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Investigating Design Parameters for Combination Chemotherapeutic Liposomes

Abstract

Small-molecule drugs for cancer therapy have been hindered by short circulation times
and pronounced patient toxicity. Nanoparticle-based drug delivery systems have significantly
improved the safety profile of these drugs but have had less success in prolonging survival rates.
The approach of many preclinical nanoparticle formulations is to switch from the delivery of a
single drug to a synergistic drug combination, which would increase the therapeutic window of
the formulation. However, synergism between two drugs is often optimized on immortalized
tumor cell lines, and often does not apply when translated to more heterogenous patient samples.
This makes nanoparticles based on synergy very difficult to translate clinically, and only one

formulation (Vyxeos, liposomal daunorubicin and cytarabine) has been successful to date.

In my dissertation research, I explored other design parameters besides synergy to
develop a dual-encapsulated liposome formulation. I examined the in vitro characteristics of
chemotherapy combinations and used these studies to design carefully considered liposomal
formulations that are highly clinically relevant. I accounted for immunological responses to the
liposome formulations, a factor generally neglected due to the prioritization of the cytotoxic
effects of chemotherapeutic agents. My approach identified that the combination of doxorubicin

and gemcitabine co-encapsulated in liposomes can significantly increase survival over clinically
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representative doxorubicin liposomes, as well as increase the M1/M2 macrophage ratio in the
tumor immune infiltrating cells. Finally, I explored the development of an immunologically
active liposome for the delivery of doxorubicin and gemcitabine by incorporating
monophosphoryl lipid A, a clinically approved immune adjuvant, into the lipid bilayer. I
observed increased dendritic cell activation and complete tumor regression in a portion of the
treated mice. However, a tumor rechallenge study with 4T1 cells on the opposite mammary fat
pad showed little difference between the treatment groups, which indicates that more immune
stimulation is needed to produce a long-lasting immune response. My collaborators and I believe
future nanoparticle formulations can benefit from a broader perspective on combination design,
and this can better inform future development of chemotherapy and immunotherapy

combinations.
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Chapter 1: Overview



Systemic cancer therapy has made steady progress through the development of several drug
modalities. Treatment regimens involving small molecule therapeutics have shifted in focus from
cytotoxic chemotherapy to personalized treatment with molecularly targeted inhibitors that
exploit mechanisms of tumor cells [1]. However, small molecular drugs are limited by short
circulation, nonspecific biodistribution, and poor safety profile, which prompted the

development of nanoparticle drug delivery systems [2—4].

Clinically, nanoparticles observed improved patient toxicity and significantly longer
circulation half-life when compared to free drug [5,6]. Despite the improvements, nanoparticle
therapeutics showed limited extension in patient survival rates [7-9]. While the cause of the
issue remains in contention, several publications point out that nanoparticles do not passively
accumulate at the tumor site in human malignancies as they do in preclinical murine tumor

models [10-12].

Many nanoparticles in the clinic have been optimized for the development of a single
drug such as Doxil, Abraxane, Onivyde, and Marqibo [2]. A facet of preclinical nanoparticle
research has been focused on using nanoparticles to deliver a synergistic drug combination.
Synergy allows a drug combination to have better efficacy than would be expected based on the
performance of the individual drugs, and thus greatly expands the therapeutic window of the
drugs through the combination. Several nanoparticle formulations have been developed based on
this principle [13—16]. The recent clinical approval of Vyxeos, a dual-loaded liposome
containing a synergistic ratio of cytarabine and daunorubicin for the treatment of acute myeloid
leukemia, has shown that delivery of a drug combination can improve overall survival [17].
Strong interest remains in improving nanoparticle formulations, with 18 more formulations

entering clinical trials since 2016 [18].



However, synergism remains an exceedingly difficult parameter to translate clinically.
Synergy is tested and verified on immortalized cancer cell lines [19,20]. However, tumors
exhibit a high degree of heterogeneity, even between patients with the same type of cancer [21—
23]. Often, synergy becomes less consequential, and independent responses to either drug in

combination dominate [24].

In my thesis work, I evaluate other design parameters of drug combinations such as
overall drug potency in terms of dosage and the change in cellular inhibition per incremental
change in dosage. I open my thesis in Chapter 2 with a brief overview of drug delivery in
oncology and the current development of dual-loaded drug nanoparticles. I also discuss
nanoparticle and drug interactions with the immune system, a factor that I believe is often
unaddressed in combination chemotherapy nanoparticle development. I provide examples from
clinical studies and delve into the recorded immune effects of single chemotherapeutics,

combination chemotherapeutics, and nanoparticles.

In Chapter 3, I describe my doctorate work. After quantifying various in vitro parameters
relevant to drug combination design, I co-encapsulated three drug combinations in separate
liposomal formulations and evaluated them in an immunocompetent model of murine breast
cancer. I observed the immune response to the formulations and correlated the overall tumor

response to the measured in vitro parameters.

In Chapter 4, I describe a novel liposomal formulation consisting of dual-loaded
chemotherapies and an immune adjuvant in the lipid bilayer for enhanced tumor
immunogenicity. I evaluated my hypothesized method of immune activation in a co-culture of

dendritic and tumor cells, and later record in vivo immune response and treatment efficacy.



Finally, I conclude my thesis in Chapter 5 with future perspectives and a summary of

conclusions drawn from the data.

Permissions and Attributions:

1. Content from Chapter 2 was adapted from ref [25], published in the Journal of Controlled
release.

2. Content from Chapter 3 was adapted from ref [26], published in the Journal of Controlled
Release.

3. Content from Chapter 4 has been accepted to Bioengineering and Translational Medicine

for review.



Chapter 2: Chemotherapy, Nanoparticles, and Immune Effects



2.1 Drug delivery in cancer therapy

2.1.1 Chemotherapy

Chemotherapy contributes to the clinical standard of care for many types of cancer [27-30], and
is often used as an adjuvant therapy to radiation and surgery. Chemotherapeutics encompass a
broad range of drugs, which manifest cytotoxic effects that prevent cellular replication, with
classification based on mechanisms of action. Due to a large variety of mechanisms of action,
chemotherapeutics are often combined in drug cocktails to utilize different tumor response
pathways. Combination chemotherapeutic regimens have been shown to reduce tumor drug
resistance [31], and also have been shown to exhibit greater efficacy compared to single drugs

[32,33].

Despite the benefits, repeated administration of two or more anticancer agents often leads
to increased patient toxicity, as evidenced by multiple clinical trials [5,6]. Drug combinations are
often optimized to avoid overlapping drug toxicity profiles, but aggressive treatment regimens and
dosing at the maximum tolerated dose leads to myelosuppression to varying degrees in most

clinical trials.

2.1.2 Nanoparticles

To improve the therapeutic window of chemotherapeutic agents, a wide range of nanoparticle-
based drug delivery systems have been developed for single drugs [2]. Nanoparticles offer several
advantages including improved drug tolerability from reduced off-target accumulation, reduced
drug degradation, and overall improved drug half-life [36,37]. In particular, nanoparticles are able

to better control the pharmacokinetics of drugs to maintain longer circulation times while also
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raising the maximum tolerated dose [38]. This is particularly notable for drugs with dose-limiting
toxicities, such as doxorubicin. Doxorubicin, a topoisomerase Il inhibitor widely used in treating
sarcomas, lymphomas, and breast cancer, exhibits charge attraction to the positively charged
cardiolipin of heart muscle [39]. To mitigate this, doxorubicin was encapsulated in liposomes in
the first clinically approved nanoparticle for cancer therapy, known as Doxil [5]. Doxil was a
pioneering first formulation in the field of cancer nanomedicine. Doxil has since been in many
other clinical trials in combination with free agents, other nanoparticles, and immunotherapy.
Single-drug liposomes have been particularly prolific in the clinic. Apart from Doxil, liposome
formulations of daunorubicin (DaunoXome®), vincristine (MARQIBO®), mifamurtide

(MEPACT®), and irinotecan (ONIVYDE®) have been clinically approved.

Despite the improved safety of nanoparticle formulations in the clinic, comparisons
between free drug and nanoparticle-encapsulated drug show limited improvements in patient
survival rates [40—42]. It has been suggested that poor accumulation at the tumor site has prevented
nanoparticles from being the “magic bullet” they were first billed as [41]. However, preclinical
research of nanoparticles has moved beyond single drug encapsulation to the engineering of
combination treatments including dual drug loaded liposomes [14,43-46], polymer-drug
conjugates [13,15,47-49], targeted delivery systems [50-55], and other synthetic nanoparticles
[38,56—60]. The delivery of a drug combination is thought to reduce drug resistance and is more

clinically representative [61-63].

Particularly, many preclinical nanoparticle formulations aim to deliver a synergistic
combination of drugs [64]. Synergy in a drug combination indicates better than expected efficacy
based on the performance of the individual drugs and can greatly extend the therapeutic window

of the agents involved. A mathematical quantification for synergy was derived from law of mass



action, and involves the 50% inhibitory concentration (IC50) of a drug and drug combination
measured on a cell line [65]. Synergistic combinations can increase overall patient survival [24].
However, changes in the ratio of the drugs can cause the loss of the synergistic effect and the
development of antagonistic behavior. This is often the case after administration, due to differing
pharmacokinetic profiles of the drugs. Nanocarriers can correct this by protecting the drug cargo

from rapid clearance and manifesting similar circulation times for both drugs.

Preclinical formulations of synergistic co-encapsulated liposomes include doxorubicin and
irinotecan [64], doxorubicin and 5-fluorouracil [14], doxorubicin and vincristine [66], and
docetaxel and palmitoyl ascorbate [67]. Polymer-conjugated pairs of synergistic drug
combinations have also been recorded with innovative delivery strategies, such as the sequential
hydrolysis and delivery of gemcitabine and doxorubicin [15]. Also, in a unique and targeted
approach to drug delivery, a novel aptamer to nucleolin overexpressed in triple negative breast
cancer was conjugated to a peptide scaffold which was then loaded with a synergistic ratio of
doxorubicin and camptothecin. The formulation was then successful in prompting a tumor

response in an immunodeficient mouse model, even at microdoses of drug [16].

The liposomal formulation Vyxeos represents the first clinically approved co-encapsulated
chemotherapeutic nanoparticle [68]. Vyxeos (formerly known as CPX-351) incorporates
cytarabine and daunorubicin at a synergistic 5:1 cytarabine:daunorubicin ratio for the treatment of

acute myeloid leukemia (AML) [44].

Despite the large variety of preclinical dual-drug nanoparticle formulations, there has been
a lack of translation to the clinic for many formulations. Vyxeos has been the only exception out
of many clinically relevant preclinical formulations. This may be due in part to how these

formulations are developed and optimized in vitro, and in preclinical work. Synergy is often
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evaluated on immortalized cancer cell lines. However, tumors are incredibly heterogeneous, with
differences between patients with the same type of cancer [21,23,24]. It is unlikely that synergy
can translate directly with no loss in efficacy from in vitro cell line quantification to patient

samples, and unexpected responses to either drug can occur [69].

Synergy is an important drug combination design parameter, but its influence in the field
is not proportional to its success in developing clinically viable nanoparticle formulations. In my
thesis work to be covered in Chapter 3, I explore other drug combination design parameters that
can be used to supplement the design of a co-encapsulated nanoparticle, and I link them to the

eventual efficacy of the dual-encapsulated liposomal formulation.

Another translational factor that is often overlooked is the tumor immune response,
especially if subsequent preclinical testing is done in an immunodeficient animal model, which is
often the case when testing human xenografts. Chemotherapy has traditionally been optimized for
cytotoxicity, with aggressive dosing regimens that obliterate bone marrow resident immune
precursor cells, leading to myelosuppression in a large portion of clinical trial participants.
However, a large body of literature now documents the immunogenic effects of chemotherapy
[25,70-73], challenging past conceptions and motivating new research on how chemotherapy can

be used to enhance antitumor immune responses.

In the next section, I go over the effects of the tumor immune response, and how it can be

considered as part of a chemotherapy treatment regimen to influence treatment response.

2.2 The tumor immune response



Cancer is deadly in many cases because tumor cells have evolved to evade detection by the immune
system. This is the result of a long process known as immunoediting. Many of the first cells that
mutate to become malignant are detected an eliminated by the immune system. However, a subset
of malignant cells that escape detection go into a dormant state, in which further cellular subtypes
are refined and selected by further evasion of immune detection. Eventually, these subtypes escape
immune control and rapidly proliferate to form tumors. This process of immunoediting by cancer
cells underlines the interplay between cancerous cells and the immune system and suggests that
immune recognition can reverse the progression of disease [74]. The population of tumor-
infiltrating immune cells is known to play a large part in determining patient prognosis [75,76].
The immune cell population within the tumor microenvironment is widely heterogeneous, and
includes different phenotypes of T cells, dendritic cells (DCs), and macrophages. Tumors also
develop a population of myeloid-derived suppressor cells (MDSCs), which are a not found in
healthy individuals [77]. However, through use of immune targeting strategies, active immune
cells can infiltrate the tumor microenvironment and undo tumor immune evasion mechanisms.
Various cell populations confer both beneficial and detrimental tumor immune responses that are
intricately interconnected, which makes it challenging to discern the individual contributions of

each cell type in the overall immune effect.

CD8" cytotoxic T lymphocytes (CTLs) are influential in stimulating an immune response
against tumor cells by recognizing tumor-specific antigens and attacking rapidly dividing tumor
cells [78]. A large CTL population has been associated with longer disease-free and overall
survival in many different cancers [75,79,80]. CD4" T cells, known as helper T cells, manage the
immune response by differentiating into a variety of subtypes with specific functions [81].

However, not all subtypes are beneficial in the tumor immune microenvironment. CD4" regulatory
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T cells (Treg) usually serve to exhaust CD8+ T cells to prevent autoimmune damage but encourage
tumor immune evasion and tumor angiogenesis [82]. Large Treg populations lead to poor patient
overall survival rates [83,84]. Tregs are drawn to infiltrate the tumor due to cytokines secreted by
the tumor cells and innate immune cells, and proliferate in response to TGF-f3 and IL-10 in the

tumor microenvironment [85].

Dendritic cells are highly specialized antigen-presenting cells and are responsible for
activating a CD8" T cell response. Given high tumor antigenicity [86], dendritic cells can activate
CTLs through and cross-presentation on major histocompatibility complex I[(MHCI) molecules as
well as presentation to CD4" T cells on major histocompatibility complex II (MHCII) [87,88].
Macrophages and neutrophils can activate a state of inflammation characterized by TNF-a and IL-
6 [89]. However, if not tightly regulated, a chronic inflammatory response can increase tumor
angiogenesis and promote metastasis [90]. Macrophages can also be polarized within the tumor
microenvironment to an alternatively activated M2 phenotype that increases angiogenesis and
secretes growth factors. Tumor-associated macrophages (TAMs) generally assume the M2
phenotype. Therapies that polarize macrophages towards the classically-activated pro-

inflammatory M1 phenotype have been associated with tumor growth inhibition [91].

Immunotherapies directly attempt to leverage the tumor immune response and influence
tumor immune environment to stimulate anti-tumor responses and suppress pro-tumor responses.
Some examples include adoptive cell therapies such as chimeric antigen receptor T cells (CAR T)

[92], monoclonal antibodies, checkpoint inhibitors [93], and a variety of cancer vaccines [94].

The rise of checkpoint inhibitors such as anti-PD-1/L1 and anti-CTLA-4 have had
remarkable success in melanoma, renal-cell carcinoma, non-small-cell lung cancer, and many

others [95].

11



However, there are still significant hurdles that need to be overcome. These checkpoint
therapies work by reversing the exhaustion in T cells [96] but, a few drawbacks persist including
suboptimal response in tumors with lesser mutagen exposure since T cells, in spite of activation,
are restricted by poor antigen presentation [97], expression of anti-inflammatory cytokines in
tumor microenvironment to inhibit T cell activity and metabolic restrictions on T cells from
proliferating [98], poor correlation of high expression of PD-1 with clinical patient success [97],
and development of resistance to checkpoint inhibitors [99]. Similar limitations have also been
observed with other immunotherapies [100,101]. This underscores the need to incorporate multiple
mechanisms of immunological attack on tumors. The immune effects of conventional
chemotherapy may offer a means to do so. Reduced doses of certain chemotherapeutics have
shown conditional immunostimulatory responses that act to induce immune recognition of the
tumor cells [102]. Also, chemotherapy is increasingly being used in combination with
immunotherapy in the clinic. However, some studies have shown that adjuvant chemotherapy can
interfere with and reverse immunotherapy, despite chemotherapy itself having positive
immunostimulatory effects [78]. Considering this, it becomes essential to determine the immune
effects of single-agent chemotherapy, combination chemotherapy, and chemotherapeutics

formulated in novel delivery vectors [103,104].

2.3 Immunogenic chemotherapy

The tumor immune response to chemotherapy is incredibly nuanced. While characterization has
covered the change in tumor immune infiltrate to monotherapy, there is a lack of literature that
studies how single-drug response change when treatment consists of combination chemotherapy.

Firstly, the drug combination must have verified efficacy and safety in an immunocompetent tumor
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model. Secondly, the efficacy of a combination chemotherapy regimen also depends on dosage
frequency and dosage. As mentioned previously, the tendency of the current field is to administer
high doses of combination chemotherapy, subsequently leading to patient myelosuppression.
Finally, there are additional unknowns generated by the addition of chemotherapy-loaded
nanocarriers. Both single-drug and dual-drug carriers are used clinically for cancer therapy.
Studies are beginning to show that nanoparticle interaction with the tumor immune
microenvironment can influence tumor response. Figure 2.1 summarizes the challenges. We will

discuss each of these factors in turn in the following section.

Added therapeutic effect but
may result in overlapping
toxicity profiles

Combination

Dosage Dose and Frequency

Frequency Schedule

Variables Controlling
Immune Response

Increases drug
clearance and
increases toxicity

Reduces toxicity
and prolongs
pharmacokinetics

Chemotherapeutic
nanocarriers

Figure 2.1: Outline of variables controlling tumor immune response when treated with single

chemotherapeutics, combination chemotherapeutics, and chemotherapeutic nanocarriers.
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2.3.1 The immune effects of single-drug chemotherapeutics

Different chemotherapeutic classes have different associated immune effects that impact different
cell populations. The mechanisms by which these immune effects occur is often not well
understood. However, there exists a large body of literature tabulating the individual immune

effects of different classes of chemotherapeutics.

The most reported and characterized immune effect caused by chemotherapeutics is known
as immunogenic cell death. This process is characterized by the release of damage-associated
molecular patterns (DAMPSs), which alerts immune cells to tumor cell’s presence. The DAMPs
associated with immunogenic cell death include the exposure of calreticulin, an endoplasmic
reticulum chaperone protein. In cases of cell stress, calreticulin has been shown to translocate from
the endoplasmic reticulum to the cell surface, where it serves as an “‘eat me” signal to alert dendritic
cells, thereby aiding in tumor antigen recognition and presentation. Calreticulin exposure is one of
the hallmarks of immunogenic cell death in cancer cells. Other characteristic DAMPs include the
expulsion of ATP from dying cells and the release of high mobility group Box 1 (HMGBI1), a non-
histone chromatin -binding protein located in the nucleus. Both signals activate antigen-presenting

cells to facilitate recognition of tumor cell antigens.

Chemotherapy with anthracyclines has shown the most reported immunogenic cell death
of all the chemotherapy classes. Anthracyclines are commonly used in drug treatment regimens in
leukemia, sarcoma, and lymphoma, as well as breast, uterine, and ovarian malignancies. One of
the most widely studied aspects of anthracycline is the triggering of immunogenic cell death (ICD),
first shown by Casares et al. [72]. ICD involves translocation of intracellular calreticulin to the cell
surface, which serves to notify nearby immune cells to attack. This allows for cross-presentation

of tumor antigens and generates immunogenic cell death [105]. Other effects include the
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production of type I interferons and chemokines that can attract macrophages and neutrophils to
the tumor cell [106]. Doxorubicin-treated carcinogen-induced adenocarcinomas and
fibrosarcomas also observed an increase in CD8" T cells in tumor-draining lymph nodes. In other

studies, doxorubicin also caused the expression of heat shock proteins that promote activity of

dendritic cells [102].

Platinum-containing drugs such as cisplatin and oxaliplatin are coordination complexes
with platinum. These drugs cause a reaction with the nucleophilic bases on DNA to trigger cross-
linking [107]. These drugs have also been reported to have immunogenic cell death tendencies in
both preclinical and clinical studies of colorectal cancer [70] and murine models of non-small cell
lung cancer [71]. Cisplatin treatment enhanced IFN-y production by CD8" T lymphocytes, which
then activated the Th1 phenotype more readily in a cervical cancer model [108]. Cisplatin can also
enhance caspase 8 expression and increase the sensitivity to the human recombinant form of tumor
necrosis factor-related apoptosis inducing ligand (TRAIL). This leads to increased ovarian tumor
cell death [109]. Oxaliplatin can elicit an enhanced response to anti-PD-1 treatment in prostate
cancer [110]. Elimination of immunosuppressive B cells that produce IgA or express PD-L1
allowed for a robust cytotoxic T cell response after low dose oxaliplatin treatment [111].
Oxaliplatin has also been shown to promote immunogenic cell death, increase cytotoxic T cells

while down regulating Tregs, and promote the activity of macrophages and neutrophils [112].

Taxanes are another drug class with notable immune functions. The primary mechanism
of action of these drugs is induction of cellular arrest during mitosis through targeting of the
microtubule cytoskeleton [113]. Paclitaxel and docetaxel are examples of taxanes. In vitro
paclitaxel treatment of human ovarian cancer cells showed 4-fold increase of immunogenic tumor

antigen expression [114]. Furthermore, response to neoadjuvant paclitaxel correlated with an
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increase in tumor infiltrating lymphocytes before surgery in patients with resectable breast cancer
[115]. Docetaxel has been shown to polarize myeloid-derived suppressor cells towards an M1
phenotype in a murine breast cancer model, and also selectively eliminate MDSCs without
harming the M1-like MDSCs [116]. Docetaxel also promotes the differentiation of primary human
monocytes taken from healthy donors into classically activated M1 macrophages with the ability
to present antigen [117]. Docetaxel-resistant colorectal cancer cells had significantly higher
inhibition when exposed to CTLs due to increased expression of tumor antigens. This implies that
although the cells themselves become resistant to docetaxel, they cannot evade the immune effects

of docetaxel that cause increased recognition by CTLs [118].

Antimetabolites interfere with cellular metabolic processes. Some inhibit certain vital
enzymes in the cellular metabolic pathway for synthesis of purines and pyrimidines. Others are
nucleoside analogs that can insert into the DNA sequence and prevent replication and thereby
terminate cell division [119]. Antimetabolites include 5-fluorouracil, gemcitabine, and
methotrexate. 5-fluorouracil has been shown to increase expression of heat shock proteins in a
gastric cancer model [120], which play a role in antigen presentation and cross-presentation [121].
5-fluorouracil was also able to reduce the amount of myeloid-derived suppressor cells in the
syngeneic thymoma tumors, causing secretion of IFN-y from CD8" T cells, which indicates a T-
cell activated immune response [122]. Gemcitabine treatment of pancreatic adenocarcinoma
caused memory effector T cells to declined but naive and activated T cells were not depleted [123].
Cytotoxic effects of gemcitabine also promotes co-stimulatory ligand B7 proliferation and
contributes to enhanced cross-presentation by dendritic cells [124]. Along with 5-fluorouracil,

gemcitabine has been shown to reduce the amount of MDSCs in the thymoma tumor model [122].
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Gemcitabine was shown to decrease splenic MDSCs without significant CD8" T cell and NK cell

depletion in 5 cancer cell lines [125].

In addition, not all immune effects imparted by chemotherapeutics are anti-tumor. Studies
have shown that chemotherapy treatment can cause the upregulation of programmed cell death 1
ligand (PD-L1). PD-L1 interaction with PD-1 expressed on T cells is linked to T cell deactivation
and reduced proliferation of tumor-reactive cytotoxic CD8" T cells. Paclitaxel, etoposide, and 5-
fluorouracil induced surface expression of PD-L1 in human breast cancer cells, which then caused
PD-L1 specific T cell apoptosis in a co-culture of T cells and human breast cancer cells [126].
Ovarian cancer cell lines also upregulated expression of PD-L1 after treatment with gemcitabine
or paclitaxel, and exhibited higher cellular totals of NF-xB p65 protein, which is part of a complex
of transcription factors that mediate a variety of cell behaviors, including inflammatory responses
and cellular growth and apoptosis. These findings were confirmed in a murine ovarian cancer
model, and treatment with paclitaxel and anti-PD-L1 resulted in better survival rates than treatment
with paclitaxel alone [127]. Studies such as these show the benefit to understanding the interplay
between immune effects caused by both chemotherapy and immunotherapy, and leads to better

design of treatments.

Interestingly, paclitaxel exhibited both anti- and pro-tumor effects in a paclitaxel-resistant
NSCLC model. Investigation into the mechanisms revealed that paclitaxel resistance is linked to
EMT transition, cancer stem cell-like factors, and elevated levels of the oncoprotein and mucin 1
cytoplasmic domain (MUCI-C) tumor antigen. While higher levels of tumor antigen can
encourage presentation by DCs, blocking of MUCI-C reversed many of the resistance-related
traits of the NSCLC cell line [128]. Docetaxel, another taxane, has yielded similarly mixed

outcomes. After in vitro treatment of docetaxel, three different cancer cell lines all expressed
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calreticulin, a sign of immunogenic cell death. However, the cells did not express other molecular
indicators of ICD or display significantly decreased viability, indicating that ICD was not
occurring [129]. Thus, signs of anti-tumor immunity vary on a case-by case basis and may not

always lead to tumor suppression.

Similarly, doxorubicin may encourage drug resistance and tumor metastasis through pro-
inflammatory pathways. Experiments in healthy C57BL/6 and IL-1R1 deficient mice found that
doxorubicin can trigger the formation of the NLRP3 inflammasome and release several pro-
inflammatory cytokines, including IL-1beta, IL-6, and TNF-a [130]. Specifically, TNF-a has been
shown to induce multiple effects on tumors, and one possible outcome is the stimulation of
proliferation and angiogenesis [131]. While this study was not completed with a tumor model, it
does suggest that doxorubicin may have multiple inflammatory effects in vivo that must be
accounted for to emphasize its ability to promote ICD. Further, doxorubicin-resistant colon cancer
cells release TGF-B, an anti-inflammatory cytokine. Inhibition of TGF-f has been shown to re-
sensitize the tumor cells to doxorubicin and reverse the cellular phenotype transition [132]. Also,
studies in a GEMM have challenged the dependence of doxorubicin’s efficacy on the adaptive
system previously observed in transplanted cancer models [133]. Additional studies in relevant

immunological settings are needed to fully understand the tumor immune response to doxorubicin.

2.3.2 The immune effects of combination chemotherapeutics

Combination regimens are regularly employed in the clinic as the first line of treatment for several
types of cancers [134]. Clinical outcomes are thought to improve when several different modes of
action work together to inhibit malignant cell growth. Yet combination regimens have been linked

to more severe side effects and greatly diminished overall therapeutic benefit compared to single
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drugs especially in advanced solid cancers [35,135—139]. Several approaches have been developed
to reduce the adverse effects of combination chemotherapies and improve the overall response -
the two most common approaches include variation of drug administration sequence [15,140,141]
and optimization of the relative molar ratios of drugs [142-144]. Likewise, chemotherapy
treatments can be made more efficient by combining drugs with distinct immunological effects to

establish a multifaceted immunostimulatory response.

For example, a combination of doxorubicin and lapatinib was able to enhance the
infiltration of IFN-y secreting CD4" and CD8" T cells into the mammary tumors and cause tumor
shrinkage in a GEMM for HER2" breast cancer [145]. Lapatinib is considered to be immunosilent
and even though doxorubicin’s cytotoxicity was previously shown to heavily depend on the
adaptive immune system [146], a contradictory study showed no evidence of such a dependence
[133]. This combination was also slightly better at decreasing the number of pro-inflammatory
TAMs and increased the infiltration of anti-tumor monocyte/macrophage phenotypes compared to
individual drugs. Ultimately, two drugs with disparate immune stimulatory activities can elicit a
strong adaptive immune system dependent anti-tumor response when given in combination.
Similarly, there is little reported evidence on carboplatin’s immunomodulatory properties.
However, when combined with paclitaxel, a strong immunogenic response was produced in vitro.
Human ovarian cancer cells that suffered apoptosis under the combination’s influence were more

potent at activating dendritic cells and priming cytotoxic T-cells than cell lysates [147].

In addition to such novel findings, immune aspects of currently employed combination
chemotherapies have also been reported. A direct comparison of the immune statuses of stage IV

colorectal cancer patients that were given two different combination chemotherapy regimens,
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FOLFIRI (folinic acid, 5-fluorouracil, and irinotecan) or FOLFOX (folinic acid, 5FU, and
oxaliplatin), revealed that FOLFIRI resulted in a higher immunosuppression. Patients receiving
FOLFIRI had elevated levels of MDSCs and downregulated CD247, which is expressed on
effector T cell and NK cell and is responsible for facilitating their anti-tumor responses. It was
further demonstrated in a murine model for colorectal cancer that irinotecan was responsible for
increasing intratumoral levels of MDSCs and in turn counteracts the beneficial effect of 5-
fluorouracil by supporting cancer growth [148]. Ultimately, in the clinic, FOLFOX has been
shown to confer better response rates, longer time to disease progression and improved overall
survival rates [149,150]. However, a novel finding described irinotecan to possess an inhibitory
effect on Nrda factors in Tregs in addition to exerting cytotoxic effects on Lewis lung carcinoma
cells. Nr4a is a key transcription factor necessary for maintaining the genetic program of Tregs
and has been implicated in contributing to the Treg mediated suppression of anti-tumor immunity.
Irinotecan in combination with another Nr4a inhibitor, SC-236, led to reduced Treg and increased
CD8" and CD4" effector T cell populations, which ultimately resulted in significantly high tumor

growth inhibitions [151].

Another study attempted to examine the differences between immune responses mounted
by two commonly employed adjuvant and neoadjuvant combination chemotherapies against breast
cancer, FEC (5-fluorouracil, epirubicin and cyclophosphamide) and FDC (5-fluorouracil,
doxorubicin and cyclophosphamide). Analysis of immune cell subsets from the blood of 80
patients with malignant breast carcinoma revealed that both regimens displayed a very similar
immune profile. The regimens, which include drugs with distinct immunological properties,
manifested a favorable adaptive anti-tumor immune effect [152]. In both regimens, the population

of cytotoxic T cells and NK cells increased while the B cell population was dramatically inhibited
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compared to control subjects that did not receive chemotherapy. While these results tally with the
individual effects of cyclophosphamide and doxorubicin/epirubicin as described above, 5-
fluorouracil’s MDSC suppressive effect seems blurred due to heavy myelosuppression observed
as a side effect after treatment with either regimen. Overall, the cell-mediated immunity appeared
to be conserved, but additional exploratory studies are required for facilitating improved

antineoplastic immunity by preventing dose related immunosuppressive effects.

Adjuvant chemotherapy with cisplatin and vinorelbine after surgical resection is the
standard of care for patients with NSCLC. A study on the effect of a sublethal exposure to this
combination found enhanced susceptibility of 5 different human lung carcinoma cell lines to
antigen specific cytotoxic T cells [153]. While the individual drug effects were not reported in this
study, cisplatin on its own has been previously shown to enhance the sensitivity of human colon
carcinoma cell lines to antigen specific cytotoxic T cells by upregulating cell surface ICAM-1 and
Fas [154] but surprisingly is incapable of inducing immunogenic cell death [155]. Nonetheless,
the T cell sensitivity enhancement in response to the cisplatin-vinorelbine doublet therapy is most
likely due to the heightened expression of CEA and less related to MHC 1 and ICAM-1
overexpression. However, moving forward, whether this sublethal exposure leads to the
development of any drug resistance must be determined in a larger animal model. Contradicting
this observation, a different study attributes the synergy of a combination comprising low dose
cisplatin and 5-fluorouracil to the induction of ICAM-1. Interestingly, neither cisplatin nor 5-
flurouracil were found to be capable of inducing ICAM-1 on their own [156,157]. In yet another
study, a combination of gemcitabine with cisplatin, slightly suppressed the CD4"CD25 Foxp3™
and CD8'CD28 Treg subpopulations in the peripheral blood of patients with NSCLC [158].

Whether this treatment leads to reduced immune tolerance remains to be determined. Nevertheless,
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despite such diverse downstream immune effects, cisplatin combinations are still promising
adjuvant therapies and the above-described results are important in designing future clinical trials.
Indeed in a phase I multicohort study of patients with advanced NSCLC, combining platinum-
based doublet chemotherapies (gemcitabine-cisplatin, pemetrexed-cisplatin or paclitaxel-
carboplatin) with nivolumab, an anti PD-L1 antibody, improved overall response rates compared
to those previously reported for doublet chemotherapies alone [159]. Unlike the situation in
nivolumab monotherapy, the survival benefits here did not depend on the PD-L1 tumor expression
levels, implying a potential immunogenic contribution of the chemotherapeutics in predisposing

the low PD-L1 expressing tumors to respond to nivolumab therapy.

2.3.3 The immune effects of nanoparticles

Nanoparticles have traditionally been engineered to avoid immune clearance to deliver their
payload of drug cargo. This typically resulted in the conjugation or incorporation of polyethylene
glycol (PEG) a polymer that provides a negatively charged hydrophilic environment on the
surface the nanoparticle, thus providing shielding from immune recognition. However, as
stimulation to the immune system to better activate immunity against malignant cells becomes
widespread, more interest has been turned towards engineering nanoparticles to produce a
favorable immunological response. One commonly used strategy has been the development of
nanoparticle vaccines [160,161]. However, in the following we will instead focus on
nanoparticles that deliver immunological agents as therapeutics and how such nanoparticles can

interact with the immune system.

One way to create immunogenic nanoparticles is to include immune adjuvants or

immunologically active compounds in the nanoparticle construction. In a study focusing on
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glioblastoma multiforme therapy, high-density lipoprotein-mimicking nanodiscs were developed
as a long circulating platform for drug delivery. The nanodiscs were loaded with docetaxel and
the surface of the nanodiscs were conjugated with CpG, a TLR9 agonist. The authors were able
to confirm CD8" T cell responses in the brain tumor microenvironment. When paired with
radiation, the formulation was able to cause tumor regression in 80% of tumor-bearing mice
[162]. Using a similar strategy, a separate study evaluated the effects of liposomal delivery of IL-
12. Cationic liposomes encapsulating IL-12 also incorporated low amounts of monophosphoryl
lipid A, a TLR4 adjuvant clinically approved for use in vaccines. The study found that
intratumor administration of the liposomal formulation completely halted 4T1 murine breast
cancer growth, as well as producing large increases in tumor infiltrating dendritic cells, M1
macrophages, and CD8+ T cells [163]. The encapsulation of drugs that actively interfere with
immunosuppressive pathways also achieves a similar purpose. Another liposomal formulation
encapsulating both doxorubicin and indoximod, an inhibitor of the immunosuppressive and
regionally overexpressed indoleamine 2,3-dioxygenase on breast cancer tumors, was able to
trigger immunogenic cell death through doxorubicin’s activity while also recruiting CD8+ T
cells. The study produced robust 4T1 tumor control in mice. These approaches demonstrate the
effectiveness and the potential of chemotherapy and immune agents in thoughtfully designed

nanoparticles.

2.4 Drawbacks in current cancer therapies

2.4.1 Translational difficulty in many drug formulations

Difficulties in the clinical translation of nanoparticle drug delivery systems stem from the

biological differences in human versus murine tumors, as well as challenges pertaining to large-
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scale manufacturing. Unfortunately, differences in tumor biology are unavoidable between
different model organisms. Many murine tumor models exhibit “leaky” vasculature, caused by
the rapid growth of tumor cells that require equally rapid angiogenesis to provide blood flow to
the tumor. These tumor systems produce large amounts growth factors including vascular
endothelial growth factor (VEGF), which results in rapid but abnormal growth of vasculature to
the tumor [164]. Such vasculature often has poor alignment of endothelial cells, allowing
nanoparticles in circulation to filter through and collect at the tumor site. This process was
termed the enhanced permeation and retention (EPR) effect, and the success of preclinical
nanoparticle formulations was largely attributed to passive tumor targeting through this
occurrence. However, several studies have shown that at best, human cancers express the EPR
effect in variable degrees. The lack of pronounced EPR effect in human tumors has prevented
nanoparticles from reproducing the highly efficacious results in murine models [165]. However,
as much of preclinical research is dependent on murine tumor models, there is no immediate
solution to this problem. However, clinical strategies have been devised to either compensate for
the lack of EPR effect or to encourage stronger expression of the EPR effect in patients,

including the addition of anti-angiogenic therapy and radiotherapy [10].

Additionally, many preclinical nanoparticle formulations have design factors such as the
incorporation of targeting ligands or the use of complicated conjugation strategies that present
challenges in the scale-up of these formulations. The efficacy of targeting ligands will also vary
depending on the patient. The receptor must also be overexpressed in the patient’s tumor, which
may not always be the case given the heterogeneity of tumors in different patients, even within
the same cancer type. Other variables include ligand-receptor binding affinity and rate of

internalization [166]. The cost to manufacture these targeted drug delivery systems is also
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significantly higher due to usage of biologics [167]. These factors often complicate or deter the
scale-up and clinical translation of such formulations. Despite this, targeted formulations have
found clinical success in the case of antibody-drug conjugates, of which there are four clinically
approved formulations for cancer therapy. However, that number pales in comparison to the

number of clinically approved nontargeted formulations.

Improvements in nanoparticle design are necessary to better leverage the effect of
nanoparticles at the tumor site [41]. Several preclinical nanoparticle formulations focus on the
delivery of a synergistic drug combination, and the recent approval of Vyxeos demonstrates that
this is a valid strategy. However, an overdependence on synergy as the only in vitro parameter to
influence the translation of a dual-drug combination nanoparticle narrows the field significantly,
and neglects other in vitro factors such as overall drug cytotoxicity and the likelihood of drug
resistance development. A broader view of drug combination design principles could reveal

other drug combinations that would excel in co-encapsulated nanoparticles.

2.4.2 Lack of consideration of possible immune interactions

Chemotherapy can have unpredictable immune effects when administered in combination. While
the immune responses of drug combinations have been used to guide the selection of more
efficacious pairs, the complicated tumor immune microenvironment dynamics and the presence of
multiple immunogenic chemotherapeutics can sometimes lead to unexpected consequences; this
is more so when both immune and adaptive immunocytes can be manipulated simultaneously. A
key study involving 5-fluorouracil and gemcitabine demonstrates this concept. Both drugs
suppressed MDSC population to a similar degree and established protective anti-tumor immunity,
which resulted in comparable tumor growth inhibitions in both immunocompetent and

immunocompromised models of thymic carcinoma. However, when combined with low dose
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cyclophosphamide (80 mg/kg), known to abrogate regulatory T cell activity [168,169], 5-
fluorouracil (50 mg/kg) outcompeted gemcitabine (120 mg/kg) and remarkably improved the
tumor regression in wild type mice. Conversely, this behavior was absent in immunocompromised
nude mice where both combinations were equally efficacious. Taken together, these observations
imply that the therapeutic improvement cannot be explained purely on the basis of cytotoxic

synergy or additive immune effects of the drugs making up a combination [122].

Chemotherapeutic combinations were originally optimized in immunosuppressed tumor
models, leading to a general lack of understanding of their immune effects. A better understanding
of the immune effects of chemotherapy could potentially lead to better design of clinical trials

combining chemotherapy and immunotherapy.

2.5 Our approach

There is a need to broaden the design parameters of nanoparticle formulations. The intent of the
following work is to build upon the current foundations of drug delivery nanoparticle systems to
design a clinically relevant liposomal formulation. As covered previously, we think current
nanoparticle formulations can be improved by (1) broadening the design principles of co-
encapsulated drug combinations and (2) having more consideration of drug immune contributions.
We attempt to address both considerations by optimizing drug combinations for liposomal
encapsulation and studying what in vitro factors contribute to drug combination success, and
simultaneously characterizing the in vivo immune response in an immunocompetent murine tumor

model.
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Chapter 3: In Vitro to In Vivo Optimization of Drug Combinations



3.1 Drug combinations and overdependence on synergy

In the following section, we discuss our evaluation of in vitro parameters of drug combinations,
our subsequent liposomal loading, and finally our resulting in vivo tumor efficacy in an
immunocompetent tumor model. Drugs tested included doxorubicin (DOX), 5-fluorouridine
(5FUR), gemcitabine (GEM), and irinotecan (IRIN). Each drug is a clinically used
chemotherapeutic agent. The drugs were combined with doxorubicin in a 1:1 molar ratio and
evaluated for in vitro cellular inhibition and synergy. Liposomes were used as the nanoparticle of
choice due to their clinical relevance and they offer an excellent means for controlling the relative
pharmacokinetics of multiple drugs while also improving their circulation half-life [5,170,171].
There are additionally several preclinical formulations of dual-drug liposome strategies

[46,67,172,173].

When designing our dual-drug liposomes, we endeavored to ascertain what in vitro
parameters could determine in vivo outcome, to better understand what factors are critical for the
translation of a formulation. In previous literature, drug combination design has been dictated by
in vitro quantification of drug interactions. Drug interactions have been a defining characteristic
in the development of drug combinations and are classified into synergism, antagonism, or
additivity. These interactions are most commonly determined in vitro through calculation of the
Combination Index (CI) [143] which gives numerical values by which to identify drug interactions.

The formula for CI is as follows:

[Aclso 4 [Bclso
[Also ~ [Blso

Cl =
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Where [Ac]so and [Bc]so represent the ICso of drugs A and B when given in combination, and the
denominator represents the ICso of single drugs A and B. CI < 1 indicates synergy, while a CI =1

indicates additive effects, and a CI > 1 indicates antagonism.

Synergy has been used to develop several drug combinations, and is often the main focus
in screening drug combinations [174]. However, several problems exist with this approach.
Synergy measured in vitro does not consider interactions with the immune system when treatments
are administered in vivo. Also, while the CI methodology quoted above is a widely used and classic
method for quantifying synergy, it depends on the dose equivalence principal. This principle states
that for a given dose of drug A, an equivalent dose of drug B to create the same amount of cellular
inhibition exists. This assumes that the dose response curves for drugs A and B have identical
maximum and minimum responses, which is a generalization for many drugs. Several other
metrics for synergy quantification have been developed, but often disagree [175]. However, drug
delivery literature often relies on the CI formula given previously to evaluate the degree of synergy
in a drug combination, and we will be proceeding with it as our standard measurement as well

[14,15,50].

In our approach, we analyzed in vitro parameters such as synergy, drug ICso, and the
steepness of the dose-response curve (represented by the Hill coefficient) and determine how they
correlate with in vivo efficacy of the liposomal formulations. In addition, we will also study the
effect on the tumor immune infiltrating cell population in vivo, as that is one characteristic that
cannot be adequately modeled using in vitro cell lines. As discussed previously, the tumor immune
response to nanoparticles and chemotherapy can be highly influential in eventual outcome. Figure

3.1 gives an overview of the experimental design.
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Figure 3.1: Design of drug combinations based on both in vitro parameters and in vivo tumor
response. Traditional measures such as drug combination ICso and synergy were evaluated, as well
as dose-response curve sigmoidicity, represented by the Hill Coefficient. Afterwards, drug
combinations (1:1 SFURW:DOX, GEM:DOX, IRIN:DOX, and 2.5:1 SFURW:DOX) were
formulated in liposomes to regulate drug pharmacokinetics and biodistribution before
administration in the 4T1 murine breast cancer tumor model. Liposomal efficacy and tumor

immune infiltrate were measured as indicators of tumor response.

3.2 Materials and methods

3.2.1 Chemotherapeutic and liposomes agents
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Doxorubicin and irinotecan were purchased from LC labs (Woburn, MA). Gemcitabine was
purchased from Oxchem Corporation (Wood Dale, IL). 5-fluorouridine-W was a prodrug based
on 5-fluorouracil synthesized by Pharmaron (Beijing, China). Lipids such as 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol (PEG))-2000] (DSPE-mPEG2000) were purchased from Avanti

Polar Lipids (Alabaster, AL). Cholesterol was purchased from Millipore Sigma (Burlington, MA).

3.2.2 Cell culture, flow cytometry, and tumor processing materials

4T1 murine breast cancer cells (ATCC CRL-2539) was purchased from ATCC (Manassas, VA).
The cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin, and cellular inhibition assays used 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to quantify cell viability; all aforementioned materials were
purchased from ThermoFisher Scientific (Waltham, MA). Cell culture flasks and 96 well plates
were purchased from Corning (Corning, NY). Heparin-coated plasma preparation tubes, Gibco™
Type 1 Collagenase, ACK Lysing Buffer, Invitrogen™ UltraComp eBeads™ Compensation
Beads, and SYTOX™ Blue Dead Cell Stain were also purchased from ThermoFisher Scientific
(Waltham, MA). DNAse I was purchased from Roche (Indianapolis, IN). Antibodies were

purchased from ThermoFisher Scientific (Waltham, MA) and Millipore Sigma (Burlington, MA).

3.2.3 Liposome preparation

Liposomes were prepared by the conventional thin-film hydration method [176]. Briefly, 40 umol
of lipids (56.4% DSPC, 5.3% DSPE-mPEG2000, 38.3% cholesterol) were dissolved in chloroform
and dried under vacuum using rotary evaporation. The resulting lipid film was further dried under

heating by water bath. The lipid film was resuspended in 1.1 ml of ammonium sulfate buffer (250
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mM, pH 5.5). The solution was sonicated and extruded through a 50 nm polycarbonate membrane
to form unilamelar liposomes. Both extruder and extruder membranes were purchased from

Avestin Inc. (Ottowa, Ontario, Canada).

During liposome preparation, each drug was either passively or actively loaded. Active
loading was done by establishing an ammonium sulfate gradient across the liposomal membrane
[5]. The gradient was created using size exclusion chromatography with PD-10 Sephadex columns
purchased from GE Healthcare (Piscataway, NJ) to remove ammonium sulfate salts from the
extraliposomal space. Columns were equilibrated with PBS before adding ~1ml of liposomes.
After collecting the liposomes from the size exclusion column, drug loading commenced. DOX-
only liposomes were made by incubation of 50 ul of 40 mg/ml doxorubicin with 500 pl of blank
extruded liposomes at 65°C for one hour. Free drug was removed using the size exclusion columns

with PBS as the mobile phase.

The tryptophan conjugation of 5-FUR served to make the compound weakly basic and
allowed loading through the ammonium sulfate pH gradient as well [14]. To create 1:1 and 2.5:1
SFURW:DOX liposomes, DOX loading was carried out first with 50 pl of 40 mg/ml DOX in PBS
at 65°C for one hour. A 175 mg/ml solution of SFURW was adjusted to approximately pH 6. After
one hour of DOX incubation, 50 pl of 175 mg/ml SFURW solution was added to produce
equimolar SFURW/DOX-L and 100 pl was used to produce SFURW/DOX-Lr= 5. The liposomes
were kept for a further one hour at 65°C to facilitate SFURW loading. Then, the liposomes were

removed from heat and free drug was removed by size exclusion chromatography.

IRIN was also able to load through the ammonium sulfate gradient mechanism [177]. After
extrusion, the liposomes were passed through a size exclusion column equilibrated with milliQ

water, to aid in IRIN solubility. 200 pl of 20 mg/ml IRIN was incubated for one hour. DOX loading
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followed with 50 pl of 40 mg/ml DOX for one hour. Free drug was removed using size exclusion

chromatography.

However, GEM was unable to be sufficiently encapsulated with active loading methods.
We passively loaded gemcitabine by rehydrating the lipid film with 75 mg/ml of GEM in 1.1 ml
of ammonium sulfate buffer. During the active loading of DOX (50 ul, 20 mg/ml, 30 min at 65°C),
50 pul of 95 mg/ml of GEM was also added to reduce the gemcitabine gradient across the liposomal

bilayer. Free drug was removed by size exclusion chromatography.

3.2.4 Liposome characterization

The size and surface potential of the liposomes were verified using a Malvern Zetasizer.
Liposomes were diluted 100-fold in milliQ water prior to analysis. Size and surface potential were
determined by measurement of the particle number distribution and the zeta potential distribution
respectively (n=3). To quantify drug loading, liposomes were diluted tenfold and disrupted in 1:1
methanol:acetonitrile with 0.05% formic acid. After 30 minutes of sonication, the resulting
solution was centrifuged, and the supernatant was removed. The supernatant was further tenfold
diluted in water with 0.1% formic acid, and drug content was quantified using reverse phase HPLC
with a Zorbx 300Extend C18 3.5 pm column (150 mm x 4.6 mm) purchased from Agilent (Santa
Clara, CA). The column was equilibrated with a flow rate of 0.5 ml/min 99% mobile phase A
(water with 0.1% trifluoroacetic acid) and 1% mobile phase B (acetonitrile with 0.1%
trifluoroacetic acid). Samples (10 pl) were injected with 99% mobile phase A and 1% mobile phase
B. Mobile phase B gradually increased to 60% after ten minutes. The composition changed back

to 99% mobile phase A and 1% mobile phase B at 15 minutes and was maintained until 20 minutes.
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Liposomal lipid content was by quantified by HPLC paired with a Corona Veo Charged
Aerosol Detector (CAD) from ThermoFisher Scientific (Waltham, MA). Liposomes were
disrupted by 50-fold dilution in 9:1 methanol:water. After brief sonication, samples (10 ul) were
injected into the system and separated using the Zorbx 300Extend C18 3.5 um column mentioned
previously. The column was equilibrated with 0.5 ml/min 60% mobile phase A (9:1
acetonitrile:water with 0.1% TFA) and 40% mobile phase B (methanol with 0.1%TFA) prior to
injection. The gradient increased to 100% mobile phase B at 15 minutes. The solvent then reverted
to its starting composition of 60% mobile phase A and 40% mobile phase B at 20 minutes and was

maintained until the end of the run at 25 minutes.

3.2.5 Invitro cellular inhibition and synergy quantification

4T1 cells were seeded in 96 well plates at a density of 500 cells/well. MCF7 and MDA-MB-231
cells were seeded at 5000 cell/well. Cells were given 24 hours to adhere to the well plate.
Afterwards, a series of ten drug or drug combination dilutions prepared in fresh media were
administered to the cells, with a starting concentration of 100 uM (n=6 per concentration). The
drugs were incubated with the cells for 72 hours before the media was removed and replaced with
0.5 mg/ml of MTT reagent in media fresh media. The MTT reagent was left incubating with the
cells for 4 hours, during which living cells metabolized the reagent to form solid formazan crystals.
Afterwards, the MTT reagent in media was removed, and the crystallized formazan was dissolved
in DMSO. The plate was shaken at 300 rpm for 15 minutes to fully dissolve the formazan crystals,
and absorbance was measured at 590 nm via Spectramax i3 plate reader manufactured by
Molecular Devices (San Jose, CA). The fraction of cells inhibited at a certain drug concentration

was calculated by:
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AC_AO

fa=1-

where A is the average absorbance of the treated wells, Ao is the average absorbance of the blank
wells with DMSO, and Ac is the average absorbance of the control untreated wells. The ICso values
for each treatment was then determined through fitting of the Hill equation for dose-response in

GraphPad. The Hill equation is given as follows:

v (14 (ICSO)m o
B X
with X as the drug concentration and Y as the fractional inhibition, and m is known as the Hill

coefficient and is determined according to the fit.

To evaluate drug efficacy against 4T1, drugs were evaluated as single drugs and as
combination treatments with DOX. Synergy was quantified using the combination index [178].

The formula for CI is as follows:

[Aclso  [Bclso

= Tl t Bl

Where [Ac]so and [Bc]so represent the ICso of drugs A and B when given in combination, and the
denominator represents the ICso of single drugs A and B. CI <1 indicates synergy, while a CI =1

indicates additive effects, and a CI > 1 indicates antagonism.

3.2.6 Release and Pharmacokinetic studies

The release profile of drug from liposomes was studied using Amicon Ultra mini dialysis filters
supplied by Millipore Sigma (Burlington, MA) at sink conditions [179]. A tenfold dilution of each

liposomal formulation in PBS was kept in the mini dialysis filter at 37°C above a 1.1 ml PBS
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reservoir. Samples were placed on a plate shaker for constant agitation. At each timepoint (2, 4, 6,
8, and 24 hours), the samples were removed and transferred to fresh PBS reservoirs while the used

reservoirs were analyzed for released drug content using HPLC.

Liposomal pharmacokinetics were also studied to confirm drug circulation in vivo. One
100 pl injection adjusted to 0.54 mg/ml DOX of each liposomal formulation was administered
intravenously into healthy female BALB/c mice (age 50-56 days) obtained from Charles River
Laboratories (Wilmington, MA), resulting in a 3 mg/kg dose of DOX. Blood was collected by
mandibular puncture at 5 minutes (~20 pl) and by cardiac puncture at 2, 6, and 24 hours (~200 pl)
after injection and stored in heparin-coated collection tubes from BD (Franklin Lakes, NJ). Then,
the blood collected by mandibular puncture was diluted 5-fold with PBS and blood collected by
cardiac puncture was diluted twofold in PBS. 100 pl of the blood/PBS mixture was centrifuged at
7000 g for 10 minutes to obtain plasma. The plasma was tenfold diluted in 1:1
methanol:acetonitrile with 0.05% formic acid for drug extraction. After centrifugation to remove
serum proteins, the supernatant was filtered with 0.2 um syringe filters from Waters (Milford, MA)
and run using the drug quantification protocol on LC-MS. The mass spectrometer was used to
determine if metabolite forms of the drugs were present in the blood. Finally, pharmacokinetic
parameters were calculated using PK Solver 2.0 Microsoft Excel plugin developed by Zhang et al

[180].
3.2.7 Tumor model development

Murine breast cancer tumors were established by subcutaneous injection of 50 ul containing 10°
4T1 cells above the 4™ abdominal mammary fat pad of female BALB/c mice (age 50-56 days)
purchased from Charles River Laboratories (Wilmington, MA). This method yields uniform breast

tumors that resemble human tumors in their metastasis to the lungs and aggressive growth rate
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[181,182]. Tumor dimensions were measured every other day with calipers, and the tumor volume
was calculated using V = ;(L) (W?2). Once the tumors reached 50 mm? in volume (~7 days), 100

ul of liposomal formulations were injected intravenously. For the tumor-associated immune
profiling study, the liposomal formulations were injected once at a dose of 3 mg/kg DOX (100 pl
of 0.54 mg/ml DOX). Tumors were extracted 10 days after treatment. Afterwards, a full survival
study was completed using GEM/DOX-L in the 4T1 model. Once tumors reached 50 mm? in
volume, GEM/DOX-L was dosed at 3 mg/kg DOX and 1.55 mg/kg GEM. To create equal molar
doses of drug in all treatments, the control treatments were 6 mg/kg DOX-L and 3.1 mg/kg GEM-
L. The endpoint criteria of the study were a tumor size greater than 1000 mm?> and weight loss
exceeding 15% of the starting weight. Animals that developed necrosis in the tumor were also
euthanized and excluded from the study. Each treatment group was injected a total of four times
with two days between administrations to avoid toxic accumulation of long-circulating liposomes.
Surviving mice were monitored for up to 100 days before euthanasia. Tumor growth inhibition

percentage was calculated by the following formula,

Vt - Vti

L

TGI(%) = 100 * (1 —
VCf - Vcl'

where Virand Vi represent the final and initial average volumes of the treated tumors, and V.rand

V.i represent the final and initial volumes of the control tumors, respectively.
3.2.8 Tumor processing and flow cytometry

Ten days after the administration of treatment, 4T1 tumors were extracted and weighed. Each
tumor was cut into small pieces and enzymatically digested using Collagenase Type I (5 mg/ml)
and DNAse I (50 U/ml) in 5 ml of HBSS buffer at 37°C for 60 minutes. Afterwards, the cells were

passed through 70 um cell strainers with trituration and then centrifuged and resuspended in ACK
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red cell lysis buffer for two minutes at room temperature. The cells were then resuspended in PBS
with 50 U/ml DNAse with volume adjusted to obtain 10° cells/ml. 100 ul of the cell suspension
for each tumor was pelleted and treated with blocking buffer for 30 minutes at room temperature.
Blocking buffer was made by supplementing cell staining buffer (1x PBS, 3% FBS, 30 uM EDTA)
with 5% rat serum, 5% mouse serum, and 1% CD16/32. After washing the cells once with cell
staining buffer, the tumors from the control group were treated with isotype control antibodies and
the tumors from the treatment groups were treated with antibodies specific to immune cell subtypes
(Table 3.1). Finally, cells were washed twice more in cell staining buffer and subsequently

analyzed by a BD LSRII flow cytometer manufactured by BD (Franklin Lakes, NJ) and all data

was analyzed with FCS Express 6 software (De Novo Software, Glendale, CA).

Table 3.1: Antibodies for cell staining flow cytometry.

Antibody Clone Host/Isotype Fluorophore Supplier
Millipore
F4/80 BMS.1 Rat/IgG2a, kappa PerCP-Cy5.5 Sigma
CD8a 53-6.7 Rat/IgG2a, kappa PE
CDl11b M1/70 Rat/IgG2b, kappa APC
CD4 RM4-5 Rat/IgG2a, kappa PE-Cy7
Armenian
CD3e 145-2C11 hamster/IeG PerCP-Cy5.5
CD45 30-F11 Rat/IgG2b, kappa FITC
Armenian
CDll1c N418 hamster/TeG PE
Gr-1/Ly-6G RB6-8C5 Rat/IgG2b, kappa PE-Cy7
Armenian ThermoFisher
CD80 16-10A1 hamster/IgG PE Scientific
CD206 MR6F3 Rat/IgG2b, kappa PE-Cy7
eB149/10H5 Rat/IgG2b, kappa FITC
eB149/10H5 Rat/IgG2b, kappa APC
eBi0299Arm L rmenian PerCP-Cy5.5
Isot ntrol hamster/IgG
SOtype contio’s ~prG1 Rat/IgG1, kappa APC
eBR2a Rat/IgG2a, kappa PE-Cy7
eBR2a Rat/IgG2a, kappa PE
eBR2a Rat/IgG2a, kappa PerCP-Cy5.5
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Table 3.1 (Continued)

eB149/10H5 Rat/IgG2b, kappa PE-Cy7

) Armenian
eB10299Arm hamster/IeG PE

3.2.9 Statistical analysis

All analysis was performed using GraphPad Prism 5. The analysis of significance (p<0.05) of
tumor volume, tumor mass, circulating drug ratios, and immune cell population were done by one-
way ANOV A modified with Tukey’s multiple comparison test to compare the differences between
groups. Analysis of in vitro release data of two drugs was done by unpaired t-test. For analysis of

survival data, a Mantel-Cox analysis was used to test for significance.

3.3 Results and discussion

3.3.1 Liposome synthesis and physical characterization

Liposomes (56.4% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 5.3% 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  glycol (PEG))-2000] (DSPE-
PEG(2000)), 38.3% cholesterol) were synthesized using the thin film hydration technique [176].
The lipid composition is similar to many used in clinical liposomal formulations. Drugs were
encapsulated in liposomes (denoted with -L) and characterized for size and surface charge in
milliQ water (Table 3.2). The incorporation of 5.3 mol% DSPE-PEG(2000) affords a negative
surface potential of <-20 mV to all liposomes, which is necessary for improving circulation times
and improving stability via electrostatic repulsion [183,184]. Passive and active methods were
used for loading of drugs, yet all liposomal formulations possessed comparable sizes and zeta

potentials, demonstrating that drug loading did not alter the physical characteristics of the
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liposomes. The molar ratio of total encapsulated drug to total lipid content ranged from

approximately 30% to 50% (Table 3.3), indicating high drug loading across all formulations. The

drug ratios in all combination liposomes were approximately equimolar unless mentioned

otherwise.

Table 3.2: Summary of liposome drug loading and physical properties.

Loading Zeta potential
Liposome Molar ratio Size (nm) PDI
technique (mV)
DOX-L active n/a 773 +1.1 242 +1.7 0.04+0.01
SFURW/DOX-
active 0.95 75.1£0.33 -26.7+1.6 0.03+0.01
L
SFURW/DOX-
active 2.6 72.0+£3.0 247+1.9 0.06 + 0.02
Lr=2s
IRIN/DOX-L active 1.0 74.7+0.9 -27.7+2.0 0.05 + 0.01
GEM/DOX-L passive 0.76 70.3+£0.7 232+2.8 0.04 + 0.01
Table 3.3: Liposome drug content and total drug to lipid ratio.
Linosome DOX 5FUR? 5FURW IRIN GEM Drug/lipid
P (mM) (mM) (mM) (mM) (mM) (mol%)®
DOX-L 1.82 - - 29.2%




Table 3.3 (Continued)

SFURW/DOX-

iy 1.66 0.15 1.43 i ] 52.1%

SFURW/DOX- 0.96 0.28 2.18 i ] 55.0%
Lr=2s

IRIN/DOX-L 1.46 5 - 145 16.7%

GEM/DOX-L 1.23 - - 0.94 34.9%

35FUR represents SFURW after ester bond hydrolyzation, causing the loss of the tryptophan
moiety, which often occurs as a byproduct of liposomal loading at 65°C.
*Drug to lipid molar ratio was calculated using an average (n = 3) of total lipid content from

representative liposomes.
3.3.2 Liposomes demonstrate stable encapsulation of drugs

Drug release from all formulations was quantified over a period of 24 hours at 37°C to measure
liposome stability in the storage medium (PBS). A control formulation of DOX-L showed slow
DOX release, with less than 20% released over 24 hours (Figure 3.2 A). In all co-encapsulated
liposomes, less than 25% of the encapsulated DOX dose was released over the given time period.
Equimolar loading of SFURW demonstrated a similar release rate to that of DOX but showed
significantly elevated release rates when loaded at higher ratios (R=3.5), such that 37.3 + 0.8% of
SFURW was released, compared to 22.8 + 5.3% of DOX (Figure 3.2 B, C). IRIN was significantly
faster to release than DOX but remained relatively stable with 35 = 3.8% IRIN released (Figure
3.2 D). GEM proved to be stably encapsulated despite primarily relying on passive loading
strategies, with 9.7 £ 3.7% GEM released and 13.1 &+ 6.7% DOX released at the end of 24 hours.

(Figure 3.2 E).
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Figure 3.2: Release profiles of all liposomal encapsulations. All release samples were analyzed
for drug concentration by HPLC (n=3, error bars represent standard deviation). (A) DOX-L (B)

5FURW/DOX-L (C) 5SFURW/DOX-Lg-3 5 (D) IRIN/DOX-L (E) GEM/DOX-L

Upon intravenous injections in mice, all formulations exhibited prolonged circulation in
blood plasma for up to 24 hours (Figure 3.3 A-E). The pharmacokinetic parameters of each
formulation were calculated using the non-compartmental model. Calculations based on the DOX
concentration showed that the half-life (ti2) of the formulations were similar, with values in a
range from 12 to 21 hours, with an average of 17.5 + 3.4 hours (Table 3.4). In the case of both
equimolar and high ratio (R=2.5) formulations of SFURW/DOX-L, the ratio of drugs stayed within
80% of their original value with ti2> 10 hours for both drugs. The ratio of IRIN/DOX-L dropped
to 6% of'its original value over 24 hours likely due to faster release of IRIN from liposomes (Figure

3.3 D). However, the ratio remained above 50% of the original value for 8 hours after
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administration. GEM/DOX-L closely mirrored equimolar SFURW/DOX-L, with over 80% of the

drug molar ratio conserved and a ti2 of 14.9 and 21.0 hours for GEM and DOX, respectively. The

drug ratios in blood plasma remained mostly conserved over 24 hours (Figure 3.3 F). Thus,

liposomes were sufficiently stable circulating in blood plasma to prompt a tumor response.
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Figure 3.3: Pharmacokinetic profiles show that liposomes cause the drug ratios to remain

relatively conserved over the 24-hour period (#=3). 100 ul of 3 mg/kg DOX was injected in each

liposomal formulation, with an accompanying amount of paired drug as dictated by molar drug

ratio. Blood was collected at 5 min by submandibular puncture. At all other timepoints, blood was

collected by cardiac puncture. Drug content was analyzed by HPLC. (A) DOX-L (B)

SFURW/DOX-L (C) SFURW/DOX-Lg—> 5 (D) IRIN/DOX-L (E) GEM/DOX-L (F) Drug ratio of

each drug combination.
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Table 3.4: Pharmacokinetic parameters of co-encapsulated liposomes.

DOX- SFURW-DOX- SFURW-DOX- IRIN-DOX- GEM-DOX-

L Lr=1 LRr=25 Lr=1 Lr=1

Pharmacokinetic
DOX SFURW DOX 5FURW DOX IRIN DOX GEM DOX
parameter?

Ciax (mmol/L) 0.14 0.123  0.132  0.25 0.13 0.14 0.12 0.14 0.12

AUCo>t
2.34 1.93 2.18 3.60 1.84 1.07 2.05 251 219
(mmol/L*hr)
t12 (hr) 16.6 14.5 16.5 11.6 12.8 4.65 208 149 21.0
Vi (ml) 0.62 0.69 0.62 0.75 0.60 0.60 0.76 0.67 0.84

CL (ml/hr) 0.026  0.033 0.026 0.045 0.032 0.089 0.026 0.031 0.028

? Cmax, plasma concentration maximum; AUC, area under the curve representing total drug

exposure from t=0 hr to t=24 hr; t12, half life; V4, volume of distribution; CL, total body clearance.

3.3.3 Cellular inhibition assays demonstrate efficacy and drug sensitivity differences

The drug pairs were evaluated for cytotoxicity using a two-dimensional culture of the murine
breast cancer cell line 4T1. The dose-response data of all free drugs, drug combinations, and
liposomal formulations were fitted to the Hill equation. Combination indices (CI) were calculated
using the Chou-Talalay method [178]. All calculated CIs were close to or greater than one,

indicating primarily additive interactions and an absence of synergy (Table 3.5). Neither
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SFURW/DOX combination was significantly different from DOX (Figure 3.4 A). In some cases,
ICso values of drugs were orders of magnitude different; doxorubicin and irinotecan had ICso
concentrations of 0.036 uM and 14.04 uM respectively (Figure 3.4 B). Combining DOX and IRIN
in a 1:1 ratio resulted in an ICso close to that of DOX and yielded the most antagonistic CI of 1.70,
which suggests IRIN did not show much additive improvement in the combination. The only free
single drug with lower ICso than DOX was GEM. A 1:1 molar ratio of GEM and DOX similarly
did not result in a significantly lower ICso, and thus the combination reported an additive CI.

(Figure 3.4 C).
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Figure 3.4: Cellular inhibition was compared between free drugs, free drug combinations, and co-
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Figure 3.4 (Continued): encapsulated liposomal formulations. (A)-(C) represent the dose-
response Hill equation fitted to cellular viability data after free drug treatment (n=12). (D)
represents the dose-response Hill equation fitted to cellular viability data after treatment with
liposomal formulations (#=6). (A) DOX, SFURW, and SFURW/DOX in R=1 and R=2.5 molar
ratios (B) DOX, IRIN, and R=1 molar ratio of IRIN/DOX (C) DOX, GEM, and R=1 molar ratio
of GEM/DOX (D) Dose-response fits of liposomal formulations with equimolar ratios unless

specified otherwise.

Interestingly, while GEM and IRIN have widely different ICso values, they have the
steepest slope in their dose-response curves. This can be quantified by the Hill coefficient (HC),
an exponential variable in the dose-response Hill equation that indicates the degree of steepness in
the sigmoidal model. ICso and HC are fundamentally independent of the other. For example, GEM
has both a low ICsp and a high HC (12 £ 0.3 nM and 1.83 + 0.09), whereas IRIN initially has a
high ICso but a high HC as well (14 £ 0.65 uM and 1.9 + 0.15). Table 3.5 gives a summary of the

ICs0, CI, and HC of each drug both when given alone and in combination with DOX.

Table 3.5: Combination indices, ICso values, and Hill coefficients of free drugs and free drug

combinations.
Drug/ Hill coefficient,
CI ICso (uM)
Drug combination HC
DOX - 0.036 £ 0.003 0.75 £ 0.04
SFURW - 0.084 + 0.009 0.82 +0.06
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Table 3.5 (Continued)

IRIN - 14.0 +£0.65 1.90 £ 0.15

GEM - 0.012 £ 0.0003 1.83 +£0.09
SFURW/DOX 1.22+0.11 0.031 £0.002 0.86 £0.05
SFURW/DOXR-25 1.18+0.12 0.021 £0.001 1.0 £0.08
IRIN/DOX 1.70 £0.16 0.061 £ 0.004 0.99 £0.05
GEM/DOX 1.03 +£0.04 0.01 +0.0003 1.68 +£0.07

The trend in HC from free drug experiments carried through to the cellular viability data
of liposomal formulations as well (Figure 3.4 D). IRIN/DOX-L and GEM/DOX-L again reported
the two highest HCs, 1.2+ 0.1 and 1.9 + 0.2 respectively, in their dose-response model fits (Table
3.6). However, in comparison to free drugs, all liposomal formulations demonstrated an increase
in ICso. The release kinetics of the liposomes are likely to play a role in their toxicity. As shown
previously, DOX is very stably encapsulated in liposomes. The ICso of DOX-L demonstrated a
166-fold increase when compared to that of free DOX. Liposomal combinations with DOX

exhibited an increase in 1Cso as well, although none were as pronounced as the difference between

DOX-L and free DOX due to the tendency of co-loaded drugs to release faster.

Table 3.6: 1Cso values and Hill coefficients of liposomal formulations.

ICso (uM)

HC
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Table 3.6 (Continued)

DOX-L 6.65+0.93 0.67 £ 0.06
SFURW/DOX-L 0.221 +£0.02 0.67 £ 0.04
SFURW/DOX-Lr=2s 0.063 +=0.01 0.62 +0.03
IRIN/DOX-L 2.54+0.24 1.2+0.1
GEM/DOX-L 0.25+0.01 1.9+0.2

Free drug combinations were additionally screened on human breast cancer cell lines,
MDA-MB-231 and MCF-7, to evaluate the translation potential of the drug pairs (Figure 3.5).
While the range of ICso and HC were similar across all drug combinations administered on MDA -
MB-231 cells, IRIN/DOX showed the highest HC (Table 3.7) when administered on MCF-7 cells.
The GEM/DOX combination was strongly synergistic on MDA-MB-231 (CI of 0.45) and
approached additive behavior on MCF-7 (CI of 0.79). However, it should be noted that GEM was
ineffective on MCF-7 cells under the given the cell seeding density and assay conditions, thus

resulting in additive behavior in combination with DOX. Other drug combinations demonstrated

antagonism on the MCF-7 cell line.
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Figure 3.5: Cellular inhibition of free drug combinations in two additional human breast cancer
cell lines. (A)-(C) represent the dose-response Hill equation fits (n=6) for the free drug
treatments in the triple negative MDA-MB-231 cell line. (D)-(E) represent the dose-response

Hill equation fits (n=6) for the estrogen receptor positive MCF-7 cell line.

Table 3.7: Free drug and drug combinations on human breast cancer cell lines MDA-MB-231

and MCF-7
MDA-MB-231 MCF-7
Drug/
Cl ICso (nM) HC Cl ICso (nM) HC
Drug combination
DOX - 0.54+0.04 0.82+0.04 - 0.38+0.02 1.23+0.08
SFURW - 299+037 0.34+0.02 - 21.1+£398 0.29+0.02
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Table 3.7 (Continued)

IRIN - 40.00+2.51 1.50+0.14 - 49.7+4.72 0.95+0.09

GEM - 1298 £2.46 0.31+0.02 - 159+332  0.09+0.03
SFURW/DOX 0.68 0.31+0.04 0.51+0.03 1.40 053+0.04 1.28+0.11
SFURW/DOXR-25 0.65 0.24+0.03 047+0.03 1.25 0.46+0.06 0.96+0.10
IRIN/DOX 1.00 0.53+£0.05 0.64+0.04 1.97 0.75+0.09 151+0.24
GEM/DOX 0.45 0.23+0.03 0.62+0.04 0.79 0.30+0.03 0.69+0.04

The efficacy of liposomal drug combinations was tested in vivo using an orthotopic 4T1
tumor model, an aggressive model that tends to metastasize to the lungs and hence makes it
representative of human breast cancer [185]. Mice were given a single dose of liposomes with
DOX content eight-fold lower than the maximum tolerated dose of Doxil [186] and tumor growth
was followed for 10 days (Figure 3.6 A). The DOX dose was 3 mg/kg in all cases and the dose of
the paired drug was fixed by the combination molar ratio. DOX-L was only moderately effective
in tumor reduction whereas GEM/DOX-L was most effective. GEM/DOX-L demonstrated a 71%
tumor growth inhibition compared to controls and a 56% reduction compared to DOX-L.
IRIN/DOX-L also demonstrated 64% tumor growth inhibition compared to the control group and
45% compared to DOX-L. No weight loss was observed for any treatment group (Figure 3.6 B).
At the end of the study, tumor mass was recorded and agreed with tumor volume measurements
(Figure 3.6 C). No correlation (R>=0.16) was found between tumor mass and in vitro ICs (Figure

3.6 D) or combination index (R?=5.5x10) (Figure 3.6 E). However, a strong correlation (R? =
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0.92) was found between the HC of in vitro liposomal formulations and tumor mass (Figure 3.6

F).
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Figure 3.6: A study of in vivo performance of the liposomal formulations was initiated with 4T1
murine breast cancer cells subcutaneously injected above the 4™ abdominal mammary fat pad. (A)
An untreated control group was compared to groups treated with liposomal formulations
containing DOX, SFURW/DOX at molar ratios R=1 and R=2.5, IRIN/DOX at R=I1, and
GEM/DOX at R=1. (B) Mice weight was used to reflect the general well-being of the animals. No
mouse lost more than 15% body weight in the duration of this study. (C) Tumors excised and
weighed at the end of 10 days after administration of the liposomal formulations were found to be

significantly different. (D) Tumor mass did not correlate with ICso (R*=0.16). (E) No correlation
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Figure 3.6 (Continued): between CI and tumor mass was found (R?>= 5.5x10°). (F) A strong
negative correlation between the fitted HC of in vitro liposomal formulation dose-response and

tumor mass was identified (R?>=0.92).

While the lack of synergy (Table 3.5) prevented a direct comparison between the effect of
high HC and synergistic interactions on tumor response, a drug combination with high HC was
sufficient to control the growth of the highly aggressive 4T1 model. Unrelated to synergy, the Hill
coefficient is traditionally known as an indicator of interactivity among binding ligands to sites on
a receptor [187]. A Hill coefficient of one represents independent binding of a ligand to one
specific site on the receptor, whereas values greater than one indicate cooperative binding, in which
the binding of one ligand encourages the binding of other ligands to the receptor [188]. In the case
of combination chemotherapy, this may correspond to inhibition of protein pumps or other ligands
that participate in the development of chemotherapy resistance [189]. ICso itself fundamentally
changes with cell division rates, cell seeding density, and drug incubation time, making it an
extrinsic variable [190]. Thus, accounting for more parameters such as the Hill coefficient would

allow for better informed decisions when translating from in vitro cell culture to an animal model.

3.3.4 Tumor immune infiltrate profiling after liposomal treatment

The impact of the liposomal formulations on the immune tumor environment was evaluated in an
immunocompetent tumor model. The immunogenic effects of doxorubicin have been well-
reported in the 4T1 model [112,191]. DOX and other anthracyclines have been shown to elicit
immunogenic cell death [192], but their effects when in combination with other chemotherapeutic
drugs have not been well studied. Characteristic markers (Figure 3.7) of classically activated
(CD80'F4/80°CD11b") M1 macrophages (Figure 3.8 A), alternatively activated

(CD206'F4/80°CD11b") M2 macrophages (Figure 3.8 B), helper T cells (CD4'CD3") (Figure 3.8
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C), and cytotoxic (CD8'CD3") T cells (Figure 3.8 D) were examined for proliferation upon
administration of single-dose liposomal formulations. No significant difference in the adaptive
immune response between the control and treated groups was found, which may have been due to
insufficient dosing [71,191,193]. Additionally, levels of dendritic cells (CDIlc"F4/80°CD11b")
(Figure 3.7 E) and neutrophils (Gr-1"F4/80°CDIIb") (Figure 3.7 F) in the treatment groups seemed

to be relatively unchanged from those of the untreated control group.
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Figure 3.7: Immune phenotyping schematic of characteristic cell markers and gating strategy used

to identify immune system cells.
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Figure 3.8: Tumor-associated immune cell phenotyping occurred 10 days after the administration
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Figure 3.8 (Continued): of liposomal formulations. (A) Classically activated CD80" MI
macrophages showed no significant differences across treatment groups. (B) Alternatively
activated CD206" M2 macrophages were significantly reduced in tumors treated with
5FURW/DOX-L, IRIN/DOX-L, and GEM/DOX-L compared to untreated controls. (C) CD4"
helper T cells showed no significant changes across all treatment groups. (D) CD8" cytotoxic T

cells proportions were similar across all treatment groups, signaling no adaptive immune response

to treatment. (E) CDIIc"F4/80°CD11b" dendritic cells (F) Gr-1"F4/80°CDIIb" neutrophils

GEM/DOX-L and IRIN/DOX-L treated tumors, which had the greatest reduction in tumor
volume, also had significantly decreased levels of M2 macrophages. Immunosuppressive tumor-
associated M2 macrophages typically correlate with poor tumor prognosis, while their
immunostimulatory counterpart M1 macrophages are associated with better tumor immune
recognition [194]. GEM/DOX-L and IRIN/DOX-L treated tumors had M2 levels that were 57.8%
and 54.2% of the untreated average. DOX-L treatment alone did not produce significantly different
levels of M1 or M2 macrophages. This suggests the drug pairings had an effect in elevating the
immune response, as single DOX treatment did not seem to influence any tumor infiltrating cell
phenotype. Within the GEM/DOX-L and IRIN/DOX-L groups, the M1/M2 macrophage ratios

exhibited an inverse correlation with tumor mass (Figure 3.9).
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Figure 3.9: M1 (CD80") to M2 (CD206") ratio of all groups. There was an observed inverse
correlation between tumor size and MI1/M2 ratio for IRIN/DOX-L and GEM/DOX-L.
SFURW/DOX-L and DOX-L also displayed a slight inverse correlation. Other treatment groups
displayed no specific pattern. (A) Control (B) DOX-L (C) SFURW/DOX-L (D) SFURW/DOX-
Lr=5(E) IRIN/DOX-L (F) GEM/DOX-L.
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3.3.5 Survival study

Given its in vivo efficacy after a single injection, a long-term survival study was conducted with
GEM/DOX co-encapsulated liposomes in the 4T1 model. The GEM/DOX-L group was treated
with 3 mg/kg DOX and 1.55 mg/kg GEM. Corresponding controls were DOX liposomes (DOX-
L) alone at 6 mg/kg and GEM liposomes (GEM-L) alone at 3.1 mg/kg. Higher doses of DOX-L
and GEM-L were chosen as controls to assess whether the combination was truly beneficial over
individual drugs. DOX-L serves to represent the clinical formulation of pegylated liposomal
doxorubicin, better known as Doxil. The cumulative dose delivered by GEM/DOX-L was 12
mg/kg DOX and 6.2 mg/kg GEM, which is well below reported dosages of Doxil (25 mg/kg) [186]
and liposomal GEM (8 mg/kg) [195]. GEM/DOX-L demonstrated remarkable tumor volume
control (Figure 3.10 A), and GEM/DOX-L treated mice significantly outlived their DOX-treated
and GEM-treated counterparts (Figure 3.10 B). The median survival doubled when comparing
DOX-L to GEM/DOX-L from 44 days to 88 days (Table 3.8). This is exceptional tumor control
especially in the fast-growing 4T1 tumor model. Additionally, GEM/DOX-L represented a 238%
increase in the lifespan compared to the untreated control group, whereas DOX-L and GEM-L
represented a 69% and 23% increase in lifespan, respectively. Five out of the original seven mice
treated with GEM/DOX-L became long-term survivors (60 days) with cured primary tumors. Of
these five mice, two eventually succumbed not to primary tumor growth but to lung metastases, as
evidenced by visible nodule formations on the lungs analyzed post-mortem. The remaining three
mice in the GEM/DOX-L group continued to survive until the study concluded at 100 days. In
comparison, half of the GEM-L group did not survive during dosing (Figure 3.11) due to weight

loss and there were no long-term survivors past 60 days. The mice in the DOX-L group were
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euthanized due to weight loss or tumor volume endpoints before 60 days, with one long term

survivor past the 60-day benchmark.
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Figure 3.10: Survival study of mice treated with GEM/DOX-L, GEM-L, and DOX-L.
GEM/DOX-L was dosed at 3 mg/kg DOX and 1.55 mg/kg GEM (n=7). DOX-L was dosed at 6
mg/kg DOX (n=7) and GEM-L was dosed at 3.1 mg/kg GEM (n=8). Intravenous injections were
administered every third day with a total of four injections (indicated by black arrows). (A) Tumor
volumes showed controlled tumor growth with no significance between treatment groups; however,
control tumors (n=7) reached 1000 mm? by Day 26. The volume measurements of treatment groups
represent mice surviving past 30 days (DOX: n=6, GEM: n=3, and GEM/DOX: n=6). (B) Kaplan-

Meier survival graph shows significant differences in survival profiles.
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Table 3.8: Median survival of mice treated with DOX-L, GEM-L and GEM/DOX-L

Treatment Group MST? (days) %ILSP %LTS*
Control 26 N/A 0
DOX-L 44 69 17
GEM-L 32 23 0

GEM/DOX-L 88 238 71

# Median survival time
® Percent increase in life span compared to control group

¢ Percent long-term survival, the percentage of survivors in the group at the end of 60 days
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Figure 3.11: (A) There was no weight loss above 15% in the body weight of surviving mice in the
DOX-L, GEM/DOX-L, and control group. (B) GEM-L proved to be toxic during treatment (four
injections, given every third day), with five out of eight mice in the treatment group losing more

than 15% body weight before the last injection was given. Each curve indicates one mouse.
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3.4 Conclusion

The drug combinations were evaluated in vitro in terms of ICso, Hill coefficient, and
synergy before immune effects were studied in vivo. We paired doxorubicin with passively loaded
gemcitabine, and actively loaded prodrug forms of 5-flourouracil [14]. While GEM and SFURW
are both immunogenic drugs [112], we also co-loaded irinotecan, which does not have well-
characterized immune effects in vivo. However, IRIN was notable because it had a much higher

ICso than the other drugs, but also had a Hill coefficient greater than one.

Our findings indicate that the Hill coefficient of the dose-response Hill equation can predict
efficacy in vivo and should be evaluated along with ICso and synergy for the design of drug
combinations. Using these in vitro parameters, we designed and optimized a co-encapsulated
chemotherapeutic treatment that considers both the cytotoxicity and the immunogenicity of the
drugs. While the decrease of M2 macrophages and increase of the M1/M2 ratio enhanced the final
GEM/DOX liposomal formulation, there was no synergistic interaction between the drugs. Tumor
response correlated with increasing Hill coefficient, and not with decreasing ICso. Finally, a two-
fold greater median survival rate was found in mice treated with GEM/DOX-L compared to a total
drug equivalent dosage of DOX-L, as well as disappearance of the primary tumor in five out of
seven of the GEM/DOX-L treated mice. In summary, this work introduces several in vitro and in
vivo factors and assesses their importance in improving survival to provide a balanced approach

that is necessary for the translation of chemotherapeutic nanocarriers.

63



Chapter 4: Immune-Stimulating Drug Carriers



4.1 The use of immune adjuvants in breast cancer treatment

Effective treatment of breast cancer remains a clinical challenge. This is further compounded by
the heterogeneity of breast cancer, which can be generalized by the presence of three receptors:
estrogen receptor (ER)-positive, progesterone receptor (PR)-positive, and human epidermal
growth factor receptor 2 (HER2)-positive. The lack of all three characteristic receptors defines the
triple negative subtype of breast cancer, both the most aggressive and immunosuppressive form of
breast cancer [196]. The current standard of care for breast cancer includes aggressive
chemotherapy regimens, resection, and radiotherapy. However, it is increasingly shown that the
tumor microenvironment immune cell infiltrates play a large role in influencing clinical outcome
and patient prognosis [197,198]. Treatments for breast cancer are rapidly being reconsidered for

use with immunotherapy or immunostimulants.

The use of immune adjuvants to boost recognition of otherwise poorly immunogenic
antigens can potentially improve the immune microenvironment of breast cancer. Clinically
approved immune adjuvants include oil/water emulsions, aluminum salts, and agents that activate
innate immunity by binding to “Toll”-like receptors (TLRs) that recognize pathogen-associated
molecular patterns [199]. One such adjuvant, monophosphoryl lipid A (MPLA), is a detoxified
derivative of lipopolysaccharide (LPS) from Salmonella minnesota R595. MPLA was the first
TLR adjuvant approved for clinical use and is currently licensed for use in Ceravix (human
papilloma virus-16 and -18 vaccine) and Fendrix (Hepatitis B vaccine). MPLA has also been
incorporated in liposomes in the malaria vaccine ASO1E (or ASO1B) and was shown to induce
stronger cytotoxic T cell reactions than formulations that had similar composition but smaller

particle size [200].
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Recent work has shown MPLA to be effective in altering the tumor immune environment
when used in liposomes containing immune stimulating cytokines [163]. Also, MPLA has been
shown to sensitize breast cancer tumors to doxorubicin treatment [201]. However, MPLA’s effect
when combined with different chemotherapeutic combinations has not been extensively explored.
The immune effects of chemotherapy have long been disregarded, as drug cocktails were
administered to the point of patient myelosuppression [202]. Also, human-derived tumor cell lines
are typically implanted in immunodeficient mouse models to ensure tumor growth, resulting in the
development of most chemotherapy combinations without consideration of immune effects.
However, in the past decade more research has investigated the immune interactions of low-dose
chemotherapy with immunotherapy, and identified immunogenic chemotherapy combinations that

can enhance immunotherapy response [20,25,70,71].

In the following section, we discuss the addition of MPLA into our previously developed
GEM/DOX liposomes. As shown in Figure 3.8, little immune response was observed after
administration of GEM/DOX-L or any of the control formulations. By incorporating MPLA into
the lipid bilayer, we hypothesized that the potent TLR4 adjuvant would stimulate dendritic cell
activation and further limit tumor growth. We also further evaluated our formulations in a tumor
rechallenge study to identify any long-term tumor response. Figure 4.1 summarizes our experiment

design and provides a brief overview of our in vivo results.
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GEM/DOX/MPLA Liposomes

GEM/DOX Liposomes
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Figure 4.1: Liposomes containing a molar ratio of 1:1 doxorubicin and gemcitabine are

encapsulated with monophosphoryl lipid A in

intravenously in BALB/c mice for treatment of 4T1 murine breast cancer. Liposomes containing

both chemotherapy and MPLA hypothesized to increase dendritic cell activation and stimulate an

adaptive CD8" T cell response.
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4.2 Materials and methods

4.2.1 Liposome fabrication and cell culture materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol (PEG))-2000] (DSPE-mPEG2000) were
purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol was purchased from Millipore
Sigma (Burlington, MA). Monophosphoryl lipid A from Salmonella enterica serotype minnesota
Re 595 was purchased from Millipore Sigma (Burlington, MA). Doxorubicin was purchased from
LC labs (Woburn, MA) and gemcitabine was purchased from Oxchem Corporation (Wood Dale,

IL).

4T1 murine breast cancer cells (ATCC CRL-2539) and JAWSII immature murine dendritic
cells (ATCC CRL-11904) were purchased from ATCC (Manassas, VA). 4T1 cells were grown in
RPMI-1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
JAWSII dendritic cells were grown in alpha-MEM supplemented with 20% fetal bovine serum, 1%
penicillin/streptomycin, 4 mM L-glutamine, and 5 ng/ml granulocyte-macrophage colony-
stimulating factor (GM-CSF). Cellular inhibition assays used 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to quantify cell viability. All materials were purchased from
ThermoFisher Scientific (Waltham, MA). Cell culture flasks and tissue culture-treated well plates

were purchased from Corning (Corning, NY).

4.2.2 Tumor model and flow cytometric analysis materials

All animals used were female BALB/c mice (age 50-56 days) purchased from Charles River
Laboratories (Wilmington, MA). Heparin-coated plasma preparation tubes, Gibco™ Type 1

Collagenase, ACK Lysing Buffer, Invitrogen™ UltraComp eBeads™ Compensation Beads, and
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SYTOX™ Blue Dead Cell Stain were also purchased from ThermoFisher Scientific (Waltham,
MA). DNAse I was purchased from Roche (Indianapolis, IN). Cell staining buffer was purchased
from Biolegend (San Deigo, CA). Round-bottom 96 well plates were purchased from Corning
(Corning, NY). Antibodies (Table 4.1) were purchased from ThermoFisher Scientific (Waltham,

MA), Abcam (Cambridge, MA), and Biolegend (San Diego, CA).

Table 4.1: Antibodies used in flow cytometry experiments

Antibody Clone Host Fluorophore Supplier
CD45 30-F11 Rat FITC
CDl11b M1/70 Rat APC
CDllc N418 Armenian hamster PE
CD3e 145-2C11 Armenian hamster PerCP-Cy5.5
CD4 GK1.5 Rat PE-Cyanine?7 Thermo
CD8a 53-6.7 Rat PE Fisher
F4/80 BMS Rat PerCP-Cyanine5.5
CD206 MMR Rat PE-Cyanine?7
CD&80 B7-1 Armenian hamster PE
Ly-6G RB6-8C5 Rat PE-Cyanine7
Calreticulin EPR3924 Rabbit Alexa Fluor 647 Abcam
MHC 11 M5/114.15.2 Rat PE-Cy7 Biolegend
MHC I SFI1-1.1 Mouse BV421
CD86 GL-1 Rat APC-Cyanine7

4.2.3 GEM/DOX liposome fabrication

Liposomes (40 umol, 56.4% DSPC, 5.3% DSPE-mPEG2000, 38.3% cholesterol) were made by
the conventional thin-film hydration methods. When making MPLA liposomes, 0.5 mg of MPLA
was incorporated as well. The lipids were dissolved in chloroform and added to a dry round-bottom
flask. The lipids were dried under reduced pressure and heating to produce a thin lipid film. The
lipids were then resuspended using 75 mg/ml GEM in 1.1 ml of ammonium sulfate buffer (250
mM, pH 5.5) and hydrated at 70°C for 30 minutes, followed by extrusion through a 50 nm

polycarbonate membrane to create liposomes of similar size. Then, a pH gradient was created

70



through the removal of extra-liposomal ammonium sulfate salts and unencapsulated GEM by PD-
10 size exclusion columns from GE Healthcare (Chicago, IL). The pH gradient served to actively
load DOX (20 mg/ml, 50 ul) at 65°C for 30 minutes. During this step, 100 pl of 95 mg/ml GEM
was also added to reduce GEM loss from diffusion. Then, unencapsulated drugs were removed

once more by size exclusion chromatography.

4.2.4 Liposome characterization

Samples were diluted tenfold in 9:1 methanol:water with 0.05% trifluoroacetic acid. After a brief
sonication, MPLA was detected by reverse phase HPLC. A Zorbax 300Extend C18 3.5 um column
(150 mm x 4.6 mm) purchased from Agilent (Santa Clara, CA) was equilibrated with 0.5 ml/min
40% mobile phase A (1 mM ammonium acetate) and 60% mobile phase B (2-propanol, LC-MS
grade). 10 pl of sample was injected using this solvent composition. The solvent gradient gradually
changed to become 100% mobile phase B at 15 minutes. Then it was changed back to 60% mobile
phase B and 40% mobile phase A at 20 minutes and was maintained until the end of the run at 25
minutes. MPLA eluted at approximately 16 minutes and was detected by UV absorption at 240

nm. Liposomal drug content was analyzed using the same HPLC method described in section 3.2.

Liposomal release was measured using Amicon Ultra mini dialysis filters purchased from
Millipore Sigma (Burlington, MA). A tenfold dilution (100 pl) of the liposomes was placed into
the mini dialysis filter (n = 5), which was installed over a reservoir of PBS. Samples were kept
under constant shaking at 37°C. At each timepoint, the PBS reservoirs were replaced to maintain
sink conditions. Released drug was quantified using the drug detection HPLC method described

previously.

4.2.5 In vitro cellular assays
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Cells for antibody staining and flow cytometry studies were plated in 6-well plates in 3 ml of media
and allowed to adhere overnight. In single-cell experiments, 9x10° of either JAWSII dendritic cells
or 4T1 murine breast cancer cells were plated in 6-well plates. In co-culture experiments, 9x10°
cells consisting of a 1:1 ratio of JAWSII dendritic cells and 4T1 murine breast cancer cells were
plated. Treatment was administered approximately 24 hours after plating. Cells were harvested
using 0.5 ml of trypsin and resuspended to establish 10° cells in 100 pl of cell staining buffer. Cells
were washed once and incubated at room temperature with 1% CD16/32 in 100 pl of cell staining
buffer. After another wash, cells were incubated for 30 minutes on ice with fluorescently labelled
antibodies to distinguish tumor antigens or characteristic markers of immune cell subtypes.

Antibody-stained cells were then washed twice before analysis with a BD LSRII flow cytometer.
4.2.6 Tumor model development and treatment

Tumors were developed by injection of 10 4T1 cells in PBS above the 4" mammary fat pad in
female BALB/c mice. Tumors were monitored every other day through caliper size measurements.
When tumors were approximately 50 mm?®, which occurred approximately seven days after
injection, tumors were treated with two intravenous injections of liposomal formulations occurring

four days apart. Tumors were harvested for immune profiling 48 hours after the last treatment.

Treatment efficacy was evaluated with the same tumor implantation procedure. Liposomal
formulations were administered when tumors were approximately 15 mm?®. Treatment was
administered on day 5, 9, and 16 after tumor inoculation. Tumor volume and mice weight was
monitored every other day until the control group tumors reached the endpoint criteria of 1000
mm?®, at which point the study was terminated and tumors were extracted for mass measurements.

Mice body weight loss greater than 15% was also a criterion for euthanasia.
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In performing the tumor rechallenge, tumors were established with the same implantation
procedure. When tumors were ~15mm? in size, two injections of liposomal formulations were
administered four days apart. Tumors were observed for ~20 days, at which point 10> 4T1 cells in
PBS were injected in the opposite mammary fat pad. Mice were monitored for tumor growth and

weight loss.
4.2.7 Tumor dissociation and immune profiling

Two days after the second administration of treatment, 4T1 tumors were extracted and weighed.
Each tumor was cut into small pieces and enzymatically digested using Collagenase Type I (5
mg/ml) and DNAse I (50 U/ml) in 5 ml of HBSS buffer at 37°C for 60 minutes. Afterwards, the
cells were passed through 70 pum cell strainers with trituration and then centrifuged and
resuspended in ACK red cell lysis buffer for two minutes at room temperature. The cells were then
resuspended in PBS with 50 U/ml DNAse with volume adjusted to obtain 10° cells/ml. 100 pl of
the cell suspension for each tumor was pelleted and treated with blocking buffer for 30 minutes at
room temperature in a round-bottom 96 cell plate. Blocking buffer was made by supplementing
cell staining buffer (1x PBS, 3% FBS, 30 uM EDTA) with 1% CD16/32. After washing the cells
once with cell staining buffer, the tumors were treated with cell marker staining antibodies.
Leukocytes were identified by CD45, and cells of the myeloid lineage were identified by CD11b.
Macrophages were identified by CD11b"F4/80" and further differentiated by CD80 (M1) and
CD206 (M2). Dendritic cells were identified by CD11b"CD11c". T cells were identified by
CDI11b"CD3" and differentiated by CD8 and CD4. Finally, cells were washed twice more in cell
staining buffer and subsequently analyzed by a BD LSRII flow cytometer manufactured by BD
(Franklin Lakes, NJ) and all data was analyzed with FCS Express 6 software (De Novo Software,

Glendale, CA).
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4.2.8 Statistical analysis

Statistical comparison of groups was done using a one-way ANOVA with Tukey’s multiple
comparison test in GraphPad Prism v5. Statistical significance was defined as *p < 0.05, **p <

0.01, ***p <0.001.

4.3 Results and discussion

4.3.1 Liposome fabrication

Liposomes were fabricated by the conventional thin-film hydration technique and loaded with an
equimolar ratio of GEM and DOX. MPLA was incorporated into the lipid bilayer during creation
of the thin lipid film. Liposomes are hereafter referred to by their encapsulated agents, and denoted
by -L. Drug loading, evaluated by HPLC, showed equimolar loading of GEM and DOX achieved
with active loading of DOX and passive loading of GEM. The liposomal size and zeta potentials
were very similar to that of standard DOX liposomes, representative of clinically used Doxil® [6].
Additionally, MPLA was quantified as 88.5 pg/ml in the final liposomal formulation. This resulted
in a 17.7% encapsulation efficiency and was due to dilution of the liposomes during the drug
loading and separation processes. The size and zeta potential of the formulations remained similar,
showing that incorporation of a small amount of MPLA does not significantly change the liposome

physical properties (Table 4.2).

Table 4.2: GEM/DOX MPLA characterization

Molar Ratio MPLA Size (nm) Zeta PDI
GEM:DOX (ng/ml) potential
(mV)
DOX-L - - 75.5+2.8 -233+1.2 0.05+0.02
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Table 4.2 (Continued)

GEM/DOX- 0.8 - 723423 -25.6 1.5 0.09 £0.01
L
GEM/DOX/ 1.0 88.5 72.0+2.1 -263+14 0.05+0.02
MPLA-L

4.3.2 In vitro cellular activation

MPLA has been shown to increase dendritic cell activation [203,204]. Both blank liposomes and
liposomes with ~5 pg/ml MPLA were administered to JAWSII immature murine dendritic cells.
1 ng/ml of liposaccharides (LPS) was used as a positive control for dendritic cell activation. The
amount of LPS used was lower than the amount of MPLA because LPS is highly stimulating and
a potential cause of decreased cellular viability [205]. In JAWSII cells, addition of MPLA-
containing liposomes (denoted MPLA-L) did not cause a significant difference in MHCII
expression when compared to treatment with an equivalent volume of blank liposomes (denoted
B-L) (Figure 4.2 A). However, there was a significant increase in CD86 expression in groups
treated with MPLA-L compared to blank liposomes (Figure 4.2 B), indicating greater dendritic

cell activation.

In addition to the immunogenic effects of MPLA, DOX has been shown to increase tumor
cell immunogenic cell death through a variety of mechanisms including the exposure of
calreticulin, which stimulates dendritic cell antigen presentation [73]. A 1.8-fold increase in
calreticulin exposure on 4T1 cells was observed after treatment with 10 uM free DOX compared
to untreated controls and increased to approximately 3-fold upon combination treatment of DOX
and liposomes (Figure 4.3). There was no significant difference between the free DOX + blank
liposomes and free DOX + MPLA-L, indicating that the inclusion of MPLA does not influence

calreticulin exposure.
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A co-culture of both JAWSII cells and 4T1 cells was developed to study dendritic cell
activity in the presence of 4T1 cells, which are shown to undergo immunogenic cell death from
exposure to DOX [206]. The 1:1 co-culture was treated with MPLA-L, DOX-L, and DOX/MPLA-
L. As GEM is not reported to stimulate expression of immunogenic cell death markers, GEM-L
and GEM/MPLA-L were not included in this study [25]. The co-culture observed little to no
increase in MHCII expression with treatment by MPLA-L alone, possibly due to
immunosuppressive signaling produced by 4T1 cells, such as the production of TGF- and IL-6
[207]. However, DOX/MPLA-L treatment resulted in a 1.6-fold increase in MHCII expression

(Figure 4.2 C) and a 2-fold increase in CD86 expression (Figure 4.2 D).
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Figure 4.2: In vitro activation of JAWSII cells alone and in co-culture with 4T1 cells. Results (n
= 3) are fold increases in mean fluorescence intensity compared to untreated control JAWSII cells
(A-B) or equivalent blank liposome treatment in the 4T1 and JAWSII co-culture (C-D). (A)
MHCII expression in JAWSII cells. (B) CD86 expression in JAWSII cells. (C) MHCII expression

in 1:1 4T1:JAWSII co-culture. (D) CD86 expression in 1:1 4T1:JAWSII co-culture.
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Figure 4.3: The mean fluorescence intensity fold increase of calreticulin on 4T1 cells in response
to DOX (10 uM) treatment both alone and in combination with blank liposomes and MPLA-L (5
pg) (n = 3). Combination with liposomes significantly increased calreticulin exposure. The fold

increase of calreticulin is in reference to untreated 4T1 cells.

4.3.3 In vitro comparison of liposomal toxicity and release profile

GEM/DOX liposomes containing MPLA (GEM/DOX/MPLA-L) were fabricated and compared
to GEM/DOX liposomes without MPLA (GEM/DOX-L) in terms of in vitro cytotoxicity and
release profile. The drug combination was previously shown to possess no synergistic effects using
the Combination Index on 4T1 cells [26]. As MPLA is primarily an immune adjuvant, there was
no anticipated effect on 4T1 cells in vitro. Liposomal 1Cso and hill coefficient derived from the
dose-response Hill equation fitted to cellular viability of 4T1 cells plated at 500 cells/well (Figure
4.4 A) and 5000 cells/well (Figure 4.4 B) had no significant differences between the two treatments

(Table 4.3). The ICso of GEM/DOX-L and GEM/DOX/MPLA-L increased 6.8-fold and 8.8-fold
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respectively when comparing values from the 500 cell/well and the 5000 cell/well experiments.
However, the Hill coefficient of the drug combinations increased to >1 in the 5000 cell/well
experiment. The Hill coefficient is an indicator of dose-response curve steepness and can indicate
cooperative binding to cell ligands, which may lead to reduction of drug resistance [208]. This
indicates that while there may be a higher drug concentration threshold to surpass in the case of
higher tumor burden, the potency of the drug combination is not lost as high Hill coefficient shows

effective tumor control once that threshold is met.
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Figure 4.4: GEM/DOX-L and GEM/DOX/MPLA-L in vitro toxicity on 4T1 cells. Both treatments
displayed similar dose-response behavior on two different seeding densities. Error bars represent

standard deviation with n = 6. (A) 500 4T1 cells/well. (B) 5000 4T1 cells/well.

Table 4.3: Dose-response parameters of GEM/DOX-L and GEM/DOX/MPLA-L

500 cells ICso (uM) Hill coefficient
GEM/DOX-L 0.11+0.01 0.77 £ 0.06
GEM/DOX/MPLA-L 0.04 £ 0.01 0.69 +0.07
5000 cells ICs0 (uM) Hill coefficient
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Table 4.3 (Continued)
GEM/DOX-L 0.75+£0.05 2.70 £0.32

GEM/DOX/MPLA-L 0.35+0.03 1.82 £0.26

Comparable in vitro toxicity of the liposomal formulations is also an indicator of similar
release profiles. The release profile of the formulations into PBS was studied for 24 hours at 37°C
under constant shaking to determine if incorporation of MPLA caused significant deviations in
drug release. GEM/DOX-L (Figure 4.5 A) demonstrated stable encapsulation of drugs with
approximately 15% of both drugs released at the end of the 24 hr period. GEM/DOX/MPLA-L
(Figure 4.5 B) showed similar stable encapsulation, with 14% of GEM released and 8% of DOX
released. No statistical difference was found between GEM release and DOX release in each

formulation. Therefore, MPLA incorporation in the liposomal bilayer did not have a detrimental

effect on sustained drug release.
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Figure 4.5: Release profile of liposomal formulations over 24 hours at 37°C in PBS. Error bars

represent n = 5. (A) GEM/DOX-L (B) GEM/DOX/MPLA-L

4.3.4 In vivo efficacy and immune profiling
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The liposomal formulations were next evaluated in vivo for immunogenicity and tumor response
in the highly aggressive orthotopic 4T1 model. The 4T1 model is also regarded as immunologically
cold, making it representative of human breast cancers [209]. The liposomal formulations were
injected twice intravenously at a dosage of 3 mg/kg DOX and 1.55 mg/kg GEM before tumors
were extracted 48 hrs after the final injection. At that dosage, the GEM/DOX/MPLA-L group
delivered a total of 5.7 ug MPLA per injection, which is similar to dosages used in intratumoral

injections [163,210].

Dendritic cell activation was studied as the fold change in median fluorescence intensity
of each treatment group in comparison to the untreated control group. Expression of MHC I (Figure
4.6 A) and MHC II (Figure 4.6 B) had no significant expression levels between the treatment
groups. MHCII expression was significantly lower in the treatment groups compared to the
untreated control group. However, the ratio of MHCI to MHCII expression was significantly
elevated in GEM/DOX-L treated mice compared to the control group (Figure 4.6 C). Antigen
presentation by MHC class I molecules has proved essential for recognition by T cell receptors on
CD8" T cells [211]. Dendritic cell co-stimulatory ligand CD86 was significantly upregulated in

the GEM/DOX/MPA-L treatment group (Figure 4.6 D).
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Figure 4.6: Immune profiling of 4T1 tumors shows increased dendritic cell activation. Changes
in expression levels are shown as mean fluorescent intensity fold change in comparison to
untreated control tumors. (A) MHC I expression (B) MHC II expression (C) MHC I/MHC II ratio

(D) CD86 expression.

Immune cell populations in the 4T1 tumor environment were quantified by fluorescent
antibody staining and analysis with flow cytometry. The immune effects of the GEM/DOX
combination have been shown in previous work to increase macrophage M1/M2 ratio without
impacting the adaptive immune response [26]. Similar results were observed in this study. While

GEM/DOX-L exhibited increased amounts of CD80F4/80" M1 macrophages (Figure 4.7 A) and
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both treatment groups exhibited decreased CD206F4/80" M2 macrophages (Figure 4.7 B), there
was ultimately no significant difference between M1/M2 ratio between treatment groups, although
both were significantly higher than the control group (Figure 4.7 C). Negligible differences in
CD11¢"CDI11b" dendritic cells (Figure 4.8 A) and Ly6G'CD11b" (Figure 4.8 B) myeloid-derived

suppressor cells were found between the GEM/DOX-L and GEM/DOX/MPLA-L treatment

groups.
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Figure 4.7: Macrophage and T cell populations within 4T1 tumors as determined by flow
cytometry immune profiling. (A) CD80'F4/80'CD11b" M1  macrophages (B)
CD206F4/80°CD11b" M2 macrophages (C) M1/M2 ratio (D) CD8'CD3"CD11b™ T cells (E)

CD4"CD3"CDI11b™ T cells (F) CD4"/CD8" T cell ratio

Also, the mass of GEM/DOX-L and GEM/DOX/MPLA-L-treated tumors was significantly
less than that of untreated controls, despite only being treated twice with extraction 48 hrs after

the last dosage (Figure 4.9).
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Figure 4.8: Immune profiling of 4T1 tumors reveals negligible differences in GEM/DOX-L and
GEM/DOX/MPLA-L in regards to (A) CD11¢"CD11b" dendritic cells and (B) Ly6G'CDI11b*
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Figure 4.9: Mass of 4T1 tumors prior to tumor dissociation for immune profiling.
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To measure tumor efficacy, treatment was administered when tumors were approximately
~15 mm? in size. Treatment comprised three injections on days 5, 9, and 16 of GEM/DOX-L and
GEM/DOX/MPLA-L, both containing 3 mg/kg DOX and 1.55 mg/kg GEM. Mice treated with
GEM/DOX/MPLA-L received 5.7 ug MPLA per injection. Tumors were then monitored until the
control tumors reached approximately 1000 mm?®. The liposomal formulations demonstrated
extremely efficient tumor control (Figure 4.10 A). The 4T1 tumor model is known for aggressive
growth and lung metastasis. However, both GEM/DOX-L and GEM/DOX/MPLA-L formulations
managed to control the growth such that it never reached 25 mm? in either group. Also, the given
dosage of DOX and GEM was very much reduced compared to the doses of either drug alone
reported in the preclinical literature [186,195], and on a dosing schedule that allowed for relative
stability in mice weight. However, on day 12, mice treated with GEM/DOX/MPLA-L
demonstrated significantly more weight loss (*p < 0.05) than the purely chemotherapeutic
formulation, which was not significantly different from the control (Figure 4.10 B). One of the
mice treated with GEM/DOX/MPLA-L was eventually removed from the study due to weight loss
greater than 15% of its starting body weight. However, all remaining mice recovered and did not
have significantly different weights from the control group by the end of the study. When tumors
were extracted at the end of the study on day 27, GEM/DOX/MPLA-L showed no tumor mass in
six out of eight mice, whereas GEM/DOX-L led to no detectable tumor mass in only one mouse
out of nine. The extracted tumors were weighed, and while both treatment groups had a
significantly smaller average mass than the controls, no significance could be measured between

the treatment groups (Figure 4.10 C).
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Figure 4.10: Treatment efficacy of GEM/DOX/MPLA-L and GEM/DOX-L in an orthotopic 4T1
tumor model. Three injections of 100 pl of 0.54 mg/ml DOX and 0.28 mg/ml GEM were injected,
which translates to 3 mg/kg DOX and 1.55 mg/ml GEM. Mice treated with GEM/DOX/MPLA-L
received 5.7 ug MPLA per injection. (A) Tumor volume measurements, with control (n = 8),
GEM/DOX-L (n=8),and GEM/DOX/MPLA-L (n=5). Difference in n arises from fully regressed
tumors, which were removed from the tumor volume measurements. Significance is displayed for
the final tumor size of both treatment groups in comparison to the control group. (B) Mice weight
measurements for GEM/DOX-L, GEM/DOX/MPLA-L, and control group. Reported significance
is for the GEM/DOX/MPLA-L group relative to the control group. (C) Tumor mass after
extraction on day 27 of study, with control (n = 6, due to prior euthanasia of two mice),

GEM/DOX-L (n = 8), and GEM/DOX/MPLA-L (n = 2) due to absence of tumors.

To further investigate and evaluate the relevance of MPLA addition into GEM/DOX
liposomes, we proceeded with a tumor rechallenge in the opposite mammary fat pad using the 4T1
model in BALB/c mice. As before, treatment occurred when tumors were ~15 mm? in size.
However, one notable difference in this study was that two injections of treatment were given to
remain consistent with tumor immune profiling conditions. To reduce toxicity, MPLA content was

also slightly lower at 4.3 ug per injection. GEM/DOX-L and GEM/DOX/MPLA-L again both
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showed very similar tumor volume control (Figure 4.11 A). Upon re-challenge, tumor growth in
both groups was similar (Figure 4.11 B), and there was no weight loss in the MPLA-treated group
due to less aggressive dosing (Figure 4.11 C). The immunogenic cell death of 4T1 cells and

enhanced dendritic cell infiltration do not appear to yield long-term immune memory under the

current conditions.
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Figure 4.11: GEM/DOX-L and GEM/DOX/MPLA-L were again compared in terms of efficacy
in a tumor rechallenge study. Two injections of 100 pl of 0.54 mg/ml DOX and 0.28 mg/ml GEM
were injected, which translates to 3 mg/kg DOX and 1.55 mg/ml GEM. Mice treated with
GEM/DOX/MPLA-L received 4.3 ug MPLA per injection. (A) Tumor volume was recorded after
two injections of DOX-L and free GEM, GEM/DOX-L, and GEM/DOX/MPLA-L with equivalent
doses of 3 mg/kg DOX and 1.55 mg/kg GEM. Significance is reported in terms of comparing
control group to DOX-L and free GEM, as well as DOX-L and free GEM to GEM/DOX-L. (B)
After tumor rechallenge of the GEM/DOX-L and GEM/DOX/MPLA-L treatment groups, little
difference was observed in tumor volume between GEM/DOX-L, GEM/DOX/MPLA-L, and the

previously recorded control group. (C) Mice weight remained consistent throughout the study.

Based on this, the addition of MPLA was unable to create sustained immune responses.

Other treatments involving immunogenic cell death caused by physical cues such as local
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photodynamic therapy on 4T1 tumors [212] and local nanopulse stimulation [213] and have shown
successful reduction of abscopal tumors. Similarly, after vaccination with irradiated CT26 tumor
cells with prior treatment in vivo with a doxorubicin liposome and microbubble complex,
rechallenged tumor growth showed reduced tumor volume compared to vaccination with tumor
cells treated with control formulations [214]. These reported methods demonstrate that treatment-
induced immunogenic cell death can produce long-lasting immune responses. The lack of long-
term immunity in mice treated with GEM/DOX/MPLA-L may be related to the dosing regimen.
However, more aggressive dosing may lead to toxicity due to the systemic administration of
treatment. Future studies should focus on an in-depth evaluation and optimization of MPLA-
mediated immune activation and its interaction with GEM/DOX-L. GEM/DOX-L was also shown
to be more effective in reducing tumor size than DOX-L and an equivalent amount of free GEM,

which highlights the overall efficacy of the co-encapsulated GEM/DOX combination.

4.4 Conclusions

Unique combinations of chemotherapy and immune-modulating agents can influence
nonimmunogenic tumor environments to create potential targets for immunotherapies. We have
shown that the commonly used chemotherapeutic combination of gemcitabine and doxorubicin
can influence tumor infiltrating lymphocytes when combined with a potent TLR4 agonist, MPLA,
in the aggressive 4T1 tumor model. While tumor volume was comparable, GEM/DOX/MPLA-L
regressed tumors in six out of eight mice at the time of tumor extraction. However, the rechallenge
of tumors in both the GEM/DOX-L and GEM/DOX/MPLA-L treatment groups was unable to
suppress growth of newly implanted tumors, indicating the absence of a long-lasting immune

memory. The heightened immune response during treatment, however, can potentially make
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GEM/DOX/MPLA-L an interesting liposomal formulation to pair with immunotherapy in future

studies and presents an interesting translational opportunity.
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Chapter 5: Conclusions and Future Directions



5.1 Broadened parameters for efficient design

While synergy is undoubtably a useful drug combination design parameter, design in the absence
of synergy led to the creation of a highly effective doxorubicin and gemcitabine liposome that
was able to double survival rates in comparison to doxorubicin liposomes. While we only
observed in vitro to in vivo translation, we believe this formulation may have clinical potential if

it is validated in more animal models and in patient-derived xenograft models.

Testing in murine models will continue to be a necessary step in the translation of nanoparticle-

based drug delivery systems. However, nanoparticle translation has been hindered because often
the parameters optimized in an animal model do not convert directly to clinical validation studies
[10,215]. Testing in more realistic models should be considered as the next step in the translation

process.

Patient derived xenografts in humanized mouse models are a significant improvement over
standard murine models of cancer, or immunodeficient xenografts. Patient-derived xenografts
can directly preserve the tumor microenvironment and cell-cell interactions. Most importantly, it
preserves the tumor heterogeneity of actual patient samples [216]. Genetically modified mouse
models (GEMMs) can also offer significant benefits as a preclinical testing method. GEMMs
include the development of de novo tumors without syngeneic or transgenic grafting. They also
provide a range of tumor heterogeneity, and show metastasis patterns similar to human tumors

[217].

These steps towards properly bridging the gap between preclinical models and clinical studies

may lead to the development of better technologies that can make the leap to the clinic.
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5.2 Explore combinations with immunotherapy

Chemotherapy and immunotherapy combinations are generating great clinical interest. A search
on clinicaltrials.gov returns over 400 results for chemotherapy and checkpoint inhibitor
combinations. However, only 13 of those 400 are completed studies, with over 250 studies
currently recruiting, 100 active trials, and 90 currently recruiting. It is evident that chemotherapy

and immunotherapy will be moving forward to become a considerable combination regimen.

As covered in Chapter 2, the immune contributions of chemotherapy are not yet well understood
and vary from model to model [25]. In Chapter 3 we have elucidated the immune effects of three
chemotherapeutic combinations, and an increase in M1/M2 macrophage ratio generally
correlated with decreased tumor mass, and in Chapter 4 we enhanced the immune response by
reformulation of the liposome to include monophosphoryl lipid A. Given that the immune
response has proven to be an impactful tool in the development of checkpoint inhibitors and
other immunotherapy formulations, it is our conclusion that the immune response to
chemotherapeutic formulations be given more consideration in the design of nanoparticle-based
drug delivery systems moving forward. This will require testing of formulations in
immunocompetent models, and the use of patient derived mouse models with humanized

immune systems could greatly contribute to improving the translatability of these formulations.
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