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Abstract

The Mycobacterium bovis Bacillus Calmette et Guérin (BCG) vaccine was generated in 1921

with the efforts of a team of investigators, Albert Calmette and Camille Guérin, dedicated to the
determination to develop a vaccine against active tuberculosis (TB) disease. Since then, BCG
vaccination is used globally for protection against childhood and disseminated TB; however, its
efficacy at protecting against pulmonary TB in adult and aging populations is highly variable. Due
to the BCG generated immunity, this vaccine later proved to have an antitumor activity; though the
standing mechanisms behind are still unclear. Recent studies indicate that both innate and adaptive
cell responses may play an important role in BCG eradication and prevention of bladder cancer.
Thus, cells such as natural killer (NK) cells, macrophages, dendritic cells, neutrophils but also
MHC-restricted CD4 and CD8 T cells and 6 T cells may play an important role and can be one
the main effectors in BCG therapy. Here, we discuss the role of BCG therapy in bladder cancer
and other cancers, including current strategies and their impact on the generation and sustainability
of protective antitumor immunity against bladder cancer.
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1. History of BCG

July 18, 2121 will mark the 100th anniversary of the first use of the Bacillus Calmette et
Guérin (BCG) vaccine. BCG was first devel oped by Albert Calmette, a bacteriologist, and
Camille Guérin, a veterinarian, at the Pasteur Institute by culturing virulent Mycobacterium
bovis through 231 passages in glycerinated bile potato medium over a decade (1908-1919)
[1]. The serial cultivation attenuated the virulent bacteria making it safe to be used as a
vaccine against tuberculosis (TB), which was plaguing Europe at that time. In 1929, it was
reported that cancer incidence was lower in patients with TB compared to patients without
TB in an autopsy study carried out at the Johns Hopkins Hospital [3]. The mechanistic
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basis behind this finding was unknown, but it was one of the first studies that suggested

an association between cancer and TB [3]. Coley’s toxin, consisting of pooled killed cells
of Streptococcus pyogenes and Serratia marcenses, successfully treated different types of
cancers; it was the first microorganism-based immunotherapy agent and led to the proposal
of using BCG for cancer therapy [4]. Further, in 1939, Dr. Holmgren intravenously injected
BCG in cancer patients with some success [5].

The development of novel technologies reinvigorated the exploration of BCG usage. In the
1950s, the development of inbred mice and their use as in vivo cancer models allowed the
testing of novel therapies for cancer treatment. Mice inoculated with BCG demonstrated
resistance to a subsequent tumor challenge in studies carried out by Lloyd Old at Sloan-
Kettering Institute in New York [6]. BCG activated macrophages induced necrosis in murine
tumors by inhibiting the growth of cancer cells. Later in the 1970s, a seminal study by

Zbar and colleagues at the National Cancer Institute, showed that intradermal injection

of BCG into guinea pigs inhibited the growth of intradermal tumors and reduced lymph
node metastases [2]. BCG was also was used as adjuvant therapy for acute lymphoblastic
leukemia [7]. Morton and colleagues showed that intralesional BCG treatment was capable
of reducing malignant melanoma [8]. In the mid-1970s, a case report showed that a
cystoscopic injection of live whole BCG eradicated isolated melanoma in a patient’s bladder
[9]. These studies provided the foundation for an interest in BCG as an anti-cancer therapy
and subsequent clinical trials with BCG in different cancers such as lung, prostate, colon,
and kidney cancers were carried out. However, it was in bladder cancer that BCG would
become a gold standard treatment.

2. Key trials in BCG immunotherapy in bladder cancer

Dr. Morales in Canada reported the first clinical experience of BCG for bladder cancer,

he instilled BCG in the bladder for treating non-muscle invasive bladder cancer (NMIBC).
The patient cohort included nine patients and the treatment regimen included 6 weekly
intradermal and intravesical injections of BCG [10]. A total of 5 mg of BCG was
administered intradermally to the upper thigh with a multiple puncture apparatus and 120
mg of BCG was injected into the bladder via a urethral catheter [10]. These findings were
validated in a larger trial by the Southwest Oncology Group (SWOG) [11]. It was the

first randomized controlled trial that showed the clinical efficacy of BCG treatments for
the regression of bladder cancer [11]. Later, in 1982, Brosnan et al. altered the Morales
treatment regimen by removing the intradermal injection step [12]. In the 1990s, the

US Federal Drugs Administration (FDA) approved intravesical BCG for the treatment

of carcinoma in situ (CIS) of the bladder. A decade later, maintenance therapy of BCG

was shown to yield better long-term benefits compared with the same treatment regimen
without maintenance therapy [13]. The current standard of care now recommends 6 weekly
instillations of BCG as an induction course, followed by 3 weekly treatments at 3, 6, 12, 18,
24, 30, and 36 months post tumor resection as the maintenance course (total maintenance
courses = 7, total BCG instillations = 27).
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3. Mechanisms of BCG immunotherapy

Though BCG has been used in bladder cancer therapy for a long time, its mechanism

of action is not well delineated. It remains unclear to what extent BCG mediates tumor
protection through non-specific innate immune mechanisms, direct killing, and antigen-
specific immunity, including bacteria-specific or tumor specific immunity. Bevers et al.
suggested two possibilities of how BCG attaches to the bladder: 1) via a specific receptor-
ligand interaction between the BCG cell envelope surface-exposed antigen 85 (Ag85) and
fibronectin of the urothelium, and/or 2) via physiochemical damage to the urothelium
glycosaminoglycan layer (protective thick mucus layer of glycoproteins and proteoglycans)
[14]. /n vivo studies show that the mycobacterial envelope of BCG attaches to fibronectin
on the urothelium [15,16]. However, contrary to some of the preclinical murine studies
[17,18], clinical studies with patients treated with BCG therapy found no significant
effect of fibrin clot inhibitors on mycobacterial attachment [19,20]. These contradictory
findings could be explained by the physicochemical properties of the BCG suspension
used (e.g. hydrophobicity, overall negative charge), or by the formulation properties in
which it is installed [14,21,22] or both could influence BCG interactions with the bladder
surface. Further, oncogenic mutations activating certain signaling pathways involved in
macropinocytosis — Ras activated Pakl — are shown to modulate BCG internalization and
may explain the differential BCG uptake between BCG resistant and BCG susceptible
bladder cancer cells [23].

Once BCG is internalized by urothelial cells, it activates both local and systemic immune
responses through cytokine release and antigen presentation. Epithelioid and gigantocellular
granulomas, consisting of macrophages, dendritic cells (DCs), lymphocytes, neutrophils,
and fibroblasts, are detected in the bladder wall after BCG instillation but their functional
role in BCG’s antitumor activity is unclear. /n7 vitro, BCG, internalized in bladder tumor
cells, induced the production of cytokines such as IL-6, IL-8, and granulocyte—macrophage
colony-stimulating factor (GM-CSF) which are involved in the recruitment of immune cells,
including tumor protective cytotoxic T cells [25]. Clinical studies confirmed the increase in
the levels of IL-8 and GM-CSF levels, IL-18, IL-15, IL-18, and CXC-chemokine ligand 10
(CXCL10) in blood and/or in the urine of patients after BCG treatment (Fig. 1) [26—-28].

Some of the immune cells found in the urine of patients on BCG therapy or in the

bladder cavity of BCG-treated murine bladder cancer models include T cells, neutrophils,
macrophages, B cells, and NK cells (Fig. 1, Table 1). BCG therapy did not alter the
phenotype and the gene expression of CD4* and CD8* T cells in the bladder [29],
suggesting that even though BCG is involved in the recruitment of T cells, it may not
change their functional activity. Interestingly, BCG instillation was shown to stimulate
long-term tumor-specific immunity which was dependent on IFN-y production by tumor-
specific CD4*T cells [30]. Further, TH2 promoting factors such as GATA Binding Protein
3 (GATAS3) may be involved in shaping the TH1 response affecting BCG efficacy [31].
Patients who successfully responded to BCG therapy had a higher GATA3/T-bet ratio before
the initiation of BCG therapy compared with the patients who failed BCG therapy; smokers
with low GATAS3 expression also displayed BCG resistance [31].
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Due to the emphasis on T cells, the role of innate cells in BCG therapy may have

been ignored. However, innate immune cells such as NK cells and neutrophils likely

play critical roles in BCG therapy (Fig. 1). Murine studies indicate that BCG instillation
induces the infiltration of granulocytes into the bladder wall and depletion of granulocytes
(e.g. neutrophils, basophils, and/or eosinophils) prevented the infiltration of CD4* T cells
and made BCG ineffective [32]; depletion of NK cells also reduced BCG efficacy [33].
CD56Prigt NK cells, which are traditionally low cytotoxic and high cytokine producers,
were activated upon BCG treatment (Fig. 1). However, a small population of these
CD56P119t NK cells mediated higher cytotoxicity compared with CD569™ NK cells and
correlated with improved survival in bladder cancer [36]. Further, IL-17-producing T cells
mediated BCG-induced neutrophil recruitment to the bladder and were critical for the
antitumor BCG efficacy in bladder cancer treatments [37]. /n vitro studies also found that
BCG increases the expression of major histocompatibility complex (MHC) class 11 on
urothelial cells, suggesting that BCG regulates antigen presentation [34,35].

BCG also stimulated “trained immunity” through epigenetic reprogramming of monocytes,
mediated by their transcriptional, epigenetic and metabolic rewiring, which leads to
increased gene transcription and improved host defence [24]. These epigenetic changes
manifest as histone chemical modifications (methylation/acetylation), driving enhanced
chromatin accessibility, and subsequently faster and easier transcription of genes involved in
antimicrobial responses and improved cell function [38]. Thus, the term “trained immunity”
refers to the adaptive memory-like characteristics of innate immune cells [39]. Indeed, BCG
vaccination is shown to protect against pneumonia [40] and diseases other than TB [41-44].
Recent studies showed that BCG mediates increased monocyte-derived cytokine secretion
(such as IL-1b, TNF, IL-6) in response to unrelated pathogens in healthy individuals

[45], where activated CD11b* monocytes persisted in the circulation 3 months after BCG
vaccination [45]. BCG “trained” these monocytes through modulating the NOD2 receptor
and increasing histone H3 lysine K4 trimethylation [45].

Recent data showing that subcutaneous BCG priming increases the efficacy of intravesical
BCG in a murine model of bladder cancer [46] renewed the interest in using intradermal
BCG. Priming was associated with an increase in the T cell infiltration to the bladder tumor
and repeated instillations were not required to induce migration of T cells into the bladder
[46]. The same authors, in a cohort of 55 bladder cancer patients, found that those patients
who displayed BCG immunity [i.e., a positive purified protein derivative (PPD) test due to
their childhood M. tuberculosis vaccination] before the BCG instillation, exhibited greater
clinical responses to BCG, in terms of recurrence-free survival, than PPD-negative patients
[46]. This work contributed to the PRIME clinical trial, which is testing the effect of BCG
priming on the efficacy of intravesical BCG therapy [47]. BCG priming was found to be
well-tolerated and safe, and it increased the number and activation status of innate immune
cells, mainly NK and T cells (Fig. 1) [48]. The cytotoxicity of NK cells and T cells against
human bladder cancer cell lines also increased due to BCG priming [48].

In Japan, routine immunization with BCG to prevent TB is common but PPD positivity in
bladder cancer patients is variable because BCG immunization status wanes over years. To
test if PPD testing could be used to predict BCG therapy responses, Niwa et al. performed
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PPD skin testing on bladder cancer patients before intravesical BCG instillation [49]. They
found that recurrence-free survival is significantly higher in subjects that had a positive

PPD test compared with patients with a negative skin test. They concluded that the PPD
skin test could be used to predict BCG responses in bladder cancer patients [49]. Currently,
the product insert of BCG-TICE suggests PPD testing be employed before intravesical
instillation, but PPD test is not commonly applied. PPD testing before BCG therapy requires
further consideration, given the ease, safety, and cost-effectiveness of this testing.

difference of BCG in immunotherapy

Even though the BCG immunotherapy is dependent on the immune system of the host,

the existence of different BCG strains can contribute to the variation of efficacy. From the
time BCG was distributed worldwide in 1924, several sub-strains (up to 27) evolved in
different countries due to serial passaging [50]. In 1966, a seed-lot system was introduced

to prevent further evolution of the different BCG strains. Current BCG strains share many
mutations due to the initial 231 serial passage attenuation (1908-1921) made by Albert
Calmette and Camille Guérin, and several unique mutations that are specific to the different
countries in which BCG was continuously cultured. Commercially available BCG strains
are genetically different from each other which results in different immune responses [51-
53]. Moreover, there are dosage differences (colony forming units for live BCG), different
percentages of dead and live BCG in each commercially available strain that influence

the activation of different immune cell populations [54], and even different formulations
affect BCG therapy [53,55]. However, there are no studies that definitively conclude that
one strain of BCG is better than the other in the treatment of TB [56] or as a bladder

cancer therapeutic strategy. Even though evidence from /n vitro studies suggests that BCG
strains could affect BCG therapy efficacy in bladder cancer [57], there are no adequately
powered head-to-head trials that have confirmed that BCG strains influence treatment
success in bladder cancer patients [53]. A prospective randomized trial (n = 142) comparing
recurrence-free survival in patients given BCG-Connaught vs. BCG-TICE (Organon Teknika
Corporation LLC [subsidiary of Merck&Co], Durham, NC, USA) showed that patients
receiving BCG-Connaught strain had significantly higher survival than those receiving
BCG-TICE (p = 0.01) [58]. However, patients did not receive the BCG maintenance therapy
and thus, the higher clinical efficacy of the BGC-Connaught strain over BCG-TICE may

be lowered by maintenance BCG treatment [59]. Another systemic review and network
meta-analysis comparing 65 clinical trials showed that different BCG strains varied in their
clinical efficacy when compared with chemotherapy [53]. BCG-Tokyo-172 displayed higher
efficacy among other BCG strains but the lack of appropriate comparative trials could not
conclusively predict the superiority of one BCG strain among others [53]. BCG-Tokyo

172 also showed superior efficacy in increasing recurrence-free survival in 129 bladder
cancer patients when compared with the BCG-Connaught strain [60], but this trial was
underpowered and was interrupted due to supply shortage of the BCG-Connaught strain.
Currently, the BCG-Tokyo-172 is being tested in phase 111 clinical trial (S6102 trial) during a
3-year accrual period to compare its efficacy with BCG-Tice [61].
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5. Current challenges in BCG immunotherapy

There are several challenges that BCG therapy faces in bladder cancer. Since Sanofi-Pasteur
(Swiftwater, PA, USA or Lyon, France) stopped the production of BCG-Connaught, the
United States currently has only one BCG manufacturer (Merck, Whitehouse Station, NJ,
USA) producing BCG-TICE only [62]. The problem of this BCG shortage is highlighted
further due to an increased global demand for BCG and anticipated shortages announced by
companies whose stocks have been depleted [63]. This BCG shortage also increased the cost
of BCG and other chemotherapies for NMIBC during the period of restricted BCG supply
[64,65]. Even though Merck practically doubled its BCG-TICE production, there still are
occasional availability issues [63]. Further, each country uses only one or two BCG strains,
thus, comparative data on dose, efficacy, and tolerance of different BCG strains are limited
[62].

The combination of BCG therapy with other agents has been unsuccessful. For instance,
type | IFNy was combined with BCG because of its function in innate immunity and
possible synergistic function with BCG to activate antitumor protective immune responses
[66]. Nevertheless, a significant benefit that would have prompted practice changes was

not observed [66-68], rather a higher frequency of undesired side effects were noticed

with this combination compared with BCG alone, which dampened enthusiasm in this
combination strategy. Other approaches include co-administration of BCG with cytokines
(IL-2 or IFN-y) [69,70]. Some of these approaches are currently being tested or have
completed early trial evaluation but, to date, have not boosted BCG efficacy against bladder
cancer. Novel therapies which showed promising results in /n vitro studies or animal models,
such as the combination of BCG with antitumor vaccines [71], mycobacterium species [72],
recombinant BCG strains [73-75], or fusion protein of IL-15 and BCG’s immunodominant
antigen 85 (Ag85) [76] need to be further investigated. In this regard, PD-L1 is shown

to be highly expressed in BCG-induced granulomata in patients who failed to respond to
BCG [77]; thus, several clinical trials are currently underway for testing the efficacy of anti-
PD1/anti-PDL1 in BCG refractory NMIBC [78]. Early identification of BCG unresponsive
bladder cancer patients is needed, which will help in identifying candidates eligible for novel
combination therapy studies. One of the barriers to successfully combine BCG with other
agents is the initial high response rate to BCG therapy. Thus, clinical trials must be designed
taking into account the high response rate of BCG and must include a control group of BCG
alone to test the efficacy of the combination of any novel drugs with BCG instillation.

Although the number of serious side effects of BCG is low, adverse events (AE) do occur

in a high percentage of BCG-treated patients. Some of the AE are as follows: urinary
frequency, urinary urgency, nocturia, bladder pain, low-grade fever, chills, hematuria. Most
of these symptoms resolve within 48 h of BCG instillation. More rare AEs include Reiters
syndrome (urethral discharge, conjunctivitis, low back pain) [79], parotid gland infection
(bilateral swelling of the parotid glands, parotid gland ulcer with continuous pus discharge)
[80], arteriocutaneous fistula [81], Psoas abscess, iliac artery rupture [82] and Poncet’s
disease (Diffuse arthritis) [83]. BCG infection occurs in a small percentage of bladder
cancer patients leading to treat them with antituberculous drugs for six-nine months. Timely
diagnosis and treatment of these AEs are critical, but the challenge is to completely
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understand the antitumoral mechanisms of BCG to enable us to modify or reduce BCG
regimens schedule and avoid such AEs.

Another limitation of BCG therapy is the lack of accurate biomarkers that can successfully
predict therapy responses, which delay the use of other therapeutic strategies in non-
responders. One of the largest screening studies to identify biomarkers for BCG therapy
used next-generation DNA sequencing of 105 bladder tumors [84]. However, despite the
amount of data generated, only mutations in the chromatin modifier gene, ARID1A,

were linked with tumor recurrence in the patient group treated with BCG. In another
study, epigenetic alterations such as unmethylated cyclin-dependent kinase inhibitor 2B
and MUS81a were associated with BCG failure [85], suggesting that epigenetic changes
may also be important in the prediction of the BCG treatment response. Two multicenter
studies also showed that fluorescent /n situ hybridization (FISH) positivity (4 or more cells
with polysomy on at least 2 chromosomes and/or at least 12 cells with a homozygous
deletion for 9p21) in urine from bladder cancer patients predicts recurrence after BCG
therapy [86,87]. Cytokine levels post BCG treatment have been investigated in several
studies to predict BCG failure and tumor recurrence [88—90]. Changes in urinary levels

of nine inducible cytokines (IL-2, IL-6, IL-8, IL-18, IL-1ra, TRAIL, IFN-vy, IL-12 [p70],
and TNF) measured in 130 patients, 6 weeks after BCG instillation, showed that the
patient’s nomogram based on the cytokine panel successfully predicted the patient cancer
recurrence [88]. In another study, IL-2 mRNA extracted from peripheral blood during BCG
treatment also correlated with remission over a 4 year time span [89]. However, different
cytokines have complex regulatory relationships with each other and have different functions
in modulating the tumor immunity; thus, pathway analyses may be required to define
accurate predictive markers. Differences in urine volume and compositions, and the need
for multi-level normalizations further complicate the use of urinary cytokines in predicting
BCG treatment responses. Further, urinary cytokines levels may fall below the lower limit
of detection before initiation of BCG therapy which complicates obtaining an accurate
baseline pre-treatment. To define biomarkers, a retrospective study, using tissues obtained
from the Nordic T1 and BCG-mitomycin C (MMC) trials [91], attempted to validate three
previously identified biomarkers of BCG treatment response: ezrin, CK20, and Ki-67 [91].
The biomarker ezrin was found to be associated with both progression-free survival and
treatment failure-free survival in the BCG treated cohort. However, this association could
not be validated in the multivariable analyses [91]. Overall, these studies highlight the
difficulty of identifying biomarkers that successfully can predict the BCG therapy response
in bladder cancer patients.

6. BCG and other cancers

The involvement of BCG therapy in cancers other than bladder cancer is understudied

and controversial [92,93]. Studies showed an increased incidence of lung adenocarcinomas
among pulmonary TB patients, suggesting a mycobacteria-induced tumorigenic response
[94]. In this context, /n vitro studies showed that BCG blocked the TNF-dependent clearance
of tumor cells via apoptosis [94], highlighting the controversy about the role of the

BCG vaccine in tumor immunity. Conversely, a recent study indicated that BCG therapy
drives tumor clearance through the induction of long-term tumor-specific IFN-y* CD4*
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T cell-dependent responses instead of through BCG-specific driven immunity [30]. This
study opens the possibility of using controlled BCG immunotherapy to generate antitumor
immunity and treat any kind of cancer.

BCG is reported to be useful in other non-urological cancers [95], including cases of
acute myeloid leukemia, lung cancer, and melanomas [8,96,97]. In these cases, both BCG
and BCG cell envelope fractions and/or specific components (e.g. trehalose dimycolate,
arabinan) are described as antitumor agents [95]. Different whole Mycobacterium spp.,
including BCG, and mycobacterial derivatives have been used for the treatment of
melanoma and lung cancer alone or in combination with chemotherapy or radiotherapy
[95]. In human lung cancer clinical trials, BCG is being used in combination with other
compounds, such as mAGP (mycolyl-ara binogalactan-peptidoglycan cell wall complex),
or together with an anti-idiotypic antibody mimicking the GD3 ganglioside expressed on
most small-cell lung cancers [95]. BCG mAGP cell envelope core combined with whole
BCG or with Lewis lung carcinoma inactivated antigens showed a TLR2 dependent IFN-y
therapeutic effect in mouse models [98]. However, when translated to humans, these notable
therapeutics effects were unclear, with some clinical studies supporting the mouse model
results [99,100], and others showing contrary results with no beneficial effects [101,102].

For melanoma treatment, BCG-TICE shows its antitumor benefits by favoring antitumor
T cells responses and improving M2 macrophage responses within the melanoma
microenvironment [103]. However, synthetic BCG cell envelope component derivatives
such as muramyl tripeptide linked to a phospholipid called phosphatidyl-ethanolamine and
encapsulated in liposomes showed potential positive effects in treating stage 111 and IV
melanomas [104]. Other BCG-derived compounds alone or in combination with adjuvants
have shown limited efficacy against tumorigenesis; these include heat shock proteins,

such as HSP65 in the treatment of melanomas [105-107]. In this context, the use of

M. tuberculosis complex mycobacterial components such as the mycolyl-transferase Ag85
complex and soluble culture filtrate protein ESAT-6 fused with a GPl-anchor, alone or in
combination with B6 tumor antigens seems effective in reducing or dismantling tumors
[108,109].

Apart from BCG, attenuated or non-virulent Mycobacterium spp., such as M. smegmatis,
M. obuense, and M. vaccae among others have been tested against melanoma formation and
treatment but none showed any success [95]. Only M. smegmatis showed some capacity to
reduce melanoma tumor growth, but the effect was transient [110].

For other cancers such as gastrointestinal tract cancer, breast cancer, liver cancer,

ovarian and cervix tumors, hematopoietic and lymphoid malignancies, and sarcoma and
mesothelioma, treatment with Mycobacterium spp. and their cell wall components have been
reported to be successful in animal models and some clinical trials when combined with
inactivated tumorigenic antigens or with specific adjuvants [95]. Whole M. vaccae and the
proprietary heat inactivated M. obuense preparation called IMM-101 showed potential as
promising anti-cancer agents. BCG-Moreau in combination with chemotherapy increased
gastric cancer patient survival [111].
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The potential of BCG has also been studied for pancreatic cancer alone or in combination
with chemotherapy [112], showing that compounds such as gemcitabine sensitize pancreatic
cells to the antitumor cytotoxic T cell responses generated by BCG. In colon-cancer and
hepatoma treatments, few studies showed improvement but none of them directly used

live BCG and just used isolated BCG or mixtures of cell envelope soluble components,
mainly taking advantage of their adjuvant effects [95]. Conversely, for breast cancer
treatment, recombinant live BCG expressing the breast tumor-associated antigen MUC1 and
growth factors [113] or TH1/TH2 cytokines [114] is shown to improve outcome in animal
models and human clinical trials [115-117]. As in the case of other cancers, treatment of
ovarian and cervix tumors with BCG can also provide a benefit [118]. Indeed, the axis
composed of “BCG and its associated soluble cell envelope components in combination
with tumor-specific Ags - Improved DC Ag presentation — Enhanced NK cytotoxic T cell
responses” seem to play a major role in the BCG antitumor effects described for many
cancers. Finally, limited studies exist that used whole live BCG for leukemia [106] and
sarcoma treatment [119]. Most studies use BCG cell envelope components which increase
the local recruitment maturation, Ag-presentation of antigen-presenting cells (both DCs

and macrophages), superoxide production, cytotoxic T cell activity among other antitumor
beneficial host responses.

7. Conclusions

The impact of BCG on the treatment of bladder cancer has been substantial and it

remains one of the successful examples of cancer immunotherapy. Both adaptive and innate
immune cells are critical in BCG therapy. However, the mechanism of BCG antitumor
response is unclear and likely multifactorial. Many challenges still plague the BCG field in
bladder cancer. The use of different strains of BCG in different parts of the world makes
comparative data on dose, efficacy, and tolerance of different stains limited and it is not clear
whether BCG strain difference holds significant therapeutic relevance. BCG failure, lack of
biomarkers to predict BCG response, early identification of BCG non-responders eligible
for alternative treatment strategies, and limited success in combining BCG with other
agents pose significant therapeutic challenges. Understanding the pathophysiology of BCG
resistance and the identification of new mechanistic pathways involved in BCG therapy

will be useful in developing predictive signatures and in designing novel patient-adjusted
therapy. Ongoing studies in our labs are showing promising results for bladder cancer
patients that cannot tolerate BCG treatment. We found that selective temporal delipidation of
BCG removing apolar lipids from its cell surface keeps it 100% viable and drives a cellular
immune effect akin to the one observed with naive BCG in a murine model of bladder
cancer. Delipidated BCG also does not drive the cytotoxicity and local cytokine storm that
generate adverse effects in some bladder cancer patients (data not shown). As the world is
also struggling with a scarcity in BCG supply which has resulted in increased cost for BCG,
we should also focus on finding improved BCG alternatives for the treatment of bladder
cancer and other cancers.
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Fig. 1.
BCG induced immune response in the tumor. BCG bacilli are internalized by urothelial cells

and bladder cancer cells, generating an innate inflammatory response attracting local and
peripheral NK cells, macrophages, neutrophils and proliferated/primed CD4 + T cells to

the tumor site. In this scenario, BCG bacilli encounter dendritic cells (or DCs). After BCG-
phagocytosis, DCs process BCG and present antigens to MHC-I1 restricted CD4 + T cells
and at the same time initiate a Th1-type immune response through inflammatory cytokines
required for effective BCG-induced antitumor activity, but simultaneously this inflammatory
response could cause adverse effects to the host. At the same time, apoptotic BCG-infected
tumor cells will be pyrocytosed by DCs and tumor-specific Ag/BCG-specific Ag will be
presented via MHC-I to cytolytic CD8 + T cells. Tumor-Ags can also be directly detected or
detected in the context of MHC by T cells, generating anti-tumor cytotoxic responses. DC,
Dendritic cells; GAG layer, glycosaminoglycan; MU, Macrophages; N, Neutrophils; NK,
Natural Killer cells. Note: Drawing not at scale.
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