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Abstract
Peritoneal cancer, defined as malignancies on the lining of the abdominal viscera, often originates from
metastatic lesions in the ovaries, stomach and colon. The diffuse spreading of this cancer in the abdominal
cavity makes it difficult to treat and causes relatively high recurrence rates. Currently, peritoneal cancer is
treated by cytoreductive surgery and locoregional chemotherapeutic regimes. This procedure is associated
with high morbidity and mortality, while not being sufficiently effective in diminishing recurrence rates.
We hypothesized that peritoneal cancer treatment could benefit from an immunotherapeutic approach to
reduce recurrence via generation of an anti-tumour immune response and modulation of the tumour
microenvironment. To address this, we developed a liposome-based delivery system for the immune
boosting agent Resiquimod (R848). We found that the liposomes incorporated with a positively charged
lipid 1,2-stearoyl-3-trimethylammonium-propane (DSTAP) delivered by intraperitoneal (IP) injection
increased peritoneal retention of R848 while minimizing its systemic absorption. Specifically, we
observed that the peritoneal area under the curve concentration of R848 was 14 times greater when in the
DSTAP-liposomes relative to the free drug formulation. Within 1 h post IP injection, ~60% of monocytes
and macrophages, ~10% dendritic cells and ~8% natural killer (NK) cells in the peritoneal fluid were
found to contain the liposomes. DSTAP-R848 significantly upregulated the production of TNF-α (2-fold),
IL-6 (4-fold) and IFN-α (10-fold) mRNA relative to PBS control, leading to significantly reduced tumour
progression in an IP metastasis model of CT-26 colorectal cancer in mice. Free R848 was ineffective in
inducing the immune promoting cytokines nor antitumour efficacy. We demonstrated that DSTAP-R848
increased the trafficking of innate immune cells, specifically NK cells, in the peritoneal cavity.
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Lay Summary
Abdominal cancers are difficult to treat due to growth in a variety of tissues. Advancements in surgical
techniques and chemotherapy have increased the survival of abdominal cancer patients, however,
recurrence rates remain high. Immunotherapy, using one's immune system to combat cancer, could help
prevent recurrence. Immunotherapy requires highly targeted treatments as non-specificity can cause
severe toxicity. We formulated a positively charged lipid sphere (liposome) which encloses R848, an
immune-boosting agent. The liposome formulation kept R848 inside the mouse abdomen and increased
production of anti-tumour cytokines. We found that it could slow spread of aggressive colorectal cancer
when administered with a chemotherapeutic drug. We discovered that our formulation increases the
presence of Natural Killer cells in the abdomen. These cells serve to defend against transformed cells. We
hope that this immune boosting drug could be an additional item in the surgeon’s toolbox when treating
abdominal cancer.
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Chapter 1: Introduction
1.1

Peritoneal Cancer and its Current Treatment

Peritoneal cancer (PC) describes malignancies in the serous mesothelial lining of the abdominal viscera,
diaphragm and pelvis [1]. PC originates from spontaneous mutations in these epithelial cells (primary
PC), or more commonly, from peritoneal-free cancer cells (PFCC), cells which have metastasized from
distant tissues such as the ovaries, colon and stomach where they adhere to the peritoneal lining [2]. Until
the late 1990s, PC was treated palliatively, or with surgical resection, and was accompanied by dismal
survival rates wherein median survival ranged from 8-13 months [3,4]. However, recent advancements in
surgical and perioperative chemotherapy approaches have increased 3- and 5- year recurrence free
survival from 5.87% and 3.76% up to 20.40% and 17.05% respectively (P =0.001) [4,5]. The recently
developed standard of care in the majority of PC includes cytoreductive surgery (CRS) and perioperative
hyperthermic intraperitoneal chemotherapy (HIPEC) [2]. The goal of CRS is to resect all macroscopic
lesions in the surgical field. Subsequently, locoregional application of chemotherapeutic regimes such as
FOLFOX/XELOX is used to diminish microscopic malignancies and kill PFCC. Bathing the peritoneal
lining and its enclosed contents with hyperthermic chemotherapeutics offers several advantages over CRS
alone or CRS + systemic chemotherapy. The locoregional approach allows for a high drug concentration
in the peritoneal compartment and minimal systemic distribution as the peritoneal lining is poorly
perfused and the chemotherapeutic fluid is aspirated prior to the closing of the abdomen. This increases
tumour penetration of the drug and reduces off-target toxicity. In addition, the direct application in the
intraperitoneal (IP) compartment allows for high pressure hyperthermic (41-43o C) infusion temperatures.
This has been well documented both experimentally and clinically to increase cytotoxicity and tumour
penetration and immune responses against solid tumours [3,6]. Indeed, Oxaliplatin (OXA), a component
of FOLFOX/XELOX, has been shown to have potentiated antineoplastic effects when dosed at higher
temperatures [3]. However, despite these major advancements in PC screening, quantification and
management, treatment outcomes remain suboptimal. In addition, this procedure continues to be
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associated with high morbidity and mortality and is thus often contradicted for those over 70 years of age
[7]. Another major issue facing the management of PC is the high rate of recurrence observed with this
disease – between 70 - 90% depending on the success of cytoreduction [8,9]. While the exact mechanisms
behind the high recurrence rate have yet to be fully delineated, mounting evidence points to the
involvement of multifocal malignant cell populations, limited tumour penetration of drugs, and highly
drug resistant tumour populations [10]. To address the high recurrence rate, treatment of PC could benefit
from the involvement of immune memory against transformed cells. This may more effectively clear the
abdominal cavity and resist seeding of PFCC that could continue to invade the abdominal cavity.
However, through a process of natural selection and random mutation, tumours cells that are detected by
immunosurveillance are cleared, leaving only those that remain undetectable either through upregulation
of inhibitory surface markers such as PD-1 and CTLA-4 or the secretion of cytokines that recruit
immunosuppressive cells such as tumour associated macrophages and Treg cells . The sculpting of the
tumour cells and their surrounding can lead to the formation of a Tumour Immune Microenvironment
(TIME).

1.2
1.2.1

Immunomodulation of the Tumour Immune Microenvironment
The Tumour Immune Microenvironment (TIME)

The tumour immune microenvironment (TIME) is the composition of the local tumour microenvironment
in addition to the immune cell profile. The microenvironment refers to the physiological factors including
underdeveloped vasculature and lymphatic vessels, cycling hypoxia and upregulation of cancer-associated
fibroblasts [11]. The immune aspect refers to the distinct immune cell profile of the tumour. This often
includes an increase in immunosuppressive cells such as myeloid derived suppressor cells (MDSCs),
tumour associated macrophages (TAMs) and Treg cells [12]. The TIME of the peritoneum remains a
largely understudied aspect of PC management. It is known that the tumour environment of PC is often
heterogeneous, owing to the diverse sites of metastasis and the stem-cell like attributes present in many
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PFCC [10]. Despite this, the PC TIME does share commonalities with TIME in other sites, such as
cycling hypoxia, abnormal pH levels, and fibrosis. In addition to changes in anatomical and physiological
features, the PC TIME also possess a unique immune environment characterized by infiltrating leukocytes
and tertiary lymphoid structures [13].

1.2.2

Immune Aspect of the TIME

The TIME can be subdivided by the presence of immune cell infiltrate and cell surface expression into 3
classes; infiltrate excluded (I-E, highly immunosuppressed), infiltrate inflamed (I-I, some
immunosurveillance) and infiltrate tertiary lymphoid structure supported (I-TLS, highly
immunopotentiated). Epithelial cell tumours such as colorectal carcinoma, melanoma and pancreatic duct
adenocarcinoma are often associated with an immunosuppressed (I-E) profile, wherein there is
downregulation of inflammatory cytokines such as Type 1 Interferons (IFNs alpha, beta), Tumour
Necrosis Factor Alpha (TNF-α), Interleukin (IL)-2, IL-6, IL-17. In addition, there is a corresponding
change to the immune cell profile of the tumour. The I-E tumour has higher levels of cancer-associated
fibroblasts (CAFs), M2-like macrophages, myeloid-derived suppressor cells (MDSCs), regulatory T cells
(Treg) [14,15]. These tumours also frequently have poor infiltration of cytotoxic lymphocytes (CTLs) such
as CD8+ T cells and Natural Killer (NK) cells in the tumour core. Lastly, the I-E TIME also has increased
cell surface expression of inhibitory ligands such as PDL1-2 and CTLA-4 [16]. In contrast, I-I and I-TLS
tumours are observed to have increased penetration of CTLs, the presence of M1-like macrophages and
other professional antigen presenting cells such as dendritic cells (DCs). There is also an increase in
inflammatory cytokines and chemokines and a downregulation of inhibitory cell surface ligands. Overall,
this inflammatory environment correlates to a better prognosis for response to common immunotherapies
such as immune checkpoint blockade (ICBs) and tumour clearance due to the fact there is an increased
presence of CTLs and downregulation of inhibitory cell surface markers [17].
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The process that generates this immunosuppressive cell and surface marker profile is known as
“immunoediting”. In this process, tumours will undergo three stages of editing referred to as elimination,
equilibrium and escape. In the first phase “elimination”, the immune system will systematically destroy
any transformed cells that are recognized as transformed. However, this form of natural selection will
lead to tumour cells that are not detected, either due to downregulation of non-self antigen or upregulation
of immunoinhibitory markers. These undetected cells can proliferate in the “escape” phase where tumours
growth begins outpacing immune surveillance and lead to greater tumour load [18]. Overall, this process
can sequentially sculpt the TIME to favour the expression of these inhibitory markers, thus diminishing
the host immune response against the tumour. The goal of immune modulating agents is to shift this
balance and reverse the immunoediting process to favour the detection and destruction of tumour cells.

1.2.3

Modulation of the TIME

The modulation of the TIME has seen a great deal of attention in the field of immuno-oncology.
Specifically, modulation of the TIME involves a change in overall phenotype of the tumour and its
environment. This is often characterized by a change in cellular infiltrates, immune cell surface marker
expression, and local cytokine expression [19]. A goal of immune modulation is to minimize the presence
of inhibitory cell surface markers (such as PDL-1/2 and CTLA-4) and increase the penetration of tumour
infiltrating lymphocytes that can produce anti-tumour immunity or respond to immune checkpoint
blockade (ICB) therapy. Specifically, immune modulation attempts to increase the presence of CD8+T
cells, NK cells and M1-like macrophages and lower percentages of CD4+ FOX3P+ T cells (Treg) Cells,
M2-like macrophages, MDSCs, TAMs and CAFs. This reversal has been consistently shown to improve
outcomes in animal and some human studies [8,20–22]. In addition, more macroscopic changes such as
vascular remodelling and lymphatic structure morphology can occur in the remodelling of the TIME such
as the development of lymph aggregates that can further boost tumour immunosurveillance and the
reduction of angiogenesis via IFN-α secretion. [15,23,24].
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1.2.4

Approaches for TIME Modulation and R848: An Imidazoquinolinone
Immunomodulatory Agent

To accomplish TIME plasticity, recent research has implemented a four major classes of tactics such as 1)
antibodies against immunosuppressive cells and their respective surface markers, i.e. immune checkpoint
blockade (ICB). ICB has shown promise through antibody mediated blocking of PD-1/PDL-1 and CTLA4, thus preventing T cell exhaustion and increasing T cell priming/activation [25]. 2) Cancer vaccines are
also being investigated as a means for modulating the immune interaction with the tumour. By purifying
TAA’s this method hopes to boost antigen uptake and presentation to CTL’s. 3) T cell engagement
therapies are another class of modulating TIME which work by increasing the efficient of the synapse
between a T cell, APC and tumour cell to boost antitumour immunity. 4)Finally there are the broadly
acting immune boosting agents. This project focuses on this fourth class of TIME modulators, immune
boosting agents. Immune boosting agents broadly upregulate aspects of the innate and humoral immune
responses to reverse the immune suppressed tumour [26]. There are several targets for immune boosting
agents that act through pattern recognition receptors (PRRs). This includes nucleotide-binding
oligomerization domain (NOD)-like receptors (NLR), C-type lectin (CLR), RIG-I–like receptors (RLRs),
cytosolic DNA sensors, stimulator of interferon genes (STING) and Toll-Like Receptors (TLRs). Among
these immune activating agents, those acting on TLRs, a group of pattern recognition receptor, are the
most studied. There are 13 TLRs expressed in mice and 10 TLRs expressed in humans, recognizing a
variety of ligands. TLRs are expressed in a variety of immune cells including monocytes, macrophages,
dendritic cells, B cells, T cells and NK cells. The TLRs are localized to the cell surface or in endosomes
inside the cell. TLRs 1, 2, 4, 5, and 6 are localized to the plasma membrane and face the extracellular
environment. TLRs 3, 7, 8, and 9 are localized to endosomes and lysosomes [27]. As the TLRs are
involved in the initiation of and linkage of the innate and adaptive immune response, they can be
leveraged to promote TIME modulation. To accomplish TIME modulation using TLR agonists, research
has been focused on the delivery of TLR agonists to the TIME. The TLRs function to recognize
damage/pathogen associated molecular patterns (D/PAMPs) found on bacteria or released from dying
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cells. The TLRs recognize distinct structures and signal through multiple pathways[28]. In regard to
agonists, TLR 1 and TLR 2 bind lipoproteins, TLR 3 binds (double stranded) dsDNA, TLR 4 which binds
lipopolysaccharide (LPS), TLR 5 binds bacterial motifs, TLR 6 lipopeptides, TLR 7 and TLR 8 bind
single stranded RNA (ssRNA) and synthetic purine derivatives, such as R848. TLR 9 binds CpG
motifs.[28,29].

R848 (Resiquimod) belongs to a family of imidazoquinoline analogs that also includes Imiquimod,
Dactolisib, Gardiquimod and Sumanirole (Figure 1) [30]. These derivatives share a common tricyclic
ring structure and often have antiviral and anti-tumour properties [30–32]. After diffusing through the cell
bilayer due to the hydrophobic nature of R848 (logP 2.24), R848 initiates its effects through binding
of the TLR 7 and TLR 8 found in the endosomal compartment of a variety of innate immune cells
including phagocytes [32]. TLR 7 and TLR 8 exists in a dimer[33]. Upon binding of an agonist by TLR
7/8 a conformational change occurs and recruits the adaptor protein myeloid differentiation primary
response 88 (MyD88). MyD88 coordinates the recruitment of a variety of downstream signalling proteins
including IRAK1,2,4, TAK1 and MAPKs. These proteins further recruit signalling molecules that
culminate with recruitment of three promoters NFkB, IRF3/7 and AP-1 that begin binding DNA and
increasing gene expression of cytokines IFN-α , IL-6, IL-12 and TNF-α , seen in Figure 2 below [32].
R848 has been demonstrated to be the most potent of the imidazoquinoline analogs in regard to its ability
to upregulate transcription of TNF-α and IL-6, two inflammatory gene products critical to inducing the
innate and humoral immune response [31]. A complete list of cytokines that are secreted in response to
R848 stimulation is shown below in Table 1 and the important cytokines for this study are highlighted.
There has been interest in using R848 to modulate the TIME due to its potent immunostimulatory effects.
Through upregulation of inflammatory cytokines such as TNF-α, IFN-α and IL-6, and stimulatory
ligands CD80 and 86 on DCs, R848 can increase the activation of T cells and NK cells [34]. R848 can
also increase the resistance of T cells to exhaustion by MDSCs and reverse the differentiation of
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immunosuppressive Treg cells [35]. Moreover, R848 can decrease immunosuppression by inducing
changes in innate immune cells of the tumour. Indeed, R848 has been shown to influence the TIME in
vivo. A 2018 study by Rodell et al. [36] found that R848 could change the polarization of M2-like
macrophages to M1-macrophages, indicating a reversal of an immunosuppressive TIME in a murine
model. Moreover, a 2019 study by Mullins et al. [37] discovered that the TLR 7 and TLR 8 agonist
MEDI9197, an analog to R848, could induce a Th1 response in the tumour after intratumoural injection.
In addition, when this analog was injected in combination with ICB agents, survival was prolonged.
Lastly, in 2020, Chen et al. [38] further refined the R848 TIME modulation approach by using a near
infrared (NI) responsive polymer loaded with R848 to boost anti-tumour immunity via an in situ cancer
vaccine. This polymer responded to applied NI radiation by releasing R848 into the tumour. This group
also locally injected their formulation into the subcutaneous tumour core and achieved significant
reduction in tumour growth, with 9 of 21 of mice displaying long term tumour immunity.
Despite the promising results of R848 as a TIME modulation agent, a key problem facing the use of this
and other immune response modifiers is their delivery. In the Mullins and Chen study [37], R848nanoparticles were locally injected into the tumour directly, likely due to the fact that systemic
administration of immune response modifiers can induce “cytokine storms” where overproduction of
inflammatory mediators can result in autoimmunity or dysfunction [39]. Moreover, R848 itself possess
additional challenges in delivery as it is poorly soluble. An advanced delivery system for R848 to increase
its solubility and target to the TIME is required to exert significant anti-tumour immune response.
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Imiquimod

Resiquimod

Dactolisib

Gardiquimod

Sumanirole

Figure 1. The imidazoquinolinone family. Imiquimod, Resiquimod (R848), Dactolisib, Gardiquimod and
Sumanirole.

Figure 2. Molecular mechanisms of R848 in immune stimulation.
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Table 1. Cytokines and Chemokines Induced by Imidazoquinolines
Interferons: *IFN-α, IFN-𝛽
Interleukins IL-1, *IL-6, IL-8, IL-10, IL-12
Tumour necrosis factor-a *TNF-α
Interleukin 1 receptor antagonist IL-1RA
Granulocyte colony stimulating factor G-CSF
Granulocyte-macrophage colony stimulating factor GM-CSF
Macrophage inflammatory protein MIP-1a and MIP-1b
Macrophage chemotactic protein MCP
*Cytokines measured in this project
Adapted from: M.A. Stanley, Imiquimod and the imidazoquinolones: Mechanism of action and

therapeutic potential, Clin. Exp. Dermatol. 27 (2002) 571–577. https://doi.org/10.1046/j.13652230.2002.01151.x.

1.3

Liposomes

Liposomes are lipid-based spherical nanoparticles containing a bilayer structure which encloses an
aqueous core. Hydrophobic drugs can be retained in the lipid bilayer and hydrophilic drugs can be
encapsulated in the core. Drug loading of liposomes can be accomplished by passive loading, wherein the
liposomes are formed and loaded concurrently. In contrast, liposomes can be actively loaded (otherwise
known as remotely loaded). This process relies on production of empty liposomes and subsequent loading
of a pharmaceutical agent via a transmembrane gradient. Active loading can achieve a higher drug-tolipid ratio relative to passive loading, and generates a more stable formulation which does not undergo the
“burst” drug leakage phenomena that occurs with passive loading [40]. With proper lipid composition and
precise control of the physicochemical properties of liposomes, pharmacokinetics of an encapsulated drug
and delivery to the target tissue/cell can be improved[41]. This project utilized two component lipids,
shown below (Figure 3 and Figure 4) to form the bulk of the liposomal bilayer. Cholesterol was also
included to improve the liposome stability. Cholesterol is believed stabilize liposomes by increasing the
packing efficiency of phospholipids in the liposomal bilayer [42]. A schematic of the liposome generated
in this projected is shown below in Figure 5.
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Figure 3. Chemical structure of cationic lipid 1,2-stearoyl-3-trimethylammonium-propane (chloride salt)
(DSTAP) used in our liposomal formulation.

Figure 4. Chemical structure of helper lipid 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) used in
our liposomal formulation.

Figure 5. Schematic of DSTAP-liposome used in this study encapsulating R848.
1.4 Combination Therapy: Immunomodulatory and Cytotoxic Agents
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The standard therapy for peritoneal metastases often includes chemotherapy, such as FOLFOX. FOLFOX
contains folic acid, fluorouracil and oxaliplatin (OXA). In particular, OXA is known to induce
immunogenic cell death, which triggers tumor antigen release to promote immune response.
Antineoplastic agents can be synergistic with immune modulating agents due to the process of
immunogenic cell death (ICD). In the context of cancer immunotherapy, the process of ICD describes the
mechanism by which dying tumour cells can elicit an antitumor immune response[20].There are currently
four types of ICD, that share common features described below[43] . It is believed this process evolved
as a mechanism to mount an immune response against virally infected or mutated cells. ICD is
characterized in part, by endoplasmic reticulum (ER) stress, exposure of calreticulin on the dying cell
surface and the release of variety of antigenic molecules. The molecules released from the cell has been
shown to correlate with the nature of the insult. In regard to chemotherapy induced ICD, common
antigens include chromatin proteins (high mobility group box 1), intracellular nucleosides (adenosine
triphosphate) and ER chaperones (calreticulin)[44] . These molecules bind with three innate immune
receptors respectively; TLR 4, the purinergic receptor (P2Rx7) and CD91 expressed on the extracellular
surface of immature dendritic cells. This initiates the maturation of DC and presentation of antigens to
CTLs which then exert effector functions causing tumour cell lysis wherein the process begins anew. In
2013, Kromer et al. conducted a meta-analysis on 24 commonly used cytotoxic agents in oncology and
found that only three anthracyclines and OXA were successful ICD inducers despite all being similar in
ability to induce apoptosis in a mouse model [20]. The authors’ criteria for a cytotoxic agent to be defined
as an ICD inducer include only drugs that could produce sufficient antigen release from tumours that,
when these dying cells were injected into a tumour bearing mouse, could decrease the tumour load and
cause immunity from future tumour inoculation. As such, OXA is a powerful chemotherapeutic due to its
ability to release antigens from tumour cells in addition to being used commonly in PC treatment. In order
to take advantage of OXA’s ICD effect, the addition of immune boosting agents could theoretically act
synergistically by stimulating the production of inflammatory cytokines after antigen uptake and
presentation has occurred.
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1.5

Activating the Innate Immune Response

The innate immune system is composed of physical barriers, biochemical barriers, the complement
system and the innate immune cells. These cells are subdivided into groups based on morphology and
function. The innate immune cells include phagocytes (monocytes, macrophages, dendritic cells), mast
cells, eosinophils, and natural killer cells. However, emerging research is beginning to “blur the line”
between what constitutes an innate immune cell versus an adaptive one. For example, the gamma-delta T
cell is often grouped with innate cells, but does possess a variable T cell receptor [22], similarly, NK
cells are traditionally classified as innate despite sharing a common progenitor with T and B cells [45].
Further, recent evidence has discovered a subset of NK cells capable of antigen recognition and memory,
acting similarly to CD8+ T cells [46]. As such, the innate immune system, NK cells in particular, are to
receiving attention in the context of cancer immunotherapy due their ability to initiate the adaptive
response and perform tumour lysis [47,48]. In mice, NK cells originate in the bone marrow and traffic to
secondary lymph organs where they can further mature, expressing a range of cell surface markers
classifying them as immature NK (iNK NK1.1+), mature NK (mNK Nkp46/CD335+) and NKT (abTCR)
cells [45]. These cells share overlapping functions with both cytotoxic T cells and antigen presenting cells
in that they can both lyse transformed cells and secrete cytokines to prime the adaptive immune system.
Most NK cells distinguish transformed cells from healthy cells via the presence of “self-molecules” such
as MHC-1, which acts as a strong inhibitory signal when detected on healthy cells. This process is also
known as the “missing self-recognition theory” whereby the extinction of expression of polymorphic
MHC molecules on target cells frees the contact dependent inhibition on NK cell and allows them to
release cytotoxic granules aimed at this target. However, recently some NK subsets have been found to
express no inhibitory receptor to MHC and are hyperresponsive to stimulation [49]. The MHC-1
complex is often down regulated in tumour cells [50]. To contribute to the immune response, NK cells
require the absence of inhibitory MHC-1 and the stimulation of cytokines TNF-α, IL-12. If these
conditions are met, NK cells act through the Th1 response and secrete large amounts of IFN-𝛾, TNF-α and
granulocyte/monocyte-CSF. However, their true potential in regard to tumour immunosurveillance lies in
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the innate ability to secrete cytotoxic granules such as perforins. As early as 1980, NK cells were
recognized for their ability to protect against tumour peritoneal cancer inoculation and their induction
could prolong survival in cancer laden mice [51]. More recently, NK cells have been used in allogeneic
cancer immunotherapy in the clinic where the highly cytotoxic human NK cell line, NK92, is cultured ,
expanded and primed before it is re-injected into the patient [52]. There have been a number of clinical
trials on NK cell therapy, see Guillerary et al. 2016. These trials have not been overwhelmingly positive.
A major issue facing the NK cell therapy landscape is the overstimulation of NK cells in vitro prior to reinjection [53]. This overstimulation can cause graft-versus-host disease, where NK cells attack healthy
tissues. Therefore, NK cell therapies could be advanced through the introduction of a technology which
could boost NK, B and T cell, activity in vivo and remove the barriers faced with extraction, propagation,
stimulation, and re-injection used in traditional allogeneic therapies.

1.6

Research Hypothesis and Aims of Thesis

We hypothesized that cationic liposomes could be used to encapsulate R848, thus overcoming its poor
solubility and increasing peritoneal retention following IP injection. This could lead to enhanced
modulation of the peritoneal TIME, improved anti-tumour efficacy, and reduced systemic absorption of
R848. This new formulation for R848 will enhance the immunotherapy of PC. We used DSTAP, a
cationic lipid, to prepare a positively charged liposome for delivery of R848. The project contains two
specific aims:
1. Compare pharmacokinetics (PK) and biodistribution (BD) of DSTAP-R848 and free R848 following
IP delivery
1.1. Preparation and characterization of DSTAP-R848
1.2. PK and BD analysis of DSTAP-R848 and free R848
1.3. Immune cell uptake of DSTAP-R848 in the peritoneal cavity
2.

In vivo efficacy and mechanistic study of DSTAP-R848 relative to free R848 and vehicle control
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2.1. In vivo gene expression and cytokine induction from DSTAP-R848 and free R848
2.2. Efficacy and tolerability study of DSTAP-R848 vs free R848 in a murine PC model
2.3. Immune cell modulation in the peritoneal cavity after DSTAP-R848 and free R848 treatment
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Chapter 2: Materials and Methods
2
2.1

Materials

Cholesterol was purchased from Sigma Aldrich (St. Louis, MO)1,2-stearoyl-3-trimethylammoniumpropane (chloride salt) (DSTAP) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DSPG) were purchased from Avanti
Polar Lipids, (Alabaster, AL). Resiquimod (R848) was obtained from Cayman chemicals (Ann Arbor,
MI). Acetic acid, dimethyl sulfoxide, sodium acetate, sodium sulfate, ammonium thiocyanate, and ferric
chloride were purchased from Sigma Aldrich, (St. Louis, MO). Dil (1,1'-Dioctadecyl-3,3,3',3'Tetramethylindocarbocyanine Perchlorate) and DiR (1,1'-Dioctadecyl-3,3,3',3'Tetramethylindotricarbocyanine Iodide) stain was purchased from Thermo Fischer Scientific (Toronto,
ON, Canada). Luciferase plasmid (Plasmid # 18964) was obtained from Addgene (Watertown, MA). The
transfection reagent, Turbofectin, was ordered from Origene (CAT#: TF81001) (Rockville, MD) and
polybrene from Sigma-Aldrich (St. Louis, MO).

2.2

Liposome Preparation and Characterization for DSPC, DSPG and DSTAP
Liposomes

Lipids cholesterol, DSPC, DSPG, were dissolved in chloroform and DSTAP was dissolved in
chloroform:methanol (5:1). Lipid constituents were then mixed according to a molar ratio of
(2X:1Y:0.8Z) where X= DSPC, Y=DSTAP/DSPG and Z=cholesterol. A thin lipid film was produced by
rotary evaporation under vacuum at 60°C. The thin film containing 50 mg DSPC, 12 mg DSTAP and 18
mg cholesterol was hydrated with 2 mL of 300 mM ammonium sulfate (NH4S02) (pH 5) and the lipid
mixture was extruded while heated at 60°C progressively through 400, 100, and 50 nm polycarbonate
membranes using the Avanti Mini-Extruder (Alabaster Alabama, USA) obtain liposomes with a
monodispersed particle size. Liposomes were then transferred to a dialysis membrane (Spectrum
Laboratories, Rancho Domingues, CA) and placed in acetate buffer (acetic acid 17.5 mL, sodium acetate
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57.66 g NaCl 46 g in 1 litre of MilliQ) adjusted to pH=5.0 and dialyzed for 24 h while acetate buffer was
replaced at 2 h and 4 h then left overnight. Liposomes were then characterized by size, polydispersity
index (PDI) and zeta potential (ZP) using the Zetasizer Nano ZS, (Malvern Instruments Ltd. Malvern,
UK). Lipid concentration was determined using the Stewart assay (described below) or ultra-highperformance liquid chromatography coupled to electron light scattering detection (UPLC-ELSD) as
described below.

2.3

DiI-Liposome Preparation for In Vitro and In Vivo Uptake Studies

Cholesterol, DSPC and DiI were dissolved in chloroform and DSTAP was dissolved in chloroform:
methanol (5:1). Lipid constituents (DSPC, DSTAP, Chol, DiI) were then mixed according to a molar ratio
of 2:1:0.8:0.05. Liposomes were prepared by combining 920mL of 50mg/mL DSPC, 360 µL of 50mg/mL
DSTAP and 240 µL of 50mg/mL cholesterol and 80µL of DiI, for a final volume 1.5mL. A thin film was
formed using rotary evaporation at 60°C. The thin film was hydrated with 2 mL of 300 mM ammonium
sulfate (NH4S02) (pH 5) and the lipid mixture was extruded while heated at 60°C progressively through
400, 100, and 50 nm polycarbonate membranes using the Avanti Mini-Extruder (Alabaster Alabama,
USA) obtain liposomes with a monodispersed particle size. The liposomes were then dialyzed as
described previously in acetate buffer then glucose to mirror previous studies.

2.4

R848 Loading Into DSTAP-liposomes

R848 was dissolved in DMSO at 40 mg/mL and then diluted with acetate buffer (300 mM, pH 5) to 4
mg/mL before being added into the DSTAP-liposomes at a drug-to-lipid ratio of 1:5 w/w. The mixture
was incubated at 60°C in a metal heating block for 30 min then cooled rapidly on ice for 3 min. The
freshly loaded particles were then placed in a dialysis bag and dialyzed against 5% glucose solution (10x
volume of the particles) for 24 h with two changes of the dialysate at 2 h and 4 h to remove DMSO and
unencapsulated R848. Again, lipid and R848 concentrations in the final DSTAP-R848 product was
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measured using the Stewart assay and UPLC-ELSD (below). Particle size, PDI and ZP of DSTAP-R848
were measured by DLS as described previously.

2.5

Stewart Assay

The Stewart away is a colometric assay that quantifies phospholipids based on their ability to form color
complexes with ammonium ferrothiocyanate. The ferrothiocyante solution is made by dissolving 27.03 g
of ferric chloride hexahydrate (Sigma Aldrich, St Louis, MO) and 30.4 g of ammonium thiocyanate
(Sigma Aldrich, St Louis, MO) in 1 L of MilliQ. The solution is stable at room temperature for several
months. A range of 5 solutions was generated to form the standard curve. The sample solution was
prepared by diluting 5 uL of liposome solution with 1995 uL chloroform (40X dilution). The sample
solution was then added to a glass tube containing 2 mL of the ferrothiocyante solution. The tube was
then capped and vortexed for 30 s, centrifuged at 300 g for 10 min, and the optical density at 485 nm of
the supernatant was determined by a spectrophotometer. The result was then compared to the calibration
curve to estimate the lipid concentration of liposomes.

2.6

UPLC Characterization of Liposomes

Liposomes were dissolved in methanol (1:10) and sonicated for 10 min, and 10 µL of the sample was
analyzed using a Waters ACQUITY UPLC H-Class system (Milford, MA). The sample was separated on
a Waters Acquity BEH-C18 column (particle size: 1.7 µm inner diameter: 2.1 mm length: 100 mm
column) at a flow rate of 0.4 mL/min. Samples were separated on a Waters Acquity BEH-C18 column
(particle size: 1.7 µm inner diameter: 2.1 mm length: 100 mm column) at a flow rate of 0.4 mL/min. The
mobile phase was comprised of solvent A (0.1% formic acid in water, v/v) and solvent B (aqueous 90%
acetonitrile containing 0.1% formic acid, v/v). The following gradient was applied: 3.0 min: A/B (95/5),
11.0 min: A/B (47/53), 12 min: A/B (5/95), 13.0 min: A/B (5/95), 13.5 min: A/B (95/5), 15.0 min: A/B
(95/5). The mass spectrometer was operated in the positive ionization mode. Ionization was carried out at
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450 °C (source temperature) using a cone voltage of 25 kV. The R848 concentration was determined by
integrating the single ion recognition (SIR) peak for the singly charged molecular ion as m/z 315 and
calibrated 30 μL, 1 mg/L Mefloquine in 90% aqueous acetonitrile, v/v, as internal standardwith the SIR
peak at m/z 379. Data was analyzed using the Empower 3.0 software (Waters).

2.7

Cell Culture

Raw 264.7 cells (macrophage) and CT-26 murine colorectal cells were obtained from American Type
Cell Collection (Gaithersburg, ML) and propagated in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 5% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Generation of the
luciferase expressing CT-26 (CT-26-Luc) cell line was achieved by using a lentiviral vector containing a
luciferase gene with neomycin resistance (described below). Luciferase expressing cells were selected
under a culture medium containing 1000 µM of neomycin.

2.8

Cellular Uptake of DiI-Liposomes

Raw 264.7 cells (50,000/well) were added to a 24-well plate containing a glass coverslip in each well.
Cells were left to adhere to the coverslip for 12h. The medium was removed, and cells were washed
gently 3 times with cold PBS. DiI-labled liposomes were added at a concentration of 0.5 µg/mL to each
well and allowed to incubate for 1 h, 4 h, and 24 h. Cells were then washed gently with cold PBS for three
times. Lysotracker Green was added at a concentration of 50 nM and incubated for 1 h. Cells were then
fixed with 10% formalin solution for 15 min. Fixed cells were washed again with PBS and the glass
coverslip was mounted onto a glass slide with mounting medium containing 4′,6-diamidino-2phenylindole (DAPI). Slides were then imaged on FluoView A confocal microscope (Olympus). Intensity
of DiI and DAPI signal was measured using ImageScope software with the positive pixel count
algorithm.
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2.9

Mice

Female BALB/C and CD1 (6-8 weeks old) were purchased from the Jackson Laboratory and housed
according to the institutional guidelines. Food and water was provided ad libitum. All animal experiments
were conducted with an approved protocol A18-0177 at the University of British Columbia.

2.10 Pharmacokinetic and Biodistribution Studies
Free R848 and DSTAP-R848 (1 mg R848/kg) were injected intraperitoneally (IP) into female CD1 mice
(25-30 g, 6-7 weeks old, Charles River Laboratories, Senneville, QC, Canada). At different timepoints (15
min, 1 h, 4 h, and 24 h), blood was collected via cardiac puncture through the skin, then the mice were
euthanized and peritoneum fluid (PF, original volume ~100 µl) was expanded and effectively collected
after IP instillation with 2 mL phosphate-buffered saline PBS. Plasma was obtained by centrifuging (5000
rpm, 10 min) blood immediately after collection in K2-ethylenediaminetetraacetate collection tubes
(Microvette, Sarstedt AG & Co., Nümbrecht, Germany), and IP cells (cells in PF) were isolated from PF
through centrifugation (1500 rpm, 5 min).
R848 was extracted from plasma, PF, and IP cells, followed by analysis using ultra performance liquid
chromatography (UPLC). Briefly, IP cells were pretreated with 1% aqueous Triton-X solution (50 μL, v/v)
for 15 min on ice and spun (12,500 rpm, 10 min) to harvest the supernatant. Analytes were extracted by
mixing plasma, PF, or IP cell lysate (45 μL) with Mefloquine solution (30 μL, 1 mg/L Mefloquine in 90%
aqueous acetonitrile, v/v, as internal standard) and cold 90% aqueous acetonitrile (270 μL, v/v) respectively.
The mixture was vortexed for 30 seconds, placed on ice for 30 min, and centrifuged (12,500 rpm, 5 min).
The supernatant (300 μL) was collected, lyophilized, and rehydrated in 4.5% aqueous acetonitrile with 0.1%
formic acid (60 μL, v/v). Samples were injected (10 µL) into a Waters ACQUITY UPLC H-Class system
(Milford, MA) coupled on-line to a Waters QDa mass spectrometry detector. Samples were separated on a
Waters Acquity BEH-C18 column (particle size: 1.7 µm inner diameter: 2.1 mm length: 100 mm column)
at a flow rate of 0.4 mL/min. The mobile phase was comprised of solvent A (0.1% formic acid in water,
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v/v) and solvent B (aqueous 90% acetonitrile containing 0.1% formic acid, v/v). The following gradient
was applied: 3.0 min: A/B (95/5), 11.0 min: A/B (47/53), 12 min: A/B (5/95), 13.0 min: A/B (5/95), 13.5
min: A/B (95/5), 15.0 min: A/B (95/5). The mass spectrometer was operated in positive ionization mode.
Ionization was carried out at 600°C (source temperature) using a cone voltage of 15 V and a capillary
voltage of 0.8 kV. The R848 concentration was determined by integrating the single ion recognition (SIR)
peak for the singly charged molecular ion as m/z 315.0 and calibrated by Mefloquine with the SIR peak at
m/z 379.1. Data was analyzed using the Empower 3.0 software (Waters).

2.11 Immune Stimulation Cytokine Studies
Cytokine production and secretion in the plasma, PF, and IP cells induced by free R848 or DSTAP-R848
was measured by ELISA or real-time polymerase chain reaction (RT-PCR). After collection from the IP
fluid, cells were lysed and mRNA was extracted and purified using the PureLink RNA mini kit from
Ambion Life Technologies (Thermo Fisher, Toronto ON, Canada) following manufactures guidelines for
cell suspensions. mRNA retrieved from the IP cells was then used in the high-capacity cDNA reverse
transcription kit from Applied Biosystems (Thermo Fisher, Toronto ON, Canada) per manufactures
guidelines. mRNA levels of key mouse cytokines including IFN-α, IL-6, and TNF-α in the IP cells were
determined by RT-PCR using the comparative Ct method (GAPDH as internal control). The primer
sequences of these markers were listed in Table 1. IFN-α level in plasma and PF was measured using the
ELISA kit (eBioscience) following the manufacturer’s instruction.
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Table 2. Primer sequences for RT-PCR.
Gene

Primer

Sequence (5’-3’)

GAPDH

F

AGGTCGGTGTGAACGGATTTG

R

TGTAGACCATGTAGTTGAGGTCA

F

GAATGCAACCCTCCTAGAC

R

GTCAGAGGAGGTTCCTG

F

TAGTCCTTCCTACCCCAATTTCC

R

TTGGTCCTTAGCCACTCCTTC

F

CCCTCACACTCAGATCATCTTCT

R

GCTACGACGTGGGCTACAG

IFN-α

IL-6

TNF-α

2.12 Luciferase Gene Transduction in CT-26 cells
To prepare the in-house lentiviral vector for luciferase gene transduction, HEK293 T cells were
transfected with Turbofectin complexed with a neomycin-resistant luciferase pDNA containing three
major viral structural genes: gag, pol, and env. After 24 h and 48 h, the viral particle rich media was
collected, centrifuged and stored in -80ºC. On the day of infection, CT-26 cells in a T-75 flask were
incubated with 750 uL of the viral particles and polybrene. On the next day, media was replenished,
and cells were selected under neomycin resistance at 700 µg/mL.

2.13 In Vivo Efficacy and Imaging
Female 6-8-week-old BALB/C mice (approximately 20g) were IP inoculated with 2´105 CT-26-Luc cells
on day -4. On day 0, mice were injected with 15mg/kg luciferin dissolved in PBS and then imaged using
the Xengoen IVIS system after 15 minutes to confirm the presence of tumours in peritoneal cavity. Mice
with roughly equal levels of bioluminescent tumour expression were then assigned randomly to three
groups. On day 1 all mice received 6mg/kg OXA. On day 2, mice received one of either 8mg/kg free
R848, 8mg/kg DSTAP-R848 or equivalent volume of PBS solution. Mice were then imaged every day for
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the next three days to monitor tumour progression. Subsequently, mice were imaged every 2 days to
monitor tumour growth until the study endpoint day 14. Mice were then imaged, sacrificed, and the
tumours were collected.

2.14 Flow Cytometry Analysis of Cellular uptake of DSTAP-liposomes by IP cells
Mice were IP inoculated with 2´105 CT-26-Luc cells on day -4. On day 0, mice were imaged by the IVIS
Xenogen 15 min after IP injection of 15 mg/kg luciferin to confirm tumour presence. Mice then received
8 mg/kg OXA via IP injection. The following morning, each mouse received an IP injection of 200 uL of
DiI-labelled DSTAP-liposomes (10 mg/kg lipid). After 1 h, mice were sacrificed, and the IP fluid was
retrieved by installation of 5 mL ice-cold PBS. The IP fluid was then centrifuged and the supernatant
aspirated. The IP cells were resuspended in a staining buffer (PBS containing 1% bovine serum albumin
(or 4% fetal calf serum) and 0.05% Sodium Azide), counted and dispensed into an Eppendorf tube and
stained with various antibodies (anti-CD45, anti-CD11b, anti-CD11c, anti-F4/80, anti-CD335, anti-CD3,
anti-CD8, and anti-EPCAM) for 30 min on ice in the dark. The cells were centrifuged again, resuspended
in the fluorescence activated cell sorting buffer (Thermo Fisher, St Louis MO) containing 1 mg/ml
propidium iodide, and analyzed by the Beckman Coulter Cytoflex LX.

2.15 Statistical Analysis
All data are expressed as mean ± SD. Statistical analysis was conducted with the two-tailed unpaired t test
for two-group comparison or one-way ANOVA, followed by the Tukey’s multiple comparison test by using
GraphPad Prism (for three or more groups). A difference with P value < 0.05 was considered to be
statistically significant.
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3 Chapter 3: Results and Discussion
3.1

3.1.1

Aim 1: Comparing pharmacokinetics (PK) and biodistribution (BD) of DSTAP-R848
and free R848 following IP delivery.
Peritoneal Retention of Liposomes

Liposomes can be formulated to have an array of physicochemical properties. Modulation of lipid
constituents influences the size, surface charge, polydispersity index (PDI) and drug release kinetics [54].
This can, in turn, impact the pharmacokinetic and biodistribution profiles of liposomes and their
encapsulated drugs [55]. Three liposomal formulations containing a fluorescent dye (DiR) with different
surface charge characteristics (neutral: DSPC; cationic: DSTAP; negative: DSPG) were prepared to
compare their peritoneal retention. Their formulations and physicochemical properties including size,
polydispersity index and zeta potential are summarized in Table 3. As shown in Table 3, these three
formulations showed a comparable mean diameter, in the range of 80 nm and were all monodispersed
based on the low PDI value <0.1. However, the formulations differed in their respective zeta potential
(ZP). As predicted, the formulation containing the negatively charged lipid DSPG, showed an anionic ZP
at -42.9 mV. The formulation containing only neutral lipid DSPC demonstrated a neutral ZP at 7.9 mV.
Lastly, the formulation containing the cationic lipid DSTAP demonstrated a highly positive ZP at 51.3
mV. To investigate the impact of ZP variations on the peritoneal retention, these three formulations were
IP injected into 9 mice (n=3 per group), and their peritoneal retention over time was quantified by
Xenogen IVIS imaging. As shown in Figure 6, all formulations were initially confined to the peritoneal
cavity. However, after 1 h, the neutral (7.9 mV) DSPC formulation and negative (-42.9 mV) DSPG
formulations rapidly began to enter the systemic circulation as depicted by the spreading DiR signal over
1-24 h. In contrast, the cationic (51.3 mV) DSTAP-liposomes exhibited enhanced peritoneal retention up
to the study endpoint of 24 h. This is likely due to the fact that cationic DSTAP-liposomes could rapidly
interact with negatively charged cell membrane of the IP cells and the peritoneal lining [54]. Owing to its
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ability to focus the delivery to the peritoneal cavity, we then selected the DSTAP-liposomal formulation
for delivery of R848 for treating peritoneal tumours.

Table 3. Physiochemical characteristics of three different liposomal formulations
Liposome

Zeta Potential
Formulation Chemical Ratios

Size (nm)

PDI
(mV)

Cationic

DSPC/ DSTAP/ Chol/ /DiI

(DSTAP)

Mol Ratio (0.52:0.21:0.26:0.01)

79.57 ± 6.12 nm

0.047 ±

51.3 ±2.940

0.017

Liposomes
Neutral

DSPC/Chol/DiI

80.79 ± 19.31

0.063 ±

7.19 ± 1.98

(DSPC)

Mol Ratio (0.73:0.26:0.01)

nm

0.030

Anionic

DSPC/ DSPG/ Chol/DiI

84.57 ± 5.70 nm

0.016 ±

-42.9 ±

(DSPG)

Mol Ratio (0.52:0.21:0.26:0.01)

0.0091

0.350

Liposomes

Liposomes

24

0h

1h

4h

8h

24 h
Max

DSPC

DSPG

DSTAP
Min

Figure 6. Representative images of the distribution of DiR labelled liposomes (DSPC, DSPG, and
DSTAP) in the mouse peritoneal cavity over 24 h.

3.1.2

In Vitro Cellular Uptake of DSTAP-Liposomes

To demonstrate that DSTAP-liposomes could deliver R848 to the endosomes and facilitate activation of
the TLR7/8 we conducted in vitro uptake studies. DSTAP-liposomes were labeled with a fluorescent lipid
DiI and incubated with Raw 264.7 cells, followed by confocal microscopic imaging. As shown in Figure
7, DiI-DSTAP-liposomes were highly co-localized with the endosomes/lysosomes, where TLRs 7/8
reside. The data indicate that the DSTAP-liposomes targeted R848 to the desirable sub-cellular
compartment.

25

Lysotracker Green
DND-26

DiI labelled DSTAP
formulation

Merged

Figure 7. Confocal microscopic images of Raw 264.7 cells after incubation with DiI-DSTAP-liposomes.
Red: DiI-DSTAP-liposomes; Green: LysoTracker Green; Yellow: overlay.

3.1.3

R848 Loading into DSTAP-Liposomes

R848 is a poorly water-soluble compound [56]. To effectively load R848 into DSTAP-liposomes, our lab
has developed the solvent-assisted active loading technology (SALT) [40]. In brief, SALT involves using
a small amount of water-miscible solvent during the drug loading process to increase the drug solubility
and membrane permeability, facilitating the loading of a poorly soluble drug into the aqueous core of
liposomes. DSTAP-R848 liposomes were characterized by dynamic light scattering, Stewart assay and
UPLC to measure its size, PDI, zeta potential, lipid concentration, drug concentration and drug
encapsulation efficiency. As shown Table 4, the R848 concentration was approximately 1.76 mg/mL and
the total lipid concentration as approximately 9.59 mg/mL. R848 was readily encapsulated inside
DSTAP-liposomes as we achieved a loading efficiency of 80.24%. The mean diameter of the DSTAPR848 liposomes was 104 nm, a slight increase from the empty DSTAP-liposomes. This finding is in
accordance with our previous studies and the literature [57], and the size increase could be due to drug
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molecule aggregation inside the liposomes, expanding the structure. The DSTAP-R848 liposomes
displayed a monodispersed population as the PDI remained below 0.1, with a positive ZP of 43.02mV.

Table 4. Characterization of DSTAP-R848 from 3 batches
Drug Conc

Total Lipid

Loading

(mg/mL)

Conc (mg/mL)

Efficiency

Potential

(%)

(mV)

1.76 ±0.64

3.1.4

9.59 ± 2.06

80.24 ± 3.2%

Size (nm)

104.6 ±7.2

(PDI)

0.084 ± 0.006

Zeta

43.02 ± 5.32

PK and BD Analysis of DSTAP-R848 and Free R848

We next compared the pharmacokinetic and biodistribution profiles of free R848 and DSTAP-R848 in a
mouse model. After IP administration of either free drug or DSTAP-R848, we collected blood via the
saphenous vein at various time points. We also collected the IP fluid to investigate the peritoneal
retention. Lastly, we retrieved IP cells from the peritoneal fluid to study the immune cellular uptake of the
two formulations of R848. As shown below in Figure 8A and Table 5, mice treated with DSTAP-R848
displayed ~14-fold increased dose exposure in the PF (calculated as the area under the curve, AUC0.25-4h)
relative to free drug that was removed from the peritoneum within 1 h. Accordingly, within 15 min post
injection, free R848 was absorbed into the blood, achieving a Cmax of 0.3 µg/mL, while the plasma Cmax in
the DSTAP-R848 group occurred at 1 h with a 5-fold reduced concentration (Figure 8B). However, the
AUC plasma was comparable between the two groups (Table 5). This is likely due to a delayed absorption
effect that is shown by a rapid spike leading to a high Cmax value in the free drug group relative to a
slower increase over the first hour in the DSTAP formulation in Figure 9B. The drug exposure ratios
(PF/plasma) for DSTAP-R848 and free R848 were ~680 and ~45, respectively (Table 5). Lastly, R848 in
the IP cell pellets collected from the PF was under the detection limit in the free drug group, while a
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significant amount of R848 (0.1-0.5 µg) was determined in the DSTAP-R848 group during the first hour
post IP injection (Figure 8C). Accordingly, the DSTAP formulation caused a significant increase in the
AUC0.25-4H concentration of R848 in the IP cells at 0.4604 µg/ml x h relative to free drug which remained
undetectable.
Overall, the data indicate that free R848 was rapidly absorbed from the peritoneum into the blood
circulation, with poor IP retention and uptake by the IP cells. In contrast, DSTAP-R848 effectively
retained in the peritoneum and displayed increased delivery to the IP cells compared to free R848, with
delayed systemic absorption, which could be beneficial for reducing global TLR7/8 activation.

A

B

C

Figure 8. Pharmacokinetics and biodistribution of free R848 and DSTAP-R848 in mice after IP
administration. A) R848 concentrations in the peritoneal fluid after IP injection of DSTAP-R848 or free
R848 (Data = mean ± SD, n=5). B) Plasma R848 concentrations after IP injection of DSTAP-R848 or
free R848 (Data = mean ± SD, n=5). C) R848 concentrations in the IP cells after IP injection of DSTAPR848 or free R848 (Data = mean ± SD, n=5).
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Table 5. Area Under the Curve for Figure 8.
Parameter

Free R848

DSTAP-R848

5.292 ± 4.099 (h • µg/mL)

71.06 +/- 17.7 (h • µg/mL)

Significance

AUC0.25-4H
Peritoneal

P<0.005

Fluid
AUC0.25-4H

0.1181 +/- 0.04669 (h • µg/mL)

0.1288 +/- 0.05111 (h •

µg/mL)

NS

Plasma
0.4604 +/- 0.1638 (h •

AUC0.25-4H
0 (below detection limit)

µg/mL)

P<0.005

IP cells

TLR agonists such as R848 are typically administered topically or locally such as intratumoural injection
to avoid systemic toxicity [58]. As stated in a recent review by Dowling 2018 [59], R848 requires
optimization of its PK profile before being able to be administered systemically (e.g. IV or IP). In this
study we aimed to develop a liposomal formulation to confine R848 in the peritoneal cavity for treating
PC while minimizing the systemic distribution. We hypothesize that this would allow localized activation
of the immune system in the TIME to improve treatment of PC. Overall, this was achieved using the
DSTAP-liposome formulation.

3.1.5

In Vivo Immune Cell Uptake of DSTAP-Liposomes

As we demonstrated that the DSTAP formulation was able to boost the delivery of R848 to the IP cells
relative to free drug, we sought to further characterize which cells in the peritoneum were responsible for
this uptake. DSTAP-liposomes were labeled with 0.5 mol% of DiI and IP injected into tumour bearing

29

mice (n=3) to mirror the efficacy and tolerability studies. The IP fluid was retrieved 60 min post injection,
and the IP cells were collected, stained using fluorescent antibodies, and analyzed by flow cytometry.
After selecting singlets using forward scatter by side scatter, we selected only live, DiI+ cells and then
examined the immune cell populations (Figure 9A). This was achieved by including only those that were
both propidium iodide negative and DiI+. The peritoneum is mainly populated by monocytes,
macrophages, dendritic cells and a population of B cells [60,61]. We found that the monocyte population
(CD45+, CD11b+, CD3-, CD19-, CD11c-, F4/80-) accounted for ~50% of the DiI+ IP cells. In addition,
approximately 10% and 8% of the DiI+ IP cells were myelogenous dendritic cells (CD45+, CD11b+,
CD11c+) and NK cells (CD45+, CD11b+, CD11c-, NKp46/CD335+), respectively (Figure 9B). We further
investigated the DiI+ populations using the cell surface marker F4/80, which is found on large-type
peritoneal macrophages (LPM) (CD45+, CD11b+, F4/80+), a distinct subset of a multi-focal family of
macrophages and monocytes [62], and found that the uptake by the LPM was negligible. Interestingly, we
did not observe any significant amount of DiI+ B cells (CD45+, CD11b+, CD3-, CD19+), this is likely due
to their small population size and limited phagocytic activity in higher order mammals [63–65]. However,
like B cells, NK cells also have limited phagocytic activity, and as such, their representation among DiI
positive cells may be due to a high non-specific uptake if their population size was sufficiently large.
Overall, it appears that DSTAP-liposomes were selective for monocytes, small-type peritoneal
macrophages (CD45+, Cd11b+, F4/80-), dendritic cells (CD45+, CD11b+, CD11c+) and NK cells (CD45+,
CD11b+, CD11c-, NKp46/CD335+).
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Figure 9. Flow cytometry analysis of DiI-DSTAP-liposome uptake by the IP immune cells.
A) Schematic of the gating protocol used in FACS to measure DiI+ cells retrieved from the peritoneal
cavity. B) Representative flow cytometry plots demonstrating gating strategy C) Graphical representation

32

of DiI+ immune cell populations in the peritoneal cavity. Expressed as percentage (Data = mean ± SD,
n=3).

Despite their role as scavenger cells and precursors to macrophages, monocytes can be activated by R848,
secreting several immune-promoting cytokines, such as IL-1, IL-6, IL-12 and TNF-α [66]. Macrophages
and DCs also possess a high degree of phagocytic activity that can be leveraged in the context of drug
delivery [67]. Cationic nanoparticles have been demonstrated to exhibit increased interaction with
macrophages and DCs, and this likely explains the relatively high percentage of DiI+ DCs [68]. DCs are
the most efficient APC, express a high level of TLR 7 and TLR 8, and help coordinate the innate and
adaptive immunity by secreting inflammatory cytokines such as IFNs and TNF-α [32]. Lastly, we
observed a relatively high level of DiI+ NK cells (roughly 8% of all DiI+ cells). NK cells express
functional TLR 7 and TLR 8 and can be stimulated by R848. Stimulation of NK cells with R848 leads to
upregulation of cell surface marker CD69 and increased cytotoxicity independent of accessory cells. R848
stimulation of NK cells also produces differential production of IFN-γ. The production of IFN-γ is
dependent on the presence of co-stimulation of NK cells by IL-2 or IFN-α, secreted from accessory
monocytes. Resting NK cells will not increase the production of IFN-γ to in response to R848, yet will
secrete large amounts of IFN-γ in the presence of monocytes which have also been stimulated by R848 to
release IL-2, IL-12 and IFN-α. NK cell secretion of IFN-γ is critical for the initiation of the innate
immune response and promoting the Th1 immune response that is both anti-viral and anti-tumouricidal.
The Th1 response can also favour the polarization of macrophages to an inflammatory M1-like phenotype
and reduce levels of Tregs, MDSCs and TAMs which promote tumour immunosuppression. Therefore,
secretion of cytokines such as TNF-α, IL-6 and IFN-α is highly desirable for activation of NK cells and
overcoming tumour immunosuppression.
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3.2

3.2.1

Aim 2: In vivo efficacy and mechanistic study of DSTAP-R848 relative to free R848
and vehicle control.
In Vivo Cytokine Induction by DSTAP-R848 and Free R848

The next sub-aim was to investigate the stimulation of immune cells in the peritoneal cavity by DSTAPR848. We focused on investigating key cytokines that are known to be released from monocytes,
macrophages and DCs after activation by TLR 7 and TLR 8 agonists [31], including IFN-α, IL-6 and
TNF-α. Mice (BALB/C, female) were IP injected with PBS (negative control), free R848 or DSTAPR848. At 15 min, 1 h, 4 h and 24 h, mice were scarified, and IP cell pellet was collected. After cell lysis,
qPCR was used to determine the level of mRNA expression of the cytokines. As summarized in Figure
10, DSTAP-R848 increased the level of IFN-α mRNA in the IP cells by 5- and 2-fold compared to free
drug at 4 and 24 h, respectively. DSTAP-R848 also increased IFN-α mRNA by 4-, 6- and 10-fold
compared to PBS treatment at 1 h, 4 h, and 24 h, respectively. Conversely, free R848 only significantly
upregulated IFN-α mRNA by 4-fold compared to PBS after long time exposure for 24 h, however there
was no significant difference at 15 min, 1 h or 4 h post injection.
A similar trend was observed for IL-6 and TNF-α, although the effect was less pronounced. For both IL-6
and TNF-α, levels of mRNA expression were similar among the PBS, free R848 and DSTAP-R848
groups for the 15 min, 1 h and 4 h time points. However, at 24 h, IL-6 and TNF-α mRNA expression was
increased by 2-fold in the DSTAP-R848 group relative to PBS (p<0.005), while free R848 failed to
upregulate these two cytokines in the IP cells. Overall, DSTAP-R848 was able to significantly upregulate
all three cytokines in the IP cells and the effect increased over a 24 h period; the effect was particularly
strong for IFN-α.
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Figure 10. Expression levels of mRNA of IFN-α, IL-6 and TNF-α in IP cells after IP injection of PBS,
Free R848 or DSTAP-R848 into BALB/C mice. Data = mean ±SD, n=5. * indicates p<0.05; *** indicates
p<0.001.

Following the finding that DSTAP-R848 increased the mRNA expression of IFN-α, IL6 and TNFα in the
IP cells with the most profound effect in IFN-α, we next sought to determine whether IFNα levels in the
plasma and peritoneal fluid were also increased. We administered either free R848 or DSTAP-R848 via
IP injection and then retrieved plasma and IP fluid samples over the course of 24 h. To measure the
cytokine level, we used a sandwich ELISA. In the peritoneal fluid we observed that DSTAP-R848
treatment resulted in a significant 3-fold increase in IFN-α concentration relative to the free drug group at
1 h (70 vs 23 ng/mL). However, by 4 h, this effect had subsided without any significant difference (<5
ng/mL) and the IFN-α level was under the detection limit at 24 h. Conversely, there was no difference
between the IFN-α level in the plasma between free R848 and DSTAP-R848 group, and both treatments
induced a peak concentration of ~40 ng/mL at 1 h, followed by a rapid decline to <5 ng/mL at 4 h and
then under the detection limit at 24 h. Notably, the IFN-α level in the peritoneal fluid (70 ng/mL) was
higher than that in the plasma (40 ng/mL) for the DSTAP-R848 group, whereas the situation was reversed
for the free drug group (23 ng/mL vs 38 ng/mL) (Figure 11). The cytokine results are consistent with the
PK and BD data, showing increased retention of DSTAP-R848 compared to free R848 in the peritoneum
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and comparable overall plasma exposure, which resulted in enhanced cytokine induction in the
peritoneum but not in the plasma by DSTAP-R848.
We focused on examining IFN-α, which is the major cytokine induced by R848 and the key cytokine that
can turn a “cold” tumour to “hot”, leading to improved prognosis [69]. IFN-α is an immunomodulatory
cytokine which belongs to the Type 1 Interferon family of signalling proteins and demonstrates anti-viral
and anti-tumour properties. IFN-α is secreted by monocytes in response to stimulation by TLR 7 and TLR
8 agonists and serves to upregulate the expression of MHC-1 on DCs thereby increasing the presentation
of antigen to helper T cells [70]. Increased antigen presentation activates the adaptive immune response
and prime cytotoxic CD8+ T cells. In addition, IFN-α is a potent inducer of NK cell activity and
upregulates their cytotoxicity both directly and by suppression of IL-12 secretion [71,72]. Overall, IFN-α
serves to prime CD8+ T cells and upregulate the innate immune system through NK cells for antitumour
activity.

Figure 11. IFN-α levels in the peritoneal fluid and plasma after IP administration of free R848 and
DSTAP-R848 in BALB/C mice. N=5, p<0.005.
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3.2.2

Efficacy and Tolerability Study of DSTAP-R848 vs Free R848 in a Murine PC
Model
5

Mice received an IP injection of 2x10 CT-26-Luc cells/mouse on day -4, and then were administered IP
OXA at 6 mg/kg on day 0, followed by an IP injection of PBS, free R848 or DSTAP-R848 on Day 1 at 8
mg R848/kg (Figure 12A). OXA is often included in standard chemotherapy for PC, and therefore, was
incorporated in the treatment regimens. Tumour progression in the peritoneum was monitored and
quantified by bioluminescence imaging. As shown in Figure 12B, mice treated with OXA alone
displayed rapid tumour progression, while those treated with OXA + free R848 showed initial reduction
in tumour growth on Day 3-4, but the tumours quickly regrew and spread on day 5-13. On day 13, there
was no difference between the OXA alone and OXA + free R848 groups (Figure 12C). The initial
inhibition of tumour progression in the OXA + free R848 group could be due to that free R848 induced
IFN-α that exhibited significant antitumour effect. However, this combination did not induce prolonged
antitumour efficacy, and the tumours returned rapidly. In contrast, OXA + DSTAP-R848 started showing
antitumour efficacy on day 3 and the PC was consistently inhibited on day 3-13, and on day 13 the
tumour load measured by bioluminescence was 3-fold significantly lower than the other two groups. The
data suggest that OXA+ DSTAP-R848 induced prolonged antitumour immunity. We also compared the
impact of the treatments on the health of mice using body weight as a proxy. Throughout the study there
was no significant changes in the body weight averages of each group indicating the DSTAP-R848 did
not cause increased toxicity at a cost of increased efficacy. However, on days 7-13 there was a downward
trend in the body weight of the three groups where the PBS mice lost approximately 10% of the average
body weight, Free R848 group lost ~5% body weight and the DSTAP-R848 group lost ~7%. (Figure
12D). In the PBS group, this could be due to tumour burden and subsequent cachexia. In the free R848
group we believe this may be due to hypophagia from R848 stimulation which has been documented in
literature [73]. Finally, in the DSTAP-R848 group, this could be due to tumour burden loss as the imaging
data indicate tumours shrank during this time frame in addition to hypophageia. This would account for
the increased body weight loss relative to the free drug group.
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Figure 12. In vivo efficacy and tolerability studies against CT-26-Luc A) Treatment schedule diagram.
B) Representative bioluminescent images of mice in different treatment arms. C) Graphical summary of
semi-quantitative bioluminescent image data of CT-26-Luc tumours in mouse peritoneum plotted over the
study duration. *= p <0.05 relative to PBS and # = p<0.05 relative to free R848. D) Body weight change
of mice after different treatments (Data = mean, ± SD, n=5-6).

We were able to achieve a significant reduction in tumour burden by a single round of therapy at a
relatively low concentration (8 mg/kg). Future studies could explore the possibility of repeat dosing to
further boost immune potentiation in the peritoneal cavity. Evidence from Michaelis et al. 2019 [73]
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suggests that the low dose infusion model of R848 is tolerable as indicated by their cachexia mouse
model which investigated weight loss, sleep cycles and food intake in addition to muscle and fat wasting
during pancreatic cancer and R848 treatment. This was in accordance with our studies that R848 in both
free drug and DSTAP-liposome formulations was tolerable, and mice recovered over a 5-day period from
initial weight loss.

3.2.3

Preliminary Investigation into How DSTAP-R848 Modulated the Peritoneal
Immune Cell Composition

The efficacy data suggest OXA + DSTAP-R848 induced prolonged antitumour immunity. To test the
proposed mechanism depicted in Figure 15, we examined the change in immune cell populations in the
tumour microenvironment (i.e. peritoneal fluid) after different treatments (OXA only, OXA + free R848,
OXA + DSTAP-R848). Mice were sacrificed on day 10, and the cells collected from the IP fluid were
stained using fluorescent antibodies and analyzed by fluorescence activated cell sorting (FACS). The
gating strategy for our FACS analysis is outlined in Figure 13A. In preliminary initial studies, we noticed
no significant differences in B and T cell levels, so they were not measured in this study, however, this
study is planned to be re-investigated using new antibodies (see Chapter 5 for future plans). In the FACS
study outlined below, we observed that the DSTAP-R848 treated mice demonstrated increased levels of
NK cells (Nkp46+), (Figure 13 B, C), however, this result represents only an initial result as more mice
are required to confirm this finding and generate significance. In regard to DCs, there were no observable
differences in CD80 expression levels. CD80 is often expressed early in DC activation and thus, this may
represent activation by tumour inoculation reflected in all treatment groups [34]. The late activation
marker CD86 was not able to be quantified as the antibody failed to generate any response. We plan to reinvestigate both markers in a future study described below in Chapter 5.
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Figure 13. FACS analysis of immune cell composition in the peritoneal fluid after different
treatments. A) Schematic of the gating strategy used in FACS analysis. B) Representative flow
cytometer images gated based on CD45+, NKp46+ to present NK cell populations from 4 mice (2
DSTAP treated, 1 free R848 treated and 1 PBs treated) gated to show NK cell populations. C)
Populations of NK cells represented graphically (n=1-2). D) Representative flow cytometer images gated
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based on CD45+ CD11C+, CD80+ CD86+ to present activation of DC cell populations from 4 mice (2
DSTAP treated, 1 free R848 treated and 1 PBs treated)

The finding of elevated NK cell populations in the DSTAP-R848 group is well supported by our other
studies and the past literature findings investigating NK cell influx into the peritoneal cavity from
immunostimulatory compounds [51]. After stimulation by R848, monocytes secrete IL-12 and colony
stimulating factor, which contribute to NK cell expansion. R848 also can act directly on NK cells and
induce the secretion of large quantities of type I IFNs and TNF-α and increase NK cytotoxicity to
tumours [74,75]. Despite characterizing a variety of cells in this study, there remains several questions to
be answered. Importantly, we did not observe differences in levels of CD8 T cells, yet OXA + DSTAPR848 appeared to induce antitumour immunity. Second, TLR 7 stimulation by R848 is known to expand
B cell populations both directly and by TLR7 and TLR 8 mediated release of IFN-α and IL-6 from
associated cells such as fibroblasts, and monocytes [76]. In our study we did not observe an increase in B
cell populations in the peritoneal cavity although this was likely due to the short time frame. B cell
proliferation requires up to 10 days after stimulation from cytokines such as IL-6 and thus would not be
detected in our assay [66,77]. It is possible these cells were increased but a time point we did not measure.
In regard to T cells, it is possible that similar to B cells, T cells were increased in the PF but at an earlier
time point. Alternatively, DSTAP-R848 could have acted by increasing tumour infiltration of CD8+ T
cells. Either possibility implores further investigation into the mechanisms behind the observed
antitumour efficacy (see Chapter 5).

Chapter 4: Summary
Peritoneal cancer is often characterized by aggressive spreading in the abdominal cavity and
enclosed organs. PC has remained difficult to treat owing to its diffuse spreading and strong
immunosuppressive activity; both these attributes contribute to high rates of recurrence. We hypothesized
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that PC therapy would benefit from a targeted liposomal immunotherapeutic approach to boost antitumour immunity and reduce tumor burden
After compiling the data from the immune cell uptake, cytokine stimulation, and finally the efficacy data,
and framing this into the reference of current literature, we propose a mechanism for the efficacy of the
combination therapy of OXA + DSTAP-R848. In this model, OXA serves to induce immunogenic cell
death leading to the release of tumour associated antigens (TAAs). TAAs are subsequently phagocytosed
by APCs such as monocytes and DCs and upon stimulation by DSTAP-R848 will upregulate the
presentation of TAAs on MHC-II and secrete cytokines such as IFN-α, TNF-α and IL-6. These cytokines,
likely in conjugation with others, cause the expansion of NK cells and upregulate the priming of CD4+ T
cells and activation of CD8+ T cells. These cytotoxic T lymphocytes induce TAA-specific tumour lysis,
which in turn produces more TAAs to further promote antitumour immunity (Figure 14).

Figure 14. Proposed antitumour mechanism of OXA + DSTAP-R848.
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4.1 Aim 1: Liposome Characterization, PK/BD of DSTAP-R848 and Cellular Distribution
We first demonstrated that cationic DSTAP-liposomes displayed increased peritoneal retention compared
to its anionic and neutral counterparts, and the DSTAP-liposomes were efficiently internalized by cells,
accumulating in the endosomes where TLR7 and TLR 8 reside. We then formulated R848 into the
DSTAP-liposomes and discovered that DSTAP-R848 displayed increased peritoneal retention after IP
administration compared to free R848; the peritoneal fluid-to-plasma ratio of R848 was increased by 15
times in the DSTAP-R848 group relative to free R848. Additionally, while DSTAP-R848 was effectively
taken up by the IP immune cells, no drug could be recovered in the IP cells from the free R848 group.
Among the IP cells that took up the DSTAP-liposomes, 50%, 10%, and 8% of them were monocytes,
DCs, and NK cells, respectively.

4.2 Aim 2: Efficacy, tolerability and modulation of immune cell composition
The DSTAP-R848 group demonstrated a significant increase in the mRNA expression of inflammatory
cytokines, including TNF-α (2-fold), IL-6 (2.5-fold) and IFN-α (10-fold) relative to control. Furthermore,
the DSTAP-R848 mice demonstrated 3-fold increased IFN-α level in the peritoneal fluid relative to the
free drug, while there was no significant difference in the plasma IFN-α levels, suggesting selective
immune stimulating in the peritoneum by DSTAP-R848.
In combination with OXA, DSTAP-R848 effectively suppressed tumour growth in an aggressive PC
model in mice. At the study endpoint, mice treated with OXA + DSTAP-R848 displayed 3-fold reduced
tumour load compared to those treated with OXA alone, or OXA + free R848. In a preliminary study, we
observed elevated NK cell levels in the peritoneal fluid of DSTAP-R848 treated mice compared to the
other groups.
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4 Chapter 5: Future Plans
To further examine the mechanism of this combination therapy, we must to perform more in-depth
studies. We need to examine the immune cell composition in the peritoneum microenvironment by
including new markers for a broader range of immune cells including macrophages (Ly6G/C or GR-1), T
cells (CD3, CD4, CD8), and re-examine the DC activation through new CD80/86 antibodies. This should
provide a more complete picture of the change in immune cell composition after OXA + DSTAP-R848
treatment. We also plan to examine tumour nodules from each group and characterize the immune cell
infiltration. The data will be compared with that obtained from the peritoneal fluid. We plan to investigate
the presence of Treg cells, myeloid derived suppressor cells, tumour associated macrophages (TAMS)
(M2-like), NK cells and CD8+ T cells in the tumour. In addition, we hope to examine biomarkers of
immunosuppression such as PDL1 and CTLA-4. We hypothesize that tumours in the DSTAP-R848 will
show increases in CD8+:CD4+ T cell ratio and reduced expression of inhibitory cell surface markers such
as PDL-1 and CTLA-4. We also hypothesize DSTAP-R848 will reduce levels of M2 like macrophages
and polarize TAMS to M1-like states. To facilitate this, we have retrieved tumours from the efficacy
study and had begun to cryosection them to stain with fluorescent antibodies. We will also perform
tumour digests and FACS to further analyse the immune cells infiltrating in the tumour.
To investigate whether OXA + DSTAP-R848 promotes long term and specific antitumour immunity, we
will perform a splenocyte activation study. In brief, splenocytes will be collected from mice on day 7, and
incubated with medium isolated from cultured CT-26-Luc cells that undergo ICD by hyperthermia. The
splenocytes will then be analyzed for intracellular level of IFN-γ by FACS. If an antigen-specific
antitumour immunity is developed, the intracellular level of IFN-γ in T cells will be elevated upon
exposure to the antigen.
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Finally, a future experiment will further investigate the mechanisms of immune cell mediated tumour
clearance by IP injection of immune cell depleting antibodies. In this study, antibodies against different
CTLs will be used to determine the impact of these cells in tumour clearance.
Despite R848 being shown to be tolerable in a topical formulation as indicated by FDA approval more
extensive studies are required to demonstrate its safety in animal models when administered in liposomal
formulation. More in depth and long-term studies will be required to determine if repeat dosing also is
safe in animals and can be measured using the correlates of weight loss, sleep and eating cycles,
biochemical analysis of serum and IP fluid proteins, cytokine and chemokine levels and finally
histopathological analysis of organs. If the formulation is deemed safe and effective in animals, we
believe that the DSTAP-liposomal formulation could serve as a new first-in-class adjuvant to the
traditional chemotherapeutic regime for PC, generating longer and more robust remission.
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