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Utilizing Bacteria-Derived Components for
Cancer Immunotherapy

Chengxiao Zhang':2, Yulin Mu'-2, Ye Zhuo', Taihua Li'

and Long Jin"*

Abstract

Bacteria-related cancer immunotherapy, because of its mechanisms and useful applications in the induction
of anti-tumor immunity, has gained substantial attention in recent decades. Bacteria can enable targeting of
tumors, and specifically can colonize the core tumor area. Because they contain many pathogen-associated
molecular patterns—which efficiently stimulate immune cells, even within microenvironments that suppress
anti-tumor immunity—bacteria boost immunological recognition leading to the destruction of malignant
cells. This Editorial highlights various bacteria with immunotherapeutic effects and their by-products used

as immunotherapeutics.
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Introduction

The complexity of bacteria, as living
organisms, influences the challenges and
risks associated with transforming them
into anti-tumor weapons. This complexity
enables scientists to fine-tune the diverse
capabilities of various bacterial strains to
elicit anti-tumor effects that are impos-
sible to achieve with other medications
[1]. The advantages of using bacteria for
tumor targeting lies in their ability to
function as vehicles transporting thera-
peutic agents to tumor tissue as well as to
interact with the immune system (Figure
1), thus resulting in recognition and elimi-
nation of malignant cells [2]. Intravenous,
subcutaneous, and intra-tumoral injec-
tions are used to introduce the bacteria
to the host’s body [3]. Subsequently, the
bacteria spread across the noncancer-
ous body parts of the host in addition to
solid tumors [4]. The number of bacterial
cells in the body that spread through the
vasculature and normal tissue markedly
decreases within hours or days, because of
the oxygen-rich physiology of the human
body and immunological elimination. The
bacteria are eventually eliminated, thus
preventing any possible toxic effects to
the host [5]. After the bacteria arrive at
a solid tumor, they move to the hypoxic
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necrotic core areas of tumors through
various processes, including chemotaxis
[6]. The hypoxic tumor microenviron-
ment (TME), in addition to the nutrients
released by expired tumor cells, facilitates
the growth of anaerobic bacteria. The
immune system cannot rapidly eliminate
the bacteria in the tumor, owing to the
immunosuppressive TME. When the bac-
teria multiply and arrive at the tumor cells,
the immune system is stimulated through
contact of many immune cells with the
tumor [7]. The major categories of bac-
teria and their functions in cancer immu-
notherapy are summarized in Table 1.
Several bacterial drug-delivery methods
for cancer treatment are in clinical trials,
despite difficulties and restrictions regard-
ing their production, adverse effects, sta-
bility, and mutations. Vion Pharmaceutics
evaluated Streptococcus  typhimurium
VNP20009 in 24 patients with mela-
noma in phase I. However, no objective
tumor shrinkage was observed, although
proinflammatory cytokines were elevated
[8—10]. Clostridium novyi-NT spores have
been applied in phase I clinical trials and
demonstrated good outcomes after intratu-
moral injection. However, the Clostridium
cells cannot completely destroy the tumor
cells, thereby resulting in recurrence [11].
Similarly, the safety of bacterial minicells
designed to deliver paclitaxel to cancer
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Figure 1 lllustration of the essential characteristics of bacteria and bacterial elements, including those in native and engineered bacteria.
The blue box includes descriptions of each bacterial component and the interactions between the immune system and bacterial components.

Table 1

Bacteria
Listeria

Major Categories of Bacteria

Immunotherapy Ref

Listeria initiate the death of tumor cells through immune-cell activation and stimulate CD8+ T cells [13-15]
to eliminate remaining tumor cells, while additionally preventing metastasis. Listeria contaminate
bone-marrow-derived suppressor cells (MDSCs) at tumor sites, thus decreasing MDSCs and subse-

quently facilitating a shift from immunosuppressive to immunostimulatory status. Moreover, IL-12 can

be obtained after the residual infected MDSCs adopt an immunostimulatory phenotype, thus enhanc-

ing T cell and NK cell activity.

Clostridium Ba- Clostridium activates apoptosis within tumors by facilitating the activity of tumor necrosis factor—asso-

cillus ciated apoptosis-inducing ligand (TRAIL) from polymorphonuclear neutrophils. Furthermore, the early
spread of Clostridium in solid tumors facilitates granulocyte and macrophage filtration of tumor cells,
thus increasing adaptive immunity and the engagement of immune cells (e.g., CD8+ T cells) at tumor
sites, owing to increased chemokine secretion.

Pathogen-associated molecular patterns such as LPS, Salmonella, and flagellin are identified by anti-
gen-presenting cells (APCs). Flagellin facilitates the development of APCs, and upregulates pro-in-
flammatory cytokines (such as IL-12) and co-stimulatory molecules such as CD40, through binding
and via the activation of Nod-like receptors (NLRs) and TLR5 on APCs. Because of their inflammatory
activity, they further stimulate the production of interferon-gamma (IFN-y) and the T helper type 1
(Th1) cell-mediated immune response. Macrophages and DCs secrete IL-14 and TNF-a, which are
pro-inflammatory, during this process, as LPS-induced TLR4 signaling and tumor cell debris are stim-
ulated. Moreover, the secretion of IFN-y, after activation of NK cells via a TLR-independent pathway
that includes myeloid differentiation factor 88 (MyD88) and IL-18, is facilitated by flagellin. The secret-
ed IFN-y decreases the frequency of CD4+ CD25+ regulatory T cells within the TME.

Lactobacillus prevents colonization by infectious agents, stimulates the immune system, and has
been demonstrated to elicit direct cytotoxic outcomes in cancer cells. Some strains of Lactobacillus
have demonstrated antimutagenic properties [4—9]. Lactobacilli modify the Th1/Th2 balance, accord-
ing to several studies. Th1-type responses are beneficial in cancer immunotherapy because they
activate cytotoxic T lymphocytes. Th1 cells directly kill tumor cells by secreting cytokines that trigger
death receptors. Th1 development is dependent on IL-4 in the absence of IL-12 [10].

[7, 16-18]

Salmonella [19-24]

Lactobacillus [25-32]

cells has been assessed in a human phase I clinical trial

on patients with advanced solid tumors. No deaths were
reported during the experiment, thus indicating that the
bacterial minicells are safe and have modest clinical effi-
cacy [12]. These clinical results have demonstrated several
difficulties in clinical application. However, new combi-
natory strategies with bacterial medication delivery are
expected to improve intratumoral bacterial colonization
and therapeutic output.

Bacterial components as
immunotherapeutics

Bacterial outer-membrane vesicles

Gram-negative bacteria generate nano-sized spherical vesicles
called outer-membrane vesicles (OMVs). OMVs are com-
posed primarily of cellular elements of the bacterial periplasm
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and the outer membrane, such as proteins, membrane lipids,
peptidoglycans (PGs), lipopolysaccharide (LPS), and various
virulence factors [33, 34]. OMVs contain several intracellu-
lar components, including RNA, DNA, intracellular proteins,
metabolites, and ions. [35-38]. The mechanisms underlying
the production of OMVs remain unclear. However, three
widely acknowledged hypotheses may explain how OMVs
are produced. First, OMV production may be due to the accu-
mulation of phospholipids within the external membranes of
the bacteria, in addition to regulation by the VacJ/Yrb ATP-
binding cassette transport system present in most Gram-
negative bacteria [39]. Second, the cross-linking between the
bacterial external membrane and the PG layer—lipoprotein
crosslinks in the cell walls of Gram-negative bacteria—which
comprise PG and the outer membrane, with covalent bonds to
preserve the envelope structure—may be involved. When the
PG layer decomposes, a portion of the outer layer dissociates
from the PG layer and extends outside the cell, thus result-
ing in formation of OMVs [40]. Finally OMVs are formed
because of periplasmic accumulation of misfolded proteins
and abnormal envelope components, which decrease the
strength of the envelope and consequently divide the PF layer
and the outer-membrane layer [41].

OMVs with many microbe-associated molecular patterns
(such as LPS, PG, RNA, or DNA) facilitate interaction
with host pattern-recognition receptors, thus stimulating the

innate-immunity response (Figure 2). Because of the abun-
dance of natural adjuvant elements in OMVs, the admin-
istration of OMVs (packaging small interfering RNAs)
obtained from a mutated E. coli strain has been found to
upregulate the production of the cytokines TNF-c, IL-6,
and IFN-y, as well as the anti-tumor cytokine CXCL10, all
of which promote anti-tumor immunity [42, 43]. The most
important microbe-associated molecular pattern may be
LPS, which comprises a core polysaccharide and lipid A, as
well as O-antigen, a polysaccharide on the bacterial outer-
membrane surface, and is the manifestation of bacterial cell
antigens [44]. Lipid A is strongly inflammatory and regu-
lates the immune response by prompting immune-cell pro-
duction of antibodies against various antigens; it is central
to the biological activity of LPS. Nonetheless, studies have
shown that an excess of LPS leads to immunosuppressive
reactions: blocking lipid A inhibits the activity of endotoxin,
thereby decreasing immunosuppression [45, 46]. OMVs
decrease the toxicity of LPS as immune adjuvants, and block
lipid A function via inactivating of msbB gene; thus result-
ing in attenuation of immunosuppression, thus resulting in
attenuation. Kim et al. have eliminated the msbB gene that
encodes E. coli endotoxin, thus blocking lipid A-meditated
immunosuppression [43]. Moreover, their study has indi-
cated that use of G-bacteria inhibits tumor cell growth in
a murine colon cancer model. NK cells and T cells, after
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Figure 2 An overview of bacteria-mediated immunotherapy, showing how bacteria target tumors, including how naive live bacteria trigger
the immune system, how modified bacteria are used in immunotherapy, and the different bacterial components used in immunotherapy.
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stimulation by OMVs, secrete INF-y, which inhibits tumor
growth. Moreover, naturally produced OMVs have been
used as carriers for drug delivery. For instance, OMVs have
been loaded with immunomodulatory molecules, photosen-
sitizers, and chemotherapy drugs, and used to transport these
cargo to targeted tumor cells, thus achieving a combination of
immunotherapy and phototherapy. In one study, Chen et al.
have coated polymer micelles packed with drugs with DSPE-
PEG-RGD-hybridized bacterial OMVs, and tested this novel
nanomedicine’s efficacy in immunotherapy for cancer and
the prevention of metastasis [47]. This study demonstrated
that the OMV nanomedicine directly interferes with immune
cells, thereby inducing cytotoxicity via activation of the
inflammatory response, which in turn activates the host
immune response. Moreover, OMV-coated micelles loaded
with tegafur have been found to regulate chemotherapy and
the immune system, thus preparing melanoma-specific cyto-
toxic T lymphocytes and additionally suppressing pulmo-
nary metastasis. Thus, to augment OMV functionality and
achieve better tumor suppression, two designs have been
proposed. The first involves hybridization of lipid polymers
(or other biological membranes) with OMVs to attain new
functions or for improve efficiency. The second uses the high
loading capacity of OMVs to boost the anti-tumor immune
response to other treatments and the OMVs themselves by
delivering therapeutic agents (such as chemotherapy drugs,
immune adjuvants, or photosensitizers) to tumor sites.

Bacterial toxins

Bacterial toxins are exceptionally toxic proteins that are gen-
erated and released by bacteria that possess specific func-
tionality such as cell cycle arrest and apoptotic cell death etc.
These toxins have been demonstrated to be a potent tool for
the treatment of cancer, owing to their considerable toxicity
[48]. Anti-tumor bacterial toxins are divided into two cat-
egories: those conjugated to the tumor cell antigen surface
and those conjugated to ligands. Bacterial toxins that target
specific antigens (which are highly expressed on the tumor
surface) such as Clostridium perfringens enterotoxin, diph-
theria toxin (DT), and Pseudomonas exotoxin, are used for
the targeting and elimination of tumor cells [49-51]. DT is
used primarily for the treatment of tumors both in murine
models and humans, because it has relatively few anti-tu-
mor effects [52], possibly because of its high cytotoxicity
or its simultaneous induction of anti-tumor immunity. Buzzi
et al. have engineered cross-reacting non-toxic material 197
(CRM197) for the treatment of a specific group of cancer
patients [53]. As a non-toxic variant of DT, CRM197 has
immunological functions similar to those of DT. Like DT,
CRM197 targets heparin-binding epidermal growth factor,
which is commonly overexpressed in tumor cells. Moreover,
subcutaneous injection of CRM197 results in inflamma-
tory immunological reactions, thereby activating a biolog-
ical anti-tumor response. On the basis of these results, the
authors have suggested that TNF-¢ and neutrophils may be
associated with the anti-tumor process. Thus, bacterial tox-
ins not only affect tumor cells but also initiate anti-tumor
immunity. Fusion proteins comprising targeting antibody

fragments and bacterial toxins are also known as immuno-
toxins [54]. The targeting antibody fragments act on cancer
cells and increase the potency of bacterial toxin fragments
in eliminating targeted cells. Bacterial immunotoxins have
powerful cytotoxicity through inhibition of protein transla-
tion and have been demonstrated to be highly effective in
the treatment of several hematological diseases [55, 56].
In an earlier study, Ontak, a fusion protein consisting of
anti-IL-2 and DT, has achieved satisfactory outcomes in the
treatment of chronic lymphocytic leukemia, because chronic
lymphocytic leukemia cells overexpress high-affinity IL-2
receptors [57]. For immunotoxin treatment, repeated admin-
istration of the drug is required, as in chemotherapy, to main-
tain the lethal concentrations necessary for optimal results.
However, repeated treatment is restricted by immunoge-
netics, i.e., the development of anti-drug antibodies. After
treatment with immunotoxins, several patients have shown a
rapid immune response and the generation of anti-drug anti-
bodies, which neutralize immunotoxins and consequently
prohibit multiple administrations. To solve this problem,
researchers have attempted to combine immunotoxins with
chemotherapy drugs, and to modify bacterial toxins to avoid
their identification by the immune system. These approaches
have achieved the necessary decrease in immunogenicity.
Another direct and widely accepted method is the deletion
or mutation of T cell epitopes through the design of recombi-
nant proteins to decrease immunogenicity. Mazor et al. have
discovered a novel immunotoxin containing a disulfide-
stabilized Fv of the anti-Tac antibody and PE38 bearing
nine-point mutations in domains II and IIl. Furthermore,
they have demonstrated that domain II is necessary for
CD25-mediated cell destruction—a process distinct from
CD22-mediated internalization. The recently engineered
immunotoxin LMB-142 has demonstrated greater cytotoxic
action in humans in vitro and a five-fold lower non-specific
toxicity in murine models than LMB-2 (anti-Tac(Fv)-PE38).

Beyond the use of immunotoxins in the treatment of
T cell malignancies and other solid tumors, Tregs depleting
fusion-protein toxins have great promise in cancer immu-
notherapy. Tregs consist of T cells, which are considered
the “brakes” of the immune response mediated by effector
T cells. Moreover, they have major roles in immune toler-
ance, the prevention of autoimmune disease, and the inhi-
bition of anti-tumor immunity [58, 59]. Tregs, the drivers
of the immunosuppressive microenvironment, through
processes such as interleukin consumption and immune
suppression, promote tumor growth; consequently, their
use in many immunotherapies has increased [60—62]. One
technique for exhausting Tregs involves moving bacterial
toxins to make use of their inherent cytotoxicity to directly
eliminate Tregs. This method restores the normal binding
of bacterial toxins to the ligands present on the receptors of
Tregs. Consequently, cells rich in Treg receptors eliminate
the toxins themselves. This process is beneficial, because it
alleviates the TME’s immunosuppressive nature and min-
imizes the toxicity of bacterial toxins toward non-targeted
cells. Moreover, the high expression of Foxp3 in Tregs
increases CD25 expression on the surfaces of Tregs, thus
leading to the formation of heterotrimeric high-affinity IL-2
receptors [63, 64]. The abundance of CD25 on Tregs results
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in exhaustion of IL-2 within the local microenvironment.
However, a decrease in the number of cytokines results in
apoptosis of activated effector T cells [65]. Thus, CD25 is
an example of a targeted site. Cheung et al. have engineered
a next-generation IL-2 receptor-targeted diphtheria fusion
toxin with excellent anti-tumor effects in decreasing Tregs
[66]. Moreover, this fusion toxin has a beneficial syner-
gistic effect with anti-PD-1 in the treatment of melanoma.
However, the clinical applications of denileukin diftitox or
Ontak (fusion protein consisting of the bacterial toxin DT
and anti-IL-2) are limited by a danger of vascular leakage
and production issues related to aggregation and purity. One
production approach has used Corynebacterium diphtheriae
to directly reproduce the fully folded and biologically active
s-DAB-IL-2 as a monomer within the culture medium.
Moreover, the highly developed fusion protein s-DAB-IL-
2(V6A) has been generated through the mutation of a single
amino acid (V6A). In comparison to s-DAB-IL-2, V6A has
50 times less vascular leakage in vitro with ~3.7 times lower
lethality in mice. In a murine model of melanoma, s-DAB-
IL-2(V6A) monotherapy as well as combination therapy
using anti-PD-1 have been found to increase inhibition of
tumor cell growth The desirable therapeutic effects are asso-
ciated with a decline in Tregs and the proliferation of effector
T cells. Although bacterial toxins are generally considered to
have high toxicity toward tumor cells, through fusion with
Treg-targeted proteins, they also effectively exhaust Tregs
and facilitate an anti-tumor response. More importantly,
the association of bacterial toxins with immune-checkpoint
blockade enables their application in cancer immunotherapy.

Bacterial spores

Spores are inactive forms of bacteria and are thus extremely
resistant. They can live in oxygen-rich cells for extended
durations without germinating. After encountering a suitable
environment, such as the hypoxic/necrotic area within the
tumor core, spores undergo germination and multiplication.
Because no critically hypoxic microenvironments are pres-
ent in normal human tissues, spores do not exhibit toxicity in
human organs under physiological conditions. Many research-
ers have administered a Clostridium histolyticum spore sus-
pension into tumor cells and observed effective inhibition of
transplanted rat sarcomas without apparent systemic toxicity
[52] In some reports, the mice died from tetanus within 48
hours after the intravascular injection of Clostridium spores
in tumor-infected murine models, and this effect was not
limited to intratumoral injections [67]. The healthy mice
receiving the same treatment remained asymptomatic for as
long as 40 days, thus establishing that spores demonstrate
tumor-specific germination even after vascular administra-
tion. Clostridium novyi (C. novyi) has been widely studied
because of its high sensitivity to oxygen and high mobility
because of its peritrichous flagella [6]. These two factors con-
tribute to the tumor enrichment of C. novyi even when only a
small amount of spore germination occurs. The main systemic
toxin (a-toxin) gene of C. novyi has been isolated and used
to generate a novel attenuated C. novyi-NT, which has better

application prospects because of its lower systemic toxicity
[68]. Agrawal et al. have noted that systemic administration
of C. novyi-NT spores in fully immune mice with tumor cells
results in long-term tumor regression [7]. C. novyi-NT spores
have been found to spread throughout the body after systemic
injection. However, the anaerobic properties of the environ-
ment cause them to germinate in only the necrotic core of the
tumor, which is relatively hypoxic. The germinated bacteria
then eliminate the surrounding tumor cells through local pro-
duction of lipases, proteases, and other degrading enzymes.
Meanwhile, the host responds to this local infection by secret-
ing immunostimulatory cytokines, including MIP-2, IL-6,
tissue inhibitor of metalloproteinases 1 (TIMP-1), and gran-
ulocyte colony-stimulating factor (G-CSF), thus facilitating
the infiltration of tumors by various immune cells. Initially,
only a neutrophil response is observed, but monocytes sub-
sequently participate. The spread of bacterial infection is
inhibited by the inflammatory response, thus also providing
a second layer of control beyond the initial layer supplied
by the anaerobic environment. Moreover, the elimination of
tumor cells is facilitated by inflammation via generation of
reactive oxygen species, and proteases and other enzymes. In
addition, inflammation evokes an efficient cellular immune
reaction, which continues to eliminate tumor cells remaining
to be destroyed by bacteria. Malignant cells have promisingly
been found to be eradicated in 30% of mice with tumors. In
a later study, the administration of C. novyi-NT spores into
naturally occurring tumor cells in dogs was found to provoke
a powerful immune response [69]. Intratumoral inoculation
with C. novyi-NT spores enhances phagocytosis as well as
the functions of NK-like cells. Moreover, intravenous injec-
tion of C. novyi-NT spores results in TNF-a production acti-
vated by LPS and IL-10 production triggered by LTA, and
enhances NK-like-cell function. These findings have demon-
strated that the administration of C. novyi-NT spores pro-
duces long-term alterations in the functions of immune cells.
In a different study, Heaps et al. have injected engineered
clostridial spores into the blood circulation and successfully
suppressed and healed human colon carcinoma in a murine
xenograft model [70]. The engineered spores germinated and
became activated after reaching the hypoxic necrotic areas of
the tumor core, after which they released a prodrug-convert-
ing enzyme, which converts non-toxic prodrug molecules to
a potent cytotoxic forms at the tumor site, thus resulting in the
death of tumor cells.

Conclusion

Extensive research conducted on the interactions between
tumor cells and the human immune system has indicated
that immunotherapy may be one of the most promising
approaches to cancer treatment. Because both bacteria and
their constituents naturally stimulate the host’s immune sys-
tem, they generate a strong anti-tumor immune response.
Although the definitive interactions among tumors, bacteria,
and the immune system remain unclear, further research will
shed light on how bacteria might be adapted to regulate this
interaction to achieve better outcomes. With developments
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in synthetic biology, many solutions are for these issues are
being discovered, and this area of research is expected to
be highly worthwhile. Clinicians might be able to control
the engineering and release of immunotherapeutic agents by
deciding on the number of gene copies, enhancing bacterial

strength and metabolic rate, and adjusting the initial bac-
teria injection dosage. For patients with various tumors in
distinct stages, a personalized immunotherapy plan could be
achieved by adjusting the intensity of the therapeutic agents
to achieve optimal treatment effects.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Huang X, Pan J, Xu F, Shao B, Wang Y, et al. Bacteria-based can-
cer immunotherapy. Adv Sci 2021;8(7). [PMID: 33854892 DOI:
10.1002/advs.202003572]

Zhou S, Gravekamp C, Bermudes D, Liu K, et al. Tumour-targeting
bacteriaengineered to fight cancer. Nat Rev Cancer 2018;18(12):727-
43. [PMID: 30405213 DOI: 10.1038/s41568-018-0070-z]

Lee CH. Engineering bacteria toward tumor targeting for cancer
treatment: current state and perspectives. Appl Microbiol Bio-
technol 2012;93(2):517-23. [PMID: 22120621 DOI: 10.1007/
500253-011-3695-3]

Clairmont C, Lee KC, Pike J, Ittensohn M, Low KB, et al. Bio-
distribution and genetic stability of the novel antitumor agent
VNP20009, a genetically modified strain of Salmonella typhimu-
rium. J Infect Dis 2000;181(6):1996-2002. [PMID: 10837181 DOI:
10.1086/315497]

Hu F, Qi G, Kenry X, Mao D, Zhou S, et al. Visualization and in
situ ablation of intracellular bacterial pathogens through metabolic
labeling. Angew Chem Int Ed Engl 2020;59(24):9288-92. [PMID:
31449353 DOL: 10.1002/anie.201910187]

Bettegowda C, Dang LH, Abrams R, Huso DL, Dillehay L, et al.
Overcoming the hypoxic barrier to radiation therapy with anaerobic
bacteria. Proc Natl Acad Sci U S A 2003;100(25):15083-8. [PMID:
14657371 DOI: 10.1073/pnas.2036598100]

Agrawal N, Bettegowda C, Cheong I, Geschwind JF, Drake CG, et al.
Bacteriolytic therapy can generate a potent immune response against
experimental tumors. Proc Natl Acad Sci U S A 2004;101(42):15172-
7. [PMID: 15471990 DOI: 10.1073/pnas.0406242101]

Toso JF, Gill V], Hwu P, Marincola FM, Restifo NP, et al. Phase
I study of the intravenous administration of attenuated Salmo-
nella typhimurium to patients with metastatic melanoma. J Clin
Oncol 2002;20(1):142-52. [PMID: 11773163 DOIL: 10.1200/
JCO.2002.20.1.142]

Heimann DM, Rosenberg SA. Continuous intravenous adminis-
tration of live genetically modified Salmonella typhimurium in
patients with metastatic melanoma. J Immunother 2003;26(2):179-
80. [PMID: 12616110 DOI: 10.1097/00002371-200303000-00011 ]
Cunningham C, Nemunaitis J. A phase I trial of genetically mod-
ified Salmonella typhimurium expressing cytosine deaminase
(TAPET-CD, VNP20029) administered by intratumoral injection
in combination with 5-fluorocytosine for patients with advanced or
metastatic cancer. Protocol no: CL-017. Version: April 9 2001. Hum
Gene Ther 2001;12(12):1594-6. [PMID: 11529249]

Roberts NJ, Zhang L, Janku F, Collins A, Bai RY, et al. Intratu-
moral injection of Clostridium novyi-NT spores induces antitumor
responses. Sci Transl Med 2014;6(249). [PMID: 25122639 DOI:
10.1126/scitranslmed.3008982]

Solomon BJ, Desai J, Rosenthal M, McArthur GA, Pattison
ST, et al. A first-time-in-human phase I clinical trial of bispe-
cific antibody-targeted, paclitaxel-packaged bacterial minicells.
PLoS One 2015;10(12). [PMID: 26659127 DOI: 10.1371/journal.
pone.0144559]

Kim SH, Castro F, Paterson Y, Gravekamp C. High efficacy of a
listeria-based vaccine against metastatic breast cancer reveals a
dual mode of action. Cancer Res 2009;69(14):5860-66. [PMID:
19584282 DOL: 10.1158/0008-5472.CAN-08-4855]

Brynildsen MP, Winkler JA, Spina CS, MacDonald IC, Collins J.
Potentiating antibacterial activity by predictably enhancing endoge-
nous microbial ROS production. Nat Biotechnol 2013;31(2):160-5.
[DOI: 10.1038/nbt.2458]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Chandra D, Jahangir A, Quispe-Tintaya W, Einstein MH,
Gravekamp C. Myeloid-derived suppressor cells have a central
role in attenuated Listeria monocytogenes-based immunother-
apy against metastatic breast cancer in young and old mice. Br J
Cancer 2013;108(11):2281-90. [PMID: 23640395 DOI: 10.1038/
bjc.2013.206]

Bettegowda C, Huang X, Lin J, Cheong I, Kohli M, et al. The
genome and transcriptomes of the anti-tumor agent Clostridium
novyi-NT. Nat Biotechnol 2006;24(12):1573-80. [PMID: 17115055
DOI: 10.1038/nbt1256]

Cheong I, Huang X, Bettegowda C, Diaz LA, Kinzler KW, et al.
A bacterial protein enhances the release and efficacy of liposomal
cancer drugs. Science 2006;314(5803):1308-11. [PMID: 17124324
DOI: 10.1126/science.1130651]

Shinnoh M, Horinaka M, Yasuda T, Yoshikawa S, Morita M, et al.
Clostridium butyricum MIYAIRI 588 shows antitumor effects by
enhancing the release of TRAIL from neutrophils through MMP-8.
Int J Oncol 2013;42(3):903-11. [PMID: 23354042 DOI: 10.3892/
1j0.2013.1790]

Bernardes N, Chakrabarty AM, Fialho AM. Engineering of bacte-
rial strains and their products for cancer therapy. Appl Microbiol
Biotechnol 2013;97(12):5189-99. [PMID: 23644748 DOI: 10.1007/
$00253-013-4926-6]

Xuan PT, Nguyen VH, Duong MTQ, Hong Y, Choy HE, et al. Activa-
tion of inflammasome by attenuated Salmonella typhimurium in bacte-
ria-mediated cancer therapy. Microbiol Immunol 2015;59(11):664-75.
[PMID: 26500022 DOI: 10.1111/1348-0421.12333]

Felgner S, Kocijancic D, Frahm M, Heise U, Rohde M, et al.
Engineered Salmonella enterica serovar Typhimurium overcomes
limitations of anti-bacterial immunity in bacteria-mediated tumor
therapy. Oncoimmunology 2018;7(2). [PMID: 29308303 DOI:
10.1080/2162402X.2017.1382791]

Sedighi M, Bialvaei AZ, Hamblin MR, Ohadi E, Asadi A, et al.
Therapeutic bacteria to combat cancer; current advances, chal-
lenges, and opportunities. Cancer Med 2019;8(6):3167-81. [PMID:
30950210 DOTI: 10.1002/cam4.2148]

Kim JE, Phan TX, Nguyen VH, Dinh-Vu HV, Zheng JH, et al.
Salmonella typhimurium Suppresses Tumor Growth via the
Pro-Inflammatory Cytokine Interleukin-1 beta. Theranostics
2015;5(12):1328-42. [PMID: 26516371 DOI: 10.7150/thno.11432]
Sfondrini L, Rossini A, Besusso D, Merlo A, Tagliabue E, et al.
Antitumor activity of the TLR-5 ligand flagellin in mouse models of
cancer. J Immunol 2006;176(11):6624-30. [PMID: 16709820 DOI:
10.4049/jimmunol.176.11.6624]

Anderson EM, McClelland S, Maksimova E, Strezoska Z, Basila M,
et al. Lactobacillus gasseri CRISPR-Cas9 characterization In Vitro
reveals a flexible mode of protospacer-adjacent motif recognition.
PLoS One 2018;13(2). [PMID: 29394276 DOI: 10.1371/journal.
pone.0192181]

Zabihollahi R, Motevaseli E, Sadat SM, Azizi-Saraji AR, Asaa-
di-Dalaie S, et al. Inhibition of HIV and HSV infection by vagi-
nal lactobacilli in vitro and in vivo. Daru 2012;20:53. [PMID:
23351891 DOI: 10.1186/2008-2231-20-53]

Tlaskalova-Hogenova H, Tuckovd L, Lodinovd-Zadnikovd R,
Stepankovéa R, Cukrowska B, et al. Mucosal immunity: its role in
defense and allergy. Int Arch Allergy Immunol 2002;128(2):77-89.
[PMID: 12065907 DOI: 10.1159/000059397]

Azam R, Ghafouri-Fard S, Tabrizi M, Modarressi MH, Ebrahimza-
deh-Vesal R, et al. Lactobacillus acidophilus and Lactobacillus

C. Zhang et al.: DOI: 10.15212/bi0i-2022-0022

185

U

d

@
=
@
=



https://pubmed.ncbi.nlm.nih.gov/33854892
https://doi.org/10.1002/advs.202003572
https://pubmed.ncbi.nlm.nih.gov/30405213
https://doi.org/10.1038/s41568-018-0070-z
https://pubmed.ncbi.nlm.nih.gov/22120621
https://doi.org/10.1007/s00253-011-3695-3
https://doi.org/10.1007/s00253-011-3695-3
https://pubmed.ncbi.nlm.nih.gov/10837181
https://doi.org/10.1086/315497
https://pubmed.ncbi.nlm.nih.gov/31449353
https://doi.org/10.1002/anie.201910187
https://pubmed.ncbi.nlm.nih.gov/14657371
https://doi.org/10.1073/pnas.2036598100
https://pubmed.ncbi.nlm.nih.gov/15471990
https://doi.org/10.1073/pnas.0406242101
https://pubmed.ncbi.nlm.nih.gov/11773163
https://doi.org/10.1200/jco.2002.20.1.142
https://doi.org/10.1200/jco.2002.20.1.142
https://pubmed.ncbi.nlm.nih.gov/12616110
https://doi.org/10.1097/00002371-200303000-00011
https://pubmed.ncbi.nlm.nih.gov/11529249
https://pubmed.ncbi.nlm.nih.gov/25122639
https://doi.org/10.1126/scitranslmed.3008982
https://pubmed.ncbi.nlm.nih.gov/26659127
https://doi.org/10.1371/journal.pone.0144559
https://doi.org/10.1371/journal.pone.0144559
https://pubmed.ncbi.nlm.nih.gov/19584282
https://doi.org/10.1158/0008-5472.can-08-4855
https://doi.org/10.1038/nbt.2458
https://pubmed.ncbi.nlm.nih.gov/23640395
https://doi.org/10.1038/bjc.2013.206
https://doi.org/10.1038/bjc.2013.206
https://pubmed.ncbi.nlm.nih.gov/17115055
https://doi.org/10.1038/nbt1256
https://pubmed.ncbi.nlm.nih.gov/17124324
https://doi.org/10.1126/science.1130651
https://pubmed.ncbi.nlm.nih.gov/23354042
https://doi.org/10.3892/ijo.2013.1790
https://doi.org/10.3892/ijo.2013.1790
https://pubmed.ncbi.nlm.nih.gov/23644748
https://doi.org/10.1007/s00253-013-4926-6
https://doi.org/10.1007/s00253-013-4926-6
https://pubmed.ncbi.nlm.nih.gov/26500022
https://doi.org/10.1111/1348-0421.12333
https://pubmed.ncbi.nlm.nih.gov/29308303
https://doi.org/10.1080/2162402x.2017.1382791
https://pubmed.ncbi.nlm.nih.gov/30950210
https://doi.org/10.1002/cam4.2148
https://pubmed.ncbi.nlm.nih.gov/26516371
https://doi.org/10.7150/thno.11432
https://pubmed.ncbi.nlm.nih.gov/16709820
https://doi.org/10.4049/jimmunol.176.11.6624
https://pubmed.ncbi.nlm.nih.gov/29394276
https://doi.org/10.1371/journal.pone.0192181
https://doi.org/10.1371/journal.pone.0192181
https://pubmed.ncbi.nlm.nih.gov/23351891
https://doi.org/10.1186/2008-2231-20-53
https://pubmed.ncbi.nlm.nih.gov/12065907
https://doi.org/10.1159/000059397

Iew

>
(}}
o

ini

M

BIOI 2022

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

crispatus culture supernatants downregulate expression of can-
cer-testis genes in the MDA-MB-231 cell line. Asian Pac J Can-
cer Prev 2014;15(10):4255-59. [PMID: 24935380 DOI: 10.7314/
apjcp.2014.15.10.4255]

Moteyaseli E, Shirzad M, Akrami SM, Mousavi AS, Mirsalehian
A, et al. Normal and tumour cervical cells respond differently
to vaginal lactobacilli, independent of pH and lactate. J Med
Microbiol 2013;62:1065-72. [PMID: 23618799 DOIL: 10.1099/
jmm.0.057521-0]

Motevaseli E, Shirzad M, Raoofian R, Hasheminasab SM, Hatami
M, et al. Differences in vaginal lactobacilli composition of Iranian
healthy and bacterial vaginosis infected women: a comparative anal-
ysis of their cytotoxic effects with commercial vaginal probiotics.
Iran Red Crescent Med J 2013;15(3):199-206. [PMID: 23983998
DOI: 10.5812/ircm;j.3533]

Ahmadi MA, Ebrahimi MT, Mehrabian S, Tafvizi F, Bahrami H,
et al. Antimutagenic and anticancer effects of lactic acid bacteria
isolated from Tarhana through Ames test and phylogenetic analysis
By 16S rDNA. Nutr Cancer 2014;66(8):1406-13. [PMID: 25330454
DOI: 10.1080/01635581.2014.956254]

Knutson KL, Disis ML. Tumor antigen-specific T helper cells in
cancer immunity and immunotherapy. Cancer Immunol Immu-
nother 2005;54(8):721-8. [PMID: 16010587 DOI: 10.1007/
500262-004-0653-2]

Kaparakis-Liaskos M, Ferrero RL. Immune modulation by bacterial
outer membrane vesicles. Nat Rev Immunol 2015;15(6):375-87.
[PMID: 25976515 DOI: 10.1038/nri3837]

Schwechheimer C, Kuehn MJ. Outer-membrane vesicles from
Gram-negative bacteria: biogenesis and functions. Nat Rev
Microbiol 2015;13(10):605-19. [PMID: 26373371 DOI: 10.1038/
nrmicro3525]

Jan AT. Outer Membrane Vesicles (OMVs) of Gram-negative
Bacteria: a perspective update. Front Microbiol 2017;8. [PMID:
28649237 DOI: 10.3389/fmicb.2017.01053]

Kulp A, Kuehn MIJ. Biological functions and biogenesis of
secreted bacterial outer membrane vesicles. Annu Rev Micro-
biol. 2010;64:163-84. [PMID: 20825345 DOI: 10.1146/annurev.
micro.091208.073413]

Kulkarni HM, Jagannadham MV. Biogenesis and multifaceted roles
of outer membrane vesicles from Gram-negative bacteria. Micro-
biology-Sgm 2014;160:2109-21. [PMID: 25069453 DOI: 10.1099/
mic.0.079400-0]

Lee EY, Choi DS, Kim KP, Gho YS, et al. Proteomics in gram-neg-
ative bacterial outer membrane vesicles. Mass Spectrom Rev
2008;27(6):535-55. [PMID: 18421767 DOI: 10.1002/mas.20175]
Roier S, Zingl FG, Cakar F, Durakovic S, Kohl P, et al. A novel
mechanism for the biogenesis of outer membrane vesicles in
Gram-negative bacteria. Nat Commun 2016;7. [DOI: 10.1038/
ncomms10515]

Schwechheimer C, Rodriguez DL, Kuehn MJ. NlpIl-mediated modu-
lation of outer membrane vesicle production through peptidoglycan
dynamics in Escherichia coli. Microbiologyopen 2015;4(3):375-89.
[PMID: 25755088 DOI: 10.1002/mbo3.244]

Schwechheimer C, Kulp A, Kuehn MJ. Modulation of bacterial
outer membrane vesicle production by envelope structure and con-
tent. BMC Microbiol 2014;14. [DOIL: 10.1186/s12866-014-0324-1]
Gujrati V, Kim S, Kim SH, Min JJ, Choy HE, et al. Bioengineered
bacterial outer membrane vesicles as cell-specific drug-delivery
vehicles for cancer therapy. ACS Nano 2014;8(2):1525-37. [PMID:
24410085 DOI: 10.1021/nn405724x]

Kim OY, Park HT, Dinh NTH, Choi SJ, Lee J, et al. Bacterial outer
membrane vesicles suppress tumor by interferon-gamma-mediated
antitumor response. Nat Commun 2017;8:626. [PMID: 28931823
DOI: 10.1038/s41467-017-00729-8]

Delannoy S, Beutin L, Mariani-Kurkdjian P, Fleiss A, Bonacorsi
S, et al. The Escherichia coli Serogroup O1 and O2 Lipopolysac-
charides Are Encoded by Multiple O-antigen Gene Clusters. Front
Cell Infect Microbiol 2017;7:30. [PMID: 28224115 DOI: 10.3389/
fcimb.2017.00030]

Song W, Anselmo AC, Huang L. Nanotechnology intervention of the
microbiome for cancer therapy. Nat Nanotechnol 2019;14(12):1093-
103. [PMID: 31802032 DOI: 10.1038/s41565-019-0589-5]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Song W, Tiruthani K, Wang Y, Shen L, Hu M, et al. Trapping of
lipopolysaccharide to promote immunotherapy against colorec-
tal cancer and attenuate liver metastasis. Adv Mater 2018;30(52).
[PMID: 30387230 DOI: 10.1002/adma.201805007]

Chen Q, Bai H, Wu W, Huang G, Li Y, et al. Bioengineering bacterial
vesicle-coated polymeric nanomedicine for enhanced cancer immu-
notherapy and metastasis prevention. Nano Lett 2020;20(1):11-21.
[PMID: 31858807 DOI: 10.1021/acs.nanolett.9b02182]

Lax AJ. Bacterial toxins and cancer — a case to answer? Nat Rev
Microbiol 2005;3(4):343-9. [PMID: 15806096 DOI: 10.1038/
nrmicrol1130]

Shafiee F, Aucoin MG, Jahanian-Najafabadi A. Targeted diphtheria
toxin-based therapy: areview article. Front Microbiol 2019;10:2340.
[PMID: 31681205 DOI: 10.3389/fmicb.2019.02340]

Pahle J, Menzel L, Niesler N, Kobelt D, Aumann J, et al. Rapid
eradication of colon carcinoma by Clostridium perfringens Enter-
otoxin suicidal gene therapy. BMC Cancer 2017;17:129. [PMID:
28193196 DOI: 10.1186/s12885-017-3123-x]

Bauss F, Lechmann M, Krippendorff BF, Staack R, Herting F, et al.
Characterization of a re-engineered, mesothelin-targeted Pseu-
domonas exotoxin fusion protein for lung cancer therapy. Mol
Oncol 2016;10(8):1317-29. [PMID: 27507537 DOI: 10.1016/j.
molonc.2016.07.003]

Weerakkody LR, Witharana C. The role of bacterial toxins and
spores in cancer therapy. Life Sci 2019;235:116839. [PMID:
31499068 DOI: 10.1016/1.1£5.2019.116839]

Buzzi S, Rubboli D, Buzzi G, Buzzi AM, Morisi C, et al. CRM197
(nontoxic diphtheria toxin): effects on advanced cancer patients.

Cancer Immunol Immunother 2004;53(11):1041-48. [PMID:
15168087 DOI: 10.1007/s00262-004-0546-4]
Pastan I, Willingham MC, FitzGerald DJ. Immuno-

toxins. Cell  1986;47(5):641-8. 3536124 DOI:
10.1016/0092-8674(86)90506-4]

McCann S, Akilov OE, Geskin L. Adverse effects of denileukin
diftitox and their management in patients with cutaneous T-cell lym-
phoma. Clin J Oncol Nurs 2012;16(5):E164-72. [PMID: 23022942
DOI: 10.1188/12.CJON.E164-E172]

Kreitman RJ, Pastan I. Immunoconjugates in the management of
hairy cell leukemia. Best Pract Res Clin Haematol 2015;28(4):236-
45. [PMID: 26614902 DOI: 10.1016/j.beha.2015.09.003]

Frankel AE, Fleming DR, Powell BL, Gartenhaus R, et al.
DAB(389)IL2 (ONTAK (R)) fusion protein therapy of chronic
lymphocytic leukaemia. Expert Opin Biol Ther 2003;3(1):179-86.
[PMID: 12718740 DOLI: 10.1517/14712598.3.1.179]

Wang H, Franco F, Ho PC. Metabolic regulation of tregs in cancer:
opportunities for immunotherapy. Trends Cancer 2017;3(8):583-92.
[PMID: 28780935 DOI: 10.1016/j.trecan.2017.06.005]

Yang BH, Wang K, Wan S, Liang Y, Yuan X, et al. TCF1 and LEF1
control treg competitive survival and Tfr development to prevent
autoimmune diseases. Cell Rep 2019;27(12):3629-3645. [PMID:
31216480 DOI: 10.1016/j.celrep.2019.05.061]

Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: Can Treg
cells be a new therapeutic target? Cancer Sci 2019;110(7):2080-9.
[PMID: 31102428 DOI: 10.1111/cas.14069]

Mahnke K, Schonfeld K, Fondel S, Ring S, Karakhanova S, et al.
Depletion of CD4(+)CD25(+) human regulatory T cells in vivo:
kinetics of Treg depletion and alterations in immune functions
in vivo and in vitro. Int J Cancer 2007;120(12):2723-33. [PMID:
17315189 DOLI: 10.1002/ijc.22617]

DannullJ, SuZ, Rizzieri D, Yang BK, Coleman D, et al. Enhancement
of vaccine-mediated antitumor immunity in cancer patients after
depletion of regulatory T cells. J Clin Invest 2005;115(12):3623-33.
[PMID: 16308572 DOI: 10.1172/JC125947]

Vent-Schmidt J, Han JM, MacDonald KG, Levings MK, et al.
The Role of FOXP3 in Regulating Immune Responses. Int
Rev Immunol 2014;33(2):110-28. [PMID: 23947341 DOI:
10.3109/08830185.2013.811657]

Tanaka A, Sakaguchi S. Regulatory T cells in cancer immunother-
apy. Cell Res 2017;27(1):109-18. [PMID: 27995907 DOI: 10.1038/
cr.2016.151]

Kumar P, Kumar A, Parveen S, Murphy JR, Bishai W, et al. Recent
advances with Treg depleting fusion protein toxins for cancer

[PMID:

186

C. Zhang et al.: DOI: 10.15212/bi0i-2022-0022


https://pubmed.ncbi.nlm.nih.gov/24935380
https://doi.org/10.7314/apjcp.2014.15.10.4255
https://doi.org/10.7314/apjcp.2014.15.10.4255
https://pubmed.ncbi.nlm.nih.gov/23618799
https://doi.org/10.1099/jmm.0.057521-0
https://doi.org/10.1099/jmm.0.057521-0
https://pubmed.ncbi.nlm.nih.gov/23983998
https://doi.org/10.5812/ircmj.3533
https://pubmed.ncbi.nlm.nih.gov/25330454
https://doi.org/10.1080/01635581.2014.956254
https://pubmed.ncbi.nlm.nih.gov/16010587
https://doi.org/10.1007/s00262-004-0653-2
https://doi.org/10.1007/s00262-004-0653-2
https://pubmed.ncbi.nlm.nih.gov/25976515
https://doi.org/10.1038/nri3837
https://pubmed.ncbi.nlm.nih.gov/26373371
https://doi.org/10.1038/nrmicro3525
https://doi.org/10.1038/nrmicro3525
https://pubmed.ncbi.nlm.nih.gov/28649237
https://doi.org/10.3389/fmicb.2017.01053
https://pubmed.ncbi.nlm.nih.gov/20825345
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1146/annurev.micro.091208.073413
https://pubmed.ncbi.nlm.nih.gov/25069453
https://doi.org/10.1099/mic.0.079400-0
https://doi.org/10.1099/mic.0.079400-0
https://pubmed.ncbi.nlm.nih.gov/18421767
https://doi.org/10.1002/mas.20175
https://doi.org/10.1038/ncomms10515
https://doi.org/10.1038/ncomms10515
https://pubmed.ncbi.nlm.nih.gov/25755088
https://doi.org/10.1002/mbo3.244
https://doi.org/10.1186/s12866-014-0324-1
https://pubmed.ncbi.nlm.nih.gov/24410085
https://doi.org/10.1021/nn405724x
https://pubmed.ncbi.nlm.nih.gov/28931823
https://doi.org/10.1038/s41467-017-00729-8
https://pubmed.ncbi.nlm.nih.gov/28224115
https://doi.org/10.3389/fcimb.2017.00030
https://doi.org/10.3389/fcimb.2017.00030
https://pubmed.ncbi.nlm.nih.gov/31802032
https://doi.org/10.1038/s41565-019-0589-5
https://pubmed.ncbi.nlm.nih.gov/30387230
https://doi.org/10.1002/adma.201805007
https://pubmed.ncbi.nlm.nih.gov/31858807
https://doi.org/10.1021/acs.nanolett.9b02182
https://pubmed.ncbi.nlm.nih.gov/15806096
https://doi.org/10.1038/nrmicro1130
https://doi.org/10.1038/nrmicro1130
https://pubmed.ncbi.nlm.nih.gov/31681205
https://doi.org/10.3389/fmicb.2019.02340
https://pubmed.ncbi.nlm.nih.gov/28193196
https://doi.org/10.1186/s12885-017-3123-x
https://pubmed.ncbi.nlm.nih.gov/27507537
https://doi.org/10.1016/j.molonc.2016.07.003
https://doi.org/10.1016/j.molonc.2016.07.003
https://pubmed.ncbi.nlm.nih.gov/31499068
https://doi.org/10.1016/j.lfs.2019.116839
https://pubmed.ncbi.nlm.nih.gov/15168087
https://doi.org/10.1007/s00262-004-0546-4
https://pubmed.ncbi.nlm.nih.gov/3536124
https://doi.org/10.1016/0092-8674(86)90506-4
https://pubmed.ncbi.nlm.nih.gov/23022942
https://doi.org/10.1188/12.cjon.e164-e172
https://pubmed.ncbi.nlm.nih.gov/26614902
https://doi.org/10.1016/j.beha.2015.09.003
https://pubmed.ncbi.nlm.nih.gov/12718740
https://doi.org/10.1517/14712598.3.1.179
https://pubmed.ncbi.nlm.nih.gov/28780935
https://doi.org/10.1016/j.trecan.2017.06.005
https://pubmed.ncbi.nlm.nih.gov/31216480
https://doi.org/10.1016/j.celrep.2019.05.061
https://pubmed.ncbi.nlm.nih.gov/31102428
https://doi.org/10.1111/cas.14069
https://pubmed.ncbi.nlm.nih.gov/17315189
https://doi.org/10.1002/ijc.22617
https://pubmed.ncbi.nlm.nih.gov/16308572
https://doi.org/10.1172/jci25947
https://pubmed.ncbi.nlm.nih.gov/23947341
https://doi.org/10.3109/08830185.2013.811657
https://pubmed.ncbi.nlm.nih.gov/27995907
https://doi.org/10.1038/cr.2016.151
https://doi.org/10.1038/cr.2016.151

BIOI 2022

[66]

[67]

immunotherapy. Immunotherapy 2019;11(13):1117-28. [PMID:
31361167 DOI: 10.2217/imt-2019-0060]

Cheung LS, Fu J, Kumar P, Kumar A, Urbanowski ME, et al. Sec-
ond-generation IL-2 receptor-targeted diphtheria fusion toxin exhib-
its antitumor activity and synergy with anti-PD-1 in melanoma.
Proc Natl Acad Sci U S A 2019;116(8):3100-5. [PMID: 30718426
DOI: 10.1073/pnas.1815087116]

Malmgren RA, Flanigan CC. Localization of the vegetative form
of Clostridium tetani in mouse tumors following intravenous
spore administration. Cancer Res 1955;15(7):473-8. [PMID:
13240693]

[68]

[69]

[70]

Dang LH, Bettegowda C, Huso DL, Kinzler KW, Vogelstein B,
et al. Combination bacteriolytic therapy for the treatment of exper-
imental tumors. Proc Natl Acad Sci U S A 2001;98(26):15155-60.
[PMID: 11724950 DOI: 10.1073/pnas.251543698]

DeClue AE, Axiak-Bechtel SM, Zhang Y, Saha S, Zhang L, et al.
Immune response to C. novyi-NT immunotherapy. Vet Res 2018;49.
[PMID: 29690928 DOI: 10.1186/s13567-018-0531-0]

Heap JT, Theys J, Ehsaan M, Kubiak AM, Dubois L, et al. Spores of
Clostridium engineered for clinical efficacy and safety cause regres-
sion and cure of tumors in vivo. Oncotarget 2014;5(7):1761-9.
[PMID: 24732092 DOI: 10.18632/oncotarget.1761]

C. Zhang et al.: DOI: 10.15212/bi0i-2022-0022

187

U

d

@
=
@
=



https://pubmed.ncbi.nlm.nih.gov/31361167
https://doi.org/10.2217/imt-2019-0060
https://pubmed.ncbi.nlm.nih.gov/30718426
https://doi.org/10.1073/pnas.1815087116
https://pubmed.ncbi.nlm.nih.gov/13240693
https://pubmed.ncbi.nlm.nih.gov/11724950
https://doi.org/10.1073/pnas.251543698
https://pubmed.ncbi.nlm.nih.gov/29690928
https://doi.org/10.1186/s13567-018-0531-0
https://pubmed.ncbi.nlm.nih.gov/24732092
https://doi.org/10.18632/oncotarget.1761

