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ABSTRACT

There has been little investigation of bacteria as gene delivery vectors.
Here, we demonstrate that genetically engineered Salmonella have many
of the desirable properties of a delivery vector, including targeting of
multiple tumors from a distant inoculation site, selective replication within
tumors, tumor retardation, and the ability to express effector genes, such
as the herpes simplex virus thymidine kinase (HSV TK). When wild-type
Salmonella were introduced into melanoma-bearing mice, the bacteria
were found within the tumor at levels exceeding 10' per g, although as

pathogens, they caused the death of the mice. However, when attenuated,
hyperinvasive auxotrophic mutants were used, the tumor-targeting and

amplification phenomena were retained, whereas their pathogenicity was
limited. With such attenuated strains, the tumor:liver ratios ranged be
tween 250:1 and 9000:1. When these auxotrophs were inoculated i.p. into
C57B6 mice bearing B16F10 melanomas, they suppressed tumor growth
and prolonged average survival to as much as twice that of untreated
mice. A plasmid containing the HSV TK gene with a ÃŸ-lactamase secretion

signal was constructed that, when expressed, resulted in translocation to
the periplasm and phosphorvlation of the prodrug ganciclovir. Melano
ma-bearing animals inoculated with HSV TK-expressing Salmonella
showed ganciclovir-mediated, dose-dependent suppression of tumor

growth and prolonged survival in addition to that seen with bacteria
alone. The results demonstrate that attenuated Salmonella would be useful
both for inherent antitumor activity and delivery of therapeutic proteins
to cancer cells in vivo.

INTRODUCTION

Salmonella offer several potential advantages as anticancer vectors.
They can grow under either aerobic or anaerobic conditions such as
those that occur within solid tumors (1-5); they express specialized

systems for invasion into and survival within both epithelial cells and
macrophages (6-11); and there is a vast body of knowledge and

powerful genetics in the Enterokitcteriaceae. Thus, we investigated
the invasive capacities of Salmonella toward melanomas and cells of
other solid tumors, both in culture and following implantation in mice.
Finding that a highly virulent wild-type Salmonella invaded these

cells In vitro and targeted and amplified within tumors in vivo, we
sought to develop this strain as an antitumor vector.

We first isolated derivatives that, unlike wild type, were not re
pressed in invasion following aerobic growth and, therefore, remained
invasive toward cancer cells under either aerobic or anaerobic growth
conditions (2-5). However, for a pathogen such as Salmonella to be

useful as an anticancer vector, it must also be attenuated in virulence
so that potential harm to the host is minimalized. Previous work
demonstrated that attenuation of Salmonella can be achieved through
auxotrophic mutations, such as those affecting the biosynthesis of
purines (12) or aromatic amino acids (13). or combinations of such
mutations ( 14). We reasoned that the environment of the tumor might
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provide essential nutrients to the auxotrophs, for example, in necrotic
spaces or within actively dividing cells of the tumor. Thus, auxotro-

phy would not only reduce their virulence but could potentially
provide a mechanism for their selective population and amplification
within solid tumors.

Below, we detail the development of aerobically invasive Salmo
nella auxotrophs that are attenuated in mice but show pronounced
tumor targeting and amplification capabilities. Additionally, we show
that the strains can be genetically engineered to express effector
genes, such as that encoding HSV TK/ which converts of the inactive
prodrug GCV into its activated phosphorylated form, resulting in
antitumor activity in vivo.

MATERIALS AND METHODS

Cell Lines and in Vitro Invasion Assays

The bacteria were wild-type Salmonella typhimurium strain 14028 (ATCC
CDC6516-60) and the following auxotrophic derivatives: YS72 (pur'); YS72I
(pur~. ilv~); YS7211 (pur', Â¡lv~,ara'): YS7212 (pur~. ilv~. lira ); and
YS7213 (pur~, ilv~, aro~). Human melanoma line M2 was provided by Dr. C.

Cunningham (Harvard Medical School. Cambridge. MA). B16FIO cells were
provided by Dr. I. J. Fidler (M. D. Anderson Cancer Center. Houston, TX). All
other cell lines were obtained from the American Type Culture Collection.
Bacterial invasion of cultured animal cells was carried out in Corning tissue
culture flasks (25 cm2) with the use of gentamicin sulfate, as modified from

Lee and Falkow (4). Following 15- or 30-min invasion periods and 30-min

incubations with 50 /ig/ml gentamicin. animal cells were quantitaled in a
Coulter counter (Coulter Electronics, Inc.). and bacteria were quuntitated by
serial dilutions on LB agar. Data were expressed as the number of infecting
(gentamicin-resistant) bacteria/10'' animal cells.

Isolation of Auxotrophs and Testing of Virulence in Mice

Strains 14028 and YS72 were mutagenized with 50 ^g/ml nitrosoguanidine
(20 min at 37Â°C)and UV irradiation (50 J/nr, A = 254 nm; Ref. 15). In one
study, three separate pur~ auxotrophic mutant clones were isolated from

14028. and three separate pur* revertan! clones were isolated from YS72 and

tested for virulence in mice and for invasion potential loward M2 melanoma
cells in vitro. In another study using YS72 as the parental strain, polvaux-

otrophs YS721, YS7211, YS7212. and YS7213 were constructed and also
tested for virulence and invasiveness. Virulence was tested by injecting groups
of C57B6 mice i.p. with 10'' bacteria and measuring the mean time to death

( 12). This method was chosen over that of the LDM>method because it yielded
reproducible, statistically significant results with fewer mice. C57BL6 mice
(n = 8-12 animals) were injected i.p. with each isolate, the mice were allowed

to eat and drink ad libitum, and the cages were monitored for dead or moribund
mice. All surviving animals were euthanized 10. 30, or 60 days after inocu
lation with bacteria, depending on the experiment. Data were expressed as
mean Â±SD survival after inoculation with bacteria (in days).

Implantation of Tumors and QuantitÃ¤ten of Bacteria

C57B6 and DBA/2J mice were inoculated s.c. in the left shoulder region
with 5 x IO5 B16F10and Cloudman S91 mouse melanoma cells, respectively.
BALBc nu/nu mice were inoculated with 2 X IO7 cells of human lung

carcinoma A549, human colon carcinoma HCT 116, human breast carcinoma

J The abbreviations used are: HSV TK. herpes simplex virus thymidine kinase; GCV.

ganciclovir; LB, Luria broth; cfu. colony-forming unit(s): EM. electron microscopy; TK.
thymidine kinase; T/C. treated wr.vfi.vcontrol; LPS. lipopolysaccharide; i.t.. intratumoral.
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BT20. human renal carcinoma CRL 1611, or human hepatoma HTB 52. When
palpable lumors developed, mice were further inoculated i.p. with Salmonella
isolate YS72 at the cfu indicated. At designated times, the animals were
sacrificed, and the tumors and livers were removed and weighed. A central
portion of the tumor was prepared for microscopy, and the remainder of the
tumor was homogenized in 5 volumes of LB per g of wet weight tissue and
quantitated for bacteria by serial dilution on LB agar plates.

Bacterial Effects on Tumor Growth and Survival

Inoculi of 1-4 X IO6 cfu/mouse i.p. of the polyauxotrophs were not lethal

for at least 28 days, and some strains of mice tolerated inoculi as high as
5 x IO7 cfu. Doses in the range of IO6 cfu were chosen as the most useful for

investigating the several different factors that needed to be taken into account:
virulence, tumor targeting, amplification, and growth suppression. Eight days
following tumor implantation, mice were further inoculated i.p. with 4 X IO6

cfu of YS721, YS7211, YS7212, or YS7213. Ten days following inoculation
of bacteria, mice were routinely given Baytril (enrofloxacin, 0.2 mg/ml in
drinking water) for a total of 2 weeks, a treatment that, in comparative studies
not shown, resulted in a moderate increase in survival of mice. Tumor growth
was assessed by periodic caliper measurements (in mm). Tumor volume was
computed by the formula: length x width x height x 0.5236 = volume (in
mm1). Animals were euthanized when their tumors reached 4000 mm3 or when

they became moribund.

Microscopic Analyses

For light microscopic analyses, portions of the tumor were fixed in formalin,
embedded in paraffin, sectioned, and stained with H&E or tissue Gram's

stain (Brown-Brenn stain). For EM, the tissue was fixed in half-strength
Karnovsky's fixative for 6 h at 4Â°C,followed by washing in cacodylate buffer

overnight, postfixed with \c/c OsO4 and 1.5% potassium ferrocyanide in
cacodylate buffer for 2 h, and embedded in Spurr's resin. Ultrathin sections

were stained with uranyl acetate and lead citrate and photographed through a
Zeiss 109 EM.

Cloning and Expression of HSV TK in Salmonella typhimurium

PCR. Plasmid DNA of the vector pHETK2 (16) was prepared by alkaline
lysis, phenol-chloroform extraction, and ethanol precipitation. PCR primers
based on the complete sequence for HSV TK (17) were: forward, 5'-GAT-
CATGCATGGCTTCGTACCCCGGCC-3'; and reverse, 5'-CTAGATGCAT-
CAGTGGCTATGGCAGGGC-3', corresponding to bases 310-328 (forward)

and 1684-1701 (reverse) of the published sequence, with added GATCATG-
CAT or CTAGATGCAT sequences (Nsi\ site and spacer) at the 5' end of each

primer. Each 25-/J.1 reaction mixture contained 50 ng of DNA template, 10

pmol of each primer, 100 mM deoxynucleotide triphosphates, 1.5 mM Mg, and
0.5 units of Taq polymerase (Perkin-Elmer/Cetus, Norwalk. CT). Amplifica
tion was performed by 35 cycles of 94Â°Cfor 1 min; 50Â°Cfor 15 s; 55Â°Cfor
1 min; and 72Â°Cfor 2 min. The band of the correct size was cloned into (a)
pBluescript II KS + and sequenced with T3 and T7 primers to confirm the

correct DNA had been cloned and (fo) p279 cut with Pstl, which provides the
ÃŸ-lactamasesignal sequence (18). Transformants were screened using a probe

generated from the original template by random priming (Boehringer Mann
heim, Indianapolis, IN) using [a-'2P]dCTP. Positive clones were further

screened by immunoblot.
SDS-PAGE and Immunoblot. SDS-PAGE was performed on bacterial

lysates according to Weber and Osborn (19). Immunoblots were performed
according to Towbin et al. (20). Primary anti-TK antibodies (a gift of William

Summers, Yale University, New Haven. CT) were generally used at a 1:1000
dilution. Secondary antimouse antibodies were alkaline phosphatase conju
gates (Promega. Madison, WI) used at a 1:7500 dilution, and antibody incu
bations were followed by nitroblue tetrazolium and 5-bromo-4-chloro-indolyl

phosphate colorimetrie detection (Promega).
TK Assay. TK activity was assayed using a modification5 of the method of

Summers and Summers (21 ) containing 0.2 mM I-dC. 0.01 mM l25I-dC, 10 mM

ATP, 0.6 mg/ml BSA, 10 mM MgCl2, 25 mM NaF, and 100 mM sodium
phosphate buffer, pH 6.O. Five ml of the enzyme extract were combined with

**P. Tung and W. C. Summers, personal communication.

20 ml of the reaction mix and incubated at 37Â°Cfor 1 h, bound to DE81 paper

(Whatman), and washed, and the associated radioactivity was determined in a
gamma counter.

Salmonella Transformation. Transformation of Salmonella strains was
performed by electroporation as described (22). Plasmids transfected into
Salmonella included pHETK2 (16), p279 (18), and two independent isolates of
ÃŸ-lactamase fusions, p5-3 and p21A-2. Salmonella typhimurium strains that

were transfected were 14028, YS72. YS7211, YS7212, and YS7213.

Fractionation of Bacteria and Isolation of Periplasmic Fractions

Periplasmic fractions were collected using a modified osmotic shock pro
cedure (23, 24). Cultures were grown overnight at 37Â°Cwith shaking in

medium consisting of LB with either 100 fig/ml ampicillin or 10 ng/ml
tetracycline. One ml of bacterial culture was pelleted and resuspended in 1(X)
fxl of Tris-acetate (0.1 M). Eight ml of lysozyme (2 mg/ml) were added, the
mixture was kept at room temperature for IO min, 100 /xl of ice-cold H-.O

containing 1 m.Mphenylmethylsulfonyl fluoride was added, and the mixture
was further incubated on ice for 5 min. Four jul of MgSO4 (1 M) were added
to stabilize the spheroplasts, which were then pelleted in a microfuge for 40 s
at 12,000 X g. The spheroplast pellet and the supernatant periplasmic fraction
were compared with the whole unfractionated bacteria by gel electrophoresis
and immunoblotting.

Treatment with GCV

Eight days post-tumor implantation, some mice were further inoculated i.p.
with IO6 cfu of strain YS7211 bearing HSV TK gene-containing plasmid p5-3

with a ÃŸ-lactamase secretory signal sequence. At 11 days post-tumor implan

tation, GCV (GCV sodium. Cytovene; Syntex Laboratories, Palo Alto, CA)
was inoculated i.p. into groups of mice under the following protocols: (a) 330
mg/kg (2.5 mg, day 11; 1.25 mg, day 12; 2.5 mg, day 18; and 1.25 mg, day 19);
(b) 220 mg/kg (2.5 mg, day 11; 2.5 mg. day 12); (c) 165 mg/kg (2.5 mg. day
11: 1.25 mg, day 12); (d) 110 mg/kg (1.25 mg, day 11; 1.25 mg, day 12): and
(e) 55 mg/kg ( 1.25 mg, day 11). At 18 days post-tumor implantation ( 10 days
post-bacterial inoculation), all animals were given enrofloxacin (Baytril, 0.2

mg/ml) in their drinking water, and they were maintained on this antibiotic for
2 weeks.

Genetic Stability of Strains

To assess the stability of the auxotrophic phenotypes bacteria from tumor,
homogenates were replicate-plated onto minimal medium agar supplemented

with the appropriate nutritional additives to monitor for the presence of the
auxotrophic mutations or with tetracycline on LB plates for retention of the
Tetrc> plasmid. For each strain. YS7211. YS7212, and YS7213, 50 of 50

bacterial clones recovered from the tumor homogenates displayed the expected
auxotrophic phenotypes 2 days postinoculation. In tests for plasmid retention,
10 days after inoculation of YS7211 with plasmid p5-3, 27 of 33 clones
recovered from tumors were Tetres, indicating >80% retention of the HSV TK
plasmid in vivo. Further, for each of the three auxotrophs, three of three Tetre"

clones isolated from such tumor homogenates expressed TK activity, indicat
ing that, in addition to TÃªt'"",the TK gene was also retained on the plasmid for

at least 10 days in mice (not shown).

RESULTS

Isolation of Aerobic Hyperinvasion Mutants. Invasion of Sal
monella into animal cells is regulated by a number of environmental
factors, including oxygen, osmolarity, and pH (2-5). For example,

mutants of the Ml locus have been described previously that were
hyperinvasive under normally repressive aerobic conditions (2, 4-5).

Using similar techniques as those used for hil mutants, we sought to
isolate mutants showing enhanced invasive capacities toward human
melanoma cells when the bacteria were growing aerobically in early
logarithmic phase. ATCC 14028 was chosen as the wild type because
it was known to be highly virulent in mice and we found it to be
inherently invasive toward human melanoma cells in culture. Strain
14028 was mutagenized so that the frequency of auxotrophic mutants
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reached 2% (15). The mutagenized population was grown to early
logarithmic phase under aerobic conditions and subjected to four
cycles of invasion into and recovery from melanoma cells. Four of
150 isolates tested were found to be hyperinvasive compared to wild
type, and the most striking of these, YS72, was chosen for further
study. The invasive characteristics of YS72 showed a phenotype
similar to that of hit mutants in that invasion of wild-type cells was

repressed under aerobic conditions and induced under anaerobic con
ditions, whereas invasion of YS72 was induced following growth
under either condition (Table 1). Although YS72 was isolated by
cycling through melanoma cells, it was also hyperinvasive compared
to wild type toward human carcinomas of the lung, prostate, kidney,
liver, and breast, in in vitro assays following aerobic growth (data not
shown).

Analyses of growth in minimal medium supplemented with various
nutrients revealed that YS72 was pur , requiring adenine and vitamin
Bl, although no selective pressure had been applied for isolation of
the Pur" phenotype. This phenotype is known to reduce virulence of

Salmonella in mice (12-14), and upon testing, YS72 was indeed

found to be less virulent than wild type (Table 2). That is, whereas
non-tumor-bearing C57B6 mice inoculated i.p. with IO6 cfu of wild

type survived only 3 Â±0.5 days (mean Â±SE), those inoculated with
YS72 survived 5.8 Â± 1 days, suggesting that the Pur" phenotype

accounted for the reduced virulence of YS72. In confirmation, a series
of pur~ derivatives of 14028 had decreased virulence, similar to

YS72, whereas pur+ derivatives of YS72 had increased virulence,

similar to 14028 (Table 2). Through in vitro invasion assays, it was
found that the aerobic hyperinvasive phenotype was expressed in both
the YS72 pur and the pur^ derivatives and was, therefore, unrelated

to the pur phenotype of YS72 (data not shown).
Attenuation and Selective Amplification in Tumors. YS72 was

subjected to successive rounds of mutagenesis, and the following
auxotrophs were constructed. An ;'/v (isoleucine/valine) derivative of

YS72, designated YS721, was isolated, and three additional aux
otrophs were obtained from YS721: one additionally requiring argi
nine, YS7211; a second additionally requiring uracil, YS7212; and a
third additionally requiring precursors for aromatic amino acid syn
thesis, YS7213. Virulence was tested by injecting groups of mice i.p.
with IO6 bacteria and measuring the mean time to death (Ref. 12; see
"Materials and Methods"). The polyauxotrophs were all less virulent

than YS72, in that about 50% (8/17) of non-tumor-bearing C57B6

mice inoculated with YS721 and about 90% (33/36) inoculated with
YS7211, YS7212, or YS7213 survived past 30 days with no antibiotic
treatment (Table 2). Further, polyauxotrophs YS721, YS7211, and
YS7212 retained the hyperinvasive phenotype. However, YS7213
was markedly less invasive in vitro than any of the other strains, being
about 30-fold less so than the wild type, following either anaerobic or

aerobic growth (data not shown).
The wild-type and auxotrophic strains were examined for tumor

and liver distribution after i.p. inoculation into C57B6 mice bearing

Table 1 Invasion of wild-type Salmonella strain 14028 and hyperinvasive mutant YS72
fiilli>\\iiiif>growth under aerohic and anerobic conditions

Bacteria were grown aerobically in LB or anaerobically in N2-bubbled broth for at
least three doublings to A(MO = 0.5. diluted to IO6 cfu in DMEM/10% fetal bovine serum,

and allowed to invade M2 melanoma cells for 15 min under aerobic conditions. The
invasive characteristics of YS72 showed a phenotype similar to that of hil mutants (2,
4-5). Each point represents the mean Â±SD for triplicate determinations. The experiments

were repeated several times with similar results.

Salmonella/](f human cells

Growth condition 14028 YS72 YS72:14028

Aerobic
Anaerobic

3.4 Â±1.7 X IO2
2.7 Â±0.6 X IO4

4.5 Â±0.3 X IO4
4.7 Â±0.2 X IO4

130:1
1.7:1

Table 2 Sun'iral of C57B6 mice injected with auxotrophic mutants of

Salmonella typhimurium
Points represent the mean Â±SD for n = 8-12 animals. See "Materials and Methods"

for further description of strains.

Strain14028YS72YS72-P1YS72-P2YS72-P314028-P114028-P214028-P3YS72IYS7211YS7212YS7213PhenotypeWild

typeHyperinvasive.pur"Pur"1"Pur+Pur*Pur~Pur"Pur"Pur",

Ilv"Pur

. Ilv .ArgPur",Uv~,Ura"Pur",
Ilv", Arg"Mean

survival
(days Â±SD)3.0

Â±0.55.8
Â±1.03.9
Â±0.43.9
Â±1.34.1
Â±0.96.8
Â±1.5NANANANANANANo.

ofs>

10daysNA"NANANANANA4/85/810/118/88/88/8urvivors>30daysNANANANANANANDND6/117/86/88/8

' NA, not applicable;ND, not done.

Table 3 Tumor and liver distribution of Salmonella at 5 h and 2 and 4 davs after i.p.
inoculation of 10 cfu

Points are for C57B6 mice bearing BI6F10 melanoma tumors, representing
mean Â±SD for n â€”¿�3 (5 h) and n = 5 (2 and 4 days) animals.

Salmonella/g tissue

Timepostinoculation52h14028WTYS72days14028WTYS72YS72IYS7211YS7212YS72137.11.26.51.78.73.33.91.5TumorÂ±Â±Â¿Â±+Â±+Â±2.2

X1.3
x6.8

X1.2
x3.1
x3.0
x7.3
X2.8

XIO4IO5IO910"10"IO7IO7IO81.35.52.41.94.28.11.14.0LiverÂ±

7.6Â±
4.82.82.33.68.40.8Â±3.1XXXXxXXXIO5IO4IO7IO5IO6IO3IO6IO3TumonLiver1:22:270:9000:210:41:35:375:4

days14028WTYS72YS721YS721IYS7212YS7213Moribund/deadMoribund/dead3.21.61.11.3Â±Â±;Â±1.5

X2.2
X7.4
X2.5

XIO9IO9IO9IO94.76.35.12.2Â±6.9XÂ±9.9xÂ±
8.6XÂ±6.9XIO6IO6IO5IO5680:253:12200:5900:

B16F10 melanomas (Table 3). Prior tests of lO'-lO" cfu/mouse indi
cated that IO6 cfu was most useful for observing tumor and liver

infectivity for at least 2 days, while, at the same time, maintaining the
viability of mice injected with virulent strains such as 14028 and
YS72 (data not shown). By 5 h, bacteria were found at low levels in
both liver and tumor, with tumorliver ratios of 1:2 for wild type and
2:1 for YS72. Remarkably, by 2 days, each of the strains tested had
selectively amplified within tumors, such that the number within the
tumors for each strain was far more than that of the original inoculum
of IO6 cfu, and tumor: liver ratios were as high as 9000:1. However,

the most striking finding in these studies occurred at 4 days. Although
wild type and YS72 were lethal to the mice at 4 days, polyauxotrophs
YS721, YS7211, YS7212, and YS7213 were not, and each displayed
densities of greater than IO9 cfu/g tumor, with tumorliver ratios

between 250:1 and 6000:1. These results indicated that such polyaux
otrophs, capable of tumor amplification yet expressing reduced viru
lence, should be useful as safe tumor vectors in mice.

Tumor Retardation and Prolonged Survival. Additional studies
established that YS721, YS7211, YS7212, and YS7213 each retarded
tumor growth and, except for YS721, which was only partially atten
uated, they prolonged survival of tumor-bearing mice (Fig. 1). For the

experiment in Fig. 1, the average time for tumors to reach l g was 18
days for control animals, 31 days for animals treated either with
YS7213 and YS7211, and 45 days for YS7212. Retardation of tumor
growth paralleled survival times (Table 4). The order of efficacy for
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3000n

Fig. 1. Growth of B16FIO melanomas in C57B6 mice with (*) and
without (D) inoculation of strains YS72] (a); YS7213 (b): YS7211 (c);
and YS7212 (d). Mice were inoculated s.c. with 5 X IO5 B16F10

melanoma cells from culture. Eight days following inoculation of tumor
cells, some of the mice were further inoculated with 4 X IO6cfu bacteria
(arrow}. Data points, mean for n = 5 animals, when 100% of the

animals were alive in a group; bars, SE. Due to the prolonged survival
elicited by YS7212, tumor measurements are not shown after 33 days for
animals treated with this strain ( and *; d). YS7212 treated mice
survived an average of 55 Â±3 days, with the first tumor reaching 4000
mm3 by 46 days postinoculation. Similar results were obtained in several

repeated experiments.

W
00
+1

1000

s
H
G
S3 1000-

a)

YS721

- *

10 15 20 25 30 35 0 10 15 20 30 35

Days Post Tumor Implantation

retardation of tumor growth and prolongation of survival was consis
tently YS7212 >YS7211>YS7213. YS7212, the most effective
strain, produced T/Cs of 1.8-2.2. It is interesting that, although

YS7213 selectively amplified within tumors, it was the least effective
of the strains with regard to its antitumor activity, possibly correlating
with its reduced infectivity toward melanoma cells in culture de
scribed above (see "Discussion").

Microscopic Analyses. Tissue samples from a variety of human
and mouse tumors infected in vivo with YS72 were examined by light
microscopy and EM (Fig. 2). Studies were carried out with DBA/2J
mice bearing Cloudman S91 melanomas, C57B6 mice bearing
B16F10 melanomas, and BALBc nu/nu mice bearing human carcino
mas of the breast, lung, colon, kidney, and liver. With the light
microscope, Salmonella positively staining with the Brown-Brenn

stain were detected predominantly in and around the margins of
necrotic areas of tumors, and individual rods were clearly visible. At
the EM level, bacteria were seen in mouse melanomas (Fig. 2A) and
human carcinomas of the lung (Fig. IB), colon (Fig. 1C], and breast
(Fig. 2D). Not shown are similar EM results with human renal
carcinoma CRL1611 and hepatoma HTB52 tumors growing in nu/nu
mice. In summary of the EM studies, bacteria were found in necrotic
areas and in the cytoplasm of tumor cells. Bacteria were often found
in apoptotic cells as evidenced by the presence of segmented (kary-

orrhexic) nuclei (Fig. 2, C and D). Numerous examples were observed
of dividing bacteria within the tumors. Quantitation of the bacteria
within the human tumors in vivo revealed that, as with B16F10 mouse

Table 4 Sun'ivat of B16F10 melant>ma-hearinR C57B6 mice inoculated with
Salmonella typhimnriitm

Each point represents the mean Â±SE for n = 10 animais. Mice were administered
Baytril antibiotic in the drinking water 2 weeks postinoculation with bacteria and were
euthanized when tumors reached 4000 mm". The experiments were repeated several times

with similar results.

StrainControl

(no bacteria)
YS72I3
YS72I1
YS72I2Mean

survival (days Â±SE)27

Â±2
36 Â±5
38 Â±10
53 Â±7T/C1.0

1.3
1.5
2.0

melanomas (Table 3), 2-4 days after i.p. inoculation of IO6cfu, YS72
densities reached remarkable levels of 108-10'Â° cfu/g in the human

tumors, with tumorliver ratios reaching as high as 4000:1.
Expression of HSV TK and Prodrug Activation. GCV-mediated

inhibition of tumor growth via its phosphorylation by HSV TK has
been reported for a number of experimental cancers, including the
mouse B16F10 melanoma (25-29). For example, 40-50% reductions
in B16 melanoma tumor volume were seen in mice injected intratu-

morally with either adenovirus or DNA containing the HSV TK gene
and further treated with GCV at doses ranging from 100 to 150
mg/kg/day for 4-6 days (28, 29). To test the potential of Salmonella

to deliver therapeutic enzymes to tumors, an HSV TK expression
construct with a ÃŸ-lactamasesecretory sequence (plasmid p5-3) was
transfected into various strains (Fig. 3). Plasmid-bearing strains were
able to target and amplify within tumors, as did plasmid-free strains,
and they were also similar to their plasmid-free counterparts in ex

pression of the aerobic hyperinvasive phenotype in vitro (data not
shown). Immunoblot analyses using an anti-HSV TK mAb (top)

revealed expression of HSV TK in lysates of wild type and YS72 with
p5-3 (Lanes 2 and 3) but not in those of 14028 with plasmid but no

HSV TK gene (Lane I). In assays of HSV TK phosphotransferase
activity (bottom), using l25I-dC as a substrate for phosphorylation

(21), about 10-fold higher levels of activity were seen in wild-type and

YS72 lysates containing HSV TK (Lanes 2 and 3) compared to those
without HSV TK (Lane 1). Similarly, using [3H]GCV as a substrate,

kinase activity was readily detected in lysates of strains YS721 l/p5-3,
YS7212/p5-3, and YS7213/p5-3 expressing HSV TK but not in ly

sates without HSV TK (data not shown).
Periplasmic Localization of HSV TK. Relatively little enzyme

activity was recovered from the culture supernatants (data not shown).
However, because immunoblot analyses indicated processing of the
secretion signal (Fig. 3), secretion into the periplasmic space of the
Salmonella was suggested. This was verified by purification of the
periplasmic fraction and immunoblot analysis (Fig. 4). In whole-cell
preparations, both the precursor form, containing the ÃŸ-lactamase

signal sequence, and the mature processed form, with the signal
sequence cleaved, were present. In contrast, the periplasmic fraction
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Fig. 2. Electron microscopic analyses of Salmonella typhimurium isolate YS72 infecting mouse and human tumors. Procedures were described in "Materials and Methods." A,

Salmonella surrounding and within a B16 melanoma cell located in a necrotic area of the tumor. A single bacterium (downward arrow) is seen within the cytoplasm of the melanoma
cell along with numerous melanosomes (m). A second bacterium (upward arrow) is located near the surface of the melanoma cell. Chromosomes (dir) are seen in the nucleus of the
melanoma cell. B, numerous Salmonella (arrows) in human lung tumor A549. C, Salmonella in human colon tumor HTC116. Seen is a cell with segmented (karyorrhexic. kn) nuclei.
Such cells are in late apoptosis (57). D, Salmonella (arrows) in and surrounding a tumor cell from human breast tumor BT20. As in C, the tumor cell is in late apoptosis as evidenced
by the presence of nuclei in karyorrhexis (fai).

contained only the processed form, indicating that processing was
necessary for periplasmic localization. Both the precursor and mature
forms were seen in the spheroplast preparations, indicating that trans-

location of the mature form to the periplasm was only partial. As the
periplasm is freely permeable to phosphorylated nucleotides, phos-

phorlylated GCV should, in theory, be able pass out of the parasite.
To test the effects of GCV on tumor growth, C57B6 mice were

implanted with B16F10 melanoma cells, inoculated 8 days later with
strain YS7211 with or without HSV TK-containing plasmid p5-3, and

administered GCV as described (Fig. 5). We found that introduction
of the plasmid reduced the inherent antitumor activity of the bacteria,
such that the plasmid-bearing strains could not be directly compared
to the plasmid-free strains for total antitumor activity with and without

GCV (see effects of strains without GCV). Nonetheless, a clear effect
of GCV-mediated tumor retardation by HSV TK-containing strain
YS7211/p5-3 was demonstrated. In control animals 25 days post-

tumor implantation, the average tumor volume in mice not receiving
bacteria had reached 4000 mm3, and many of the animals had been

euthanized. Control animals not inoculated with bacteria showed
small GCV-mediated suppression of tumor growth that was independ

ent of dosage and did not result in enhanced survival. In contrast,
tumors in mice treated with YS7211/p5-3 alone had reached only
540 Â±128 mm3 (mean Â±SE) by 25 days, whereas those treated with
YS7211/p5-3 plus GCV were 193 Â±59 mm3 (P = 0.018), showing

both bacterial as well as GCV effects on tumor growth. On the other
hand, without the p5-3 plasmid, GCV showed no effects when used in
combination with this strain (day 25, 219 Â± 100 mm3 versus
236 Â± 114 mm3, control versus GCV). For animals treated with

YS7211/p5-3, data pooled from three experiments at 28 days post-

tumor implantation for all GCV doses from 165 to 330 mg/kg re
vealed a 2.5-fold reduction in tumor volume by GCV (P = 0.025;

Table 5). Further, GCV elicited moderate increases in survival (Table
6). Whereas tumor-implanted animals not treated with bacteria died

with a mean Â±SE of 25 days without and 27 Â±1 days with GCV (220
mg/kg), those inoculated with YS7211/p5-3 and no GCV survived
36 Â±2 days, and those treated with YS721 l/p5-3 + GCV survived
40 Â±3 days for 165 mg/kg (P = 0.070), 42 Â±3 days for 220 mg/kg
(P = 0.085), and 41 Â±2 days for 330 mg/kg (P = 0.023).

DISCUSSION

Using Salmonella typhimurium, we have developed a tumor-ampli

fied protein expression therapy. Our approach involved the combina
tion of a number of mutant characteristics and the transfection of
foreign genes to create an attenuated anticancer vector from a highly
virulent strain of Salmonella. Aerobic hyperinvasiveness was com
bined with defects in major biosynthetic pathways, including purine,
pyrimidine, and amino acid synthesis, to achieve vectors that, when
injected from a distant site, accumulated and selectively replicated in
tumor tissue. These bacteria had inherent antitumor activity-retarding

tumor growth and prolonging average survival to as much as twice
that of untreated mice with strain YS7212 (27 days versus 53 days, no
bacteria versus with bacteria). Further, using Salmonella expressing
the HSV TK gene, we showed a GCV-mediated 2.5-fold reduction in

B16 melanoma tumor size, a somewhat stronger effect at lower
dosages than reported earlier, when B16 tumors were injected intra-
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Fig. 3. Detection of HSV TK by immunoblot (top) and phosphotransferase activity
(boltom) assays in bacterial lysates derived from equal numbers of cells of wild-type

strains 14028 (WT) and YS72. Top. immunoblot detection of precursor (P) and mature (M)
forms of HSV TK using an anti-TK mAb. Lane 1, wild-type (WT) strain 14028 containing
plasmid pKT279 without the HSV TK gene (p279) showing no reactivity with the anti-TK
mAB; Lanes 2 and 3. 14028 and YS72. respectively, containing plasmid p5-3 with the
ÃŸ-lactamase secretory sequence fusion form of TK. Boliom, phosphotransferase activity

associated with each of the samples in the lop. Activity is expressed as the total number
of counts of 125I-dC phosphorylated by lysates derived from IO7 bacteria (21).

Fig. 4. Periplasmic localization of HSV TK. Immunoblots of whole cell-preparations

of bacteria (Lane I), the periplasmic fraction (Lane 2). and the spheroplast pellet (Lane 3).
Whole-cell preparations show the migration of a precursor form (small arrow) and the
mature form (large arrow). The periplasmic fraction shows only the processed form of the
protein.

tumorally with DNA or adenovirus containing the HSV TK gene (28,
29). Thus, it has been demonstrated that Salmonella would be useful
both for its inherent antitumor activity and for its ability to deliver
therapeutic proteins to cancer cells in vivo.

In parallel studies with Salmonella in DBA/2J mice bearing Cloud-

man S91 melanomas, we obtained essentially the same results for
selective amplification and tumor retardation as described herein for

B16F10 melanomas in C57B6 mice (data not shown). Moreover, in
studies with DBA/2J mice, when melanomas were implanted s.c. at
four separate sites, and YS72 was inoculated either i.p. or directly into
only one of the tumors, selective amplification of YS72 was observed
in all four tumors. Selective amplification of YS72 was also seen in
spontaneous soft tissue mÃ©tastasesfollowing i.p. inoculation of the
bacteria. The results underscore the therapeutic potential of Salmo
nella as a vector for distant mÃ©tastasesas well as for primary tumors
(30).

Attenuation of Salmonella through auxotrophy reduced their viru
lence in mice but not their ability to target and amplify 2-3 orders of

magnitude in tumors compared to livers. We envision that, because
auxotrophic mutants require exogenous nutrients, they are, in general,
weakened within the mouse, allowing them to be controlled or erad
icated by host defense mechanisms. Tumors, with actively dividing
cells as well as necrotic areas, would seem to be an environment in
which metabolites such as purines, pyrimidines, and amino acids
would be available in good supply, providing a reservoir to the
bacteria.

YS7211/p5-3 YS7211

Fig. 5. Effects of GCV on growth of B16F10 tumors in C57B6 mice treated with
Salmonella strain YS7211 with or without HSV TK-containing plasmid p5-3. Mice were
treated with a total of 220 mg/kg GCV as described in "Materials and Methods." and
tumor volume (in mm3) was determined at 25 days post-tumor implantation. Columna.

mean of pooled data from four separate experiments for n = 9-35 animals per point, with
100% survival of treated animals at 25 days; bars. SE. *. P = 0.018 for difference
between strain YS7211/p5-3 with and without GCV.

Table 5 Effects of ganciclovir on B16F10 tumor growth in C57B6 mice inoculated
with Salmonella YS7211 with and without the HSV TK gene

Results are for mean tumor volume Â±SE 28 days post-tumor implantation from pooled
experiments for GCV doses of 0 {bacteria only), 165, 220, and 330 mg/kg.

Treatment Mean tumor volume Â±SE

YS7211/p5-3
YS7211/p5-3 + GCV

1377 Â±353 (n = 15/15)
535 Â±102Â°(n = 36/36)

' P = 0.025.

Table 6. Effects of GCV on the sun'ival of C57B6 mice inoculated with Salmonella

YS72I1 Â±HSV TK gene
Results are from pooled experiments with 12-19 animals per group at thestart.StrainControl

(nobacteria)YS7211YS7211

+ p5-3-2GCV(mg/kg)None1650165None55110165220330Survival(days

Â±SE)T/C25

Â±01.027
Â±11.140
Â±4 1.635
Â±4 1.436
Â±236
Â±238
Â±240
Â±342
Â±341
Â±2.4.4.5Â°.6Â°.7Â°.6Â°

" See text for Ps.
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Regarding bacteria and cancer, there are clinical observations dat
ing over more than 200 years in which cancers regressed in patients
with bacterial infections (31, 32). At least part of the therapeutic
action of bacteria appears to be through stimulation of the host
immune system (e.g., Refs. 33-37). However, immunostimulation
may not be the only therapeutic mechanism because there are numer
ous reports of patients with bacterially infected tumors, often contain
ing Salmonella (38-41), raising the possibility that bacteria could
target tumors and have local antitumor effects.

The mechanisms involved in suppression of tumor growth by
Salmonella are likely to be multifaceted. Suppression might be due to
an activation of the immune system through the release of LPS by the
tumor-infecting bacteria. LPS released within the tumor by the infect
ing Salmonella could induce tumor necrosis factor a release by WBC,
either systemically or locally, and elicit antitumor effects within the
animal (34, 43, 44). LPS from bacteria in the tumor could also serve
as an attractant to WBC such as macrophages and neutrophils that, in
turn, express antitumor activity. It is also possible that WBC transport
Salmonella from the circulatory system to tumors, the net result being
an increase in both WBC and bacteria within the tumor. Additional
explanations for tumor suppression could include competition for
nutrients between cancer cells and bacteria, and secretion of bacterial
toxins or enzymes such as proteases and other hydrolases.

We do not yet know what role, if any, the aerobic hyperinvasive
phenotype of YS72 played in the efficacy of targeting, amplification,
or tumor suppression. Evidence that invasion itself may be important
comes from our findings that YS7213. noninvasive in culture follow
ing either aerobic or anaerobic growth, was also the weakest strain for
tumor suppression in vivo, although it was capable of targeting tumors
and amplifying within them (Table 3). Our microscopic studies of
hyperinvasive YS72 indicated that, whereas most of the bacteria were
seen in necrotic spaces, they were also detected within the cytoplasm
of tumor cells, suggesting that YS72 was capable of invasion of tumor
cells in vivo (Fig. 2). Perhaps amplification within necrotic spaces, as
achieved by YS7213, is sufficient for some tumor suppression; how
ever, more suppression can be gained from bacterial invasion of tumor
cells, as apparently observed with YS72. A microscopic study of
tumor cell invasion characteristics of YS7213 in vivo has not yet been
completed.

There were several parameters of the HSV TK/GCV experiments
that require discussion and further investigation. We have not meas
ured phosphorylation of GCV or its incorporation into DNA within
tumors. Rather, these first studies have used differential effects on
tumor growth retardation and prolonged survival to assess its activa
tion. The experiments in mice were complicated by the fact that the
bacteria alone were so potent in retarding tumor growth that further
GCV effects were relatively small. In addition, the potency of indi
vidual Salmonella strains alone on tumor growth and survival varied
between strains, with YS7212 being more potent than YS7211 and
YS7213, and HSV TK plasmid-bearing strains being less potent than
their plasmid-free counterparts (Figs. 1 and 5). At least 80% of the
bacteria retained the plasmid while infecting tumors 10 days postin-
oculation, as determined by tetracycline resistance. The differences in
tumor suppression between HSV TK plasmid-bearing and plasmid-
free strains might have been due to differential virulence; however,
this was difficult to determine because each of the three polyaux-
otrophs was essentially avirulent whether or not it carried the HSV TK
plasmid. Whether the plasmid-bearing strains were less virulent than
plasmid-free strains was not determined in an LDM)study. Plasmid-
bearing strains were able to target and amplify within tumors, as did
plasmid-free strains in vivo, and were also similar to the plasmid-free
strains in expression of the aerobic hyperinvasive phenotype in vitro.
With the inherent difference in tumor suppression between plasmid-

bearing and plasmid-free strains, the most meaningful comparisons
that support a GCV effect were those that contrasted a single strain
without the HSV TK plasmid, showing no effect of GCV, and the
same strain with the plasmid, showing an effect of GCV (Fig. 5). With
this in mind, YS721 l/p5-3 was chosen for the HSV TK/GCV exper
iments because, when used alone, it was of intermediate antitumor
potency compared to the other polyauxotrophs, allowing for further
assessment of GCV effects. With this strain, we were able to demon
strate a HSV TK/GCV-dependent retardation of tumor growth and
prolongation of survival (Fig. 5 and Tables 5 and 6). Thus, demon
stration of GCV activation was achieved, although little is yet known
about the underlying mechanisms. Our microscopic studies demon
strated bacteria in great numbers in necrotic areas of tumors, but
bacteria also invaded cells of the necrotic margins (Fig. 2). From other
studies, we would expect that GCV was phosphorylated by bacteria
within these invaded tumor cells, perhaps ultimately being passed
through gap junctions to adjacent cells (25-29).

Numerous physical barriers exist in the delivery of therapeutic
agents to solid tumors that can compromise the effectiveness not
only of drugs but also of antibodies, cytokines, and viruses as
therapeutic agents or delivery systems ( 1). Our results indicate that
Salmonella have several advantages that overcome such delivery
problems. It should also be noted that therapeutic use of live
bacteria has been reported previously. For example, in 1947,
Parker et al. (42) showed that direct injection of spores of Clos-
tridium histolyticus into a transplantable sarcoma growing in a
mouse caused oncolysis and regression of the tumor. In a study
with attenuated Aro' Salmonella and plasmacytoma-bearing mice,

i.p. and i.t. injections of bacteria suppressed tumor growth and
prolonged survival of mice, with results similar in magnitude to
ours reported here for melanoma cells (45). In another Salmonella
study, an attenuated strain secreting human interleukin-2 decreased
hepatic mÃ©tastasesin a murine MCA-38 adenocarcinoma hepatic
mÃ©tastasesmodel (46, 47). In these latter two studies, the effects of
the bacteria were attributed to their action as immunostimulatory
agents rather than as direct antitumor agents, and tumor targeting
of the bacteria was not reported. In other examples. Salmonella
typhimurium (48-50), Listeria monocytogenes (51, 52). Shigella
flexneri (53), and Clostridium beijerinck (54, 55) have been
developed for delivery of foreign genes or proteins to mammalian
cells in vitro and in vivo. However, we feel that Salmonella has the
combined advantages of these systems for tumor therapy. Com
pared to "attenuated pathogens," including Salmonella, Shigella,

and Listeria, in which live organisms are used to deliver therapeu
tic proteins and antigens, the Salmonella described herein represent
a significant advance in allowing the direct delivery of therapeutic
agents to the target, i.e., malignant tumors. From a perspective of
"targeted bacteria," which includes Clostridia. genetically modi

fied Salmonella are an notable expansion of the field because of the
numerous genetic techniques available for the Enterobacteriaceae.
In other aspects, Closlridia only grow in anaerobic tissues,
whereas the Salmonella developed in this study proliferate and
invade mammalian cells under both aerobic and anaerobic condi
tions, such as found within solid tumors. From the perspective of
gene therapy, the ability of Salmonella to target multiple tumors
from distant sites offers a significant improvement over the many
gene therapies limited to local regional administration (e.g., Refs.
27 and 56). With engineered Salmonella, a major series of
improvements in the bacterium is evident that could result in
highly selective targeting and effective prodrug enzyme therapy in
vivo. Collectively, our findings demonstrate potential new vectors
for tumor-targeted cancer therapeutics.
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