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The past several years have seen renewed interest in the treatment of cancer with live microorganisms, based on the
observation that some microorganisms display selective replication or preferential accumulation in the tumor
microenvironment. Preferential replication offers great potential to amplify the therapeutic effect of the microorganism
while sparing normal tissues from toxicity. Much of the current research intended to achieve selective replication within,
and lysis of, tumor cells has focused on viruses, but recent observations in murine models with facultative anaerobic
bacteria (1), as well as data generated more than 30 years ago with obligate anaerobic bacteria (2), indicate that some
bacterial species can also preferentially replicate and accumulate within tumors. In contrast to viruses, the bacteria reside
primarily in the extracellular tumor microenvironment (3) and possess certain features that may be advantageous in the
treatment of cancer. Thus, bacteria are motile, which facilitates their spread throughout the tumor and can help target
systemic disease. Because of their large genome size, bacteria can readily express multiple therapeutic transgenes, such
as cytokines or pro–drug-converting enzymes, and their spread can be controlled with antibiotics if necessary.
Interestingly, the observation that conditions within experimental animal tumors could favor the preferential replication of
bacteria, compared with normal tissues, was made approximately 40 years ago, when certain Clostridia species were
shown to proliferate extensively in […]
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The past several years have seen renewed interest in the
treatment of cancer with live microorganisms, based on
the observation that some microorganisms display selec-
tive replication or preferential accumulation in the
tumor microenvironment. Preferential replication offers
great potential to amplify the therapeutic effect of the
microorganism while sparing normal tissues from toxi-
city. Much of the current research intended to achieve
selective replication within, and lysis of, tumor cells has
focused on viruses, but recent observations in murine
models with facultative anaerobic bacteria (1), as well as
data generated more than 30 years ago with obligate
anaerobic bacteria (2), indicate that
some bacterial species can also pref-
erentially replicate and accumulate
within tumors. In contrast to viruses,
the bacteria reside primarily in the
extracellular tumor microenviron-
ment (3) and possess certain features
that may be advantageous in the
treatment of cancer. Thus, bacteria
are motile, which facilitates their
spread throughout the tumor and
can help target systemic disease.
Because of their large genome size, bacteria can readily
express multiple therapeutic transgenes, such as
cytokines or pro–drug-converting enzymes, and their
spread can be controlled with antibiotics if necessary.

Interestingly, the observation that conditions within
experimental animal tumors could favor the preferential
replication of bacteria, compared with normal tissues,
was made approximately 40 years ago, when certain
Clostridia species were shown to proliferate extensively in
some tumors. Proliferation presumably occurred in the
hypoxic and necrotic regions of the tumor, but not in
well-oxygenated normal tissues (2). Clostridia-mediated
tumor lysis was demonstrated primarily in the more-
established or larger tumors, expected to contain regions
of hypoxia. The Clostridia were often absent or had no
discernible antitumor effect in small metastatic lesions.
Tumor pathology resulting from Clostridia infection was
manifested as a liquid necrotic center surrounded by a
rim of viable tumor cells, from which the tumor would
eventually regrow. Some animals became ill and died
during the peak of oncolysis, presumably from the toxic
and/or systemic inflammatory effects of bacteria, their
byproducts, or necrotic tumor debris.

After similar observations regarding the preferential
replication of Clostridia in tumors were made in rat and
hamster models (4, 5), clinical trials were initiated with

a non–toxin-producing strain of Clostridia spores (6).
Patients with advanced cancer typically developed fever
and positive blood cultures for approximately 1 week
and occasionally required supportive care involving
treatment with antibiotics. Most patients had no evi-
dence of objective regression or change in tumors, but
several patients with large tumor masses developed fluc-
tuant abscesses within tumor masses, and cultures of the
masses revealed the injected organism. Because of the
overall lack of clinical efficacy, further studies with
Clostridia spores were abandoned, but, in the past several
years, investigators have begun to explore obligate anaer-

obic Clostridia in animal models as a
means to deliver pro–drug-convert-
ing enzymes and other gene-based
anti-cancer agents specifically to
tumors (7, 8).

Preclinical and clinical studies with
Clostridia have identified several
obstacles to the development of pref-
erentially replicating bacteria for can-
cer biotherapy. Successful clinical
candidates should infect and multi-
ply within both small and large

metastatic lesions, should be attenuated so that they
induce minimal systemic inflammatory responses, should
replicate in tumors without causing an excessive inflam-
matory reaction that could lead to formation of toxic pus-
tular abscesses, and, to provide an additional margin of
safety, should be sensitive to common antibiotics.

In 1997, Pawelek et al. reported that Salmonella would
infect and preferentially accumulate within implanted
tumors in mice, achieving tumor/normal tissue ratios of
approximately 1,000:1 (1). This observation, combined
with ease of manipulation, suggested that Salmonella
might be developed as a clinically useful anti-cancer
agent. Wild-type Salmonella, and in particular Salmonella
typhimurium, produces self-limited enteritis in most
healthy adults, infects both mice and humans, and can
easily be manipulated to carry foreign genes. This species
also exists as a facultative anaerobe, allowing it to survive
in both oxygenated and hypoxic conditions, so it would
be expected to colonize small metastatic lesions as well
as larger tumors.

A surprising observation in the preclinical development
was the ability of attenuated Salmonella species to retard
tumor growth in a broad range of staged syngeneic and
xenograft murine tumor models (Table 1). Thus, when
single doses of the Salmonella were administered intra-
venously at the time tumors were 100–400 mg in size (1,
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9, 10) or, in the case of metastatic models, after small lung
metastases were established (11), tumor growth was inhib-
ited in most models for prolonged periods, in some cases
up to 50–60 days. Several of the models showed improved
survival times, but tumors eventually resumed growth,
resulting in the death of the animals. The tumor site-relat-
ed and systemic toxicities reported in preclinical studies
of strictly anaerobic bacteria were not observed, although
after a prolonged period, some subcutaneous tumors
developed a central necrotic region.

Engineering Salmonella as a biotherapeutic agent

To develop a clinical candidate with a high safety pro-
file, a wild-type strain of Salmonella typhimurium was
attenuated by partial deletion of the msbB gene, whose
product is responsible for addition of a terminal myris-
tic acid group in the formation of lipid A (12).
Lipopolysaccharide derived from these lipid A mutants
is markedly diminished in ability to induce TNF-α in
vitro in human monocytes and in vivo after adminis-
tration to mice and pigs (9). As an additional safeguard,
deletion of the purI gene (requirement for an external
source of purine, e.g., adenine) was engineered into the
msbB– Salmonella strain as a second attenuating muta-
tion. The auxotrophic lipid A mutants could be admin-
istered intravenously at single doses of up to 5 × 107

cfu/kg to naive, immune-competent mice without sig-
nificant toxicity. The gene modifications did not affect
the ability to achieve high tumor/normal tissue ratios
in mouse models (Table 2), and the bacteria maintained
their capacity to inhibit the growth of both subcuta-
neous tumors and lung metastatic disease.

Further characterization of the attenuated Salmonella
revealed that nude and beige mice were between 5- to 10-
fold less tolerant of the attenuated Salmonella, and
severe-combined immunodeficient (SCID) mice were
approximately 50-fold less tolerant compared with
immune-competent mice, which was consistent with the
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enhanced sensitivity of SCID mice to Salmonella infec-
tion previously reported with other attenuated Salmo-
nella strains (13). Nevertheless, Salmonella-mediated mor-
tality in SCID mice could be completely prevented
without diminishing antitumor efficacy by administer-
ing antibiotics. Pigs and monkeys were even less sensitive
to the toxicity of attenuated Salmonella than mice, with
monkeys tolerating intravenous doses of up to 2.5 × 109

cfu/kg (10). In response to administration of a clinical
strain of attenuated Salmonella, monkeys demonstrated
only minor and reversible transaminase elevations, and
mild and rapidly reversible hematologic toxicity.

The kinetics of colonization of various tissues, exam-
ined in both mice and monkeys, provide some insight
into to the mechanism of preferential accumulation of
bacteria in tumors. Two hours after administration of 1
× 106 cfu/mouse, attenuated Salmonella accumulated pre-
dominantly in liver and spleen. By 24 hours, bacterial tis-
sue levels remained highest in both spleen and liver, but
increased in other tissues such that levels ranged from 1
× 104 to 2 × 104 cfu/g in kidneys and lung to 2 × 105 and
9 × 105 cfu/g in liver and spleen, respectively. At neither
time were significant levels detected in brain. In tumor-
bearing mice, bacterial levels in tumors uniformly
exceeded 1 × 108 cfu/g tumor, regardless of tumor type
or host, as demonstrated in syngeneic mouse tumors,
spontaneous mouse tumors, and human tumor
xenografts. Intratumoral bacterial levels persisted for
greater than 4 weeks. In healthy monkeys, bacteria were
shown to clear from circulation and most organ sites
within days, but persisted at low levels in liver and spleen
for 30–40 days before being fully eliminated from the
body. Bacteria recovered from animals were genetically
stable with regard to 4 specific markers and were
unchanged in sensitivity to most common antibiotics.

The mechanisms responsible for the initial infection
of tumor, followed by preferential accumulation of bac-
teria to high levels, compared with normal tissues, are
not completely understood. Differences between tumor
and normal vasculature and blood flow patterns could
be involved in favoring entry into and entrapment of
bacteria within tumors. Similarly, bacteria may be deliv-
ered to tumor by macrophages or monocytes, or per-

Table 1
Effect of attenuated Salmonella typhimurium on growth of tumor
expressed as tumor volume doubling time (TVDT) measured in days

Tumor Treatment TVDT (d)

B16-F10 melanoma Vehicle 2.74
VNP20009 104 CFU 4.32A

VNP20009 105 CFU 6.06A

VNP20009 106 CFU 9.25A

LOX human melanoma Vehicle 1.98
VNP20009 2 × 106 CFU 16.48A

DLD1 human colon Vehicle 6.02
Late stage VNP20009 2 × 106 CFU NA
Early stage VNP20009 2 × 106 CFU 14.32A

WiDr colon Vehicle 6.84
VNP20009 2 × 106 CFU 14.53A

A549 lung Vehicle 9.66
VNP20009 2 × 106 CFU 21.52A

MDA-MB-231 Vehicle 5.53
Breast carcinoma VNP20009 3 × 106 CFU 15.69A

HTB177 Vehicle 2.17
Lung carcinoma VNP20009 1 × 106 CFU 7.79A

AP = < 0.01 versus vehicles.

Table 2
Solid tumor targeting of attenuated Salmonella typhimurium

Murine transplantable tumors Tumor: liverA

B16 melanoma 12,000:1
M27 lung carcinoma 10,000:1

Murine spontaneous breast tumor 700:1
Human tumor xenografts
A549 lung carcinoma 300:1
HTB177 lung carcinoma 4,000:1
MDA-MB-231 breast carcinoma 34,000:1
DU145 prostate 24,000:1
SW-620 colon carcinoma 275:1
HCT 116 colon carcinoma 17,000:1
DLD1 colon carcinoma 15,000:1
LOX melanoma 3,000:1
C-8186 melanoma 1500:1
CAKI renal carcinoma 250:1

ARatios of colony-forming units per gram of tissue. Liver represents normal tissue with
highest level of accumulation. Ratios obtained days 2–4 after injection of bacteria.



haps other cells invaded by bacteria. Regardless of the
mechanism of entry, the data suggest that infection
occurring from the bloodstream requires only a small
number of organisms.

Studies in mice bearing colateral tumors also support
the notion that low-level bacteremia can suffice to allow
tumor colonization by Salmonella. In these animals,
infection of a distal, contralateral tumor occurs after a 1-
week delay after intratumoral inoculation of the primary
tumor, but at no time are bacteria detected in blood.
These studies also demonstrated that colonization of a
single tumor site could serve as a bacterial reservoir for
eventual colonization at distal tumor sites. Furthermore,
antibodies directed against Salmonella lipopolysaccha-
ride components have been detected within 1 and 2
weeks after Salmonella administration in monkeys and
mice, respectively. Even in the presence of a protective
antibody response induced by killed wild-type Salmonel-
la, we have found that the antitumor activity of attenu-
ated Salmonella was preserved, suggesting that enhanced
clearance did not affect the ability to colonize tumors
and mediate an antitumor effect.

Because only a small number of organisms are required
for colonization of tumor, factors present within the
tumor microenvironment, perhaps interacting with spe-
cific characteristics of the bacteria, are more likely to
contribute to the development of high tumor/normal
tissue ratios. A nutrient-rich environment within the
tumor could be a contributing factor to preferential bac-
terial replication. Furthermore, tumors grow rapidly,
have substantial cell turnover and are likely to rapidly
develop hypoxic and necrotic areas that distinguish the
tumor environment from normal tissue. There is also
substantial indirect evidence to suggest that bacterial
clearance from tumors is slower and less effective than
from normal tissues. Our data, demonstrating only a 5-
to 50-fold decrease in tolerance to bacteria in nude or
SCID relative to immunocompetent mice, suggest that
T-cell immunity plays, at most, a minor role in clearance
of the attenuated bacteria. Bacterial clearance and sup-
pression of virulence is mediated by multiple host
defenses including granulocytes, macrophage-mediated
phagocytosis, secretion of antibacterial peptides, anti-
bodies, and elements of the complement system. Within
tumors, granulocytes are rarely observed, suggesting a
highly permissive environment for bacterial survival and
replication. Secretion of TGF-β or other immunosup-
pressive cytokines by tumor cells or stromal cells has
been shown to inhibit granulocyte infiltration and acti-
vation (14). Recently, inhibitors of complement activa-
tion have been found on the surface of several tumor cell
lines (15, 16). Finally, studies of tumor blood flow and
pressure suggest the presence of substantial physical bar-
riers to the entry of antibodies (17). Another unknown
variable that could contribute to the ability of bacteria
to enter and preferentially accumulate within tumors is
the capacity of bacteria to invade tumor cells (1, 3).

Several mechanisms could be responsible for the broad
antitumor activity of Salmonella observed in animal mod-
els, and consideration of these mechanisms is important
for optimization of antitumor activity during clinical
development. Despite the features designed into attenu-

ated Salmonella to limit inflammatory responses and per-
mit safe systemic administration, these bacteria still
induce local inflammatory responses, perhaps by virtue
of their capacity to accumulate to high levels in tumors
and to reside there for long periods. Additional con-
tributing factors to antitumor efficacy could include a
type III secretion mechanism, by which bacteria may
inject toxic peptides from the bacterial cytoplasm direct-
ly into the cytoplasm of mammalian cells (18); selective
intratumoral intravascular coagulation and enhanced
tumor encapsulation, perhaps as a consequence of
cytokine induction within the tumor; the consumption
or destruction of nutrients and growth factors within
the tumor microenvironment; and production or secre-
tion of toxins into the extracellular environment. Addi-
tional complexities arise from potential changes in bac-
terial replication and function that may depend on
concentration of bacteria, residence time, and changing
conditions within the tumor.

Salmonella therapy in the clinic

The attenuated, unarmed Salmonella typhimurium has
recently entered clinical trials. Initial studies are designed
for intratumoral administration, followed by studies of
intravenous administration. The pattern of tumor
growth inhibition observed in animal studies indicates
that combinations with other anticancer agents would
be desirable in the future, as the bacteria alone only
delayed tumor growth, and tumor growth ultimately
proceeded at the periphery of the tumor, despite the per-
sistence of bacteria in these lesions. Particularly inter-
esting will be strategies to enhance the local tumor
inflammatory response induced by the attenuated bac-
teria. Current development of subsequent Salmonella has
focused on delivery and expression of “therapeutic”
genes, such as cytokines, pro–drug-converting enzymes,
and agents toxic to tumor. Choice of the gene must be
given careful consideration in order to produce agents
that take full advantage of the large tumor/normal tis-
sue ratios, and therefore would be likely to yield maxi-
mum patient benefit. Genes that produce maximum
cytotoxic, proinflammatory or vascular destructive
effects at the site of the tumor are to be preferred, pro-
viding that their products are not toxic to normal tis-
sues, particularly liver, when present at 1,000-fold lower
concentrations. Ideally, the secreted substance or acti-
vated drug should have a short circulating half-life and
exert primarily paracrine antitumor effects. It is also
desirable that the substance synergize with the antitu-
mor effects of the bacteria and not affect the bacteria’s
persistence or replication in tumors. In the event that
toxicities do evolve from production of the selected pro-
tein in the liver or from systemic release, it must be pos-
sible to terminate the bacteria and eliminate the toxici-
ty, using antibiotics. Even under the latter
circumstances, the tumor would be exposed to far
greater concentrations of the agent than normal tissue,
and presumably even a limited exposure might have sub-
stantial therapeutic benefit.

With the numerous effector genes that could be engi-
neered into bacterial hosts, therapies could be extended
to sequential or concurrent administration of similar or
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different bacteria that contain separate gene products.
Demonstration of the central concept of selective intra-
tumoral accumulation of bacteria in cancer patients can
be expected to lead to a vast and novel repertoire of ther-
apeutic options for the treatment of metastatic disease.
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