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Abstract

Whole tumor cell vaccines are an emerging immunotherapy strategy whereby tumor cells are
inactivated and modulated ex vivo prior to injection back into a patient to deliver a library of
antigens for the body’s immune system to recognize and target. Currently, irradiation is the most
common method of ex vivo induction of cell death in tumor cell vaccines. However, irradiation
has limitations, especially insufficient tumor immunogenicity. In this study, we explored ionic

liquids (ILs) as alternatives in the preparation of whole tumor cell vaccines.

Here, we aimed to create a tunable library of ILs for whole tumor cell vaccines by determining
the impact of IL anion length, branching, and unsaturation on 4T1 murine mammary cancer
cells. We examined the impact of IL anion structure on cell cytotoxicity, cell death pathways,

immunogenicity of cell death, and autophagy activation.

We determined that IL-induced cytotoxicity increases with anion carbon chain length and with
concentration, and decreases by adding branched methyl, ethyl groups, and double bonds (with
constant carbon chain length) in the anion structure. Among all ILs, apoptosis appeared as the
primary mechanism of cell death, though the stage of apoptotic activity was tunable.
Furthermore, anion branching and unsaturation decreases exposure of calreticulin. ILs were
shown to induce ATP release in a concentration-dependent manner, though autophagy was not

observed to be induced significantly.



This work has provided further characterization of the biological interface of ILs in activating
whole tumor cell vaccines and has demonstrated their tunable ability to induce immunogenic

activity in cancer.
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1. Introduction

1.1 Significance

Solid tumors account for roughly ninety percent of all cancer-related deaths [1]. These tumors
pose significant therapeutic hurdles and are often resistant to conventional treatments, such as
chemotherapy and radiation therapy [2]. Immunotherapy has garnered significant interest for the
treatment of solid tumors by as it aims to engage a patient’s immune system to fight the cancer
from within. This class of therapies, including immune checkpoint inhibitors (ICI), monoclonal
antibodies (mAb), chimeric antigen receptor T cell (CAR-T), and cancer vaccines, has seen
incremental successes in preclinical and clinical studies, though its effectiveness can be hindered
by various immune suppression mechanisms activated by cancer [3]. Across immunotherapy —
and all forms of cancer treatment — there is a critical need for strategies with increased and
optimized immunogenicity. One such approach is through activating immunogenic cell death
(ICD) in tumors, which prompts anti-cancer immune response [4], [5], [6]. However, challenges
remain in activating ICD while minimizing cytotoxicity on non-cancerous tissue, which causes

harmful side effects [4].

This present study explores the application of ionic liquids (IL) in whole tumor vaccine
immunotherapy and seeks to understand how the modulation of these compounds’ chemical
structures may impact the aforementioned factors contributing to the efficacy of solid tumor
treatment. Here, we investigate how the IL anion structures may calibrate their ability to induce
cytotoxicity, ICD, and various cell death pathways in 4T1 cells, an in vitro murine model for
triple negative breast cancer, a form of aggressive solid tumor. Ultimately, we aim to optimize IL

applications in whole tumor cell vaccine immunotherapy.
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1.2 Motivation

Preliminary work within the Mitragotri Lab has suggested the potential utility of ionic liquids
(ILs) to induce ex vivo cell inactivation and death of 4T1 cells for use in whole tumor cell
vaccines. Co-cultures were conducted of 4T1 cells treated with a panel of choline based ILs
along with dendritic cells (DCs). In this study, a panel of ILs containing various lengths of
carbon chains were screened, and it was found that treatment of 4T1 cells with certain ILs
enhanced the phagocytosis of tumor cells by DCs. This effect was most apparent with the IL
choline octanoate (an IL containing eight carbons) and was shown to be dose dependent. Within
this IL screen, choline octanoate also caused upregulation in DC activation markers, namely
CD80, CD86, and CD40. These results suggest that ILs could be a promising method of inducing

immunogenic cell death (ICD) for whole tumor cell vaccine preparation.

This thesis aims to understand the effect of IL structure on cells upon treatment for application in
whole tumor cell vaccine preparation. Here, we investigate the mechanisms by which ILs act to
induce ICD as well as the tunability of their structure for whole tumor cell vaccine applications.
By doing so, this research seeks to contribute to the broader field of therapeutic cancer vaccine

development.

Here, we will look at a two panel of ILs with various anion structure. The first panel includes ILs

with anions of various carbon chain lengths. Since choline octanoate, an IL with an eight-carbon

anion chain, was primarily successful in increasing tumor cell uptake by dendritic cells (DCs),
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we will also look at a second panel including various isomers of eight-carbon anion chains by

modifying structure with branching and unsaturation.

With each panel, we examine cytotoxicity, cell death pathways and immunogenic markers.
Immunogenicity of cell death, especially regulated cell death, often cannot be predicted based on
the pathways that lead up to it. Thus, it is helpful to measure cytokines, chemokines, and other
damage-associated molecular patterns (DAMPs) that are indicative of immunogenicity and
understand if and how modulating IL chemical structure is able to tune immunogenicity [7]. We
measured such chemical signals released by 4T1 cells treated by two panels of ILs. Specifically,
we examined biomarkers that are common to irradiation, since we are exploring whether ILs can

be used as a substitute for irradiation in preclinical whole tumor cell vaccine studies [§]

Panel 1 included four different ILs of increasing anion chain lengths (choline hexanoate, choline
heptanoate, choline octanoate, and choline decanoate). Panel 2 included choline octanoate and
three of its isomers (choline 2,2 dimethylhexanoate, choline 2-ethylhexanoate and choline trans-

2-octenoate).

1.3 Hypothesis

We hypothesized that ILs with longer anion chain lengths will be increasing cytotoxicity, due to
increased lipophilicity. Based on previous literature and because previous work in our lab found
that choline-based ionic liquids increased phagocytic uptake of treated 4T1 cells by DC, we
hypothesized that IL-induced cell death is immunogenic [9]. In particular, immunogenic

apoptosis has been reported to induce phagocytic uptake of tumor cells in by prompted damage-
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associated molecular pattern (DAMP) emission [10]. As such, we hypothesized that

immunogenic apoptosis will be the primary pathway of cell death [11].

Moreover, we hypothesized that because branched molecules and unsaturated molecules are less
lipophilic than straight-chain molecules, these isomers of choline octanoate will be less cytotoxic
and result in less pronounced release and exposure of immunogenic markers, namely ATP and
calreticulin, when treating 4T1 cells. However, despite varying lipophilicity and hypothesized
resulting changing cytotoxic activity, the way in which the branched and unsaturated anions
interact with the cell will be fundamentally similar to the straight-chain choline octanoate, so we
again predicted that apoptosis will be the primary mechanism of cell death. Finally, because
apoptosis can lead to triggered autophagy in some ICD cases, we hypothesized that IL treatment

trigger autophagy [12].

1.4 Specific Aims
In order to test these hypotheses, the following specific aims guided our study:
1. Determine the effect of anion structure on cytotoxicity among choline-based ILs
2. Compare cell death pathways induced by various IL anion structures
1. Evaluate the cell death pathway of a panel of four ILs of varying anion carbon
chain lengths, including choline octanoate, as well as a panel of four choline
octanoate isomers. Employ flow-cytometry-based and colorimetric-based
techniques that assay markers for apoptosis, necroptosis, and necrosis

3. Investigate the effect of IL anion structure on immunogenicity of cell death

13



1. Use flow cytometry and luminescence-based assays to understand immunogenic
marker presence by probing for and calreticulin exposure and ATP release;

investigate role of autophagy in IL-induced cell death

2 Background and Literature Review

2.1 Challenges in immunotherapy for solid tumors

Immunotherapy is a class of therapies by which the immune system is boosted in order to
identify and eliminate cancerous cells [13]. The first documented immunotherapy was reported
in 1891 when American surgeon William Coley used bacterial combinations to elicit an immune
response. The therapy’s mechanism of action was not understood at the time, but it was observed
that the responses to infection were associated with the regression of patients’ tumors [3]. Now,
cancer immunotherapy offers new avenues for treatment of cancer, including immune checkpoint
inhibitors (ICI), monoclonal antibodies (mAb), chimeric antigen receptor T cell (CAR-T), and
cancer vaccines [3]. In the past, the standard of care for cancer treatment has typically been
surgery, chemotherapy, or radiation, with many solid tumor patients requiring a combination
[14]. Chemotherapy bears significant side effects, such as hair loss, sterility, damage to the heart,

liver, and kidneys, and accelerated aging [15], [16].

While various forms of immunotherapy have seen approvals in hematological cancers, success in
immunotherapy for solid tumors is more difficult to come by [3]. Solid tumors have a highly
immunosuppressive tumor microenvironment (TME). The tumor extracellular matrix often has

high numbers of growth factor-synthesizing fibroblasts, and its stromal composition leads to high
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pressure of the interstitial fluid, which makes it difficult for macromolecules to penetrate [17].

Nevertheless, several ICI immunotherapies targeting solid tumors have been approved [18].

2.2 Challenges in immunotherapy against Triple Negative Breast Cancer

Triple negative breast cancer (TNBC), a solid tumor cancer wherein the progesterone receptor,
HER2/neu and estrogen receptor are absent, is one of the most aggressive types of solid tumors
[19]. TNBC, which affects 10-20% of breast cancer patients, is highly heterogeneous [20].
Moreover, the TME inhibits cell apoptosis, which can lead to hypoxia and oxidative stress,
resulting in chemotherapy resistance [21]. Various immunotherapy strategies have been
explored for the treatment of TNBC. ICI treatment, such as anti-PD-1/PD-L1 antibody treatment
, has demonstrated anti-tumor activity in patients, and anti-CTLA-4 therapy, though it is not yet
approved, may have utility in blocking axillary lymph node metastasis and in reducing breast
tumors. ICIs have been explored as monotherapies, combination therapies with each other, and in
combination with gene therapies, radiotherapy, chemotherapy, and other novel therapies [21].
Additionally, unmethylated cytosine-phosphorothioate-guanine (CpG) oligodeoxynucleotides
(CpG), especially category B (CpG-B) have been found to significantly reduce tumor growth as
a monotherapy or in combination with PD-1 blockade [21], [22]. CpG is a toll-like receptor 9
(TLRY) agonist, which activates T and B cells and increases release of interferon (IFN) o and 3

by stimulating dendritic cells [22].

Other forms of immunotherapies are being explored for applications against TNBC. As of Jan

2023, sixteen different cancer vaccines against TNBC were in clinical trials [23]. Vaccines are

generally either peptide-based, cell-based, or nucleic acid-based [23]. They either target tumor-
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associated antigens (TAA), which are markers expressed in normal cells and tumor cells, or
tumor-specific antigens (TSAs), which are only expressed in cancer cells, by activating an
immune response against these tumor markers. Neoantigens are markers expressed on an
individual’s specific TAAs; these make up around a quarter of cancer vaccines in trials for

TNBC.

In 2015, a Phase I clinical trial of a personalized synthetic long peptide vaccine to treat TNBC
began. However, this study was withdrawn in 2022 with no reason provided [24]. In 2020, a
Phase I clinical trial of neoantigen DNA vaccine was run [25]. This vaccine directly
administered recombinant DNA that encodes for multiple patient-specific neoantigens. The study
reported that in the 18 patients in which the treatment was administered, the treatment was
generally well-tolerated, and it was suggested that significant neoantigen-specific responses were
observed. The study also suggests that while clinical response was not formally assessed, patents
treated with the neoantigen vaccine displayed improved progression-free survival compared to
“historical controls” [26]. In 2020, a Phase I clinical trial (NCT02316457) of a personalized

neoantigen mRNA vaccine induced T-cell responses in TNBC patients [27], [28].

2.2.1 Triple Negative Breast Cancer Model

The 4T1 murine breast cancer cell line is a transplantable mammary tumor model which is able
to grow as an adherent culture or in BALB/c mice [29]. It was isolated from a mammary
BALB/c 410.4 tumor [30]. It is a highly invasive and metastatic tumor line, and similarly to
human breast cancer, it can spontaneously grow in secondary tumors in the lymph nodes, lungs,

brain, and other organs. It is often used in preclinical immunotherapy studies, especially those
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aiming to activate CD4+ and CD8+ T cells and including cell-based vaccines. 4T1 cells are

poorly immunogenic, which further resembles human breast tumors [31].

2.3 Advances in whole tumor cell vaccines

Whole tumor cell vaccines for cancer treatment are an emerging immunotherapy strategy
whereby tumor cells are inactivated and modulated ex vivo prior to injection back into the patient
to deliver a library of antigens for the body’s immune system to recognize and target (Figure 1).
This strategy has the potential to mitigate some of the challenges in treating highly
heterogeneous solid tumors, such as TNBC, because tumor specific-antigens do not need to be
identified prior to treatment. Currently, there are no approved whole tumor vaccine therapies,
although there is activity in Phase I and Phase II clinical trials [32]. Often, these whole tumor

cell vaccines are in combination with other drug agents or adjuvants.

Various studies have shown that tumor lysates, in combination with other agents, could activate
immune cells against TNBC. For example, hypochlorous acid-oxidized lysates with CpG
increased activation of DCs [20], [33] In another study, irradiated whole tumor cells and
subsequent exposure to an oncolytic virus-infected cell vaccine also increased DC recruitment

and activation [20].
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Figure 1. General concept of whole tumor cell vaccine immunotherapy. Created with

BioRender.com.

2.4 Immunogenic markers

Immunogenicity of whole tumor cell vaccines is essential for the activation of T cell responses
against tumors [33]. Various biomarkers, such as calreticulin (CRT), adenosine triphosphate
(ATP), high mobility group protein (HMGBI1), can be used to measure immunogenic response to
a substance or therapy [33]. CRT binds to calcium ions in the endoplasmic reticulum (ER) and
translocates to the surface of tumor cells [34]. CRT induces the DC and macrophage
phagocytosis of dying cancer cells, and factors such as HMGB1 and ATP are secreted to induce
antigen processing and DC maturation [32], [33], [35]. These molecules are also recognized by

TLRs on antigen-presenting cells, which activates immune cells, such as DCs [33].

Currently, in whole tumor cell vaccine processes, irradiation is the most common method of ex
vivo induction of cell death in tumor cell vaccines. However, irradiation has limitations,

especially insufficient immunogenicity of tumor cells. Finding alternatives to irradiation is an
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active area of research [36], [37], [38]. Other common methods by which cell death is induced in
whole tumor cell vaccines are hypochlorous acid treatment, which increases immunogenicity via
oxidation, freeze-thaw, which results in cellular fragmentation and necrotic cell death, and
hyperthermia (heat-killing) [34]. Various strategies for inducing ex vivo cell death result in
varying levels of immunogenicity. Here, we seek to investigate a potential alternative to

irradiation for inducing ex vivo cell death in whole tumor cell vaccines.

2.5 Immunogenic cell death in whole tumor cell vaccines

Immunogenic cell death (ICD) is cell death that triggers an immune response against “dead-cell
antigens” [39]. Importantly, these markers of ICD, such as CRT, ATP, and HMGB1 have been

shown to be significantly induced by anti-cancer agents, such as cardiac glycosides, that extend

the survival of breast cancer patients who were treated with non-anthracycline agents [8].

In whole tumor cell vaccine preparation, immunogenic cell death is crucial for providing a
library of neoantigens against which the immune system can be inoculated. Kroemer et al.
defines two main criteria of ICD for cancer vaccine applications. First, cells that undergo ICD
and are administered to a mouse model must protect the animal against future challenges with
the same type of live tumor cells. Secondly, in vivo ICD must recruit both innate and adaptive
immune cells to the location of the tumor and act to suppress its growth [39]. Because ICD is
crucial for efficacy of tumor-reduction in whole tumor cell vaccines, this thesis seeks to
understand and measure the immunogenicity of ex vivo cell inactivation and death induced by

ionic liquids.
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2.6 Cell death pathways

Different ex vivo cell death inducing methods also activate differing cell death pathways [34].
Cell death pathways are often classified as regulated/programmed or un-regulated cell death. In
regulated cell death, the cell dies through internal molecular machinery in response to cues [40],

[41]. In unregulated cell death, the cell is unable to survive due to stress.

2.6.1 Apoptosis

Apoptosis is a form of regulated cell death (RCD) that plays a key role in post-embryonic
development and tissue homeostasis. Cell damage initiates apoptosis via caspase-dependent
pathways that induce DNA fragmentation and the deterioration of proteins in the nucleus [42].
Morphologically, it is characterized by blebbing and contraction of the cell membrane [43]. It
can be induced either intrinsically, via sensing of intracellular damage, or extrinsically, via
binding of extracellular “death ligands™ [44]. Apoptosis typically occurs during organism
development, cell turnover, or via drug compounds [44]. During its process, it degrades proteins
and chromosomal DNA, forms apoptotic bodies, and is uptaken by phagocytes [44]. Inhibition of
apoptosis can be implicated in oncogenesis and a host of other disorders [45]. Previously, it was
believed that apoptosis is non-immunogenic, but this has been determined to be an
oversimplification; its release of various damage associated molecular patterns (DAMPs), such

as CRT and HMGBI, contributes to its immunogenicity [46].

At the early stages of apoptosis, phosphatidylserine (PS) is translocated from the inner plasma

membrane to being exposed on the outer [47]. One method of detecting apoptosis is by treating

with fluorescently labelled Annexin V; PS binds Annexin V, a phospholipid-binding protein that
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is a common indicator for PS exposure. Annexin V is commonly used alongside propidium
iodide (PI), which is an indicator of a damaged cell membrane. The Annexin V/PI assay is
widely used to detect and identify the stage of apoptosis. Necrotic cells, similar to apoptotic
cells, expose PS on their cell membrane. However, unlike apoptotic cells, necrotic cells have a
ruptured cell membrane, so they are seen to be PI positive [47]. Later studies, however, have
shown that cells that are positive for both Annexin V and PI can also exhibit late apoptosis [48].
Thus, when cells stain Annexin V+/PI+, the presence of necrosis compared to late apoptosis can

be probed with necrosis determination assays, such as a lactate dehydrogenase assay.

2.6.2 Necrosis

Necrosis is a form of unregulated cell death induced by injury, and it is often prompted by shock,
such as radiation, heat, hypoxia, or inflammation [42]. During this process, the cell membrane
ruptures, and its contents spill out. One way to identify necrosis is through the detection of
lactate dehydrogenase (LDH). This cytoplasmic enzyme is leaked extracellularly when the cell
membrane breaks during necrosis. To detect LDH, treating a culture with a tetrazolium salt can
react with NADH to form a byproduct that can be observed by measuring colorimetric

absorbance [49].

2.6.3 Necroptosis

Necroptosis is a form of program cell death that imitates elements of both apoptosis and necrosis
[50]. Like necrosis, it induces the release of cytokines and chemokines, and is morphologically
marked by swelling and bursting of the plasma membrane. Similar to apoptosis, necroptosis is

initiated by cellular signaling, such as by toll-like and interferon receptors [50], [51]. Crucially,
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unlike in apoptosis, necroptosis requires Receptor-Interacting Protein Kinase 3 (RIP3), along
with Receptor-Interacting Protein Kinase 1 (RIP1) to form part of the necrosome complex, which
activates a cascade that results in necroptotic processes [52]; RIP3 can transition a cell from
apoptosis to necroptosis [53]. One way in which necroptotic activity can be identified is by
detection of RIP3 expression. This is often assayed in combination with caspase-3 (Casp-3);
since necroptosis is a caspase-independent process, the expression of RIP3 and the absence of
Casp-3 expression can indicate necroptosis [54]. However, since apoptosis is caspase dependent
but often independent of RIP3, RIP3 -/ Casp-3+ can indicate apoptosis. Necroptosis is inhibited
by necrostatin-1 by blocking RIP1 [50], and apoptosis can be inhibited by treatment with the
caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (zVAD -

FMK) [55], both of which can be used as controls for a RIP3/Casp-3 assay [54].

2.7 Autophagy

Autophagy is a mechanism by which cellular components are separated into lysosomes, where
they are either degraded or recycled [42]. During autophagy, intracellular double membranes
called pre-autophagosomes form during membrane expansion [56]. These vesicles engulf their
cargo and then fuse to form a developed compartment called an autophagosome and then deliver
their cargo to the lysosome via membrane fusion, forming an autophagolysosome. Here, the
cargo is degraded, and the degradants are re-exported to the cytoplasm [56]. One way to detect
autophagy is by staining autophagic compartments and quantifying signal via flow cytometry

[57].
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Autophagy can either be pro-death or pro-survival, and its crosstalk with apoptosis is involved
in various functions and pathologies, such as homeostasis or conversely, cancer [44]. In healthy
cells, autophagy and apoptosis both suppress tumors, as the former degrades oncogenic
molecules and the latter prevents tumor cell survival [58]. However, when either autophagy or
apoptosis are defective, this can cause cancer. Defective apoptosis leads to lack of insufficient
death of cancer cells. Among other consequences, impaired autophagy can contribute to cancer
cell resistance and survival in environments where they experience hypoxia or low amounts of
nutrition [58]. Further, in tumor cells with defective apoptosis machinery, autophagy may

activate to induce cell death, so when it is impaired, it could lead to tumor growth [59].

Autophagy can be consequential for immunogenic cell death. When autophagy is inhibited,
dying cells still expose CRT and release HMGBJ1, but their ATP secretion is blocked [60].
Michaud et al. found that inhibiting extracellular ATP-degrading enzymes can restore immune
cell recruitment [60]. Therefore, it was found that autophagy can lead to immunogenic release of
ATP in cell death, specifically in apoptosis. In autophagy-deficient cancer cells, CRT was
exposed in similar amounts to autophagy-competent cancer cells. Moreover, in murine colorectal
carcinoma cells, both autophagy-competent and autophagy-incompetent cells responded to the
chemotherapeutic agent mitoxantrone with apoptosis. However, autophagy-competent cells were
able to induce antitumor immunity while autophagy-deficient cells were unable to could not

prime T cells in vivo [60].

Despite the aforementioned mechanisms by which autophagy can aid in tumor defense,

autophagy has also been observed to be involved in processes that can propagate tumor
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formation. For example, it has been found to be used as a protective mechanism by cancer cells,
and it has also been shown to promote angiogenesis within tumors as well as metastasis [12],
[61]. The interplay between autophagy, ATP, ICD, and tumor growth is complex, and thus it is

important to understand how potential immunotherapy strategies modulate these processes.

In this thesis, we will investigate the cell death pathways induced by ex vivo treatment of
cells by ionic liquid in order to understand the mechanisms by which ionic liquids interact

with cells.

2.8 Ionic Liquids

Ionic liquids (ILs) are bulky, asymmetric salts made up of cations and anions with melting points
below 100°C. They are of growing interest for a variety of applications, including within
biomedicine [62], [63]. ILs have been useful in the solubilization of drugs and in formulating
drugs for transdermal drug delivery [63]. Ali et al. utilized an ionic liquid formulated consisting
of choline and oelic acid to increase solubility of active pharmaceutical ingredients, such as
celecoxib, acyclovir, and methotrexate by more than twenty times the solubility of water [63],

[64].

2.8.1 Ionic Liquids as Therapeutics
In addition to formulation, ILs have shown promise as therapeutic or active pharmaceutical
components. Previous work from the Mitrogotri lab found that an orally delivered choline and

geranic acid-based IL (CAGE) can solubilize fat model-molecules to reduce fat absorption in a
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rat model. CAGE did not appear to be toxic to the rats, nor cause adverse events, and thus could

have applications in obesity treatment [65].

Among other applications, ILs have been of interest in cancer treatment [9]. Previous work has
suggested that [Ls have tumor-specific cytotoxicity [66]. For example, an imidazolium-based IL
showed selective toxicity to bladder cancer cells in a mouse model, not affecting nearby healthy
cells [67]. Moreover, choline and geranic acid based ILs have been observed to induce DC
maturation during tumor ablation in a pancreatic carcinoma model [68] and sensitize tumors to

chemotherapy agents in a hepatocellular carcinoma model [69].

2.8.2 Ionic Liquid Cell Cytotoxicity

Many previous works on IL toxicity have aimed to elucidate their potential danger when utilized
industrially, especially as a potentially environmentally-friendly substitute for organic solvents
[66], [70]. Previously, it has been demonstrated that the cytotoxicity of imidazolium-based ILs
has mostly depended on their cation concentration and carbon chain length [11]. Musiat et al.,
however, further examined anion effect on cytotoxicity and found that more lipophilic anions are
able to interact with hydrophobic membranes and protein domains, thus disrupting cell
physiology [71]. Petkovic et al. screened a panel of cholinium alkanoates with different anion
chain lengths and branching on four fungal isolates and found that toxicity increased with anion
chain length and decreased with branching, correlating with the decrease in lipophilicity of
branched ions compared to unbranched ions [72]. Moreover, Chism et al. reported that saturated
ILs are more bactericidal than unsaturated ILs [73]. However, it has been reported that the same

IL may have different effects on the different cell lines [71].
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2.8.3 IL-induced Cell Death Pathways and Cytotoxic Mechanisms

Various mechanisms of cytotoxicity have been proposed among ILs compounds treating
different cell types. Li et al. suggested that imidazolium-based ILs induced apoptosis in rat
pheochromocytoma cells [11], a rare tumor that begins in the adrenal medulla [74]. Treated cells
demonstrated by caspase-3 activity, excessive reactive oxygen species (ROS) levels, and other

apoptotic markers [11].

Gal et al. examined six ILs each with cation types and cation side-chain structures [70]. The
anion of five of the six ILs studied was chloride, and the other used was bromide. IL-cell
interaction was studied using U937 monocytic cells, a human cell line. Results demonstrated a
large variation of IL-cell interactions. The extent to which ILs bound and disrupted the cell lipid
bilayer varied between ILs, but all ILs studied demonstrated some form of membrane
interactions, despite a wide range of cytotoxic activity, supporting the tunability of IL-cell

interacting mechanisms [70].

Molecular dynamics studies have suggested that ILs are able to insert themselves into cell
membranes, leading to pores or rupture [75], [76]. Moreover, ILs can damage the membrane
structure of HeLa cells by increasing oxidative stress, altering cell morphology and impacting
protein structure [76]. Again, lipophilicity of ILs has been widely correlated with cytotoxicity,
corroborating the role that membrane interactions and disruptions play in their toxic effects [70],

[771, [78].
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3. Materials and Methods

3.1 Ionic Liquids

This study included two separate libraries of ionic liquids. The multi chain-length library (panel
1) included choline propanoate, choline hexanoate, choline heptanoate, choline octanoate, and
choline decanoate. With the exception of choline octanoate, these ILs were synthesized from

previous work within our lab. They were all used for the current study.

The choline octanoate isomer library (panel 2) included choline octanoate, choline 2,2
dimethylhexanoate, choline 2-ethylhexanoate, and choline trans-2-octenoate. These ILs were all

both synthesized and used within this current study.

(0] 0
(A) Methyl-Branched (B) Ethyl-Branched
H
H 0
.
(C) Unsaturated
H (D) Straight-Chained
0 H O\”/\/\/\/
-
0 0

Figure 2. Chemical structures of acids utilized in ionic liquid synthesis. (A) 2,2-
dimethylhexanoic acid, (B) 2-ethylhexanoic acid, (C) trans-2-octenoic acid and (D) octanoic acid

Adapted from PubChem - National Library of Medicine [79], [80], [81], [82].
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|+ +

MH[HCOQ] + HA —> 7N\/\0H[A] + CO, + H0

Figure 3. Depiction of chemical route for obtaining the choline alcoate ionic liquids. From

Petkovic et al. 2010. [72]

3.1.1 Ionic Liquid Synthesis

We synthesized four ionic liquids at a 1:1 anion to cation ratio (Figure 2). Choline octanoate was
synthesized with choline bicarbonate and octanoic acid. Choline 2,2-dimethylhexanoate was
synthesized with choline bicarbonate and 2,2-dimethylhexanoic acid. Choline 2-ethylhexanoate
was synthesized with choline bicarbonate and 2-ethylhexanoic acid. Choline trans-2-octenoate

synthesis was attempted from choline bicarbonate and trans-2-octenoic acid.

The following reagents were used: Choline bicarbonate (Sigma Aldfrich, 80% in water), 2,2
Dimethylhexanoic Acid (LabPro, purity >= 98.0%), 2-Ethylhexanoic Acid (Lab Pro, purity >=
99.0%), trans-2-Octenoic Acid, (Lab Pro, purity >=98.0%), Octanoic Acid (Sigma-Aldrich,

purity >= 99.0%)

We carried out the reactions, dropwise between each pair of components at 40°C overnight. The
solution was then transferred to a rotary evaporator for several hours and finally put in a vacuum
oven at 60°C for 48 h to remove residual water. The IL was collected in a glass vial. Compounds
were synthesized according to the methods outlined by Petkovic et al. [72] The synthesis of

choline trans-2-octenoate included minor modifications. After 48 hours in the vacuum oven, we
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repeated its rotary evaporation and subsequent 48h in a vacuum oven at 60°C for 48 h before

collecting in a glass vial.

3.1.2 Ionic Liquid NMR
We assessed synthesis of each ionic liquid using NMR spectroscopy. The NMR spectra were

collected using a 400-MHz Bruker AVANCE NEO 400 (N400) instrument.

3.24T1 Cells
3.2.1 Media
The complete culture medium is Roswell Park Memorial Institute (RPMI) 1640 with 10% Fetal

Bovine Serum (FBS) and 1% Penicillin-Streptomycin (P/S).

3.2.2 Cell Preparation From Stock Supply
A vial of 4T1 cells frozen at -80 °C is thawed at 37 °C. The contents are then washed in media

and then transferred and seeded in a flask of warm media.

3.2.3 Subculture

4T1 cells are subcultured in T-75 flasks every 2-3 days when cells are around 80% confluent.
First, media is removed from the T-75 flask and cells are washed with 10 mL of DPBS. Then, 2
mL of Trypsin-Ethylenediaminetetraacetic acid (Trypsin-EDTA) solution is added in order to
unadhere cells. Trypsin-treated cells are incubated at 37°C for 5 - 10 minutes. The flask is
examined with an inverted microscope to check that cells are disbursed and no longer adhered.

Then, 8 mL of complete medium is added to quench the trypsin reaction, and cells are
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centrifuged at 150 g for 5 minutes. The cells are counted with a 1:4 dilution in Trypan Blue on a
Bulldog Bio 2-Chip Hemocytometer and an optical microscope. Around 1x10”6 cells are added

to 15 mL of media in a new T-75 flask, and then incubated at 37°C.

3.3 Cytotoxicity Determination
We determined the IC50 concentrations of choline octanoate, choline 2,2 dimethylhexanoate,

choline 2-ethylhexanoate, and choline trans-2-octenoate.

In order to fully characterize this new batch of each IL, we determined the IC50 concentration
with a cell counting kit-8 (CCK-8) assay. Murine 4T1 tumor cells were seeded at 10,000
cells/well and incubated to adhere overnight. Cells were treated to various IL concentrations 0%
- 10% prepared via 1:3 serial dilution. The plate was incubated for 24 h. Upon incubation,
supernatant was removed, and 10% CCK-8 solution was added. The plate was incubated again
for one hour and absorbance was read on a spectrophotometer plate reader at 450 nm. IC50 was

determined using GraphPad Prism analysis.

The IC50 concentrations of choline propanoate, choline hexanoate, choline heptanoate, and

choline decanoate utilized in this study were previously determined in our lab.

3.4 Cell Death Mechanisms Investigation
Cell death mechanism assays were run on both the panel 1 (multi chain-length library) and panel
2 (choline octanoate isomer library). The protocol of each assay, as well as any differences in

how the assay was run on each library, will be subsequently described.
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3.4.1 Annexin V/Propidium lIodide (PI) Staining - Apoptosis Determination

This assay utilized the Invitrogen Molecular Probes FITC Annexin V/Dead Cell Apoptosis Kit
with FITC annexin V and PI, for Flow Cytometry [83]. The assays were run according to the
Invitrogen kit instructions. 4T1 cells were seeded at 100K cells/well in a 48-well plate and
allowed to adhere overnight. ILs of both libraries were prepared at predetermined IC50
concentrations in complete media. Supernatants were removed and IL dilution or media only
were added. After treatment, cells were incubated for 24 h. In order to harvest cells, supernatants
were collected from plates, put into tubes, and centrifuged at 500 g for 5 minutes. Meanwhile,
plates were treated with incubated trypsin at 37°C. After 5-10 minutes, the trypsin reaction was
quenched with media. Cells pelted in centrifuged tubes were resuspended in trypsinized cells
from the plate. Tubes were spun down again and washed with 200 pL of PBS. After harvesting,
cells were stained with Annexin V and propidium iodide (PI) by being resuspended in an
antibody stain. Controls were prepared using a mixture of live/dead cells. These cells were
prepared by harvesting untreated cells, splitting them, and heat killing half of them by incubating
at 60°C for 10 minutes. Then, live and dead cells were mixed and split into three wells, where
they were treated with Annexin V, PI, or blocking buffer only. Cells were read by flow
cytometry immediately after staining. Fluorescence emission was measured at 530 nm (FL1) and

>575nm (FL3).

This assay was conducted separately on the straight-chain library (panel 1) and the choline

octanoate isomer library (panel 2) using identical protocols.
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3.4.2 Caspase-3/RIP3 Staining - Necroptosis/Apoptosis Determination

4T1 cells were seeded at 100K/well and incubated overnight for adhesion. Subsequently,
negative control groups of cells were treated with 60 uM of necrostatin-1 incubated for 1 h. ILs
of both libraries were prepared at predetermined IC50 concentrations in complete media. Cells
were then treated with corresponding IL dilution with/without inhibitor or media only. Treated
cells were incubated for 24 h. Next, cells were washed, harvested, fixed/permeabilized, then

stained for caspase-3 and RIP3. Cells were read by flow cytometry.

This assay was conducted separately on the straight-chain library and the choline octanoate
isomer library. There were a few differences in experimental conditions. First, within the
straight-chain library, another control group of cells was included, treated with z-VAD-FMK
(zVAD), an apoptotic inhibitor at SOpM. This step took place along with the necrostatin-1 pre-
treatment of the negative control group. The isomer library was not treated with the zZVAD
control group to focus on assaying necroptosis only (not apoptosis). Second, the straight-chain
library (panel 1) cell groups were treated in triplicate. The isomer library (panel 2) was treated in

duplicate.

3.4.3 Lactate Dehydrogenase (LDH) Assay

Invitrogen™ CyQUANT™ LDH Cytotoxicity Assay Kit was used for this assay [84]. 4T1 cells
were seeded at 5000 cells/well and were allowed to adhere overnight. Each IL in both the
straight-chain library and the choline octanoate isomer library were diluted in complete media to
1C50/2, IC50, IC50x2, and IC50x4 concentrations via a 1:2 serial dilution. Cells were treated

with ILs of each concentration in triplicate. One triplicate group of No Treatment controls, as
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well as two additional triplicate groups of cells were left to incubate for 24 h. The assay was then
conducted according to the CyQUANT™ LDH Cytotoxicity Assay Kit Product Information
Sheet. Control groups included spontaneous LDH and maximum LDH. After 24 h, Spontaneous
LDH activity control was prepared by adding 10 puL of water to triplicate cell wells. Maximum
LDH activity cells were prepared by adding 10 puL of lysis buffer to triplicate wells. Cells were
transferred to a new plate, reaction mixture was added, then incubated 30 min at room
temperature before adding 50 pL of stop solution. Absorbances were measured at 490 nm and
680 nm by a spectrophotometer plate reader. To determine LDH toxicity, the background value,
measured at 680-nm absorbance, was subtracted from the 490-nm absorbance. In order to

calculate cytotoxicity, the following formula was used.

IL treated activity — Spontaneous LDH

100 = % Cytotoxicit
Maximum LDH — Spontaneous LDH | % Cytotoxicity

Calculations and analysis were conducted via GraphPad Prism. This assay was conducted
separately on the straight-chain library (panel 1) and the choline octanoate isomer library (panel

2) using identical protocols.

3.5 Immunogenicity Assays
During this study, immunogenicity assays were performed on the choline octanoate isomer panel

(panel 2).

3.5.1 Calreticulin Exposure Determination
4T1 cells were seeded at 100 K cells/well in a 24 well plate and allowed to adhere overnight.
Ionic liquids evaluated in the choline octanoate isomer panel were prepared at IC50 and IC50x2

concentrations via a 1:2 dilution in complete media. Supernatants were removed and IL dilution
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or media only were added in triplicate. After treatment, cells were incubated for 24 h. Cells were
harvested, and the supernatants were collected and frozen for future use in the ATP assay. Cells
were washed prior to staining with calreticulin antibody. Cells were then stained with Live-Dead
Blue (fixable stain) viability dye and incubated in the dark at 4°C. Then, cells were washed with
a stain buffer and a binding buffer. Finally, the cells were treated with the antibodies and controls
were prepared. Cells were fixed and stored at 4°C for 2-3 days. Calreticulin expression was
determined with flow cytometry. Data were analyzed using GraphPad Prism. This experiment

was run twice. _

3.5.2 ATP Determination Assay

This assay utilized the Invitrogen ATP Determination Kit [85]. 4T1 cells were seeded at 100 K
cells/well in a 24 well plate and allowed to adhere overnight. ILs evaluated in the choline
octanoate isomer panel were prepared at [C50 and IC50x2 concentrations via a 1:2 dilution in
complete media. Supernatants were removed and IL dilution or media only were added in
triplicate. After treatment, cells were incubated for 24 h. Supernatants were collected and frozen
to be stored in an -80°C freezer. Meanwhile, cells were harvested for calreticulin analysis. After
2-4 weeks frozen in storage, the supernatants were thawed in the dark. D-luciferin solution was
prepared with reaction buffer, water, and D-luciferin. DTT stock solution was diluted. ATP
standard curve solutions were prepared at various concentrations with a serial dilution. ATP
standard reaction solution was prepared with Reaction Buffer, DTT, D-luciferin, and firefly
luciferase. The standard solution treated all of the samples. Bioluminescence was measured on a

plate reader. Standard curve results were then fitted to a quadratic model relating luminescence
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and ATP concentration. ATP concentrations of luminescence averages of each sample were

calculated using this model.

3.5.3 Autophagy Determination Assay

This assay was conducted with the CYTO-ID® Autophagy Detection Kit, according to the
manufacturer’s instructions [57]. This kit measures accumulated autophagic vesicles utilizing a
488 nm-excitable green dye. 4T1 cells were seeded at 50 K cells/well in a 24 well plate and
allowed to adhere overnight. Ionic liquids evaluated in the choline octanoate isomer panel were
prepared at IC50 concentration. One group of cells were pretreated with chloroquine, an
autophagy inhibitor, at 50 pM concentration. After six hours, chloroquine treatment was
removed, and cells were washed with PBS. Supernatants were removed from all non-chloroquine
treated cells. IL dilution or media only were added in triplicate to both chloroquine-treated and
non-chloroquine-treated cells. One group of triplicate wells were treated with rapamycin, an
autophagy inducer. After treatment, cells were incubated for 16 h. Upon completion of the
treatment period, cells were harvested in tubes and adherent cells were trypsinized. Cells were
centrifuged at 1000 rpm for 5 minutes to pellet cells. Supernatants were collected and frozen in
separate tubes for subsequent ATP release analysis. Cells were washed using cell culture media.
250 pL of diluted CYTO-ID Green stain solution was added to each sample. Samples were then
incubated at room temperature in the dark for 30 minutes. Cells were then collected by
centrifugation, washed with assay buffer, and resuspended in assay buffer. Cells were analyzed
by flow cytometry in green (FL1) or orange (F2) fluorescence channels. This assay was only

conducted on Panel 2: isomers of choline octanoate.
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3.6 Data Analysis
Statistical analyses were conducted using GraphPad Prism. Significance and p values were
determined using one-way ANOVA analysis and a post-hoc Tukey HSD. P-values < 0.05 are

denoted by a single star (*). P-values < 0.01 are denoted by a double star (**)

4. Results

4.1 Ionic Liquid Synthesis

Ionic liquids were synthesized according to the chemical route shown in Figure 3. After the
synthesis of choline trans-2-octenoate, the material appeared more translucent and crystallized
rather than a viscous liquid, as the other materials (Figure 4). Thus, we attempted to remove
water via extra rotary evaporation and vacuum oven incubation. However, the final material’s

physical appearance was still observed to be notably different than other ILs synthesized.

Figure 4. Ionic liquids synthesized. (A) choline 2,2-dimethylhexanoate (methyl-branched), (B)
choline 2-ethylhexanoate (ethyl-branched), (C) choline trans-2-octenoate (unsaturated), and (D)

choline octanoate (saturated/straight-chain). Each IL has eight carbons in its anion chain.
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We analyzed the purity of the panel 2 ILs using nuclear magnetic resonance (NMR)

spectroscopy (Figure 5). As shown in Table 1, all ILs were synthesized at a near 1:1 choline:acid

ratio.
Table 1. Choline : Acid Ratio reported by NMR Spectroscopy
Compound Choline : Acid Ratio
Choline 2,2-dimethylhexanoate (methyl-branched) 1.36
Choline 2-ethylhexanoate (ethyl-branched) 1.11
Choline trans-2-octenoate (unsaturated) 1.20
Choline octanoate (saturated/straight-chained) 0.84

However, NMR spectra showed an extra, anomalous peak from the choline trans-2-octenoate
sample (Figure 5C). This suggests that this ionic liquid was not fully and completely formed

properly, which aligns with our observations of its translucent, crystalline appearance.

4.2 Cytotoxicity

IC50 concentrations of each IL were determined by the CCK-8 colorimetric viability assay. The
IC50 values, in vol/vol % demonstrate that ionic liquids of increasing carbon chain length exhibit
more cytotoxicity (Table 2) and that increasing branched character exhibits less cytotoxicity
compared to straight-chain octanoate (Table 3). Moreover, choline trans-2-octenoate, with its

unsaturated double bond, also is less cytotoxic than choline octanoate.
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These results support the hypothesis that the ILs with less lipophilic anions are less cytotoxic
(Figure 6). It appears that adding a double bond in the IL anion leads to a less pronounced
decrease in cytotoxic activity than the decrease resulting from adding branching to the IL anion.
Between the two branched anions, the ethyl-branched was more cytotoxic than the methyl
branched (Table 3). This decrease in cytotoxicity aligns with the general trend of decreasing
lipophilicity (Table 4) [64], [100]. Table 4 shows lipophilicity reported in the literature for the
acids used in each IL panel. Lipophilicity increases with carbon chain length and decreases with
addition of branching or double bond (for acids of constant carbon chain length). Lipophilicity is

reported as the partition coefficient of the acid with water (log P).

Table 2. IL Panel 1: IC50 values of ILs with various anion carbon chain lengths on 4T1 cells -

Except for Choline Octanoate, these values were previously determined by Danika Rodrigues.

Compound IC50 Value (vol/vol %)
Choline hexanoate 0.745
Choline heptanoate 0.319
Choline octanoate 0.098
Choline decanoate 0.084
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Table 3. IL Panel 2: Determined IC50 values of ILs with various structures of eight-carbon

anion chains

Compound IC50 Value (vol/vol %)
Choline 2,2-dimethylhexanoate 0.400
Choline 2-ethylhexanoate 0.266
Choline trans-2-octenoate 0.124
Choline octanoate 0.098
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Figure 5. NMR spectra of (A) choline 2,2-dimethylhexanoate, (B) choline 2-ethylhexanoate, (C) choline trans-2-octenoate, with aberrant

extra peak highlighted with red arrow, and (D), choline octanoate. Results were collected in collaboration with Danika Rodrigues.
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Table 4. Lipophilicity of ILs in Panel 1 and Panel 2 reported in literature.

Source: PubChem - NIH

Compound Log(P) value Literature Reference(s)
Panel 1
Hexanoic Acid 1.9-1.92 [86], [87]
Heptanoic Acid 242-2.5 [88], [89]
Octanoic Acid 3-3.05 [81], [90]
Decanoic Acid 4.09 —4.1 [91], [92]
Panel 2
2,2-Dimethylhexanoic Acid 2.6 [80]
2-Ethylhexanoic Acid 2.6 [82]
Trans-2-octenoic Acid 2.7-29 [79], [93]
Octanoic Acid (same as above) 3-3.05 [81], [90]
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Figure 6. IC50 concentrations of (A) cells treated by Panel 1, choline-based ILs with anion
chains of increasing anion carbon chain length (data previously collected by Danika Rodrigues)

and (B) cells treated by Panel 2, choline-based ILs whose anions are isomers of octanoate (n=3).

4.3 Cell Death Mechanisms

4.3.1 Annexin V/Propidium lIodide (PI) Staining - Apoptosis Determination Results

The Annexin V/PI stain was run on cells treated with IL Panel 1 and Panel 2. First, in order to
understand the degree to which apoptosis is implicated in cell death induced by ILs whose anions
have varying carbon chain lengths, we ran this assay on Panel 1. We compared cells treated with
each IL at both IC50 and IC50x2 concentrations as well as no treatment control cells. Live cells
are identified as annexin V-/PI-. Evidence of early apoptosis is indicated by annexin V+/PI-
results, and late apoptosis is indicated by annexin V+/PI+ results (Note: we do not consider
annexin V+/PI+ to indicate necrosis, as corroborated in section 4.3.2). Additionally, necrotic

cells are indicated as Annexin V-/PI+ [94].
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Compared to untreated cells, 4T1 treated with ILs across Panel 1 show a trend that as
concentration is doubled, cells shift from majority live cells (annexin V-/PI-) in the No
Treatment group to early apoptotic (annexin V+/PI-) and to late apoptotic (annexin V+/PI+)
states (Figure 7). This trend is observed in every IL. However, there is a less complete shift for
cells treated by choline hexanoate and choline octanoate. Across all treatment groups, necrotic
activity (annexin V-/PI+) was largely not observed, as evidenced by low percentages of annexin

V-/PI+ cells.
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Figure 7. Cells demonstrating Annexin V and PI binding when treated with each IL in Panel 1
(anions with increasing carbon chain lengths) at IC50 and IC50x2 concentrations (n = 3).

Percentage of cells read out in each quadrant, indicating phase of death.

The assay was repeated for cells treated by IL Panel 2. No Treatment control group results were
excluded because various experimental conditions caused their death rates to appear than those

in the IL treatment groups (the reasons for this are discussed in the Discussion
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section). Here, 4T1 cells treated at higher IL concentrations (with the exception of the ethyl-
branched IL) (Figure 8B) trend similar and slightly increased evidence of early apoptosis
(annexin V+/PI-) and late apoptosis (annexin V+/PI+) with those treated at lower IL
concentrations (Figure 8A). Again, low levels of annexin V-/PI+ cells indicate low necrotic
activity. However, cells treated with the ethyl-branched IL demonstrated a marked decrease in
both early and late apoptotic activity with a doubling of IL concentration. Generally, cells treated
with the straight-chain choline-octanoate have higher rates of early and late apoptotic activity
compared to cells treated with the branched or unsaturated ILs (Figure 8). This suggests that
apoptotic activity can be selected for by treating with the straight-chained choline octanoate

compared with its other eight-carbon anion isomers.
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Figure 8. Cells demonstrating Annexin V and PI binding when treated with each IL in Panel 2

(anions with increasing carbon chain lengths) at IC50 and IC50x2 concentrations (n =
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3). Percentage of cells read out in each quadrant, indicating phase of death. Live cells (Annexin

V-/PI-) were omitted from the figure for clarity of results.

4.3.2 Lactate Dehydrogenase (LDH) Assay - Necrosis Determination Results

The LDH determination assay was run on cells treated by ILs in Panel 1 and Panel 2. In Panel 1,
the LDH levels trended similarly between all groups (Figure 9A). In Panel 2, LDH levels for
choline octanoate exceeded that of its isomers at IC50x4 and LDH levels for its ethyl-branched
isomer was notably less than the other groups (Figure 9B). However, in all groups of cells treated
in each panel, LDH levels did not approach the positive control. This suggests relatively low
levels of necrotic cell death induced by all ILs tested. These data corroborate the results of the
annexin V/PI assay, which also did not show evidence of necrosis as the primary death pathway.
They also support our understanding that the increased percentage of cells exhibiting Annexin
V+/PI+ staining at IC50x2 compared to at IC50 is evidence of late apoptosis rather than of

necrosis [48].

The positive control shown in Panel 2 (Figure 9B) was calculated during Panel 1 experiment

(Figure 9A), because during Panel 2, the calculated positive control appeared artificially high,

due to experimental conditions during assay processing.
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Figure 9. LDH assay readout of 4T1 cells treated with a panel of ILs with increasing anion
carbon chain lengths (n=3) (B) panel of isomers to choline octanoate (n=4). Both panels were

treated at increasing concentrations ranging from their respective IC50/2 to IC50x4 values.

4.3.3 Necroptosis/Apoptosis Determination - RIP3/Caspase-3 Staining

We conducted necroptosis determination assays via staining for RIP3/Caspase-3 (Casp-3) in
cells treated by each panel. First, we examined cells treated by Panel 1. When apoptosis is
inhibited via treatment with zZVAD, choline octanoate-treated cells show a significant decrease in

Casp-3 expression, compared to when it is not inhibited (Figure 10A). This suggests apoptosis as
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a cell death pathway for choline octanoate. However, when necroptosis is inhibited with
necrostatin-1, there is not a statistically decrease in RIP3 expression for any IL treatment (Figure

10B). This suggests that necroptosis is not the primary pathway induced by the IL panel.
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Figure 10. Expression of (A) Caspase-3 compared to apoptosis inhibitor control (zZVAD) and (B)
RIP3 compared to necroptosis inhibitor control (Nec-1) by cells treated by IL Panel 1 at
[IC50x2] (n=3). Expression is represented by normalized Mean Fluorescence Intensity (MFI). In

collaboration with Danika Rodrigues.

Cells were then treated by Panel 2. Here, they were not subject to a zZVAD control to home in on
necroptosis instead of apoptosis. In this study, Casp-3 and RIP3 treated cells were subject to a
necroptosis inhibitor control (Nec-1). [L-treated cells appeared to demonstrate a higher
expression of Caspase-3 compared to No Treatment groups (Figure 11A). This corroborates the
relevance of apoptosis in cell death with the previous cell death pathway assays, as Caspe-3 is
widely expressed in apoptotic cells [95]. However, across all groups, RIP3 expression does not

appear to significantly decrease with Nec-1 treatment (Figure 11B). This suggests that
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necroptosis may not be a primary IL-induced cell death pathway for these ILs tested.
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Figure 11. Expression of (A) Caspase-3 and (B) RIP3 by cells treated by IL Panel 2 at [IC50x2]
compared to necroptosis inhibitor control (Nec-1) (n=2). Expression is represented by

normalized Mean Fluorescence Intensity (MFI). In collaboration with Danika Rodrigues.

4.4 Immunogenicity

Immunogenicity markers were assayed on cells treated by Panel 2 only.

4.4.1 ATP Determination

We ATP release of cells treated with the IL panel of choline octanoate isomers at [IC50] and
[IC50x2]. Due to the noisy results of this sensitive luminescence-based assay, we took the mean
of luminescence readouts before applying a quadratic model to approximate ATP concentration.

The model was calculating using quadratic regression of standard curve controls.
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Trends indicate an ATP concentration increase in the supernatants of cells treated with increased
concentration of ILs (Figure 12). The results of this assay suggest that at [[C50x2], there is an

IL-induced release of ATP compared to no treatment cell groups.
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Figure 12. ATP concentration (nM) in the supernatants of cells treated with each Panel 2 IL at
[IC50] and at [IC50x2] as well as the no treatment group. During the analysis of this assay’s
results, the mean of luminescence readings (n=3) was taken before applying the concentration

model to the average (n=1) in order to reduce noise of the assay.

4.4.2 Calreticulin Staining

We assayed 4T1 cells treated by IL panel 2, the isomers of choline octanoate. Here, for the
unsaturated IL, doubling the IC50 concentration leads to a significant increase in calreticulin
expression. Doubling concentration appears to result in a trend of increasing CRT in the methyl-
branched IL and in straight-chain choline octanoate as well. Additionally, choline octanoate at
IC50x2 induced significantly more CRT expression than the methyl-branched IL at IC50, the
ethyl-branched IL at both IC50 and IC50x2, and the unsaturated IL at IC50 (Figure 13). This

suggests that the presence of branching in the IL anion may correlate with reduced
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immunogenicity of cell death compared to anion without branching. Moreover, at [IC50] the
presence of a double bond in the IL anion may also correlate with reduced immunogenicity of

cell death compared to anions without unsaturation, though this was not observed at I[C50x2.

The expression of CRT in the No Treatment group was notably higher than any other group,
potentially influenced by experimental set up considerations, which will be elaborated upon

further in the Discussion section.
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Figure 13. Calreticulin exposure in cells treated by Panel 2 ILs at (A) IC50 and (B) IC50x2

(n=3).

4.4.3 Autophagy Determination Assay

Autophagy induction was assayed on cells treated by IL Panel 2 only. Autophagy was not found

to be significantly implicated in IL-induced cell death. As expected, most of the chloroquine
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treated groups, which were negative-control autophagy inhibitors, demonstrated significantly
less autophagy signal than the rapamycin treated group, which was a positive-control autophagy
inducer. Compared to the rapamycin positive control, there was a significantly lower autophagy
signal in both IL-only for choline 2,2-dimethylhexanoate and in the choline 2-ethylhexanoate IL
treatment (Figure 14A). Although the unsaturated and straight chain ILs did not have a
statistically significant difference compared to the rapamycin control, the trend of lower signal
was consistent. Moreover, there was no significant difference—nor consistent trend—between
IL-only treatment groups directly with their respective chloroquine-IL treatments (Figure 14B).

This further corroborates the suggested lack of autophagy induced by IL treatment.
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Figure 14. Autophagy-related signal displayed as Mean Fluorescence Intensity (MFI)
normalized to the No Treatment group of (A) each Panel 2 IL displayed with their respective
chloroquine-treated negative control as well as a rapamycin treated positive control. (B) Direct

side-by-side comparison of each IL with their respective chloroquine-treated negative control
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(n=3). All IL-treated cells were treated at the IL’s IC50 concentration. Chloroquine treated

groups were pre-treated at 50 uM, and the Rapamycin control group was treated at 10 uM.

An ATP release detection assay on the supernatants of these cells further supported the release of
ATP in IL-induced cell death (Figure 15). It is worth noting that the trend of ATP release for the
choline 2-ethylhexanoate IL is different between the present study and the ATP release assay
conducted in 4.4.1. This may be an artifact of the sensitivity of luminescence-based assays,
which we attempted to mitigate by averaging luminescence signals before applying the ATP

concentration model, as shown in Figure 15.

When autophagy is inhibited by the chloroquine treatment, there is a very notable decrease in
ATP release. Moreover, the rapamycin-treated group, in which autophagy was induced, there

was not an observed comparatively strong signal for ATP release compared to IL-treated groups.

While the autophagy staining did not reveal major trends in IL-only versus IL + Chloroquine
treatment, the ATP release difference between the two types of treatments may suggest that

nuances in the role that autophagy plays in ATP release, because although autophagy was not
shown to be implicated (Figure 14), ATP release appeared to be suppressed by the autophagy

inhibitor (Figure 15). This is further discussed in the Discussion section.
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Figure 15. ATP concentration in (nM) of supernatants from cells treated with each Panel 2 IL
either alone or along with chloroquine, an autophagy inhibitor. ATP levels of treatment controls,
and cells treated by rapamycin, an autophagy inducer, were also included. During the analysis of
this assay’s results, the average of luminescence readings (n=3) was taken before applying the

concentration model to the average (n=1) in order to reduce noise of the assay.

S. Discussion

5.1 IL Synthesis

Synthesis of ILs with saturated anions was successful, but the synthesis of choline trans-2-
octenoate proved more challenging. An anomalous peak appeared in its NMR readout,
suggesting that this IL was not fully and completely formed properly. Despite it appearing
crystalized, it was still functionally in liquid form, and we were able to successfully and
accurately pipette desired volumes during our investigations. The exact cause of this IL’s
inability to form well has not been determined. It is still unclear how the crystalized, somewhat

anomalous formation of this IL affected its readouts. In order to understand the effect of the
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formation impurity, future investigations may attempt to reform this IL using optimized
synthesis conditions, such as slower dropwise addition of components or longer heating period in
the oven. Moreover, it would be useful to understand how other unsaturated ILs compare to

choline trans-2-octenoate, both in physical properties and interacting with cells.

5.2 Cytotoxicity

Previous work from our lab (collaboration with Danika Rodrigues) determined the IC50
concentrations of ILs in Panel 1 and found that the cytotoxicity of ILs increases with length of
carbon anion chains, corresponding to increasing lipophilicity. During this study, our
cytotoxicity screens demonstrated that of the ILs that we surveyed in Panel 2, choline octanoate
was the most cytotoxic. This aligns with our initial hypothesis that ILs with anions of the same
number of carbons, eight, those with more carbon branching exhibit less cytotoxicity compared
to unbranched octanoate. Notably, this appears to be a highly tunable phenomenon, as the
methyl-branched IL appears to be much less than the ethyl-branched IL. Moreover, the
unsaturated-anion IL also is less cytotoxic than choline octanoate, supporting the hypothesis that
unsaturation decreases cytotoxic activity. Again, we hypothesize that decreased lipophilic
activity caused by branching or unsaturation is the cause of the decreased cytotoxic activity due
to the reduced hydrophobic interactions of the ILs with the cell membrane [71], [96].
Cytotoxicity is easily tunable, and future applications of ILs in whole tumor vaccines and beyond
may be able to be optimized by modulating carbon chain length, branching, or double bonds in

IL anions.
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Another observed phenomenon is the similarly high cytotoxicity of the straight-chained choline
octanoate and its unsaturated isomer compared with the much lower cytotoxicity of the methyl-
branched and ethyl-branched isomers. Both the methyl- and ethyl-branched ILs have six carbons
in their main chain, with two additional carbons branched. These two ILs have very similar
lipophilic properties, as reported by their partition coefficient (Table 4). Thus, it is possible that
these two ILs act similarly to choline hexanoate, which has been determined to have much lower
cytotoxic activity than choline octanoate. It follows then that the unsaturated IL, which has eight
carbons in its main anion carbon chain, may behave more similarly to straight-chained choline
octanoate than the ILs with branched anions. However, it is worth noting that the
lipophilicity/patrician coefficient of the branched acids, 2.6, is closer to that of octanoic acid (3-

3.05, compared to that of hexanoic acid, 1.92 (Table 4).

5.3 Immunogenicity

Our ATP study showed a concentration dependent increase of ATP release for all ILs. ATP is an
important marker of immunogenic cell death, so this is a notable corroboration of IL-induced
ICD [97]. This will be further examined in the Autophagy section. Because of the study’s noisy
data release, we are unable to comment on the tunability of ATP release induced by ILs of
different structures, though more iterations of this experiment on a more frequent time courses
may better elucidate any anion structure-dependent change in ATP release. In future
experiments, we will also re-examine ATP release by using greater populations of IL-treated 4T1

cells and by using either colorimetric or fluorescence-based assays.
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Moreover, the CRT screen demonstrated that compared to straight-chained choline octanoate,
ILs with branched anions (i.e. choline 2,2-dimethylhexanoate and choline 2-ethylhexanoate) may
express lower levels of CRT, and ILs with double bond in the anion (trans-2-octenoate) also may
express lower levels of CRT. This supports the original hypothesis that presence of carbon
branching or double bond in the ionic liquid anion results in less immunogenicity of cell death.
Again, this may be explained by lipophilicity, as more lipophilic compounds interrupt lipid
homeostasis and may interfere with endoplasmic reticulum (ER) function [98]. CRT is an
immunogenic marker released when the ER is stressed, so we infer that adding a double bond or
branching into an ionic lipid anion reduces the lipophilicity, ER stress, and CRT expression of

4T1 cells.

The expression of CRT was higher in the No Treatment cell groups than in any other groups.,
which we attribute to a shortcoming in the experimental design We believe this is because during
the treating and harvesting procedure, cells treated underwent substantial processing that resulted
in lower cell counts. Moreover, for all cell groups, we tried to reach confluence before treatment.
This likely led to over-confluence in cells in No Treatment group, which in turn meant that there
was not enough space or media nutrients for the culture to remain healthy. As a result, these
groups underwent cell death processes. In future experiments, this can be mitigated by using
freshly prepared, health no treatment controls cultured in separate plate or flask than the

experimental groups.
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In future experiments, we will also evaluate the expression of other immunogenic markers, such

as high-mobility group box 1 (HMGBI1), Type I Interferon (IFN), and interleukin 1-p (IL-1B) [8].

5.4 Cell Death Pathways

Our results support the potential tunability of the magnitude of apoptotic activity based on IL
treatment. The apoptosis assays conducted on both Panel 1 and Panel 2 suggested that cells were
experiencing a shift from live cells to apoptotic cells (both early and late). During the apoptosis
investigation of cells treated with Panel 1 ILs, there appeared a clear shift from a high percentage
of live cells in the No Treatment group to early apoptotic cells in cells treated at [IC50] of each
IL to late apoptosis in cells treated at [IC50x2]. As previously noted, there is a less complete
shift towards apoptotic activity for cells treated by choline hexanoate and choline octanoate
compared to cells treated by other IL anion carbon chain lengths (Figure 7). While the cause of
this is unknown, it is useful context for the results of the Annexin V/PI assay on cells treated
with IL Panel 2 (Figure 8). In this assay, there was a high percentage of live cells and a less clear
shift between early and late apoptotic between [IC50] and [IC50x2] cells. Interestingly, there
seemed to be a higher percentage of apoptotic cells when treated at [IC50] compared to [IC50x2]

by the ethyl-branch IL.

The variation in stage of apoptosis induced by ILs is notable. Previous literature suggests that
early apoptosis and apoptotic inactivation is the most preferable stage for cancer vaccines [99],
[100], [101], while other studies have noted potential immunogenic benefits in late apoptosis

[102], [103], [104]. The ability for different IL structures to hone on different apoptotic stages
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may be significant for future studies that probe on the utility of these stages for ICD across

cancer types.

During this panel, No Treatment cells appeared to have higher rates of death than the other
groups. Like in the calreticulin study, this was very likely due to the over confluence of cells
during when the cells were read. In future experiments, this can be mitigated by using freshly
prepared, health no treatment controls cultured in separate plate or flask than the experimental

groups.

During our investigation of necrosis as a potential cell death pathway, LDH results suggested
that the ILs in our panel did not induce necrosis as the primary mechanism of cell death in 4T1
cells. A strong signal was only observed when cells were treated by ILs at [IC50x4], and even
then, they did not approach the positive control. The higher necrotic activity at [IC50x4], which
is a much higher concentration than we have used in any assay, is not surprising because ionic
dysregulation prompted by high IL concentration can lead to swelling and necrosis [105], [106].
The low necrotic activity at IC50/2, IC50, and IC50x2 is notable because necrosis is often
associated with toxin exposure, and previous work in the literature demonstrates that
imidazolium-based ILs induce necrosis-dependent cell death related to cell membrane damage
[107]. However, our choline-based ILs are able to induce ICD at [IC50] and [IC50x2] without
inducing necrosis. As previously noted, this supports the conclusion that during the apoptosis
study, cells that stained Annexin V+/PI+ were late-apoptotic cells, not necrotic cells. This is also
significant because previous work has found that whereas apoptotic whole tumor cell vaccines

produce an immune response in four different in vivo tumor models, necrotic cells do not [108].
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The relevance of apoptosis was corroborated by subsequent assays, particularly the
RIP3/Caspase-3 staining, in which IL-treated cells increased in Caspase-3 expression compared
to no treatment cells. This was present in cells treated by Panel 1 (Figure 10A) and by Panel 2
(Figure 11A). These results are notable because of the caspase-3 can be involved in inducing
immunogenic apoptosis [12]. The RIP3/Caspase-3 staining also suggested that necroptosis is not
significantly implicated in IL-induced cell death because RIP3 expression, a necroptotic marker,
was not reduced by the inhibition of necroptosis through nec-1. This trend was again observed in
both Panel 1 (Figure 10A) and Panel 2 (Figure 10B). Thus, we can deduce that observed

characteristics of regulated cell death appear to support apoptosis and not necroptosis.

Our study therefore demonstrates the tunability of magnitude and stage of apoptosis, as well as
IL-induced cell death broadly between various types of ILs, even though tuning between various
cell death pathways by modulating the chemical structure of the anion was not determined within

our choline-based IL panels.

5.5 Autophagy

The autophagy determination assay did not reveal a significant change in autophagy between
each IL treatment and the IL + chloroquine treatment, which inhibits autophagy. However, there
was a significant increase in autophagy signal in the positive control rapamycin group, which
confirmed the sensitivity of the assay. Interestingly, ATP release was observed to notably

increase in IL treatment groups compared to the IL + chloroquine treatment groups. Although
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rapamycin treatment appeared to result in a slightly higher ATP concentration than the No

Treatment groups, it was notably lower than any of the IL treated groups.

Chloroquine is well-documented as reducing ATP [41], which is expected since it is an
autophagy inhibitor, and autophagy induces ATP release [60], [109]. Rapamycin has been found
to preserve ATP levels and it has been shown to increase ATP availability. However, in other
studies, it also has been shown to maintain steady-state ATP concentration rather than increase it
[110], which appears to align with the results of our experiment (Figure 15). Given these
previously reported activity of our controls, we can suggest that our Panel 2 ILs may not have
induced autophagy sustained until 24 hours and may have induced ATP released via another

pathway [111].

Interestingly, previous work in our lab has shown that treatment with certain ILs can lead to a
significant decrease in ATP. Albadawi et al. used an IL formulation (CAGE) that included a 1:1
choline to geranic acid ratio to treat cancer cells, both alone and in combination with doxorubicin
[69]. Geranic acid includes 10 carbons with two methyl-branched substituents at the 3 and 7
carbons as well as a double bonds [112]. This study noted that the decrease in ATP as a result of
CAGE treatment was important because cancer cells can resist treatment by switching to
glycolysis to continue producing ATP, and that the IL. may have prevented this form of
resistance [69]. It is worth noting, however, that glycolysis is closely and inversely linked with
autophagy and that in other work, the inhibition of autophagy has also been in targeted in
combination with inhibiting glycolysis [61]. In fact, inhibition of autophagy, by agents including

chloroquine, have been used to sensitize tumor cells to chemotherapy [113] [114]. Thus, while
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autophagy and its subsequent ATP release can be involved in immunogenic cell death,

autophagy can also be implicated in other, tumor-promoting pathways. Therefore, the lack of a
strong autophagy signal (while detecting potentially ICD-induced ATP release) detected by our
experiment may not be reflective of insufficient immunogenic cell death but rather of other IL-

induced effects that could be useful for inhibiting tumor growth.

There are a couple of potential explanations for the results that we observed. One is that our ILs
induced ICD, and that ATP release was facilitated by autophagy-independent pathways, such as
by pannexin 1 ion channel mediation [111], [115]. Alternatively, IL inducement and subsequent
inhibition of autophagy (or vice versa) could have occured over time [116]. In our experiment,
cells were treated with Panel 2 ILs for 24 hours before their supernatants were collected for
subsequent ATP determination assays. Albadawi et al. treated cells with CAGE on a time course
and saw a significant decrease in ATP from 10h to almost no ATP at 24h [69]. In future
experiments, a time course will be introduced to probe for any autophagy inducement or
suppression over time, along with furthering our understanding of ATP release (Figure 12 and
Figure 15). If a future time course experiment does not reveal significant autophagy signal, then
this further supports the hypothesis that ATP release could have been induced through a pathway

that is not autophagy-dependent [111].

Overall, the results of this assay suggest immunogenic, caspase-3 dependent apoptosis, marked

by the Annexin V/PI assay results as well as ATP release and calreticulin exposure [12].
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The results of the autophagy study — as well as the identification of apoptotic cell death and
previous ATP study — also pose interesting further questions about the tunability of IL structure
to modulate interactions with 4T1 cells. Future studies may investigate whether IL anion chain
length impact ATP release, ATP release over time, and autophagy activation by investigating IL
Panel 1 and additionally, an expanded panel of ILs with many different anion chain lengths,
beyond six through ten. The complex interplay of IL-induced ATP release, caspase-dependent
immunogenic apoptosis, and potential autophagy suppression is important because it can
elucidate an IL’s capacity for activating immunogenic cell death and also other anti-tumor
activity that could be potentially ATP-limiting. The applications of these questions go beyond

whole tumor cell vaccines towards using IL for anti-cancer uses more broadly [9], [69], [117].

6. Conclusion

This work has provided further characterization of the biological interface of ILs in activating
tumor cell immunogenicity for whole tumor cell vaccines. Here, we highlight the importance of
considering the structure of IL anions, which have previously been thought to be less

deterministic of IL activity than the cation structure [11].

We found that IL-induced cytotoxicity increases with anion chain carbon length and with
concentration, and that it decreases with adding branched methyl groups, ethyl groups, and
double bonds in the anion structure. Tuning IL anions has been found to modulate ICD signals as
well. Branching and unsaturation also decreases exposure of calreticulin, a main marker of ICD.
Panel 2 ILs were shown to induce ATP release in a concentration-dependent manner, though the

effect of branching and unsaturation on ATP release may require further investigation. Since 4T1
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cells are known to be poorly immunogenic cancer cells, the display of strong ICD signals adds to
the significance of using ILs for this function [31]. Moreover, ILs appear to activate apoptotic
cell death over other cell death pathways, such as necrosis and necroptosis. Stage of apoptosis
was found to be tunable, based on IL anion carbon chain length (Figure 7). The extent to which
apoptotic cell death appears to generally decrease with anion branching and unsaturation in

anions with the same number of carbons (Figure 8).

From our preliminary screen, ILs do not appear to significantly activate autophagy after 24
hours. However, ILs appear to induce ATP release, although when autophagy is inhibited, they
do not induce ATP release. This phenomenon may be explored in more detail in future time
course assays. Overall, cell death characterized by ATP release, caspase-3 dependent apoptotic
behavior, and calreticulin exposure supports immunogenic apoptosis as the broad mechanism of

cell death induced by IL panels [12].

Future works will seek to apply learnings from tuning IL-induced ICD and cell death to
phagocytosis studies. These assays will include co-cultures of DCs and 4T1 cells to examine
whether structural changes in IL anions (branching and unsaturation) affect the ability of DCs to
uptake treated 4T1 cells. From there, tri-culture studies, including treated 4T1 cells, DCs, and T-

cells, can examine the ability of APCs to stimulate T cells in vitro.

Continued studies can also directly compare the cytotoxicity, immunogenicity, and cell death

pathways induced by our libraries of ILs to cell death that is induced by irradiation, a current

common cell death strategy in whole tumor cell vaccines that is known to have insufficient
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immunogenicity. Finally, ILs with branched and unsaturated anions can be included in in vivo
studies in 4T1 mice. This current investigation’s findings can support such in vivo studies and
can aid in optimizing ILs used in preclinical treatments and contribute to understanding of

outcomes, towards the goal of improving therapies for solid tumor patients.
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