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Abstract

The gold-standard treatment for non-muscle invasive bladder cancer (NMIBC) is adjuvant
intravesical Bacillus Calmette-Guérin (BCG) immunotherapy following transurethral resection of bladder
tumour (TURBT). BCG is a live-attenuated form of Mycobacterium bovis and is utilized in an adjuvant
setting to potentiate antitumour immunity. However, the mechanism of action by which BCG induces its
therapeutic benefits is not fully elucidated. Recent studies suggest that trained immunity (T1) may be a
key mediator of BCG immunotherapy. Tl is characterized by an enhanced response to a secondary,
inflammatory stimulus, mediated by the innate immune system. A study from our laboratory has shown
that monocytes from patients that have undergone BCG immunotherapy can acquire TI, which has shown
to be associated with long-term recurrence-free survival. Therefore, we hypothesized that the antitumour
effects of BCG therapy are mediated by acquisition of TI. Furthermore, we proposed that systemic modes
of training, i.e. intraperitoneal (IP) and intravenous (IV), result in greater levels of TI compared to local
intravesical inoculation. The objectives of this study were to establish an orthotopic, syngeneic MB49
mouse model of bladder cancer and BCG immunotherapy, followed by a comparison of the levels of Tl
acquired by bone marrow derived monocytes of non-tumour-bearing mice inoculated with BCG through
the routes of IP, IV or intravesical. Here, we found that intravesical BCG immunotherapy did not elicit a
prolonged antitumour effect nor it induced TI in bone marrow monocytes. Similarly, BCG administered
IP, IV, or intravesically to non-tumour bearing mice did not result in T acquisition. However, intravesical
administration of BCG, compared to IP and IV administrations, induced BMDMs to secrete heightened
levels of proinflammatory cytokines and chemokines (IL-1p, IL-6, and MCP-1) in response to LPS
challenge. These results provide some evidence that systemic versus local administration of BCG leads to
differential immune responses. Overall, the findings could lead to better approaches to optimize BCG

immunotherapy of bladder cancer.
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Chapter 1

Introduction and Literature Review

1.1 Bladder Cancer Epidemiology

Bladder cancer is the 5™ most common cancer in Canada and the 10" most common
cancer in the world.*? According to global statistics, the incidence rate of bladder cancer is
approximately 579,000 new cases per year and the mortality is 210,000 deaths caused by the
disease per year.® Given this mortality rate, this makes bladder cancer the 13" most deadly
neoplasm.* Bladder cancer has been shown to be more common in men than is women, as the
incidence rates for men and women are respectively 9.5 and 3.3 per 100,000 worldwide.*
Furthermore, the mortality rates are 3.3 per 100,000 among men and 0.9 per 100,000 among
women.* The highest rates of bladder cancer are found in Southern and Western Europe, as well
as North America.*

There are many factors that contribute to bladder cancer development and malignancy;
however, a significant proportion of cases is due to exposure to toxic fumes in the environment or
occupational chemicals. In particular, the greatest risk factor for bladder cancer is smoking
tobacco, which accounts for approximately 50-65% of new cases each year>® and 40% of all
bladder cancer deaths.” Smoking has shown to increase the risk of bladder cancer by three to four
times.® The population attributable risk factor for tobacco smoking has shifted over time. From
1980 to 2012, there was a significant decrease in cigarette smoking amongst males and females
(41.2% to 31.1% and 10.6% to 6.2%, respectively)®; however, the number of people who smoke
increased due to population growth. Although smoking is significantly more prevalent in men,
data from The Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial (PLCO) and
National Lung Screening Trial (NLST) indicate that bladder cancer epidemiology cannot be fully

explained by differences in daily smoking between genders.® There is a latency period of
1



approximately 30 years from the initiation of smoking to the cancer diagnosis. However, smoking
cessation has been shown to reduce the risk of bladder cancer by 40% within 1-4 years and a
complete return to baseline risk by 20 years.*

The second greatest preventable risk factor for bladder cancer, next to smoking tobacco,
is exposure to occupational carcinogens, accounting for approximately 5% of all bladder
cancers.! The main contributing carcinogens are associated with the production of plastic (1,1-
dichloroethane, 4,4’-methylenebis(2chloroaniline)), rubber (2-napthylamine), and dye (aromatic
amines and polycyclic aromatic hydrocarbons).1%! In a meta-analysis, 263 articles that reported
31.4 million persons were selected for systematic review. The professions with the highest
reported incidence risks were for factory workers (RR, 16.6 [95% Cl, 2.1-131.3]), hairdressers
(RR, 13.4 [95% ClI, 1.5-48.2]), and aircraft/ship’s officers (RR, 11.8 [95% CI, 1.5-95.7]).%2

In addition to these preventable risk factors, a major independent risk factor for
developing bladder cancer is old-age. In 2016, approximately 90% of bladder cancer diagnoses in
Canada and the United States were made in patients over the age of 55 with 80% of these
diagnoses in patients over 65 years of age.'®* The average age of diagnosis for bladder cancer in
the United States is 73, which is greater than the average age of all cancer diagnoses.'**°
Furthermore, over 80% of deaths related to bladder cancer are in patients over the age of 65.%°
This correlates with the findings mentioned earlier, whereby disease progression occurs decades
post-exposure to mutagens. These mutagens are channeled into the bladder via urine filtered from
the kidneys and interact with the urothelial lining of the bladder to suppress cellular tumour-
suppressor mechanisms, ultimately leading to carcinogenesis.?

There are other etiologies that have been shown to contribute to the development of
bladder cancer. These include genetic factors, hereditary predisposition, diet and urinary tract
disease. Some studies found genetic loci linked with an increased susceptibility to bladder

cancer.'® Notable ones are MYC, a cell-signaling molecule and common oncogene'’; NAT2 (N-



acetyltransferase 2), a slow acetylator which detoxifies aromatic amines;'® and GSTM1, an
enzyme functioning in detoxification of environmental carcinogens.'® Hereditary cancers such as
Cowden’s syndrome (a defect in the PTEN tumour suppressor gene) and Lynch syndrome (a
defect in DNA mismatch repair) have been shown to increase the risk of bladder cancer. High
intake of fats, particularly animal fats containing mutagens produced from heating processes such
as pan-frying, could increase the risk of bladder cancer; certain processed meats have also been
shown to induce bladder cancer.?%-?2 Furthermore, chronic inflammation of the bladder mucosa,
such as inflammation resulting from recurrent urinary tract infections and repeated
catheterization, has also been associated with increased risk of bladder cancer.? A particular
urinary tract infection caused by Schistosoma haematobium, which is common in African

populations, has been shown to be a risk factor for bladder cancer.?*

1.2 Bladder Cancer Staging and Grading

Upon presentation, bladder cancer patients are diagnosed with either non-muscle invasive
bladder cancer (NMIBC), or muscle-invasive bladder cancer (MIBC). Approximately 75% of
bladder tumour cases are diagnosed as NMIBC.? Staging, grading and risk stratification are
essential for determining the most appropriate management for NMIBC, based on risk of
recurrence and progression. Painless hematuria, the presence of blood in the urine, is the most
common presenting symptom.2® NMIBC can be classified under the most widely used and
universally accepted staging system, which is the tumour-node-metastasis (TNM) system.?” Non-
invasive papillary tumours restricted to the epithelial mucosa are classified as Ta.?® Tis, or
carcinoma in situ (CIS), describes flat tumours that line the inner lining of the bladder, whereas
tumours invading the subepithelial tissue (i.e., lamina propria) are classified as T1.2 Roughly
70% of patients with NMIBC are diagnosed with Ta lesions, whereas 20% are diagnosed with T1
lesions and 10% with Tis.?® Patients that are initially diagnosed with NMIBC have a 5-year
survival rate of 95.8% as the tumour is confined to the mucosal layer.?® Though after one year of

3



diagnosis the probability of recurrence and progression ranges from 15% to 61%, while after five
years the probability of recurrence and progression ranges from 31% to 79%.%

If the bladder cancer has invaded the muscular layer of the bladder wall, it is classified as
MIBC, which comprises approximately 25% of bladder tumours at initial diagnosis. MIBC can
also be staged using the TNM system whereby T2 indicates tumour invasion of the muscle layer,
T3 describes invasion of perivesical tissue (fatty tissue surrounding the bladder), and T4 indicates
tumour invasion of extravesical tissues including any of the following: prostate, uterus, vagina,
pelvic wall, and abdominal wall. If metastasis has occurred, patients are commonly treated with
radiotherapy, or chemotherapy with a combination of cisplatin and gemcitabine or a multidrug
combination of methotrexate, vinblastine, doxorubicin (Adriamycin), and cisplatin (MVAC).%!
Complete surgical removal of the bladder is almost always recommended as part of the
management of MIBC. Despite these invasive and potentially toxic treatments, approximately
50% of patients develop metastasis and the five-year survival rate for metastatic disease is
5%.29,32,33

Another commonly used prognostic tool for bladder cancer is grading. The World Health
Organization (WHO) and the International Society of Urological Pathology (ISUP) published a
new grading system in 2004 that employs specific cytologic and architectural criteria.®** The
new WHO/ISUP classification differentiates between papillary urothelial neoplasms of low
malignant potential (PUNLMP) and low-grade and high-grade urothelial carcinomas.3

Bladder cancer treatment is one of the most expensive malignancies to care for on a per-
patient basis as patients require repeated endoscopic assessments and resections, multiple
treatment regimens are typically implemented, and the recurrence rate is as high as 70%.%03¢
Given this, immediate course of action should be taken upon initial diagnosis of NMIBC in order

to reduce disease progression and recurrence. NMIBC is a heterogeneous malignancy, which has



multiple etiologies (as mentioned earlier); therefore, it requires careful risk stratification for

enhancing clinical decision making and counseling of patients.?

1.3 Intravesical BCG as the gold-standard therapy for intermediate- to high-risk
NMIBC

The current gold-standard treatment for patients with intermediate (multifocal low grade
Ta) to high grade (T1, CIS or high-grade tumour) NMIBC is TURBT, followed by intravesical
BCG immunotherapy, which is the direct instillation of BCG into the bladder.®” The current
course of treatment consists of an initial induction phase of six weekly treatments, followed by a
one-year maintenance phase of at least three BCG maintenance courses of weekly instillations for
three weeks at 3, 6, and 12 months after the start of induction BCG.*® High-risk patients
commonly require a three-year maintenance phase. Several studies have shown that adjuvant
BCG has been more effective in reducing tumour recurrence in patients, compared to TURBT
alone, by 56%.%° Furthermore, a meta-analysis was conducted on various clinical trials using
intravesical BCG, and concluded that intravesical BCG significantly reduces the risk of
progression to MIBC.* These findings support BCG as the gold standard treatment for
intermediate- to high-risk NMIBC patients.

There are still some limitations in using BCG therapy, despite it being used as the gold-
standard treatment. Local and systemic side effects are common with BCG instillation and can
result in up to 20% of patients discontinuing this therapy.*? Failure rate to respond to BCG can be
as high as 50%, which typically presents itself as BCG intolerance associated with treatment-
related adverse effects.** BCG sepsis and cytokine-release syndrome occur rarely.* Patient
failure to respond to BCG increases the risk of progression, adverse effects and death.* In
addition to the current high rates of recurrence and progression, as well as considerable toxicities
that could arise from BCG treatment, there is currently a worldwide shortage of BCG. Sanofi

Pasteur in Lyon, France halted the production of the Connaught strain in 2012, whereas Merck



Sharp & Dohme Limited in the UK (producer of the TICE strain) and Medac in Germany
(producer of the RIVM strain) reduced and put on hold production in 2015 and 2014

respectively.*

1.3.1 BCG Timeline: From tuberculosis vaccine to anti-tumour therapy

BCG is arguably one of the most successful cancer immunotherapies, thus far.* Direct
instillation of BCG into the bladder has been shown to diminish tumour growth, reduce the
frequency of tumour recurrences, reduce the risk of progression to muscle invasion and improve
survival compared to other local treatments.33%41 Although BCG has been a successful treatment
for intermediate- to high-risk NMIBC, this therapeutic agent was not originally intended for the
treatment of bladder cancer; rather, BCG was initially generated as a vaccine against tuberculosis
(TB).

BCG is a live-attenuated strain of Mycobacterium bovis (M. bovis) and was named after
French scientists Albert Calmette and Camille Guérin.* In 1908, Calmette, a bacteriologist, and
Guérin, a veterinarian, partnered together at the Pasteur Institute in Lille, France to begin their
quest to develop a vaccine against tuberculosis, which was rampant at the time.*® In 1921,
Calmette and Guérin’s journey became a success after 13 years, as they discovered a subculture
of bovine tubercle bacillus tested on guinea pigs that was nonvirulent and had a genetically stable
form.* Today, more than three billion people have received BCG vaccinations which makes it
the most widely used vaccine globally.*® Infants in all countries with high rates of TB are
commonly vaccinated with a single intradermal dose as soon after birth as possible.*

The first finding of tuberculosis associated antitumour effects was in 1929, in an autopsy
study at John Hopkins Hospital in Baltimore, as Pearl et al. reported a lower frequency of cancer
patients with TB.*" Pearl et al. concluded that there was mutual antagonism between TB and
cancer, but could not explain its basis. It was not until the late 1950s when landmark studies were
conducted for the possible use of BCG as cancer therapy by Lloyd Old at the Sloan-Kettering
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Institute in New York.*® Old et al. found that BCG infected mice had increased resistance to
challenge with transplantable tumours, which was the first direct evidence that BCG had
antitumour effects. Furthermore, in the 1970s, Zbar et al. performed studies at the National
Cancer Institute showing that BCG injection into animals elicited tumour inhibitory properties, as
orthotopic tumour cell implantation was rejected at the site of BCG infection.*® The major finding
of this study was that this effect was not attributable to a direct cytotoxic effect of BCG, but
rather a delayed hypersensitivity immunological response.*

In 1969, clinical use of BCG as cancer therapy was first established when Mathe et al. in
France presented promising results with BCG as adjuvant therapy for acute lymphoblastic
leukemia.>® This observation was further expanded in 1970 when Morton et al. found that direct
injection of BCG into malignant melanoma lesions resulted in 90% regression rate in
immunocompetent patients.>! Finally, in 1975 deKernion et al. demonstrated that a cytoscopic
injection of BCG vaccine successfully treated isolated melanoma in the bladder of one patient.>?
Overall, these studies created significant interest in BCG as an anticancer agent as clinical trials
were conducted against lung, colon and kidney.>*-*® However, BCG was quickly replaced for each
of these diseases by more effective treatments.

Although BCG was not effective against the organ malignancies mentioned above, BCG
has shown significant efficacy against bladder cancer. Dr. Alvaro Morales, a urologist and former
Queen’s University medical professor, first devised the BCG protocol against bladder tumours in
1972.% In 1976, Morales published the first clinical use of intravesical BCG against superficial
bladder cancer.®® Ten patients with frequent tumour recurrence were given six weekly treatments
of BCG, and it was reported that BCG reduced the frequency of tumour recurrence or eradicated
existing disease in seven evaluable patients.*® These early results compelled the National Cancer
Institute to fund two randomized controlled trials to study the effectiveness of the combined BCG

regimen, and both found that BCG significantly reduced the frequency of tumour recurrence



compared to the control group of tumour resection alone.>”*8 In 1990, the Federal Drug
Administration approved the use of intravesical BCG and over 40 years since its first clinical

trial, BCG immunotherapy is still the gold-standard treatment for high grade NMIBC.

1.3.2 The Immune System

BCG has shown remarkable efficacy for treatment of bladder cancer for over four
decades, however, the mechanism of action by which BCG elicits its therapeutic effect has not
yet been fully elucidated. Many studies have reported that the antitumour effect of BCG is
mediated through activation of the immune system by inducing an inflammatory response.**
Various studies have confirmed this finding and that BCG requires a competent host immune
system in order to elicit a therapeutic response.**6°

The vertebrate immune system is comprised of two types of immune components: innate
immunity, which responds rapidly (typically within minutes, but the effects can last up to months)
and nonspecifically to a foreign pathogen, and adaptive immunity which takes longer to develop
(within days to weeks) but is specific (due to antigen receptor gene rearrangements) and results in
classical immunological memory.®2 Foreign pathogens are eliminated through an influx of
white blood cells responding through surface and internal cell receptors causing local
inflammation, which in turn facilitates the recruitment of other phagocytic to the site through cell
signaling pathways.®? Simultaneously, these signals induce activation of the adaptive system
which reacts much slower than the innate system. Activation of the adaptive system achieves
significantly greater antigen specificity than the innate branch upon mounting a reaction as T and
B cells undergo somatic gene rearrangement.263 For decades, the distinguishing characteristic of
the adaptive immune system has been immunological memory, which can last up to a lifetime in
the host.®? Therefore, the principal basis for BCG as an immunotherapy is the presence of tumour-
associated antigens that the host immune system can recognize as foreign and respond against.®
Immunotherapies induce both humoral and cell-mediated antitumour immunity against human

8



malignancies.®* Activation of the immune system and antitumour response require viable
BCG,**% and recent studies demonstrated that treatment with live BCG led to T-cell recruitment
to the bladder, as opposed to heat-killed BCG which did not recruit T-cells.®® One study had
shown that within hours of BCG instillation there was a significant increase in leukocyte numbers
detected in the urine of patients.®” These leukocytes mainly consisted of granulocytes and
included a small proportion of macrophages and lymphocytes.®” Furthermore, immune cell
trafficking can be found in the bladder wall after BCG therapy.% Evidence of immune activation
is also shown by the release of a wide variety of cytokines and chemokines which are proteins
with growth, differentiation, and activation functions that influence and regulate immune

responses and immune cell trafficking, as well as cellular arrangement of immune organs.®”6-7

1.3.3 The Current Proposed Mechanism of Action of BCG immunotherapy for
NMIBC

The current model of BCG action, by which these various immune responses are elicited,
proposes that BCG attaches to the urothelium and is internalized to begin an extensive immune

cascade and immune cell recruitment to induce antitumour effects (Figure 1-1).%
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Figure 1-1: Proposed mechanism of action of BCG in bladder cancer.

BCG attaches to the bladder urothelium via fibronectin and integrin a581, then is internalized into bladder
tumour cells by macropinocytosis. Upon internalization, bladder tumour cells either experience direct
cytotoxicity, or upregulate expression of MHC class Il receptors (present BCG and tumour antigens) and ICAM-
1 receptors. ICAM-1 receptors activate MHC class |1 restricted T-cells, and on other cell types to activate
cytotoxic T-cells. Leukocytes, especially CD4+ T cells, interact with these antigens which triggers lymphokine
release, or induction of CD8+ T cytotoxic cells. Bladder tumour cells also secrete proinflammatory cytokines (i.e
IL-6, IL-8, GM-CSF, TNFa) to recruit immune cells to the site, resulting in cytotoxicity to the bladder tumour
cells. Dendritic cells also process BCG and present BCG antigens on its cell surface to aid in immune cell
recruitment. This is an original figure created using BioRender.
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The initial attachment step is facilitated by fibronectin, a glycoprotein that is a component
of the extracellular matrix.”>” BCG binds to fibronectin using its fibronectin attachment protein
(FAP).™ In addition, fibronectin is attached to urothelial cells via integrin asf1.” Following this
attachment, BCG is internalized by bladder cancer cells via macropinocytosis, which is the
nonspecific internalization of large particles in large endocytic vesicles called macropinosomes.
Upon internalizing BCG, bladder cancer cells release an array of immune activating effectors,
predominantly interleukin-6 (IL-6), which recruits neutrophils to the site of cancer.”’
Internalization also enhances the expression of major histocompatibility complex (MHC) class 11
receptors, which presents tumour-associated antigens and intercellular adhesion molecule 1
(ICAM-1) to activate T cells.”®® This essentially adapts the bladder cancer cells to function as
antigen presenting cells (APCs) to present BCG and tumour antigens to leukocytes, in particular
to CD4+ T cells, which leads to the release of lymphokines with antitumour activity or induction
of CD8+ cytotoxic cells.®! In conjunction with bladder cancer cells, dendritic cells may have a
role in recruiting immune cells to the site of malignancy, such as: granulocytes, macrophages,
lymphocytes, natural killer (NK) and y& T cells.®”%88284 Toll-like receptors (TLRs), expressed by
immune cells and normal urothelium and non-muscle-invasive bladder tumours, may have a role
in recognizing BCG and in the secretion of proinflammatory cytokines and factors such as tumour
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL).88 TRAIL is released from
neutrophils and initiates apoptosis in tumour cells, but not primarily in normal cells, by binding to
TNF-family death receptors.®” Furthermore, lymphocytes primarily create an antitumour cytokine
microenvironment, promoting the trafficking of a subset 1 helper T (Tw1) cells, which is
important for recruitment and activation of other cell subsets.®® Cell types responsible for the
cytotoxicity to bladder cancer cells are activated CD8+ cytotoxic T cells, NK cells,
polymorphonuclear (PMN) cells which secrete TRAIL and perhaps by macrophages.®”:8%%°

Internalization of BCG has shown direct cytotoxicity to bladder cancer cells lines in vitro,®
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however, there is no evidence currently which supports direct cytotoxicity to bladder cancer cells
in vivo.*®

Given this extensive proposed mechanism of action, there still remain many questions
and further exploration is required. Thus far, most research has mainly focused on the role of
adaptive immunity in response to BCG therapy. While innate immune cells, such as macrophages
and dendritic cells, are crucial for effective adaptive responses, there is a surprisingly limited

number of studies that investigate the role of innate immunity in the response to BCG.

1.4 BCG-induced cross protection is suggestive of trained immunity as a mechanism

of action

As mentioned earlier, BCG was originally developed as a prophylaxis against TB, but
patients who have been vaccinated have developed broader protection as they are at a lower risk
of developing cancers.”® A large majority of countries are administering BCG vaccines to
newborns within a few hours or days after birth®? which has shown protective efficacy of over
70% in TB meningitis and miliary TB, while protection against pulmonary TB is an average of
52%.%% In addition to protecting against TB, BCG vaccination also reduces mortality in children
due to diseases caused by various unrelated pathogens.®% Several studies in West Africa have
shown that BCG vaccination have reduced mortality by 40%, and has prevented several diseases
such as malaria, sepsis, respiratory infections, and leprosy.®’-*% Additionally, there is mounting
evidence of BCG vaccinations preventing the development of various cancers. BCG vaccination
of infants has reduced the risk of developing melanoma and childhood leukemia.?1% A study on
melanoma has shown that direct vaccination with BCG into the nodules of intradermal or
subcutaneous metastasis resulted in tumour regression in 90% of injected lesions.>* Recognition
of the antitumour effects of BCG eventually led to its instillation in NMIBC patients following

TURBT, which demonstrated significant tumour regression.®’
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There is not a complete understanding of the mechanism of action of BCG
immunotherapy; however, there is a growing body of literature that suggests BCG’s effect is
mediated by innate immune memory, or trained immunity (T1). T1 is defined as an enhanced non-
specific response to a secondary, inflammatory stimulus, mediated by the innate immune
system.2% This enhanced response to a non-specific pathogen could explain the cross-protective

characteristic of BCG treatment.

1.4.1 Trained Immunity

Innate immunity plays an essential role in clearance of pathogens at various levels of the
evolutionary tree. In fact, plants and invertebrates, who have only an innate immune system on
which they rely to eliminate infectious agents, have shown to respond efficiently against
reinfection and maintain survival throughout their generations.%*% For example, the microbiota
have been shown to activate TI, which triggers a long-lived response to protect mosquitoes
against the malaria parasite Plasmodium following an initial encounter with the parasite.®
Similarly the presence of memory characteristics in the innate immune system of vertebrates have
been demonstrated.'%

Netea et al. pioneered the concept of T1.1% Tl is induced in innate immune cells such as
monocytes, macrophages, natural Killer (NK) cells, dendritic cells and innate lymphoid cells
(ILCs) via activation of pattern recognition receptors (PRRs). PRRs recognize pathogen-
associated molecular patterns (PAMPs) and damage/danger-associated molecular patterns
(DAMPs) which are endogenous danger signals released from damaged tissues.'® There are
various types of PRRs such as Toll-like receptors (TLRs), NOD-like receptors and C-type lectin
receptors, which when activated trigger different signaling pathways that induce innate immune
responses that are specific to the type of pathogen encountered.”:1%® Mouse studies have shown
that training with microbial ligands of PRRs can be prophylactic against a secondary lethal
infection.%®
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The heightened response to secondary stimuli during TI is not specific for a particular
pathogen and is mediated by signals contingent on transcription factors and epigenetic
reprogramming.1® Epigenetic reprogramming is broadly defined as sustained changes at the
transcriptional level through environmental changes to the organism’s genotype, resulting in
changes in cell physiology and do not involve permanent genetic changes such as mutations and
recombination.'%* This contrasts with classical immunological memory, which depends on the
ability of antigen-specific lymphocytes to remain in the organisms for an extended period of time
(potentially life-long), and their reactivation by subsequent re-exposure to the specific antigen.
The enhanced activation of a subset of inflammatory genes such as TNFa and IL-6 is a marker of
TI, which is driven by histone modifications and chromatin reconfiguration.** Most of the loci
encoding inflammatory genes in myeloid cells are in a repressed configuration, but upon primary
stimulation there is a gain in chromatin accessibility due to magnitudes of increased histone
acetylation and RNA polymerase Il recruitment.*%! These modifications include
monomethylation and trimethylation of histone H3 at Lys4 (H3K4me3), di-methylation of histone
H3 at Lys9 (H3K9me2), and acetylation of histone H3 at Lys27 (H3K27Ac).'* Clinical studies
have shown that BCG vaccination of healthy volunteers results in an increase in inflammatory
mediators produced by monocytes, which correlated with parallel changes in a histone
modification associated with gene activation.!!2 Furthermore, monocyte and macrophage
exposure to C.albicans or -glucan, which are heterologous inflammatory stimuli, modulated the
secondary response to stimulation with unrelated PAMPs, due to epigenetic reprogramming. 3114
Epigenetic reprogramming has also been shown to rewire metabolic pathways, whereby there is a
shift from oxidative phosphorylation to glycolysis in M1 macrophages.** This metabolic switch
is activated with lipopolysaccharide (LPS; a cell wall component of gram-negative bacteria) and
interferon (IFN)-y, producing predominantly inflammatory cytokines such as TNFe, interleukin

(IL)-12, IL-6 and IFN-y.114115 Along the same notion, epigenetic rewiring of metabolic pathways
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in macrophages could result in polarization to an M2 phenotype which induces secretion of anti-
inflammatory cytokines such as transforming growth factor (TGF)-g, IL-10 and chemokine (C-C
motif) ligand (CCL)-18, therefore promoting cell proliferation and tissue repair. 115116 The
mechanism by which this shift influences epigenetic processes in Tl is still being studied.*

The final hallmark of Tl is an altered functional state of innate immune cells that persists
for weeks to months, following the clearance of the initial stimulus.'%* Innate immune
compartments have diverse adaptations as cells can demonstrate significant plasticity and modify
functionality as they transition from the local microenvironment of the bone marrow and traffic to
the blood and tissues.!” Functional adaptations can include cell differentiation, priming, tolerance
and TI. Differentiation of the innate immune cells is typically the transition of an immature cell
into a mature state, which is characterized by a long-term cellular alteration in the functional
program and accompanied by altered morphological features caused by changes in the tissue
environment or chronic exposure to stimuli.!*® In TI, the first stimulus leads to changes in the
functional immune status (defined by active gene transcription); however, the immune activation
status returns to the basal level following the removal of the stimulus, while the epigenetic
modifications remain.*'” Once a homologous or heterologous change is encountered, the response
is enhanced gene transcription and cell function at significantly heightened levels compared to
what was observed during the primary challenge.'®*'” This contrasts with ‘priming’, which is
another adaptive program where although the first challenge similarly leads to changes in the
functional state of these cells, their immune status does not return to basal levels before the
secondary stimulation or infection.'!” Therefore, the secondary challenge in primed cells is often
additive or synergistic with the initial challenge.!’ In contrast to TI, innate immune ‘tolerance’
occurs when the cell is unable to activate gene transcription and is unable to elicit a response

following rechallenge.’*” This has been shown with macrophages repeatedly or persistently
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exposed to high dose LPS, which epigenetically results in tolerance to prevent expression of
inflammatory genes.!°

The first important indication that vertebrate innate immunity also exhibits memory came
from experimental studies in mice demonstrating that exposure of mice to microbial ligands of
PRRs can protect them against a secondary lethal challenge. For instance, S-glucan (a
polysaccharide component of fungal cell walls of Saccharomyces cerevisae) has shown to induce
Tl in normal and leukemic mice, as there is protection against infection with Staphylococcus
aureus.'?12! Another study revealed that pre-treatment of mice with a single dose of g-glucan,
injected intraperitoneally (IP), resulted in diminished tumour growth and Kalafati et al. has linked
this to the induction of TI due to observed epigenetic rewiring of granulopoiesis and neutrophil
reprogramming.t?? Microbial ligands have also been shown to induce T, as flagellin can protect
against Streptococcus pneumonia and rotavirus.1?3124 Certain proinflammatory cytokines may
also induce TI as injection of mice with one dose of recombinant IL-1 three days before infection
with Pseudomonas aeruginosa significantly improved survival.??® Therefore, the nonspecific trait
of Tl disputes a classical immunological memory effect and instead demonstrates the activation
of nonspecific innate immune mechanisms.

Convincing findings that T is induced in vertebrates and mediates some of the protective
effects of vaccination came from studies showing that immunization of nude mice (deteriorated
or absent thymus) with BCG, induces T cell-independent protection against secondary challenges
with Candida albicans or Schistosoma mansoni.*?®2" Furthermore, injection of attenuated PCA-2
strain of C.albicans in athymic mice or Ragl-deficient animals (cannot rearrange their T-cell
receptor genes or B-cell receptor genes) protected against virulent strain CA-6, demonstrating a
lymphocyte-independent mechanism of solely macrophages and proinflammatory cytokine
production.*?®12° The first studies to suggest BCG mediated T1 in animals involved intravenous

vaccinations. Clark et al. found that a single intravenous (1V) injection of BCG into mice before
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re-infection with Plasmodium, demonstrated protection.®*® Similarly, Tribouley et al. also found
that a single IV injection of BCG into nude mice demonstrated protection against Schistosoma
mansoni.*’

Recently, Kaufmann et al. found that IV BCG vaccination of mice is able to endow
circulating monocytes with characteristics of TI through epigenetic and metabolic rewiring of
myeloid progenitors in the bone marrow.™*! It was also found that macrophages derived from BM

of mice vaccinated with BCG-1V, but not BCG- subcutaneous (SC), showed significantly better

protection against Mycobacterium tuberculosis (Mtb).*3

1.5 Animal models of bladder cancer

Given the fact that bladder cancer is one of the leading causes of cancer-related deaths in
the Western world, and the burden that patients have in terms of morbidity and expense of
treatment, this malignancy has been significantly understudied relative to other cancers.
Furthermore, progress in our understanding of bladder cancer has been hampered by a lack of
availability of adequate animal models. One major contributing factor for this is that bladder
cancer is a heterogeneous set of diseases with a variety of pathologies and expected prognoses, as
the primary risk factors include environmental and occupational exposures to chemical
carcinogens which can be difficult to model in animals.>!! Treatment efficacy of bladder cancer
has had minimal progression in the past 30 years due to a lack of informative in vivo models.*?
However, advancement in bladder cancer treatment is changing with the recent generation of new
mouse models of bladder cancer, added with the recent discovery of molecular alterations that are
prevalent in bladder cancer. This discovery of molecular alterations offers new directions for
establishing models of disease-relevant genes and/or pathways.

An ideal animal model of bladder cancer should recapitulate human malignancy with
similar histopathological features and natural tumour growth. Most importantly, the model should
possess high reproducibility, predictability and translatability values to allow mechanistic,
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chemo-preventive and therapeutic studies that can be developed into human clinical trials. The
murine model, which includes mice and rat species, is used the most for animal research as mice
and rats have a lower urinary tract that is homologous to that of humans, and are less expensive to
house and treat than larger animals.*?

Animal models of bladder cancer are categorized as either autochthonous (spontaneous)
and non-autochthonous (transplantable). Autochthonous models are either chemically induced or
genetically engineered models (GEM), whereas non-autochthonous models are either
transplantable which can be further sub-classified as syngeneic (murine bladder cancer cells
implanted into immunocompetent or transgenic mice) or xenografts (human bladder cancer cells
implanted into immune-deficient mice).t*2 The carcinogen-induced murine model of bladder
cancer emulates tobacco as the main causative factor in urothelial carcinoma.® The predominant
carcinogens present in tobacco smoke that are known to be responsible for bladder cancer
development are N-Butyl-N-(4-hydroxybutyl)nitrosamine (BBN), N-[4-(5-nitro-2-furyl)-2-
thiazolyl]formamide (FANFT), and N-methyl-N-nitrosurea (MNU).**2 BBN models of bladder
cancer are established by adding the carcinogen in drinking-water, or intravesically, and the
incidence rate of invasive tumour is 100% over the course of 5 months.*** William et al. found
that several human carcinoma genes were homologous with rodent tumours and associated with
progression to muscle-invasive disease.’3* MNU acts directly on the urothelium after intravesical
instillation and leads to constitutive DNA methylation.® The advantage of this model is that
urothelial carcinoma develops within 12 weeks; however, MNU is highly unstable and varies in
its carcinogenic potential.’*® FANFT is an indirect chemical carcinogen that induces transitional
cell carcinoma (TCC); however is not commonly used due it being a pollutant and hazardous to
human health compared to the other carcinogens.!3®

The transgenic, or GEM, models often generate tumours that arise de novo in the native

tissue microenvironment. Certain limitations are that only a portion of the animals exhibit the
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desired genotypic trait, as well as a lack of studies on muscle invasive or metastatic phenotypes
which reflect limitations in their design and generation.*3” GEM models are designed to harbour
cloned oncogenes or lack tumour-suppressor genes, and allow for investigation of human disease-
associated genetic abnormalities in vivo. The common gene knockout or gene knock-in method
used for GEMs is the Cre-loxP system wherein Cre recombinase excises genomic sequences
between the palindromic sequences loxP to introduce mutations.**® These genomic sequences will
either activate pro-oncogenic pathways, or repress tumour-suppressing pathways. GEM bladder
cancer models rely on the stimulation of the Uroplakin I (Upkll) promoter, which activates the
expression of Cre recombinase, eventually excising genes between the loxP sites.3® UpklI
activation in transgenic mice has shown to upregulate the urothelium-specific expression of
Simian virus 40T (SV40T) antigen (oncoprotein that can inactivate tumour suppressor gene
products p53 and retinoblastoma protein), which was shown to result in the development of
urothelial CIS in mice.**® Direct injection of adenovirus-Cre in the bladder lumen is another
approach to manipulate genes in the urothelium.14%.141

Transplantable models can be either heterotopic or orthotopic, based on the site of tumour
cell implantation. Orthotopic models allow investigation of tumour behaviour in an organ-specific
microenvironment and can be established by instilling the urothelial cancer cells into the bladder
lumen of recipient hosts.**? Heterotopic transplantable models involve injecting/transplanting
rodent or human bladder cancer cells or tissues in a rodent in an ectopic site other than tissue of
origin. These models can be syngeneic (rodent cells/tissue in immunocompetent or transgenic
rodents) or xenografts (human cells/tissue in immune-deficient mice). Heterotopic models are
used if the original site is not convenient for inoculation; they are easy to establish, are cost-
effective, and are commonly used in mechanistic studies and evaluation of new therapeutic
agents.2 One of the most widely used syngeneic, orthotopic bladder cancer models for in vitro

and in vivo studies is the MB49 mouse urothelial carcinoma cell line.**2 MB49 cells are derived
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from C57BL/Icrf-a' (immunocompetent) mouse bladder epithelial cells that were transformed by
a single 24-hour culture treatment with the chemical carcinogen 7,12-dimethylbenz[a]anthracene
(DMBA).2 Transformed cells transplanted into syngeneic mice were shown to generate
carcinomas.*® MB49 cells have a characteristic single amino acid substitution of serine for
glycine at codon 12 at KRAS loci, as well as an abundant amount of cellular mutated Ras p21
protein activator.'* One study showed that instillations of 50,000, 20,000 and 10,000 MB49
tumour cells each led to tumour take rates of 100% of mice, given a three-hour dwell time to
allow for tumour cell adhesion to the urothelium.'#

Xenograft models can also be subdivided into orthotopic or heterotopic (subcutaneous,
renal capsule implantation, or intravenous or intracardiac for experimental metastasis). In
orthotopic xenografts, ultrasound-guidance allows for ease of implantation, and orthotopic
models allow for preclinical evaluation of potential new treatments. 464" Major limitations are
that it is non-autochthonous, and recipient hosts are immunodeficient, which may impact
tumorigenesis as well as metastasis.**?

Patient-derived xenograft (PDX) models involve the direct transplantation of primary
human tumour tissues from patients into immune-deficient mice. Therefore, the resulting tumours
should recapitulate the original tumour growth, heterogenous phenotype, along with the unique
genomic and molecular properties of the patient from which type are derived; furthermore, PDX
models should allow for evaluation of clinical responses based on unique characteristics.
However, several challenges with this model are that (i) patient xenografts may not establish a
xenograft as tumour take may be as low as 35%,14314 (ii) interference of mouse stroma with
human stroma, (iii) tumour establishment may be long (4-5 months) and (iv) heterogenous
tumour tissue transplants may require high replicate numbers for statistical validation.
Furthermore, PDX models do not recapitulate the immunotherapeutic effects of BCG, as the host

immune system is absent or deficient. In addition, the lack of a host immune system in PDX
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models results in enhanced malignant progression due to the absence of a tumour immune
microenvironment (TiME); the composition of the TIME significantly influences malignant
progression.’*® Survival of bladder cancer patients is positively influenced by the cellular
inflammatory response, which includes immune cell recruitment to the tumour to elicit
antitumour effects via CD4+ and CD8+ lymphocytes, NK cells, granulocytes, macrophages and
cytokines such as TNFa, I1L-12, IL-6 and IFN-y.*! Further development of PDX models may
have several clinical application, such as screening multiple therapeutic agents and interpreting

mechanisms of resistance.13

1.5.1 Orthotopic animal models of BCG immunotherapy

Although the common BCG regimen consists of a six weekly treatment induction phase,
followed by a one-to-three year maintenance phase, optimal dosing, scheduling and optimal route
of administration remain to be elucidated.*®? Although various regimens of BCG administration
have been used, a 2002 meta-analysis was unable to determine which regimen was most effective
for NMIBC treatment.** However, data from SWOG 8507 and EORTC 30962 showed that
maintenance weekly BCG installations given over three weeks over a three-year period increased
the 5-year recurrence-free survival from 31% to 60%.% In order to test the therapeutic
mechanisms, it is important to select a model that is most analogous to the clinical setting so that
observations can be readily transferred to clinical studies for validation. Therefore, the orthotopic
bladder tumour animal model is most optimal to determine the role of Tl mediated BCG
immunotherapy, as the pre-clinical mouse model is amenable to the intravesical instillation of
BCG. However, the role of BCG-induced T1I in orthotopic models has not been explored in-depth
and there are relatively limited studies that have investigated BCG immunotherapy in pre-clinical,
orthotopic animal bladder cancer models. Currently, there is a lack of data on epigenetic

modifications in innate immune cells during patient intravesical BCG instillation; however,
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increased cytokine and chemokine production has been observed and may indirectly support the
role of TI in BCG immunotherapy of NMIBC,541%

Gunther et al. were the first to investigate the anti-tumour effects of BCG immunotherapy
in the syngeneic orthotopic murine bladder cancer (MB49) model. BCG was intravesically
instilled into mice implanted with 100,000 tumour cells on days 1, 8, 15 and 22.1%° Compared to
PBS treated mice, BCG therapy improved the survival of the mice and reduced bladder weights
significantly.*® The researchers did not indicate a potential cause for the antitumour effect as the
purpose of this study was to optimize the orthotopic murine bladder cancer.

Other orthotopic models have investigated enhanced response to therapy with
vaccinations prior to tumour induction. One study showed that rats pre-sensitized to BCG have
reduced tumour progression after BCG intralesional injection, compared to control-treated
animals.’” BCG-vaccinated dogs showed a greater inflammatory response including increased
immune cell infiltration into the bladder following BCG instillation.*®® BCG vaccination in mice
prior to a single intravesical instillation of BCG induced accelerated T cell trafficking into the
bladder, which conferred a survival advantage over non-vaccinated mice in an orthotopic tumour
model.®® In a recent paper, Rousseau et al. did not observe this finding in the MB49 mouse model,
as BCG vaccination prior to three weekly BCG instillations did not impart an immune-specific
benefit to tumour-bearing mice in spite of multiple BCG installations.**® Furthermore, tumours
developed in the testes of male mice, which prevented the use of the MB49 model to directly
evaluate sex-based immune differences.*® However, the BBN model demonstrated higher
antigen-specific CD8+ T cells infiltrated male bladders compared to female bladders following
BCG immunotherapy, whereas regulatory T cells had higher levels of exhaustion marker PD-1 in

female mice.1°
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1.6 Rationale, Hypothesis and Objectives

Although adjuvant intravesical BCG immunotherapy following TURBT has been the
gold-standard treatment for intermediate- to high-risk NMIBC, the primary clinical concern is
that high rates of recurrence as NMIBC patients who received BCG immunotherapy have a
recurrence rate of up to 70%.% A better understanding of the mechanism of action of BCG could
lead to the development of new approaches to improve the efficacy of BCG therapy, and
consequently, better patient outcomes including lower recurrence rate.

The cross-protection that BCG vaccinations offer against various diseases, such as
malaria, sepsis, melanoma and childhood leukemia, supports the involvement of T,97:101.102
Moreover, there are several studies that suggest that T is a key mediator in the response to BCG
immunotherapy, including therapy of bladder cancer.!'?% Recently, a study from our lab was the
first to demonstrate an association between BCG-induced innate immune memory in peripheral
blood monocytes and long-term disease-free survival in patients with NMIBC.° Compared with
patients undergoing recurrence, the post-BCG:pre-BCG ratio of IL-12 in monocyte cultures from
patients without recurrences (assessed 23 months after BCG induction phase) after five BCG
instillations was significantly increased.

To determine if TI mediates the antitumour effect of BCG immunotherapy, the orthotopic
bladder cancer model is useful as it mimics NMIBC and it lends itself amenable to intravesical
instillations of BCG. Although studies have separately investigated the antitumour effects of
BCG immunotherapy on orthotopic bladder cancer animal models and the induction of TI from
BCG treatment, there is a need to associate these findings in a pre-clinical, syngeneic orthotopic
bladder cancer animal model.

While BCG for the treatment of patients with NMIBC has been administered
intravesically for over 40 years, it is still not clear whether such a route of administration results

in maximal antitumour immune responses including acquisition of TI. There is evidence that,
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compared with subcutaneous administration of BCG, intravenous administration results in higher
levels of TI1.13 Another study found that 1V administration of BCG significantly enhanced
protection against Mtb challenge in rhesus macaques, compared with intradermal or aerosol
delivery.'®! Therefore, the determination of which mode of BCG inoculation, local or systemic, is
optimal in terms of inducing TI would have significant clinical relevance. However, the first
indication of potential importance of TI for vertebrate host defense have come from systemic TI,
as clinical studies have shown T1 after BCG IV vaccination.'2162 Kleinnijenhuis et al.
demonstrated TI effect on circulating monocytes of volunteers for 3 months and even 1 year after
BCG vaccination.'®? This would suggest that IV vaccinations allow for BCG to access the bone
marrow (BM) and influence hematopoietic stem cells (HSCs) and multipotent progenitors
(MPPs) cell expansion to myelopoiesis. This could explain the long-lived effects of TI. HSCs are
long-lived cells that mainly reside in the BM and are self-renewing; therefore, they are able to
generate multipotent and lineage-committed hematopoietic progenitors that give rise to all cells in
the mammalian blood system.®® On the other hand, monocytes/macrophages (Mo/Macs) have a
short half-life in circulation, with recent studies suggesting it to be up to one day.* In this
context, Kaufman et al. hypothesized that epigenetically modified HSCs or progenitors in the BM
can generate Mo/Macs that are protective against subsequent inflammatory challenges, and thus
potentiate the effects of TI for months.**! Kaufmann et al. showed that BCG-educated HSCs
generate epigenetically modified macrophages that provide significantly better protection against
virulent Mtb infection, as opposed to naive macrophages, and that these epigenetic changes were
sustainable in vivo.!3! Another study by Brandi et al. recently showed that intranasal
administration of MV130 (an inactivated polybacterial mucosal vaccine) in wild-type and Rag-1-
deficient mice provided heterologous protection against C. albicans.'®® This was shown to be
associated with reprogramming of both mouse bone marrow progenitor cells and in vitro human

monocytes, inducing an enhanced cytokine production upon stimulation with LPS.16°
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Although animal bladder cancer studies have proven to be useful in evaluating
antitumour effects of BCG immunotherapy, there is no animal model for recurrence, which is the
primary concern that BCG immunotherapy has not fully resolved. If TI can be shown to play a
role in mediating the antitumour effects of BCG, then this could explain how patients who
respond to BCG immunotherapy have significantly better recurrence-free survival, as compared
with patients that do not respond, as these responder patients may have acquired TI. The systemic
mode of training may be critical, as BCG-educated HSCs generate epigenetically modified
Mo/Macs, which could traffic to the TiME of the bladder and elicit an antitumour effect.

The overarching hypothesis of our studies is that antitumour effects of BCG therapy in
pre-clinical, syngeneic, orthotopic mouse model of bladder cancer is mediated by acquisition of
trained immunity. The systemic mode of BCG inoculation (IP and IV) will result in greater levels
of Tl as compared to local intravesical inoculation. In order to test this hypothesis, an adequate
model must first be established. Thus, the studies in this thesis aimed to (a) establish a pre-
clinical, orthotopic, syngeneic MB49 mouse model of bladder cancer and BCG immunotherapy
and (b) determine if IP, IV or intravesical routes of inoculation induce varying levels of Tl in a
non-tumour bearing mouse model. Although antitumour effects of BCG have been previously
observed, it was important for this study to irst determine whether BCG elicited an antitumour
effect in order to validate the use of the MB49 model. In order to determine the optimal mode of
BCG administration, the experimental design for the second objective involved three groups of
mice inoculated through the routes of IP, IV or intravesical, and within each group there was a

control cohort treated with saline and another cohort treated with BCG.
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Chapter 2

Materials and Methods

2.1 Cell lines

The MB49 murine bladder cancer cell line was purchased from Millipore Sigma
(Burlington, Massachusetts, USA, Cat. No. SSC148). This cell line is derived from C57BL/lcrf-a’
mouse bladder epithelial cells that were cultured with the chemical carcinogen 7,12-
dimethylbenzyl[a]anthracene (DMBA) for 24 hours, then the MB49 cells were collected on the
second day.*® These transformed cells were shown to generate carcinomas when intravesically
transplanted into syngeneic mice.*® Stock vials were stored in liquid nitrogen tanks.

MB49 cells were cultured in high-glucose Gibco Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific, Mississauga, Ontario, CA, Cat. N0.11965-118),
supplemented with 10% fetal bovine serum (FBS; Millipore Sigma, Cat. No. ES-009-B) and 1x
penicillin/streptomycin antibiotic (Millipore Sigma, Cat. No. TMS-ABS-C) in T-75 cm? cell
culture flasks. MB49 cells were incubated at 37 °C in a sterile humidified tissue culture incubator
maintained at 5% CO,. Once confluency reached approximately 70%-80%, which was typically
4-5 days post the initial day of cell culturing, cells were harvested using Gibco® Trypsin-EDTA
(0.05%) purchased from ThermoFisher Scientific. MB49 cells that were harvested were split and

re-seeded at a 1:10 dilution.
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2.2 Instillation of syngeneic orthotopic MB49 murine bladder tumours

Prior to any studies involving animals, experimental protocols were approved by the
Queen’s University Animal Care Committee (ACC). Female C57BL/6 mice (age 6-9 weeks)
were purchased from Charles River Laboratories (Wilmington, Massachusetts, USA). Animals
were allowed to acclimatize for at least five days at the animal care facility upon their delivery
arrival date, prior to experimentation. The mice were housed three per cage with food and water
ad libitum under specific-pathogen-free (SPF) conditions.

Intravesical tumour instillation was performed according to previous protocols and has
been optimized for use of weekly BCG immunotherapy.1#51% Mice were placed in the induction
chamber of the anesthesia system and were anesthetized using 3% Fresenius Kabi® Isoflurane
(Fresenius Kabi, Toronto, Ontario, CA, Cat. No. CP0406V2) in 1.5% oxygen at a flow rate of 1.5
L/min. After the mice entered surgical plane of anesthesia, which was verified by loss of the eye
blink and toe-pinch reflex, they were ear-punched and transferred to two surgical boards with six
nose cones attached to each board. Each surgical board was covered by a clean absorbent pad and
pre-warmed using a heating pad to maintain body temperature. Their noses were fitted inside the
nose cones to be kept under anesthesia at 2% isoflurane and placed in a supine position. The
surgical boards were angled at approximately 10° from the bench to promote cancer cell adhesion
to the dome of the bladder in order to prevent the tumour from blocking the urethra. Both eyes of
each mouse were applied with Optixcare® ophthalmic ointment (Aventix, Burlington, Ontario,
CA, Cat. No. 5914304) to prevent drying. Lower abdominal hair was removed by applying
Veet® hair removal cream for 1-2 minutes, then removed from the abdomen using gauze
dampened in water, to later perform ultrasound imaging.

Sterile 24 G Jelco® peripheral 1V catheters (Smiths Medical, Markham, Ontario, Cat. No.
405311) were lubricated with non-irritating Taro lubricating gel (Taro Pharmaceutical Industries,

Brampton, Ontario, CA, Cat. No. 063691049260). While holding the hub of the catheter with the
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dominant hand, the thumb and finger of the non-dominant hand was used to spread the hind legs
of the mouse and expose the urethral meatus. The lubricated catheter was gently inserted into the
urethra at a 45° angle to the surgical board, and once resistance was encountered the angle of the
catheter was moved parallel with the board to insert the catheter half-way through. The catheters
were gently lifted to visually confirm that it is inserted into the urethra and not the vagina, which
is directly below. When inserted correctly, the catheters could be inserted all the way to the hub,
as the vagina is shorter than the urethra.

Urine was removed from the bladder by aspirating it from the hub of the catheter using a
P200 pipettor, while gently applying pressure to the bladder. Using a P200 pipettor, 50 pl of poly-
L-lysine (PLL) (Millipore Sigma, Cat. No. 25988-63-0) was pipetted into the hub of the catheter,
followed by the attachment of a sterile 1 ml slip-tip tuberculin syringe (BD Biosciences,
Mississauga, Ontario, CA, Cat. No. BD B309659) into the hub of the catheter. The syringe was
pre-drawn to the 400 pl line. The tip of the syringe was slowly depressed to the 300 pl line to
release the PLL into the bladder. Instillations were performed over 30 seconds per mouse in order
to prevent leakage at the site of catheterization. The additional 50 pl of air inserted into the
bladder forced the PLL solution against the urothelium of the bladder, in particular the dome of
the bladder, so that optimal interaction between PLL and the mucosal layer was achieved. PLL
solution remained in the bladder for 20 minutes, by not disturbing the catheter and syringe, in
order to induce epithelial erosion and promote adhesion of cancer cells. Following 20 minutes,
PLL was aspirated from the bladder using the same technique used for removing the urine.

Following aspiration of PLL, the syringe was removed from the hub of the catheter and
pressure was gently applied to the bladder for the remainder PLL to be drained back into the hub
of the catheter and removed using a P200 pipettor. Following this, 50 ul of serum-free DMEM
high-glucose containing 5.0x10* MB49 cells, was inserted into the hub of the catheter. Earlier

pilot studies using 3.5x10°, 2.0x10° and 5.0x10* MB49 cells revealed that 5.0x10* cells to be the
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optimal cell number for the present study (Appendix A). The tip of another 1 ml syringe was
carefully attached to the hub of the catheter and carefully depressed to the 300 pul line, as
performed previously, to release the contents into the bladder. The catheter and syringe were left
in place for 50 minutes to allow the cells to attach to the urothelium.

Following 50 minutes, the catheter with the attached syringe was carefully withdrawn
and the cell suspension was left in the bladder. Isoflurane flow rate was reduced to 0%, and the
mice were gently removed from the nose cones. Once the mice regained their righting reflex, they

were placed back in their cages.

2.3 Intravesical BCG regimen

On days 7, 14, and 21 after tumour cell implantation, mice were anesthetized and
catheterized as described above. These 12 tumour-bearing mice were randomized into one of two
groups with 6 mice each: saline intravesical treatment and BCG intravesical treatment.

Lyophilized (freeze-dried) Moscow/Russian strain BCG produced by the Serum Institute
of India (Cat. No. LO3AX03) was purchased from Verity Pharmaceuticals (Mississauga, Ontario,
Canada). Each 40 mg vial contained between 1x10% and 19.2x108 colony-forming units (CFU) of
culturable particles of BCG. Lyophilized BCG was resuspended, in a level Il biological safety
cabinet, with sterile Gibco™ phosphate-buffered saline (PBS) at pH 7.2 to a concentration of 2
mg/ml (Thermo Fisher Scientific: Cat. No. 20012027).

In the treatment group, a P200 pipettor was used to add 50 ul of 2 mg/ml BCG (dose
based on pilot study as described in Appendix B) to the hub of the catheter and a 1 ml tuberculin
syringe, pre-drawn to the 400 pul line, was attached to the catheter. The syringe was carefully
depressed to the 300 pl line to release the contents into the bladder, as described above. Instilled
BCG was kept in the bladder for 60 minutes. Following instillation, isoflurane was reduced to

0%, and the mice were gently moved away from the nose cones and left to recover. Following the
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regaining of the right reflex, they were placed in a wire rack bottom cage with no bedding for
three hours. Mice were left without food or water for three hours after BCG instillation, before
being transferred back to normal caging.

For the saline treated group, 50 ul of PBS was intravesically instilled into the mice
bladders as described above. However, following the 60-minute wait period, the mice were

immediately placed back into their normal cages.

2.4 Ultrasound imaging of bladder tumours

On days 4, 11, and 18 after tumour cell implantations, mice from each group were
subjected to high frequency ultrasound imaging to determine the size of the bladder tumours.

All the mice were anesthetized as described in section 1.2. The lower abdominal regions
were shaved using a small shaving hair razor and Veet® hair removal cream, which was applied
as described above (RB Health, Kanata, Ontario, CA). After reaching surgical plane of
anesthesia, each mouse was placed in the supine position on the ultrasound platform, with the
nose placed securely in the nose cone. The isoflurane was turned down to 2% flow rate. The
ultrasound gel was then applied to the bladder region and a M550S probe was slowly lowered
onto the gel, while monitoring the screen to see when the bladder came into view. Once the
bladder was visualized and the tumour was found, the mouse platform was adjusted so that the
probe could scan the length of the bladder along the y-coordinate (from nose to tail) direction.
The probe was set to the middle of the bladder and an image was taken. The probe was then set to
scan the length of the bladder to record a three-dimensional (3D) image. This 3D scan was
repeated for each mouse.

Total tumour volume was analyzed using the Vevo™ Lab ultrasound analysis software
for each mouse at days 4, 11 and 18. Previous pilot studies have shown that tumours are first
visualized at four days post tumour cell instillation.
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2.5 Whole bladder tissue collection

At the study endpoint of 23 days, all 12 mice were euthanized. Briefly, each mouse was
intraperitoneally (IP) injected with 200 pl of 10 mg/ml Euthanyl Pentobarbital Sodium (Bimeda -
MTC, Cambridge, Ontario, Cat. No. 00141704). Upon loss of blink reflex and toe-pinch reflex,
the bladders of each mouse were harvested. These bladders were later weighed to compare the

differences in mass between the saline and BCG treatment groups.

2.6 Bone marrow tissue collection

Following euthanasia, both femurs and tibias of each mouse were disarticulated using
scissors, forceps and a razor blade. Using a razor blade, muscle and connective tissue were
removed from the femurs and tibias. Following this, a razor blade was used to cut the head of
each of the femurs and tibias. A Fisherbrand™ 10 ml Luer-Lock Sterile Syringe (Thermo Fisher
Scientific, Cat. No. 14955459) was pre-filled with cold monocyte isolation buffer (to preserve the
viability of monocytes) containing PBS, 2% FBS, and 1 mM EDTA. A PrecisionGlide™ 23 G x
% Hypodermic Needle (BD Sciences, Cat. No. 305143) was attached to the syringe. While
holding the femur with sterile forceps in the non-dominant hand, the needle was inserted into the
marrow cavity, using the dominant hand, through the articular surface of the knee joint. The bone
marrow (BM) of the femur was slowly flushed out with 3 ml of monocyte isolation buffer and
was collected in a 50 ml conical tube. This step was repeated for the second femur and the two
other tibias; however, 2 ml of monocyte isolation buffer was used for each tibia. The BM
suspension was centrifuged at 300xG for 5 minutes. Supernatants were removed, and the pellet of
BM cells was resuspended in freezing medium, which was composed of 70% high-glucose
DMEM, 20% FBS and 10% Sigma™ Dimethyl Sulfoxide (DMSO, Millipore Sigma, Cat. No.

D2650). Afterwards, 1 ml of cell suspension (1x107 to 1x108 BM cells) was aliquoted into

31



cryotubes which were placed in isopropanol-filled freezer cups overnight in a -80°C freezer. Once

frozen, they were transferred to freezer boxes and stored in a -80°C freezer.

2.7 Isolation of Bone Marrow-Derived Monocytes

The BM-containing cryotubes were placed into a water bath set to 37°C to rapidly thaw
the samples. The BM cell viability following thawing, as determined by trypan blue exclusion,
was 85%. The cell suspensions were then transferred to 10 ml of medium consisting of high-
glucose DMEM and 10% FBS warmed in a 37°C water bath. The cell suspensions were then
centrifuged at 300xG for 5 minutes. The supernatants were removed, and the pellet of bone
marrow-derived monocytes (BMDMs) was resuspended in 0.5 ml of RoboSep™ Buffer
(StemCell Technologies, Vancouver, British Columbia, CA, Cat. No. 20104,).

Monocyte isolations were performed using the EasySep™ Mouse Monocyte Isolation Kit
(StemCell Technologies, Cat. No. 19861A) which targets non-monocyte cells (negative selection)
by labeling cells with antibodies and magnetic particles (Table 1). Non-monocytic cells are
separated from monocytes using an EasySep™ magnet (monocytes remain in suspension).
According to the isolation Kit, the monocyte content of the isolation fraction is 94.2 £ 1.5% (mean
+ SD using the purple EasySep™ Magnet). The purity of monocytes, however, was not
confirmed. The population of monocytes isolated by the kit were defined as: CD11b+/CD3e-

/CDR45R-/CD117-/Ly-6G-/NK1.1-/Siglec F-/SSC low.
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Table 1. List of selected antibody clones that targeted non-monocyte cells

Antibody Species Reactivity Clone Target Cells
CD11b Mouse M1/70 B cells, dendritic
cells, granulocytes,
macrophages,

neutrophils, NK
cells, T cells, Tregs
CD3e Mouse 145-2C11 T-cells, thymocytes

CD45R Mouse RA3-6B2 B cells, T cells, NK
cells, dendritic cells,
and lymphokine-
activated killer
(LAK) cells.

Ly-6G Mouse 1A8 Granulocytes,
macrophages,
monocytes

NK1.1 Mouse PK136 NK cells and NK T-
cells

CD117 Mouse ACK45 Hematopoietic stem
cells, acute myeloid
leukemia (AML)
cells, mast cells
Siglec F Mouse E50-2440 Immature cells of
myelomonocytic
lineage

The BM cell suspensions were transferred to 5 ml Falcon® Round-Bottom Polystyrene
tubes (Thermo Fisher Scientific, Cat. No. 352054) because the cell concentrations were within the
indicated 1x108 cells/ml and volume range of 0.5-2 ml. Using a P20 pipettor, 25 pl of Normal rat
serum (Thermo Fisher Scientific, Cat. No. 13551) was added to the sample. The selection cocktail
was prepared in a 1.5 ml Eppendorf tube by mixing 25 pl of EasySep™ Component A with 25 pl
of EasySep™ Component B, then incubating it at room temperature for 5 minutes. Afterwards,

50 ul of the selection cocktail was added to each sample and left to incubate on ice for 5 minutes.
Near the end of this incubation time, the RapidSpheres™ were vortexed for 30 seconds. At the

end of the incubation time, 50 ul of the RapidSpheres™ were added to each sample, then left to
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incubate on ice for 3 minutes. Following this, each sample was topped up to 2.5 ml with
RoboSep™ Buffer (StemCell Technologies, Cat. No. 20104) and mixed gently by pipetting up
and down 2-3 times with a P1000 pipettor. Next, each tube was placed into the EasyEights™
magnet (StemCell Technologies, Cat. N0.18103) without a lid and were left to incubate at room
temperature for 5 minutes, at which point the undesired cells were removed from suspension. The
enriched cell suspension was carefully pipetted, using a P1000, into a new 5 ml tube. The old
tubes were removed from the magnet and the new tubes were placed into the magnet for another
5-minute incubation period. Again, the enriched cell suspension was carefully pipetted into a new

5 ml tube and the remaining monocytes were ready for use.

2.8 Challenge of bone marrow-derived monocytes with an inflammatory stimulus

Quadruplicate samples containing 1x10° BMDMs in 100 pl monocyte medium consisting
of Gibco™ RPMI Medium 1640 (1x) (Thermo Fisher Scientific, Cat. No. 11875-093), 10% of
FBS, and 1% Gibco™ Penicillin-Streptomycin (10,000 U/ml) were seeded in a 96-well plate.
Monocyte medium is the standard medium used when culturing monocytes; as we previously
used in our study on TI in NMIBC patients.®* BMDMSs were incubated for one hour at 37°C in
5% CO; balance air. After the incubation, two of the wells from each sample were topped up to
200 pl with an additional 100 pl of monocyte medium; these wells served as the control wells
without the inflammatory stimulus. The remaining two wells of each sample were also topped up
to 200 ul, however, received 100 pl of 20 ng/ml lipopolysaccharide (LPS) which is a
heterologous inflammatory stimulus. Overall, each sample had duplicate control wells without
LPS and duplicate wells containing LPS. These cells were incubated for 24 hours at 37°C in 5%

CO; balance air. Monocyte supernatant was collected the following day and stored at -80°C.
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2.9 Multiplexed cytokine and chemokine analysis of BMDM supernatants

After challenging the BMDMs with LPS for 24 hours, the supernatants samples were
labelled and stored at -80°C. A subset of the collected samples was sent to Eve Technologies
(Calgary, AB, Canada) for assessment of proinflammatory and anti-inflammatory cytokines, as
well as chemokines, by means of a Mouse Focused 10-Plex Discovery Assay (Table 2). The
proinflammatory cytokines chosen to assess TI were IFNy, IL-18, IL-2, IL-6, IL-12p70,
granulocyte-macrophage colony-stimulating factor (GM-CSF) and TNFa. IL-6 and TNFa are
common cytokines assessed for TI, as these are main regulators of the inflammatory
response.®®162 The chemokine monocyte chemoattractant protein-1 (MCP-1) was chosen as it is
upregulated in response to inflammation, which could indicate T1.%° Finally, IL-10 was assessed
as a control marker to determine whether there was an anti-inflammatory response.® The

remaining samples were stored at -80°C for future investigation.

2.10 Optimization of the most efficacious therapeutic route of BCG inoculation

2.10.1 Intravesical BCG regimen

Twelve C57BI/6 female mice, ages 6-9 weeks, were randomly selected into one of two
groups: saline intravesical treatment, or BCG intravesical treatment. These mice were
anesthetized and catheterized as described in section 2.3. The saline-treated group was given
three treatments of 50 ul of PBS, once per week. The BCG-treated mice were given three
treatments of 50 ul of 4 mg/ml BCG suspension (200 pg of BCG; dose based on pilot study as
described in Appendix B), once per week. The mice were monitored daily for complications. At
the study endpoint, bone marrow from femurs and tibias of each mouse was harvested and
BMDMs were isolated and challenged with LPS in cell culture, in order to perform a Mouse

Focused 10-Plex Discovery Assay, as described in sections 2.8 and 2.9.
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2.10.2 Intraperitoneal BCG regimen

Twelve C57BI/6 female mice, ages 6-9 weeks, were randomly selected into one of two
groups: saline IP treatment, or BCG IP treatment. The dominant hand held the tail of a mouse,
while the non-dominant hand scruffed the mouse to restrain neck and arm movement. The non-
dominant hand held and positioned the mouse in a supine position parallel with the bench. The
lower right quadrant of the abdomen was injected with a PrecisionGlide™ 26Gx ' inch needle
(BD Biosciences, Cat. No. 30511) attached to a 1 ml tuberculin syringe that was pre-drawn with
100 pl of 2 mg/ml BCG (total 200 ug BCG; dose based on pilot study as described in Appendix
B). Half the length of the needle was inserted, with the bevel facing up and towards the head at a
30-40° angle to the horizontal, in order to avoid damage to the urinary bladder, cecum and other
abdominal organs. The plunger was depressed within 1-2 seconds, and the needle was pulled
straight out. The mice were placed back in the cage and monitored for complications. The saline-
treatment group was given three treatments of 100 ul of PBS, once per week. The BCG-treated
mice were given three treatments of 100 pl of 200 ug BCG, once per week. At the study
endpoint, BMDMs from femurs and tibias were isolated and challenged with LPS in cell culture,
in order to perform a Mouse Focused 10-Plex Discovery Assay, as described in sections 2.8 and

2.9.

2.10.3 Intravenous BCG regimen

Twelve C57BI/6 female mice, ages 6-9 weeks, were randomly selected into one of two
groups: saline 1V treatment, or BCG 1V treatment. All the mice were anesthetized using an
isoflurane induction chamber (3% isoflurane in 1.5% oxygen at a flow rate of 1.5 L/min) as
described in section 2.2. Lo-Dose™ U-100 Insulin Syringes (BD Biosciences, Cat. No. 329461)
were pre-drawn to the 100 pl line with 2 mg/ml of BCG (total 200 pg BCG; dose based on pilot
study as described in Appendix B), or with PBS, depending on the treatment group. Mice were

placed on an absorbent pad in the left lateral recumbent position with the head facing to the right.
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The right eye of the mouse was partially protruded using the index finger and thumb of the non-
dominant hand by applying gentle pressure to the skin dorsal and ventral to the eye. The needle
was carefully inserted at an angle of approximately 30°, with the bevel facing up, into the medial
canthus. The needle was inserted slowly until it encountered the retro-orbital section of the skull,
then the needle was carefully pulled out approximately three millimeters. The plunger was
quickly depressed to release the content. Each injection took approximately 1-2 seconds to
complete. The saline-treatment group was given three treatments of 100 pl of PBS, once per
week. The BCG-treated mice were given three treatments of 200 ug BCG in 100 pul, once per
week. At the study endpoint, BMDMs from femurs and tibias were isolated and challenged with
LPS in cell culture, in order to perform a Mouse Focused 10-Plex Discovery Assay, as described

in sections 2.8 and 2.9.

2.11 Data analysis and statistics

An unpaired Student’s t-test was employed when comparing the bladder masses between
tumour-bearing mice either treated with or without BCG. In order to normalize the tumour
volumes across each mouse, volumes of bladder tumour percentage were determined using
Vevo™ Lab ultrasound analysis software. Unpaired Student’s t-tests were employed when
comparing the tumour volume percentages between tumour-bearing mice either treated with or
without BCG. Cytokine data analysis was conducted using Prism 9.1.2.226. When comparing the
mean concentration of cytokine release between tumour-bearing mice that received saline or
BCG-treatment, unpaired Student’s t-tests were employed. When comparing the cytokine levels
secreted from BMDMs of mice inoculated with saline or BCG in non-tumour bearing mice, via
the routes of IP, IV, or intravesical, a two-way ANOVA was employed. Furthermore, to
determine the effect of route of saline and BCG instillation on the secretion of inflammatory
cytokines by BMDMs, one-way ANOVA tests were performed to compare the mean
concentrations of cytokines. p-Values < 0.05 were considered statistically significant. Following
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the two-way and one-way ANOVA tests, Tukey’s honest significance tests were used as post hoc

tests.
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Chapter 3

Results

3.1 Effect of intravesical BCG immunotherapy on tumour growth.

To test for the antitumour effect of BCG immunotherapy in mice, a decrease in percent
bladder tumour volumes in mice treated with BCG compared to those in mice treated with saline
was evaluated by the end of the study endpoint. This was accomplished by taking high frequency
ultrasound images at days 4, 11, and 18. Tumour volume was normalized according to the total
volume of bladder that they occupied. The normalized tumour volumes on days 11 and 18 were
divided by the normalized volume on day 4 to determine change in tumour volume between these
two time points (Figure 3-1 B and C). The change in tumour volume between day 18 and day 11
was calculated in a similar manner (Figure 3-1 D). Results show a trend toward decreased tumour
growth between days 4 and 11 (p = 0.098) in mice treated with intravesical BCG (Figure 3-1 B).
Such effect of BCG was not observed between days 4 and 18, or between 11 and 18 of treatment
(Figure 3-1 C and D). At the study endpoint on day 23, mice were sacrificed and their bladders
were harvested. The mass of each bladder, measured in grams (g), was determined using a weight
scale. Bladder weights of tumour-bearing mice given weekly intravesical BCG administration

were not significantly different from those of control, saline-treated, mice (Figure 3-1 E).
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Figure 3-1. Effect of intravesical BCG administration on tumour growth.

Sample high-frequency ultrasound bladder images are shown from a MB49 tumour-bearing mouse treated
weekly with saline, up to 18 days post tumour instillation (A). Total tumour volumes of each mouse
bladder were analyzed using the Vevo™ Lab ultrasound analysis software. Ratios of normalized bladder
tumour volumes were calculated between day 11 and day 4 (B; n = 7 for saline and n = 8 for BCG), day 18
and day 4 (C; n = 8 for saline and n = 10 for BCG), as well as day 18 and day 11 (D; n = 7 for saline and

n =9 for BCG). The horizontal line in each treatment group indicates their respective means. The two
vertical lines extending from mean indicates the SEM for each group. The circles in the graphs (B-D)
indicates the levels of cytokine release from BMDMs of each individual saline treated mouse, whereas the
squares indicate the levels of cytokine release from BMDMs of each individual BCG-treated mouse.
Unpaired Student’s t-tests were performed to compare the change in tumour volumes between mice treated
with saline or BCG. All comparisons between saline and BCG-treated mice were not statistically
significant (p > 0.05). At the study endpoint (day 23), the bladders of C57BI/6 mice treated with saline or
BCG (dose of 200 ug) were harvested and weighed (E; n = 12 for saline and n = 13 for BCG). The upper
horizontal line of each bar for each treatment group indicates the group mean weight of bladders. The two
vertical lines extending from each bar indicate the standard error of the mean (SEM) for each group. An
unpaired Student’s t-test was performed to compare the mean bladder wights between saline and BCG

treated mice. ns = not significant.
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3.2 In vitro release of inflammatory cytokines by bone marrow monocytes.

To assess whether T1 was induced after BCG immunotherapy, the bone marrow of each
mouse was harvested at the study endpoint (day 23) and bone-marrow-derived monocytes
(BMDMs) were isolated. Following stimulation of BMDMs, to 20 ng/ml of lipopolysaccharide
(LPS, a heterologous inflammatory stimulus) for 24 hours, monocyte supernatants were collected
and a subset of these samples (one supernatant sample treated without LPS and another sample
treated with LPS, for each mouse) were sent to Eve Technologies for cytokine and chemokine
analysis using a Mouse Focused 10-plex Discovery Assay. Only four of the ten cytokines (TNFa,
IL-6, IL-1P and IL-10) were detected by the assay (Figure 3-2) from LPS treated sampled (no
response from samples treated without LPS). Monocytes from tumour-bearing mice treated with
BCG had decreased levels of proinflammatory cytokines following LPS exposure, compared to
monocytes from saline-treated mice (all graphs had p-values < 0.01). The percent decrease in
mean levels of TNFo + SEM from BMDMs of BCG-treated mice compared to BMDMs of saline-
treated mice was -77% =+ 27%. Similarly, the mean levels of IL-6 decreased by 82% =+ 38 %, and
IL-1p levels decreased by -71% + 30%. Finally, the results showed that the mean levels of IL-10

decreased by -77% + 36 %.
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Figure 3-2. In vitro cytokine secretion by LPS-treated monocytes from tumour-bearing mice.

Supernatants from samples containing 1x10° bone marrow-derived monocytes were obtained from
tumour-bearing mice and co-cultured with LPS for 24 h. A subset of samples were sent to Eve
Technologies (Calgary, AB, Canada) to assess levels of proinflammatory and anti-inflammatory cytokines
using a Mouse Focus 10-Plex Discovery Assay. Only four of the ten cytokines (TNFa, IL-6, IL-1B and
IL-10) were detected by the assay. The orange bars represent the mean cytokine levels released from
monocytes of saline-treated mice, whereas the blue bars represent the mean cytokine levels released from
monocytes of BCG-treated mice (dose of 200 ug). Bars represent the mean of cytokine levels + SEM.
Unpaired Student’s t-tests were performed to compare the mean concentrations of IL-1B (n = 4 for saline,
n =6 for BCG), IL-6 (n =5 for saline, n = 6 for BCG), TNFa. (n = 5 for saline, n = 6 for BCG), and IL-10
(n = 4 for saline, n = 5 for BCG) from BMDMs of tumour-bearing mice treated with saline or BCG.
Asterisks (**) indicate statistical significance (p < 0.01). ns = not significant.
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3.3 Effect of systemic and local modes of BCG inoculation on the acquisition of

trained immunity (T1) in a non-tumour-bearing mouse model.

Although T1 was not shown to be associated with antitumour effects of BCG
immunotherapy, the next objective was to determine whether systemic modes of BCG inoculation
(IP and IV) induced greater levels of TI than local BCG intravesical inoculation. If Tl is
hypothesized to play a role in the antitumour effect of BCG immunotherapy, systemic modes of
inoculation should reach the bone marrow more efficiently for greater myelopoiesis, as compared
to the local intravesical inoculation. In this objective, it was not necessary to have a tumour-
bearing mouse model to determine the extent of BCG-acquired TI. Therefore, there were three
groups of non-tumour bearing mice and each group had a cohort treated with saline, and the other
cohort was treated with BCG weekly, starting on day 0. Each cohort had a different route of BCG
instillation of either IP, IV or intravesical. At the study endpoint (day 16), BMDMs were isolated
from each mouse and were exposed to LPS for 24 hours. The same method of determining the
presence of TI in BMDMs in section 3.2 was applied here. Levels of TNFa, IL-6, IL-13, MCP-1
and IL-10 were detectable in the cultures following LPS exposure. However, there was no
evidence of Tl acquisition in BMDMs from mice treated with BCG compared to mice treated
with saline (Figure 3-3). Monocytes from mice treated with BCG intravesically secreted higher
levels of proinflammatory cytokines and chemokines (IL-6, IL-18, MCP-1) than monocytes from
control mice treated intravesically with saline (Figure 4). However, levels of IL-1B secreted from
monocytes of mice treated intravenously with saline were significantly higher than the levels of
IL-1pB secreted by monocytes of mice treated intravenously with BCG (p < 0.05). Compared with
IL-1pB levels of BMDMs from mice treated with saline IV, the percent decrease of IL-1f by

BMDMs from mice treated with BCG IV was 51% + 15%.
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Figure 3-3. In vitro cytokine secretion by LPS-treated monocytes from non-tumour bearing mice.

There were three groups of hon-tumour-bearing mice (n = 12) and each group had a cohort treated with saline
(n = 6), and the other cohort was treated with BCG (h = 6) weekly, starting on day 0. Each cohort was instilled
with BCG either IP, 1V or intravesically (dose of 200 pg). At the study endpoint (day 16), BMDMs were
isolated from each mouse and were exposed to LPS for 24 hours. The same method of determining the presence
of TI in BMDMs in section 3.2 was applied in this experiment. Out of 10 cytokines analyzed, TNFa, IL-6, IL-
1B, MCP-1 and IL-10 had detectable levels. Bars represent the mean cytokine levels + SEM. The red bars
represent levels of cytokines released by monocytes from mice that received IP injections. The green bars
represent levels of cytokines released by monocytes from mice that received IV injections. The blue bars
represent levels of cytokines released by monocytes from mice that received intravesical inoculation. The
circles represent the cytokine data from BMDMSs not exposed to LPS, whereas the triangles represent cytokine
levels after exposure to LPS for 24 h. A two-way ANOVA was used to determine significant differences in
mean cytokine levels between the routes of administration (IP, IV and intravesical), and treatment inoculated
(BCG or saline). Asterisks (*) indicate statistical significance (p < 0.05). ns = not significant.
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3.4 Effect of route of BCG instillation on the secretion of inflammatory cytokines by

BMDMs from non-tumour bearing mice.

The findings shown in Figure 3-3 revealed that there was no evidence of BCG-acquired
Tl among the three different routes; however, there was a difference in the levels of
proinflammatory cytokines released by BMDMs after BCG was administered intravesically
compared with BCG administered IP or V. The in vitro cytokine secretions of BMDMs exposed
to LPS, from BCG-treated mice, were plotted in separate graphs comparing the route of
administration to the five cytokines that demonstrated a response (IL-1B, IL-6, MCP-1, TNFa,
and IL-10). Compared with IP and IV administration, intravesical BCG instillation resulted in
significantly increased levels of IL-1p, IL-6, and MCP-1 secretion by BMDMs (all p-values <
0.01) (Figure 3-4). Compared with mean levels of IL-1p secreted from BMDMs isolated from
BCG IP and BCG IV treated mice, the percent increase in mean IL-1p secretion from BMDMs of
BCG intravesically treated mice were 43% + 14% and 56% + 16%, respectively (p-values <
0.01). Compared with means levels of IL-6 secreted from BMDMs isolated from BCG IP and
BCG IV treated mice, the percent increase in mean IL-6 secretion from BMDMs of BCG
intravesically treated mice were 45% + 21% and 61 + 17%, respectively (p-values < 0.01).
Compared with mean levels of MCP-1 secreted from BMDMs isolated from BCG IP and BCG
IV treated mice, the percent increase in mean MCP-1 secretion from BMDMs of BCG

intravesically treated mice were 62% + 27% and 65 + 13%, respectively (p-values < 0.01).
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Figure 3-4. In vitro cytokine secretion by LPS-treated monocytes from non-tumour bearing mice
administered with BCG.

Using data from Figure 3-3, the in vitro cytokine secretions of BMDMs exposed to LPS, from BCG-
treated mice BCG (dose of 200 pg), were plotted in separate graphs comparing the route of
administration to the five cytokines that demonstrated a response (IL-1f, IL-6, MCP-1, TNFa, and IL-
10). BMDMs of BCG IP, BCG IV and BCG intravesical cohorts each have an n = 6 for each graph. One-
way ANOVA was performed to compare the mean concentrations of cytokines secreted by BMDMs
from BCG-treated mice inoculated through IP, IV or intravesical routes. Bars represent mean of cytokine
levels + SEM. The red bars represent levels of cytokines released by monocytes from mice that received
IP injections. The green bars represent levels of cytokines released by monocytes from mice that received
IV injections. The blue bars represent levels of cytokines released by monocytes from mice that received
intravesical inoculation. Asterisks (** and ***) indicate statistical significance (p < 0.01 and p <0.001,
respectively). ns = not significant.
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3.5 Effect of route of saline administration on the secretion of cytokines by BMDMs.

Results shown in Figure 3-3, revealed that BMDMs from saline-treated mice also
exhibited a pro-inflammatory phenotype following LPS challenge. Therefore, the secreted
cytokine levels, from LPS exposure, were plotted (Figure 3-5). Of the 10 cytokines assayed, only
IL-6 levels were significantly increased following intravesical saline administration compared
with IV saline administration (p > 0.05) (Figure 3-5). IL-6 levels from BMDMs of mice
intravesically treated with saline were 55% * 18% higher than the levels secreted by BMDMSs

from mice treated 1V with saline.
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Figure 3-5. In vitro cytokine secretion by LPS-treated monocytes from non-tumour bearing

mice administered with saline.

Using data from Figure 3-3, the in vitro cytokine secretions of BMDMs exposed to LPS (20 ng/ml),
from saline-treated mice, were plotted in separate graphs to compare the effect of the route of
inoculation (IP, IV and intravesical) on in vitro monocyte cytokine release following LPS exposure
(n = 6 for each route of inoculation). One-way ANOVA was performed to compare the mean
concentrations of cytokines. Bars represent mean of cytokine levels £ SEM. The red bars represent
levels of cytokines released by monocytes from mice that received IP injections. The green bars
represent levels of cytokines released by monocytes from mice that received IV injections. The blue
bars represent levels of cytokines released by monocytes from mice that received intravesical
inoculation. Asterisk (*) indicates statistical significance (p < 0.05). ns = not significant.

53



Chapter 4

Discussion

Although the current gold-standard treatment for intermediate- to high-risk NMIBC is
TURBT, followed by intravesical BCG immunotherapy, the rate of recurrence remains high in
these patients. Therefore, there is a clinical need to reduce this rate of recurrence. A better
understanding of the mechanism of action of BCG could lead to the development of new
approaches to improve the efficacy of BCG therapy and, consequently, better patient outcomes
including lower recurrence rate. There is increasing evidence that Tl is a significant molecular
mechanism for BCG immunotherapy in bladder cancer that contributes to recurrence-free
survival. Our lab was the first to demonstrate an association between BCG-induced TI in
peripheral blood monocytes and disease-free survival in patients with NMIBC.2% Furthermore, a
recent study by Kaufmann et al. demonstrated that IV BCG vaccination of mice influenced HSC
expansion towards myelopoiesis, which resulted in greater protection against virulent M.
tuberculosis, as compared to subcutaneous inoculation.*3 Kaufmann et al. demonstrated that
systemic modes of inoculation allowed for direct access of BCG to the bone marrow to induce TI.
This study provides an initial basis for future studies to assess whether the antitumour effects of
BCG immunotherapy are mediated by systemic Tl acquisition. Recently, a study by Brandi et al.
showed that intranasal administration of MV130 (an inactivated polybacterial mucosal vaccine)
in wild-type and Rag-1-deficient mice provided heterologous protection against C. albicans,
which was shown to be associated with reprogramming of both mouse BM cells and in vitro
human monocytes.®® Overall this study provides a basis for future studies to assess whether the
antitumour effect of BCG immunotherapy is mediated by TI acquisition. The findings did not
demonstrate a statistically significant antitumour effect (only a trend after 11 days of intravesical

BCG instillation) of BCG. Additionally, we proposed that systemic modes of BCG inoculation
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(IP and IV) would lead to higher levels of T1, compared with local intravesical inoculation.
However, while T1 was not induced after either IP, IV and intravesical inoculations of BCG in
non-tumour bearing mice, the results showed that intravesical inoculation of BCG and saline
resulted in significantly higher levels of proinflammatory cytokine secretion by bone marrow-
derived monocytes compared with similar cells obtained from mice after IV or IP administration.
To establish a preclinical mouse model of BCG immunotherapy, our first objective was
to determine if BCG treatment elicited an antitumour effect in an MB49 bladder cancer mouse
model. Early preclinical studies with BCG, prior to its use in clinical studies, found that BCG has
direct antitumour effects.*®4° Gunther et al. were the first to investigate optimizing the orthotopic
MB49 bladder cancer model and found antitumour effects from BCG treatment via reduced
bladder weights and greater survival compared to control mice.'*> Although antitumour effects
have been previously observed, it was important for this study to first assess whether BCG
elicited an antitumour effect in order to validate the use of the MB49 model. Therefore, to
determine an antitumour effect of BCG in this study, whole bladders of saline and BCG-treated
mice were weighed at the study endpoint (day 23). We observed that the mean bladder weights
between the saline and BCG treated groups were not significantly different, which contrasted
with the findings of Gunther et al. However, this could be due to a difference in dosing which
could affect therapeutic response, as this thesis used a dose of 200 ug of BCG to treat mice,
whereas Gunther et al. used 1.35 mg. The dose of BCG used in our study was based on a pilot
study performed in our lab (Appendix B), whereby TI was demonstrated in monocytes stimulated
with LPS in vitro, following a single IP injection of 100 pg of BCG into MB49 tumour-bearing
mice. However, the confounding factors from that pilot study were the route of administration
and the frequency, as there was only one inoculation, as compared to three inoculations used in
this thesis. Furthermore, optimal dosing regimen for patients with NMIBC has yet to be fully

elucidated.®>® After harvesting the whole bladders, the size of each bladder substantially varied
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between mice. Consequently, assessment of bladder weights may not be the optimal method for
determining antitumour effect.

Another approach used to assess antitumour effects was to determine tumour volume
using high-frequency ultrasound imaging. This allowed for visual tracking of tumour
growth/regression throughout the 23-day study period, which is arguably a more reliable method
to determine antitumour effects over time than just assessing bladder weights at end point. To our
knowledge, there are relatively few studies that have demonstrated antitumour effects of BCG in
an MB49 model using ultrasound imaging*¢":1%, Garris et al. found that intravesical BCG
treatment in an MB49 bladder cancer mouse model did not elicit sustained tumour regression,
compared to intravesical anti-CD40 agonist (21V1-V11) treatment, which demonstrated durable
and more robust antitumour effects.'®” Furthermore, Yuen et al. found that intravesical
inoculation of Ganoderma lucidum (GLe; a fungus used in oriental medicine) in the MB49 mouse
model delayed tumour formation by one week; also, the average bladder tumour volume at
endpoint was 3.6-fold smaller than bladders of tumour-bearing mice treated with BCG.®8 This
study demonstrated a similar finding to Garris et al., as by day 11, a few days before the BCG
cohort received the second course of treatment, there was a trend in the BCG treated cohort
toward decreased tumour growth compared to the saline treated cohort. However, this tumour
growth inhibitory effect was lost by day 18, which was before the BCG cohort received their third
course of treatment.

As stated earlier, it is possible that the lack of an antitumour effect of BCG observed in
this study is a result of inadequate dosing. Moreover, determination of an optimal dosing regimen
for patients with NMIBC has eluded clinicians since the inception of BCG immunotherapy.5®
The typical high dose used per treatment course is between 81 mg and 120 mg of BCG per
instillation; however, to reduce systemic adverse effects, clinicians have tried to employ a low

dose of BCG (27 mg) for treatment courses.'>*1%%1/0 These studies showed that there was no
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difference between the rates of progression or death between study groups. Furthermore, reducing
the dose had little effect on minimizing side effects and systemic toxicity. In addition, response to
BCG has shown to be limited by tumour size in mouse models, which is applicable in this study
as the MB49 tumours exhibited rapid growth and mice had to be sacrificed 23 days post tumour-
implantation.'’ Therefore, the first week after tumour instillation of the MB49 bladder tumour
cells is more reflective of the human BCG-treated bladder cancers since these treatments are
started when the tumour load is residual or nonexistent.>% However, in the present study, rapid
MB49 tumour growth in mice could have reduced the antitumour effects of BCG immunotherapy.
Finally, it is important to note that not all studies have been able to demonstrate that BCG is
directly cytotoxic against bladder cancer cells. One study showed that the in vitro proliferation
rate between BCG-infected MB49 cells and non-infected MB49 cells were not different,
demonstrating no direct antitumour effects.®

Following the assessment of antitumour effects, bone marrow-derived monocytes of
saline- and BCG-treated (MB49 tumour-harboring) mice were stimulated with 20 ng/ml of LPS
(a secondary heterologous stimulus) in vitro to determine the presence of TI. Currently, there is a
lack of studies that have investigated the role of TI in the immunological mechanism of
intravesical BCG therapy. One study demonstrated that monocytes isolated from peripheral blood
of patients two hours after their sixth induction BCG instillation (75 mg/ml) exhibited a
heightened cytokine response to 20 pg/ml of LPS, administered in vitro, compared to untreated
NMIBC patients and age-matched healthy volunteers.’? There was a significantly higher LPS-
induced production of TNFa and IL-1a by peripheral blood monocytes isolated from the BCG-
treated group, compared to the untreated patients. Recently, a study from our lab was the first to
demonstrate an association between BCG-induced innate immune memory in peripheral blood
monocytes and disease-free survival in patients with NMIBC.° Compared with patients

undergoing recurrence, the post-BCG:pre-BCG ratio of LPS (10 ng/ml) induced IL-12 in cultures
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of monocytes obtained from patients without recurrences after five BCG instillations was
significantly increased. In contrast to these clinical observations, the present study revealed that
BMDMs from mice after three inoculations of BCG exhibited reduced secretion of
proinflammatory cytokines (TNFa, IL-6 and IL-1p) in response to LPS compared with
monocytes isolated from saline-treated mice. The dose of LPS used to stimulate monocytes in
culture may affect secretion of pro-inflammatory cytokines, as one study showed that high dose
LPS (1 pg/ml) suppressed/tolerized monocytes in culture, compared to low dose LPS (100 pg/ml)
which induced higher levels of inflammatory mediators.”® However, the dose of LPS used in this
thesis (20 ng/ml) is within the average range used to stimulate monocytes in culture and is similar
to the dose of LPS used in our lab’s study (10 ng/ml).1®° This further contrasts with findings from
Buffen et al., whereby peripheral blood monocytes isolated from patients that received BCG
immunotherapy exposed to LPS (10 ng/ml) in vitro resulted in heightened levels of TNFa, 1L-6
and IL-1p.1"* Given that in the present study the levels of these proinflammatory cytokines were
decreased in monocyte cultures in response to LPS, IL-10 (a potent anti-inflammatory cytokine)
production was expected to increase in order to promote tumour cell proliferation and metastasis
via immunosuppression.®® However, this study found that IL-10 levels were also reduced in
monocyte cultures exposed to LPS. The reason for the reduced IL-10 levels is not fully
understood; however, IL-10 works homeostatically by increasing its levels in response to
heightened proinflammatory cytokine release, which was not evident here.®® Another potential
reason for the reduced levels of IL-10 is that the half-life is only 60 minutes in medium, therefore,
most of the IL-10 may have degraded after 24 h of incubation with LPS."® This result is
paradoxical to our hypothesis, as a secondary insult to “trained” monocytes was expected to
trigger an enhanced non-specific response through increased cytokine release.’** This blunted
cytokine release in response to LPS in vitro is indicative of tolerance, as there was an attenuated

response upon secondary stimulation with LPS.*” This immune tolerance could possibly develop
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as a result of chronic exposure to E.coli LPS present in the bedding of the cages.”® Mice are
coprophagic animals, whereby fecal consumption can prime the innate immune system and lead
to tolerance.'”” Once established, LPS tolerance can last for several weeks.”® However, one major
challenge to this theory is that several studies have shown that mice housed in their cages,
exposed to their own feces, experienced septic shock upon a lethal IP injection of LPS (601 ug
for mice 6-7 weeks old).1782% Therefore, those studies challenge the notion of feces-induced LPS
tolerance. However, in this study we did not administer a lethal dose of LPS to the mice, as only
isolated BMDMs from all the mice were stimulated with a standard dose of LPS in vitro to induce
proinflammatory cytokine/chemokine secretion. These cytokine results correlate with the bladder
weight results in that systemic immune suppression resulting from chronic LPS exposure could
explain the reduced antitumour effects observed in the study. These results suggest that exposure
of BMDMs to LPS leads to tolerance acquisition and that another non-tolerogenic immune-
stimulating agent could be more effective at inducing T1 in monocytes. An alternative explanation
for the attenuated pro-inflammatory response of BMDMs isolated from BCG-treated mice is that
it is a potential homeostatic response to high levels of inflammation triggered by the large
tumour, as chronic inflammation is associated with cancer development.8! Therefore this
inflammatory state triggered by the tumours could lead to attenuation of monocytes activity in
order to prevent a sepsis-like state.'®28 The presence of a tumour and/or live BCG likely
maintains a high level of chronic inflammation in this study’s model.

To further optimize the pre-clinical bladder cancer mouse model, the next objective was
to determine whether IP, IV or intravesical routes of inoculation affected the acquisition of TI. To
the best of our knowledge, this is the first study that has investigated multiple routes of BCG
immunotherapy to optimize bladder cancer treatment. This was determined by assessing the
levels of TNFa, IL-6, IL-1p and monocyte chemoattractant protein-1 (MCP-1) in monocytes

exposed in vitro to LPS. As mentioned above, increased production of the proinflammatory
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cytokines TNFa, IL-6 and IL-1f are a hallmark of TI in monocytes of NMIBC patients that have
received BCG immunotherapy.'’* Both TNFa and IL-6 are produced by macrophages/monocytes
during acute inflammation for host defense.®® Furthermore, levels of modified histones associated
with proinflammatory genes were significantly upregulated in BCG-trained monocytes.'’

Increased IL-1p levels during acute inflammation result in monocyte differentiation to M®

macrophages which increase presentation of mycobacterial antigens to T cells and mediate
tumour cytotoxicity.'8*18 Furthermore, MCP-1, a key chemokine released in response to
inflammation, regulates migration and infiltration of monocytes/macrophages.®® However, this
study found that after inoculating non-tumour bearing mice with BCG via IP, 1V, and intravesical
routes of administration, T1 was not induced. The reason for this reduced proinflammatory
response could also be due to tolerance due to prior LPS exposure.

An additional objective of this research was to determine the effect of route of BCG
inoculation on the secretion of inflammatory cytokines. This was accomplished by measuring
LPS-induced cytokine production following IP, IV and intravesical administration of BCG.
Compared with IP and IV administration, intravesical BCG instillation resulted in significantly
increased levels of LPS-induced IL-1p, IL-6, and MCP-1 secretion by BMDMs. Theoretically,
systemic administration of BCG through IP and IV routes should induce higher proinflammatory
cytokine production compared to local intravesical administration. Systemic injection allows
BCG to disseminate to any organ easily in the body, via the blood stream, which then can access
the bone marrow to prime HSCs and MPPs to produce increased inflammatory cytokines.
Intravesical administration not only elicits local adverse effects, but can also cause systemic
effects such as fever, malaise and sepsis in rare cases.'®® Therefore, these adverse effects suggests
that BCG inoculation into the bladder also elicits a systemic effect, as BCG can infiltrate the
vasculature in the bladder urothelium and disseminate to other sites.'®® Although BCG is

attenuated, it is a mycobacterium which can be recognized by immune cells, therefore, initiating
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an inflammatory immune response. LPS tolerance may also play a factor as to why the systemic
routes had an attenuated proinflammatory response, compared to the intravesical route of
administration.

Further inquiry led to investigating whether the route of administration itself elicited an
inflammatory effect. This study found that I1L-6 levels were significantly increased after
intravesical saline administration of mice compared with IV saline administration. This result
would suggest that catheterization alone elicits an inflammatory response. Historical evidence has
shown that traumatic catheterization can cause inflammation of the bladder lining, or cystitis.*®
Upon damage to the mucosal urothelium as a result of traumatic catheterization, the following
series of inflammatory responses occur: vasodilation and increased vascular permeability,
leukocyte migration to the site of injury, then activation of biochemical cascades of inflammation,
which stimulates circulating monocytes to release proinflammatory cytokines.!® Overall, this
demonstrates that the intravesical route of administration itself may play an important role in
increasing proinflammatory cytokine release, which is further supported by the results of cytokine
release from BMDMs of mice administered BCG intravesically compared to IP and IV BCG

administration.
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Chapter 5

Conclusion and Future Directions

Intravesical BCG immunotherapy, following TURBT, has been the gold-standard
treatment for intermediate to high risk for over 40 years; however, the recurrence rate following
treatment remains high. Further elucidation of the mechanism of action of BCG could lead to the
development of new approaches to improve the efficacy of BCG therapy and, consequently,
reduce the recurrence rate in patients. There is growing evidence that Tl is a key molecular
mechanism in BCG immunotherapy. Therefore, this study aimed to associate the induction of Tl
in the antitumour effect of BCG immunotherapy in a mouse bladder cancer model. Furthermore,
we proposed that systemic modes of BCG inoculation (IP and 1V) will result in higher levels of
immune activation, compared to local BCG intravesical inoculation. Overall, we found that the
antitumour response induced by BCG was not sustained in the tumour-bearing model, and that
BCG did not induce TI. Additionally, in the non-tumour-bearing model, BMDMs from mice
intravesically inoculated with BCG or saline secreted significantly higher proinflammatory
cytokines and chemokines, as compared to BMDMs of mice administered with BCG and saline
through IP and IV routes. A limitation of this study was the rapid growth of the MB49 tumour in
the model, whereby the life span of these mice is around 23 days post tumour instillation, a
timeline that does not correspond with bladder cancer growth in humans.? Furthermore, studies
have shown that BCG response is limited by the size of the tumour, whereby the rapid growth of
the MB49 tumours could result in reduced antitumour effects of BCG.® In a clinical setting,
following TURBT, the tumour size is residual or nonexistent, whereas in the mouse model the
MB49 tumour cannot be resected and continues to grow, which is a major issue in pre-clinical
modelling of bladder cancer. Another limitation with the mouse model is the inability to

recapitulate the average age humans develop bladder cancer, which is over 55.1 Age is the single
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greatest risk factor for developing bladder cancer, as individuals experience cumulative
environmental exposure to carcinogens, and ageing allows time for the development and
accumulation cellular events that lead to neoplastic transformation.'*® Another potential
orthotopic, preclinical mouse model that could be studied is the N-Butyl-N-(4-
hydroxybutyl)nitrosamine (BBN; similar to carcinogens in cigarettes) model, whereby chemical
carcinogenesis of bladder cancer in humans could be simulated in rodents.** BBN induced-
tumour development occurs over the course of 5 months, therefore the tumour growth in the BBN
model does not develop as rapidly as the MB49 model.*** Furthermore, several human carcinoma
genes (55 human homologs in mice and 112 human homologs in rats) were found to be
homologous to those differentially expressed in BBN-induced rodent tumours, which were
associated with tumour progression and invasiveness.*** A few key genes differentially expressed
in bladder cancer between humans, rats and mice were associated with the cell cycle, such as, cell
division cycle 20 (CDC20), cell division cycle 2 (CDC2), cyclins D1 and B2 (CCND1 and
CCNB?2).** Another way to improve the study would be to explore other heterologous
inflammatory stimuli to expose to BMDMs, as the results of this study are suggestive of LPS
tolerance.** B-glucan could potentially be studied, as it has shown to induce Tl in normal and
leukemic mice.'?° Tripalmitoyl-S-glyceryl-cysteine (PamsCys), found in the inner and outer
membrane component of Gram-negative bacteria, has also been shown to enhance immune
response in vitro using human macrophages and in vivo using mice.'®* Using different microbial,
or non-microbial, immune stimulating agents would help elucidate if TI is induced. Another
future consideration would be to collect monocyte supernatants at earlier time points, such as 2 h
post LPS exposure, for cytokine analysis. The half-lives of TNFa and IL-1p (hallmark cytokines
of TI) in the culture medium are 18.2 min, and 4.3 h, respectively.'%21% These cytokines play a
key role in acute inflammatory response, therefore these cytokines may have degraded by the

time these supernatants are harvested 24 h post LPS exposure. An additional feature of TI that
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could be explored is the kinetics of cytokine release over time.** Compared to an innate immune
cell that has undergone priming, the maximum level of proinflammatory cytokine release is
similar to a trained cell, however, the time to reach this maximum level is shorter when TI is
induced.t’

This study provides a novel approach into the field of optimizing BCG immunotherapy
and can advance cancer therapy as these findings could lead to better approaches to optimize the
route of BCG inoculation for bladder cancer treatment. Future studies can build on this
foundation using different scientific inquiries. In our lab, there is an on-going study that is
similarly investigating if there is a differential effect of route of administration of BCG on
bladder tumour growth and on the cellular composition of the TIME. The findings from this study
and the on-going study in our lab have potential translational value. However, more research is
needed to determine the safety of alternative routes of BCG administration in the clinical setting.
Therefore, these studies may serve more for mechanistic understanding of BCG treatment;
determining whether systemic or local administration is associated with improved outcomes.
These results provide some evidence that systemic versus local administration of BCG leads to
differential immune responses. Overall, the findings could lead to better approaches to optimize

BCG immunotherapy of bladder cancer.
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Appendix A

Table 2. Percent tumour take, number of catheterizations and evaluation of mouse health

for the tumour-bearing mouse model at different numbers of instilled MB49 cells.

Number of
MB49 Cells
Instilled

Tumour
take (%)

Number of
catheterizations
before
humane/study
endpoint

Number of mice
catheterized in
one experiment
(out of 12)

Overall health of the mice

3.5x10°

100

1

All mice presented with
hematuria four days post
tumour instillation.
Additionally, they were
hunched; overgroomed and
had visibly lost weight.
Seven mice died before the
first treatment at day 7.
Two days after the first
treatment, all of the mice
were humanely sacrificed.

2.0x10°

100

10

Mice presented with
hematuria four days post
tumour instillation,
however, they were not
hunched and weight was
maintained. Most mice
were able to receive the
first treatment, however, by
day 12 all of the mice were
humanely sacrificed.

5.0x10*

100

12

Mice presented with
hematuria four days post
tumour instillation,
however, the mice did not
hunch; over groom; or lose
weight. No mouse died
during the study period and
all of them were able to
receive three weekly
treatments.
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Figure 6-1. In vitro cytokine secretion by LPS-treated monocytes from MB49 tumour-
bearing mice demonstrated TI.

The monocytes were isolated from these mice 2 or 5 d after treatment with $-glucan (0.5 mg, n =
6) (A), or BCG (100 pg, n = 1) (B), or saline control (n =5 for B-glucan and n=1 for BCG) (A
and B). Tl is indicated by increase in cytokine production 24 h after an in vitro re-challenge with
LPS (10 ng/ml). *p < 0.05. Error bars = SEM (B-glucan) or experimental range (BCG). These are
results taken from a CIHR grant written by our lab, and the experiments were performed by Dr.

Tiziana Cotechini.
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