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Molecular-targeting drugs with fewer severe adverse effects are
attracting great attention as the next wave of cancer treatment.
There exist, however, populations of cancer cells resistant to these
drugs that stem from the instability of tumor cells and ⁄ or the exis-
tence of cancer stem cells, and thus specific toxicity is required to
destroy them. If such selectivity is not available, these targets may
be sought out not by the cancer cell types themselves, but rather
in their adjacent cancer microenvironments by means of hypoxia,
low pH, and so on. The anaerobic conditions present in malignant
tumor tissues have previously been regarded as a source of resis-
tance in cancer cells against conventional therapy. However, there
now appears to be a way to make use of these limiting factors as a
selective target. In this review, we will refer to several trials,
including our own, to direct attention to the utilizable anaerobic
conditions present in malignant tumor tissues and the use of bac-
teria as carriers to target them. Specifically, we have been develop-
ing a method to attack solid cancers using the non-pathogenic
obligate anaerobic bacterium Bifidobacterium longum as a vehicle
to selectively recognize and target the anaerobic conditions in
solid cancer tissues. We will also discuss the existence of low oxy-
gen pressure in tumor masses in spite of generally enhanced
angiogenesis, overview current cancer therapies, especially the
history and present situation of bacterial utility to treat solid
tumors, and discuss the rationality and future possibilities of this
novel mode of cancer treatment. (Cancer Sci 2010; 101: 1925–1932)

T here are many well-known orthodox methods to treat can-
cers, including surgery, radiation therapy, and chemother-

apy, that have not always been effective despite considerable
scientific advances. This is due mainly to the existence of metas-
tases when the primary cancer is detected and ⁄ or recurrence
with acquired resistance of cancer cells to anticancer reagents.
These troublesome situations have spurred the emergence of
new therapeutic methods, such as gene therapy and new drugs
and delivery systems, but these new approaches have not been
sufficient to overcome the deadlocks in cancer treatment. In the
face of such circumstances, there are those who believe it is
necessary to adopt ideas divergent from common sense to fight
cancer, even if the idea might appear to be an abnormal or
dangerous one.

The stigma of the word ‘‘bacteria’’ quickly stirs notions of
something dangerous and pathogenic. Injection of bacteria into
the blood is generally regarded as an irrational test that would at
best induce artificial bacteriemia or septicemia, even if the bac-
teria were non-pathogenic. However, through systematic accu-
mulation of experimental results, we have become convinced
that the treatment of solid cancer tissues with the non-patho-
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genic obligate anaerobic bacterium Bifidobacterium longum can
be safe, rational, and effective.

Human life is dependent on its coexistence with microorgan-
isms. Intestinal bacteria are one such example, along with the
use of gene-engineering techniques to provide recombinant
medicines through microorganisms and plasmids as effective
and inexpensive drug producers. The recent emergence of probi-
otics has been seen not only for intestinal disorders, but also for
maintenance of the skin and oral cavity.(1,2) We have been fur-
ther trying to expand the utility of probiotics to systemically
treat solid cancers using intravenous administration by directing
our attention to the particular anaerobic conditions within malig-
nant tumors.(3,4) As such, we applaud current efforts with toxic-
ity-attenuated Salmonella and Clostridium to treat solid cancers
in the USA,(5–7) using ideas similar to our own but with
increased risk. Those studies have been already been evaluated
in phase I clinical trials.(5,6) More information is available from
URL: http://www.clinicaltrials.gov/ct.

In the current review, the authors will overview the cancer
therapies of today, then describe their findings and potential use
of anaerobic bacteria for systemic delivery to solid cancer
tissues based on the documented existence of low oxygen
conditions in malignant tumors.

Conventional Cancer Therapies

In terms of complete cytoreduction, the best treatment for cancer
is surgery, if there are no metastases and if the patient’s condi-
tion permits. Furthermore, advances in medical engineering and
surgical techniques have developed minimally-invasive treat-
ment that is advantageous for the recovery and quality of life of
patients. Radiotherapy for cancer is also a localized treatment,
but it is limited by the radioresistance of cancer cells and con-
comitant damage to normal tissues. Novel targets uncovered by
molecular approaches will hopefully be exploited to overcome
the phenomenon of radioresistance. However, despite the
inevitable progress of surgery and radiotherapy, neither will
be completely effective in cases with distant dissemination
and ⁄ or cancer metastasis. In such instances, there will be no
choice but to use systemic therapies, such as chemotherapy and
immunotherapy.

Conventional cytotoxic chemotherapy was developed based
on the enhanced proliferation of malignant cells. As the epithe-
lial cell cycle of the gastrointestinal tract and hematopoietic pro-
genitors are generally more rapid than that of cancer cells, such
chemotherapies may also cause damage to gastrointestinal and
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immunological defense functions. Such adverse effects not only
reduce the quality of life of cancer patients, but also impose
limits on the dose of therapeutic antitumor treatment.

Development of Molecular Targeted Therapies

Recent concepts of cancer treatment have been changing from
conventional cytotoxic chemotherapy to molecular targeted can-
cer therapeutics directed towards the molecular specificity of
cancer cells. The idea of this therapy is to target tumor cell
receptors or signaling events that are critical and unique to
tumor growth and progression, thus reducing the side-effects to
patients by discriminating between normal cells and tumor
cells.(8–10) Molecular targeted agents, to date, include small
molecular compounds, monoclonal antibodies, siRNA, and per-
meable peptides that cause apoptosis, senescence, or cell cycle
arrest.

Small molecular compounds have been developed to inhibit
enzyme activity associated with cancer malignancy. Imatinib,(11)

for example, is a tyrosine kinase inhibitor that inhibits abl-spe-
cific phosphorylation and is approved for use in patients with
chronic myelogenous leukemia. There are other representative
examples of small molecular compounds in clinical practice,
such as gefitinib,(12) erlotinib,(13) and bortezomib.(14) The epi-
dermal growth factor receptor ⁄ HER2 dual tyrosine kinase
inhibitor lapatinib has also been approved for clinical use as a
HER2-targeted therapy.(15)

By directing attention to membrane proteins that regulate cell
proliferation signals, an antibody against the protein can be used
to shut down tumoral growth signals or induce cellular cyto-
toxicity. Rituximab,(16) trastuzumab,(17) cetuximab,(18) and bev-
acizumab(19) are the representative examples of mAbs in clinical
use. Of the humanized antibodies, anti-HER2 ⁄ neu trastuzumab
has been approved and widely used for patients with metastatic
breast cancer expressing HER2 ⁄ neu proteins. Rituximab is
currently used for the treatment of patients with follicular
lymphoma. Anti-epidermal growth factor receptor (cetuximab or
panitumumab) therapies are approved for the treatment of meta-
static colorectal carcinoma, but are believed to only affect
patients with the wild-type KRAS gene.(20)

Similarly, siRNAs are expected to be used for cancer
therapies, but the drug delivery systems for these remain to be
developed.(21) Permeable peptides that modify protein–protein
interactions will also be effective to suppress malignant pheno-
types of cancer cells.(22) Other reports on targeted agents for
various types of cancer have been released as well.(23–28)

In addition to anticancer drugs, cancer vaccines have attracted
attention as a new generation of cancer therapy using the intrin-
sic immune response of cancer patients.(29) Oncoantigens, which
are highly expressed in cancer cells, can be immunogens that
stimulate a patient’s immune-survey system.(30,31) Although
there has been limited success so far, many clinical trials are
ongoing worldwide to evaluate the effect of this therapy.
Recently, it has been found that CCR-4 is expressed on most
adult T-cell leukemia ⁄ lymphoma cells. Based on this finding,
humanized anti-CCR-4 therapeutic monoclonal antibodies were
developed and phase I testing has been carried out with promis-
ing results.(32) Regardless of the enormous progress made in
molecular targeted therapies, including that made in cancer
vaccines, the heterogeneity of cancer cells remains an obstacle
against complete cytoreduction.

Drug Delivery Systems for Cancer Therapy

Once an anticancer drug is systemically given to a patient, it cir-
culates throughout the body, being quickly metabolized in the
liver and excreted through the kidney. Thus, the amount of drug
reaching the cancer tissue is very limited, and the portion of the
1926
drug reaching normal tissues causes various side-effects. Ideally,
the drug should be maintained at a high concentration for a long
enough duration in the cancer tissue to kill cancer cells, but at a
low dose and for a short duration in normal tissues.

The agents requiring delivery to tumor tissues include general
anticancer drugs, anti-angiogenic factors, genes coding enzymes
to convert a pro-drug into an active one, and shRNA to suppress
cancer cell growth signals.(33) However, selective and effective
methods to deliver these materials to tumor tissues remain to be
developed. One novel drug delivery system (DDS) is the macro-
molecular carrier system, which is designed to permeate tumor
blood vessels and accumulate in solid tumors by making use of
the enhanced permeability and retention effect.(34) In this sys-
tem, the carrier should be small enough (<100 nm) to effectively
extravasate from the blood into solid tumor tissues. Such nano-
technology holds great promise for this purpose. There are
reports of nano particles forming aggregates of micrometer par-
ticles.(35) As seen with asbestos, the danger of mesothelioma
occurrence is of concern in the use of nanotechnology; it has
been reported that mesothelioma in p53+ ⁄ ) mice was induced by
i.p. application of a multi-wall carbon nanotube and that nano
particles actually caused malignant progression of tumor
cells.(36,37) Recently, selective uptake of the agent into target
cancer cells has been attempted to exploit cell surface receptors
by installing moieties onto carriers.(38,39)

To cope with the heterogeneity of cancer populations, a new
type of DDS remains to be developed in which the anticancer
drug can selectively reach tumor tissues at a sufficiently large
dose to kill the resistant population of cancer cells. In addition
to heterogeneity, another deadlock to complete cytoreduction by
DDS is attributed to the anaerobic condition of solid tumors,
which imparts the same resistance to chemotherapy and
radiotherapy.

Therapeutic Trials to Make Use of the Anaerobic
Conditions in Malignant Tumors

There are several ongoing studies that focus on attacking solid
tumors through their unique anaerobic conditions. One of them
is based on interfering with the activity of hypoxia-inducible
transcription factors (HIFs).(40) HIF-1 is an essential component
in changing the transcriptional repertoire when oxygen levels
drop and has been regarded as a very important target for cancer
drug development. There is also a chemotherapeutic idea that
might have beneficial effects in hypoxic tumor regions using a
bioreductive drug like mitomycin C.(41) The third area of study,
which is our own, is to specifically target hypoxic tumor regions
using bacteria.

Anaerobic Conditions and Angiogenesis in Solid Cancer
Tissues

The principle of using anaerobic bacteria as specific transporters
to cancer tissues lies in the fact that tumor masses have unique
anaerobic environments. It has been widely reported that while
oxygen pressure is 3–5% and 20–100 mmHg in normal tissues,
an anaerobic environment exists (<1% oxygen and 0–20 mmHg)
within solid cancer tissues.(42,43) How is such a low oxygen con-
dition created despite evident enhancement of angiogenesis in
malignant tumors? One explanation is that angiogenesis is out-
paced by the growth of cancer cells, another is that the blood
vessels formed by angiogenesis in solid tumors are insufficient
to supply oxygen to all areas of the tumor.

The blood vessels formed by angiogenesis in cancer tissues
have been reported to be unstable, disorganized with numerous
intravascular connections and shunts, and thus unable to deliver
fresh blood to the distal regions of malignant tumors.(43) It is
well known that angiogenesis is induced by vascular endothelial
doi: 10.1111/j.1349-7006.2010.01628.x
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growth factor produced from cancer cells through HIF-1 and by
cytokines from inflammatory cells in tumor tissues.(43) Endothe-
lial cells recruited from pre-existing normal blood vessels or
endothelial progenitors from the bone marrow grow, form vacu-
oles, and in turn develop into neovascular systems in tumors.
These blood vessels are expected to deliver oxygen and nutrients
to tumor tissues. It has been reported, however, that endothelial
cells that grow in this way are apt to die by apoptosis, such that
newly formed tumoral blood vessels usually exhibit repeating
cycles of appearance and disappearance.(42,43) Furthermore, the
remaining vascularization is immature and tends to form
branches and intravascular shunts, and the tips of the vessels are
very often closed, resulting in fluctuations and stoppages in
blood flow.(42,43) Thus, the delivery of oxygen and nutrition is
considered to be inadequate to every corner of the tumor,
leading to the appearance of anaerobic conditions in spite of
enhanced neovascularization.

The fact that anaerobic bacteria can survive in the low oxy-
genic conditions of solid cancers is one of the important factors
in the localization of anaerobic bacteria to malignant tumors. If
bacteria are systemically introduced through a venous blood
vessel, they will penetrate into the tissue through the fragile
regions of blood vessels and ⁄ or will remain in tumoral blood
vessels that are isolated from proximal normal blood vessels. In
particular, B. longum does not possess flagellin for motility and
invasion, and the bacteria appear to remain, survive, and grow
in anaerobic tumor conditions.

As the cancer cells in these regions are generally thought to
be resistant to radiation therapy and anticancer drugs, our trials
using anaerobic bacteria make use of a usually troublesome
region that is a sanctuary for cancer cells to protect themselves
from attack. It has been reported that tumor hypoxia diminishes
apoptotic potential and induces malignant progression of cancer
cells; in other words, hypoxia increases the invasiveness and
metastasis of cancer cells.(44–46) It has also been shown that a
highly tumorigenic fraction of human neuroblastoma was found
in the hypoxic regions of tumor tissue, indicating that hypoxia
enhances tumor stemness.(47) Therefore, using anaerobic bacte-
ria for solid cancer treatment seems ideal, as they are able to
attack evasive, metastatic cell populations that are resistant to
conventional chemotherapy and radiotherapy.

Bacterial Therapy for Cancer

Cancer therapy with bacteria was purportedly triggered by early
observations of spontaneous tumor regression in cancer
patients: tumors inexplicably regressed in gas gangrene caused
by clostridial infection.(6,48) In 1890, William Coley docu-
mented several trials using bacteria and began a large-scale
effort for cancer treatment by inoculating Streptococcus
pyogenes into his patients with inoperable tumors.(6) This work
seemed to stimulate the emergence of bacterial tumor
therapy and tumor immunology. Unfortunately, oncolysis by
Clostridium itself was once regarded to be of limited, if any,
clinical usefulness,(49) but genetic manipulation of bacteria has
continuously progressed the field of bacterial oncolysis. Now,
the pre-clinical and clinical data supporting the use of bacteria
as a tumor-targeting tool are accumulating, and bacteria are
expected to constitute a promising method in clinical
treatment.(50)

In addition to bacterial treatment, biological therapy with
viruses is also being studied by modern research.(51,52) To dis-
criminate between cancer cells and non-cancerous cells, geneti-
cally engineered oncolytic viruses have been constructed to
target tumors by exploiting each cancer’s unique biology. The
efficacy can be enhanced by carrying therapeutic genes to
induce cellular apoptosis ⁄ suicide and ⁄ or facilitate tumor ⁄ virus
imaging. Some viruses are armed with genes to affect the tumor
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microenvironment, such as genes encoding for angiostatic
factors, inflammatory cytokines, or proteases that modulate the
extracellular matrix to suppress tumor vascularization, or to
enhance antitumor immune responses and viral spread through-
out the solid tumor.(51,52)

Non-Pathogenic Anaerobic Bifidobacterium to Treat Solid
Cancers

Malmgren and Flanigan(53) carried out experiments by injecting
Clostridium tetani spores into tumor-bearing and non-tumor-
bearing mice and showed that only the former died, which indi-
cated that the spores had germinated and produced toxins in the
anaerobic conditions existing only in the tumor tissues. Their
report inspired our study to target solid cancer tissues with the
use of non-pathogenic anaerobic bacteria.

Bifidobacterium was considered as a safe candidate carrier
because the bacterial medicine, Bifidobacterium bifidum (LacB;
Nikken Kagaku, Tokyo, Japan), has long been prescribed for
infant patients in Japan. Indeed, when LacB suspended in saline
or PBS was injected into tumor-bearing mice through the tail
vein, the animals showed no visible adverse symptoms. It has
been repeatedly observed that the bacteria disappear from nor-
mal tissues and organs, such as the liver, spleen, kidney, lung,
blood, and bone marrow, within 48–96 h, and that the bacteria
grow only in tumor tissues (Fig. 1).(54) The bone marrow was of
particular concern for us because of its relatively low oxygen
pressure, but complete clearance was seen.

Later, the development of an expression vector consisting of a
promoter from a gene coding a histone-like protein and a repli-
cation region in Bifidobacterium greatly promoted the study of a
delivery system to treat solid cancer.(55–58) The cytosine deami-
nase of Escherichia coli (e-CD) was inserted into the plasmid
under the promoter region of the plasmid, which converts low-
toxic 5-fluorocytosine (5FC), a commercially available antifun-
gal reagent, to active 5-fluorouracil (5FU), a popular anticancer
drug specifically for tumor tissues (Fig. 2).

In early cancer treatment experiments, autochthonous tumors
of rat breast cancer were developed with the carcinogen 7,12-
dimethylbenz(a)anthracene. Suppression of tumor growth was
observed in the group treated with i.v. injection of bacteria
transformed by e-CD-expression vectors, and the prodrug 5FC
given orally (Fig. 3a).(58) The same treatment system has been
successfully confirmed as effective on several human cancers
transplanted into immunologically-deficient nude mice. For
example, KPL-1 (human breast cancer) tumor-bearing immuno-
deficient nude mice were treated (Fig. 3b) in a way similar to
the rat experiment described above, and the antitumor effect of
this treatment has also been verified in human stomach cancer
(data not shown).

In safety studies, toxicity experiments preformed with our
model on cynomolgus monkeys have shown no severe adverse
effects. Further anaphylaxis tests were conducted with guinea
pigs, which are considered to be the most sensitive models to
antigens, but no serious symptoms were observed (Table 1). The
mechanism explaining non-anaphylaxis in animals immunized
with B. longum remains to be investigated.

Recently, the production efficiency of 5FU has been increased
to more than 100 times that of the primary vector (120 ng ⁄ g;
Fig. 3c). This was achieved by mutating the active center region
of cytosine deaminase at the 324th amino acid Asp to Ala to
better fit 5FC than the natural ligand, cytosine.(59) In a represen-
tative experiment, when 20 mg ⁄ kg 5FU alone was given
orally, the concentrations of 5FU detected in the tumor and liver
were 43.6 ng ⁄ g tissue and 253.5 ng ⁄ g tissue, respectively.
However, when a revised recombinant B. longum was given
i.v. with 5FC (750 mg ⁄ kg, given orally), 5FU concentrations
were 13,196 ng ⁄ g tissue in the tumor and only 10.6 ng ⁄ g
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tissue in the liver. It was reported that when capecitabine, a
well-known prodrug of 5FU, was given orally at 1255 mg ⁄ m2,
5FU concentration was 510 ng ⁄ g in tumor tissue and 296 ng ⁄ g
in the liver.(60) Thus, our method seems to be both more selec-
tive and effective than presently available prodrug systems
of 5FU.
1928
Non-Induction of Inflammatory Cytokines by Genetically
Modified B. longum

In further tests to examine immunological toxicity, the blood
levels of various inflammatory cytokines were examined after
i.v. injection of B. longum carrying the e-CD expression vector
doi: 10.1111/j.1349-7006.2010.01628.x
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Fig. 3. Antitumor effects of i.v.-injected cytosine deaminase of
Escherichia coli (e-CD)-transformed Bifidobacterium longum
(B. longum ⁄ e-CD) combined with 5-fluorocytosine (5FC) (given orally).
(a) Comparison of the tumor volumes of non-injected rats (n = 5) with
those of B. longum ⁄ e-CD i.v. injected rats (n = 15).(58) Rats bearing
7,12-dimethylbenz(a)anthracene-induced mammary tumors received
i.v. B. longum ⁄ e-CD and 500 mg ⁄ kg ⁄ day of 5FC. *P < 0.05; **P < 0.01.
(b) Antitumor assessment of B. longum ⁄ e-CD in nude mice
transplanted with KPL-1 human mammary tumor cells. Tumor-bearing
nude mice (n = 8) were given a dose of transformed bacteria cells i.v.
(5.9 · 109 c.f.u. ⁄ mouse), followed by 5FC (orally) for 21 days. (c)
Measurement of 5-fluorouracil (5FU) concentration in various
tissues(58) in rats bearing MRMT-1 mammary gland carcinoma. Rats
were given B. longum ⁄ e-CD at 1.1 · 1010 c.f.u. ⁄ rat i.v. and 5FC by
intragastric gavage for 4 days starting from day 4 after bacterium
injection. The concentration of 5FU in normal tissues and tumor
tissues was measured. A rat given 5FC without injection of
B. longum ⁄ e-CD was used as the control. *P < 0.05.
or non-pathogenic E. coli as a control. As shown in Figure 4, no
inflammatory cytokines were induced by inoculation with
B. longum, whereas E. coli clearly induced cytokines such as
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interleukin (IL)-1b, IL-18, and IL-6. These results indicated that
genetically modified B. longum does not induce septicemia.
Similar results have been reported, showing that Bifidobacterium
induces low levels of IL-12 and tumor necrosis factor-a produc-
tion independently of the strain, and various strains of Lactoba-
cillus differed substantially in their capacities to induce IL-12
and tumor necrosis factor-a.(61)

To evaluate the toxicity of genetically modified B. longum, a
number of preclinical studies have been also carried out in sev-
eral animal species, including normal mice, nude mice, normal
rats, nude rats, and monkeys. Both pharmacological and preli-
minary general toxicity studies were done, none of which
revealed serious unfavorable toxicities.

Other Recent Examples Using Bacteria in Clinical
Applications

In the USA, Salmonella VNP20009 was recently used to treat
metastases of melanoma and kidney cancers in phase I test-
ing.(6,62) The minimum dose tolerable to toxicity was
3 · 108 ⁄ body surface area, and confirmation of the existence of
the bacteria was done by biopsy or fine needle assay of tumor
tissue. Shrinking of the tumor was not observed in any case,
and the existence of bacteria in the tumor was detected in only
three patients. In four patients, bacteriosis was observed but the
bacteria were not detected in the tumors. This was noted to be
due to the insensitivity of fine needle assay, as the bacteria
were later confirmed in the excised whole tumor tissue. The
research group speculated that one factor determining the fre-
quency of bacterial detection in tumors is the time the bacteria
can exist in the blood; it was observed that VNP20009 disap-
peared from the bloodstream of humans much more quickly
than in monkeys.

Another current pilot study is a prodrug treatment combined
with VNP20009. The first report described that attenuated
VNP20009 carrying cytosine deaminase (TAPET-CD) was
given directly to tumors and showed a 38–79% antitumor
growth effect. For refractory cancers, intratumoral inoculation
with VNP20009-CD and oral 5FC was performed safely without
any adverse effects, and the bacteria did not spread throughout
the body.(63)

Lastly, when spores of the anaerobic bacterium Clostridium
novyi-NT were systemically injected into animals, they germi-
nated exclusively within the hypoxic cancer regions. Approxi-
mately 30% of mice treated with such spores were cured of their
cancers despite the viable tumor rim initially remaining after
spore germination. The mechanism underlying this effect was
shown to be immune-mediated because the cured animals
rejected a subsequent challenge of the same tumor. It was noted
that the induced immune response, when combined with the
bacteriolytic effects of C. novyi-NT, could eradicate large
established tumors. Clinical trials of this technique are now
underway.(6)

Future Prospects and Closing Remarks

The rationality and promise of targeting the anaerobic condi-
tions in solid cancers was addressed in this review in terms of
the selective delivery and potential capability to cope with the
resistance of cancer cell populations in hypoxic regions to radia-
tion and chemotherapy. It was also noted in this review that the
non-pathogenic and obligate anaerobic Bifidobacterium is a
seemingly safe and effective carrier for selective drug delivery
to anaerobic regions in solid cancers based on the authors’ sub-
stantial experimental data. To cope with cases that have dissemi-
nation of cancer cells in the peritoneal cavity, for which this
system will not be effective, further development of effective
therapy regimens are required.(64)
Cancer Sci | September 2010 | vol. 101 | no. 9 | 1929
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Table 1. Anaphylaxis symptoms(58) of actively immunized guinea pigs injected i.v. with cytosine deaminase of Escherichia coli (e-CD)-

transformed Bifidobacterium longum (B. longum ⁄ e-CD) or OVA 14 days after final sensitization.

Group Sensitized antigen Cause antigen No. of animals
Antigen challenge outcome

()) (+ ⁄ )) (+) (++) (+++)

A B. longum ⁄ e-CD B. longum ⁄ e-CD 5 4 1 0 0 0

B B. longum ⁄ e-CD + FCA B. longum ⁄ e-CD 5 5 0 0 0 0

C OVA + FCA OVA 5 0 0 5 5 4

D Saline + FCA B. longum ⁄ e-CD 5 5 0 0 0 0

Anaphylaxis symptoms were quantified by the following criteria: ), no symptoms; + ⁄ ), scrub of face or ear and ⁄ or scratch of nose; +, coughing
or locomotion ataxia; ++, convulsion or roll, but no death observed within 1 h; and +++, death observed within 1 h. FCA, Freund’s complete
adjuvant; OVA, ovalbumine.
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Fig. 4. Production of inflammatory cytokines
in C57BL ⁄ 6 mice injected i.v. with cytosine
deaminase of Escherichia coli (e-CD)-transformed
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Presently, in the USA, clinical trials are being carried out to
treat cancer with bacteria, but it is our concern that the attenu-
ated Salmonella and Clostridium being used may revert to their
original toxic natures; the vegetative anaerobicity of Salmonella
targets normal organs as well as tumors, and a considerable
amount of bacteria were detected in the livers of mice treated
with Salmonella.(65,66) In addition, the flagellin of Salmonella
imparts cell motility and invasiveness, which is effective for dif-
fusion inside the tumor but can also lead to invasion into other
important organs, such as the gallbladder. Clostridium is being
used by a group of John Hopkins School of Medicine (http://
www.clinicaltrials.gov/ct), whose trials are now in phase
I testing.

In contrast, B. longum bacteria are inherently non-pathogenic
and seem to be much safer than those being trialed abroad.
Furthermore, a variety of enzymes, cytokines, and prodrug-
activating enzymes can be produced by inserting the corre-
sponding genes into vectors. Combination trials of our present
treatment using the e-CD-carrying Bifidobacterium and 5FC
system with anti-angiogenic drugs, and the development of a
carrier which helps the product to easily diffuse inside the
tumor, are both underway with positive results (data not
shown). As the drugs produced by the bacteria destroy adjacent
tumor cells, it will be necessary to attack the residual rim of
well-oxygenated tumor cells that may subsequently expand.
Obviously, shRNA delivered by a bifidobacterium bacterial
system(33,67) is being considered, however, the means of
effectively transferring shRNA into cancer cells remain to be
developed.
1930
In future generations of bacterial agents, insertion of a fluores-
cence protein into the expression vector(68) will make it possible
to observe the real time in vivo spread of the bacteria. Addition-
ally, why Bifidobacterium longum exhibits no serious anaphy-
laxis is a very intriguing issue from the immunological point
of view; the mechanism by which the bacteria are scarcely
recognized as exogenous antigens, and how sepsis does not
occur with these bacteria, will be interesting issues for innate
and adoptive immunologists in relation to toll-like receptors(69)

and NLRPs.(70,71)

The most important and pressing problem in cancer therapy is
how to cope with the heterogeneity of cancer cells, which causes
metastasis and resistance to cancer treatment including even
the most sophisticated molecular target therapies. Recently, the
concept of cancer stem cells has emerged and suggests that the
removal of stem cells, from which heterogeneous cell popula-
tions are produced, is enough to cure cancer. Accordingly,
considerable attention has been directed to the molecular targets
of such cancer stem cells. It remains unclear, however, if the
concept is applicable to all types of cancer disease and if the
molecular specificity of cancer stem cells can be discriminated
from normal stem cells. As a prospective cancer therapy, it will
also be important to direct our attention to the specificity in
cancer microenvironments to deliver a sufficient dose of agents
to kill resistant populations, including cancer stem cells. For this
purpose, a DDS using non-pathogenic bacteria fortified with
expression vectors for various proteins, such as enzymes to
produce more cytocidal drugs and cytokines, may be key for
cancer therapy.
doi: 10.1111/j.1349-7006.2010.01628.x
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In conclusion, Malmgren’s report originally led us to study a
new DDS using non-pathogenic anaerobic bacteria through the
idea that troubles in the human, a bioorganism, could be treated
with the help of other bioorganisms. As very sophisticated scien-
tific systems are not always effective for cancer treatment, a
very primitive and simple system using Bifidobacterium may be
essential for the future of cancer therapy.
Taniguchi et al.
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