presence of TAPET-CD in LoVo colon tumors for
up to 32 days after bacteria administration (data not shown). 1t
is clear that a single injection will provide CD for an extended
period of time. However, 5-FC and 5-FU have short half-lives
and repeated dosing of SFC is needed. 5-FC is used as an an-
tifungal agent in humans and is given orally at 1.3 g/m? four
times daily. It is conceivable that a prolonged, high intratumoral
concentration of 5-FU can be maintained by multiple daily ad-
ministration of 5-FC. Toxicity of TAPET-CD/S-FC, determined
by body weight loss, is similar to that of TAPET-CD or 5-FC
alone. Combinationsof TAPET-CD and 5-FU at effective doses
produced higher toxicity, in terms of body weight loss and mor-
tality, than either agent alone. In addition, 5-FU did not increase
the anti-tumor efficacy induced by TAPET-CD. 5-FU is not a
potent anticancer agent, and continuous infusion is required in
human cancer treatment protocols to optimize clinical out-
comes. In the presentstudy, frequent dosing with 5-FC was also
required to obtain optimal effects. However, continuous infu-
sion of 5-FU in human cancer patients increases toxicity to nor-
mal tissues. We believe that TAPET-CD/S-FC provides a so-
lution for generatingtherapeutic concentrationsof 5-FU locally,
while avoiding excessive toxicity in normal tissues.

Although the conversion of intratumoral 5-FC to 5-FU is ef-
ficient, it likely could be improved. The AUC of 5-FC and 5-
FU is 7290 mg - min per kilogramand 2789 mg - min per kilo-
gram, respectively (data not shown), with approximately 30%
of 5-FC converted. The TAPET vector uses CD from E. coli,
which has a higher Km (Kievit et a/., 1999) than the fungal CD.
It is conceivable that a fungal CD expressed in a TAPET vec-
tor could achieve a higher conversion rate and, subsequently, a
higher concentration of 5-FU, resulting in a higher antitumor
activity. However, increasing CD activity in the TAPET vec-
tor could also increase toxicity of the TAPET-CD/S-FC system.
A low level of 5-FU was occasionally detected in bone mar-
row and spleen of mice receiving both TAPET-CD and 5-FC.

The successful use of TAPET-CD/S-FC also suggests the
possibility of using attenuated Sal/monella strains as tumor-spe-
cific delivery systems for other protein-based antitumor agents,
such as cytokines, antiangiogenic proteins, and prodrug-
convertingenzymes. Salmonellastrains have been shown to ex-
press a broad spectrum of therapeutic proteins, such as inter-
leukin (IL)-1, IL-2, 1L-12, granulocyte-macrophage colony-
stimulatingfactor (GM-CSF) and TNF-& (Saltzman ez al., 1996,
1997; Lin, 1999; Yuhua ez a/., 2001). TAPET-CD is currently
being evaluated in cancer patients (Cunningham and Nemu-
naitis, 2001) as a potential anticancer agent. We are also cur-
rently evaluating the expression of various therapeutic proteins
in TAPET vectors and the antitumor activities of these thera-
peutic vectors.

REFERENCES

ARIMA, S., FUTAMI, K, SHIGETA, M., KINASHI, M., and
SHIMURA, H. (1986). [5-FU concentration in the blood and tissue
of patients with gastric and colorectal cancer after administration of
UFT or tegafur]. Gan. To. Kagaku. Ryoho. 13, 2618-2624.

CLAIRMONT, C., LEE, K.C, PIKE, J., ITTENS®HN, M., LOW,
K.B., PAWELEK, J., BERMUBES, B., BRECHER, S. M., MAR-
GITICH, B, TURNIER, ], LL, Z., LU®, X., KING, L, and ZHENG,

KING ET AL.

L.M. (2000). Biodistribution and genetic stability of the novel anti-
tumor agent VNP20009, a genetically modified strain of Salmonella
typhimurium. J. Infect. Bis. 181, 1996-2002.

CUNNINGHAM, C., and NEMUNAITIS, J. (2001). A phase I trial of
genetically modified Selmonella typhimurium expressing cytosine
deaminase (TAPET-CB, VNP20029) administered by intratumoral
injection in combination with 5-fluorocytosine for patients with ad-
vanced or metastatic cancer. Protocol no: CL-017. Version: April 9,
2001. Hum. Gene Ther. 12, 1594--1596.

BPE®ONARAIN, M.P_, SP@ONER, R.A, and EPENET®S, A A. (1995).
Genetic delivery of enzymes for cancer therapy. Gene Ther. 2,
235-244.

GAMELIN, E.C., PANQUECHIN-PORVAL, E.M., PUMESNIL,
Y.F., MAILLART, P.J., GOUBIER, M.J., BURTIN, P.C., BELVA,
R.G., LORTH®LARY, A.H., GESTA, P.H., and LARRA, F.G.
(1996). Relationship between 5-fluorouracil (5-FU) dose intensity
and therapeutic response in patients with advanced colorectal cancer
receiving infusional therapy containing 5-FU. Cancer 77, 441-451.

HUBER, B .E., AUSTIN, E.A., RICHARDS, C.A., PAVIS, S.T., and
GeeP, S.S. (1994). Metabolism of 5-fluorocytosine to 5-fluo-
rouracil in human colorectal tumor cells transduced with the cyto-
sine deaminase gene: Significant antitumor effects when only a small
percentage of tumor cells express cytosine deaminase. Proc. Natl.
Acad. Sci. U.S.A. 91, 8302-8306.

KIEVIT, E., BERSHAD, E., NG, E., SETHNA, P, BEV, I,
LAWRENCE, T.S., and REHEMTULLA, A. (1999). Superiority of
yeast over bacterial cytosine deaminase for enzyme/prodrug gene
therapy in colon cancer xenografts. Cancer Res. 59, 1417-1421.

LALIBERTE, J., and M@MPARLER, R.L. (1994). Human cytidine
deaminase: purification of enzyme, cloning, and expression of its
complementary BNA. Cancer Res. 54, 5401-5407.

LEE, K., ZHENG, L.-M,, LU®, X., CLAIRM®NT, C., FISCHER, I,
MARGITICH, B., TURNIER, J., ALMASSIAN, B., and KING, L
(2000). Comparative toxicological evaluation in monkeys, pigs, and
mice, of a genetically-engineered Salmonella (VNP20009) being de-
veloped as an anti-tumor agent. Int. J. Toxicol. 19, 19-25.

LEE, K.C., ZHENG, L.M., MARGITICH, B., ALMASSIAN, B., and
KING, L. (2001). Evaluation of the acute and subchronic toxic ef-
fects in mice, rats, and monkeys of the genetically engineered and
Escherichia coli cytosine deaminase gene-incorporated Saimonella
strain, TAPET-CD, being developed as an antitumor agent. Int. J.
Toxicol. 20, 207-217.

LIN, S., SPINKA, T.L, LE, T.X,, PIANTA, T.J.M,, KING, L, BEL-
COURT, M.F, LI, Z. (1999). Tumor-directed delivery and amplifi-
cation of tumor-necrosis factor-a (TNF-a) by attenuated Salmonelia
typhimurium. Clin. Cancer Res. 5, 3822s.

LeW, K., ITTENS®HN, M, LIN, S., CLAIRM®ONT, C,, LU®, X,
ZHENG, L.-M., KING, I., PAWELEK, J., and BERMUBES, B.
(1999a). VNP20009, a genetically modified Salmonella typhimurium
for treatment of solid tumors. Proc. Am. Assoc. Cancer Res. 40, 87.

LOW, K.B., ITTENS®HN, M., LE, T, PLATT, ., S®BIL S., AM@®SS,
M., ASH, ®., CARMICHAEL, E., CHAKRAB®RTY, A., FIS-
CHER, J,, LIN, SL.,LU®, X, MILLER, S.I., ZHENG, L., KING,
I, PAWELEK, J.M., and BERMUBES, B. (1999b). Lipid A mutant
Salmonella with suppressed virulence and TNFalpha induction re-
tain tumor-targeting in vivo. Nat. Biotechnol. 17, 37-41.

LUe®, X, LI, Z, LIN,S.,LE, T., ITTENS®HN, M., BERMUBES, B,
RUNYAN, J.B, SHEN, S.Y., CHEN, I, KING, L.C, and ZHENG,
L.M. (2002). Anti-tumor effect of VNP20009, an attenuated Salmo-
nella, in murine tumor models. ®ncol. Res. 12, 501-508.

MULLER, M., B@CKENHEIMER, J., ZELLENBERG, U., KLEIN,
N., STEGER, G.G., EICHLER, H.G., and MABER, R.M. (2000).
Relationship between in vivo drug exposure of the tumor interstitium
and inhibition of tumor cell growth in vitro: A study in breast can-
cer patients. Breast Cancer Res. Treat. 60, 211-217.

PAWELEK, .M., LW, K.B., and BERMUBES, B. (1997). Tumor-



TUMOR-SELECTIVE DELIVERY BY SALMONELLA 1233

targeted Salmonella as a novel anticancer vector. Cancer Res. 57, YUHUA, L., KUNYUAN, G, HUL, C., Y®NGMEI, X., CHA®YANG,
45374544 S., XUN, T.,, and PAMING, R. (2001). @ral cytokine gene therapy

PRESANT, C.A., WOLF, W., WALUCH, V., WISEMAN, C., against murine tumor using attenuated Salmonella typhimurium. Int.
KENNEDY, P, BLAYNEY, B., and BRECHNER, R.R. (1994). As- J. Cancer 94, 438-443.
sociation of intratumoral pharmacokinetics of fluorouracil with clin-  ZHENG, L.M., LU®, X., FENG,M., LI, Z., LE, T.,ITTENS@®HN, M.,
ical response. Lancet 343, 1184-1187. TRAILSMITH, M., BERMUBES, B, LIN, S.L., and KING, L.C.

SALTZMAN, D A, HEISE,C.P.,HASZ, D .E.,ZEBEDE, M., KELLY, (2000). Tumor amplified protein expression therapy: Salmonella as
S.M., CURTISS, R, IIIl, LE@ONARD, A.S., and ANDPERS®N, P.M. a tumor-selective protein delivery vector. @ncol. Res. 12, 127-135.
(1996). Attenuated Salmonella typhimurium containing interleukin-
2 decreases MC-38 hepatic metastases: A novel anti-tumor agent.
Cancer Biother. Radiopharm. 11, 145[-153.

SALTZMAN, D.A., KATSANIS, E., HEISE, CP., HASZ, DE,
KELLY, S.M., CURTISS, R, 3RD, LE®ONARD, AS., and AN-
DERSON, P.M. (1997). Patterns of hepatic and splenic colonization
by an attenuated strain of Salmonella typhimurium containing the

Address reprint requests to:
Ivan King
Vion Pharmaceuticals, Inc.

gene for human interleukin-2: A novel anti-tumor agent. Cancer Bio- 4 Science Park

ther. Radiopharm. 12, 37-45. New Haven CT 06511
TeSe, J.F, GILL, V.J., HWU, P., MARINC®LA, F.M., RESTIF@,

N.P., SCHWARTZENTRUBER, B.J., SHERRY,R.M., TOPALIAN, E-mail: IKING@VIONPHARM.COM

S.L., YANG, J.C, ST®CK, F., FREEZER, L.J.,, M@RT®N, KE.,
SEIPP, C., HAW@ORTH, L., MAVROUKAKIS, S., WHITE, D,
MACBD@ONALD, S., MA®, J., SZNOL, M., and R@SENBERG, S.A.
(2002). Phase I study of the intravenous administration of attenuated
Salmonella typhimuriumto patients with metastatic melanoma. J. Clin.
®ncol. 20, 142-152.

Received for publication January 23, 2002; accepted after re-
vision May 20, 2002.

Published online: June 21, 2002.



This article has been cited by:

1. Sénia Duarte, Georges Carle, Henrique Faneca, Maria C. Pedroso de Lima, Valérie Pierrefite-Carle.
2012. Suicide gene therapy in cancer: Where do we stand now?. Cancer Letters 324:2, 160-170.
[CrossRet]

2. Guo Chen, Bo Tang, Bing-Ya Yang, Jian-Xiang Chen, Jia-Hua Zhou, Jia-Huang L1, Zi-Chun Hua. 2012.
Tumor-targeting Salmonella typhimurium, a natural tool for activation of prodrug 6MePdR and their
combination therapy in murine melanoma model. Applied Microbiology and Biotechnology . [CrossRef]

3. Jianxiang Chen, Bingya Yang, Xiawei Cheng, Yiting Qiao, Bo Tang, Guo Chen, Jing Wei, Xiufeng
Liu, Wei Cheng, Pan Du, Xiaofeng Huang, Wenhui Jiang, Qingang Hu, Yiqiao Hu, Jiahuang Li, Zi-
Chun Hua. 2011. Salmonella-mediated tumor-targeting TRAIL gene therapy significantly suppresses
melanoma growth in mouse model. Cancer Science no-no. [CrossRef]

4. Che-Hsin Lee. 201 1. Engineering bacteria toward tumor targeting for cancer treatment: current state
and perspectives. Applied Microbiology and Biotechnology . [CrossRef]

5. Jin-Wook Yoo, Darrell J. Irvine, Dennis E. Discher, Samir Mitragotri. 2011. Bio-inspired,
bioengineered and biomimetic drug delivery carriers. Nature Reviews Drug Discovery 10:7,521-535.
[CrossRet]

6. Che-Hsin Lee, Jeng-Long Hsieh, Chao-Liang Wu, Hui-Chun Hsu, Ai-Li Shiau. 2011. B cells are
required for tumor-targeting Salmonella in host. Applied Microbiology and Biotechnology . [CrossRet]

7. R Gardlik, M Behuliak, R Palfty, P Celec, C J Li. 2011. Gene therapy for cancer: bacteria-mediated
anti-angiogenesis therapy. Gene Therapy 18:5, 425-431. [CrossRef]

8 Dan Niculescu-Duvaz, Gabriel Negoita-Giras, Ion Niculescu-Duvaz, Douglas Hedley, Caroline J.
SpringerDirected Enzyme Prodrug Therapies 271-344. [CrossRef]

9. Won Suck Yoon, Yang Seok Chae, Juyeon Hong, Yong Keun Park. 201 1. Antitumor therapeutic effects
of a genetically engineered Salmonella typhimurium harboring TNF-# in mice. Applied Microbiology
and Biotechnology 89:6, 1807-1819. [CrossRef]

10. Sara Leschner, Siegfried Weiss. 2010. Salmonella—allies in the fight against cancer. Journal of
Molecular Medicine 88:8, 763-773. [CrossRef]

1. Guo Chen, Dong-Ping Wei, Li-Jun Jia, Bo Tang, Luan Shu, Kui Zhang, Yun Xu, Jing Gao, Xiao-Feng
Huang, Wen-Hui Jiang, Qin-Gang Hu, Yan Huang, Qiang Wu, Zhi-Hua Sun, Jian-Fa Zhang, Zi-Chun
Hua. 2009. Oral delivery of tumor-targeting Salmonella exhibits promising therapeutic efficacy and
low toxicity. Cancer Science 100:12, 2437-2443. [CrossRef]

12. Che-Hsin Lee, Chao-Liang Wu, Shun-Hua Chen, Ai-Li Shiau. 2009. Humoral Immune Responses
Inhibit the Antitumor Activities Mediated by Salmonella enterica Serovar choleraesuis. Journa!l of
Immunotherapy 32:4, 376-388. [CrossRef]

13. Dirk G Brockstedt, Thomas W Dubensky. 2008. Promises and challenges for the development
of Listeria monocytogenes -based immunotherapies. Expert Review of Vaccines 7:7, 1069-1084.
[CrossRef]

14. Wei Fu, Hekui Lan, Shenghua Liang, Tong Gao, Daming Ren. 2008. Suicide gene/prodrug therapy
using salmonella-mediated delivery of Escherichia coli purine nucleoside phosphorylase gene and 6-
methoxypurine 2 # -deoxyriboside in murine mammary carcinoma 4T1 model. Cancer Science 99:6,
1172-1179. [CrossRef]

15. Douglas Hedley, Lesley Ogilvie, Caroline Springer. 2007. Carboxypeptidase G2-based gene-directed
enzyme--prodrug therapy: a new weapon in the GDEPT armoury. Nature Reviews Cancer 7T:11,
870-879. [CrossRef]

16. Li-Jun Jia, Dong-Ping Wei, Qi-Ming Sun, Yan Huang, Qiang Wu, Zi-Chun Hua. 2007. Oral delivery

of tumor-targeting Salmonella for cancer therapy in murine tumor models. Cancer Science 98:7,
1107-1112. [CrossRef]



17.

18

19.

20.

21.

22.

23.

24.

25.

26.

217.

Holger Loessner, Anne Endmann, Sara Leschner, Kathrin Westphal, Manfred Rohde, Tewfik Miloud,
Giinter Himmerling, Klaus Neuhaus, Siegfiried Weiss. 2007. Remote control of tumour-targeted
Salmonella enterica serovar Typhimurium by the use of l-arabinose as inducer of bacterial gene
expression in vivo. Cellular Microbiology 9:6, 1529-1537. [CrossRef]

. L Dubois, T Dresselaers, W Landuyt, K Paecsmans, A Mengesha, B G Wouters, P Van Hecke, J Theys,

P Lambin. 2007. Efficacy of gene therapy-delivered cytosine deaminase is determined by enzymatic
activity but not expression. British Journal of Cancer 96:5, 758-761. [CrossRef]

Ayumi HIDAKA, Yoshinori HAMAIJI, Takayuki SASAKI, Shun’ichiro TANIGUCHI, Minoru
FUJIMORI. 2007. Exogeneous Cytosine Deaminase Gene Expression in Bifidobacterium breve
[-53-8w for Tumor-Targeting Enzyme/Prodrug Therapy. Bioscience, Biotechnology, and Biochemistry
71:12,2921-2926. [CrossRef]

Yoshinori HAMAIJI, Minoru FUJIMORI, Takayuki SASAKI, Hitomi MATSUHASHI, Keiichi
MATSUI-SEKI, Yuko SHIMATANI-SHIBATA, Yasunobu KANO, Jun AMANO, Shun’ichiro
TANIGUCHI. 2007. Strong Enhancement of Recombinant Cytosine Deaminase Activity in
Bifidobacterium longum for Tumor-Targeting Enzyme/Prodrug Therapy. Bioscience, Biotechnology,
and Biochemistiv 71:4, 874-883. [CrossRef]

Steve H Thome. 2007. Strategies to achieve systemic delivery of therapeutic cells and microbes to
tumors. Expert Opinion on Biological Therapy 7:1,41-51. [CrossRef]

S. Barbe, L. Van Mellaert, J. Anne. 2006. The use of clostridial spores for cancer treatment. Jou ria!
of Applied Microbiology 101:3, 571-578. [ CrossRef]

Girja S Shukla, David N Krag. 2006. Selective delivery of therapeutic agents for the diagnosis and
treatment of cancer. Expert Opinion on Biological Therapy 6:1, 39-54. [CrossRef]

J. Christopher Anderson, Elizabeth J. Clarke, Adam P. Arkin, Christopher A. Voigt. 2006.
Environmentally Controlled Invasion of Cancer Cells by Engineered Bacteria. Journal of Molecular
Biology 355:4, 619-627. [CrossRef]

Daniel A Saltzman. 2005. Cancer immunotherapy based on the killing of Salmonella typhimurium-
infected tumour cells. Expert Opinion on Biological Therapy 5:4, 443-449. [CrossRef]

Che-Hsin Lee, Chao-Liang Wu, Ai-Li Shiau. 2004. Endostatin gene therapy delivered bySalmonella
choleraesuis in murine tumor models. The Journal of Gene Medicine 6:12, 1382-1393. [CrossRef]
Gregory C Ireton, Margaret E Black, Barry L Stoddard. 2003. The 1.14 A Crystal Structure of Yeast
Cytosine Deaminase. Structure 11:8,961-972. [CrossRef]



