ABSTRACT

SMITH, SEAN, GREGORY. Characterizing Intravesical Delivery of Chitosan/Interleukin-12
for the Immunotherapy of Bladder Cancer. (Under the direction of David Zaharoff, PhD.)

Bladder cancer is the fifth most common cancer in the United States with more than 76,000
cases per annum and a prevalence above 570,000. Despite these numbers, the standard of
care for bladder cancer has been largely unchanged for the last 40 years. This dissertation
presents a new immunotherapeutic strategy for the intravesical treatment of bladder cancer.
Immunotherapy, retraining the immune system to recognize and destroy tumors, has had a
long history in bladder cancer through the intravesical application of the mycobacterium
BCG. Despite the longevity of this approach it has had limited success as bladder cancer
suffers from the highest recurrence rate of any major malignancy. Herein are described
efforts to protect against recurrence by inducing antitumor adaptive immunity via enhanced
intravesical delivery of interleukin-12 in the biopolymer chitosan (CS/IL-12). Interleukin-12
is a potent Tw1 polarizing cytokine whose permeation into the bladder is enhanced via
chitosan. This coformulation given intravesically 4x is shown to destroy 90-100% of
established tumors in murine bladder cancer models. Furthermore, CS/IL-12 induces
adaptive immunity that provokes an abscopal response and protects against rechallenge up to
18 months post tumor eradication. Depletion studies reveal a key role for CD4+ T-cells in
mediating this protection. Timing studies show that even a single treatment can eradicate
50% of tumors. Flow cytometry throughout the course of treatment highlights the importance
of macrophage infiltration and regulatory disruption after the first treatment and the
infiltration of effector memory T-cells by the final treatment. Finally, a finite element model
of solute transport demonstrates the role that instillation volume may play in intravesical

delivery.
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1 Introduction
1.1 The Urinary Bladder

The human urinary bladder is a highly elastic hollow organ whose primary purpose is
the storage and elimination of urine. The empty bladder is about the size and shape of an up-
side-down pear though this can vary between individuals. Urine from the kidneys enters the
bladders through the ureters and exits through the urethra. All three inlet/outlets are located
on the trigone region, the triangular shaped region of smooth surface located near the bottom
of the bladder (Figure 1.1). The internal volume of the bladder ranges widely between

individuals from 0-30 ml when empty to more than 600 ml when full [1-3].

When empty, the wall of the bladder ranges in thickness from 5-8 mm and the interior
is covered in folds called ruggae [4,5]. As the bladder fills to 250 ml, the ruggae unfold and
the wall thins to ~3 mm until full [6,7]. The inner lining of the bladder, called the urothelium
or uroepithelium, is highly impermeable and maintains a regulated barrier regardless of
volume [8]. The urothelium is covered by a mucosal layer composed of negatively charged
mucins and glycosaminoglycans forming a protective layer against infection (Figure 1.1).
The innermost layer of the urothelium is composed of highly specialized umbrella cells that
provide the majority of the barrier function of the urothelium by forming particularly strong
tight junctions [8]. The remainder of the urothelium is composed of transitional epithelium 4-
6 cells thick. A basement membrane separates the urothelium from the loose connective layer
called the lamina propia. Beneath the lamina propia lies a thick layer of smooth detruser
muscle that contracts to empty the bladder. Beyond the detruser muscle is a layer of

perivesical fat followed by adventitia [9].

1.2 Bladder Cancer

Bladder cancer is the fifth most common non-cutaneous malignancy in the United

States, with 76,000 new cases and more than 16,000 deaths in 2016 and an overall
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Figure 1.1: Diagram of the bladder showing the layers of the bladder wall
and the stages of bladder cancer.
CIS: Carcinoma In Situ.

prevalence exceeding 570,000 [10,11]. The global burden is approximately 356,000 with a
prevalence near 2.7 million [12]. Smoking is the greatest risk factor for the development of
bladder cancer, thus its domestic prevalence is expected to decrease as smoking rates
decrease. However, globally the opposite trend holds true and the global burden is expected
to rise dramatically due to increasing smoking rates in developing countries [13]. Despite
these numbers, the standard of care for non-muscle invasive bladder cancer has remained

largely unchanged for more than 30 years [14].

A significant minority of bladder cancer cases (~30%) initially present as muscle
invasive disease (T2-T4) with or without distant metastases [15]. Patients that are diagnosed
with muscle invasive disease face a very high risk of mortality [16]. Standard treatments for
these patients include radical cystectomy and radiation therapy. Radical cystectomy in

particular is a life altering procedure resulting in significant morbidity. Even after removal of



the bladder, approximately half of patients already have metastases that are associated with
poor outcomes with 5-year survival rates of 67%, 35%, and 27% for pT2, pT3, and pT4

staged tumors at cystectomy respectively.

The majority (~70%) of new bladder cancer cases are diagnosed as non-muscle
invasive bladder cancer (NMIBC) that tends to be non-lethal with a 62-95% 15-year survival
depending on its grade [15,17]. However, 50-70% of the NMIBC tumors will recur and 10-
20% will progress to muscle invasive disease. The standard of care for NMIBC patients with
low risk for progression (typically Ta-T1, Figure 1.1) is transurethral resection (TUR) of the
tumor followed by an intravesical instillation of a chemotherapeutic. For NMIBC patients
with higher risks of progression (high-grade T1, T2, and carcinoma in situ), the TUR is
followed instead with intravesical instillations of mycobacterium bovis baccillus Calmette-
Guerin (BCG) [14,17].

1.3 BCG

Since its first application by Morales et al in 1976, intravesical BCG has proven more
successful than any single chemotherapeutic at preventing progression and recurrence of high
grade NMIBC [18]. The gold standard for treating high-risk NMIBC, BCG is an attenuated
form of the tuberculosis bacterium that promotes an inflammatory reaction in the wall of the
bladder. The proposed mechanisms for BCG are discussed in more detail in Chapter 2 as well
as in a recent review by Redelmen-Side et. al [19]. Despite its longevity, BCG
immunotherapy retains several limitations. Five percent of patients treated with BCG exhibit
serious side effects including sepsis and allergic reactions [20,21]. Furthermore, of the 50-
75% of patients who respond to BCG, 30%-50% experience a recurrence within five years
and fail to mount a tumor-specific T-cell response [22-24]. Strategies that limit recurrence of
high grade NMIBC and improve patient survival by promoting protective antitumor

immunity are worthy of investigation.
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Figure 1.2: Diagram of Interleukin-12 (IL-12) interactions.
IL-12 is primarily produced by antigen presenting innate
immune cells in response to binding to pathogen associated
molecular patterns. IL-12 goes on to activate Natural Killer
(NK) cells and T-cells. The NK cells begin production of a
number of downstream molecules, the most important of which
is Interferon Gamma (IFNy). Activated T-cells proliferate in
response to both IL-12 and IFNY to differentiate into a Tl type
effector response. IFNy also acts to stimulate further innate
responses while acting upon tumors to decrease angiogenesis
and to increase their expression of surface molecules important
for recognition by activated T-cells such as MHCI. Another
response of IFNy binding to tumors is the production of
chemokines such as Interferon Induced Protein-10 (1P10) that
attract additional immune cells. The structure of IL-12 was
generated from X-ray diffraction data available from The
Protein Data Bank (rcsb.org, entry 1F45) using Rasmol. The
P40 domain is colored blue and the P35 domain colored red.

1.4 1L-12

One molecule with the potential to invoke that antitumor T-cell response is interleukin-
12 (IL-12). IL-12 is a large (~70 kD) heterodimeric cytokine that engages both the innate and
adaptive immune branches of the immune system (Figure 1.2) [25]. Produced primarily by
activated natural killer (NK) cells and dendritic cells (DCs), I1L-12 stimulates the growth and
activation of NK and CD8+ cytotoxic T-cells (CTLs) while polarizing the immune system
towards a Tn1 response. The main downstream molecule of IL-12 activation is IFNy which



in turn has a variety of positive antitumor effects including reduction of angiogenesis and

increased surface expression of tumor associated molecules [26].

In preclinical trials, IL-12 has proven effective against a variety of malignancies
including bladder cancer [27,28]. However, after initially generating excitement, clinical
interest in 1L-12 has waned. This can be prescribed primarily to two factors. First, clinical
applications have been hampered by acute toxicity following intravenous administration of
IL-12. Indeed, systemic administration of 1L-12 was responsible for several deaths in a 1995
clinical trial [29]. Second, its antitumor potency appears diminished in humans when
compared to mice [30]. One likely explanation for the reduced potency of IL-12 in the clinic
is the low systemic concentrations used in fear of toxic side-effects. However, high
concentrations of 1L-12 at the tumor site have been shown to be crucial for its effectiveness
[31]. A delivery strategy that maintains high concentrations of IL-12 at the malignant site
while preventing systemic dispersion could help overcome both obstacles to the use of 1L-12

in the clinic.

The delivery of IL-12 directly into the bladder is an attractive strategy, as the
urothelium maintains high concentrations in the lumen while preventing systemic leakage.
Indeed, a single clinical trial involving intravesical IL-12 for the treatment of bladder disease
reported no systemic toxicity at doses up to 200 pug. However, that same study also
concluded that intravesical 1L-12 provided no relevant antitumor activity [32]. One potential
reason for this lack of activity could be due to the inability of IL-12 to permeate the bladder
wall due to its large size and the nature of the urothelium. In order to improve the efficacy of
intravesical 1L-12 a delivery strategy that can allow for enhanced permeation into the bladder

wall is warranted.

1.5 Chitosan

Chitosan is a natural polysaccharide highly suited as a vehicle for intravesical delivery.

Derived primarily from the shells of crustaceans, chitosan is the deacetylated form of chitin
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Figure 1.3: Structure of Chitosan. The Y/X
fraction of subunits determines the degree of
deacetylation and the total number of units
determines the molecular weight.

(Figure 1.3). Unmodified chitosan is linear, consisting of randomly distributed repetitions of
B-(1-4)-linked N-acetyl-D-glucosamine (acetylated, X subunits) and D-glucosamine
(deacetylated, Y subunits). The fraction of Y subunits over the total number of subunits is
called the degree of deacetylation (DDA). The molecule is termed chitosan when the DDA is
>60%, otherwise it is called chitin. Additionally, the total number of these repetitions can
vary widely, determining the molecular weight (MW) of the chitosan. Chitosan is a very
diverse molecule that varies significantly in terms of DDA, and MW. Chitosan can be
purchased with DDA from 50-100% and MW from less than 10,000 to more than 1,000,000

Daltons.

Chitosan is non-toxic, biodegradable, and soluble in mildly acidic aqueous conditions
allowing for easy coformulation with labile molecules such as proteins. There is great interest
in using chitosan for biomedical purposes from applications as an antimicrobial coating and a
hemastatic bandage to uses as a delivery vehicle in the form of powder, hydrogel,

nano/microparticles, or in solution [33].

Chitosan has three important attributes that may contribute to its effectiveness as an
intravesical delivery vehicle. 1) In its soluble state chitosan is polycationic due to the
protonation of its free amines leading to it being mucoadhesive. The positively charged
chitosan creates ionic interactions with the negatively charged mucins and glycoproteins in

the mucus [34]. This mucoadhesion has the potential to prolong the contact of co-delivered



compounds with the mucosal surface, effectively increasing the duration of delivery. 2) The
positive charges lead to an absorption enhancing effect by interacting with the gap junctions
of epithelial layers such as the urothelium, opening them in a transient fashion [35]. This
allows for more rapid penetration of compounds across an epithelial surface without toxic
effects or permanent damage. 3) Chitosan solution is viscous, potentially limiting the amount
of solution washed away during voiding of the bladder and helping prolong delivery of the

therapeutic.

1.6 Chitosan/IL-12

Zaharoff et al. has previously shown that the co-formulation of chitosan and IL-12 in
solution (CS/IL-12) is superior both to BCG and IL-12 alone against orthotopic bladder
tumors [36]. Four weekly intravesical treatments with CS/IL-12 (5pg) eliminated 80-100% of
orthotopic bladder tumors in mice while all mice treated similarly with BCG succumbed to
the disease within 60 days. The effectiveness of CS/IL-12 when compared to BCG suggests
that CS/IL-12 is more adept at targeting the immune system towards bladder tumors. The
success of CS/IL-12 in this scenario is the impetus for the four main chapters of this

dissertation.

Chapter 2 reviews recent clinical and preclinical investigations in bladder cancer
immunotherapy Topics include TLR agonists, cancer vaccines, cytokines, checkpoint
blockade, agonistic antibodies, and cytokine blocking antibodies. This review also provides a
brief discussion on the immune status of the bladder, the limitations of BCG, and a
perspective on the future of bladder cancer immunotherapy [37]. This work was published in
Immunotherapy in 2016.

Chapter 3 investigates the ability of CS/IL-12 to promote adaptive immunity — an
attribute that lies at the heart of unlocking any immunotherapy’s true potential. While CS/IL-
12 was previously shown to be effective at eliminating the tumors, how this is accomplished

and the type of immunity generated has not been characterized. Additionally, CS/IL-12 was



only applied in one model and at a single dose and schedule. In Chapter 3 we address those
limitations and show that CS/IL-12 immunotherapy robustly engages adaptive immunity at
the systemic level [38]. This work was published in Cancer Immunology, Immunotherapy in
2015.

Chapter 4 delves deeper into the immune mechanisms of intravesical CS/IL-12. There
have been preliminary investigations into the immune effectors responsible for successful
intravesical CS/IL-12 treatment. However, the primary form of analysis was histology at a
single timepoint post treatment with limited quantitative analysis [38]. Furthermore, there
was no Kinetic data regarding the immune response, nor was there an investigation into the
effectors of systemic memory. In chapter 4 we provide a deeper characterization of the
immunological mechanisms underlying intravesical CS/IL-12 by investigating the
populations of immune effectors at each stage of treatment [39]. This work was published in

Oncolmmunology in 2016.

Chapter 5 moves away from immunology and into an investigation of intravesical
delivery. In all our in vivo studies, the murine bladder was fully inflated during intravesical
installation while during clinical instillations the bladder is typically filled to a mere 10% of
its maximal capacity. However, increasing the volume within the bladder effects the
thickness of the bladder wall and consequently the depth to which the delivered therapeutic
needs to penetrate. There is scant literature on the effect of instillation volume and other
pertinent parameters on the effectiveness of intravesical delivery (ID). However, ID is
largely governed by fundamental principles of continuum mechanics and mass transport that
lends itself to study via computational analysis. Thus, in chapter 5 a mathematical model is
used to study the impact that volume of delivery and other parameters may have on ID. As of
the writing of this dissertation, this work is under review in the journal Mathematical

Medicine and Biology.

Chapter 6 concludes with a summary of the findings within this dissertation as well as
suggestions for future research.
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2 Future Directions in Bladder Cancer Immunotherapy

Adapted with permission from:

Smith SG, Zaharoff DA Future Directions in Bladder Cancer Immunotherapy: Towards
Adaptive Immunity. Inmunotherapy 8.3 (2016): 351-365.

2.1 Abstract

The clinical management of bladder cancer has not changed significantly in several
decades. In particular, intravesical bacillus Calmette—-Guerin (BCG) immunotherapy has been
a mainstay for high-risk non-muscle invasive bladder cancer since the late 1970s/early 1980s.
This is despite the fact that bladder cancer has the highest recurrence rates of any cancer and
BCG immunotherapy has not been shown to induce a tumor-specific immune response. We
and others have hypothesized that immunotherapies capable of inducing tumor-specific
adaptive immunity are needed to impact bladder cancer morbidity and mortality. This chapter
summarizes the preclinical and clinical development of bladder cancer immunotherapies with

an emphasis on the last five years. Expected progress in the near future is also discussed.

2.2 Bladder cancer overview

Bladder cancer is the 5™ most common cancer in the United States with an estimated
74,000 new cases, 16,000 deaths, and a total domestic prevalence of more than 570,000 in
2015 [1,2]. Most new cases (70-80%) are diagnosed as non-muscle invasive bladder cancer
(NMIBC) with an associated 15-year survival of 62-95% [3] . Low-risk NMIBC, typically
represented by small, papillary tumors confined to the urothelium, is well-managed via
transurethral resection of the bladder tumor (TURBT) often followed by intravesical
instillation of mitomycin C. High-risk NMIBC, including high-grade carcinoma in situ (CIS)
and tumors invading the lamina propria, is treated via TURBT followed by intravesical
immunotherapy with mycobacterium bovis bacillus Calmette-Guerin (BCG) [4-6] . A
significant minority of patients (20-30%) initially present with one or more tumors that have

invaded the muscle layer of the bladder. Because muscle invasive bladder cancer (MIBC)
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can rapidly progress to metastatic disease, cystectomy, or surgical removal of the bladder, is

standard of care.

Despite the fact that bladder cancer is diagnosed relatively early in the course of
disease, it has the highest recurrence rate of any malignancy at 50-80%. These high
recurrence rates necessitate long-term maintenance therapy and regular surveillance [7,8]
which in turn causes bladder cancer to have the highest lifetime treatment costs per patient of

all cancers [9].

2.3 Immunologic Challenges in Bladder Cancer

Bladder cancer, with the third highest rate of somatic mutations, is believed to be one
of the most immunogenic cancers [10]. Yet bladder cancer is able to evade immune-mediated
elimination even in the presence of antigen-specific immune cell infiltration. Understanding
the immunoevasive strategies employed by bladder tumors is key to developing therapies
capable of inducing adaptive responses. This section will provide a high level overview of
some of the challenges associated with generating adaptive immunity in the bladder as well

as some of the means employed by bladder tumors to evade destruction.

The first challenge in inducing an adaptive response to bladder cancer is the unique
immunological milieu within the organ itself. The bladder epithelium is infiltrated by mast
cells, macrophages, dendritic cells, and T-cells, but the overall organization of the immune
system within the bladder is the result of a balance between conflicting needs. On the one
hand the lumen is routinely exposed to non-commensal bacteria and must implement
strategies to subvert infection. On the other hand the bladder must be able to store high
concentrations of self-antigens and toxins without eliciting an immune response. The
bladder’s balanced strategy includes a thick mucin layer, secretion of antibacterial agents,
and rapid micturition to limit penetration of invading microorganisms while establishing an
immunosuppressive environment to limit undesirable immune responses [11]. Because of
this unique milieu, the establishment of tumor-specific adaptive immunity in the bladder is

difficult, although not impossible as will be discussed later in this review.
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Another obstacle to immunotherapy is the immunosuppressive bladder tumor
microenvironment. Bladder tumors can anergize tumor infiltrating lymphocytes (TILs) [12]
and promote the accumulation of immunosuppressive myeloid cells. Bladder tumors have
also been associated with high levels of regulatory T-cells (Tregs) and Tx1 inhibitory
cytokines such as IL-10 [13]. Horn et al. showed that higher FOXP3:CD3 and FOXP3:CD8
ratios in bladder tumor infiltrates correspond to worse overall survival in patients who
underwent radical cystectomy, suggesting that infiltration by Tregs may support tumor
invasion [14]. However, a retrospective study by Winerdal et al. showed that a higher
FOXP3* TIL density correlated to improved outcomes while FOXP3* tumor cells
corresponded to poorer outcomes [15]. A recent review covers the influence of TILs in

bladder cancer in greater detail [16].

Bladder cancers, like many cancers, utilize immune checkpoints to modulate
immunity. Specifically, bladder tumors can promote immune tolerance by over-expressing
immune checkpoint ligands capable of inhibiting activated T-cells. The most commonly
investigated immune checkpoint molecules are Programmed Cell Death-1 (PD-1),
Programmed Cell Death-Ligand 1 (PD-L1), and Cytotoxic T-Lymphocyte Associate Protein-
4 (CTLA-4), but there are multiple other regulatory molecules, such as Lymphocyte
Activation Gene 3 (LAG-3) and T-cell Immunoglobulin and mucin domain-3 (TIM-3), that
are potential targets for bladder cancer immunotherapy [17]. Several clinical studies have
shown that bladder tumors and infiltrating immune cells exhibiting increased expression of
PD-L1 and PD-1 are associated with poorer outcomes [18-21]. Investigations into the effects
of CTLA-4 expression have been limited with conflicting opinions as to whether the CTLA-4

+49 A>G polymorphism increases or decreases bladder cancer risk [22-24].

An additional challenge is that bladder tumors, like many other cancers, can produce
escape variants by decreasing their surface expression of Major Histocompatibility Complex
I (MHC 1) molecules [25]. MHC | is essential for displaying tumor antigens vital for
recognition by T-cells. Several studies have shown that bladder tumors can be heterogeneous
in their display of MHC | [26]. Some express normal levels of MHC | and are associated

with better outcomes. Other, so called “soft,” tumors have low MHC I expression that can be
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upregulated to normal levels through IFN mediated mechanisms. Still others, termed “hard”
tumors, have permanent alterations in MHC | expression due to a genetic mutation in the
processing machinery or one of the MHC | components. There is some evidence that while
both normal and soft tumors are BCG responsive, MHC | negative hard tumors may be BCG
resistant leading to tumor escape [27,28]. It should be noted that any truly MHC | negative
tumor should be susceptible to natural killer (NK) cell mediated cytotoxicity yet the
mechanism by which these tumors might escape NK cell surveillance has not yet been
described.

2.4 Limitations of BCG immunotherapy

Since the pioneering work of Morales et al. in 1976 [29], BCG has served as the
standard intravesical immunotherapy for high-risk NMIBC. On one hand, its longevity can
be used to highlight its effectiveness in the management of NMIBC. However, as mentioned
previously, bladder cancer has the highest recurrence rate of all cancers and the four-decade-
long lack of progress in the treatment of NMIBC underscores the need for new and more

effective therapies.

Intravesically administered BCG promotes an inflammatory reaction in the bladder
wall that is known to reduce recurrence rates. However the exact mechanism(s) by which
BCG exerts its antitumor effects is unknown. A suggested model of BCG immunotherapy is
outlined in an excellent review by Redelman-Sidi et al [30]. Briefly, BCG attaches to
urothelial cells via fibronectin and integrin asfB1 before internalization by bladder cancer cells
through micropinocytosis. BCG infection can decrease the proliferation of bladder cancer
cells and is cytotoxic only at high concentrations. Thus, it is likely that the majority of BCG’s
antitumor activity is accomplished indirectly. Infected bladder cancer cells secrete a number
of cytokines including IL-6, IL-8, granulocyte monocyte-colony stimulating factor (GM-
CSF), and tumor necrosis factor-o. (TNF-a). BCG infection also causes the upregulation of
MHC Il and ICAM-1 on bladder cancer cells, thus enhancing their antigen presenting
capabilities. The initial cytokine burst leads to the recruitment of granulocytes, monocytes

and macrophages and the subsequent release of additional cytokines including IL-1, IL-2, IL-

15



5, IL-6, IL-8, IL-12, IL-18, TNFa, Interferon-y (IFNy), and GM-CSF. This second cytokine
burst leads to the recruitment and activation of NK cells, CD4" helper T-cells (Tw), and
CD8+ cytotoxic T-cells (CTLs). Tumor cell killing is likely primarily accomplished by NK
cells, CD8" T-cells, macrophages, and granulocytes through the release of TNF-related
apoptosis inducing ligand (TRAIL). Despite the involvement of T lymphocytes, BCG

immunotherapy has not been shown to induce a tumor-specific immune response.

Overall, 20-30% of patients will fail initial BCG therapy and 30 - 50% of BCG
responders will develop recurrent tumors within 5 years [31]. An incomplete understanding
of BCG’s antitumor mechanisms has made it difficult: 1) to predict responses to BCG; 2) to
optimize BCG immunotherapy; and 3) to understand why some patients ultimately fail BCG
immunotherapy. Separately, BCG is a live pathogen and causes severe infections, including
life threatening sepsis, in approximately 5% of patients [32]. At least seven patients have
died from BCG sepsis following bladder instillations [32] and 30-40% of patients discontinue
intravesical BCG immunotherapy due to local and systemic toxicities [33]. Lastly, despite
four decades of experience, it is still not clear which of the 6+ strains of BCG is most
effective at treating NMIBC.

2.5 Novel Strategies for Bladder Cancer Immunotherapy

The aforementioned challenges associated with initiating an adaptive immune
response within the bladder and bladder cancer milieu can be overcome with appropriate
strategies. An effective strategy should 1) reverse the immunosuppressive environment of the
bladder tumor, 2) initiate an inflammatory response at the tumor site capable of eliminating
the primary tumor, 3) activate tumor antigen-specific T-cells capable of eliminating
secondary local or distant lesions, and 4) establish a reservoir of memory T-cells with
polyclonal specificity to monitor for recurrent tumors. There is a long history of strategies
used to overcome one or more of these challenges. The goal of this section is to present an
overview of recent (published within the last 5 years) strategies being investigated in

preclinical and clinical settings for the treatment of superficial and metastatic
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Table 2.1: Summary of new therapeutics being investigated for bladder cancer.

FURTHEST
THERAPEVTC TherapeuTicFORM  PELIVERY  sTaAGE OF DREASE REF.
DEVELOPMENT
TLR AGONISTS TLR-9 Agonist CpG IT Preclinical NMIBC [36]
TLR-2 Agonist HP-NAP IVes, IT Preclinical NMIBC [37]
TLR-7 Agonist TMX-101 IVes Phase 2 NMIBC, CIS [38]
CANCER .
VACCINES DC targeted tumor antigens SC Phase 2 MIBC [45,46]
Natural Adjuvants + HER2/NEU sC Preclinical NMIBC [39-42]
Plasmid
Peptide Vaccine SC Phase 2 NMIBC [44]
ShRNA for Foxo3 + HER2/NEU sC Preclinical NMBIC, MIBC [43]
plasmid
Fowlpox Vector, PANVAX SC Phase 2 NMIBC NCT02015104
HS-410 cell line SC Phase 1/2 NMIBC NCT02010203
IFNa Recombinant IVes Phase 2 NMIBC [50-55]
rBCG 1Ves Preclinical NMIBC [56,58]
Virus 1Ves Phase 2 NMIBC [57]
GMCSF Vaccine IVes, SC Preclinical NMIBC, Met [59-62]
Oncolytic Virus 1Ves Phase 2 NMIBC [63]
IL-2 Recombinant IVes Phase 1/2 NMIBC [67,70]
Vaccine 1Ves, SC Preclinical NMIBC, Met [61,68,69]
. . NCT01326871
P53 TCR Fusion Protein \Y Phase 2 NMIBC, MIBC NCT01625260
IL-12 Recombinant IVes Phase 1 NMIBC [74]
Recombinant + Chitosan 1Ves Preclinical NMIBC [75,76]
Plasmid IVes, IT Preclinical NMIBC [72,73,78]
Retrovirus SC Preclinical NMIBC [77]
IL-15 Plasmid 1Ves Preclinical NMIBC [79]
Fusion Protein (ALT-803) + IVes Phase 1/2 NMIBC [80]
BCG
CHECKPOINT .
BLOCKADE anti-CTLA-4 1Ves, IV Phase 2 NMIBC, Met [24,81]
anti-PD-L1 \Y Phase 2 Met [82]
anti-CLTA-4, anti-PD-L1 + CpG IT Preclinical NMIBC [36]
ANTI-CD-40 Anti-CD40 IT Phase 1 NMIBC, Met [83]
ANTI-IL-10 Anti-IL-10 v Preclinical NMIBC, Met [84-86]

IT=Intratumoral; SC=Subcutaneous; IVes=Intravesically; IV=Intravenously or Systemically; NMIBC= Non Muscle
Invasive Bladder Cancer; MIBC= Muscle Invasive Bladder Cancer; Met=Metastatic
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bladder cancer and to provide commentary on those strategies’ ability or potential to
establish an adaptive memory response. A summary of immunotherapy strategies is given in
Table 2.1.

2.5.1 TLR agonists

Perhaps inspired by BCG, one of the most common strategies investigated in preclinical
studies is the activation of innate immune pathways [34,35]. Toll-Like Receptor (TLR)
pathways are of particular interest in cancer immunotherapy. TLRs are a family of receptors
that bind to common components of many pathogens as well as signals released by damaged
cells. TLRs are expressed on many innate immune cells, including dendritic cells. The most
potent of all antigen presenting cells, dendritic cells play a pivotal role in bridging the innate
and adaptive responses. Thus, targeting dendritic cell TLRs is a common strategy for
enhancing adaptive immune responses. TLRs are also present on a large portion of bladder
tumors where higher TLR expression is correlated with less invasive tumors [35]. With their
wide expression on a variety of cells and their ability to link adaptive and innate immune
responses, TLR ligands make attractive candidates for potential bladder cancer therapeutics.
As such, several TLR ligands have been investigated at both the clinical and preclinical level.
There are more than 15 years of studies regarding TLR ligands against bladder cancer, and
for a more complete picture please see the excellent review by LaRue et al. [35]. The

following will provide a brief update of findings within the last five years.

TLR9 agonistic CpG oligodeoxynucleotides were investigated preclinically in
conjunction with checkpoint inhibitors against a subcutaneous (s.c.) MB49 bladder tumor
model. CpG, administered peritumorally, in combination with intraperitoneal (i.p.) anti-
CTLA-4, anti-PD-1 or anti-PD-L1 antibodies resulted in 6/7, 5/7 and 2/7 long term survivors,
respectively. All combinations of CpG and checkpoint inhibition were more effective than
combinations of BCG plus checkpoint inhibition as well as checkpoint inhibition alone [36].
The TLR2 agonist HP-NAP, a bacterial protein produced by helicobacter pylori, was tested

against both subcutaneous and orthotopic MB49 tumors in mice. In these studies, HP-NAP
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increased both the numbers and percentages of CD4" and CD8" T-cells in local lymph nodes

and limited tumor growth more efficiently than BCG [37].

In the clinic, the TLR7 agonist imiquimod (TMX-101) was well tolerated by 7
NMIBC patients in a Phase 1 study [38]. A Phase 2 trial with TMX-101 was recently
completed against CIS (NCT01731652). No data from this study have been published at the
time this review was published. Overall, TLR agonists and other stimulants of the innate
immune system hold promise as adjuvants for initiating the anti-tumor response but will

likely need to be used in conjunction with other therapeutics.

2.5.2 Cancer Vaccines

Therapeutic cancer vaccines are under development to induce adaptive immune
responses to one or more tumor associated antigens. Several different forms of cancer
vaccines have been explored recently. Vaccines comprised of tumor lysates are easy to
produce and have the potential to induce polyclonal responses against both known and
unknown tumor antigens. However, because tumor lysates are poorly immunogenic, the
evaluation and inclusion of effective adjuvants is critical. The antimicrobial peptide shrimp
anti-lipopolysaccharide factor (SALF) has been evaluated preclinically as an adjuvant for a
tumor lysate vaccine. Mice were given SALF mixed with MBT-2 tumor cell lysate on days 7,
14, and 21 before subcutaneous inoculation with MBT-2 on day 28. Tumors developed in
mice treated with MBT-2 lysate alone (5/7) and SALF alone (7/7), but not in those treated
with the mixture (0/7). Tumor specific memory was shown via tumor-specific CTL assay
using splenocytes from treated mice [39]. A similar study investigated a different
antimicrobial peptide, GE33. Using the same treatment schedule, tumor development was
more pronounced in mice treated with MBT-2 lysate alone (5/7) and SALF alone (7/7) than
those treated with the mixture (2/7) [40]. In the last five years, there have been no clinical

trials using tumor lysate-based vaccines against bladder cancer.

Similarly, tumor antigen encoding plasmids are a useful source of tumor antigen,

however, adjuvants are needed to induce a robust immune response. Extracts from the

19



mushroom Clitocybe nuda have been shown to activate dendritic cells. Mice bearing s.c.
MBT-2 which express p185neu received 3 weekly intramuscular injections of HER2/neu-
encoding plasmids with or without C. Nuda extract [41]. The addition of C. Nuda extract
increased the number of survivors at 60 days from 2/7 to 5/7. Untreated mice and mice
receiving the extract alone were moribund by day 35. The spleens of treated mice were
analyzed for response to HER2 peptide stimulation. There were increased percentages of
activated CD8" T-cells in the combination group than in either therapy alone. An in vitro
stimulation of bone marrow-derived dendritic cells demonstrated that C. Nuda was able to
enhance immunomodulatory markers (C40, CD80, CD86, MHC 1, and MHC II) at levels

similar to LPS.

In a similar study, Ling Zhi-8 (LZ-8) isolated from Ganoderma lucidum (Lingzhi
mushroom) was used as an adjuvant for HER2/neu-encoding plasmids against s.c. MBT-2
tumors [42]. LZ-8 was found to stimulate dendritic cells through TLR4 and enhanced the
ability to induce an antigen-specific immune response in an in vitro experiment. In antitumor
studies, LZ-8 was administered i.p. while the HER2/neu gene was given once a week for
three weeks. LZ-8 did not improve long term survival, however, plasmid alone or plasmid

plus LZ-8 showed extended survival relative to untreated mice or LZ-8 alone.

Another strategy to enhance immune responses to plasmid-based vaccines utilized
small hairpin RNA (shRNA) to silence FOXO3, an immunosuppressive transcription factor.
Both silencing and HER2/neu plasmids were administered once a week for three weeks to
mice bearing MBT-2 tumors. The inclusion of FOXO3 silencing increased the number of
mice surviving >70 days from 1/7 to 5/7. Antitumor responses were mediated by CD8+, but
not CD4+ cells. In an experimental pulmonary metastases model, lung weights were
significantly lower in both HER2/neu and HER2/neu plus FOXO3 shRNA groups when
compared to untreated controls [43]. To our knowledge, no clinical trial for bladder cancer in

the last five years has evaluated a plasmid-based cancer vaccine.

Peptide-based cancer vaccines are useful for generating immune responses against

unique and well-defined epitopes. In a Phase 1 study in Japan, peptides from bladder cancer
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oncoproteins, MPHOSPH1 and DPEPDCI, most likely to bind to the most common HLA-A
type in the Japanese population were identified via Bimas HLA peptide binding predictions
[44]. Six patients with unresectable bladder cancer were vaccinated with 1 mg of each
peptide in incomplete Freund’s adjuvant once a week for 4 weeks. The peptide vaccines were
well-tolerated with no severe adverse events. There were peptide-specific CD8" responses
against MPHOSPH1-278 and DEPDC1-294 peptides in 3/4 and 4/6 evaluated patients,
respectively. A subsequent Phase 2 study is ongoing (NCT00633204).

CDX-1307 is a fusion molecule in which a mannose receptor targeted antibody is
linked to a tumor antigen, human chorionic gonadotropin-f chain (B-hCG). Targeting the
mannose receptor on antigen presenting cells it is expected to increase the likelihood that -
hCG is taken up, processed and displayed to antigen specific T-cells. Two Phase 1 studies
evaluating CDX-1307 in patients with advanced cancers, including bladder cancer, were
recently completed, however, no published data could be found. A Phase 2 study
(NCT01094496) to investigate the efficacy of CDX-1307 given against muscle invasive

disease began recruitment in 2010, but was recently terminated due to slow enrollment [45].

A related molecule CDX-1401, which is comprised of human monoclonal antibody
specific for DEC-205, a dendritic cell receptor, fused to the full-length tumor antigen NY-
ESO-1, was the subject of a recently completed Phase 1 study in patients with advanced
malignancies, including advanced bladder cancer [46]. The vaccine was well tolerated and
2/45 patients experienced a >20% tumor regression while 13/45 patients exhibited stable

disease. It could not be determined if any of these responses were in bladder cancer patients.

Two additional bladder cancer vaccines of interest are being evaluating in clinical
studies with no published results at the time this review was written. An ongoing Phase 2
study will evaluate a fowlpox vector expressing carcinoembryonic antigen, mucin-1 and
three costimulatory molecules with and without BCG in high-grade NMIBC patients who
have failed BCG (NCT02015104). An ongoing Phase 1 /2 study will assess HS-410, a
vaccine comprised of irradiated bladder cancer cells engineered to secrete gp96, alone or in
combination with BCG in NMIBC patients (NCT02010203)
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2.5.3 Cytokines

Cytokines are potent nodes of communication within the immune cell network. Their
potential to act as immunotherapeutics has long been recognized but translation of cytokines
into the clinic has faced some significant obstacles. In particular, widespread clinical
application of cytokine-based cancer immunotherapies has been prevented by inappropriate
systemic delivery of pro-inflammatory cytokines. Nearly all clinical trials, both past and
present, evaluating cytokine monotherapies utilize systemic, i.e. intravenous or s.c.,
injections. However, cytokines function primarily through paracrine and autocrine
mechanisms and thus are rarely measurable in the circulation of healthy individuals. In
addition, cytokine communication networks are far more complex than initially conceived.
Cytokines are pleiotropic and often redundant which can lead to off target effects. In sum, the
systemic delivery of multi-functional cytokines risks unintentional signaling and dose-

limiting toxicities.

Fortunately, cytokine-based bladder cancer immunotherapies have significant
potential due to the bladder’s accessibility and ability to sequester high concentrations of
cytokines with limited systemic exposure. The following sections will cover recent studies in
which cytokines in a variety of formats including recombinant protein, viral vectors,
plasmids, transfected BCG, and transfected tumor cells are used for the treatment of bladder
cancer. Many of the cytokines investigated for intravesical therapy have been inspired by
downstream molecules released after BCG treatment including IFNa, GM-CSF, IL-2, and
IL-12.

2.5.3.1 Interferon-a

Interferon-o (IFNa) is a type 1 interferon produced primarily by innate immune cells
in response to invading microbes, particularly viruses [47]. IFNa2b is approved as a
monotherapy for malignant melanoma, hairy cell leukemia and Kaposi’s sarcoma [48]. IFNa
binds to a heterodimeric receptor complex that is expressed on the surface of most cell types,

including many cancer cells. Thus, IFNa can act directly upon cancer cells to induce a range
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of effects including apoptosis and upregulation of tumor cell-surface antigens. Indirect

antitumor activities of IFNa include dendritic cell maturation.

IFNo, as both a monotherapy and in combination with BCG, has been widely
explored against bladder cancer including as the subject of a number of clinical trials [49].
Despite promising preclinical results, the consensus of clinical studies is that IFNa alone is
no more effective than current treatments at preventing recurrence of NMIBC and in some
instances is less effective. One recent example showed that alternating IFNa with BCG
during maintenance therapy was less effective than BCG alone at preventing recurrence with
80% and 45% experiencing a recurrence within 15 years, respectively [50] . Another study
showed that BCG was more effective than IFNo + Epirubicin with recurrence free survival
rates of 38% and 59% at a follow up time of 5 years [51]. A retrospective study found that
patients given a salvage therapy of IFNa + BCG had reduced recurrence-free survival when
compared to those patients treated with BCG alone [52].

Only a single study has directly compared IFNa plus BCG against BCG alone in a
controlled, randomized clinical trial [53]. This study found no significant difference between
treatment groups in the percentage of patients that were tumor free after 2 years. However,
preclinical and clinical data have shown that IFNa can enhance the therapeutic efficacy of
reduced doses of BCG, a strategy that could potentially limit the toxic side effects seen in
many patients treated with BCG [54,55] .

Several studies have explored the use of BCG which has been genetically modified to
express IFNa or TH1 cytokines [56-58]. These studies have shown an enhanced ability to
stimulate immune cells in vitro against human bladder cancer cell lines, but cytokine-
expressing BCG has not progressed to clinical trials. A related strategy is the direct
transfection of the tumor or the urothelium via plasmids or viruses. While there have been
numerous preclinical efforts using this strategy, clinical efforts have thus far been limited to a
single Phase 1 trial (NCT01162785) in which an adenovirus encoding IFNa was delivered

intravesically [57] . IFNa was produced for up to 5 days after administration and was well
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tolerated. A Phase 2 trial (NCT01687244) is ongoing to further investigate the efficacy of
this strategy.

Overall, IFNa has been the most common cytokine used as either a monotherapy or a
combination therapy with BCG. Despite the number of investigations, IFNo has shown
limited effectiveness. While IFNa exhibits potent cytostatic/cytotoxic activity and can
enhance tumor immunogenicity, it may not be able to effectively engage the adaptive

immune system.

2.5.3.2 Granulocyte-Monocyte Colony Stimulating Factor

Granulocyte-Monocyte Colony-Stimulating Factor (GM-CSF) is a hematopoietic
growth factor and immune modulator that is secreted by a range of cells including endothelial
cells, macrophages, T-cells, and some tumor cells. As implied by its name, GM-CSF
stimulates the production of granulocytes and monocytes from hematopoietic progenitors. In
addition, GM-CSF activates macrophages and promotes dendritic cell development. GM-
CSF has been widely used in cancer vaccine and immunotherapy approaches due to its ability
to enhance dendritic cell function.

Preclinically in bladder cancer, the delivery of recombinant GM-CSF to the bladder
tumor environment can be enhanced via streptavidin and biotin-based targeting [59-62]. For
example, one-day old orthotopic MB49 bladder tumors treated intravesically first with biotin
for 30 minutes followed by streptavidin tagged GMCSF (SA-GMCSF) for 1 hour resulted in
elimination of 6/16 tumors versus 1/10 for recombinant GM-CSF alone [59] . These results
suggest that maintenance of GM-CSF at the tumor site increases its efficacy. In subsequent
studies, ethanol fixed MB49 cells were labeled with SA-GMCSF in vitro before being
applied as both therapeutic and preventative vaccines against s.c. and lung metastasized
MB49 [60,62] . Mice treated with the vaccine showed extended survival while cured mice in

each of these studies demonstrated tumor-specific immunity.

In recent clinical studies, CG0070, an oncolytic adenovirus virus expressing GM-CSF

and programmed to replicate only in cells with retinoblastoma (Rb) pathway defects was
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evaluated in a Phase 1 trial for NMIBC (NCT00109655) [63,64] . Patients enrolled in this
study had all experienced at least one failed treatment with BCG. Different doses and
treatment schedules were tested intravesically on a total of 35 patients with no reports of
severe adverse events. Response rates were promising with 17/35 (48.6%) of patients
exhibiting a complete response. CG0070 is currently being evaluated in a Phase 2 trial
(NCT01438112).

It should be noted that GM-CSF can be a double-edged sword. On the one hand, GM-
CSF drives the proliferation of leukocytes and the development of antigen presenting cells
which are needed for a robust adaptive response. On the other hand, GM-CSF has been
shown to expand immature myeloid subsets, such as myeloid derived suppressor cells, that
can act as immune suppressors. Knowledge of proper dosing and delivery strategies is
needed to drive appropriate responses [65].

2.5.3.3 Interleukin-2

Interleukin-2 (IL-2) induces the proliferation and activation of lymphocytes and is
approved for the treatment of metastatic renal cell carcinoma and metastatic melanoma.
Unfortunately, IL-2 also promotes the growth of tumor-supporting Tregs. The history of 1L-2
in the treatment of bladder cancer is quite long, stretching back to intralesional treatments of
NMIBC in 1984 [66]. However, despite promising preclinical data, results from clinical

studies have been mixed.

Clinical study of IL-2 immunotherapy for bladder cancer in the last five years has
been limited. Most studies have been small with less than 30 participants and have not
compared IL-2 against alternate therapeutics. In a recent pilot study, 36 patients with NMIBC
were treated with intravesical IL-2 immunotherapy after complete or intentionally incomplete
TURBT to assess the importance of residual marker lesions [67]. Marker lesions are a
potentially important source of tumor-associated antigens. Intravesical IL-2 immunotherapy
was found to be more effective at preventing recurrence when a marker lesion was left
behind than complete TURBT with median recurrence-free survival times of 20 and 7

months, respectively [67]. One other clinical-stage investigation with IL-2 involves a fusion

25



protein, ALT-801, composed of IL-2-linked to a p53-specific T-cell receptor. ALT-801 has
shown effectiveness in other tumors and is currently being investigated in clinical trials
against both MIBC (NCT01326871) and NMIBC (NCT01625260).

Preclinically, a few studies have investigated the utility of MB49 bladder cancer cells
treated with biotin and streptavidin-1L-2 as a vaccine. In one study, vaccinated mice
exhibited both therapeutic and preventive immune responses against MB49 lung metastases
[68]. A similar study showed that sequential vaccination with GM-CSF-bound MB49 cells
followed by IL-2-bound MBA49 cells was more effective than either alone at prolonging
survival and inducing memory [61]. Another study investigated the ability of streptavidin-IL-
2 to bind to biotin-pretreated orthotopic MB49 tumors in mice. This delivery approach
resulted in prolonged persistence of IL-2 on the bladder surface and led to enhanced survival
over IL-2 alone. Nine of 25 mice with 2-day old tumors treated with the biotin/streptavidin-
IL-2 approach survived longer than 60 days. Perhaps more importantly, 5/9 long term

survivors rejected an intravesical rechallenge with MB49 cells [69].

Another study investigated IL-2, IFNa, and gemcitabine as single agents and in
combination with BCG against orthotopic AY-27 tumors in rats [70]. BCG was given at low
(5x10° cFU/mI), medium (5x108 cFU/ml), and high (5x107 cFU/ml) doses. Recombinant IL-2
(5x10° units) was combined with low dose BCG. Two out of 10, 4/10, 5/10, and 5/10 rats
were alive at day 90 with 0, 3, 4, and 3 being completely tumor-free in the low, medium,
high, and combination treatment group, respectively. IFNa and gemcitabine combined with
BCG showed no additional survival benefit over any of the agents alone. As single agents,

IFNa and gemcitabine were as effective as BCG.

Overall, IL-2 remains a promising candidate for bladder cancer immunotherapy due
to its ability to induce adaptive responses and protective immunity. As with IL-2-based
immunotherapies in other cancers, immune-enhancing benefits must be weighed against the
potential for amplification of tumor-supporting Tregs. To assess the full potential of IL-2-
based immunotherapy for bladder cancer, additional clinical studies are needed to either

combine or compare IL-2 and BCG
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2.5.3.4 Interleukin-12

Interleukin-12 (IL-12) is a pro-inflammatory Tw1 polarizing cytokine produced
primarily by antigen presenting cells in response to danger signals. IL-12 activates NK cells,
promotes proliferation of cytotoxic T-cells and increases the production of interferon-y
(IFNY), a key downstream effector molecule. IFNy has direct cytotoxic and/or cytostatic
activity on a range of cells, including cancer cells. In addition, IFNy promotes antitumor
responses indirectly through anti-angiogenic responses as well as by increasing MHC
expression on tumor cells leading to enhanced immune recognition [71]. In several older
preclinical studies, intravesical administration of IL-12 has shown the ability to eradicate
lesions and generate local immunity when delivered against orthotopic MBT-2 tumors
[72,73].

In the clinic, only one trial has investigated intravesical IL-12 immunotherapy in 15
patients with recurrent superficial bladder cancer [74]. Intravesical administration of IL-12
was well tolerated, however, a maximum tolerated dose was not found and no responses were
recorded. A likely reason for the lack of response was the lack of an effective delivery
strategy. The urothelium is the least permeable epithelial barrier in the body and IL-12 is a
large (70 kDa) protein. Itis likely that IL-12 was not able to penetrate into the tumor and
surrounding urothelium to reach resident immune cells. Our group has hypothesized that
enhancing the delivery of IL-12 will improve its anti-tumor efficacy.

Our experiments have focused on using chitosan as an intravesical delivery vehicle.
Chitosan is a large polymer that forms a viscous and mucoadhesive solution capable of
transiently opening the tight junctions of the urothelium. This allows for increased and
sustained penetration of IL-12 into the wall of the bladder. In addition, the mucoadhesive
feature of chitosan allows it to stick to bladder surface mucin. We have shown that
recombinant IL-12 (5ug) alone can eliminate 50% of established orthotopic MB49 tumors.
However, when IL-12 was co-formulated with chitosan solution (chitosan/IL-12) the
proportion of complete responders was increased to 88-100% [75]. Of particular interest to

the bladder cancer community, 100% of cured mice rejected a subsequent intravesical tumor
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rechallenge for a least 18 months after the primary treatment, suggesting a local memory

response.

A follow-up study investigated chitosan/IL-12, at reduced doses, against established
MB49 and MBT-2 tumors [76]. Chitosan/IL-12 was able to eradicate 100% of MB49 tumors
at a dose of 1 pug IL-12 and 50% of MBT-2 tumors at a dose of 2.5 ug IL-12. In this instance
cured mice rejected both local (intravesical) and distant s.c. tumor rechallenges,
demonstrating for the first time that chitosan/IL-12 can induce a systemic tumor-specific
immune response from a localized, intravesical therapy. Another seminal finding from this
study was that intravesical chitosan/IL-12 immunotherapy was capable of controlling a
distant, s.c. tumor. This potentially clinically significant result suggests that intravesical
chitosan/IL-12 can induce abscopal responses against metastatic lesions. Therefore,
intravesical chitosan/IL-12 could represent a bladder-sparing alternative for MIBC.

Other groups have also demonstrated the potential of IL-12 in preclinical studies. One
study showed that IL-12 produced in a gamma-retrovirus targeted to HER2 was able to
inhibit tumor growth and enhance survival for 2/12 mice when given intratumorally against
s.c. MBT-2 [77]. Another study showed that IL-12 has anti-tumor properties even in the
absence of T cells. Nude mice were given human EJ bladder cancer cells subcutaneously and
then treated with chemotherapy, IL-12 plasmids, or a combination [78]. The combination
therapy was the most effective at decreasing the tumor size, but was unable to eliminate the

tumors.

Despite strong preclinical evidence for IL-12’s ability to induce a sustained, adaptive
anti-tumor response, there do not appear to be any IL-12-based clinical trials for bladder
cancer on the horizon. It is likely that toxicity concerns remaining after two widely
publicized IL-12-related deaths in a Phase 2 advanced renal cell carcinoma study nearly two
decades ago have somewhat curbed enthusiasm for 1L-12. However, IL-12’s toxicity is
associated with frequent systemic exposure to the cytokine. A recent focus on the

development of controlled, localized delivery strategies capable of limiting systemic
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exposure promises to reduce toxicity while harnessing the antitumor potential of this

powerful cytokine.

2.5.3.5 Interleukin-15

Interleukin-15 (IL-15) is a T cell growth factor that shares several features with I1L-2.
However, among several key differences, IL-15 has been shown to specifically increase the
proliferation and maintenance of CD8" memory T-cells. In bladder cancer, IL-15 has been
investigated in two preclinical studies. Matsumoto et al. delivered six intravesical doses of
liposomes containing IL-15 plasmids in mice bearing established orthotopic MBT-2 tumors
[79]. Treated mice experienced reduced tumor burdens, increased CD8" T-cell infiltration,
and enhanced survival with 8/20 mice surviving long term. Surviving mice also showed the
ability to delay, but not reject, the growth of a s.c. tumor rechallenge. These data suggest that

IL-15, like IL-2 and IL-12, is capable of inducing a systemic antitumor immune response.

Another group investigated the efficacy of a mutated I1L-15/IL-15Ra-FC fusion
protein (termed ALT-803) in conjunction with BCG against chemically induced orthotopic
tumors in rats [80]. Treatment with ALT-803 plus BCG resulted in reduced bladder weights,
increased levels of NK cells, and enhanced infiltration of CD3* cells but not CD8* or CD4*
cells when compared to BCG alone. IL-1a and IL-1f were the primary effector cytokines at
the systemic level while RANTES was the primary local cytokine following treatment with
ALT-803 plus BCG. Memory responses were not evaluated in this model, but ALT-803 had
previously generated a memory response against melanoma in mice. A clinical study inspired
by this data is currently recruiting NMIBC patients (NCT02138734).

In sum, IL-15-based immunotherapies are promising due to their ability to induce
tumor-specific adaptive immune responses. Like IL-2 and IL-12, in order for IL-15 to reach
its full potential, a well-considered delivery strategy is needed. In addition, combinations and
dosing schedules with other therapeutics should also be explored. In particular, IL-15 may be
most effective in sustaining or augmenting a memory response initiated by some other

inductive immunotherapy.

29



2.5.4 Antibodies

2.5.4.1 Checkpoint inhibitors

Anti-CTLA-4 antibody (Ipilimumab) therapy, which is approved for the treatment of
unresectable or metastatic melanoma, has been investigated in a 2010 clinical trial of 12
patients with localized bladder cancer prior to cystectomy [81]. The primary goal of this
study was to identify biomarkers associated with a positive response to Ipilimumab. Patients
received two doses, 3mg/kg or 10mg/kg, of Ipilimumab 3 weeks apart with cystectomy 4
weeks after the second dose. A sustained increase in the level of CD4*ICOSM9" lymphocytes
was found to be associated with enhanced survival [81]. A Phase 2 clinical trial evaluating
Ipilimumab in patients with metastatic bladder cancer is underway and expected to be
completed by June 2016 [24]. Ipilimumab is also under investigation in combination with the
anti-PD1 antibody, Nivolumab, in 3 clinical studies.

Anti-PD-L1 therapies are under clinical investigation for a number of cancer
indications and have demonstrated some recent successes in bladder cancer [24]. The anti-
PD-L1 antibody MPDL3280A was evaluated in 67 patients with metastatic bladder cancer in
a Phase 1 trial [82]. Patients were scored for PD-L1 expression on both infiltrating immune
cells and tumors. Treatment with intravenous MPDL3280A led to an objective response rate
of 43% in tumors with high levels of PD-L1 expression but only 11% for low expressing
tumors, indicating that PD-L1 expression can be used as a predictive biomarker for the
success of PD-L1 based therapies. Based on these results, MPDL3280A received
breakthrough status by the FDA and is currently under investigation in multiple clinical
trials. Regarding anti-PD-1 immunotherapy, at the time of this review, 4 clinical trials were
recruiting bladder cancer patients to evaluate the safety and activity of nivolumab with an
additional 9 clinical trials exploring pembrolizumab.

Because of the clinical success of checkpoint inhibitors in other cancers, clinical
studies have outpaced preclinical studies in bladder cancer. In the only preclinical study to
date, Mangsbo et al. administered anti-CTLA-4 or anti-PD-1 antibodies i.p. in combination

with peritumoral CpG or BCG in mice bearing day 7 or 8 s.c. MB49 tumors [36] . CpG plus
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anti-CTLA-4, anti-PD-1 or anti-PD-L1 induced complete regression of large tumors in 6/7,
5/7 and 2/7 mice, respectively. CpG plus check point inhibition (13/21 mice became tumor-
free) was superior to BCG plus checkpoint inhibition (4/18), CpG alone (1/7), or checkpoint
inhibition alone (10/33). CTLA-4 blockade was superior to PD-1 blockade and the
combination was not better than anti-CTLA-4 alone. Mechanistically, CpG plus CTLA-4 or
PD-1 blockade increased levels of tumor-reactive T cells and reduced numbers of Tregs at

the tumor site.

While the future of checkpoint inhibition in the treatment of bladder cancer appears
promising, there is much work to be done at the preclinical level to delineate antitumor
mechanisms and explore additional treatment paradigms including novel combinations. It is
not clear, from the literature in bladder cancer or any cancer, if checkpoint inhibition alone is
sufficient to induce durable anti-tumor immunity or if combination with other inductive
treatments, such as CpG, radiotherapy or cytokine immunotherapy, is needed for durable
anti-tumor immunity. An additional area of exploration is local/intravesical delivery of
checkpoint inhibitors. Despite being relatively well tolerated, checkpoint inhibitors do cause
a significant number of adverse events. Similar to our 1L-12 studies, intravesical delivery of
checkpoint inhibitors could minimize the adverse events associated with high systemic

concentrations while maintaining high local concentrations at the tumor site.

2.5.4.2 Agonistic Antibodies

CD40 is a costimulatory molecule found on antigen presenting and phagocytic cells,
such as macrophages and dendritic cells. The binding of CD40 to CD40L located on TH cells
results in activation of, as well as enhanced phagocytosis and cytokine production by, antigen
presenting cells. CD40 is also present on some tumors where anti-CD40 antibodies can have
a direct anti-tumor effect by inducing apoptosis or antibody dependent cytotoxicity. For these
reasons, anti-CD40 antibodies have been investigated as a potential immunotherapeutic both

clinically and preclinically, but its use against bladder cancer has been limited.

Mangsbo et al. showed that peritumoral administration of anti-CD40 antibodies was

able to eradicate established s.c. MB49 tumors as effectively as systemic (i.p.) administration
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[83]. Local delivery also reduced systemic inflammation as measured by haptoglobin levels.
Importantly, local delivery of anti-CD40 antibodies was able to control distant tumors while
cured mice were protected from rechallenge in a tumor-specific manner. These data
demonstrate that local anti-CD40 therapy is capable of inducing systemic, adaptive

immunity.

A follow-up study using fully humanized anti-CD40 (ADC-1013) showed that locally
administered ADC-1013 initiated an antitumor response against human s.c. EJ bladder
tumors in immunodeficient mice whose immune systems were reconstituted with human
dendritic-cells and T-cells [52]. This study also demonstrated that ADC-1013 given
peritumorally in one MB49 tumor was able to control a second distant MB49 tumor. A
tumor-specific memory response mediated by CD8* and CD4" T-cells was capable of
rejecting MB49 rechallenge up to 5 months after treatment. A Phase 1 trial to assess the
safety of ADC-1013 is currently recruiting patients with advanced solid tumors, including
bladder tumors (NCT02379741).

While investigations into agonistic antibodies for the treatment of bladder tumors are
quite new, preclinical results are promising. The demonstration of a sustained memory as
well as abscopal responses via local delivery is particularly encouraging. More preclinical
and clinical investigations of agonistic antibodies are warranted to assess their effectiveness

in intravesical delivery as single agents and in combination with other therapies.

2.5.4.3 Anti-Interleukin-10

IL-10 is an anti-inflammatory cytokine associated with Treg infiltration and poor
tumor prognosis in bladder cancer [13]. Several preclinical studies have explored the
consequences of blocking IL-10 or its receptor in the context of bladder cancer [84—-86].
Blocking IL-10 function via systemically administered antibodies against the IL-10 receptor
increased the IFNy:1L-10 ratio, enhanced the efficacy of BCG against 1 day old lesions,
prevented lung metastases, and established systemic antitumor immunity as measured via

tumor-specific cytotoxic T lymphocyte activity. Overall, the strategy of blocking the effects
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of IL-10 is promising especially when paired with an inductive treatment such as BCG, TLR

agonists, or inflammatory cytokines.

2.6 Future Perspective

After decades of research and unfulfilled promises, the era of cancer immunotherapy
has finally arrived. Within the last six years, there have been a number of breakthrough
approvals including the first therapeutic cancer vaccine, sipuleucel-T, three monoclonal
antibodies targeting immune checkpoints, ipilimumab, nivolumab and pembrolizumab, and
an oncolytic virus encoding GM-CSF, talimogene laherparepvec. In particular, the approvals
of CTLA-4 (ipilimumab) and PD-1 (nivolumab and pembrolizumab) blockade for advanced
melanoma and metastatic lung cancer have created substantial momentum. Currently, there
are more than 470 clinical studies evaluating one or more of these checkpoint inhibitors, with
and without additional therapies, in various cancers including bladder cancer. As mentioned
previously, checkpoint blockade may induce stronger, more durable antitumor responses
when combined with an inductive immunotherapy that can initiate a robust adaptive immune

response.

With regard to bladder cancer, over the next 5-10 years, the expanding indications of
CTLA-4 and PD-1 blockade are likely to include muscle invasive and/or metastatic bladder
carcinomas. There are currently 12 clinical studies investigating CTLA-4 or PD-1 checkpoint
inhibition in advanced, MIBC or high-risk bladder cancer. The 5-year survival rate for MIBC
is 30 to 50% depending on T status and lymph node involvement. Given that advanced
melanoma has similar survival rates and is similarly immunogenic as MIBC in terms of
mutational load, it would not be surprising if clinical studies demonstrate similar clinical
benefits. However, like in melanoma, checkpoint blockade is not expected to induce
complete responses in the majority of patients with MIBC. As such, it does not appear likely
that checkpoint blockade alone could prevent life altering cystectomy. Perhaps combining

checkpoint blockade with another inductive immunotherapy could be bladder sparing.

Another combination approach worthy of future consideration is chemotherapy plus

immunotherapy. Bladder cancer is responsive to cytotoxic agents. Intravesical mitomycin C
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is routine for low grade NMIBC following TURBT while systemic cisplatin is standard for
metastatic bladder cancer. In addition, a growing literature in diverse cancers demonstrates
that cytotoxic agents can enhance tumor recognition by the immune system, in some cases

revealing neoantigens. Furthermore, certain chemotherapy agents can eliminate or inhibit

tumor-supporting immunosuppressive cells. Examples include cyclophosphamide for

inhibition of Tregs and oxaliplatin for inhibition of regulatory B cells.

In addition to combination immunotherapies, there are two additional approaches for
bladder cancer that should be considered. First, it may be more effective and safer to
administer checkpoint inhibitors intravesically instead of intravenously. As described in this
review, a number of preclinical studies have demonstrated that local immunomodulation of
the bladder through intravesical delivery of cytokines and agonists can result in durable local
and systemic adaptive immune responses. The intravesical route provides direct access to
bladder tumors and a unique opportunity to reduce adverse events associated with systemic
delivery of immunotherapy. Our group is currently investigating the efficacy of localized

checkpoint blockade in preclinical models.

Secondly, although the vast majority of clinical studies investigating checkpoint
blockade are in advanced cancers, it is expected that checkpoint blockade will be most
effective against smaller tumor burdens such as NMIBC. As discussed below, overcoming
BCG entrenchment is a significant challenge. However, combining checkpoint blockade with
BCG is a logical intermediate step. Preclinical studies have shown that checkpoint blockade
plus BCG is superior to BCG alone, however, combinations of checkpoint blockade with

other immunotherapies are more effective.

Beyond the inevitable evaluation of checkpoint inhibition, there are a number of other
immunotherapies, including IL-12, IL-15 and anti-CD40 that are deserving of clinical
consideration in bladder cancer. Each of these immunotherapies, unlike BCG, have
demonstrated the ability to induce tumor-specific immunity. Like most novel cancer
treatments, development and clinical translation of these immunotherapies will likely require

investment from the biopharmaceutical industry.
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Finally, we speculate on the future of BCG immunotherapy in the treatment of high-
risk NMIBC. While BCG has been touted by some as the most successful cancer
immunotherapy to date, it is not without significant concerns. The immunological limitations
of BCG were presented in a previous section and can be summarized by the dogma that BCG
is incapable of inducing tumor-specific adaptive immunity. In order to significantly impact

recurrence rates, we believe that a tumor-specific adaptive response is essential.

It has been frustrating to many, researchers, physicians and patients alike, that the use
of intravesical BCG for high-risk or high-grade NMIBC is largely unchanged since Morales’
study nearly 4 decades ago [29]. The lack of progress in the management of NMIBC is
disconcerting and causes us to ask why have we not been able to find a better immunotherapy
than BCG for bladder cancer? The answer to this question is likely multifactorial. First,
funding for bladder cancer research is dismal. The National Cancer Institute (NCI) invests
only about $20M per year in bladder cancer research [87]. This translates to about $280 per
newly diagnosed bladder cancer patient. For comparison, breast cancer averages about
$2,700 in NClI-sponsored research support per newly diagnosed patient. Not to mention,
breast cancer receives considerable support from a number of high profile foundations.
Second, bladder cancer clinical studies are notoriously difficult to accrue to and comparative
studies require large numbers of patients. Third, while BCG is not perfect, there may be a
sense that it is ‘good enough,’ and that new therapies are too risky. Such a conservative and
risk-averse outlook discourages innovation. Furthermore, clinical studies investigating novel
immunotherapies are typically limited to enrolling BCG refractory patients. However, the
oft-cited mantra that bladder cancer treatment has not changed in 40 years may be
encouraging change. Over the next five years, we expect the bladder cancer community’s
appetite for novel immunotherapies capable of replacing BCG will grow. We expect to see a
greater tolerance for clinical studies in BCG naive patients where immunotherapies have a
greater chance for both accrual and better clinical outcomes. Indeed, the next five years can
be transformational and the hope is that by focusing on immunotherapies capable of
establishing adaptive tumor-specific memory, we can significantly impact bladder cancer

morbidity and mortality.
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3 Intravesical Chitosan/Interleukin-12 Immunotherapy Induces Tumor-
Specific Systemic Immunity against Murine Bladder Cancer

Reproduced with permission from:

Smith SG, Koppolu BP, Ravindranathan S, Kurtz SL, Yang L, Katz MD, Zaharoff DA.
Intravesical Treatment of Orthotopic Bladder Cancer with Chitosan/Interleukin-12
Induces Systemic Tumor-Specific Inmunity. Cancer Immunology Immunotherapy, 64.6
(2015): 689-96.

3.1 Abstract

Bladder cancer is a highly recurrent disease in need of novel, durable treatment strategies.
This study assessed the ability of an intravesical immunotherapy composed of a
coformulation of the biopolymer chitosan with interleukin-12 (CS/IL-12) to induce systemic
adaptive tumor-specific immunity. Intravesical CS/IL-12 immunotherapy was used to treat
established orthotopic MB49 and MBT-2 bladder tumors. All mice receiving intravesical
CS/IL-12 immunotherapy experienced high cure rates of orthotopic disease. To investigate
the durability and extent of the resultant adaptive immune response, cured mice were
rechallenged both locally (intravesically) and distally. Cured mice rejected 100% of
intravesical tumor rechallenges and 50-100% of distant subcutaneous rechallenges in a
tumor-specific manner. The ability of splenocytes from cured mice to lyse targets in a tumor-
specific manner was assessed in vitro, revealing that lytic activity of splenocytes from cured
mice was robust and tumor-specific. Protective immunity was durable, lasting for at least 18
months after immunotherapy. In an advanced bladder cancer model, intravesical CS/IL-12
immunotherapy controlled simultaneous orthotopic and subcutaneous tumors in 70% of
treated mice. Intravesical CS/IL-12 immunotherapy creates a robust and durable tumor-
specific adaptive immune response against bladder cancer. The specificity, durability and
potential of this therapy to treat both superficial and advanced disease are deserving of

consideration for clinical translation.
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3.2 Introduction

Worldwide annual incidence of bladder cancer is approximately 356,000 with a
prevalence estimated to be 2.7 million [1, 2]. The majority (~70%) of new cases present as
non-muscle invasive bladder cancer (NMIBC). For patients with intermediate to high risk
NMIBC, the standard of care for over 30 years has been intravesical immunotherapy with
mycobacterium bovis bacillus Calmette-Guerin (BCG) [3]. Since its description by Morales
et al. in 1976, BCG has proven more effective than any single chemotherapeutic agent at

preventing recurrence of high grade NMIBC [4, 5].

Despite its success, BCG immunotherapy retains several limitations. Five percent of
patients treated with BCG exhibit serious side effects including sepsis and allergic reactions
[6, 7]. Furthermore, of the 50-75% of patients who completely respond to BCG, 30%-50%
experience a recurrence within five years [8, 9]. This recurrence is due to lack of a tumor-
specific T-cell response [5]. Thus, strategies that limit recurrence of high grade NMIBC and

improve patient survival by promoting protective antitumor immunity are needed.

We have previously shown that the co-formulation of interleukin-12 (I1L-12) with a
viscous solution of the biopolymer chitosan (CS/IL-12) was superior to both BCG and IL-12
alone against orthotopic bladder tumors while chitosan alone was no more effective than PBS
[10]. The subject of many pre-clinical and clinical studies, IL-12 is a powerful cytokine that
induces a Tn1 polarized immune response while engaging both the innate and adaptive
branches of immunity [11-15]. Chitosan is an abundant, natural polysaccharide with a broad
range of applications and an established safety profile in humans [16-19].

Chitosan is not bioactive, but is particularly well suited for delivery within the
bladder due to its potential to enhance three aspects of delivery. First, chitosan’s polycationic
nature facilitates adhesion to negatively charged mucosal surfaces. Second, chitosan solution

is viscous which may reduce the amount of therapeutic agent washed away during voiding of
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the bladder. Third, chitosan may enhance bladder wall absorption by opening gap junctions

between epithelial cells [18].

Our previous study showed that four weekly intravesical treatments with CS/IL-12
(5ug) eliminated 80-100% of orthotopic bladder tumors in mice while all mice treated
similarly with BCG succumbed to the disease within 60 days [10]. Only 37% of tumor-
bearing mice treated with 1L-12 alone survived long term. Similar to other preclinical results
involving intravesical IL-12, 100% of cured mice were completely protected from
intravesical rechallenge [20, 21]. Intravesical CS/IL-12 induced brisk tumor infiltration by
CD3* T cells and F4/80* macrophages. Within the T cell compartment, CD8" infiltrates
outnumbered CD4" infiltrates. Overall, immunohistochemistry data suggested that CD8" T
cells and macrophages are potential effector cells mediating the regression of bladder tumors.
However, despite the involvement of T lymphocytes and the induction of protective

immunity, the study stopped short of confirming the induction of adaptive immunity.

Therefore, the primary goal of the present study was to determine if intravesical CS/IL-
12 can induce adaptive tumor-specific immunity. A secondary goal was to explore the efficacy

of CS/IL-12 immunotherapy at lower doses and in multiple preclinical models.

3.3 Results

3.3.1 Treatment of MBT-2 with Intravesical CS/IL-12

Previous studies exploring intravesical CS/IL-12 immunotherapy to treat orthotopic
bladder cancer focused only on the MB49 tumor model [10]. In a preliminary experiment to
explore the efficacy of CS/IL-12 in an additional tumor model, C3H mice bearing orthotopic
MBT-2 were treated weekly starting seven days post implantation. Mice were randomized to
receive either PBS or CS/IL-12 intravesically. IL-12 alone, i.e. without chitosan, was not
included in order to conserve animals; IL-12 alone had previously been shown to be much
less effective than CS/IL-12 [10]. Initial attempts to treat MBT-2 with CS/IL-12 (5ug)
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Figure 3.1: Intravesical CS/IL-12
immunotherapy is effective against orthotopic
MBT-2 tumors. C3H/HeJ mice were inoculated
with 100,000 MBT-2 cells intravesically. A. Mice
were treated intravesically with either PBS (o, n=4)
or CS/IL-12 (A, n=4) every seven days starting
seven days post inoculation (arrows indicate
treatments). The first two treatments contained 5 pg
IL-12, however the final two treatments were
reduced to 2.5 pg to reduce toxicity.
B. MBT-2 tumor-bearing mice were treated
intravesically with PBS (e, n=6), CS/IL-12 (1 pg)
(w, n=4), or CS/IL-12 (2.5 pg) (A, n=8) weekly for
four consecutive weeks starting seven days post
implantation (arrows indicate treatments). Mice
were monitored for hematuria and survival.

resulted in two early treatment-related deaths (Figure 3.1A) characterized by mice emerging
from anesthesia in a moribund state, i.e. hunched and slow with ruffled fur. This timeline of
toxicity is consistent with reported accounts of IL-12 toxicity in which mice typically
succumbed two days after multiple 1L-12 administrations [22]. Consequently, the final two
treatments were reduced to CS/IL-12 (2.5ug) resulting in complete tumor elimination, as
evidenced by clear urine and no palpable tumors, in the remaining mice. The overall survival

for this experiment was 50% (2/4).

In a subsequent experiment (Figure 3.1B), the antitumor activities of IL-12 alone

(2.5ug), CS/IL-12 (2.5pg) and CS/IL-12 (1pg) were explored. The lower dose (1pug) resulted
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Figure 3.2: Intravesical CS/IL-12 (1 pg)
therapy eradicates orthotopic MB49 tumors.
Mice were implanted intravesically with 75,000
MB49 cells. Upon onset of hematuria, mice were
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(e, n=9), IL-12 alone (1pg) (m, n=10), or CS/IL-
12 (1 pg) (A, n=8). Mice were monitored for
hematuria and survival. Asterisks indicate a
significant difference between the survival curves
(P<0.05 via Log-rank test).
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in 2/9 mice surviving long term. Mice treated with CS/IL-12 (2.5ug) achieved prolonged
survival and an overall complete eradication rate of 43% (6/14). IL-12 administered without
chitosan was no more effective than PBS with 1/10 mice in both groups surviving long-term;
the surviving mice in both groups did not exhibit hematuria at any point in the experiment.
The log-rank test did not reveal statistical difference between the median survival times of
any of the treatment groups. The experiment was monitored until all mice either were

euthanized due to tumor progression or had no evidence of disease.

3.3.2 Lower Dose CS/IL-12 Therapy of Orthotopic MB49

To determine if CS/IL-12 immunotherapy is effective at a lower dose, intravesical
CS/IL-12 (1pg) was used to treat orthotopic MB49 tumors (Figure 3.1). The 1pg dose was
chosen as it had been shown to be effective at hindering bladder tumors (Figure 3.1B) and
we hypothesized that an accelerated schedule of twice weekly instead of once weekly would
be more effective against the more sensitive MB49 tumors. Treatment was begun upon onset
of hematuria. All control mice receiving PBS succumbed to disease with a median survival
of 22 days, while intravesical treatment with IL-12 alone resulted in a 52 day median

survival. Intravesical immunotherapy with CS/IL-12 (1ug) eradicated 100% of orthotopic
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Figure 3.3: Survival of cured C3H/HeJ mice
following both local and distant rechallenge. A.
Both naive (e, n=2) and mice previously cured (A,
n=5) of orthotopic MBT-2 using intravesical
CS/IL-12 were rechallenged intravesically with
100,000 cells 6 weeks after their last treatment.
B. Mice rejecting orthotopic rechallenge (A, n=5)
were then rechallenged in the right flank with
100,000 MBT-2 cells subcutaneously 8 weeks after
their last CS/IL-12 administration. Naive mice (o,
n=3) were also challenged subcutaneously with the
same number of cells. Asterisks indicate a
significant difference between the survival curves
(P<0.05 via Log-rank test).

MB49 tumors with all treated mice surviving long term (> 70 days). Differences in survival
among the three treatment groups was significant (P<0.05).
3.3.3 Rechallenge of Cured Mice and in vitro Cytotoxicity Studies

C3H mice completely eliminating orthotopic MBT-2 tumors were rechallenged with
MBT-2 intravesically (Figure 3.3A). All cured mice rejected intravesical rechallenge (n=5)
with no evidence of tumor development, i.e. hematuria. All naive mice (2/2) developed

tumors indicated by severe hematuria, a palpable mass, and a moribund state within 20 days
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Figure 3.4: Cured mice exhibit both local and
systemic tumor-specific immunity. A. Tumor
incidence of cured C57BL/6 mice rechallenged at a
distant site. C57BL/6 mice previously cured of
orthotopic MB49 using intravesical CS/IL-12 were
rechallenged subcutaneously at the right flank with
either 300,000 MB49 cells (A, n=18) or 300,000
B16-F10 cells (A, n=8). Naive mice were also
implanted with either MB49 or B16-F10 tumor
cells as positive controls. The incidence of tumor
appearance was monitored.

B. In vitro cytotoxicity reveals tumor specific lysis.
Splenocytes isolated from mice cured of orthotopic
MBA49 via intravesical CS/IL-12 immunotherapy
were stimulated for one week with irradiated MB49
cells before being allowed to lyse either MB49 (A,
n=3) or B16-F10 (A, n=3) tumor cells. The percent
of tumor cells lysed by collected lymphocytes was
measured after overnight incubation at increasing
effector:tumor ratios. Results for three separate
experiments are shown. The difference between
MB49 and B16 lysis was significant (P<.05 via
two-tailed t-test) within each experiment. Error
bars indicate standard deviation of triplicate
measurements.

post implantation. Cured mice previously rejecting intravesical rechallenge were then
inoculated subcutaneously with MBT-2 in the right flank (Figure 3.3B). Three of five mice
rejected the subcutaneous rechallenge while 3/3 naive mice developed tumors. In both

rechallenge experiments the difference in survival between naive and cured mice was
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Table 3.1: Local and systemic durability of tumor-specific
immunity generated via CS/IL-12 immunotherapy. All mice
previously had orthotopic MB49 tumors that were eradicated
following intravesical CS/IL-12 immunotherapy. Tumor challenge
consisted of 75,000 MB49 cells administered intravesically or 300,000
MB49 cells injected in the right flank. Naive mice served as positive
controls. Mice were monitored for tumor development and hematuria.
Overall survival was recorded.

Time Since last Intravesical Subcutaneous
CS/IL-12 Treatment  Rechallenge Rechallenge
9 Months 313 313
10 Months 312 312
18 Months 313 313

Naive 0/3 0/3

significant (P<0.05). All mice that rejected rechallenge survived long term (>90 days post
inoculation).

Previous studies demonstrated that C57BL/6 mice previously cured of orthotopic
MB49 using CS/IL-12 reject intravesical rechallenge [10]. To investigate the extent and
specificity of this antitumor immunity, cured mice were inoculated subcutaneously in the
right flank with either MB49 or an unrelated tumor, B16-F10 melanoma (Figure 3.3A). All
of the previously cured mice given B16 cells developed lesions (n=8) while all cured mice
given MB49 cells rejected rechallenge (n=13). Naive mice quickly developed either B16 or
MB49 tumors.

An in vitro investigation showed that lymphocytes derived from the spleens of cured
mice lysed MB49 targets much more efficiently than B16 targets (Figure 3.3B). Specifically,
at an effector:target ratio of 50:1, lymphocytes from three cured mice lysed 41.1, 49.3, and
51.8% of MB49 targets but only 9.8, 20.3, and 20.2% of B16 targets, respectively. The
difference between MB49 and B16 lysis was significant (P<0.05 via two-tailed t-test) within
each experiment.

In a separate experiment to evaluate the durability of antitumor immunity, mice who

received their last CS/IL-12 treatment 9, 10, or 18 months prior were rechallenged with
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MB49 cells intravesically. All (8/8) of these mice rejected the orthotopic rechallenge (Table

3.1). Those same mice also completely rejected a subcutaneous rechallenge.

3.3.4 Treatment of Distant Lesions with Intravesical Therapy

The studies above demonstrate that intravesical CS/IL-12 can induce systemic,
adaptive antitumor immunity. Therefore, to determine if intravesical CS/IL-12 can control
both orthotopic and distant disease simultaneously, naive mice were divided into four groups
(Figure 3.5) and given MB49 either subcutaneously only (A and C) or both subcutaneously
and orthotopically (B and D). Mice were treated intravesically with either PBS (B), or CS/IL-
12 (1 pg) (C and D). A cohort of mice bearing subcutaneous MB49 tumors were not treated

(A) to serve as a negative control.

Tumors in untreated mice grew rapidly and all mice were euthanized by day 30 (A).
Mice with both intravesical and subcutaneous tumor burdens, that received PBS (B)
exhibited a slower subcutaneous growth rate than the mice in group A, but were all moribund
and euthanized by day 21 due to dual high tumor burdens. Those mice bearing only
subcutaneous tumors, but treated intravesically with CS/IL-12 (C) experienced slowed tumor
growth during treatments likely due to systemic leakage of IL-12. Our previous paper
demonstrated that intravesical CS/IL-12 does cause significant systemic leakage of 1L-12
[10]. It has also been established that systemic IL-12 can induce subcutaneous MB49
regression [23]. Once the treatments ceased, 3/5 mice exhibited exponential tumor growth
and succumbed within 20 days after the last treatment. The other two mice survived and
remained tumor-free long term. The final group (D) bearing both orthotopic and
subcutaneous tumor burdens was treated intravesically with CS/IL-12. One of ten mice
initially failed to reject its primary orthotopic tumor and succumbed within 25 days after
implantation. The remaining mice exhibited suppressed subcutaneous tumor growth both
during and after treatment. Seven of those nine mice completely eradicated both their
subcutaneous and orthotopic burdens. One of those seven mice eventually succumbed to a
recurrence of orthotopic disease. One of the nine mice eradicated its orthotopic tumor but did

not completely eradicate its subcutaneous
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Figure 3.5: Intravesical CS/IL-12 immunotherapy of orthotopic bladder tumors is effective against distant lesions.
C57BL/6 mice were implanted with MB49 either subcutaneously (A and C) or both subcutaneously and orthotopically (B
and D). Mice in groups C and D received intravesical treatments of CS/IL-12 (1 pg) every three or four days starting seven
days after implantation. Group B received intravesical PBS. Group A served as a negative control and did not receive any
treatment. Tumor volume, hematuria, and overall survival were monitored. Arrows indicate treatments.

tumor. That mouse maintained a small tumor over a timescale of more than four months with
no other ill effects. Overall over the four-month experiment, seven of ten either eradicated or
controlled both their orthotopic and subcutaneous tumors following intravesical CS/IL-12

immunotherapy.

3.4 Discussion

The most significant finding of this study is the demonstration of tumor-specific
adaptive immunity following intravesical CS/IL-12 immunotherapy. Our previous study

showed that CS/IL-12-treated mice were protected from orthotopic bladder cancer
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rechallenge [10]. In addition, immunohistochemistry studies demonstrated high levels of
macrophage and T-cell infiltrates during and after treatment. Thus, while adaptive immunity
was implied, our previous data did not provide a causal link between an adaptive immune
response and protective immunity. The present study provides that link in three ways. First,
the in vitro cytotoxicity assays demonstrated that lymphocytes from cured mice lyse targets
in a tumor specific manner (Figure 3.3B). Second, the ability of cured mice to reject MB49
cells but not B16 cells implanted at a distant site demonstrates not only a tumor-specific but
also a systemic, adaptive immune response (Figure 3.3A). Third, mice rechallenged long
after their last treatment successfully rejected both intravesical and subcutaneous inoculations
(Table 3.1). Our previous study showed that immune infiltrates were returning to normal
levels by six months post treatment [10]. Thus, rejection of orthotopic and subcutaneous
tumors at 9, 10, and 18 months post CS/IL-12 immunotherapy when the immune infiltration
has subsided demonstrates a long-lived response effector-memory response. These data
combine to show that this rejection is not a local, mucosal phenomena due to high levels of
non-specific residual infiltrates, but instead a full-fledged adaptive, tumor-specific immune
response that extends to the systemic circulation.

To our knowledge, this is the first demonstration of an intravesical-to-systemic
transfer of immunity. This finding could have pertinent implications for the treatment of
advanced bladder cancers. Our preclinical model (Figure 3.5) demonstrates that intravesical
treatment with CS/IL-12 has the potential to actively engage and direct the immune system
towards distant malignancies. A significant minority of bladder cancer cases (~30%) initially
present as muscle invasive disease with or without distant metastases [3]. Standard
treatments for these patients include radiation therapy and life-altering radical cystectomy.
Even after removal of the bladder, approximately half of patients already have metastases
that are associated with poor outcomes [24]. The dual-burden model explored here is not a
perfect representation of true metastatic disease. Nonetheless, the ability of CS/IL-12 to
eliminate both orthotopic and distant tumors is promising and could lead to an alternative

treatment for metastatic diseases.
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One of the goals of this study was to investigate the efficacy of CS/IL-12 against an
additional tumor model. The MB49 model is the most commonly used model of murine
bladder cancer even though it was initially derived from male mice and bears the Hy antigen
potentially making it immunogenic in female mice [25, 26]. Female mice are commonly used
for orthotopic bladder tumor models due to their less tortuous urethras. Despite the presence
of the Hy antigen, MB49 develops aggressive, rapid, and multifocal tumors in untreated
female mice typically leading to death within 30 days of implantation. This aggressiveness is
likely due to the ability of MB49 to recruit immune cells producing immunosuppressive IL-
10 [27].

The second most utilized murine bladder tumor model, MBT-2 cell line was derived
from female mice and is not known to bear any foreign antigens [26]. The MBT-2 model
offers the additional challenge of being syngeneic to C3H mice, which are reportedly more
sensitive to IL-12-induced toxicities [20, 28]. The results of our study demonstrate that
intravesical CS/IL-12 immunotherapy effectively eradicated 43% of orthotopic MBT-2
tumors and is thus effective in multiple bladder cancer models (Figure 3.1). Indeed, the
adaptive immunity generated by CS/IL-12 is translatable between strains and tumor lines
(Figure 3.3). Though the 43% cure rate was not as efficient as seen in the MB49 model,
better outcomes are likely given an optimized treatment regimen. To this end, planned
studies will continue to investigate optimal delivery strategies for CS/IL-12 especially in
terms of dose, time of installation, times between treatments, number of treatments, and

therapeutic volume.

The final major finding from this study is the durability of antitumor immunity
generated via CS/IL-12 immunotherapy (Table 3.1). This has potential clinical impact in
terms of reducing the cost and increasing the compliance associated with NMIBC bladder
cancer treatment. The high rate of recurrence following BCG immunotherapy necessitates
frequent monitoring of the patient and repeated treatments. Current American Urological
Association guidelines recommend a cystoscopy every 3-6 months. As such, bladder cancer
has the highest domestic cost per patient ($96,000-$187,000) of all cancers, with a total
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burden exceeding $4 billion annually [29]. Additionally, only 40% of patients fully comply

with the recommended guidelines [29, 30]. In addition to eliminating bladder cancer, the

durable and specific immunity induced by intravesical CS/IL-12 immunotherapy could lead

to fewer maintenance treatments, reduce the number of monitoring appointments, and

subsequently increase patient compliance while decreasing per-patient costs.
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4 Immunological Mechanisms of Intravesical Chitosan/Interleukin-12
Immunotherapy Against Murine Bladder Cancer
Reproduced under the Creative Commons Attribution-NonCommercial-

NoDerivatives License from:

Smith SG, Baltz JL, Koppolu BP, Ravindranathan S, Nguyen K, Zaharoff DA. Immunological
Mechanisms of Intravesical Chitosan/Interleukin-12 Immunotherapy Against Murine Bladder
Cancer. Oncolmmunology (2016): e1259050

4.1 Abstract

There is a critical unmet clinical need for bladder cancer immunotherapies capable of
inducing durable antitumor immunity. We have shown that four intravesical treatments with
a simple coformulation of interleukin-12 and the biopolymer chitosan not only destroy
orthotopic bladder tumors, but also promote a potent long-lasting systemic immune response
as evidenced through tumor-specific in vitro killing assays, complete protection from
rechallenge, and abscopal antitumor responses at distant non-treated tumors. This study
investigates the immunological kinetics underlying these results. We show through depletion
studies that CD8+ T-cells are required for initial tumor rejection, but CD4+ T-cells protect
against rechallenge. We also show that even a single intravesical treatment can eliminate
tumors in 50% of mice with 6/9 and 7/8 mice eliminating tumors after three or four
treatments respectively. We then performed immunophenotyping studies to analyze shifts in
immune cell populations after each treatment within the tumor itself as well as in secondary
lymphoid organs. These studies demonstrated an initial infiltration of macrophages and
granulocytes followed by increased CD4+ and CD8+ effector-memory cells. This was
coupled with a decreased level of regulatory T-cells in peripheral lymph nodes as well as
decreased myeloid derived suppressor cell infiltration in the bladder. Taken together, these
data demonstrate the ability of properly delivered interleukin-12-based therapies to engage
adaptive immunity within the tumor itself as well as throughout the body and strengthen the
case for clinical translation of chitosan/interleukin-12 as an intravesical treatment for bladder

cancer.
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4.2 Introduction

In the United States alone more than 76,000 new cases of bladder cancer are expected
this year with more than 16,000 deaths associated with the disease [1,2]. The majority of new
cases are of non-muscle invasive disease, accounting for 70-80% of diagnoses [3]. For 40
years the standard of care for high-grade, non-muscle invasive disease has been intravesical
therapy with mycobacterium bovis bacillus Calmette-Guerin (BCG) after a transurethral
resection of the tumor. Despite years of clinical immunotherapy with BCG, a specific anti-
tumor memory response as a result of BCG therapy has not been demonstrated [4]. This has
led bladder cancer to have recurrence rates of 50-80%, the highest of any major malignancy
[5]. While there has been recent progress in treatment of some metastatic cases with
checkpoint inhibitors, [6] there remains an urgent need for novel treatments for both muscle

invasive and early stage disease.

Our lab has developed an immunotherapy composed of interleukin-12 coformulated
with the biopolymer chitosan (CS/IL-12) [7-9]. In CS/IL-12 immunotherapy, IL-12 acts as a
powerful immune stimulant while chitosan enhances IL-12’s penetration into the urothelium
[7]. Interleukin-12 is a TH1 polarizing cytokine, capable of reversing an immunosuppressive
environment within tumors. We have shown that four intravesical instillations of CS/IL-12
not only eliminates up to 90% of bladder tumors in two orthotopic murine bladder tumor
models, but also induces a powerful memory response capable of complete systemic
protection that remains durable for the remaining lifespan of the mice [7,9]. We have also
shown that a similar coformulation delivered intratumorally has potent effects against other
tumors of non-bladder origin [8,10,11]. But the immunological mechanisms underlying this

effectiveness, especially with regards to bladder tumors have not been elucidated.

A number of studies have shown that IL-12-based therapies delivered intratumorally
act in an IFNy dependent manner to increase CD3+, CD4+, and CD8+ T-cell infiltration
while activating existing tumor infiltrating lymphocytes (TILs) and reducing regulatory T-

cell (Tregs) and myeloid derived suppressor cell (MDSC) frequencies [8,12,13]. However,
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Figure 4.1: Immune cell depletion during treatment
and rechallenge. A. Mice were depleted of CD4+,
CD8+, or NK1.1+ lymphocytes prior to implantation
of 75,000 MB49 cells in the bladder and throughout
twice-weekly application of intravesical CS/IL-12
immunotherapy (arrows) begun 7 days post
implantation. Mice were monitored for hematuria and
survival. All CS/IL-12 treated groups, regardless of
depletion status, significantly (p<0.05) prolonged
survival over PBS treated mice. B. Mice which had
previously eradicated their tumors were depleted of
CD4+, CD8+, or NK1.1+ lymphocytes prior to
subcutaneous rechallenge with 300,000 MB49 cells.
Onset of tumor growth was monitored and measured.
With the exception of the CD4 depleted group all
curves were significantly different (p<0.05) than naive
mice. Asterisks indicate differences between groups
determined via the Log-Rank test as: * (p<0.05) or ***
(p<0.0005).

the means by which IL-12 induces an effective immune response varies by tumor type and
even by the same tumor type in different tissues [14]. Furthermore, the kinetics of an IL-12-

based immunotherapy within the bladder has not been documented.

The purpose of the current study is to build on our current knowledge of IL-12-based
therapies by asking three questions regarding the immunological mechanisms and Kinetics of

intravesical CS/IL-12. First, which immune cells are most vital to both the initial treatment
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Figure 4.2: Number of treatments impact initial
tumor rejection. A. Mice were implanted with 75,000
MB49 cells in the bladder and given 1, 2, 3, or 4
intravesical treatments with CS/IL-12 on days 7, 11,
15, and 18 respectively. They were then tracked for
hematuria and survival. B. Survival curves from the
same experiment as A, but with the combined 1 and 2
treatments against the combined 3 and 4 treatments.
Asterisks indicate differences between groups
determined via the Log-Rank test as: * (p<0.05), or ***
(p<0.0005).

and the subsequent protection? Second, what is the effect of number of treatments on

elimination of bladder tumors? Third, how does the response to intravesical CS/IL-12

immunotherapy evolve throughout the course of treatment both at the treatment site and in

secondary lymphoid organs?

4.3 Results

Initial tumor rejection is primarily driven by CD8+ T-cells

To determine the role of immune cell subsets on the efficacy of intravesical CS/IL-12

immunotherapy, we depleted tumor bearing mice of CD4+, CD8+, or NK1.1+ cells prior to

treatment. Each cell type was revealed to play a role in the effectiveness of CS/IL-12
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immunotherapy with 4/8 NK-depleted, 4/8 CD4-depleted, 0/9 CD8-depleted, mice surviving
tumor free (Figure 4.1A). In contrast, 7/9 mice that were not depleted completely eliminated
their tumors. Despite all succumbing to their tumors, mice depleted of CD8+ cells
experienced extended median survival by six days when compared to phosphate buffered
saline (PBS) treated mice (p<0.05). All other treated mice regardless of depletion status also

extended survival (p<0.05) beyond PBS treated as well as CD8+ T-cell depleted mice.

4.3.2 The memory response is dependent on CD4+ T-cells

We have previously shown that mice which have eliminated their orthotopic bladder
tumors after treatment with CS/IL-12 were able to reject subsequent tumor rechallenge even
at a distant (subcutaneous) site [9]. To identify the immune cell subtypes required for this
systemic memory, we depleted immune cell subsets in mice which had previously eliminated
their tumors and then rechallenged them subcutaneously in the right flank with MB49
(Figure 4.1B). All (4/4) non-depleted mice rejected rechallenge and all naive mice (12/12)
grew tumors. Depletion of NK cells had little effect on tumor protection with 4/5 mice
rejecting their rechallenge. Surprisingly, depletion of CD8+ cells also had a minimal effect
with 81% (13/16) mice rejecting rechallenge. The main effectors of the subsequent rejection
were found to be CD4+ cells with only 1/9 mice rejecting rechallenge. Non-depleted, CD8+
depleted, and NK1.1+ depleted groups were all significantly different (p<0.05) than both
naive and CD4 depleted groups.

4.3.3 Number of treatments impact tumor rejection

The decision to use four intravesical treatments of CS/IL-12 in our previous
publications was largely determined through experimental observation. Nearly all treated
mice tend to be hematuria free after the fourth treatment. We sought to better explore the
significance of the number of administrations by applying either 1, 2, 3, or 4 treatments while
tracking survival (Figure 4.2). As expected, mice given the full course of four treatments
showed the greatest ability to eradicate their tumors with 7/8 surviving long-term. However,

fewer treatments were also effective with 6/9, 2/7, and 4/8 mice surviving long-term when
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Figure 4.3: Bladder weight decreases with
treatment. Mice were implanted with 75,000 MB49
cells in the bladder and given 1, 2, 3, or 4 intravesical
treatments with CS/IL-12 on days 7, 11, 15, and 18
respectively (n=5-7 per group). One day after each
treatment, the mice were sacrificed and their bladders
removed, weighed (A), and photographed (B) before
further processing for analysis. The representative
bladders in (B) are placed on 5.1 mm (0.2 in) grid
paper. Error bars indicate mean with SEM. Asterisks
indicate differences between PBS and CS/IL-12
treated mice at the indicated time point as determined
through the students t-test: *** (p<0.0005).

given 3, 2, or 1 treatments respectively. All curves were significantly different than PBS
treated controls (p<0.005) and both 3 and 4 treatments were significantly different than 2
treatments (p<0.005) but were not statistically different than a single treatment. However,
giving 3 or 4 treatments did significantly prolong survival over 1 or 2 treatments (p<0.05)
(Figure 4.2B).

In a separate experiment, bladders were harvested one day after each treatment,
weighed (Figure 4.3A) and photographed (Figure 4.3B). Bladder weight in CS/IL-12 treated
mice began to separate from PBS controls (p=0.056) by the third treatment. Bladders of
CS/IL-12 treated mice were significantly smaller (p<0.0005) after the fourth treatment. There
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was also a noticeable difference in the volume and redness of the bladders by the third

treatment as seen in Figure 4.3B.

4.3.4 Treatment number affects immune cell infiltration locally and systemically

Since the number of treatments impacts the therapeutic efficacy of intravesical CS/IL-
12, we decided to perform a study of the immune kinetics over the full course of treatment.
We also knew from previous studies that an intravesical treatment of CS/IL-12, though
confined to the bladder, induces a systemic immune response capable of eliminating distant
tumors [4]. To characterize this response, we performed a time-course study in which the
bladder tumors as well as the spleen and bladder draining lymph nodes (BDLNSs) were
harvested 24 hours after each treatment and analyzed for shifts in a number immune cell
populations via flow cytometry (Supplementary Figure 3.1). All results are of 4-5 mice
from duplicate experiments. Statistical comparisons are either between immune cell
populations within the CS/IL-12 and PBS treated groups at the same time point via Student’s
t-test or differences in those populations within the CS/IL-12 treatment group with respect to

treatment number as determined via one-way ANOVA.

Shifts in lymphocyte populations are most pronounced in the bladder after the third
treatment

CD3+ Lymphocytes The proportion of live leukocytes consisting of CD3+ T-cells

varied by tissue, treatment, and treatment number. T-cell infiltration in treated mice rose in
the bladder after the third and fourth treatments with mean infiltrations more than 2x that of
PBS treated mice (p<0.05, Figure 4.4, first row). These differences were less pronounced in
distant organs with a small decrease in the spleen from 25.5% (PBS) to 19.5% (CS/IL-12)
after the third treatment (p<0.05) as well as a slight increase from 34.6% (PBS) to 41.6%
(CS/IL-12) in the BDLNSs at the fourth treatment (p<0.05). Overall, CS/IL-12 treatment
number affected CD3+ infiltration in the bladder (p<0.05 via ANOVA), but not in the spleen
or BDLNs.
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Figure 4.4: T-Cell infiltration by treatment number and tissue. Mice were implanted with 75,000 MB49
cells in the bladder and given 1, 2, 3, or 4 intravesical treatments with CS/IL-12 or PBS on days 7, 11, 15, and
18 respectively (n=4-5 per group). Bladder draining lymph nodes (BDLNSs), bladders, and spleens were
harvested 24 hours after each treatment and analyzed via flow cytometry. Error bars indicate mean with SEM.
Asterisks indicate significant differences between PBS and CS/IL-12 treatment groups at the same treatment
number by the students t-test. * (p<0.05) or ** (p<0.005).

CDA4+ Lymphocytes CD3+CD4+ helper T-cell fluctuation was most pronounced in

the bladder tumors (Figure 4.4, second row) and varied with treatment type as well as
treatment number (p<0.05 via ANOVA). T-cell infiltration initially dropped (perhaps as an

artifact of intense macrophage and granulocyte inflammation) before recovering by the third

treatment and exceeding that of PBS treated tumors by a factor of three (p<0.05). There were

only minor effects at distant lymphoid sites with a small drop in the spleen at the third
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treatment (p<0.05). Overall, CS/IL-12 caused increased CD4+ infiltration in the bladder, but

not at distant sites regardless of treatment number.

CD8+ Lymphocytes There was a drop in CD3+CD8+ cytotoxic T-cells (Figure 4.4,
third row) in the bladder corresponding with the first treatment. Similar to CD4+ decreases
after one treatment, this may be an artifact of intense monocytic and granulocytic
inflammation. However, an eventual recovery by the second treatment led to levels
statistically indistinguishable from PBS treated mice. There were more substantial effects at
the systemic level with increased infiltration in the BDLNSs after the third treatment as well as
the same small drop observed in the spleen for both CD3+ and helper T-cells at the third
treatment. Overall, CS/IL-12 treatment number affected CD3+CD8+ infiltration in the
bladder and BDLNs (p<0.05 via ANOVA), but not in the spleen.

Shifts in T-Cell Effector/Memory Phenotypes

We used CD44 and CD62L to monitor shifts in T-cell phenotypes. CD44 is
upregulated on effector (Tefr), effector-memory (Tem), and central memory (Tcwm) cells, and
promote the genesis and survival of Tu1 memory cells [15]. CD62L, also known as L-
Selectin, is a surface receptor known to increase homing to secondary lymphoid tissues and
is associated with naive T-cells (Tnaive) and Tcm cells. While additional markers such as
CD107 and CCRY are often included to get a more precise definition of memory phenotypes,
we chose a more general approach by monitoring shifts in populations defined as Thaive
(CD44"°"CD62L+), Tesr (CD44'°YCD62L-), Tem (CD44MI"CDB2L-), and Tewm
(CD44"hCD62L+) for both CD4+ (Figure 4.5) and CD8+ T-cells (Figure 4.6)[16-18]. The
following statistical comparisons refer to differences in the proportion of the parent
population (CD4+ or CD8+ T-cells) between PBS and CS/IL-12 treated mice at a given time
point in the same tissue via a Student’s t-test or differences in those populations within the
CS/IL-12 treatment group with respect to treatment number determined via one-way
ANOVA.
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Figure 4.5: CD4+ T-Cell effector/memory phenotypes by treatment number and tissue. Mice were
implanted with 75,000 MBA49 cells in the bladder and given 1, 2, 3, or 4 intravesical treatments with CS/IL-12
or PBS on days 7, 11, 15, and 18 respectively (n=4-5 per group). Bladder draining lymph nodes (BDLNS),
bladders, and spleens were harvested 24 hours after each treatment and analyzed via flow cytometry. Error
bars indicate mean with SEM. Asterisks indicate significant differences between PBS and CS/IL-12 treatment
groups at the same treatment number by the students t-test. * (p<0.05).

CD4+ T-Cell Effector/Memory Phenotypes
CD4+ CD44"YCD62L+ Tnaive cells were increased in the BDLNSs following the first

treatment, but this difference was not sustained after subsequent treatments (Figure 4.5, first
row). There was also a general (but not significant) trend towards increased proportions of
Thaive In the BDLNS for both CS/IL-12 and PBS treatments. The proportion of CD4+ bladder
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infiltrating lymphocytes (BILS) that were Thaive Cells remained small (<15%) throughout the
treatments with a significantly (p<0.05) smaller proportion in the CS/IL-12 treatment group
by the fourth treatment. There was a 60% (p<0.05) increase of Thaive in the spleens of treated
mice after the second treatment when compared to PBS at the same time point, but this

difference was not maintained.

CD4+ CD44"°"CD62L - Tes cells began as the dominant phenotype in both the BDLNs and

spleen after the first treatment, but decreased over time (Figure 4.5, second row). There was
no difference in treatment groups in either the spleen or BDLNs at any time point. However,
there was a decrease (p<0.05) of Tk ceis in CS/IL-12 treated bladders versus PBS treated
bladders after the fourth time point as well as a trend towards fewer Tes over treatment
number in the spleen (p<0.05 via ANOVA).

CD4+ CD44"I"CD62L - Tem cells were the dominant phenotype in the bladder
comprising approximately 60% of CD4+ cells after the first CS/IL-12 treatment with a
significant climb (p<0.05 via ANOVA) to 71% after the fourth treatment (Figure 4.5, third

row). After the fourth treatment, there was also a significant increase (p<0.05) between
treatment groups from 39.2% (PBS) to 71.4% (CS/IL-12). Tewm infiltration in the BDLNs or
spleen was less pronounced throughout the duration of treatment comprising 10-15%
(BDLNSs) and 20-30% (spleen) of CD4+ T-cells. There was a higher (p<0.05) proportion of
Tewm in the BDLNSs of PBS treated mice when compared to CS/IL-12 treated mice after the
second treatment. There was also an increase (p<0.05) in the spleens of CS/IL-12 versus PBS

treated mice, but the differences and proportions remained small.

CD4+ CD44M"CD62L+ Tcm cells increased significantly (p<0.05) in proportion in
the bladder after the first treatment from PBS (9.1%) to CS/IL-12 (21.2%), but this difference
was not maintained after additional treatments (Figure 4.5, fourth row). While there was a

trend towards increasing this population over time in both the spleen (NS) and BDLNs
(p<0.05 via ANOVA), the total proportion remained small (<10%) and there were no

significant differences between treatment types in these tissues.
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Figure 4.6: CD8+ T-Cell effector/memory phenotypes by treatment number and tissue. Mice were
implanted with 75,000 MB49 cells in the bladder and given 1, 2, 3, or 4 intravesical treatments with CS/IL-12
or PBS on days 7, 11, 15, and 18 respectively (n=4-5 per group). Bladder draining lymph nodes (BDLNS),
bladders, and spleens were harvested 24 hours after each treatment and analyzed via flow cytometry. Error
bars indicate mean with SEM. Asterisks indicate significant differences between PBS and CS/IL-12 treatment
groups at the same treatment number by the students t-test. * (p<0.05) or ** p<0.005).

Overall, treatment number and type impacted CD4+ memory phenotypes. CD4+ T-

cells were characterized by an early jump (treatments 1 and 2) in naive phenotypes at

systemic sites. This was followed by a late shift toward effector/memory phenotypes after the

fourth treatment both in the bladder and in the spleen.
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CDB8+ T-Cell Effector/Memory Phenotypes
CD8+ CD44"“CD62L+ Thaive cells showed minimal variation by treatment type or

number (Figure 4.6, first row), but did make up a large (40-60%) proportion of CD8+ cells
in both the BDLNs and spleen. The sole significant difference was a decrease (p<0.05) in the

spleen for treated mice after the fourth treatment.

CD8+ CD44"°"CD62L - Tes cells were also present in large (40-60%) proportions in
both the BDLNs and spleen without any significant differences between treatment groups

(Figure 4.6, second row). They comprised a smaller portion (10-30%) of CD8+ cells in the
bladder with an increased (p<0.05) proportion for PBS (26.4%) over treated (12.8%) mice
after the fourth treatment. There was also a significant effect (p<0.05 via ANOVA) of CS/IL-
12 treatment number on Tes infiltration in the bladder.

CD8+ CD44""CD62L - Tem cells were the largest (50-75%) proportion of CD8+ cells
in the bladder with the proportion in treated mice (73.8%) reaching significantly (p<0.005)
higher than PBS (50.3%) after the fourth treatment (Figure 4.6, third row). Their proportion

in the BDLNs and spleen were smaller (5-15%) without any significant differences between
treatments types. However, there was a significant effect on CS/IL-12 treatment number on

Tewm proportions in the spleen (p<0.05 via ANOVA).

CD8+ CD44""CD62L+ Tem cells exhibited little variation with treatment type in any

of the tissues with the sole significant difference between treatment types (p<0.05) an
increase after the third treatment in the spleen (Figure 4.6, fourth row). There was however,
a significant effect of treatment number on their proportion in the bladder (p<0.005 via
ANOVA). They consistently comprised a small (5-20%) overall percentage of CD8+ T-cells

in each tissue.

Overall, treatment number and type impacted CD8+ memory phenotypes. However,
changes were only found in the bladder and spleen, but not in the BDLNSs. These effects were
characterized by a late shift (treatments 3 and 4) toward effector/memory phenotypes.
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treatment groups at the same treatment number by the students t-test. * (p<0.05) or ** (p<0.005).

Regulatory T-cells decline in the lymph nodes after the first treatment

Differences in Tregs (CD3+CD4+CD25+Foxp3+) were most pronounced after the
first treatment with a 30% decrease (p<0.005) in the BDLNs (Figure 4.7, first row). This

was reflected in the CD8:Treg ratio as well (Figure 4.7, second row), with ratios of 19 (PBS)

and 29.7 (CS/IL-12). However, these differences were not sustained, nor were they found in

the bladder or spleen at any other time point. However, CS/IL-12 treatment number did
decrease infiltration in the spleen (p<0.05 via ANOVA), but not in the bladder or BDLNS.
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Natural Kkiller cell infiltration is minimally affected

We identified natural killer (NK) cells as CD3-CD49b+ leukocytes (Figure 4.7, third
row). Despite the depletion studies (Figure 4.1A) demonstrating a role for NK cells in tumor
rejection, we observed few significant differences in their infiltration with treatment type or
number. In the BDLNSs these changes included a small increase after the first treatment as
well as a decrease (p<0.05) after the fourth treatment. While in the bladder, there was a small
decrease after the first treatment in CS/IL-12 versus PBS treated mice. Notably, the tumor
itself seemed to cause substantial NK infiltration as seen by the large proportion of NK cells
(~10%) in bladders of PBS treated mice. While not assayed in the current study, the role of

CS/IL-12 may be to activate these resident NK cells in lieu of increasing their infiltration.

Dendritic cell populations are minimally affected

To identify a potential source of antigen presenting cells (APCs) as drivers of
systemic immunity we gated on GR1-MHCII+CD11C+ dendritic cells (DCs) at each time
point (Figure 4.8, first row). However, there was no obvious change in DC populations
between treatment types with the exception of a slight increase after the final treatment in the
spleen for CS/IL-12 versus PBS treated mice (p<0.05). There was also a significant (p<0.05
via ANOVA) increase in DC infiltration in the BDLNSs with respect to treatment number.
Overall, CS/IL-12 had minimal effects on DC infiltration.

Macrophages drive initial infiltration and are likely sources of antigen presentation

Another possible source of antigen presentation, macrophages (GR1-F4/80+) were
significantly (p<0.05) increased in the bladder following the first treatment with 26.0%
(CS/IL-12) and 16.8% (PBS) of all live leukocytes staining as macrophages (Figure 4.8,
second row). There was also an up to two-fold increase of macrophages in the spleens of
CS/IL-12 versus PBS treated mice that was sustained after the second treatment. There was
also a significant increase (p<0.05 via ANOVA) of macrophages in the spleen with treatment
number. Overall, CS/IL-12 caused early macrophage infiltration in the bladder, later

infiltration in the spleen, and no effects on macrophages in the BDLNs
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Figure 4.8: Myeloid cell infiltration by treatment number and tissue. Mice were implanted with 75,000
MBA49 cells in the bladder and given 1, 2, 3, or 4 intravesical treatments with CS/IL-12 or PBS on days 7, 11,
15, and 18 respectively (n=4-5 per group). Bladder draining lymph nodes (BDLNS), bladders, and spleens were
harvested 24 hours after each treatment and analyzed via flow cytometry. Error bars indicate mean with SEM.
Asterisks indicate significant differences between PBS and CS/IL-12 treatment groups at the same treatment
number by the students t-test. * (p<0.05) or *** (p<0.0005).

MDSCs decline in the bladders of treated mice

We were also curious about the role of GR1+CDIIb+ MDSCs on tumor rejection or
growth (Figure 4.8, third row). We found that MDSCs were very prevalent in the bladder
tumors, comprising more than 50% of all live cells in the case of some PBS treated tumors.
We found that levels of MDSCs in CS/IL-12 treated mice seemed to increase in all tissues
after the initial treatment though not in a statistically significant manner. There was a
significant effect (p<0.05 via ANOVA) of treatment number on MDSC infiltration in the
bladder. This was coupled with a decrease in MDSCs in the bladder for CS/IL-12 versus PBS
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treated mice after the third (p<0.0005) and fourth (p<0.05) treatments with levels reaching
less than a third of those in PBS treated mice. By the 4™ treatment there was also a three-fold
increase (p<0.05) of MDSCs in the spleen, although the overall percentage remained small.
There was no significant effect of treatment number or type on MDSCs in the BDLNSs.
Overall, CS/IL-12 caused a substantial depopulation of MDSCs in the bladder, a small uptick
of MDSCs in the spleen, and did not impact MDSCs in the BDLNS.

4.3.5 Discussion

These are the first studies to elucidate the local and systemic immunological
mechanisms of intravesical IL-12-based immunotherapy. Our depletion studies (Figure
4.1A) demonstrated the importance of cytotoxic CD8+ effector cells in eliminating an initial
bladder tumor, a finding that is unsurprising as cytotoxic T-cells are known to directly
engage tumor cells. However, distant (subcutaneous) rechallenge of previously treated mice
which had eliminated their orthotopic tumors revealed that CD4+ helper T-cells are vital for
protective systemic memory (Figure 4.1B). Indeed, these cells were able to eradicate new

tumors even during depletion of cytotoxic T-cells.

While surprising at first glance, antitumor CD4+ helper T-cell activity has been
demonstrated previously, although their role as antitumor immune cells is still being
unraveled [19,20]. It has been established that CD4+ T-cells help recruit and activate tumor
specific CD8+ T-cells and promote their survival [16,21,22], but studies have also begun to
show the ability of CD4+ T-cells to kill tumor cells in the absence of CD8+ T-cells [20]. One
example related to our current study showed that adoptively transferred, monoclonal,
antigen-specific CD4+ T-cells were more efficient than CD8+ T-cells at rejecting
subcutaneous MB49 bladder tumors, even when the tumors did not express MHC-11 [23].
That study also identified NK cells as important effectors in the absence of CD8+ T-cells.
However, unlike our own study and likely due to limitations of their model system, they did
not demonstrate the role of CD4+ cells in a memory response, nor in an orthotopic model.

Thus our study provides additional evidence into the important role that CD4+ cells play in
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antitumor immunity and in memory. However, the mechanistic way in which they do so has

not been fully explored here and should be the subject of future investigations.

The second question we addressed was the role of the number of treatments on
successful therapy. Somewhat surprisingly, we found that even a single treatment was
effective at eliminating tumors in 50% of mice, but it required three or four treatments to
reach higher levels of cure (Figure 4.2). Nonetheless, four treatments are a vast improvement
over BCG, the current standard of care, which shows no efficacy against MB49 after four
treatments [7] and in the clinic maximal efficacy requires an induction course of six weekly
treatments followed by seven maintenance courses of three applications each for a total of 27

applications [24].

Building upon those results we asked our third major question: how are immune cell
Kinetics within the tumor and in secondary lymphoid organs effected by each treatment. This
is not the first study to investigate the immune infiltration of tumors caused by an IL-12
based treatment, but it is the first to do so in a quantitative manner using an orthotopic model
of bladder cancer and the first to look at the infiltration over the course of multiple treatments
[8,9,11,12,25]. Our investigation revealed a role for each of the treatments in reversing

immunosuppression and promoting a long-term immune response.

The first treatment was found to be critical for inducing macrophage and granulocyte
inflammation, reducing Treg infiltration in the BDLNS, and increasing the CD8:Treg ratio in
the BDLNSs (Figure 4.7). Curiously, the first treatment also demonstrated increased
infiltration of Tcm CD4+ T-cells in the bladder perhaps as an augmentation of the resident
Tcwm population induced by MB49 implantation. The second treatment appeared to be a
turning point of sorts at which several populations were in flux, but with few detectible shifts
in populations. At this stage, cells appeared ready to divide and infiltrate (as seen through
increased naive CD4+ T-cells in Figure 4.5) while macrophage expansion occurs in the
spleen (Figure 4.8). After the third treatment, the differences in immune infiltration become
more apparent with increased CD4+ and CD8+ T-cell infiltration in the bladder (Figure 4.4)
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as well as decreased MDSC infiltration (Figure 4.8). Changes on the periphery included
increased CD8+ T-cells in the BDLNSs coupled by a decrease of T-cells in the spleen,
possibly a result of their exfiltration to the tumor site as effectors (Figure 4.4). The fourth
treatment seemed to solidify the change from an immunosuppressive to an active phenotype.
In the bladder this change was characterized by most immune cells becoming effector-
memory T-cells (Figure 4.5 and Figure 4.6) with minimal lingering innate inflammation
(Figure 4.8). In the BDLNSs it was shown by continued naive/effector CD8+ T-cell
infiltration. While in the spleen it was evidenced by increased macrophages, DCs, and
granulocytes (Figure 4.8) as well as a shift in CD4+ cells to an effector-memory phenotype
(Figure 4.5).

While this study has added to the understanding of intravesically delivered IL-12
immunotherapies, it does have limitations. First, in order to plumb the depths of immune cell
changes, we focused on a single tumor model. Future studies ought to explore immune
infiltration in additional orthotopic tumor models and in additional species. Second, this
study focused on immune cell phenotype and not function. Future studies ought to investigate
cytokine release, antigen presentation, and cellular activation. This is especially true in the
case of NK cells, which were not shown in this current study to infiltrate into the bladder in
response to CS/IL-12, but did play a role in therapy during depletion studies and comprised a
substantial population in the bladder even in the absence of therapy. Third, we did not look at
immune populations in the blood which could be useful as a more clinically palatable
monitor of treatment efficacy. Fourth, the current study suggests that treatments with CS/IL-
12 have effects long after their initial application as evidenced by the delay in tumor weight
(Figure 4.3) in relation to survival benefit (Figure 4.2) as well as the surprising effectiveness
of a single CS/IL-12 treatment. Thus, this study opens the potential for additional
investigations into the state of bladder tumor suppression, tumor escape, and immune cell

fluctuations after a single treatment of CS/IL-12.

Nevertheless, this study provides another stepping stone on the path to I1L-12-based
immunotherapies for bladder cancer. The current studies could provide the basis for
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correlative studies in planned Phase I and 11 clinical trials. Likely readouts would include a
shift in the CD8:Treg ratio from a draining lymph node (or potentially blood), or a
demonstrated increase in macrophage infiltration in the bladder tumor after the first treatment

with continued monitoring of T-cell infiltration throughout treatment.
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5 Analyzing the Effects of Instillation Volume on Intravesical Delivery
using Biphasic Solute Transport in a Deformable Geometry

Submitted to Mathematical Medicine and Biology May 2017

5.1 Abstract

Ailments of the bladder are often treated via intravesical delivery - direct application of
therapeutic into the bladder through a catheter. This technique is employed hundreds of
thousands of times every year, but protocol development has largely been limited to
empirical determination. Furthermore, the numerical analyses of intravesical delivery
performed to date have been restricted to static geometries and have not accounted for
bladder deformation. This study uses a finite element analysis approach with biphasic solute
transport to investigate several parameters pertinent to intravesical delivery including solute
concentration, solute transport properties, and instillation volume. The volume of instillation
was found to have a substantial impact on the exposure of solute to the deeper muscle layers
of the bladder, which are typically more difficult to reach. Indeed, increasing the instillation
volume from 50 ml to 100 ml raised the muscle solute exposure as a percentage of overall
bladder exposure from 60% to 70% with higher levels achieved for larger instillation
volumes. Similar increases were not seen for changes in solute concentration or solute
transport properties. These results indicate the role that instillation volume may play in

targeting particular layers of the bladder during an intravesical delivery.
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5.2 Introduction

An estimated 2.7% to 6.5% of women in the United States have suffered from

interstitial cystitis or bladder pain [1]. Further, in 2016, nearly 77,000 people were diagnosed

with bladder cancer in the United States alone [2]. In either case, diagnosed patients will
likely undergo treatment via direct application of therapeutic into the bladder. Intravesical
drug delivery (ID), i.e. direct installation of a therapeutic into the urinary bladder via
catheterization, (Figure 5.1) is the most common mode of treatment for bladder diseases
including cystitis and bladder cancer [3]. The instilled therapeutic moves via diffusion into

the bladder wall, albeit slowly. A key advantage of this approach is that it allows for
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Figure 5.1: The bladder and factors influencing intravesical delivery.
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sequestration of therapeutic within the bladder, minimizing systemic side effects while

maximizing exposure of the therapeutic within the bladder wall.

Despite the advantage of drug localization, ID is challenging for three reasons. First,
the bladder comprises the least permeable tissue in the human body because of the nearly
impermeable layer of umbrella cells lining the bladder urothelium [4]. This often leads to
inadequate absorption, especially for large molecules into deeper layers. Second, dilution and
metabolism of the therapy due to urine production during 1-2 hour instillations reduces the
concentration gradient throughout the procedure. Third, most of the therapy is likely expelled

upon voiding after the instillation is completed.

Most clinical 1D protocols were developed empirically. They typically consist of a 1-2
hour instillation of therapeutic given in 20-50 ml of solution. There are several controllable
factors that can impact ID and that can be tailored to mitigate those hurdles. These include:
altering the bladder permeability via the addition of absorption enhancers, changing the
concentration, varying the volume of instillation, changing the duration of administration, as
well as controlling residual urine, urine production rate, urine pH, and urine metabolites
[4,5]. Each of these factors could have substantial impacts on the effectiveness of a given

intravesical administration, but their effects have largely been understudied.

Because of the large number of parameters that influence ID and the basic concepts
underlying its efficacy, ID would seem to be ripe for mathematical analysis. However, there
have been only two published investigations utilizing mathematical models to explore 1D
[6,7]. The first, by Wientjes et al., used human pharmacokinetic data to form a system of
equations describing mitomycin C transport for bladder cancer treatment [6]. This
simulation considered several parameters and arrived at an optimized regimen that projected
to increase exposure by 8.5x over a standard protocol. This regimen consisted of efforts to
maximize drug concentration by draining residual urine, lowering urine production rate by
avoiding diuretics, and giving a higher dose in a lower instillation volume. Based on these
results, a Phase 111 clinical trial was designed and implemented. This trial found the

81



optimized regimen to be more effective at enhancing recurrence-free survival as well as time

to recurrence [4].

The second model, by Grabnar et al., used a compartmental diffusion model. This
approach allowed for the usage of diffusion coefficients instead of pharmacokinetic
parameters, such as half-width. The diffusion parameters in this model were based on their
own data gathered through the ex vivo diffusion of pipemidic acid through pig bladders. This
approach accounted for urine voiding, could be extended past removal of the catheter, and
modeled the effects of absorption enhancers such as chitosan and polycarbophil [7]. The
major finding from this model was the promise of utilizing absorption enhancers. Adding
absorption enhancers increased tissue exposure by 75-100% whereas increasing exposure

time by 100 min increased exposure by 20%.

While those previous studies described the influence of several pertinent parameters on
ID in a static geometry, there remains room for further investigations in a deformable
geometry that considers the thinning of the bladder wall throughout the treatment. One factor
especially amenable to exploration in a deformable geometry is therapeutic instillation
volume (Vinst). We noticed throughout our own experiments using a coformulation of
chitosan and interleukin-12 as an immunotherapy against murine bladder cancer that the
mouse bladders were completely inflated throughout the application of the therapy [8-10].
We postulated that this inflation could impact the effectiveness of our therapeutic and
represent a major difference between our preclinical model and current clinical practice.
Indeed, most clinical applications call for an Vinst of 20-50 ml, which is hardly enough to fill
or stretch a bladder whose capacity is typically near 500 ml [4]. Therefore, the goals of this
study are twofold: 1) construct a finite element based biphasic model of ID and 2) investigate
the effects of umbrella cell transport properties, instillation concentration, and instillation

volume on ID.
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5.3 Methods

5.3.1 Geometry

FEBIo is a free, open-source finite element analysis program specifically tailored for
solving biological problems [11,12]. FEBio tackles some of the unique challenges of
biological materials including very large deformations (hyperelastic materials), viscoelastic
behavior, and the coupled interactions between fluids and tissues. Because the focus of this
model is transport during wall thinning and not the accurate evaluation of whole-bladder
inflation we assumed the bladder to be spherical. Using this assumption, a geometry was
constructed using Preview 1.19.00, FEBio’s preprocessing environment (Figure 5.2). To
mitigate computational costs, symmetry was used to reduce the geometry to 1/8 of a sphere
with an initial inner diameter of 20 mm (corresponding to an empty volume of 33.5 ml) and a
wall thickness of 5 mm [13,14]. The geometry was broken into three material sections:

umbrella cells, urothelium, and muscle layers. Each material was assigned identical

Muscle
Thickness = 4750 pm
P=6.32E-5

Sol=1.0

Figure 5.2: Bladder geometry and mesh used for analysis. The
bladder was assumed to be sphere and reduced to 1/8™ of a sphere
via symmetry. Three layers were included with identical
mechanical properties and varying transport properties as
indicated. The baseline conditions for umbrella permeability and
solubility are shown. P=Permeability; Sol=Solubility.
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mechanical properties, but different transport properties. A hexagonal mesh with a radial
bias of 1.1 was applied with 25 segments in the radial direction giving thicknesses of 50 um,
185 pm, and 4.75 mm for the umbrella, urothelium, and muscle layers respectively, closely

mimicking the actual anatomy [6].

5.3.2 Parameter Selection

The parameters for constitutive models describing the mechanical and transport
properties of each bladder layer are provided in Table 5.1. Identifying a constitutive model
for the bladder was non-trivial. While there has been significant work on bladder mechanics
of multiple species, including pigs, dogs, rabbits, cows, rats, cats, and toads, there is a dearth
of information regarding human bladder mechanics. However, most of those species have
bladders with significantly different mechanical properties than the human organ with the
porcine bladder acting as the closest human analogue [15]. Thus, in choosing constitutive
models and parameters for this study, strong preference was given to human data,

complemented by pig data when necessary.

There have been four investigations that fit data from the mechanical testing of
human bladders to constitutive models. All of those studies utilized uniaxial testing to fit
simple neo-Hookean or Moonley-Rivlin models [15-18]. Unfortunately, those models are
poor choices for biphasic analysis, as they are inherently incompressible. Consequently, a
Holmes-Mow constitutive model has been chosen to describe the mechanical properties of
the bladder [19].

Transport properties have been based almost entirely on pig data. Values of
pipemedic acid (MW = 303 Da) diffusivity from data by Grabnar et al. were used to estimate
permeability and diffusivity [7,20]. The umbrella layer solubility, a dimensionless value
describing the fraction of pores that accommodate a solute, was assumed to correspond to the
partition coefficient reported by Grabnar et al. [7]. The remaining layers were assigned a

solubility of one. Two additional major assumptions concerning this model are isotropic
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mechanical properties and constant isotropic transport properties. Although it is certainly
possible that large values of strain could affect solute transport, the experimental data
involving large strains and solute transport are lacking with only a single study performed in
rat bladders. This study showed that while the transmural electrical resistance decreased with

stretch, transport of fluorescein remained the same [21].

5.3.3 Loads, Boundary Conditions, and Initial Conditions

Each of the edges of the geometry were constrained to induce sliding along its plane.
The outer surface of the bladder was not assumed to be free-draining. On the inner surface of
the bladder, variable effective fluid pressure and effective solute concentrations were
prescribed depending on the ID scenario as described in Supplementary Table 5.1. The
instillation of therapeutic was assumed to take place over 6 minutes. We assumed a rate of 1
ml/min for all scenarios in accordance with literature values [25]. The concentrations of
therapeutic used clinically vary depending on the therapeutic. As an example, a typical 40 ml
instillation of 40 mg mitomycin-C has a 2-3 mM concentration. However, here the solute
concentration was assumed to be arbitrarily low (100 pM) to minimize its influence on the
ambient fluid pressure. The initial fluid pressure and solute concentrations within the bladder

wall were set to zero.

5.3.4 Solving Conditions

All analyses were performed in FEBio 2.5.1. Briefly, the solute transport was
analyzed over a 3600 s instillation with a time step size of 120 s. A Full-Newton nonlinear
solution method was used. The linear solver storage matrix was set to non-symmetric.
Relative tolerances were set to minimum values for displacement (1.0E-11), energy (1.0E-7),
residual (1.0E-6), concentration (5.0E-2), and pressure (1.0E-10).
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Table 5.1: Material properties of intravesical delivery model in FEBio and their sources. For transport properties, the values
from top to bottom reflect the umbrella, urothelial, and muscle layers respectively. * indicates parameters that vary based on
the protocol with baseline values shown.

Material Mechanical Properties

Parameter Description Value Units Source Ref.
Material Type Holmes-Mow FEBio handbook [19]
Solid Volume Fraction of material . .
Fraction that is solid matrix 0.08 - Literature value for Pig ECM [22]
Material Density of solid
- matrix -used for body 1.0E-09 Tonne/m? Density of water -
Density
forces
Young's Elastic modulus 0.005 MPa Human linear model [16]
Modulus
Poisson's Ratio Ratio of thinning 0.43 - Human linear model/Empirical [16]
Beta Exponenthl _stlffenlng 0.001 - Empirical - curve matching -
coefficient
Material Transport Properties
Parameter Description Value Units Source
Hydraulic 2.94e-5"
Permeability permeability of 2.94e-5, mm*/(N*s) From Literature Value for PPA [7]
solvent in solid matrix 6.32e-5
Fr_ee N D|ffu_S|V|ty of solute 0.001 mm2/s Large valug to s_lmulate rapid )
Diffusivity in solvent diffusion
e 2.94e-5",
Diffusivity lefu_swlt){ of solgte 2.94e-5, mm?/s From Literature Value for PPA [7]
within solid matrix
6.32e-5
Fraction of pores that 0.38%, . .
Solubility can accommodate the 1.00, - From theratu_re' Value for Partition [7]
Coefficient of PPA
solute 1.00
Prescribed Values
Parameter Description Value Units Source
Intravesical Concentration of Small values to limit impact of
Solute therapeutic in the 0.0001" mM osmotic pressure. Decreases linearly [6]
Concentration lumen to reflect urine dilution at 1 ml/min
Pressure due to fluid Literature pressure-volume curves of
Intr_avesmal instillation; drives 0-0.0046" MPa (. V?=(0’33'5) to (0'002.94‘500).' [23,24]
Fluid Pressure . Values increased to reflect instillation
expansion - .
volume/urine production.
Model Data
Parameter Description Value Units Source
Absolute Global temperature 310.15 K Body Temperature -
Temperature
H *
R Universal gas 8.34E-06 mJ/nMol Universal Constant -
constant K
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Figure 5.3: (a) Bladder deformation at the beginning, after instillation, and at the end of a 60 min intravesical treatment
with Vinst of 50 ml (top) and 100 ml (bottom). The distribution of displacement reflects the thinning bladder wall. The
bladder volume over time is shown in (b) for a range of Vinst. The wall thickness (c) is a function of Vinst and continued
urine production over time. Vinst =Volume of instillation; Vu= Volume of urine produced during treatment; Ve=Final
volume at the end of treatment.

5.3.5 Postprocessing

Nodal values of displacement, effective solute concentration, and effective fluid

pressure were exported at must points corresponding to 120 s intervals via FEBio’s logfile
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output feature. For simplicity, all values of “effective solute concentration” will simply be
referred to as “solute concentration” for the remainder of this manuscript. The output was
imported into MATLAB (Mathworks, Natick, MA) using GIBBON’s importFEBIO logfile
function [26]. Custom functions were then used to parse the data by depth, generate average
values for each depth, calculate cumulative concentrations, and generate plots. Prism
(GraphPad Software, Inc., La Jolla, CA) and Illustrator (Adobe Systems Incorporated, San
Jose, CA) were used to compose the final figures.

5.4 Results

5.4.1 Bladder Inflation and Wall Deformation

FEBIo allows for the modeling of solute transport through a deformable geometry —
an aspect not captured in existing ID models. The model was solved over a range of values
for parameters that could influence ID (Table 5.2). In our model, Vinst could not be directly
prescribed without overprescribing the model. Therefore, a range of fluid pressures within
physiological values was prescribed until the lumen volume reached 500 ml — here
considered the maximum capacity of a bladder. This pressure-volume relationship
(Supplementary Fig. 5.1) was then used to calculate fluid pressures corresponding to
specific volumes as detailed in Supplementary Table 5.1. In all instances, the instillation

was prescribed over six minutes followed by urine production at a rate of 1 ml/min.

A representative result of both bladder displacement is shown in Figure 5.3a. To
examine the effect of bladder volume on wall thickness, the model was solved for a range of
pressures corresponding to nine different Vinst (Figure 5.3b). A baseline configuration of 50

ml was used for comparison across instillation volumes. There was a sharp initial drop in

Table 5.2: Intravesical delivery parameters investigated.
Symbol = Baseline

Parameter Min Max Units
Instillation Volume Vins 2 50 250 ml
Therapeutic Concentration Cinst Laob 0.00001 0.001 mM
Umbrella Cell Solubility Usol 0.38 0.1 1.0

Uperm 2.96E-5

Umbrella Cell Permeability 2.96E-6 2.96E-4  mm*(N*s)
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thickness due to therapeutic instillation followed by continued thinning due to urine
production. Indeed, Vinst had a large impact on the bladder wall thickness. Immediately after
a 50 ml instillation the wall was 4.17 mm thick versus 1.67 mm thick for a 250 ml
instillation. After instillation, the thinning due to urine production was more pronounced for
smaller instillation volumes with the wall thinning from 4.17 mm to 2.68 mm after a 50 ml
instillation and from 1.67 mm to 1.5 mm following a 250 ml instillation. Overall, this
resulted in vastly different mean wall thicknesses due to Vinst ranging from 3.5 mm for
Vinst=50 ml to 1.78 mm for Vinst=250 ml.

5.4.2 Solute Transport Throughout Intravesical Instillation

The primary purpose of this study is not a mechanical analysis of bladder
deformation, but rather the solute transport during that deformation. Solute transport was
driven by a solute concentration that was prescribed on the inner surface of the bladder. This

concentration decreased over time as a function of dose and urine production as:

= inst (1)
=+ (2)
= (3)
where s the solute concentration, is the solute concentration instilled into the lumen,

isthei nst i Vv ¢ lad mseha total volume in the bladder at a given time point,
is the volume of urine in the bladder, s the rate of urine production, and t is the
duration of instillation. These equations do not account for solute transported into the wall of
the bladder. However, in a previous diffusion chamber model of the bladder transport, the
amount of drug transported into the wall remained below 8% of instilled therapeutic even
after 120 min [7,20]. Figure 5.4a describes that prescribed concentration in the lumen for the

baseline condition as defined in Table 5.2. The concentration time-course of the solute
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Figure 5.4: Solute concentration and exposure throughout the bladder in the baseline condition (Vinst=50 ml, Cinst=100
pg/ml, Uso1=0.38, Uperm= 2.94E-5, D=60 min). The concentration time-course is shown in the lumen (a), umbrella cells (b),
urothelium (c), and halfway through the muscle layer (d) with respect to time. The concentration profile (e) across the
geometry after 60 minutes of instillation shows minimal solute penetration beyond 2.5 mm of depth. The cumulative
exposure (f) across the bladder geometry demonstrates a lack of exposure at deeper layers. Bladder depth refers to the
distance from the lumen in the nondeformed geometry. Vinst =Volume of instillation; Cinst=Solute concentration in
instillation; Usot =Umbrella solubility; Uperm =Umbrella permeability; D= Duration of instillation.

specified depths within the umbrella, urothelium, and muscle layers are shown in Figure
5.4b-4d. In this baseline scenario, the solute concentration quickly rises to 60 pM in the
umbrella cells by 20 min and 30 pM in the urothelium by 30 min, but requires 45 min to rise
above 0.1 pM in the deeper muscle layers.
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Figure 5.4e describes the final concentration profile across the geometry of the bladder. All
concentration profiles are shown relative to the starting (nondeformed) geometry. Once
again, there is a substantial drop in solute concentration within the muscle layer. This is also
reflected in Figure 5.4f which describes the cumulative exposure (Ccum) across the bladder
geometry as defined by the integration of the concentration with respect to time. This
“cumulative concentration” (also termed by Schmittgen et al) acts as a description of

total exposure while considering transient solute concentrations [27].

5.4.3 Umbrella layer solubility and permeability show limited effects on transport.

One strategy for enhancing ID is to increase the absorption rate across the umbrella
cells by the administration of a permeation enhancing agent such as chitosan or dimethyl
sulfoxide [3]. To investigate the effects of absorption enhancers on ID, two surrogate
parameters were examined. The first, umbrella layer solubility (Usor) — a description of the

fraction of pores accessible to a given solute — was selected to describe the partition
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Figure 5.6: Impact of volume of instillation on cumulative solute exposure throughout the bladder wall both as absolute
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coefficient generated by both the mucus layer on top of the umbrella cells as well as the
umbrella cells themselves. However, as can be seen in Figure 5.5a, Usoi had minimal impact
on solute exposure with a 10-fold difference from Uso=0.1 to Usoi=1.0 incurring a relative

increase in Ccum Of 2 to 3-fold depending on the wall depth.

Umbrella cell permeability (Uperm) — a description of the solvent within the solid
matrix - was also investigated as a parameter to model absorption enhancement. In all cases,
the related parameter of diffusivity — the diffusivity of the solute within the solid matrix —
was changed to match the value of permeability. Permeability was moderately effective at
enhancing delivery (Figure 5.5b), with a 100-fold difference, from Upem=2.94E-6 to U.
perm=2.94E-4, incurring a relative increase in Ccum 0f 6 to 11-fold depending on the wall
depth.
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5.4.4 Concentration of the instillation directly impacts solute penetration

Solute penetration into the bladder wall is a diffusion driven process. Therefore, it
stands to reason that altering the concentration of the instillation (Cinst) will impact solute
distribution. Indeed, increasing (Figure 5.5¢) or decreasing (Figure 5.5d) Cinst had a linear
impact on the solute concentration and cumulative solute concentration across the entire
bladder geometry with a 10-fold increase or decrease in Cinst resulting in a 10-fold increase or

decrease respectively in Ccum. Unlike Usor and Uperm, this change in Ceum Was constant
regardless of bladder depth.

5.4.5 Instillation volume impacts delivery to deeper layers.

To investigate the impact of Vinst 0n solute exposure, Vinst Was increased in 25 ml
increments from the baseline condition of 50 ml to 250 ml (Figure 5.6). This analysis was
performed with both the dose held constant (Figure 5.6a and b) and for the starting
concentration held constant resulting in a changing dose (Figure 5.6¢ and d). When a
constant dose was applied, the solute exposure was reduced in the both absolute (Figure

5.6a) and relative (Figure 5.6b) terms for layers closer to the lumen (starting depth ~<1
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of instillation.
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mm). Conversely the exposure was increased by orders of magnitude in deeper layers
(Figure 5.6b). This impact on deeper layers was also maintained when the dose was changed
alongside Vinst to obtain the same starting concentration regardless of Vinst (Figure 5.6¢ and
d). In this instance, the exposure for the more luminal layers was also increased with respect

to the baseline conditions.

Because increasing Vinst increased exposure to the deeper layers, we were curious if
this effect could be used to reduce the duration of treatment, yet achieve the same level of
exposure as the baseline condition. Figure 5.7 shows the time to reach the baseline final
exposure value (Ccum(t=60)) for different instillation volumes with both a constant dose
(Vinst-cp, Figure 5.7a) and constant concentration (Vinst-cc, Figure 5.7b). In both instances,
larger instillation volumes decreased the amount of time needed to reach the same values of

Ccum as the baseline conditions for deeper layers of the wall. For example, under the

conditions of Vinst-cp=250 and at a depth of 2.5mm =Y =60= =250
2 5. This means that a 25 minute instillation of 250 ml generates the same exposure as a 50

ml instillation given for 60 minutes at that depth.

5.4.6 Effects on Total Tissue Exposure

To test the amount of total therapeutic exposure within the whole bladder and specific

regions of the bladder we defined the tissue exposure as:

=3 .0 O )
=2
O+ (-1
()= — (5)
O=5 (0= (-1 (6)
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element i with nodes i and i-1 respectively defining locations of the outer and luminal sides

of the nodes along the radial axis (R) of the elemental layer.

cumulative exposure for a given elemental layer.

defines the average

describes the volume of an elemental

layer based on the starting (nondeformed) configuration. In the geometry considered here, 25

elements (n=25) were defined along the radial axis with 26 corresponding nodes.
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Using this tissue exposure (Erissue) the bladder was segmented into the urothelium +
umbrella (i=2-5, maximum depth = 235 pum) and muscle layers (i=6-26). Erissue Was plotted
against changing, Vinst-co, Vinst-cc, Cinst, Usol, and Uperm both as absolute values (Figure 5.8a),
and as the percentage of total Erissue due to exposure in the muscle layer (Figure 5.8b). Each

parameter effected the urothelium and muscle tissue exposure in different ways.

Usol had @ minimal impact on exposure. An increase of Usq from 0.38 to 1.00 led to
122% of baseline Egiadder. However, a decrease in Usq from 0.38 to 0.1 resulted in 57% of
baseline Egiadder.
Likewise, Uperm had limited effects on bladder exposure. Decreasing Uperm had a more
substantial impact than increasing Uperm. Indeed, 0.1x or 0.5x the baseline Uperm caused a
decrease in Egiadder to 30.8% and 78% of baseline values respectively, while increasing Uperm
by 2x or 10x produced returns of 117% or 136% of baseline values respectively. Cinst had the
greatest impact on Egiadder reflected by a linear increase in both Eurothelium and Emuscle. The

Emuscle: Ebladder ratio was unchanged regardless of Cinst.

Instillation volume with or without a changing dose had substantial impact on Egjadder,
Eurothelium, and Emuscle. Increase in Vinst-co caused Epiadder to decrease, but increased Emuscle
beyond baseline levels — despite lower overall exposure. Increase in Vinst.cc caused a non-
linear increase in Egadder, Eurothelium, and Emuscle. FOr both increasing Vinst-cc and Vinst-cc the

Emuscie: Ebladder ratio increased substantially.

5.5 Discussion

To our knowledge, this is the first study to investigate intravesical solute transport
throughout ID in the context of a deformable geometry. The key finding of this investigation
is that increased bladder stretch and wall thinning can lead to enhanced targeting of deeper
bladder layers. Indeed, no other parameter investigated herein was nearly as effective at

increasing the proportion of solute exposure in the deeper layers (Figure 5.8b). These results
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suggest that if a therapeutic needs to reach deeper layers of the bladder, then increasing Vinst

may be a viable means of increasing exposure within those layers.

This could have implications for reaching residual muscle invasive bladder cancer cells
with chemotherapies, tissue-resident immune cells (which typically dwell beyond the
basement membrane) with immunotherapies, or treating cystitis [28]. One downside of ID is
patient discomfort throughout the application. This increased volume may provide a tradeoff
between increased discomfort for a shorter dwell-time and a lower level of discomfort for the
standard, longer dwell-time. It may also increase the amount of the solute that reaches

systemic circulation — an aspect not addressed with the current model.

One surprising result was the minimal impact that umbrella cell transport properties
had on bladder penetration. This could be an artifact of both the parameters chosen to model
the umbrella layer as well as the values ascribed to those parameters. Nonetheless, this model
suggests that directly targeting either Uperm Or Usor With an absorption enhancer will only be
meaningful for very large effects on their values.

5.5.1 Limitations of this model and future directions.

We acknowledge that the conclusion we have drawn above are based on computational
analysis. While we believe this approach allowed for meaningful insights into ID, it also
comes with its limitations that ought to be considered and built upon in future analyses.

These include:

1) The parameters used to delineate material properties, both mechanical and transport,
are from diverse literature sources (Table 5.1) and from multiple species. Mechanical
and transport data for the bladder are lacking, and more accurate data could inform a

better model.
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2) This model was meant to be a first pass at modeling ID in a deforming geometry, thus
several simplifications were assumed that could be built upon in further iterations.
These include accounting for the effects of solute loss in the lumen due transport into
the bladder wall and degradation, the viscoelastic nature of the bladder wall, a
geometry truer to the actual non-spherical bladder, the transport of drug into systemic
circulation upon contact with the capillary infused layers of the bladder, a strain
dependence for permeability and solubility, and considering continued solute
transport post-catheter removal.

3) Finally, this model relies on numerical simulation, has not been validated
experimentally, and should be considered but a single component in our
understanding of ID. Future ex vivo studies should be performed to provide an
experimental comparison. Nonetheless, this study is useful as it relies on well
understood principles of mass transport and allows for the investigation of multiple

parameters at once.

5.6 Conclusions

ID is commonly employed without a full understanding of the underlying mechanisms
and suffers from a lack of reproducibility and inability to penetrate the deeper layers of the
bladder [3]. While other investigations have employed mathematical analysis to 1D, this is
the first to do so in a deforming geometry. This study suggests that intravesical delivery with
larger instillation volumes enhances delivery to deeper, blood perfused layers due to a shorter
path length through the thinner, inflated bladder wall. This characteristic could be used to
decrease dwell times, target deeper layers while avoiding overexposure of agents in the
urothelium, or even do the opposite (limit muscle/systemic exposure). Moving forward, there
remains substantial work both to validate this model and also to define optimal parameters
for intravesical delivery — parameters that are likely to differ for each therapeutic and

individual patient.
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6 Conclusion

6.1 Future directions for chitosan/IL-12 in bladder cancer immunotherapy

Beyond the data presented above, there is renewed interest in applying new
immunotherapies to bladder cancer. Indeed, within the last 12 months there have been four
preliminary approvals for anti-PD-1/PD-L1 checkpoint inhibitors as second therapies for
advanced or metastatic bladder cancer. The anti-PD-L1 atezolizumab (Tecentriq) by Roche
was given accelerated approval in May of 2016 [1]. Since then, three additional antibodies
have followed in atezolizumab’s footsteps with the PD-1 targeted Nivolumab (Opdivo) by
Bristol-Meyers Squibb approved in February 2017, the anti-PD-L1 durvalumab (Imfinzi) by
AstraZeneca in May of 2017, the anti-PD-L1 avelumab (Bavencio) by Pfizer/EMD Serono in
May of 2017, and the anti-PD-1 pembrolizumab (Keytruda) by Merck also in May of 2017
[2-5]. However, these approvals were based on Phase Il data and conditional to a successful
Phase 111 trial. Data is just now being reported from the first such trial in which atezolizumab
failed to meet its primary endpoint of survival [6]. Thus, it is unclear which of these

approvals will stand the test of time.

Nonetheless, this author believes blocking the PD-1/PD-L1 axis will remain the
backbone of immunotherapies for some time to come. However, there remains considerable
work to be done including: expanding these treatments into earlier stage disease, utilizing
alternative delivery strategies (intravesical), and selecting rational combinations of these
inhibitors with additional treatments.

It is likely that if CS/IL-12 is successfully translated to the clinic it will be in
combination with a PD-1/PD-L1 inhibitor. CS/IL-12 does seem to make a good candidate for
combination with these inhibitors as its primary downstream molecule IFNy is known to
upregulate PD-L1 expression. Local therapies are also attractive for combination with
systemic checkpoint inhibition. The intravesical containment of IL-12 may limit the stacking
of immune related adverse events observed when multiple checkpoint inhibitors are given

systemically. Preclinical investigations regarding the dose, timing, and toxicity of such
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combinations are not only warranted scientifically, but could drive commercial interest from

the pharmaceutical companies with checkpoint inhibitor assets.

While CS/IL-12 shows preclinical promise, several hurdles need to be overcome to
facilitate its translation into humans. First, there needs to be a clearer understanding of
chitosan’s role in making this a successful therapy. We have shown here and in previous
studies that chitosan improves the efficacy of IL-12. How it accomplishes this and its long-
term effects on the urothelium have not been fully explored. Additionally, chitosan is
heterogeneous and possesses a range of chemical and biophysical properties. Parsing the

contribution of each of those properties will allow for the selection of appropriate chitosans.

Second, because chitosan is a naturally derived biomaterial, controlling its properties
from batch to batch is nontrivial. Chitosan is typically harvested from shrimp fished from the
ocean and chitosan quality varies between catches. Additionally, even within a given batch
there is considerable variation. In a single sample of chitosan the MW can be distributed over
100s of KD. Not to mention the need to control for DDA, protein content, and endotoxin
contamination. Controlling this variation is vital in order to generate a well characterized

pharmaceutical product.

Finally, there needs to be strong intellectual property surrounding CS/IL-12 in order to
generate commercial interest. There was a patent (PCT/US2007/020540) filed in 2006 while
David Zaharoff was at the National Cancer Institute. This patent claimed the use of
cytokine/chitosan depots for the treatment of cancer, but the strength of the claims regarding
the simple coformulation of two known components is questionable. This author has since
been part of group to file a patent application (PCT/US2015/03354) that protects the
attachment of cytokines to chitosan. This patent has been licensed by the startup company
Vivimmune, LLC. However, the generation of these bioconjugates is ongoing and their
effectiveness as an intravesical wash is not yet proven. These bioconjugates are more apt for
intratumoral injection instead - a procedure that is less convenient then catheterization, but

still achievable within the highly accessible confines of the bladder. This technology is still
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in early stages of development and remains dependent on the selection and generation of high
quality, well controlled chitosan to be effective. Nonetheless, from an intellectual property
perspective it could prove to be the path forward for chitosan and 1L-12 based

immunotherapeutics.
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Appendix A: Materials and Methods from Chapter 3

Animals, Materials, and Cell Lines

Female C57BL/6J and C3H/HeJ mice, 6-12 weeks old, were obtained from the Jackson
Laboratory. Mice were housed and maintained under pathogen-free conditions in
microisolator cages. The Institutional Animal Care and Use Committee at the University of
Arkansas approved all experimental procedures. Animal care complied with the
recommendations of The Guide for Care and Use of Laboratory Animals (National Research

Council).

Dulbecco’s Modified Eagle’s Medium (DMEM), RPMI 1640, Dulbecco’s Phosphate
Buffered Saline (PBS), and Fetal Bovine Serum (FBS) were obtained from HyClone
Laboratories. Chitosan glutamate 200-600 kDa, 75-90% deacetylated (Protosan G 213) was

purchased from Novamatrix. Recombinant murine IL-12 was purchased from PeproTech.

The C57BL/6 syngeneic transitional cell carcinoma MB49 was kindly provided by Dr.
Jeffrey Schlom, Laboratory of Tumor Immunology and Biology, National Cancer Institute.
The C3H syngeneic transitional cell carcinoma MBT-2 was kindly provided by Dr. Yi Luo,
Department of Urology, University of lowa. Neither cell line was tested or authenticated. The
C57BL/6 syngeneic melanoma B16-F10 was purchased from the American Type Culture
Collection. MB49 and B16-F10 cells were maintained in DMEM while MBT-2 cells were
maintained in RPMI 1640. Both media were supplemented with 10% FBS, 2 mM L-
glutamine, and 1% penicillin/streptomycin.

Tumor Implantation and Therapy
Orthotopic bladder tumors were generated via intravesical instillation of either 75,000 MB49
cells or 100,000 MBT-2 cells as described previously [38]. Intravesical tumor burden was

monitored by development of hematuria as well as palpable tumors.
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Intravesical treatments were administered via the same catheterization technique. Chitosan
glutamate was added to PBS at a concentration of 10 mg/ml before addition of IL-12. For IL-
12 alone, the cytokine was diluted in PBS. Treatments were allowed to dwell for 30-45

minutes.

All subcutaneous implantations were administered in the right flank. Subcutaneous tumor
width and length were measured using calipers and the tumor volume calculated as Volume=
0.5*Length *Width?. Mice were euthanized when moribund or when tumor volume reached
2000 mm3,

Cytotoxicity Assay

Splenocytes from mice who had been cured of orthotopic MB49 tumors were cultured with
irradiated (25 Gy) MB49 cells. After one week, lymphocytes were collected on a histopaque
gradient and quantified. Cytotoxic activity of recovered lymphocytes against MB49 and B16
targets was measured via the CytoTox-Glo assay (Promega). Spontaneous lysis of tumor
cells cultured without lymphocytes as well as complete lysis of tumor cells exposed to a lysis
reagent. The percentage of specific lysis was calculated as follows: % specific lysis =

[(experimental signal — spontaneous signal)/(maximal signal — spontaneous signal)] x 100.
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Appendix B: Materials and Methods from Chapter 4

Animals, materials, and cell lines

The University of Arkansas Institutional Animal Care and Use Committee approved of all
animal protocols in compliance with The Guide for Care and Use of Laboratory Animals
(National Research Council). Female C57BL/6J mice were purchased from Jackson

Laboratory, housed in microisolator cages, and placed on study at 9-15 weeks of age.

Dulbecco’s Phosphate Buffered Saline (DPBS), Roswell Park Memorial Institute Medium
(RPMI), Dulbecco’s Modified Eagle’s Medium (DMEM), and Fetal Bovine Serum (FBS)
were purchased from HyClone Laboratories. Chitosan glutamate (Protosan G213, 200-600
kDa, 75-90% deacetylated) was obtained from Novamatrix (4210306). Recombinant murine
IL-12 was provided by the University of Arkansas Biologics Center. Triple enzyme digestive
solution was prepared from collagenase type 1V (10 mg/ml, MP Biomedicals, 0219511090),
Hyaluronidase (1 mg/ml, MP Biomedicals, 0210074080), and DNase | (200 mg/ml, VWR,
97062-108) in Hanks Balanced Salt Solution (Corning). Lympholyte-M was obtained from
CedarLane (CL5031).

MB49, a C57BL/6 syngeneic transitional cell carcinoma, was kindly provided by Dr. Jeffrey
Schlom, Laboratory of Tumor Immunology and Biology, National Cancer Institute. MB49
was maintained in DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 1%
penicillin/streptomycin. Complete media for the culture of cells isolated from tissues was
composed of RPMI supplemented with 10% FBS, 2mM B-Mercaptoethanol (55 pM),
Pennicillin/Streptomycin (100 U/ml), L-Glutamine (2 mM), Sodium Pyruvate (1 mM), and

non-essential amino acids.

Tumor model and therapy
Orthotopic bladder tumors were implanted via intravesical instillation of 75,000 MB49 cells
as described previously.” Intravesical tumor burden was monitored by development of

hematuria and palpable tumors. Intravesical treatments were given using the same

108



catheterization technique. Briefly, the therapy was prepared by first dissolving chitosan
glutamate in DPBS at 10 mg/ml in a shaker (1400 RPM, 55°C, 1 hour) and then adding IL-12
to a final concentration of 10 pg/ml. The mice were catheterized and 100 pl of therapy
allowed to dwell for 35-45 minutes. All administration of CS/IL-12 described in this

manuscript consisted of a 1 pug dose of I1L-12.

All subcutaneous implantations were of 300,000 MB49 cells administered in the right flank
and the tumor volume calculated as Volume= 0.5*Length *Width?. Mice were euthanized

when moribund or when tumor volume reached 2,000 mm?.

Depletion studies

Depletion antibodies for CD4 (BE0003), CD8 (BE0061), or NK1.1 (BE0036) were obtained
from BioXCell. Mice were depleted prior to starting the experiment via four once-daily
administrations of 100 ug depletion antibodies given intraperitoneally. This depletion was
maintained throughout the study by twice weekly administrations of 100 pg of antibody. The
depletion protocol was verified via flow cytometry (Supplementary Figure 4.1).

Tissue homogenization and flow cytometry

Bladder tumors, bladder draining lymph nodes (BDLNSs), and spleens were obtained for
single cell analysis of immune cell infiltrates via flow cytometry. Bladder and tumor tissues
were weighed and imaged before being cut into small pieces in RPMI, allowed to digest in
triple enzyme concoction for 30 minutes at 37°C, passed through a 60 um filter, separated via
a Lympholyte gradient, and subjected to ACK lysis prior to staining. BDLNSs were taken to
be the lumbar lymph nodes [81]. The spleen as well as the BDLNs were harvested into
complete media and homogenized using a 60 um filter. Splenocytes were also subjected to an
ACK lysis step. Prior to staining, cell concentrations and numbers were determined via a

manual hemacytometer.

Cells were stained with a fixable live/dead discriminator, treated with FC Block (BD

553142), then surface stained with pre-titrated amounts of antibodies prior to fixation,
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permeabilization, and intracellular staining. Fixation/permeabilization was implemented with
either BD Fix/Perm (5230583) or for panels containing FoxP3 BD Fix/Perm TF (562574).
Samples were then acquired on a Becton Dickinson (Franklin Lakes, NJ) FACSCanto |1
cytometer equipped with red (633 nm) and blue (488 nm) lasers. Data analysis was

performed using FlowJo (Ashland, Oregon).

All antibodies and stains were purchased from Becton Dickinson: Live/Dead fixable
viability dye-FITC (564407), CD3-PE (553064), CD4-PE-Cy7 (552775), CD8-Percp-Cy5.5
(551162), CD44-APC (559250), CD62L-APC-Cy7 (560514), CD49b-APC (560628), CD25-
APC-Cy7 (557658), FoxP3-PerCp-Cy5.5 (563902), GR-1-PE-Cy7 (560601), F4/80-PE
(565410), CDIlb-APC-Cy7 (557657), CDIllc-APC (550261), I-A/I-E-Percp-Cy5.5 (562363).
Overall, analysis was performed on three panels (Supplementary Figure 4.2) as well as
isotype controls (Supplementary Figure 4.3) and fluorescence minus-one (FMO) controls
for CD44 and CD62L (Supplementary Figure 4.3).

Statistical analysis

Data was plotted and statistical analysis performed with Graphpad Prism with data pre-
processing implemented in MATLAB. For survival curves, significance was determined via
the Log-Rank test. An unpaired student’s t-test was used to compare PBS and CS/IL-12
treatments at each time point for bladder weights and immunophenotyping studies. An
ordinary one-way ANOVA (ANOVA) was used to examine the effects of CS/IL-12
treatment number on immunophenotypes. Significance levels denoted as not significant (NS),
* p<0.05, ** p<0.005, or *** p<0.0005.

110



Appendix C: Supplementary Tables

Supplementary Table 5.1: List of inputs for each scenario.

Volume Concentration Umbrella

Parameter Vinst Vf Pinst Pf Cinst Cf Usol Uperm
Base 50 110 0.11 0.41 100 455 0.38 2.94E-05
75 135 0.26 0.49 100 55.6 0.38 2.94E-05
100 160 0.37 0.55 100 62.5 0.38 2.94E-05
125 185 0.46 0.60 100 67.6 0.38 2.94E-05
150 210 0.52 0.65 100 71.4 0.38 2.94E-05
Vinst 175 235 0.58 0.69 100 745 0.38 2.94E-05
200 260 0.63 0.73 100 76.9 0.38 2.94E-05
225 285 0.68 0.77 100 78.9 0.38 2.94E-05
250 310 0.72 0.80 100 80.6 0.38 2.94E-05
75 135 0.26 0.49 66.7 37.0 0.38 2.94E-05
100 160 0.37 0.55 50.0 31.3 0.38 2.94E-05
125 185 0.46 0.60 40.0 27.0 0.38 2.94E-05
Vi-CD 150 210 0.52 0.65 333 23.8 0.38 2.94E-05
inst 175 235 0.58 0.69 28.6 21.3 0.38 2.94E-05
200 260 0.63 0.73 25.0 19.2 0.38 2.94E-05
225 285 0.68 0.77 22.2 17.5 0.38 2.94E-05
250 310 0.72 0.80 20.0 16.1 0.38 2.94E-05
50 110 0.11 0.41 10 45 0.38 2.94E-05
50 110 0.11 0.41 20 9.1 0.38 2.94E-05
50 110 0.11 0.41 30 13.6 0.38 2.94E-05
50 110 0.11 0.41 40 18.2 0.38 2.94E-05
50 110 0.11 041 50 22.7 0.38 2.94E-05
50 110 0.11 041 60 27.3 0.38 2.94E-05
50 110 0.11 0.41 70 31.8 0.38 2.94E-05
50 110 0.11 041 80 36.4 0.38 2.94E-05
C 50 110 0.11 0.41 90 40.9 0.38 2.94E-05
inst 50 110 0.11 0.41 200 90.9 0.38 2.94E-05
50 110 0.11 041 300 136.4 0.38 2.94E-05
50 110 0.11 0.41 400 181.8 0.38 2.94E-05
50 110 0.11 041 500 227.3 0.38 2.94E-05
50 110 0.11 041 600 272.7 0.38 2.94E-05
50 110 0.11 0.41 700 318.2 0.38 2.94E-05
50 110 0.11 0.41 800 363.6 0.38 2.94E-05
50 110 0.11 0.41 900 409.1 0.38 2.94E-05
50 110 0.11 0.41 1000 4545 0.38 2.94E-05
50 110 0.11 0.41 100 455 0.1 2.94E-05
50 110 0.11 0.41 100 455 0.2 2.94E-05
50 110 0.11 0.41 100 455 03 2.94E-05
50 110 0.11 0.41 100 455 0.4 2.94E-05
U 50 110 0.11 0.41 100 455 05 2.94E-05
sol 50 110 0.11 041 100 455 0.6 2.94E-05
50 110 0.11 0.41 100 455 07 2.94E-05
50 110 0.11 0.41 100 455 08 2.94E-05
50 110 0.11 0.41 100 455 0.9 2.94E-05
50 110 0.11 0.41 100 455 1 2.94E-05
50 110 0.11 0.41 100 455 0.38 2.94E-06
U 50 110 0.11 0.41 100 455 0.38 1.47E-05
perm 50 110 0.11 041 100 455 0.38 5.88E-05
50 110 0.11 0.41 100 45.5 0.38 2.94E-04

Vinst= Instillation volume (ml); Vi,-CD=lInstillation volume with a constant dose (ml); V¢=final lumen volume; Pins=

fluid pressure of the Vinst (MPa); P=fluid pressure of the final volume (MPa); Ci.=instillation solute concentration (pM);

Ce=final lumen concentration (pM); Us= Umbrella layer solubility; Uyem=Umbrella layer permeability (mm*/(N*s)).
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Appendix D: Supplementary Figures
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Supplementary Figure 4.1: Verification of depletion. Naive C57BL/6 mice were given depletion
antibodies intraperitoneally against CD4, CD8, or NK1.1 cell surface antigens at a dose of 100 ug for
four consecutive days. Splenocytes were isolated on day 5 and analyzed for depletion status via flow
cytometry. Percentages indicate the proportion of CD3+ T-Cells that were a given phenotype for CD4+
and CD8+ staining and CD3- lymphocytes for NK1.1+ staining.
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Supplementary Figure 4.2: Gating strategies for infiltration studies by panel. A. T-cell and memory
phenotypes. Example taken from the spleen of a mouse treated once with CS/IL-12. B. Regulatory T-cell and NK
cells. Example taken from the bladder draining lymph node of a mouse treated once with PBS. C. Myeloid
subsets. Example taken from the bladder of a mouse treated once with CS/IL-12.
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Supplementary Figure 4.3: Isotype and fluorescence minus one controls. A. Representative isotype controls
taken from the spleen of a mouse treated once with PBS. B. Representative fluorescence minus once (FMO)
controls taken from the spleen of a mouse treated once with PBS. Gates reflect the fluorescence levels used in

the gating strategies.
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Supplementary Figure 5.4 Relationship between the volume and maximum fluid pressure. This relationship was used to
calculate the pressure needed to prescribe instillation volumes and volume due to urine production. The maximum
pressure was 0.0046 MPa.
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Appendix E: Intellectual Property and Scientific Disseminations

INTELLECTUAL PROPERTY

Patent Applications:

1.

Zaharoff DA, Kumar TKS, Koppolu B, Jayanthi S, Smith SG. Cytokine-Chitosan
Bioconjugates and Methods of Using the Same. U.S. Patent Application No. 62/006,114.

SCIENTIFIC DISSEMINATIONS

Peer-Reviewed Publications

1.

Smith SG, Griffith BE, Zaharoff, DA. Analyzing the Effects of Instillation Volume on
Intravesical Delivery using Biphasic Solute Transport in a Deformable Geometry -
Submitted to Mathematical Medicine and Biology May 2017

Jayanthi S, Koppolu BP, Nguyen KG, Smith SG, Felber BK, Kumar TKS, Zaharoff DA.
Modulation of Interleukin-12 activity in the presence of heparin. Scientific Reports
(2017): Accepted

Smith SG, Baltz JL, Koppolu BP, Ravindranathan S, Nguyen K, Zaharoff DA.
Immunological Mechanisms of Intravesical Chitosan/Interleukin-12 Immunotherapy
Against Murine Bladder Cancer. Oncolmmunology (2016): e1259050

Sturdivant NM, Smith SG, Syed FA, Wolchok JC, Balachandran K. Acetazolamide
Mitigates Astrocyte Cellular Edema Following Mild Traumatic Brain Injury. Scientific
Reports (2016).

Ravindranthan S, Koppolu BP, Smith SG, Zaharoff DA. Effect of Chitosan Properties on
Immunoreactivity. Marine Drugs, 14.5 (2016):91.

Smith SG, Zaharoff DA Future Directions in Bladder Cancer Immunotherapy: Towards
Adaptive Immunity. Immunotherapy 8.3 (2016): 351-365.

Smith SG, Koppolu BP, Ravindranathan S, Kurtz SL, Yang L, Katz MD, Zaharoff DA.
Intravesical Treatment of Orthotopic Bladder Cancer with Chitosan/Interleukin-12
Induces Systemic Tumor-Specific Immunity. Cancer Immunology Immunotherapy, 64.6
(2015): 689-96.

Vo JLN, Yang L, Kurtz SL, Smith SG, Koppolu B, Ravindranathan S, Zaharoff DA.
Neoadjuvant Immunotherapy with Chitosan and Interleukin-12 to Control Breast Cancer
Metastasis. Oncolmmunology, 3.12 (2014): e968001.

Jayanthi S, Koppolu BP, Smith SG, Jalah R, Bear J, Rosati M, Pavlakis GN, Felber BK,
Zaharoff DZ, Kumar TKS. Efficient production and purification of recombinant human

116



interleukin-12 (IL-12) overexpressed in mammalian cells without affinity tag. Protein
Expression and Purification, 102 (2014): 76-84.

10. Koppolu B, Smith SG, Ravindranathan S, Jayanthi S, Thallapuranam SK, Zaharoff DA.

Controlling chitosan-based encapsulation for protein and vaccine delivery.
Biomaterials, 35.14 (2014): 4382-4389.

Conference Presentations

1.

Smith SG, Baltz J, Koppolu B, Ravindranathan S, Nguyen K, Zaharoff DA (Mar. 2017)
Mechanisms of Chitosan/IL-12 Immunotherapy for the Treatment of Bladder Cancer.
NCSU Graduate Student Research Symposium, Raleigh, NC. (Poster Presentation).
Third Place Engineering- $100 prize.

Smith SG, Baltz J, Koppolu B, Ravindranathan S, Nguyen K, Zaharoff DA (Feb. 2017)
Mechanisms of Chitosan/IL-12 Immunotherapy for the Treatment of Bladder Cancer.
Consortium for Canine Comparative Oncology Symposium, Durham, NC. (Poster
Presentation). Abstract Awardee - $250 prize.

Smith SG, Baltz J, Koppolu B, Ravindranathan S, Nguyen K, Zaharoff DA (Nov. 2016)
Mechanisms of Chitosan/IL-12 Immunotherapy for the Treatment of Bladder Cancer.
Society for the Immunotherapy of Cancer Annual Meeting, Bethesda, MD. (Moderated
Presentation).

Nguyen K, Koppolu B, Smith SG, Ravindranathan S, Siddiqui MZ, Zaharoff DA (Oct.
2015) Heparin-Based Delivery of IL-12 Immunotherapy Differs Between Mouse and
Human. Biomedical Engineering Society Annual Meeting, Tampa, FL. (Poster
Presentation).

Smith SG, Baltz J, Koppolu B, Ravindranathan S, Nguyen K, Zaharoff DA (Sep. 2015)
Effector Cells in Chitosan/Interleukin-12 Immunotherapy of Bladder Tumors in Mice.
CRI-CIMT-EATI-AACR Immunotherapy Conference, New York, NY. (Poster
Presentation).

Smith SG, Ravindranathan S, Nguyen K, Zaharoff DA (Oct. 2014) Mathematical Model
of Protein Delivery within the Urinary Bladder. Biomedical Engineering Society Annual
Meeting, San Antonio, TX. (Poster Presentation).

Ravindranthan S, Smith SG, Koppolu B, Kurtz S, Zaharoff DA. (Oct. 2014) Endotoxin
Contamination in Chitosan and Its Effect on Immune Response. Biomedical Engineering
Society Annual Meeting, San Antonio, TX. (Poster Presentation).

Walker C, Smith SG, Zaharoff DA. (Oct. 2014) Exploring Biomarkers for Point of Care
Bladder Cancer Detection. Biomedical Engineering Society Annual Meeting, San
Antonio, TX. (Poster Presentation).
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Lowry E, Wallace C, Koppolu B, Smith SG, Zaharoff DA. Novel Chitosan-Based
Hydrogel for Controlled Release of Anti-Tumor Cytokines. Biomedical Engineering
Society Annual Meeting, San Antonio, TX. (Poster Presentation).

Smith SG, Koppolu B, Ravindranathan S, Kurtz S, Yang L, Katz M, Zaharoff DA. (Oct.
2014) Intravesical Chitosan/IL-12 Immunotherapy of Orthotopic Bladder Cancer Induces
Tumor Specific Systemic Immunity. South Central Section of the American Urological
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