
www.jzus.zju.edu.cn; www.springer.com/journal/11585
E-mail: jzus_b@zju.edu.cn

Journal of Zhejiang University-SCIENCE B (Biomedicine & Biotechnology)   2024 25(7):557-567

Nano-Bacillus Calmette-Guérin immunotherapies for improved 
bladder cancer treatment

Sheng ZENG1, Shaoqiang XING2, Yifei ZHANG2, Haifeng WANG1*, Qian LIU1*

1Department of Urology, Tianjin First Central Hospital, Tianjin 300192, China 
2Department of Urology, First Central Clinical College, Tianjin Medical University, Tianjin 300192, China

Abstract: Cancer immunotherapy has rapidly become the fourth mainstream treatment alternative after surgery, radiotherapy, 
and chemotherapy, with some promising results. It aims to kill tumor cells by mobilizing or stimulating cytotoxic immune cells. 
However, the clinical applications of tumor immunotherapies are limited owing to a lack of adequate delivery pathways and 
high toxicity. Recently, nanomaterials and genetic engineering have shown great potential in overcoming these limitations by 
protecting the delivery of antigens, activating targeted T cells, modulating the immunosuppressive tumor microenvironment, 
and improving the treatment efficacy. Bacillus Calmette-Guérin (BCG) is a live attenuated Mycobacterium bovis vaccine used 
to prevent tuberculosis, which was first reported to have antitumor activity in 1927. BCG therapy can activate the immune 
system by inducing various cytokines and chemokines, and its specific immune and inflammatory responses exert antitumor 
effects. BCG was first used during the 1970s as an intravesical treatment agent for bladder cancer, which effectively improved 
immune antitumor activity and prevented tumor recurrence. More recently, nano-BCG and genetically engineered BCG have 
been proposed as treatment alternatives for bladder cancer due to their ability to induce stronger and more stable immune 
responses. In this study, we outline the development of nano-BCG and genetically engineered BCG for bladder cancer 
immunotherapy and review their potential and associated challenges.
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1 Introduction 

Bladder cancer (BCa) is the tenth most common 
cancer in humans (Siegel et al., 2021). Its global age-
standardized incidence (per 100 000 person-years) 
is 9.5, and it is more frequent in people aged 50–
70 years (Siegel et al., 2021). BCa is 3–4 times more 
common in men than in women. A common subtype, 
non-muscular invasive BCa (NMIBC), is typically 
treated with transurethral resection of the bladder 
tumor (TURBT) and intravesical therapy (Babjuk 
et al., 2022).

Bacillus Calmette-Guérin (BCG) can be used for 
the prevention of pulmonary tuberculosis as a type of 

immunotherapy derived from bacteria, which can gen‐
erate a specific immune response, guide inflammatory 
reactions in the body, and exert anti-tumor effects. In 
the 1970s, BCG was first used as an immunotherapeut‑
ic agent for BCa, and intravesical instillation with 
BCG has since become the most common treatment 
for NMIBC to prevent recurrence or progression of 
the disease. Clinical evidence indicates that BCG is 
more effective than TURBT alone or TURBT plus 
chemotherapeutic agents in reducing the risk of recur‐
rence of moderate-to-high-risk NMIBC (Chou et al., 
2017; Larsen et al., 2020; Álvarez-Maestro et al., 
2021; Bhindi et al., 2021). The mechanism of action 
of BCG in BCa remains unclear, although it is gener‐
ally believed that BCG acts as an immune adjuvant in‐
ducing the response of multiple immune cell types to 
activate a complex inflammatory cascade in urothelial 
cells, thereby causing a specific cytotoxic immune re‐
sponse (Brandau and Suttmann, 2007; Redelman-Sidi 
et al., 2014).

Despite its effectiveness in the treatment of 
NMIBC, BCG-induced immunotherapy can cause 
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worse local and systemic side effects, such as systemic 
infections, sepsis, and even death, compared to intra‐
vesical instillation chemotherapy (Lamm et al., 1992; 
Kawai et al., 2013). To improve the antitumor effects 
of BCG therapy and mitigate its side effects, ameliora‐
tive methods include genetically engineered BCG and 
Mycobacterium cell wall (CW) as a substitute for 
BCG (Tham et al., 2020; Kim and Seo, 2021). In add‑
ition, nanomaterials can effectively deliver various 
antigens, with the advantages of targeting and control‐
lable release. Thus, they have attracted increasing at‐
tention in the field of tumor immunotherapy (Szoka, 
2008; Zhang et al., 2008; Park et al., 2009; Wang 
et al., 2009; Gadiot et al., 2011).

2 History and mechanisms of action of BCG 
vaccine in BCa 

BCG is a live vaccine prepared from a suspen‐
sion of attenuated bovine Mycobacterium tuberculo‐
sis, which was first used for tuberculosis prevention 
after observing the transmission of the strongly viru‐
lent bovine mycobacterium over 13 years and 230 
generations. In the 1950s and 1960s, BCG application 
was demonstrated to have therapeutic effects in leuke‐
mia, colon, liver, and lung cancers, as well as mela‐
noma. Morales (1978) further reported promising re‐
sults for the treatment of BCa with BCG. Lamm et al. 
(1980) conducted a rigorously controlled study on the 
therapeutic use of BCG in BCa.

Following extensive experimentation and clinical 
evidence, it was indicated that intravesical infusion of 
BCG can prevent postoperative tumor recurrence and 
progression, treat carcinoma in situ, improve survival 
rates, and prolong survival time in tumors (Patard 
et al., 2002). However, the exact mechanism of ac‐
tion of BCG in the treatment of superficial BCa has 
yet to be investigated. The antitumor effects of BCG 
involve local immune mechanisms that depend on the 
integrity of the immune system. BCG is first engulfed 
by tumor cells, bladder mucosal epithelial cells, and 
macrophages, and then it induces many immune cells, 
such as cluster of differentiation 4 (CD4), CD8, and 
macrophages, to infiltrate tumor and bladder mucosal 
tissues with strong antigenic signals. The infiltrated 
immune cells mediate the release of a series of immune 
factors and prompt T cells and natural killer (NK) cells 

to kill tumor cells either directly or indirectly (Böhle 
and Brandau, 2003; Luo et al., 2003) (Fig. 1).

3 Nanocarrier-mediated immunotherapy 

Owing to the intermittent nature of urinary excre‐
tion, the short retention time of instillation drugs in 
the bladder can attenuate the therapeutic effects. The 
effect of intravesical instillation therapy is proportional 
to the drug concentration and independent of the drug 
dose (Tyagi et al., 2004). The exposure time of BCG 
in the urinary epithelium rarely lasts beyond the first 
urination after instillation; thus, the frequency and 
dose of instillation during treatment must be increased 
(Buss et al., 2018; Masuda et al., 2018). However, the 
frequency of bladder intravesical instillation is also 
positively correlated with certain adverse events, in‐
cluding tuberculous cystitis and hematuria, which can 
negatively affect patients and cause the termination of 
BCG treatment (Burger et al., 2013). Challenges fac‐
ing BCG intravesical instillation therapy thus include 
how to effectively increase retention time in bladder 
tumor tissues and to reduce the frequency of instilla‐
tion while alleviating adverse events associated with 
this technique.

The use of nanotechnology in therapeutics is 
an emerging field. Nanomedicine carrier constructs 

Fig. 1  Mechanism of action of Bacillus Calmette-Guérin 
(BCG) vaccine for bladder cancer. Reproduced from Larsen 
et al. (2020) by permission of John Wiley & Sons Ltd., 
Copyright 2019 APMIS. CD: cluster of differentiation; Treg: 
regulatory T cells; IL: interleukin; IFN: interferon; TNF: 
tumor necrosis factor.
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currently include magnetic nanospheres, microemul‐
sions, and polymeric nanoparticles. The current re‐
search results (Fig. 2) show that nanomedicine car‐
riers can prolong drug release time, enable the simultan‑
eous loading of multiple drugs for combination ther‐
apy, reduce the systemic side effects, and improve bio‐
availability. Due to the high mutation rate of BCa 
cells and the overexpression of tumor antigens on 
their surface, BCG therapy is a prime candidate to im‐
prove BCa-targeting treatments using nanotechnology 
delivery strategies.

3.1 Application of BCG-chitosan (CS) in BCa 
treatment

Intravesical therapy is a form of mucosal drug 
delivery that is helpful in BCa treatment, since the 
bladder wall is covered by tightly connected uroepi‐
thelial cells, making it difficult for conventional drug 
molecules to penetrate the tumor tissue through the 
bladder wall. CS, an adherent polymer with a positive 
surface charge, has a powerful pro-permeation effect, 
which helps drugs to penetrate the urinary epithelium 

and increases the extent of drug diffusion into the 
bladder wall. In addition, CS can help build immunity 
when applied in intravesical instillation therapy (Zaha‐
roff et al., 2009). Erdoğar et al. (2015) explored the 
antitumor effect of CS nanomaterials loaded with BCG 
in a rat bladder tumor model. The BCG-CS group of 
tumor-bearing rats had significantly longer survival 
than the BCG-alone group, and the histopathological 
results confirmed BCG antitumor activity in all treat‐
ment groups. Moreover, there was a significant accu‐
mulation of nanoparticles in the bladder tissue of 
rats in the BCG-CS group, which predicted that BCG 
would likely elicit a potent immune response. CS 
noticeably contributed to the internalization of BCG, 
and BCG-CS offered significant improvement in 
bladder tumor immunotherapy response (Erdoğar 
et al., 2015).

Temperature-sensitive hydrogels composed of CS 
and glycerophosphate (GP) possibly have great po‐
tential for drug delivery and cell encapsulation (Shi 
et al., 2011; Niranjan et al., 2013; Wang et al., 2013). 
Aqueous solutions of CS/GP form free-flowing media 

Fig. 2  Nanocarrier-mediated immunotherapies. (a) Schematic illustration of the clinical application of Fe3O4-BCG-CS/GP 
delivery system. (b) Schematic illustration of the clinical application of CWS-NP/LEEL delivery system. (c) Schema of 
liposomes evaporated via the emulsified lipid method. Reprinted from Nakamura et al. (2014), Copyright 2013, with 
permission from Elsevier. BCG: Bacillus Calmette-Guérin; CS: chitosan; GP: glycerophosphate; CWS: cell wall skeleton; 
NP: nanoparticle; LEEL: liposome evaporated via emulsified lipid; R8: octaarginine; O/W: oil/water.
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at room temperature and a viscous hydrogel at body 
temperature, which can act as a slow-release reservoir 
for drug agents in situ (Gong et al., 2013; Niranjan 
et al., 2013). The advantages of this kind of drug de‐
livery system have been demonstrated using anti-
inflammatory drugs in a rat model of interstitial cyst‑
itis (Tyagi et al., 2004). In another study, Leakakos 
et al. (2003) applied magnetic field outside the blad‐
der to aid in loading a hydrogel of CS/GP with non‐
toxic ferromagnetic microparticles to be introduced 
into the bladder of pigs, in order to achieve long reten‐
tion and targeting of adriamycin.

Fe3O4 magnetic nanoparticles, a kind of iron 
oxide with superparamagnetic properties, prevent the 
thermosensitive hydrogel from being washed away 
during urination and ensure attachment to the bladder 
wall (Liu et al., 2021). Based on these exciting obser‐
vations, Zhang et al. (2013) proposed a temperature-
sensitive hydrogel composed of CS and GP combined 
with Fe3O4 magnetic nanoparticles to form an in situ 
gel system (Fe3O4-CS/GP). Therein, the CS/GP am‐
bient flow solution can rapidly agglomerate at body 
temperature, and the magnetic injectable hydrogel can 
significantly prolong the retention time of the loaded 
drug in the bladder when a magnetic field is applied. 
Later, Zhang et al. (2013) added BCG to this system 
(Fe3O4-BCG-CS/GP) to test its antitumor and local 
immunostimulatory activity in an in situ BCa rat model. 
They found that Fe3O4-BCG-CS/GP was superior to 
BCG alone in reducing tumor volume, and immuno‐
histochemical staining showed that Fe3O4-BCG-CS/GP 
induced further CD4+ lymphocyte infiltration into the 
submucosal layer of the rat bladder. In addition, urine 
cytokine analysis was performed to show that both 
therapies caused the production of helper T cell 1 
(Th1) cytokines (interleukin-2 (IL-2) and interferon-γ 
(IFN-γ)), while Fe3O4-BCG-CS/GP generated higher 
levels of these cytokines as compared with BCG alone. 
In this way, the hydrogel slow-release system allowed 
for the sustained release of BCG in the bladder, im‐
proving its antitumor effects and inducing higher 
levels of localized immune activity in the bladder 
(Zhang et al., 2013).

3.2 Application of BCG-cell wall skeleton (CWS) 
in BCa treatment

Although intravesical BCG infusion is an effec‐
tive treatment option for NMIBC, it can cause serious 
side effects, such as systemic BCG infection, sepsis, 

and even death (Pérez-Jacoiste Asín et al., 2014). 
These side effects may lead to the termination of BCG 
therapy for approximately 20% of patients; therefore, 
it is essential to develop non-infectious, low-toxicity 
BCG immunotherapies. The BCG-CWS is the primary 
center of activity for BCG (Azuma and Seya, 2001) 
where cytotoxic or suppressive T cells are induced 
against tumors. However, it has not been widely util‑
ized in clinics for the following reasons: (1) BCG-
CWS easily aggregates, and thus, it is challenging to 
develop a suitable water-soluble drug; (2) the effi‐
ciency of BCG-CWS uptake by cancer cells is ex‐
tremely low; and (3) when BCG-CWS is applied in 
animal and human studies, detergents containing oil/
water (O/W) emulsions are typically used to forcibly 
disperse the BCG-CWS, while emulsified BCG-CWS 
can cause strong inflammatory reactions (Ochiai et al., 
1983). Therefore, it is extremely difficult to apply 
BCG-CWS O/W emulsions in BCa treatment.

In order to overcome the challenges of BCG-
CWS O/W therapies, Nakamura et al. (2014) pre‐
pared oil- and detergent-free nanoparticles (CWS-NP/
LEEL) using the liposome evaporated via emulsified 
lipid (LEEL) method and observed that CWS-NP/
LEEL was effectively taken up by mouse bladder 
tumor cells (MBT-2) in vitro. This effect effectively 
inhibited tumor growth in tumor-bearing mice, the 
median survival time of the mice was significantly im‐
proved, and adverse effects on the bladder environ‐
ment were negligible (Nakamura et al., 2014; Masuda 
et al., 2018). Nakamura et al. (2014) further obtained 
naive CD4 T cells from four healthy human volun‐
teers and verified that CWS-NP/LEEL could guide 
the Th1/Th2 balance toward Th1 immunity. These 
nanoparticles bear potential as a non-toxic therapeutic 
alternative to live BCG, that is, a non-infectious agent 
with no side effects. The clinical application of BCG-
CWS may improve the quality of life of patients and 
benefit approximately 80% of those with BCa.

The phenomena illustrated above have been ex‐
tensively studied (Matsumoto et al., 2001; Akazawa 
et al., 2004). The structure of liposomes is similar to 
that of cell membranes, with high biocompatibility, 
biodegradability, and modifiability. Structural modifica‐
tion with ligands or other functional groups can make 
liposomes tissue-specific, rendering them an ideal 
drug carrier. For example, octaarginine-modified 
cationized liposome nanoparticle containing BCG-CW 
(R8-liposome-BCG-CW) has been shown to improve 
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the immunotherapeutic activity of BCG-CW against 
NMIBC through cellular internalization (Joraku et al., 
2009). Using the n-butyl-N-(4-hydroxybutyl) nitro‐
samine (BBN)-induced BCa rat model, R8-liposome-
BCG-CW showed significant cytotoxic effects against 
tumors, validating the inhibitory effects of R8-liposome-
BCG-CW on BCa in vivo (Miyazaki et al., 2011b). 
Although the relevant mechanism of action is un‐
clear, in a previous study, R2-liposome-BCG-CWS 
induced surface natural killer group 2, member D 
(NKG2D, a powerful activating receptor expressed by 
NK cells) ligands, making cancer cells more suscep‐
tible to lymphokine-activated killer cell lysis (Miyazaki 
et al., 2011a). R8 liposomes are similar to enveloped 
viruses, with their surface modified by anchored R8. 
R8-liposome-BCG-CW makes cancer cells more sus‐
ceptible to lysis by lymphokine-activated killer cells 
(Miyazaki et al., 2011a). These findings demonstrate 
the potential advantages of nanotechnology in opti‐
mizing and developing novel BCG immunotherapy 
approaches.

Compared with conventional BCG to treat super‐
ficial bladder tumors, BCG loaded in nanocarrier sys‐
tems can remain in the urinary epithelium for a longer 
period, overcoming the disadvantages of short reten‐
tion time and low internalization of the drug in the 
bladder due to urination. Through the targeted trans‐
port of nanocarriers, BCG can be better internalized 
by bladder tumor cells, induce a stronger Th1 immune 
response, and exert high levels of antitumor activity. 
Indeed, nanotechnologies have demonstrated satisfac‐
tory results in BCG intravesical instillation therapy, 
and we believe that nano-BCG will provide signifi‐
cant advantages for improved BCa treatments.

4 Application of recombinant BCG (rBCG) in 
BCa 

Recently, research on recombinant vaccines using 
BCG vaccine as a carrier has intensified, including 
that on BCG strains that express exogenous genes with 
immunomodulatory effects as well as BCG subgroups 
with the same immunogenic properties as live BCG 
strains. rBCG strains, which induce a more specific 
immune response by overexpressing immunogenic 
molecules or exogenous antigens, are a promising route 
to improving the effectiveness of BCa treatment. Evi‐
dence indicates that granting BCG the ability to 

secrete Th1-stimulating cytokines is a promising strat‐
egy (Kleinnijenhuis et al., 2014).

4.1 Application of rBCG-fibrin D-mannose specific 
adhesin (FimH) in BCa treatment

The attachment of BCG to the bladder uroepithe‐
lium is the initiating step of its antitumor effects, and 
low attachment may be a reason for treatment failure 
in some patients with BCa (Fleischmann et al., 1993; 
Bevers et al., 2004). Therefore, improving the attach‐
ment of BCG to the uroepithelium may boost its anti‐
tumor effects. Interestingly, urinary tract infections 
caused by Escherichia coli depend on the binding of 
bacterial adhesin protein FimH to mannose residues 
on the surface of urinary tract epithelial cells. The 
high binding affinity of FimH to mannose allows this 
pathogen to adhere to urinary tract epithelial cells 
(Yamamoto et al., 1997; Wurpel et al., 2013). FimH is 
a naturally occurring adhesion protein that can be 
used as an adjuvant for tumor immunotherapy (Zhang 
et al., 2020). This is possible via upregulating the ex‐
pression of co-stimulatory molecules and major histo‐
compatibility complex class II (MHC-II) to effect‑
ively promote dendritic cell (DC) activation and stimu‐
lating IL-12 production through Toll-like receptor 4 
(TLR4)-dependent signaling pathways. FimH can also 
accelerate Th1-type immune activity by promoting DC 
antigen presentation and Th1 cell initiation (Lai et al., 
2014). Zhang et al. (2022) successfully overexpressed 
this protein on the surface of BCG, resulting in rBCG-
urinary epithelial cell adhesion, faster internalization 
of rBCG-surface FimH (rBCG-S. FimH) by uroepi‐
thelial cells, and longer retention time in the bladder 
uroepithelium (Fig. 3). Additionally, rBCG-S.FimH 
was shown to enhance the antigen-presenting ability 
of DCs via the TLR4-myeloid differentiation factor 
88 (MyD88)-parallel Jun N-terminal kinase (pJNK)- 
nuclear factor-κB (NF-κB) axis in a mouse bladder 
tumor model and peripheral blood mononuclear cell 
(PBMC)-treated human BCa cell line, further con‐
firming its adjuvant effect. Thus, BCG itself is con‐
sidered as an immune adjuvant whose function is fur‐
ther enhanced by recombinant FimH.

4.2 Exploration of rBCG-streptococcal inhibitor of 
complement (SIC) treatment alternatives for BCa

Upon BCG acting on the urinary system to elicit 
a nonspecific immune response, uroepithelial cells 
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secrete antimicrobial peptides (AMPs) to activate the 
host immune defense system to kill BCG. Other cell 
types avoid AMPs by secreting alternative specific 
proteins, such as SIC and D-alanyl carrier protein li‐
gase (dltA) (Kovács et al., 2006; McBride and Sonen‐
shein, 2011). Choi et al. (2015) previously speculated 
that the poor efficacy of BCG treatment in patients 
with BCa could be due to the killing of BCG by AMPs, 
resulting in reduced BCG internalization. Kim and 
Seo (2021) subsequently developed a BCG-expressing 
SIC and investigated its ability to effectively avoid 
AMPs and elicit specific immunity. They found that 
rBCG-SIC was more resistant to AMPs, while THP-1 
cell migration was positively correlated with rBCG-
SIC concentration. Furthermore, rBCG-SIC infection 
of BCa cells resulted in significantly higher IL-6 
levels and significantly lower T24 cell survival com‐
pared with BCG infection. In an in situ BCa 
mouse model, the tumor volume in the rBCG-SIC 
group was further confirmed to be significantly smaller 

compared with that in the BCG group after 10 d of 
treatment (Kim et al., 2022).

rBCG-SIC may be an effective tool to overcome 
NMIBC after a lack of response to BCG therapy 
(Kim et al., 2022). Cho et al. (2019) cloned SIC and 
dltA into pMV306 and introduced them into BCG by 
electroporation to sensitize it to human α defensin-1 
(HαD1), a histone protease inhibitor (cathelicidin), and 
cationic AMP. Compared with BCG, rBCG showed 
significantly enhanced inhibition of BCa cell growth 
and increased THP-1 migration. After 8 h of infection, 
BCa cells internalized higher levels of rBCG than 
BCG cells. Tumor cells infected with rBCG also had 
an increased ability to release antitumor cytokines, 
such as IL-6/12, tumor necrosis factor-α (TNF-α), and 
INF-γ, effectively evading bacterial destruction by 
AMP. Thus, with the addition of specific secreted pro‐
teins, rBCG could be an effective tool for the treat‐
ment of BCa via inhibiting AMPs, with a potent im‐
munomodulatory effect (Cho et al., 2019).

Fig. 3  Construction, function, and enhanced antitumor effect of rBCG-S. FimH. (a) Schematic representation for the 
construction of plasmids expressing EGFP, FimH, or FimH-EGFP fused to the membrane protein Mbt19. (b) Only 
rBCGs expressing FimH can bind to mannose residues in the HRP protein. (c) IVIS images of mice from different 
treatment groups on Day 7. (d) Images of the bladders at the end of the experiment. Reprinted from Zhang et al. (2022). 
BCG: Bacillus Calmette-Guérin; rBCG: recombinant BCG; S: surface; FimH: fibrin D-mannose specific adhesion; EGFP: 
enhanced green fluorescent protein; HRP: horseradish peroxidase; IVIS: in-vehicle information system; M: 100 µmol/L 
D-mannose; PBS: phosphate-buffered saline.
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4.3 Investigations on BCG and cytokine mixture 
for application in BCa treatment

Clinical experiments have previously demon‐
strated that mixtures of BCG and cytokines can be 
used to treat tumors with varying efficacy (Nave et al., 
2019). Therefore, cytokine-secretable rBCG is ex‐
pected to provide opportunities to improve the use 
and efficacy of immunotherapy in BCa. Yamada et al. 
(2000) ligated the gene encoding murine IL-2 with 
the gene encoding the M. tuberculosis antigen. The 
plasmid pS0246 was used as a vector to introduce 
BCG, and the results showed that IL-2 secreted by 
rBCG was biologically active and presented substan‐
tially more cytotoxicity against MBT-2 than normal 
BCG. Besides, although the addition of exogenous 
IL-2 alone could enhance BCG-mediated cytotoxicity, 
IL-2 expressed by rBCG was up to 100 times more 
potent. In another study, Luo et al. (2004) introduced 
the gene encoding mouse IL-18 into BCG and con‐
structed an rBCG that automatically expressed IL-18. 
The results showed that rBCG significantly enhanced 
the immune activity of Th1 cells and the cytotoxicity 
of macrophages against MBT-2 BCa cells. These data 
suggest that using rBCG intravesical instillation could 
provide enhanced immunostimulatory effects and re‐
duce the required dose, thereby improving efficacy 
and reducing the toxic side effects of BCG.

Recently, the stimulator of interferon genes 
(STING) has received significant attention from re‐
searchers of cancer immunotherapy owing to its 
promotion of type I IFN and NF-κB-mediated antitu‐
mor responses (Medrano et al., 2017; Wu et al., 
2020). STING has been found to play a pivotal role in 
the immune responses triggered by viral, bacterial, 
and parasitic infections, antitumor immune processes, 
and cellular autophagy through its phosphorylation 
and ubiquitination (Ma and Damania, 2016; Galon 
and Bruni, 2019). Singh et al. (2021) claimed that a 
BCG strain overexpressing the DNA integrity scanning 
protein A (disA) (BCG-disA-OE) showed excellent 
anticancer effects in a BCa model. In addition, BCG 
overexpression of the STING agonist induced a more 
robust pro-inflammatory cytokine response, greater 
myeloid polarization and M1 translocation, and en‐
hanced phagocytosis in macrophages and BCa cells 
as compared with wild-type BCG. BCG-disA-OE was 
also less pathogenic than BCG in two BCa-loaded 
mouse models, suggesting its improved safety (Singh 

et al., 2021). These findings evidence the potential for 
BCG-disA-OE to induce local and remodel natural 
immune responses and ultimately enhance T cell 
immunity.

IL-15 is a pro-inflammatory cytokine with an im‐
portant role in the treatment of tumors. Accordingly, 
it has undergone prior investigation as an anticancer 
agent (Tinhofer et al., 2000; Waldmann, 2015). IL-15 
is involved not only in NK and memory CD8 T cell 
maintenance but also in neutrophil activation and mi‐
gration (Waldmann et al., 2011; Perera et al., 2012). 
An rBCG expressing IL-15 and the Ag85B fusion pro‐
tein (BCG-IL-15) was previously constructed by 
Takeuchi et al. (2016). BCG-IL-15 significantly pro‐
longed the survival time of tumor-bearing mice, 
which exhibited a significant increase in neutrophil in‐
filtration and in chemokine levels (macrophage in‐
flammatory protein (MIP)-2 and MIP-1α) in their 
bladder tissues (Takeuchi et al., 2016). IL-15 has also 
been reported to play an essential role in neutrophil 
migration during inflammation, triggering a series of 
MIP-2, MIP-1α, and neutrophil migration signaling 
cascades (Verri et al., 2007). These observations may 
explain why BCG-IL-15 has a stronger anti-BCa ef‐
fect as compared with BCG.

4.4 Preclinical studies on genetically modified BCG

The only BCG therapy currently used in clinical 
practice involves the live recombinant Mycobacterium 
bovis strain VPM1002BC. Specifically, the urease C 
gene is knocked out, and the hly gene of Listeria mono‐
cytogenes is introduced into VPM1002BC (DeltaureC 
hly+rBCG). DeltaureC hly+rBCG is then transferred 
into the hly gene of L. monocytogenes, which promotes 
antigen translocation into the cytoplasm and the apop‐
tosis of infected macrophages. The urease C gene is 
deleted, making the pH value in the virus closer to the 
environment pH value of hly activity (Nieuwenhuizen 
et al., 2017). DeltaureC hly+rBCG can stimulate CD4+ 
and CD8+ T cell responses through DC nucleus macro‐
phage cross-initiation antigen presentation, which 
provides greater immunogenicity and protection com‐
pared with parental BCG and is rapidly cleared from 
the host, supporting the potential for reduced side ef‐
fects and lower systemic toxicity (Grode et al., 2005, 
2013; Andersen et al., 2007; World Health Organiza‐
tion, 2018). Rentsch et al. (2020) first reported the 
application of VPM1002BC, its therapeutic effects, 
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and the resulting immunological changes in six pa‐
tients with NMIBC who failed BCG treatment. The 
patients’ urine and whole blood were collected and ana‑
lyzed, and the plasma tumor necrosis factor and Th1 
cytokine levels were found to be significantly elevated 
after treatment. In addition to being stimulated by M. 
tuberculosis (Mtb)-purified protein derivatives, intra‐
cellular granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and IFN expression levels in blood-
derived CD4+ T cells were significantly increased, and 
all patients successfully completed six intravesical in‐
stillation treatment sessions (Rentsch et al., 2020).

Several immunomodulatory genes have been in‐
troduced into BCG strains to enhance their ability to 
elicit immune responses and show their enhanced 
therapeutic efficacy in preclinical studies. Thus far, 
few gene-modified BCG strains have been used in 
clinical stage studies, yet they demonstrated promis‐
ing value for treatments, with possible benefits to be 
elucidated in further studies.

5 Conclusions 

BCG, the earliest biologic agent for the treat‐
ment of cancers, especially superficial BCa and post‐
operative cancer recurrences, has been remarkably 
successful; however, BCG administration triggers side 
effects. This has fueled research efforts toward explor‐
ing better BCa treatment methods. One such method 
involves the extraction of active components from 
BCG and the use of rBCG to improve its therapeutic 
effect and alleviate side effects. In this paper, we 
described the major advances in and applications of 
nanotechnology and genetic engineering to develop 
novel BCa therapies, which have improved the ability 
of BCG to induce immune response, enhanced the 
efficacy of BCa treatment, and provided new strat‐
egies for further clinical application.

Future challenges include the biosafety and bio‐
compatibility concerns of the nanocarriers and their 
adaptation to their contained drugs. Another major 
concern is the selection of exogenous antigen genes 
for mating and introduction into BCG without mutual 
interference and in optimal combinations. For the de‐
livery of exogenous antigens by BCG, it is uncertain 
whether optimal immunogenic activity and protection 
are possible. Nevertheless, nanotechnology and genetic 
engineering show great potential for the improvement 

of BCG treatments for BCa, offering hope for pa‐
tients, such as those with high-risk NMIBC.
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