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Abstract. Several solid tumors (for example leiomyosarcoma, 
melanoma and hepatocellular carcinoma) possess areas 
of hypoxia, which underlies one of the primary reasons of 
failure of conventional anticancer therapies. The areas of 
poor vascularization are insensitive to radiotherapy and 
chemotherapeutic drugs. Conversely, the hypoxic regions of 
tumors provide an ideal environment for anaerobic bacteria. 
The attenuated anaerobic bacterium, Clostridium novyi‑NT 
(C. novyi‑NT), is highly sensitive to oxygen and can target the 
destruction of hypoxic and necrotic areas of tumors, inducing 
oncolysis and characteristics indicative of an immune 
response. Theoretically, chemotherapy, radiotherapy and 
immunotherapy combined with bacterial therapy can be used 
as a novel means of treating solid tumors, promoting tumor 
regression and inhibiting metastasis formation with a notable 
beneficial effect. The present review discusses the molecular 
mechanisms of combined bacteriolytic therapy, predominantly 
focusing on C. novyi‑NT, and summarizes the findings of 
previous studies on experimental animal models, including 
its efficacy and safety via different drug delivery routes. This 
strategy has great potential to overcome the limitations of 
conventional cancer therapy, resulting in improved treatments, 
and thus potentially improved outcomes for patients.
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1. Introduction

Cancer is one of the leading causes of mortality, and ~90% of 
cancer‑associated mortalities are caused by solid tumors (1). 
Early diagnosis and established treatment options, such 
as surgery, radiotherapy and chemotherapy represent the 
backbone of cancer therapy  (2). Despite advancements in 
these therapies, they bear several disadvantages and risks. 
For example, not every tumor can be surgically removed. In 
addition, the efficacy of chemotherapy and radiotherapy is 
limited due to their general mode of activity, which in turn 
results in treatment resistance (3). Chemotherapy is plagued 
by decreased drug penetration into tumor cells (for example 
colorectal cancer, leiomyosarcoma and melanoma cells) adja‑
cent to the poorly vascularized regions, peripheral toxicity and 
decreased immunity of patients, which leads to a poor clinical 
prognosis following treatment (4).

Necrotic areas are present in tumor tissues and absent 
in normal tissues (5). Live bacteria, including Clostridium 
novyi‑NT (C. novyi‑NT) can overcome the limitations of 
hypoxia in solid tumors and selectively grow in areas of 
absolute hypoxia and necrosis, suggesting that it may serve 
as a powerful tool for targeted therapy of tumors (6,7). The 
advantages of C. novyi‑NT anticancer therapy are largely due 
to its generally favorable toxic characteristics, strong oncolytic 
effects, minimal tumor resistance and strong targeting (8), 
which can be used as a gene therapy carrier for targeted 
gene therapy  (9). In addition, bacterial therapy activates 
the host immune system antitumor effects  (6). Traditional 
chemotherapy and radiotherapy can target and remove the 
oxygen‑rich tumor cells at the edge; however, complete tumor 
removal remains a challenge. Conversely, the combination 
of traditional therapy with bacteriolytic therapy can simul‑
taneously kill both well‑oxygenated and hypoxic regions of 
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the tumor, and even eradicate otherwise untreatable tumors 
to achieve no evidence of disease (10). This combination of 
traditional chemotherapy or radiotherapy with bacteriolytic 
therapy is referred to as combination bacteriolytic therapy 
(COBALT) (10). The present review discusses the molecular 
mechanisms of C. novyi‑NT related COBALT, its advantages 
in tumor therapy and pre‑clinical results, particularly the 
advantages and disadvantages of routes of drug delivery, such 
as intratumoral or intravenous injection.

2. Hypoxia: The characteristic marker of malignant solid 
tumors

It is well‑known that solid tumors grow in a unique acidic 
microenvironment, triggering cellular release of tumor angio‑
genic factors, which can induce pathological angiogenesis 
leading to tumor hypoxia, acidity, nutrient deficiency and cell 
death (11). The presence of tumor hypoxia can alter genomic 
stability (accelerating the genetic diversity acquired) and 
promote the emergence of a malignant phenotype (12); induc‑
tion of expression of tumor angiogenesis genes and activation of 
the expression of invasion and metastasis related gene expres‑
sion, increasing the potential of tumor metastasis (13). This 
results in poor selectivity and drug resistance, and decreases 
the efficacy of radiotherapy and chemotherapy (14‑16). Thus, 
tumor hypoxia, which is a characteristic hallmark of malignant 
solid tumors, remains an obstacle of several current treatment 
regimens, such as chemotherapy, radiotherapy, photodynamic 
therapy and immunotherapy (1).

3. Mechanism and issues of C. novyi‑NT as an antitumor 
agent

Over 100 years ago, William Coley first reported the phenom‑
enon of tumor regression in a patient with unresectable tumors 
after accidental infection with Streptococcus pyogenes (17). 
This discovery opened the field of investigating bacterial 
cancer therapy. Clostridium is a type of Gram‑positive 
anaerobic bacteria that was first used for antitumor therapy (5). 
Preclinical animal studies have demonstrated, being anaerobic 
in nature, these bacteria specifically migrate and germinate in 
the hypoxic/necrotic areas of solid tumors with targeted germi‑
nation and tumor regression (5,18). C. novyi (ATCC19402) is 
unique compared to other candidate therapeutic bacteria, and 
is one of the most favorable bacterium strains, whose spore 
infiltration in tumors is superior to that of bifidobacteria. 
However, like other bacteria, the spores of clostridium strains 
have also been demonstrated to exert excessive toxicity. To 
address this issue, the primary toxin of clostridium bacteria 
(toxin‑A), which causes toxicity, was eliminated to produce 
a non‑toxic spore (10). This non‑toxic strain of C. novyi has 
been designated as C. novyi‑NT (10). C. novyi‑NT spores 
are easier to store, handle and are more stable under nonper‑
missive conditions (19). Currently, C. novyi‑NT is the only 
strain of Clostridium to be tested in humans as an anticancer 
drug (19‑21).

The molecular mechanisms underlying bacterial tumor 
destruction are not yet fully understood, and may include 
direct tumor cell destruction, as well as activation of the host 
immune system (22,23). Bacteria act as tumoricidal agents 

and inhibit cancer cell proliferation through cytotoxins. High 
concentrations of cytotoxins directly kill tumor cells, whereas 
low concentrations of cytotoxins alter cellular processes, 
including cell proliferation, apoptosis and differentiation (22). 
Bacteria can also be genetically modified to express proteins 
that are toxic to cancer cells, including the secretion of lipases, 
proteases and other degradative enzymes (23). In addition, 
bacteria stimulate a potent cellular immune response that 
subsequently destroys residual tumor cells not lysed by the 
bacteria  (23). C. novyi‑NT expresses several extracellular 
proteins, such as phospholipase C (NT01CX0979) and two 
lipases (NT01CX2047 and NT01CX0630), all of which alter 
the structure of lipid bilayers and membrane permeability, 
thereby directly affecting the cytotoxicity on tumors  (24). 
Furthermore, phospholipases may also activate inflammatory 
responses and induce antitumor immunity (24). In addition 
to the direct cytotoxicity, C. novyi‑NT also induces a strong 
inflammatory response involving pro‑inflammatory cytokines, 
such as interleukin‑6, granulocyte‑colony stimulating factor, 
macrophage inflammatory protein 2 and tissue inhibitor 
matrix metalloproteinase 1 that attract a massive influx of 
inflammatory cells, which in turn results in recruitment of 
a substantial number of immune cells to generate a durable 
adaptive antitumor immune response (23,25). The inflamma‑
tory reaction restrains the spread of the bacterial infection, 
providing a second layer of control in addition to that provided 
by the requisite anaerobic environment (23). The inflammation 
may also directly contribute to the destruction of tumor cells 
through the production of reactive oxygen species, proteases 
and other degradative enzymes (23). Dying tumor cells, along 
with the release of damage‑associated molecular pattern 
molecules released by dendritic cells, trigger tumor associated 
antigen specific T cells, which in turn generates immunogenic 
cell death, and is hypothesized to serve an important role in 
long lasting adaptive immunity (26‑28). Previous studies have 
reported that C. novyi‑NT spores can germinate locally within 
the tumor, and precisely spread throughout the tumor and its 
microsatellites, causing hemorrhagic necrosis, strong inflam‑
matory responses, tumor cell lysis and regression (10,19,23,25).

Furthermore, CD8+ T lymphocytes isolated from C. 
novyi‑NT treated mice have been demonstrated to stimulate 
acquired immunity in tumor‑specific models (29). Previous 
studies have supported the notion that bacteriolytic treat‑
ment can stimulate a long‑lasting antitumor immune 
response (23,30). In a previous study, cured animals rejected a 
subsequent challenge from the same tumor (23). Thus, innate 
or acquired immunity serves a key role in achieving durable 
complete responses (CRs) and suppressing distant metas‑
tasis (29). Further investigations are required to determine the 
molecular mechanisms of tumor destruction associated with 
C. novyi‑NT, and the effects of host‑mediated immunity on 
distant metastasis.

Although C. novyi‑NT has exhibited antitumor properties 
in experimental animal models (23,25,31), concern regarding 
the efficacy of C. novyi‑NT in tumors lacking necrotic areas 
remains. Being an anaerobic bacterium, C. novyi‑NT does 
not target the oxygen‑rich regions of tumors. Generally, small 
tumors and oxygen‑rich tumors lack necrotic areas, resulting 
in the inability of these spores to colonize small metastases 
and viable oxygen‑requiring regions of tumors, leading to poor 
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clinical outcomes (32). This issue has led researchers to study 
the use of combination therapy to improve patient outcomes. 
Further studies applying combination therapy in small solid 
tumors lacking hypoxic areas are required to provide future 
direction.

4. C. novyi‑NT combined with chemotherapy

Although C. novyi‑NT spores are considered an effective anti‑
tumor agent that promote regression of certain types of cancer 
(including leiomyosarcoma, melanoma and hepatocellular 
carcinoma) (19,31,33), injecting C. novyi‑NT alone into mice 
and rabbits bearing transplanted syngeneic tumors has demon‑
strated low cure rates (25‑30%) (23). In addition, CR was not 
observed in spontaneously occurring canine tumors  (34). 
Given that cancer is a complex disease, the strategy of using 
a combination of internal and external attack methods to kill 
both hypoxic and oxygen‑rich cells is considered a preferable 
and potentially favorable option (10). Alternatively, the pres‑
ence of bacteria within the tumor environment can also alter the 
chemical structure of some chemotherapeutic agents, affecting 
their activity and local concentration, thus sensitizing cancer 
therapy (35). C. novyi‑NT has been combined with several 
chemotherapeutic drugs to produce synergistic effects (36). 
Bacterial therapy is combined with conventional chemothera‑
peutic drugs, such as chemotherapeutic drugs, anti‑angiogenic 
drugs, heavy metals and heat shock proteins to treat cancer 
in combination with bacteriolytic therapy  (37). Notably, 
extensive hemorrhagic necrosis of tumors often occurs within 
24 h when C. novyi‑NT spores are administered together 
with conventional chemotherapeutic agents (Dolastatin‑10, 
Cyclophosphamide, mitomycin C and vincristine), exhibiting 
notable and long‑term antitumor effects (10). The combined 
treatment of C. novyi‑NT spores with microtubule binding 
agents (D10 and combretastatin a‑4 prodrug) in nude mice 
with a xenograft colorectal cancer demonstrated that D10 
significantly enhances the ability of C. novyi‑NT spores to lyse 
tumors, while addition of the tumor cell agent, CTX further 
enhances the efficacy of COBALT (38). C. novyi‑NT spores 
combined with microtubule stabilizers, such as discoder‑
molide analogues cause rapid and complete tumor regression 
in HCT116 tumor‑bearing mice (39). In addition, microtubule 
stabilizers have been demonstrated to promote the germination 
of C. novyi‑NT spores in the hypoxic region by expanding the 
area, resulting in rapid tumor regression (40). COBALT may 
genetically manipulate C. novyi‑NT to enhance its potency or 
selectivity (10). The aforementioned results suggest that even a 
single dose of COBALT can cause partial or complete regres‑
sion of cancer in certain xenograft models (33,40). Another 
notable strategy is the use of C. novyi‑NT‑mediated cleavage 
of the erythrocyte membrane, and increase in intratumoral 
release of liposome‑encapsulated drugs, thereby raising local 
drug concentrations and decreasing systemic toxicity  (41). 
C. novyi‑NT combined with a single dose of liposomal doxo‑
rubicin has been reported to completely eradicate tumors in 
tumor‑bearing mice (41), as well as significantly increase the 
tumor clearance rate of implanted glioblastomas in rats (25).

This significant antitumor effect of COBALT is associated 
with its notable toxicity, which is positively associated with 
tumor size, possibly due to tumor lysis syndrome; when a large 

tumor burden is rapidly destroyed by antineoplastic agents (10). 
However, COBALT still faces the problem of resistance to 
chemotherapeutic agents, and different types of tumors may 
require combination with different chemotherapeutic agents 
to exert their maximal effects. Another concerning issue is the 
size of the tumor, as it needs to be large enough to possess 
necrotic areas (32). COBALT is not suitable for primary and 
metastatic tumors without areas of necrosis and hypoxia (10). In 
addition, not all tumors are equally sensitive to COBALT (33), 
such as mice bearing human colorectal cancer xenografts 
(HCT116) and human biliary cancer HuCC‑T1, and further 
clarification of the types of tumors where COBALT may be 
suitable is required. Additionally, understanding the molecular 
mechanism by which C. novyi‑NT kills tumor cells may also 
provide novel insights and improvements into the management 
of tumors.

5. C. novyi‑NT combined with trans arterial 
chemoembolization (TACE)

TACE has become the preferred treatment for advanced 
unresectable hepatocellular carcinoma, including large and/or 
multinodular tumors without vascular invasion or distant metas‑
tasis. Due to the ability to achieve a high local concentration of 
the chemotherapeutic drugs and precise blocking of the feeding 
artery of the tumor, large areas of tumor necrosis will occur. 
However, TACE can increase the drug concentration in the 
tumor. The drug concentration is higher than that of systemic 
chemotherapy, with less toxicity, when using TACE (42). Thus, C. 
novyi‑NT combined with TACE for tumor treatment decreases 
the tumor mass by chemoembolization, killing the tumor in the 
oxygen‑rich areas, and expanding the hypoxic necrotic area 
in the tumor, which serves as the perfect environment for C. 
novyi‑NT germination and reproduction (43). A study treating 
12 rabbits (VX2 liver cancer models) with a combination of 
C. novyi‑NT and TACE therapy confirmed that TACE increased 
the colonization of C. novyi‑NT spores within tumors in a short 
period of time (43). C. novyi‑NT spores combined with TACE in 
the treatment of rabbit VX2 liver cancer had a more significant 
antitumor effect compared with TACE alone, with significantly 
decreased tumor size, a significantly expanded extent of necrosis 
and effectively prolonged survival time in tumor‑bearing 
rabbits (43). This strategy provides a novel treatment option for 
large tumors which are unresectable.

6. C. novyi‑NT combined with radiotherapy

Cancer treatment requires a multiple disciplinary team model. 
Given that oxygen is a required effector in radiation‑induced 
cell death  (14), the areas of poor tumor vascularization 
increase the tumor's resistance to radiation therapy  (44). 
However, C. novyi‑NT is a radiation enhancer that can directly 
target the hypoxic regions of tumors, and thus enhances the 
effects of radiation (33). In addition, when used in combina‑
tion with radiotherapy, radiation can lead to microvascular 
endothelial cell injury producing more hypoxic areas, favoring 
C. novyi‑NT growth (45). Thus, animal experiments using 
C. novyi‑NT combined with external beam irradiation, 
brachytherapy and radioimmunoassay can produce synergistic 
responses, attenuate tumor immune escape mechanisms and 
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enhance the effect of radiation, thus decreasing radiation 
doses and leading to partial or complete regression in certain 
cancer xenograft models (33). C. novyi‑NT disrupts the tumor 
hypoxic region, and in combination with radiotherapy or 
I131‑monoclonal antibody radioimmunotherapy, overcomes the 
hypoxic barrier, resulting in long‑term remission of the growth 
of transplanted tumors in mice (33,46,47). In addition, given 
that branched gold nanoparticles (BGNP) can be used as effec‑
tive radiosensitizers and functional carriers for intratumoral 
delivery of cytotoxic drugs (21), the use of electrostatic deposi‑
tion to achieve BGNP‑coated C novyi‑NT spores in CT‑guided 
combined radiotherapy and chemotherapy can enhance the 
antitumor efficacy and accurately locate the intratumoral 
distribution of C novyi‑NT spores. Notably, C. novyi‑NT 
spores in combination with radiotherapy only increase toxicity 
by a small amount, which is controlled by administration of 
antibiotics. The efficacy of combined C. novyi‑NT spores and 
radiotherapy is not affected by tumor size and host immune 
status (25,48). Conversely, low‑dose radiotherapy combined 
with the use of specific bacterial species attenuates tumor 
immune escape mechanisms (37). In conclusion, the adoption 
of this novel strategy can break through the bottleneck of 
current conventional treatments of refractory tumors.

7. C. novyi‑NT and immunotherapy

Bacterial immunotherapy uses in vitro injection of engineered 
bacteria or bacteria as the carrier, whereby bacteria induce 
inflammation to cause a potent adaptive immune response. 
Engineered bacteria secrete compounds that stimulate the 
immune system to cause specific immune responses, and 
express tumor‑associated antigens, specifically and in a 
targeted manner to eliminate specific solid tumors, whilst 
preserving normal tissues. C. novyi‑NT is one of the most 
common bacterial species used as an immunotherapeutic 
agent (49). As intratumoral hypoxia triggers hypoxia‑inducible 
factor 1α (HIF‑1a)  (50), a key transcription factor respon‑
sible for cell survival, it is an important target for bacterial 
immunotherapy (50). Groot et al (51) first demonstrated the 
allogenic expression of a C. novyi‑NT strain of VHH antibody 
targeting HIF‑1a. Clostridium‑directed antibody therapy was 
combined with the oncolytic properties of Clostridium and the 
target selectivity of antibody therapeutics to target the most 
resistant regions in solid tumors. Notably, when the induced 
immune response is combined with the bacteriolytic effects 
of C. novyi‑NT, it can eradicate established large tumors, 
with both primary tumors and metastases responding to the 
treatment (23). A previous study demonstrated that binding to 
C. novyi‑NT spores by blocking immune checkpoints reverses 
tumor‑induced immunosuppression and initiates synergistic 
antitumor immune effects (23). C. novyi‑NT combined with 
immunotherapy has exhibited significant potential to improve 
the curative effect of refractory primary tumors and metastatic 
tumors. However, bacterial immunotherapy must overcome 
obstacles such as immune tolerance, immunosuppression of the 
tumor microenvironment and severe autoimmune reactions to 
non‑targeted tissues. Nonetheless, repeated administration of 
Clostridium has not been demonstrated to induce host immune 
responses against Clostridium (22,32,49). In a previous study, 
even 10‑fold increase in Clostridium‑species antibodies in 

the serum following a second bacterial administration failed 
to exhibit rejection of colonization of tumors, suggesting that 
long‑term production of the therapeutic proteins from the 
engineered Clostridium is possible in tumors (32).

8. C. oncolyticum M55 combined with radiofrequency 
ablation

Radiofrequency ablation uses high‑frequency radiofrequency 
waves to make ions in the tissue vibrate and rub against each 
other at high speed, increasing the temperature of the tumor 
area, such that the cancer cells dehydrate resulting in coagula‑
tive necrosis and an increase in the tumor necrosis area (52). 
This provides an ideal environment for the budding and 
reproduction of C. oncolyticum M55 spores. Radiofrequency 
pretreatment is initially performed, followed by intravenous 
administration of Somatomedes oncolyticum M55 spores to 
treat cervical induced carcinomas in 861 mice. Clinical trials 
have demonstrated that radiofrequency ablation significantly 
enhances the oncolytic effects of oncolyticum M55 (53). For 
rapidly growing Ehrlich adenocarcinoma, systemic applica‑
tion of bacterial spores has the most prominent effect 12 h 
after initial RF treatment (54). For slow‑growing melanoma, 
radiofrequency therapy, intravenous injection of C. onco‑
lyticum M55 spores and radiotherapy were combined, with a 
cure rate of 20%; although the survival time was prolonged, 
in situ recurrence still resulted in the death of the remaining 
mice  (55). Prospective studies should focus on assessing 
more effective cancer treatments, such as anaerobic bacteria 
combined with radiofrequency ablation, cryoablation, micro‑
wave ablation and irreversible electroporation for different 
pathological types of tumors.

9. Comparison of intratumoral injection and intravenous 
management

Currently, the primary methods of administration are 
systemic intravenous injection and direct intratumoral injec‑
tion (25,34). Different routes of administration significantly 
affect bacterial tumor colonization and toxicity (Fig.  1). 
Lee et al  (56) suggested that systemic intravenous injec‑
tion of tumor‑targeted bacteria is the predominant route 
of administration. Another view is that direct intratumoral 
injection may allow relatively small doses of spores to be 
used, ensuring that a larger effective dose reaches the target 
tumor and is distributed around the tip of the needle (19). 
Conversely, systemic injection requires large doses of 
injected spores; however, the proportion of spores actually 
delivered to the tumor is small (lower effective dose) (48), 
particularly in humans. In another study, although both 
intravenous and intratumoral administration of C. novyi‑NT 
spores resulted in a sustained increase in NK cell‑like func‑
tion, the duration of NK cell‑like function by intravenous 
injection was longer  (30). However, Thiele et al  (57) and 
Malmgren et al (5) have demonstrated both to be of similar 
effect. Another concern is systemic toxicity, although 
previous studies have demonstrated that bacterial spores 
are not toxic to normal animals, their toxicity is primarily 
dependent on tumor volume, followed by germination, spore 
dose and route of administration, which is more pronounced 
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in animals with larger tumors (22,48), and the possibility 
that intratumorally germinated bacteria release potent toxins 
cannot be ruled out. Krick et al (34) hypothesized that there is 
potential for toxicity from the injection of a large numbers of 
spores into systemic blood pools. However, Roberts et al (19) 
demonstrated that the most common toxicity observed 
with intratumoral injection of C. novyi‑NT spores was the 
expected symptoms associated with bacterial infection. 
Theoretically, only the route of systemic administration can 
be selected for the treatment of disseminated cancers. Based 
on these theories, the appropriate route of administration 
should be selected following specific evaluation according to 
the selected strains and types of tumors.

C. novyi‑NT can be used to assess bacteriolytic therapies, 
including development of non‑invasive magnetic resonance 
imaging. C. novyi‑NT spores are internally labeled with iron 
oxide nanoparticles and monitored with magnetic resonance, 
and methods such as BGNP‑coated C. novyi‑NT spores for 
CT‑Guided intratumoral injection can be used for imaging to 
monitor the distribution, accumulation, germination and clear‑
ance of tumor‑homing bacteria (31,58‑60).

10. Future perspectives and conclusions

Although COBALT seems promising, further research is 
required to determine the toxic side effects and underlying 
molecular mechanisms of tumor destruction, in order to 
better understand the issue of increased systemic toxicity. 
Experimental studies are warranted to develop strategies to 
keep rate of tumor regression under control, so as to avoid the 
occurrence of tumor lysis syndrome. Moreover, experimental 
studies also need to explore the strategies to avoids the possi‑
bility of DNA mutations during treatment. DNA mutation 
during treatment can cause excessive infection and treatment 
failure. Furthermore, different administration routes can also 

affect antitumor efficacy, and suitable administration routes 
for different tumors should be assessed and validated. Further 
studies are also required to assess the association between 
tumor size and the dosage of C. novyi‑NT spores used, in order 
to determine the maximum tolerated dose to further improve 
the therapeutic index and safety. Regarding intratumoral 
residual safety concern for C. novyi‑NT spores, metronidazole 
has been reported to completely eliminate C. novyi‑NT, and 
thus should be assessed as a potential countermeasure (32).

In conclusion, the hypoxic region of solid tumors can be 
treated as therapeutic targets, and C. novyi‑NT is a reliable and 
effective tool for tumor targeting and delivery of therapeutic 
genes/drugs. In addition to destroying the hypoxic area to 
effectively treat the remaining oxygen‑rich cancer cells around 
the tumor, a combination scheme should be adopted. Currently, 
it has been demonstrated that C. novyi‑NT spores in combina‑
tion with lysogenic therapy may be beneficial in improving 
the antitumor efficacy, and have achieved curative results in 
some experimental animals and a small number of patients. 
The treatment of tumor hypoxemia will likely compensate for 
the current obstacles of conventional treatment of tumors, and 
C. novyi‑NT spores based COBALT is a promising alternative 
for the treatment of solid tumors.
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