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Abstract
Triple negative breast cancer (TNBC) accounts for 15-20% of all breast cancers and is
currently limited to treatment with chemotherapy administered at the maximum tolerated dose
(MTD). However, due to the severe toxicity and the frequent development of chemoresistance,
chemotherapy has shown limited therapeutic benefit for TNBC. Various agents with
combinational strategies are under current investigation to better target TNBC and improve
clinical outcomes. Increasing evidence suggests that anti-cancer agents possess
immunomodulatory properties even at lower doses, rendering tumour cells susceptible to
immune detection and attack. Recent findings suggest that chemotherapy-induced stress can
upregulate natural killer (NK) cell-activating ligands on tumour cells, enhancing their
susceptibility to the attack by NK cells of the innate immune system. Therefore, this study
investigated the immunogenic potential of two anti-cancer agents in combination with the highly
cytotoxic NK-92 cell line: doxorubicin – a widely used anthracycline for breast cancer and CTR
20 – a novel, less-toxic chalcone-based compound synthesized by the Lee laboratory. The overall
aim of this study was to determine the therapeutic potential of low-dose chemotherapy in
enhancing the presentation of ligands for the NKG2D activating receptor of NK cells, to increase
MDA-MB-231 cell susceptibility to NK-92 cell-mediated tumour cell killing. Results
demonstrated that low-dose CTR 20 treatment was unsuccessful in rendering MDA-MB-231
cells susceptible to attack by NK-92 cells. Conversely, low-dose doxorubicin treatment
successfully upregulated NKG2DL presentation, rendering MDA-MB-231 cells susceptible to
NK-92 cytotoxicity without affecting NK-92 degranulation capacity. NK-92 cytotoxicity alone
was responsible for inducing a maximum area of tumour cell death of ≈11,000 µm2/image,
whereas the maximum area of tumour cell death following combination therapy with low-dose
iii

doxorubicin was ≈13,000 µm2/image, a synergistic increase of 2,000 µm2/image. The findings
from this study demonstrate the potential of low-dose doxorubicin treatment to be used in
combination with NK-92 cell-mediated immunotherapy to deliver an improved anti-tumour
response against TNBC while achieving favourable levels of toxicity.
Key words: Immunotherapy, Low-Dose Chemotherapy, TNBC, Doxorubicin, CTR 20, NK-92,
NK Cell-Activating Ligands, NKG2D
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1.0 INTRODUCTION
1.1 The Pillars of Cancer Treatment
Chemotherapy is one of the three leading methods of cancer treatment to date, alongside
radiation and surgery (Smyth, 2017). Although proven to be an effective treatment option for
controlling tumours, conventional chemotherapy heavily relies on the administration of cytotoxic
anti-cancer agents at the maximum tolerated dose (MTD) to elicit tumour cell death, followed by
a prolonged drug-free break period (Bishnoi et al., 2017). The high toxicity accompanied by this
systemic approach unavoidably results in the killing of healthy proliferating cells and contributes
to other unwanted side effects including the development of chemoresistance and immune
suppression, worsening the patients overall quality of life during treatment (Yuan et al., 2021).
Recent studies suggest that tumours may be better controlled by treatment with low-dose
metronomic (LDM) chemotherapy, which involves the frequent administration of cytotoxic anticancer agents at low doses (1/10th-1/3rd of the MTD) with no extended breaks (Kareva et al.,
2015; Maiti, 2014). LDM chemotherapy is an attractive alternative to MTD chemotherapy as it
has the potential to preserve efficacy while achieving favourable levels of toxicity (Y. Liu et al.,
2017; Xie et al., 2017). Although research has only begun to investigate the efficacy of this lowdose regimen approach, LDM chemotherapy holds great promise in addressing the many adverse
effects of conventional MTD chemotherapy (Dalgleish & Stern, 2018).
Cancer immunotherapy, also referred to as immuno-oncology, is a fourth rising approach
to cancer treatment. This method involves the stimulation and exploitation of the hosts’ immune
system to recognize, target and destroy tumour cells, thereby providing a less toxic treatment
modality with fewer side effects as compared to those associated with traditional cancer
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treatment options (Drake, 2012). Although various cancer therapies can be effective when used
alone as a monotherapy option, the primary focus of current cancer research has been placed on
the potential of combinational therapies in an effort to achieve the maximum therapeutic benefit
(Barbari et al., 2020). Recent literature suggests that combining immunotherapies with
conventional cancer treatment methods has the potential to enhance the efficacy of tumour cell
death by eliciting an immune response with limited toxicities (Drake, 2012). This study will
therefore be focusing on the immune potentiating mechanism of low-dose chemotherapy in an
effort to reduce overall toxicity and to stimulate an immune reaction for the elimination of
tumour cells.

1.2 The Immune System
In order to understand the potential of immunotherapy as a novel treatment option in
cancer research, it is imperative that one reviews the various components of the immune system
and its functions within the body. In brief, the immune system is broken down into two parts: the
innate and adaptive immune responses (Gabrielli et al., 2016). The first line of defense against
non-self-pathogens is the innate immune response which comprises the following cells: natural
killer cells, mast cells, eosinophils, basophils, macrophages, neutrophils and dendritic cells
(Marshall et al., 2018). These innate immune cells are non-specific, and are thus able to respond
immediately to prevent the spread of foreign pathogens in the body (Smith et al., 2019). The
second line of defense against non-self pathogens is the adaptive immune response which
consists of B cells and T cells (Marshall et al., 2018). The cells of the adaptive immune response
develop memory to previous encounters with specific pathogens. In developing this memory, the
adaptive immune system is then able to recognize and destroy these specific pathogens (Smith et
al., 2019). However, building the memory takes time which makes the adaptive immune
2

response a slow response. The host thus relies on the cells of the innate immune system during
the first critical hours of exposure to a new pathogenic cell (Smith et al., 2019).

1.3 Cytotoxic Effector Cells for Immunotherapy: CD8+ T Cells
Versus Natural Killer Cells
Cytotoxic CD8+ T cells (CTLs) and natural killer (NK) cells are two important effector
cells of the immune system which possess cytotoxic capacity (Gun et al., 2019). CTLs are a
subset of T cells which comprises 5-25% of peripheral blood lymphocytes (Patel et al., 2018). T
cells play a central role in adaptive immunity and are the most widely studied cell type for
immunotherapy (Rosenberg & Huang, 2014). NK cells on the other hand are major lymphocytes
of the innate immune system which make up 5-20% of human peripheral blood lymphocytes
(Sharrock, 2019; Verhoeckx et al., 2015). Given that immunotherapy is a novel field of study in
cancer research, researchers have only recently begun to investigate the potential of NK cells in
immunotherapy. Although these cells differ in their mechanisms of action, both are essential for
the direct elimination of pathogens or pathogenic cells (Gun et al., 2019). For this reason,
literature suggests CTLs and NK cells to be two promising candidates for cancer immunotherapy
(Gun et al., 2019; Rosenberg & Huang, 2014).
Recognition is the first step when eliciting an immune response. Major histocompatibility
complex (MHC) class I molecules are a class of proteins present on the surface of all nucleated
cells, and CTLs of the adaptive immune response are best characterized for their ability to kill
cancer cells presenting MHC-I molecules (Cornel et al., 2020; Farhood et al., 2019; Leclerc et
al., 2019). However, literature states that 40-90% of tumours downregulate the surface
presentation of MHC-I proteins, an immune escape mechanism which significantly reduces
tumour recognition and tumour cell killing by CTLs (Cornel et al., 2020). Whereas CTL
3

activation is dependent on MHC-I expression, the opposite is true for NK cells. NK cells are
controlled by a tightly regulated balance of activating and inhibitory receptors, with MHC-I
expression on target cells contributing to an NK inhibitory phenotype (Sharrock, 2019). The
downregulation of MHC-I on tumour cells thus favours an NK activating phenotype, making NK
cells an attractive effector cell for immunotherapy strategies (Cornel et al., 2020; Sharrock,
2019).
Additionally, immune reaction speed is an important element to look at when comparing
the immunotherapeutic potential of CTLs and NK cells. Naïve CTLs are first primed by antigenpresenting cells such as dendritic cells; CTLs cells use their T cell antigen receptors (TCRs) to
recognize peptide-major histocompatibility complexes (pMHC) presented on the antigenpresenting cell surface to activate their cytotoxic potential (Maimela et al., 2019). Following the
initial exposure to the target antigen, CTLs cells undergo massive clonal expansion/contraction
to develop memory T cells which elicit a faster response upon subsequent encounters with the
same antigen (Rosenberg & Huang, 2014). Although memory CTLs can suppress the
reemergence of the cancer to provide the host with long-term control of tumour cells,
development of these memory cells is a slow process (Rosenberg & Huang, 2014). Unlike CTLs,
NK cells do not need antigen-specific priming to elicit a therapeutic anticancer response. These
innate lymphocytes are termed ‘natural killers’ due to their ability to kill tumour cells without
prior sensitization (Gabrielli et al., 2016). NK cells therefore hold great promise as they provide
the host with a fast immune reaction to transformed cells, whereas CTLs elicit a much slower
immune response. Additionally, upon activation, NK cells rapidly secrete pro-inflammatory
cytokines to further trigger the adaptive immune response, making them excellent effector cells
for cancer immunotherapy (Klingemann et al., 2016).
4

In developing effective immunotherapeutic strategies, researchers investigate and exploit
different points of entry in immune functioning to provide maximum therapeutic benefit. As
already described above, CTLs are activated by a single dominant T cell receptor whereas NK
cells are regulated by a cohort of activating and inhibitory receptors (Maimela et al., 2019;
Sharrock, 2019). Current research has thus placed focus on NK cells as a target for
immunotherapy as they present several potential targets for investigation. Overall, having
identified several limitations in using CTLs as an effector cell type for immunotherapeutic
strategies, this study will be investigating the cytotoxic potential of NK cells in cancer
immunotherapy.

1.4 NK Cell Functional Activity
As described in the previous section, NK cell functional activity is controlled by a tightly
regulated balance of activating and inhibitory receptors (Sharrock, 2019). Signaling of these
receptors allows NK cells to distinguish healthy cells from infected cells to initiate an
appropriate NK cell response; “to kill or not to kill” (Sharrock, 2019). The various activating and
inhibitory receptors expressed by NK cells recognize MHC class-I and related molecules as well
as cellular stress ligands which either contribute to the activation or inhibition of an NK cell
response (Pegram et al., 2011). A shift in balance towards activating signaling leads to the
activation of NK cells, resulting in target cell death by NK cell-mediated cytotoxicity or the
secretion of pro-inflammatory cytokines. Conversely, a shift in balance towards the inhibitory
signaling results in the downregulation of NK cell activity and target cell viability (Sharrock,
2019).
There are two proposed hypotheses to explain NK cell activation, the first being the
‘missing-self’ hypothesis (Chester et al., 2015). Healthy cells express major histocompatibility
5

complex class I (MHC-I) molecules on their cell surface which act as ligands for inhibitory
receptors on NK cells. As observed in Figure 1A, this binding is what allows the NK cells of the
immune system to recognize healthy cells to maintain ‘self-tolerance’, ensuring that cytotoxic
mechanisms are inhibited (Sharrock, 2019). In the case of tumour cells and virally infected cells,
MHC-I expression is downregulated (the ‘missing-self’ phenomenon [Figure 1B]) and as a
result, the activation of NK functional activity is no longer inhibited, thus rendering target cells
susceptible to NK cell attack (Chester et al., 2015; Pegram et al., 2011). The second theory of
NK cell activation, termed the ‘induced-self’ hypothesis (Figure 1C), suggests that NK cells are
activated in response to elevated expression and presentation of stress-induced ligands on target
cells (Pegram et al., 2011). In a paper published by Pegram and colleagues in 2011, it is stated
that stress-induced proteins are ligands for NK cell activating receptors, and are induced under
situations of cellular stress such as viral infection or malignant transformation. The balance of
signaling in these situations of cellular stress primarily favours the activation of NK cells,
triggering ‘induced-self killing’ and lysis of target cells (Sharrock, 2019). Overall, NK cell
activation is not determined by a single signal, but rather the combination of activating and
inhibitory signals from MHC-I molecules and stress-induced ligands which cooperatively decide
the fate of NK cytotoxicity (Chester et al., 2015).

6

Figure 1: Schematic illustration of NK cell-mediated activation and inhibition of cell-killing
mechanisms.
(A) No killing – NK activating and inhibitory signals are balanced. Here, self-MHC Class I
molecules expressed on the surface of healthy cells bind to NK inhibitory receptors to maintain
‘self-tolerance’. (B) ‘Missing-self’ killing – surface expression of MHC Class I molecules on
tumour cells and virally infected cells is often downregulated or absent. NK cells recognize these
target cells as ‘missing-self’, which leads to NK activation and target cell lysis. (C) ‘Inducedself’ killing - activating ligands, which are recognized by NK activating receptors, are often
overexpressed on the surface of tumour cells and virally infected cells. This overexpression of
activating signals overrides any inhibitory signals, triggering NK activation and ‘induced-self’
killing of target cells. (Sharrock, J. (2019). Natural Killer Cells and Their Role in Immunity
[Image]. Retrieved from https://www.emjreviews.com/allergy-immunology/article/natural-killercells-and-their-role-in-immunity/)
7

Several major activating receptors have been identified in the activation of NK
cytotoxicity including: natural killer group 2 member D (NKG2D), signaling lymphocytic
activation molecule (SLAM) family molecule 2B4 (CD244), the DNAX accessory molecule
(DNAM-1, CD226), and the Natural Cytotoxicity Receptors (NCRs): NKp30, NKp44, NKp46,
and NKp80 (Chester et al., 2015). According to available literatures, NKG2D acts as the
principal activating receptor on NK cells (Abdel-Latif & Youness, 2020; Ferlazzo & Münz,
2004; Shen et al., 2017). NKG2D is found on all NK cells and binds to stress-induced ligands
presented on target cells to activate NK cell cytotoxicity (Chester et al., 2015). Ligands
recognized by NKG2D receptors are MHC class I-related molecules MICA/MICB, and the
UL16-binding proteins (ULBP-1 to ULBP-6) (Shen et al., 2017). These NKG2D ligands
(NKG2DLs) are induced under situations of cellular stress, such as in the case of malignant
transformation, and are rarely expressed by healthy cells (Chester et al., 2015). Therefore,
NKG2D-mediated recognition of stress-induced ligands plays an important role in NK
immunosurveillance and cytotoxicity as it enables NK cells to monitor the tumour
microenvironment for ‘stressed’ or malignant cells (Chester et al., 2015).
Natural killer cells also express inhibitory receptors which act against the signaling by
NK activating receptors. In humans, killer cell immunoglobulin-like receptors (KIRs) are a
dominant group of inhibitory receptors which bind to the self-MHC class I ligands (HLA-A, -B,
-C) to inhibit NK cytotoxicity (Pegram et al., 2011). Healthy cells expressing HLA class I
molecules rely on the inhibitory signaling elicited by KIR-HLA class I interactions to prevent
NK cells from inducing an autoimmune response (Pegram et al., 2011). A second inhibitory
receptor is the CD94/NKG2A heterodimer which binds to HLA-E, a non-classical HLA class-I
molecule expressed on the cell surface of many transformed cells (Chester et al., 2015). Binding
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of CD94/NKG2A to HLA-E triggers an inhibitory NK phenotype, weakening NK cytotoxicity
and promoting viability of the bound transformed cell. Many immunotherapies thus aim to
enhance the immunotherapeutic potential of NK cells by reducing NK inhibition and promoting
NK activation and cytotoxicity (Chester et al., 2015). Having briefly investigated the many
activating and inhibitory receptors expressed on the NK cell surface, it is evident that NK cells
present many potential targets for investigation of novel immunotherapeutic strategies.

1.5 NK Cytotoxicity: Target Cell Killing
Once activated, NK cells use one of two mechanisms to directly lyse target cells (Paul &
Lal, 2017). The first major NK cell cytotoxic response is referred to as degranulation and
requires the release of cytotoxic granules at an immunological synapse (Orange, 2008). These
cytotoxic granules include perforin and various granzymes which cooperatively induce targetcell apoptosis (Paul & Lal, 2017). Perforin is a membrane-disrupting protein which is
responsible for creating pores in the membrane of target cells, while granzymes are serine
proteases which induce apoptosis of target cells (Paul & Lal, 2017). The NK-cell lytic-synapse is
tightly regulated, ensuring that cytotoxic granules are directionally secreted onto target cells
upon activation (Orange, 2008). The pores created by perforin allow for the entry of granzyme
into target cells to successfully induce target cell apoptosis (Orange, 2008; Paul & Lal, 2017).
This major NK cytotoxic response is highlighted in Figure 2. The second mechanism by which
NK cells lyse their target cells is a perforin-independent mechanism, referred to as death
receptor-induced target cell apoptosis (Paul & Lal, 2017). NK cells express several ligands on
their surface including Fas ligand (FasL), surface TNF (tumour necrosis factor) and TRAIL
(TNF-related apoptosis-inducing ligand) which bind to corresponding death receptors on target
cells to then trigger apoptosis of these target cells (Paul & Lal, 2017).
9

Upon stimulation, NK cells also produce large amounts of pro-inflammatory cytokines
which contribute to target cell death, albeit indirectly (Chester et al., 2015). The two most
important pro-inflammatory cytokines secreted by activated NK cells are interferon-γ (IFN-γ)
and tumour necrosis factor-α (TNF-α), as they play key roles in antiviral, antibacterial and antitumour activity (Paul & Lal 2017). IFN-γ contributes to anti-tumour immunity by accelerating
the activation of macrophages and cytotoxic CD8+ T cells that target tumour cells (Chester et al.,
2015). TNF-α promotes anti-tumour immunity in several ways: causing tumour-associated
capillary injury, enhancing B cell proliferation, promoting monocyte and macrophage
differentiation and generating an adaptive immune response (Chester et al., 2015). Therefore,
aside from the direct cytolysis of pathogenic target cells, the two pro-inflammatory cytokines,
IFN-γ and TNF-α released by activated NK cells are able to contribute to the NK cell-mediated
immune response as well.

10

Figure 2: Cytotoxic degranulation response of natural killer cells to target tumour cells.
The NK cytotoxic response is made up of four tightly regulated stages: (A) Formation of the
immunological synapse upon target cell recognition by NK cells. (B) Secretory lysosome
polarization toward the immunological synapse. (C) Docking of secretory lysosomes close to the
plasma membrane of NK cell at the synapse. (D) Fusion of secretory lysosomes with the target
cell plasma membrane to release the cytotoxic granules into the target cell. (Paul, S., & Lal, G.
(2017). The molecular mechanism of natural killer cells function and its importance in cancer
immunotherapy [Image]. Retrieved from https://doi.org/10.3389/fimmu.2017.01124)
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1.6 Strategies of Tumour Immune Escape from NK Cell-Mediated
Surveillance
Immune evasion is an important hallmark of cancer which contributes to tumour
progression and metastasis (Groth et al., 2011). Tumour cells have developed multiple
mechanisms of immune evasion, adding to their overall complexity and difficulty when being
studied. Several mechanisms employed by tumour cells to evade NK cell cytotoxicity include:
increasing MHC-I expression to inhibit NK cell function, decreasing NKG2D ligand presentation
to impair NK cell recognition and/or upregulating the levels of inhibitory cytokines in tumour
microenvironment (Groth et al., 2011). The various mechanisms employed by tumour cells to
evade detection and elimination by NK cells is shown in Figure 3. This study aims to further
investigate the immune evasion mechanism involving the major NK activating receptor,
NKG2D. As already described in the previous section, recognition and interaction of NKG2DLs
(MICA/B and ULBP-1 to ULBP-6) with NKG2D promotes the activation of NK cells to induce
tumour cell lysis. Although NKG2D plays an important role in NK activation, it is also a target
receptor for immune evasion strategies of tumour cells. One notable mechanism of immune
escape employed by many cancers is the proteolytic cleavage or shedding of NKG2DLs such as
MICA or MICB as illustrated in Figure 3(e) (Fu et al., 2015; Isernhagen et al., 2016). As a result,
immunosuppressive soluble NKG2DLs present in the tumour microenvironment act as decoy
ligands and distract the NKG2D receptor from binding to the remaining NKG2DLs present on
the tumour cell surface (Fu et al., 2015; Isernhagen et al., 2016). Additionally, tumour-derived
exosomes containing NKG2DLs may also contribute to the downregulation of the NKG2D
activating receptor (Isernhagen et al., 2016). Consequently, the downregulation of NKG2DLs
present on the tumour cell surface by proteolytic cleavage/shedding or by release in exosomes
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inhibits tumour recognition by NK cells, resulting in tumour survival and progression
(Isernhagen et al., 2016). Therapeutic strategies are thus being investigated to increase in the
amount of NKG2DLs on the cell surface to restore tumour recognition and NK cytotoxic
capacity.
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Figure 3: Immune escape mechanisms employed by tumour cells to evade NK
immunosurveillance.
(a) NK cell-mediated tumour cell recognition and lysis mechanisms, (b) alterations in DNA
modifying enzymes decreasing the expression of MICA/B, (c) persistent expression of activating
ligands resulting in hypo-responsiveness and decreased cytotoxicity due to decreased NKG2D
expression and reduced IFN- γ production, (d) tumour-released cytokines such as TGF-β and
IFN- γ decrease MICA/B expression, downregulate NKG2D expression and IFN-γ production in
NK cells and promote the conversion of CD4+ T cells into regulatory CD4+CD25+FOXP3+ T
cells, (e) and upregulation of MMPs and ADAMs which promote shedding of activating ligands
such as MICA which binds to NKG2D on NK and CD4+ T cells, resulting in the degradation of
NKG2D and conversion of CD4+ T cells into regulatory CD4+CD25+FOXP3+ T cells (Groth,
A., Klöss, S., Pogge Von Strandmann, E., Koehl, U., & Koch, J. (2011). Mechanisms of tumour
and viral immune escape from natural killer cell-mediated surveillance [Image]. Retrieved from
https://doi.org/10.1159/000327014)
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1.7 Anti-Cancer Agents
Accumulating evidence suggests that several conventional anti-cancer agents possess
immunomodulatory properties even at lower doses, increasing the susceptibility of tumour cells
to immune detection (Galluzzi et al., 2015; Zingoni et al., 2017). Chemotherapy-induced stresses
have been reported to enhance the immunogenicity of tumour cells by modulating the presence
of NK cell-activating/or -inhibitory ligands on the tumour cell surface (Zingoni et al., 2017). A
high dose of anti-cancer agents may act on tumour cells by causing direct cytostatic/cytotoxic
effects including DNA damage and mitotic arrest. In contrast, a low dose of anti-cancer agents
may induce senescence in tumours, whereby cells remain viable but have lost their ability to
proliferate (Ewald et al., 2010; Galluzzi et al., 2015). The cytostatic/cytotoxic effects associated
with chemotherapy treatment causes cells to be in a state of cellular stress which, in turn, triggers
the upregulation of stress-induced ligands on the tumour cell surface (Galluzzi et al., 2015).
Consistent with this mechanism of action, current literature has shown that drug-induced
senescent cells have been characterized as having an enlarged, flattened phenotype with
preferential surface presentation of NK cell-activating ligands (Ewald et al., 2010; Soriani et al.,
2014). Therefore, exposing tumour cells to the conditions of chemotherapy-induced stress has
the potential to upregulate NKG2DL presentation and restore NK cytotoxic capacity (Galluzzi et
al., 2015; Pegram et al., 2011). In this study, the immunomodulatory potential of two anti-cancer
agents will be investigated: doxorubicin and CTR 20.
Doxorubicin is one of the most effective chemotherapeutic drugs used in the treatment of
solid tumours for various types of cancers including breast cancer; monotherapy with
doxorubicin elicits a good response rate of 10% to 50% (Aghaee et al., 2013; Thorn et al., 2011).
Doxorubicin is classified as an anthracycline drug which has two proposed mechanisms of
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tumour cell killing: (1) intercalation of doxorubicin into the cells’ DNA and disruption of
topoisomerase-II-mediated DNA repair, accumulating target cells in the G2/M phase of the cell
cycle to prevent further cell division, and (2) generation of free radicals causing damage to the
cell membrane, proteins, and DNA, leading to cellular death (Kim et al., 2009; Thorn et al.,
2011). Although proven to be an effective anti-cancer drug in MTD chemotherapy regimens,
treatment with such cytotoxic drugs is often accompanied by unwanted side effects, the most
detrimental side effect induced by doxorubicin being cardiotoxicity (Taymaz-Nikerel et al.,
2018). Another common anti-therapeutic effect of repeated doxorubicin administration is the
development of drug-resistant tumour cells (Taymaz-Nikerel et al., 2018). Therefore, much
research using doxorubicin has focused on lowering the dosage or using doxorubicin in
combinational therapy in an effort to reduce the cardiotoxicity yet maintain the effectiveness of
the drug (Taymaz-Nikerel et al., 2018). Although doxorubicin has been primarily studied in
combinational therapy with other chemotherapeutic agents (ex. Cardioprotective agents), this
thesis seeks to further investigate the therapeutic potential of low-dose doxorubicin in
combination with NK cells, particularly NK-92 cells – an immortalized cell line mimicking the
functions of human NK cells circulating in the blood (Klingemann et al., 2016). Current
literature suggests that NK-92 cells possess several therapeutic advantages over blood NK cells,
which will be discussed in the following section (Bachiller et al., 2020; Klingemann et al., 2016;
Zhang et al., 2019).
Whereas doxorubicin is a highly toxic drug which kills tumour cells by causing direct
damage to their DNA, a novel class of anticancer compounds has been synthesized by the Lee
laboratory which target microtubule polymerization. Many of these novel compounds are
quinolone chalcone compounds of which the basic scaffold is often found in natural products
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including many edible fruits (Lindamulage et al., 2017). Microtubule inhibitors elicit tumour cell
death by binding to one of four well-described binding sites on tubulin: taxanes, vinca alkaloids,
laulimalide or colchicine (Lindamulage et al., 2017). In a paper published by Lindamulage and
colleagues in 2017, 24 quinolone chalcone compounds (also referred to as CTR compounds)
were synthesized and examined. These chalcone compounds act on tumour cells by binding to
the major part of the colchicine-binding site of β-tubulin (Lindamulage et al., 2017).
Microtubules are polymers of α and β tubulin which function in maintaining cellular shape,
transportation of organelles and migration of chromosomes during mitosis (Cooper, 2000).
Therefore, the inhibition of β-tubulin at the colchicine-binding pocket inhibits microtubule
polymerization, causing a prolonged period of mitotic arrest which eventually leads to cell death
(Cooper, 2000; Lindamulage et al., 2017). From all 24 CTR compounds synthesized and
examined, results for CTR 20 ((E)-6-Methoxy-3-(3-(2-methoxyphenyl)-3-oxoprop-1-enyl)
quinolin-2(1H)-one) showed to be of particular interest. Treatment with CTR 20 has been
reported to cause cell cycle arrest at the spindle assembly checkpoint (SAC) of the G2/M
phase of the cell cycle, eventually leading to cell death (Lindamulage et al., 2017). However,
the effects of CTR 20 have been reported to be reversible, making it an attractive anti-cancer
agent for further research for immunotherapy. Cell cycle analysis results showed that HeLa
cells that were released into drug-free medium following 12 hours of CTR 20 treatment
progressed into the G1 phase 3 hours after the release, and most cells moved out of the M
phase arrest 9 hours after the release (Lindamulage et al., 2017). Therefore, the reversibility of
CTR 20 can be advantageously utilized in the current study to inhibit tumour cell proliferation
until an immune response is triggered; once the cytotoxic mechanisms of immune cells are
activated, CTR 20 may reverse its cytostatic effects, ensuring that the immune cells are the
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main source of tumour cell death. Furthermore, CTR 20 was observed to be effective against
65 different cancer cell lines, including many multi-drug resistant cells (Lindamulage et al.,
2017). Results also indicated that CTR 20 is a strong anti-cancer agent in mice when used
alone as a monotherapy or in combinational therapy with paclitaxel, without causing any
notable side effects to animals (Lindamulage et al., 2017). CTR 20 toxicity administered alone
or in combination with paclitaxel was assessed by making visual observations of Hematoxylin
and Eosin (H&E) stained liver, kidney and spleen tissues following treatment; no detectable
toxicity was observed in any of the organs (Lindamulage et al., 2017). Therefore, of all 24
quinolone chalcone compounds synthesized by the Lee laboratory, CTR 20 was selected as
the compound of interest for the current study. Although CTR 20 has been studied by
Lindamulage and colleagues in combinational therapy with other chemotherapeutic agents,
this study will investigate the potential of CTR 20 in combination with NK-92 cells.

1.8 In Vitro Study Models
Although many advancements have been made in medicine and cancer research to date,
breast cancer remains one of the most common types of cancers worldwide, and is a leading
cause of cancer death for women (Ernst & Anderson, 2015; Kathryn et al., 2012). Various
subclasses of tumour cells lack the surface molecular markers that are targeted for therapy. The
MDA-MB-231 breast cancer cell line is a triple negative breast cancer (TNBC) which lacks the
three commonly expressed markers: estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor type 2 (HER2) (Kathryn et al., 2012; Won & Spruck,
2020). As a result, patients with TNBC have no known therapeutic targets and therefore do not
benefit from hormonal or trastuzumab-based therapy (anti-HER2 therapy) (Li et al., 2018).
Development of improved therapies is critical for TNBC as the subtype represents 15-20% of all
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newly diagnosed breast cancers, accounting for 5% of all cancer-related deaths (Won & Spruck,
2020). Compared to other subtypes of breast cancer, TNBC typically displays aggressive
behaviour including earlier recurrence and metastasis (Keenan & Tolaney, 2020; Won & Spruck,
2020). TNBC treatment is currently limited to chemotherapy, and the majority of TNBC patients
show poor prognosis in both early and advanced stages (Kathryn et al., 2012; Lee & Cho, 2020).
According to literature, researchers have identified several key characteristics of TNBCs which
suggest that TNBCs may respond to immunotherapy as well as combinational therapy better than
other subclasses of breast cancer: (1) TNBC cells are chemotherapy sensitive; and (2) they are
often more immunogenic than other breast cancer subtypes – TNBCs are said to have higher
levels of tumour-infiltrating lymphocytes (TILs) in their microenvironment, due to the high
degree of chromosome instability and mutation rates of TNBC tumour cells (Abdel-Latif &
Youness, 2020; Won & Spruck, 2020). These two characteristics of TNBC cells make them an
attractive breast cancer subtype to study for this thesis for two reasons: (1) treatment with lowdose chemotherapeutic agents may be more effective when using a chemotherapy sensitive cell
line such as TNBC cells; and (2) the higher levels of TIL in the tumour microenvironment
suggest that TNBC patients may be greatly benefited from immunotherapies as its
immunogenicity may help to elicit a faster immune response following low-dose chemotherapy.
Therefore, the TNBC cell line, MDA-MB-231, was selected as a TNBC model for this in vitro
study.
Furthermore, the immune effector cell that will be investigated in this study is NK cells.
However, obtaining sufficient numbers of functionally active NK cells from blood is challenging
since they represent only 5-20% of lymphocytes and are often inactive (Klingemann et al.,
2016). For this reason, the immortal NK-92 cell line derived from peripheral blood mononuclear
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cells from a 50-year-old Caucasian male with malignant non-Hodgkin's lymphoma was used for
this in vitro study as described previously (Hong et al., 1994). The NK-92 cell line is best
characterized as being a highly cytotoxic, interleukin-2 (IL-2)-dependent human natural killer
(NK) cell line showing strong anti-tumour effects (Bachiller et al., 2020; Klingemann et al.,
2016). IL-2 is reported to be one of the best cytokine activators for NK cells, enhancing the
proliferation, homeostasis and cytotoxicity of NK cells (Tam et al., 2004). IL-2 is also secreted
by activated T cells, suggesting that the adaptive immune response may aid in the activation of
NK cytotoxicity both in vivo and in vitro (Wu et al., 2017). Additionally, perforin and granzyme
are abundant in NK-92 cells which contributes to the high cytotoxicity (Zhang et al., 2019).
Results from a paper published by Tam and colleagues in 2004 showed that NK-92 cells are
highly cytotoxic against human melanoma both in vitro and in vivo (Tam et al., 2004). Tumourbearing SCID mice treated with i.v. administered NK-92 cells resulted in a 1.5-2.5-fold increase
in average length of survival; tumour size was reduced up to 90% (Tam et al., 2004). The NK-92
phenotype has also been well characterized to be lacking almost all inhibitory killing receptors
(Klingemann et al., 2016; Suck et al., 2016). Absence of these inhibitory receptors thus favours
an NK activating phenotype, making NK-92 cells a more suitable effector cell for cancer
immunotherapy. All in all, the NK-92 cell line has become a critical cell line for immunotherapy
research and is the only cell line approved by the US Food and Drug Administration (FDA) to be
used in clinical trials for different malignancies thus far, showing safe infusion into patients up to
a maximum cell dose of 1010 cells/m2 (Bergman et al., 2020; Suck et al., 2016; Tonn et al.,
2013). Tonn and colleagues showed that 15 patients with various advanced, treatment-resistant
malignancies who received two infusions of NK-92 cells, given 48 hours apart up to the
maximum cell dose of 1010 cells/m2, showed no infusion-related or long-term side effects (Tonn
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et al., 2013). NK-92 cells persisted in the circulation for up to 48 hours and several patients with
lung cancer showed encouraging anti-tumour results after treatment (Tonn et al., 2013).
Similarly, clinical phase I/II testing of patients with other malignancies such as leukemia and
advanced renal cancer have demonstrated safe infusion of ex vivo -expanded NK-92 at the
maximum cell dose (Arai et al., 2008; Suck et al., 2016). This study therefore seeks to further
investigate the therapeutic potential of the NK-92 cell line which has already shown promising
results in phase I/II clinical trials.
Lastly, the erythroleukemia cell line, K562, was selected as the positive control for
various experiments in the current study because these cells are sensitive to NK cell-mediated
cytotoxicity (Zarcone et al., 1987). K562 cells are characterized by their reduced surface
presentation of major histocompatibility compatibility complex class I ligands for inhibitory NK
receptors and heightened surface presentation of ligands for NK activating receptors; the balance
of signaling favours the activation of NK cells and target cell (K562) lysis (Kandarian et al.,
2017; Tremblay-Mclean et al., 2019). This K562/NK cell model is well established and has
plenty of literature supporting its use with the NK-92 cell line (Hong et al., 1994; Kandarian et
al., 2017; Song et al., 2020; Swift et al., 2012; Tremblay-Mclean et al., 2019; Tsartsalis et al.,
2015).

1.9 Hypothesis and Objectives
The main hypothesis of this study is that the combination of a low-dose chemotherapeutic
agent and active NK cells will have synergistic effects on TNBC cells. While the majority of
research conducted in the field of combination therapy has focused on the use of common
chemotherapeutic agents, this study will be investigating the immunogenic potential of the novel
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chalcone-based compound, CTR 20, in comparison to the common chemotherapeutic agent,
doxorubicin, which is known as a “stress pathways” NK activator.
Low-dose drug conditions will be established based on a tumour cell viability ≥ 90%,
ensuring that low-dose treatment is not the main source of tumour cell death (Gul et al., 2021).
The immunogenic potential of these low-dose conditions will be evaluated by analyzing the
levels of stress-induced ligands on the surface of treated tumour cells. According to literature, the
presentation of stress-induced ligands is enhanced under conditions of cellular stress such as
chemotherapy-induced stress (Pegram et al., 2011). MICA/B, ULBP 1 and ULBP 2/5/6 are the
stress-induced proteins of interest for this study which are ligands for the NKG2D activating
receptor of NK cells (Pegram et al., 2011). Although different chemotherapeutic agents have
different mechanisms of action, many of them effect on cell division cycle. Therefore, cell cycle
analysis was conducted on treated tumour cells to assess the influence of low-dose treatment on
tumour cell progression through the cell division cycle. Furthermore, tumour cells treated with a
low-dose anticancer agent were co-cultured with NK-92 effector cells (Sayitoglu et al., 2020).
The result was monitored with the Incucyte Live-Cell Analysis system to quantify tumour cell
death as a direct result of NK-92 cytotoxicity. The primary mechanism used by NK cells to
induce target cell lysis is degranulation, involving the release of cytotoxic granules including
perforin and various granzymes (Paul & Lal, 2017). Flow cytometry was used to quantify the
levels of degranulation markers secreted by NK-92 cells following co-culture with low-dose
treated target tumour cells. This study therefore aims to expose tumour cells to low-dose
chemotherapy treatment to enhance the tumour cell surface presentation of NKG2DLs to restore
tumour recognition and NK cytotoxic capacity.
There are four main objectives of this study:
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1. Establishing low-dose drug conditions for doxorubicin and CTR 20.
2. Determining the effect of low-dose chemotherapy on NKG2DL levels and cell cycle
progression of MDA-MB-231 cells under the conditions.
3. Examining the synergistic effects of low-dose chemotherapy when combined with
NK-92 cells, under the co-culture conditions of MDA-MB231 tumor cells and NK-92
cells.
4. Determining the levels of NK-92 cytotoxic granules following the co-culturing of
MDA-MB-231 and NK-92 cells.
It is anticipated that the treatment of MDA-MB-231 cells with low-dose chemotherapy
will increase the levels of stress-induced ligands on the tumour cell surface, especially those
ligands for the NKG2D activating receptor of NK cells, thus rendering MDA-MB-231 cells more
susceptible to NK-92 cell-mediated attack.
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2.0 MATERIALS & METHODS
2.1 Cell Lines and Cell Culture
In this study, two classes of cell types were used: tumour cells and immune cells. The two
tumour cell lines used were MDA-MB-231 and K562. The MDA-MB-231 cell line belongs to
the triple negative breast cancer subtype and was obtained from the American Tissue Culture
Collection (Manassas, VA). MDA-MB-231 cells were cultured in DMEM High-Glucose
medium with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S), incubated at
37°C in 5% CO2. Since the MDA-MB-231 cell line is an adherent cell line, standard 10 cm
Tissue Culture (TC) dishes and standard 96 well TC plates were used to for cell culture. The
human erythroleukemia cell line, K562, was obtained from the American Tissue Culture
Collection (Manassas, VA), and was used as a control for various experiments as it is sensitive to
the cytotoxic killing by NK cells (Zarcone et al., 1987). K562 cells were cultured in IMDM
medium with 10% FBS, incubated at 37°C in 5% CO2. Since the K562 cell line is a suspension
cell line, suspension T25 and T75 TC flasks, as well as suspension 96 well TC plates were used
to grow.
The major source of immune cells used in this study was the established NK-92 cell line
which is an immortalized cell line that mimics the functions of human NK cells circulating in the
blood (Klingemann et al., 2016). This cell line was obtained from the American Tissue Culture
Collection (Manassas, VA). Cells were cultured in MEM Alpha medium with 12.5% horse
serum, 12.5% FBS, 0.2 mM inositol and 0.02 mM folic acid. 0.1 mM of 2-mercaptoethanol and
100-200U/mL of IL-2 were added fresh prior to media use for cell culture. As stated in the
ATCC cell culturing protocol, IL-2 is crucial for NK-92 cell growth; cells will die within 72
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hours in the absence of IL-2 (Bachiller et al., 2020). Studies show that continuous exposure to
IL-2 shifts NK-92 cells into a strongly activated, cytotoxic state with increased degranulation
potential; therefore it is important to note that the presence of IL-2 in cell culture media may
affect results obtained in this study (Yang et al., 2019). Peripheral blood mononuclear cells
(PBMCs), which comprise lymphocytes, monocytes and dendritic cells, were also used in this
study. PBMCs were isolated from whole blood donated by the Canadian Blood Services under
the auspicious of the Institutional Research Ethics Board Project #18-099. RPMI medium with
10% heat-inactivated (56°C for 30 minutes) FBS and 1% P/S was used to thaw and culturing
PBMC cells. Isolation, freezing and thawing protocols for PBMCs from whole blood are
described in section 2.1.1. Suspension T25 and T75 TC flasks, as well as suspension 96 well TC
plates were used for cell culture of both NK-92 cells and PBMCs.

2.1.1 Isolation, Freezing and Thawing Protocols for PBMCs
PBMC Isolation and Freezing
PBMCs from healthy donors were isolated by density gradient centrifugation using Ficoll
solution (Knockleby et al., personal communication). First, whole blood (collected from
Canadian Blood Services under Institutional Research Ethics Board Project # 18-099) was
diluted with PBS then gently layered over an equal volume of Ficoll and centrifuged at 800 ×g
for 20 minutes with no brake. The Buffy coat was carefully collected by pipetting in 50 mL tubes
and topped off with PBS. The cell isolates were subsequently mixed by inversion and
centrifuged at 300 ×g for 12 minutes. The supernatant was then carefully aspirated without
disturbing the cell pellet, and the PBMCs were resuspended in ammonium-chloride-potassium
(ACK) lysis buffer. The tubes were left to stand for 15 minutes to allow for red blood cell lysis.
PBS was again added to the cells and centrifuged at 300 ×g for 12 minutes and pelleted PBMCs
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were resuspended in warm media. Following the cell count, cells were centrifuged again and
cryopreserved with a freezing medium composed of 40% FBS, 10% DMSO and 50% RPMI
growth medium containing 10% heat-inactivated FBS and 1% P/S. Cryovials were placed in a
− 80 °C for 24 hours prior to transferring them to liquid nitrogen for long-term storage.
PBMC Thawing
Cryopreserved PBMCs were handled with care when thawing from liquid nitrogen
storage (Knockleby et al., personal communication). First, cryopreserved PBMCs were removed
from liquid nitrogen storage and placed in a 37°C water bath for 1-2 minutes, until almost
completely thawed. One mL of warm media was added to the thawed cells dropwise to gradually
warm up the cells. The entire contents of the cryovial were then transferred to a Celltreat BioReaction 15 mL centrifuge tube. Next, the empty cryovial was rinsed with an additional 1 mL of
media to collect any residual cells, which were then transferred dropwise to the 15 mL tube. An
additional 8 mL of media was added dropwise to bring the volume up to 10 mL in the 15 mL
tube. The 15 mL tube was then centrifuged at room temperature for 10 minutes at 300 ×g,
acceleration at 8, deceleration at 8 (Sorvall ST 40R Centrifuge, ThermoFisher Scientific). Once
centrifuged, the supernatant was removed without disturbing the cell pellet, and cells were then
gently resuspended in 5 mL of fresh, warm media. The 15 mL tube was then placed in a 37°C
incubator in a 5° angled rack to allow the cells to rest/revitalize for 4 hours. After 4 hours, cells
were removed and 30 units/mL of Benzonase Nuclease + 5 mL of warm growth medium was
added to the 15 mL tube. The Benzonase Nuclease was injected directly into the cell solution and
incubated at room temperature for 5 minutes, followed by centrifugation at room temperature for
10 minutes at 300 ×g, acceleration at 8, deceleration at 8 (Sorvall ST 40R Centrifuge,
ThermoFisher Scientific). Once centrifuged, the supernatant was removed and the cell pellet was
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resuspended in 1 mL of warm growth medium. The pelleted cells were resuspended in the
medium and a small aliquot was used for cell counting and viability staining with Trypan blue.
The average recovery of a single cryovial of PBMCs frozen at a cell concentration of 1 x 106
cells/cryovial was 30-50%. Based on the viable cell count, PBMCs were then plated at a
recommended seeding density of 1 million cells/mL.

2.2 Determination of the IC50 Value of Doxorubicin and CTR 20
Using the Sulforhodamine B Colorimetric Assay
The Sulforhodamine B (SRB) assay was used to determine the cytotoxic effects of the
anti-cancer drugs used in this study (Vichai & Kirtikara, 2006): doxorubicin and CTR 20. In this
assay, SRB measures cell density by stoichiometrically binding to the protein components of
trichloroacetic acid-fixed cells; the amount of bound dye is directly proportional to the cell mass,
which can then extrapolated to measure cell proliferation (Vichai & Kirtikara, 2006). Therefore,
it should be noted that the SRB assay does not discriminate between cytostatic and cytotoxic
drugs.
MDA-MB-231 cells were seeded in a 96-well plate, with five replicates of each
condition. Each well contained approximately 5,000 cells suspended in 100 µL of DMEM HighGlucose culture medium. Cells were given 24 hours to adhere to the plate, incubated at 37°C in
5% CO2. Following the initial incubation, the time zero time point (T0) wells were treated with
100 µL of cold 10% (w/v) trichloroacetic acid to fix the cells at the time of drug administration,
and negative growth control wells were treated with 100 µL of fresh medium containing DMSO
(final volume of DMSO is 0.002%). All other wells were immediately treated with 100 µL of
prepared doxorubicin with a maximum concentration of 2,000 nM. A total of 8 concentrations
were prepared by a two-fold dilution for each increment dilution. However, one value was
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omitted (62.5nM) to account for a larger range of concentrations. Following the drug treatment,
the 96-well plate was incubated for 48 hours at 37°C in 5% CO2. Once the 48-hour incubation
period was complete, 100 µL of cold 10% (w/v) trichloroacetic acid was added to the negative
control wells as well as the wells containing drug treatment. The plate was then incubated at 4°C
for 60 minutes. The TCA was discarded and the cells in the plate were washed four times with
cold tap water. Plates were then air-dried overnight at room temperature to ensure there was no
excess water in the wells. Once dried, 50 µL of 0.057% (w/v) SRB staining solution was added
to each well, incubated for 30 minutes at room temperature. The staining solution was then
recollected and the plate was washed once with 1% (v/v) acetic acid followed by four washes
with cold tap water to remove any unbound dye. Plates were then air-dried overnight at room
temperature to ensure there was no excess water in the wells. Once dried, the protein bound by
dye was solubilized by the addition of 200 µL of 10 mM Tris buffer (pH 10.5) to each well,
incubated for 30 minutes at room temperature. An automatic plate reader (Synergy H4 Hybrid
Multi-Mode Microplate Reader, BioTek) was used to measure the absorbance of each well at a
wavelength of 540 nm.
The following equation was used to calculate the percentage of cell growth for each
concentration: growth rate (%) = (Ti – T0) / (C – T0), where Ti is the average absorbance of a
given drug concentration; T0 is the average absorbance at time zero; and C is the average
absorbance of the negative control. A dose-response curve was generated from the
predetermined growth rate at each concentration, and the IC50 value was then determined, which
is the drug concentration that inhibits 50% of cellular growth rate. The IC50 of doxorubicin was
determined by transforming the x-axis to the log of doses then using the “log (inhibitor) vs
response – variable slope (four parameters)” analyses with Graph-Pad Prism Version 5.04
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software. The IC50 concentration of CTR 20 was predetermined, and was obtained from
laboratory colleagues (Aicha Djigo, personal communication).

2.3 MTS Cell Proliferation Assay
The MTS cell proliferation assay was used as a colorimetric sensitive quantification of
viable tumour and immune cells following treatment with chemotherapeutic agents (Riss et al.,
2004). Cells were plated in a 96-well pate in a final volume of 200 µL. Tumour cells and
immune cells were plated at manufacturer-recommended seeding densities which ranged
between 5-100 x 103 cells/well. Cells were then incubated for 24-72 hours at 37°C in 5% CO2
with appropriate treatments. Once cells were treated for 24-72 hours, 40 µL of MTS reagent was
added to each well and incubated for an additional 1-4 hours. MTS is bio-reduced by
dehydrogenase enzymes found in metabolically active cells to give a formazan product that is
soluble in tissue culture medium (Riss et al., 2004). The amount of soluble formazan produced
by cellular reduction of the MTS was recorded at an absorbance of 490 nm using the Synergy H4
Hybrid Multi-Mode Microplate Reader, whereby the absorbance of formazan at 490 nm is
directly proportional to the number of living cells in culture medium (Riss et al., 2004). The
following equation was used to calculate the percentage of viable cells for each treatment: (%)
cell viability = [(Ti – Tx) / (C – Tx)] * 100, where Ti is the average absorbance of a given drug
concentration; Tx is the average absorbance of the background control; and C is the average
absorbance of the DMSO-treated healthy cells control with 100% viability (final volume of
DMSO is 0.002% for doxorubicin experiments and 0.04% for CTR 20 experiments). Note that
for the MTS assay performed with PBMCs, three trials were performed using different donors
for each trial (A, B and O+ blood types).
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2.4 Flow Cytometry
2.4.1 Stress-Induced Ligand Presentation on The Surface of Target Cells
MDA-MB-231 cells were plated in standard 10 cm TC dishes and given 24 hours to
adhere to the plate prior to treatment with low-dose drug conditions; control plates were seeded
at a density of 1-5 x 105 cells/plate whereas drug treatment plates were seeded at a density of 0.51 x 106 cells/plate. After the 24-hour incubation period, the untreated control plate was replaced
with fresh media. In all other plates, cells were treated with DMSO control, 100 nM (IC25), and
200 nM (IC50) of doxorubicin or CTR 20 for 48 hours and 72 hours, respectively (final volume
of DMSO is 0.002% for doxorubicin experiments and 0.04% for CTR 20 experiments). Treated
and untreated MDA-MB-231 cells were analyzed for their levels of stress-induced ligands
following treatment with low-dose drug conditions using the Staining Cell Surface Targets for
Flow Cytometry protocol by ThermoFisher Scientific (Staining Cell Surface Targets for Flow
Cytometry, 2021). Once treated, cells were harvested with trypsin and washed twice with 2 mL
of PBS, followed by a 20-minute incubation period with a FcR blocking reagent (5% BSA in
PBS) on ice. Cells were then incubated with the recommended volume of monoclonal antibodies
(mAb) and their appropriate isotype control for 30 minutes on ice in the dark in 100 µL of
staining buffer (1% BSA in PBS). Two more washing steps were carried out with staining buffer.
Finally, cells were resuspended in 1 mL of staining buffer to be analyzed by flow cytometry.
Data was analyzed using the Cytometrics FC-500 flow cytometer (Beckman Coulter, Fullerton
CA) using CXP Analysis Software, in which 10,000 events were recorded. Debris and dead cells
were excluded by gating forward scatter and side scatter. The mAb used in this study are
presented in Table 1. At least three independent experiments were performed for each mAb.
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Table 1. Monoclonal antibodies and respective isotype controls used for the analysis of stressinduced ligands on target cells
mAb

Fluorochrome

Clone

Manufacturer

Cat. #

MIC A/B

Alexa Fluor 488

6D4

eBioscience

53-5788-42

Isotype Control

Alexa Fluor 488

eBMG2a

eBioscience

53-4724-80

ULBP 1

Alexa Fluor 488

170818

R&D

FAB1380G

Mouse IgG2A

Alexa Fluor488

20102

R&D

IC003G

ULBP 2/5/6

PE

165903

R&D

FAB1298P

Mouse IgG2A

PE

20102

R&D

IC003P

Mouse IgG2a kappa

Isotype Control

Isotype Control

2.4.2 Propidium Iodide Cell Cycle Analysis
The Abcam propidium iodide staining protocol was used to measure the DNA content of
untreated and low-dose drug treated MDA-MB-231 cells (Propidium Iodide Flow Cytometry Kit
for Cell Cycle Analysis, 2021). First, MDA-MB-231 cells were plated in standard 10 cm TC
dishes and given 24 hours to adhere to the plate; control plates were seeded at a density of 1-5
x 105 cells/plate whereas drug treatment plates were seeded at a density of 0.5-1 x 106 cells/plate.
Cells were then treated with DMSO control, 100 nM (IC25), and 200 nM (IC50) of doxorubicin or
CTR 20 for 48 hours and 72 hours, respectively (final volume of DMSO is 0.002% for
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doxorubicin experiments and 0.04% for CTR 20 experiments). Following low-dose drug
treatment, cells were harvested with trypsin and washed with 2 mL of PBS. Cell culture media
and PBS wash were collected for each cell suspension, followed by centrifugation at 2,000 rpm
for 5 minutes (Sorvall ST 40R Centrifuge, ThermoFisher Scientific). Pellets were then fixed with
70% ethanol added dropwise while vortexing it until a final volume of 5 mL was reached for
each sample. Cells were fixed for 2 hours at 4°C. After fixation, cells were centrifuged at 2,000
rpm for 5 minutes (Sorvall ST 40R Centrifuge, ThermoFisher Scientific), then washed twice
with 2 mL of PBS. Pellets were then resuspended in 500 µL 1 × Propidium Iodide + RNase +
Staining Buffer Solution. Following an incubation period of 30 minutes at 37°C in the dark,
tubes were placed on ice in the dark prior to analysis by flow cytometry. Once cells were
resuspended in solution, flow cytometry results were collected using the FL2 channel of a
Beckmans Coulter Cytomics FC500 flow cytometer. Data was analyzed using CXP Analysis
Software, in which 10,000 events were recorded. Debris and dead cells were excluded by gating
forward scatter and side scatter. The gating strategy used to determine the percentage of cells in
the G1, S and G2/M phases is outlined in Figure 4.

Figure 4: Gating strategy for cell cycle analysis.
Staining with propidium iodide allows for the identification of cells in the G1, S and G2/M
phases of the cell cycle.
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2.4.3 Expression of Degranulation Markers: Perforin and Granzyme B
Degranulation markers were analyzed using the Staining Intracellular Antigens for Flow
Cytometry protocol by ThermoFisher Scientific (Staining Intracellular Antigens for Flow
Cytometry, 2021). Briefly, prior to flow cytometry analysis, NK-92 cells were co-incubated with
untreated and treated MDA-MB-231 cells or K562 cells (as a positive control) at an effector-totarget ratio of 5:1 for 5 hours (Sayitoglu et al., 2020). Culture media was centrifuged at 500 ×g at
room temperature for 5 minutes to collect cells in suspension and adherent cells were harvested
with trypsin. Next, cells were washed twice with 2 mL of PBS and then fixed for 20-60 minutes
at room temperature in the dark in 100 µL of IC Fixation Buffer. Following the fixation period,
pellets were washed twice with 2 mL of 1 × Permeabilization Buffer. Cell pellets were then
resuspended in 100 µL of 1 × Permeabilization Buffer and the recommended amount of directly
conjugated primary antibody, along with the appropriate isotype control, was added for 20-60
minutes at room temperature in the dark. Following incubation, pellets were washed twice with 2
mL of 1 × Permeabilization Buffer. Stained cells were then resuspended in 1 mL of Flow
Cytometry Staining Buffer (1% BSA in PBS), and analyzed by flow cytometry. Data was
analyzed using the Cytometrics FC-500 flow cytometer (Beckman Coulter, Fullerton CA) using
CXP Analysis Software, in which 10,000 events were recorded. Debris and dead cells were
excluded by gating forward scatter (FSC) and side scatter (SSC). The mAb used are presented in
Table 2. At least three independent experiments were performed for each mAb.
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Table 2. Degranulation antibodies and respective isotype controls used in this study
mAb

Fluorochrome

Clone

Manufacturer

Cat. #

Granzyme B

PE

GB12

invitrogen

MHGB04

Mouse IgG1 Isotype

R-Phycoerythrin

N/A

ImmunoReagents

MU-041-MPE

Control

(R-PE)

Perforin

PE

dG9

eBioscience

12-9994-42

PE

eBMG2b

invitrogen

12-4732-81

Mouse IgG2b kappa
Isotype Control

2.5 Incucyte Protocols
2.5.1 Incucyte Nuclight Red Lentivirus Reagent Transduction Protocol
As described in the Incucyte® Nuclight Lentivirus Reagents for Nuclear Labeling of Live
Cells product guide by Sartorius (Oakville, ON), the Incucyte Nuclight Red Lentivirus Reagent
(Lenti, EF1α, puro) is a reagent used to efficiently label the nucleus red of living mammalian
cells. This reagent was used to label MDA-MB-231 and K562 target cells used in this study.
First, cells were seeded in their respective growth media in a 6-well plate; MBA-MB-231 cells
were left to adhere for 4-24 hours. Cells were plated at a seeding density whereby confluency
was between 15-35% at the time of transduction.
MDA-MB-231 cells were seeded at 2,000 cells/well and K562 cells were seeded at 5,000
cells/well. Next, the Incucyte Nuclight Red Lentivirus Reagent was added at a desired
multiplicity of infection (MOI) of 3-6 (variable among cell lines), diluted in media ± Polybrene.
Cells were incubated for 24 hours at 37°C, 5% CO2. After incubation, media was removed and
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replaced with fresh growth media for an additional 24-48 hours, monitoring expression with the
Incucyte Live-Cell Analysis System. Once transduction was complete, puromycin antibiotic
selection was applied to the cells in order to derive a stable, homogenous cell population. Cells
were incubated with appropriate concentrations of antibiotic selection for 72-96 hours, replacing
media every 48 hours (Puromycin, 2021). Finally, cells were expanded and frozen in liquid
nitrogen for future use (cryopreservation medium: 90% FBS and 10% DMSO).

2.5.2 Cytotox Green Dye
As outlined in the Incucyte® Cytotox Dyes for Detection of Cell Membrane Integrity
Disruption product guide by Sartorius (Oakville, ON), the Incucyte Cytotox Green Dye is a
highly sensitive nucleic acid dye which quantifies cell death in a simple mix-and-read assay.
Addition of the Incucyte Cytotox Dye to normal healthy cells yields little to no fluorescent
signal, and it does not affect cell growth or morphology. The Incucyte Cytotox Dye only gains
entry into a cell once it becomes unhealthy whereby the cells’ plasma membrane integrity is
diminished (Incucyte® Cytotox Dyes, 2020). This entry of the dye through the disrupted
membrane then yields a 100- to 1,000-fold increase in fluorescence upon binding to the
deoxyribonucleic acid (DNA) located in the nucleus (Incucyte® Cytotox Dyes, 2020). With the
Incucyte integrated analysis software, fluorescent objects can be quantified.

2.5.3 Immune Cell Killing Assay for Live Cell Analysis
In this study, Incucyte Cytotox Green Dye was used to quantify the killing of red
Nuclight labeled target tumour cells by NK-92 effector cells under the co-culture conditions
using the Incucyte Immune Cell Killing Assay protocol provided by Sartorius (Oakville, ON).
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Prior to the addition of NK-92 cells, MDA-MB-231 cells were treated with pre-determined lowdose drug conditions (100 nM doxorubicin for 48 hours or 200 nM CTR 20 for 72 hours).
Treated MDA-MB-231 cells were harvested and plated at a seeding density of 2,000 cells per
well (100 µL/well) in a 96 well plate. Once plated, treated MDA-MB-231 cells were given 4
hours to adhere to the plate. During this time, additional steps were performed prior to seeding
the non-adherent K562 cells used as a control. K562 wells were first coated with 50 µL/well of
0.01% poly-L-ornithine and incubated at ambient temperature for one hour. Following this
incubation period, the poly-L-ornithine solution was removed from the wells, and the plate was
given 30-60 minutes to dry prior to cell addition. Once dry, K562 cells were added at a
recommended seeding density of 5,000 cells/well (100 µL/well).
Once the pretreated MDA-MB-231 cells were given 4 hours to adhere to the plate and
K562 cells were also plated, the Cytotox Green Dye was diluted in NK-92 full media, and added
directly to each well in the 96 well plate to yield a final working concentration of 250 nM; 50 µL
of 4 × Cytotox Green dye was added to each well. Lastly, NK-92 cells were added to K562 and
pretreated MDA-MB-231 cell wells at effector-to-target cell ratios of 1:1, 5:1 and 10:1. 50 µL of
the appropriate number of NK-92 effector cells was added to each well to reach a final volume of
200 µL/well. The final volume for each well was composed of 100 µL of K562 or MDA-MB231 medium, and 100 µL of NK-92 medium. Once the Cytotox Green Dye and NK-92 effector
cells were added simultaneously, the plate was placed into the Incucyte Live-Cell Analysis
System and images were taken of each well every two hours at an objective of 10× for total
duration of 24 hours.
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2.5.4 Analysis with Incucyte Basic Analyzer
When analyzing the Incucyte-based immune cell killing assay (Methods & Materials,
2.5.3), an appropriate range of images and the “Basic Analyzer” option were selected to examine
the experimental outcome during the 24-hour experimental period. The phase confluence mask
(Figure 5A) was selected to mask all target and effector cells; the area of this mask was adjusted
to remove any background debris from being identified as a cell. Secondly, a red fluorescence
mask was defined for the target cell population (Figure 5B). Target cells (MDA-MB-231 and
K562) were transduced with Incucyte Nuclight Red Lentivirus Reagent prior to this experiment
as outlined in Materials & Methods, 2.5.1. Red fluorescence alone was therefore indicative of
live, healthy target cells. Area of this red mask was adjusted to remove any background
fluorescence. Thirdly, a mask was defined for the cell health indicator in target cells, Green
Cytotox Dye, as discussed in Materials & Methods 2.5.2. Green fluorescence was indicative of
cell death; area and eccentricity of this green fluorescence mask (Figure 5C) was adjusted to
remove any background fluorescence. Since NK-92 effector cells were not fluorescently labeled,
the results of this assay were able to specifically quantify cell death in fluorescently labeled
target cells. Therefore, the red and green overlay mask (Figure 5D) was indicative of cell death
in target cells. Target cell death was quantified by the total green and red object are (µm2/image).
Each treatment was replicated in 3 wells, and the average taken.
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A. Confluence Mask

B. Red Object Mask

C. Green Object
Mask

D. Red and Green Overlay
Mask

Figure 5: Sample Incucyte images showcasing the different cell masks used for Incucyte
analysis.
DMSO-treated MDA-MB-231 cells transduced with Incucyte Red Lentivirus Reagent were
harvested and plated with NK-92 cells in co-culture at an effector to target ratio of 5:1, along
with Incucyte Green Cytotox Dye. All images are identical and showcase the different cell masks
used to analyze Incucyte images with the “Basic Analyzer” option. The image(s) were captured
12 hours after co-culture at an objective of 10× using the Incucyte Live-Cell Analysis System.
First, a blue phase confluence mask was used to identify all cells present in the field (A).
Secondly, a red fluorescence mask was used to identify target cells (MDA-MB-231 cells)
transduced with Incucyte Red Lentivirus Reagent (B). Thirdly, the green fluorescence mask was
used to identify all cells exhibiting cell death (C). Lastly, cell death of fluorescently labelled
target cells was quantified by the overlapping red and green fluorescence, which is shown by the
yellow overlay mask (D).
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2.6 Statistical Analysis
Each experiment was replicated three times. The mean values of these replicated results
were used for statistical analysis and are expressed as a mean ± standard error. A one-way
ANOVA was used to determine the statistical difference, along with a Dunnett’s post hoc test.
Data was considered significant when p ≤ 0.05. All analyses were performed using GraphPad
Prism version 5.04 software for Windows (San Diego, California USA).
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3.0 RESULTS
3.1 Optimization of Low-Dose Conditions
In order to establish low-dose drug conditions, MDA-MB-231 cells were treated with
doxorubicin (Figure 6A) and CTR 20 (Figure 6B) at IC50 and IC25 concentrations for 24-72
hours; results were compared to the DMSO control group. The IC50 concentration for both drugs
was determined to be 200 nM from SRB assays previously performed in the Lee laboratory (data
not shown). Low-dose conditions were determined based on a cell viability ≥ 90% using the
MTS assay protocol. MDA-MB-231 cells treated with doxorubicin (Figure 6A) for 48 hours
resulted in a cell viability above 90% at both IC50 and IC25 concentrations; treatment for 72 hours
resulted in a cell viability below 90% at both concentrations. Low-dose doxorubicin conditions
were therefore established to be: treatment with IC25 (100 nM) and IC50 (200 nM) for a duration
of 48 hours. MDA-MB-231 cells treated with CTR 20 (Figure 6B) for 72 hours resulted in a cell
viability above 90% at both IC50 and IC25 concentrations. Low-dose CTR 20 conditions were
therefore established to be: treatment with IC25 (100 nM) and IC50 (200 nM) for a duration of 72
hours.
These low-dose drug conditions determined from MTS assay results in Figures 6A and B
suggest that the IC25 and IC50 concentrations of both drugs obtained from SRB assays previously
performed, are not necessarily indicative of cell death. This can be explained by the difference in
how the SRB measures cell growth/viability compared to the MTS assay. As discussed earlier,
the SRB assay measures cell growth by stoichiometrically binding to the protein components of
trichloroacetic acid-fixed cells; the SRB assay therefore does not discriminate between cytostatic
or cytotoxic drugs (Vichai & Kirtikara, 2006). Conversely, the MTS assay directly measures cell
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viability by quantifying the metabolic activity of target cells (Riss et al., 2004). Since the SRB is
unable to distinguish between cytostatic and cytotoxic agents, it is suggested that both drugs
possess greater cytostatic ability. Although the IC25 and IC50 drug concentrations are
characterized as inhibiting cell growth by 25% and 50%, respectively, MTS assay results
concluded that IC25 and IC50 concentrations of doxorubicin and CTR 20 kill less than 10% of
cells 48 hours or 72 hours after treatment, respectively, and therefore can be used in low-dose
chemotherapy regimens.
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Figure 6: MTS assay for MDA-MB231 cells treated with doxorubicin and CTR 20.
MDA-MB-231 cells were seeded in a 96-well plate at a density of 5,000 cells/well and given 24
hours to adhere to the plate. Cells were then treated with DMSO control (final volume of DMSO
is 0.002% for doxorubicin experiments and 0.04% for CTR 20 experiments), 100 nM (IC25) and
200 nM (IC50) of doxorubicin (A) or CTR 20 (B) for 24, 48 and 72 hours. 40 µL of MTS reagent
was then added to each well and incubated for 1-4 hours. Each plate was read at an absorbance
of 490 nm and the cell viability (%) was calculated for each treatment. 90% cell viability is
indicated by the dotted horizontal line. Results are presented as mean ± SEM for three
independent experiments. A one-way ANOVA followed by a Dunnett’s test was performed
using Graph Pad Prism 5.04.
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3.2 Immune Cell Viability of Established Low-Dose Conditions
To determine if low-dose drug treatment affects immune cell viability, NK-92 cells and
PBMCs were treated with the low-dose conditions established in section 3.1: treatment with IC25
(100 nM) and IC50 (200 nM) doxorubicin for 48 hours, and treatment with IC25 (100 nM) and
IC50 (200 nM) CTR 20 for 72 hours. ATCC states that NK-92 cells are highly dependent on the
presence of recombinant IL-2; cells will die within 72 hours in the absence of IL-2. Therefore,
150 U/mL of IL-2 was added into the NK-92 cell culture media. IL-2 stimulates the proliferation
of immune cells including NK cells, therefore, it is important to note that IL-2 contributes to the
percent cell viability in all MTS experiments performed in this section. PBMCs were plated both
in the presence and absence of IL-2 to observe if the addition of IL-2 significantly contributed to
cell viability. MTS assay results for NK-92 cells treated with low-dose doxorubicin (Figure 7A)
and CTR 20 (Figure 7B) showed viability of >90% and >100%, respectively. MTS assay results
for PBMCs treated with low-dose doxorubicin (Figure 8A) and CTR 20 (Figure 8B) conditions
showed viability of >90% for all treatments; no significant differences were observed between
PBMCs cultured in the presence or absence of IL-2.
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Figure 7: MTS assay for NK-92 cells treated with low-dose drug conditions.
NK-92 cells were seeded in a 96-well plate at a density of 1 x 106 cells/mL, using culture media
supplemented with IL-2. After a 24-hour rest period, cells were treated with established low-dose
drug conditions: 100 nM (IC25) and 200 nM (IC50) of doxorubicin for 48 hours (A) or 100 nM
(IC25) and 200 nM (IC50) of CTR 20 for 72 hours (B), along with an appropriate DMSO control
(final volume of DMSO is 0.002% for doxorubicin experiments and 0.04% for CTR 20
experiments). 40 µL of MTS reagent was then added to each well and incubated for 1-4 hours.
Each plate was read at an absorbance of 490 nm and percent cell viability was calculated for
each treatment. 90% cell viability is indicated by the dotted horizontal line. All results are
presented as mean ± SEM for three independent experiments. A one-way ANOVA followed by a
Dunnett’s test was performed using Graph Pad Prism 5.04.
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Figure 8: MTS Assay for PBMC cells treated with low-dose drugs.
PBMC cells from three healthy donors were seeded at a density of 1 × 106 cells/mL into two 96well plates: cells were seeded with 150 U/mL IL-2 in one plate, and another without IL-2. After
a 24-hour rest period, cells were treated with established low-dose drugs: 100 nM (IC25) and 200
nM (IC50) of doxorubicin for 48 hours (A) or 100 nM (IC25) and 200 nM (IC50) of CTR 20 for 72
hours (B), along with an appropriate DMSO control (final volume of DMSO is 0.002% for
doxorubicin experiments and 0.04% for CTR 20 experiments). 40 µL of MTS reagent was then
added to each well and incubated for 1-4 hours. Each plate was read at an absorbance of 490 nm
and cell viability in percent was calculated for each treatment. 90% cell viability is indicated by
the dotted horizontal line. All results are presented as mean ± SEM for three independent
experiments. A one-way ANOVA followed by a Dunnett’s test was performed using Graph Pad
Prism 5.04.
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3.3 Influence of Low-Dose Drug Treatment on the Levels of StressInduced Ligands on the Surface of Target Cells
In order to investigate the susceptibility of treated MDA-MB-231 cells to NK-92 cellmediated lysis, I first examined the effects of low-dose doxorubicin and CTR 20 treatment on the
levels of several stress-induced ligands that bind to and trigger NK cell receptors. The following
stress-induced ligands for the major NK activating receptor, NKG2D, were of particular interest:
MICA/B, ULBP 1, and ULBP 2/5/6. Given that immune evasion is a hallmark of cancer cells,
investigating the presentation of stress-induced ligands (such as those listed) on the surface of
tumour cells is of great importance as elevated presentation has the potential to enhance NK cellmediated recognition of these tumour cells (Pegram et al., 2011).
For these experiments, MDA-MB-231 cells were treated with established low-dose
doxorubicin and CTR 20 conditions, after which the levels of stress-induced ligands were
quantified by flow cytometry (sample histograms are shown in Figure A1 of the appendix).
Results are expressed as a fold change of the percentage of positive cells for each ligand tested.
Fold change was calculated by dividing NKG2D ligand expression following each treatment by
the NKG2D ligand expression of the DMSO control. Low-dose doxorubicin treatment resulted in
the increase of all three NKG2D ligands tested when compared to their DMSO control groups
(Figures 9A, B & C). Fold change values for the levels of ULBP 1 (Figure 9B) and ULBP 2/5/6
(Figure 9C) for both 100 nM (IC25) and 200 nM (IC50) doxorubicin concentrations showed to be
statistically significant when compared with the negative control. 100 nM doxorubicin treatment
showed to be just as effective as 200 nM doxorubicin treatment as no statistical significance was
observed when comparing the two treatments. Therefore, the lower dose of doxorubicin was
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investigated in subsequent experiments. Furthermore, results for low-dose CTR 20 treatment
(Figures 9D &E) did not prove to be as effective as doxorubicin. No graph is included in Figure
9 for ULBP 1 levels following CTR 20 treatment, as no protein was observed. However, CTR 20
treatment resulted in a slight increase in level of ULBP 2/5/6 at both 100 nM and 200 nM (Figure
9E), although the increases are not statistically significant. The only CTR 20 treatment which
showed elevated levels with statistical significance was for the MICA/B ligand at 200 nM
(Figure 9D). Therefore, the higher dose of CTR 20 (200 nM) was used for subsequent
experiments. Overall, doxorubicin consistently upregulated the levels of ligands for the NKG2D
receptor on the surface of MDA-MB-231 cells; CTR 20 was not as effective as doxorubicin in
increasing the level of NKG2D ligand proteins.
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Figure 9: The effects of low-dose doxorubicin and CTR 20 on the level of NKG2D ligands on
the cell surface.
MDA-MB-231 cells were plated in standard 10 cm TC dishes; control plates were seeded at a
density of 1-5 x 105 cells/plate whereas drug treatment plates were seeded at a density of 0.5-1
x 106 cells/plate. Cells were then treated with low-dose doxorubicin and CTR 20, along with an
appropriate DMSO control (final volume of DMSO is 0.002% for doxorubicin experiments and
0.04% for CTR 20 experiments). Once treated, cells were incubated with FcR blocking reagent
for 20 minutes on ice in the dark, followed by an incubation period of 30 minutes with the
recommended amount of monoclonal antibody and appropriate isotype control on ice in the dark.
Stained cells were then resuspended in 1 mL of staining solution whereby levels of MICA/B,
ULBP 1 and ULBP 2/5/6 on the cell surface were quantified by flow cytometry. Cells positive
for each respected ligand are expressed as a fold change ± SEM for three independent
experiments. Fold change was calculated by dividing NKG2D ligand expression following each
treatment by the NKG2D ligand expression of the DMSO control. A one-way ANOVA followed
by a Dunnett’s test was performed using Graph Pad Prism 5.04. *p ≤ 0.05 as compared to the
DMSO control group. ***p ≤ 0.001 as compared to the DMSO control group.
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3.4 Cell Cycle Analysis
The effects of low-dose doxorubicin and CTR 20 treatments on the progression of MDAMB-231 cells through the cell division cycle was determined using flow cytometry by
quantitating the DNA content of permeabilized cells stained with propidium iodide (PI) with the
gating strategy in Figure 4. Analyzing the fluorescence intensity profiles allows one to determine
the cell cycle positions of the cells. Low-dose doxorubicin treatment arrested a significant
proportion of cells in the G2/M phase; 200 nM doxorubicin treatment also arrested cells in the S
phase (Figure 10A). On the other hand, a low-dose CTR 20 treatment did not substantially affect
cell cycle progression profiles as compared to the DMSO control group (Figure 10B).
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Figure 10: The effects of low-dose doxorubicin and CTR 20 treatments on cell cycle
progression.
MDA-MB-231 cells were plated in standard 10 cm TC dishes; control plates were seeded at a
density of 1-5 x 105 cells/plate whereas drug treatment plates were seeded at a density of 0.5-1
x 106 cells/plate. Cells were then treated low-dose doxorubicin and CTR 20, along with an
appropriate DMSO control (final volume of DMSO is 0.002% for doxorubicin experiments and
0.04% for CTR 20 experiments). Once treated, cells were fixed for two hours at 4°C, then
stained with propidium iodide (PI) solution for 30 minutes at 37°C in the dark. The proportion
(%) of cells in each phase of the cell cycle was then determined by flow cytometry. Data is
presented as mean ± SEM for three independent experiments. A one-way ANOVA followed by a
Dunnett’s test was performed using Graph Pad Prism 5.04. *p ≤ 0.05 as compared to the DMSO
control group. ***p ≤ 0.001 as compared to the DMSO control group.
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3.5 Incucyte-based Co-culture Analysis
In order to determine the synergistic interaction of low-dose chemotherapy treatment
with NK-92 cell-based immunotherapy, Incucyte co-culture analysis was conducted to evaluate
the effectiveness of this combined therapy in vitro. Prior to the experiment, MDA-MB-231 and
K562 cells were transduced with the Incucyte NucLight Red Lentivirus Reagent. This
transduction allowed for distinguishing tumour cells and NK-92 cells; tumour cells expressed red
fluorescence whereas NK-92 cells did not. For each experiment, Incucyte Cytotox Green Dye
was added to each well, allowing for the discrimination of dead cells from live cells; cells
expressing green fluorescence were indicative of cell death. Therefore, expression of both red
and green fluorescence was indicative of dead tumour cells. The total green and red area for each
well was quantified and graphed. Based on previous results, the following low-dose drug
treatments were selected for the co-culture experiments: 48-hour treatment with 100 nM (IC25)
of doxorubicin and 72-hour treatment with 200 nM (IC50) of CTR 20.
First, low-dose doxorubicin and CTR 20 treated MDA-MB-231 cells were co-cultured
with NK-92 cells at three different ratios of effector-to-target (E:T) cells as previously reported:
1:1, 5:1 and 10:1 (Sayitoglu et al., 2020; Tsartsalis et al., 2015). The NK-92 cytotoxicity at each
E:T was analyzed and compared. As observed in Figure 11, increasing the ratio of NK-92
effector cells to MDA-MB-231 target cells increased the total area of tumour cell death, with an
E:T of 10:1 inducing the greatest area of tumour cell death for both doxorubicin and CTR 20
treated samples. However, co-culture at an E:T of 5:1 was still very effective in inducing tumour
cell death for both drug-treated cells. 24 hours after co-culture, the E:T ratio of 5:1 for both drugtreated cells reached the same total area of tumour cell death as the respective 10:1 co-culture:
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approximately 14,000 µm2/image for doxorubicin, and 9,000 µm2/image for CTR 20 (Figure 11).
Therefore, an E:T of 5:1 was chosen for the subsequent co-culture experiments.
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Figure 11: Cytotoxic effects of various ratios of effector-to-target (E:T) cells in co-culture
experiments.
MDA-MB-231 cells transduced with Incucyte Red Lentivirus Reagent were treated with lowdoses of doxorubicin or CTR 20 with different ratios of E:T cells. Data is shown for 100 nM
doxorubicin (A) and 200 nM CTR 20 treatment (B). Once treated, cells were plated at a seeding
density of 2,000 cells/well and given 4 hours to adhere to the plate. NK-92 cells were then added
to the wells at three effector-to-target ratios: 1:1, 5:1 and 10:1. Incucyte Green Cytotox Dye was
added to each well, bringing the final volume to 200 µL. The plate was then placed in the
Incucyte incubator, images were taken every 2 hours at 10× objective for a total duration of 24
hours. Tumour cell death is measured by the total green and red object area. Data trends are
presented as mean ± SEM for three independent experiments performed each in triplicates.
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Having determined optimal co-culture conditions as shown in Figure 11, Incucyte-based
cell viability/killing analysis was then used to determine the synergistic effects of low-dose
doxorubicin or CTR 20 treatment in combination with NK-92 cytotoxicity at the desired E:T of
5:1. In Figure 12A, low-dose doxorubicin was investigated. The positive control of K562 cells
co-cultured with NK-92 cells resulted in an area of tumour cell death of approximately 11,000
µm2/image at 24 hours post-treatment. Similarly, MDA-MB-231 cells treated with DMSO
showed similar results to the positive K562 control. Therefore, NK-92 cytotoxicity alone was
responsible for inducing an area of target cell death of 11,000 µm2/image (Figure 12A) for both
DMSO treated MDA-MB-231 cells and NK cell sensitive K562 cells. More importantly, Figure
12A shows that co-culturing MDA-MB-231 cells treated with low-dose (100 nM for 48hrs)
doxorubicin and NK-92 cells at an E:T of 5:1 enhances tumour cell killing; the area of tumour
cell death 24 hours after co-culture reached approximately 13,000 µm2/image, an increase of
2,000 µm2/image from the DMSO-treated MDA-MB-231 and K562 controls. Furthermore, as
shown in Figure 12B, low-dose CTR 20 was investigated. The positive control of K562 cells cocultured with NK-92 cells resulted in an area of tumour cell death of approximately 9,000
µm2/image, 24 hours after co-culture. MDA-MB-231 cells treated with DMSO showed similar
results to the positive K562 control, but reached a slightly higher total area of tumour cell death
of approximately 10,000 µm2/image, 24 hours after co-culture (Figure 12B). Interestingly, coculturing MDA-MB-231 cells treated with low-dose (200 nM for 72hrs) CTR 20 and NK-92
cells at an E:T of 5:1 did not enhance tumour cell killing. Total area of tumour cell death was
comparable to that of the K562 positive control (9,000 µm2/image), but was less than the
DMSO-treated MDA-MB-231 group (Figure 12B).
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Figure 12: Cytotoxic effects of NK-92 cells against MDA-MB-231 cells treated with low-dose
drugs at an E:T of 5:1.
MDA-MB-231 cells transduced with Incucyte Red Lentivirus Reagent were treated with lowdose doxorubicin and CTR 20 conditions. Data is shown for 100 nM doxorubicin (A) and 200
nM CTR 20 treatments (B). Once treated, cells were plated at a seeding density of 2,000
cells/well and given 4 hours to adhere to the plate. K562 cells were used as a positive control,
and plated at a seeding density of 5,000 cells/well in wells coated with Poly-L-ornithine. NK-92
cells were then added to appropriate wells at an effector-to-target ratio of 5:1. Incucyte Green
Cytotox Dye was added to each well, bringing the final volume to 200 µL. The plate was then
placed in the Incucyte incubator, images were taken every 2 hours at 10× objective for a total
duration of 24 hours. Tumour cell death is measured by the total green and red object area. Data
presented are mean ± SEM for three independent experiments performed each in triplicates.
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Incucyte images in Figure 13 display the cellular morphology of effector and target cells
in co-culture graphed in Figure 12, with yellow fluorescence representing the overlapping green
and red object fluorescence, indicative of tumour cell death. Figure 13A shows the result of lowdose (100 nM) doxorubicin treatment in a 5 to 1 E:T ratio. Compared to the DMSO control
group, low-dose doxorubicin treated cells displayed a larger, flattened morphology. Figure 13B
shows the result of low-dose (200 nM) CTR 20 treatment in a 5 to 1 E:T ratio. Here, Incucyte
images did not show any significant difference in cellular morphology between the DMSO
control group and the low-dose CTR 20 treated cells. Furthermore, all images in Figures 13A-C
containing tumour cells and NK-92 cells in co-culture at an E:T of 5:1 showed similar trends. At
time zero, target cells and effector cells in co-culture were evenly dispersed in all images, with
only a minimum yellow fluorescence. 12 hours after co-culture, NK-92 migrated towards nearby
tumour cells, forming clusters around the target cells. NK-92 clusters were seen to grow in size
24 hours after co-culture. Tumour cell death within each cluster of NK-92 cells was observed by
the increased presence of yellow fluorescence.
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A. Incucyte Images of Low-Dose Doxorubicin Treated MDA-MB-231 Cells

DMSO

DMSO
5:1

100 nM

100 nM
5:1
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B. Incucyte Images of Low-Dose CTR 20 Treated MDA-MB-231 Cells

DMSO

DMSO
5:1

200 nM

200 nM
5:1
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C. Incucyte Images of K562 Control Cells

K562

K562
5:1

Figure 13: Incucyte co-culture images showcasing cellular morphology and NK-92 cellmediated killing of MDA-MB-231 and K562 cells over a duration of 24 hours.
MDA-MB-231 cells transduced with Incucyte Red Lentivirus Reagent were treated with 100 nM
doxorubicin or 200 nM CTR 20. Once treated, cells were harvested and plated with and without
NK-92 cells under co-culture conditions at an effector-to-target ratio of 5:1, along with Incucyte
Green Cytotox Dye. K562 cells, also transduced with red lentivirus reagent, were plated with and
without NK-92 cells as a control. Images were taken of each well every 2 hours for total of 24
hours at an objective of 10× using the Incucyte Live-Cell Analysis System. Representative
images at time 0, 12 and 24 hours are shown. Yellow fluorescence is indicative of tumour cell
death.
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3.6 NK-92 Cytotoxicity
The cytotoxic capability of NK-92 cells was assessed by examining the major cell lysis
pathway employed by NK cells: the perforin–granzyme B pathway (Paul & Lal, 2017). In this
pathway, perforin causes membrane pore formation of target cells and granzyme B enters target
cells through the perforin-created pores, cooperatively inducing target cell death by apoptosis
(Ohkawa et al., 2001). The expression of these two major degranulation markers, perforin and
granzyme B, was quantified by flow cytometry after co-culture of NK-92 cells with the
following cells: DMSO treated MDA-MB-231 cells, MDA-MB-231 cells treated with low-dose
doxorubicin or CTR 20, as well as K562 cells as a positive control (sample histograms are shown
in Figure A2 of the appendix).
As observed by the trends in Figures 14A and 14C, co-culture of NK-92 cells with MDAMB-231 cells treated with either low-dose doxorubicin or CTR 20 triggered an increase in the
expression of perforin as compared to the DMSO-treated control group as well as the K562
positive control. However, results were not statistically significant. Furthermore, trends in Figure
14B show that co-culture of NK-92 cells with MDA-MB-231 cells treated with low-dose
doxorubicin enhanced the expression of granzyme B when compared to DMSO treated group.
However, granzyme B expression was still greatest in K562 cells, the positive control, and
results are not statistically significant. In Figure 14D, no increase in expression of granzyme B
was observed following co-culture of NK-92 cells with low-dose CTR 20 treated MDA-MB-231.
Although low-dose doxorubicin treatment was observed to slightly enhance NK-92 perforin and
granzyme B expression, and low-dose CTR 20 treatment slightly enhanced perforin expression,
data shown in Figure 14 are consistent with the notion that neither low-dose doxorubicin nor
low-dose CTR 20 treatment significantly affects NK-92 degranulation capacity.
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Figure 14: Expression of degranulation markers following co-culture of NK-92 cells with MDAMB-231 cells treated with low-doses of either doxorubicin or CTR 20.
MDA-MB-231 cells were treated with low-doses doxorubicin or CTR 20. NK-92 cells were coincubated with untreated and treated MDA-MB-231 cells or K562 cells (the positive control) at
an effector-to-target ratio of 5:1 for 5 hours. Cells were then fixed for 20-60 minutes at room
temperature in the dark, followed by an incubation for 20-60 minutes with a conjugated primary
antibody and an isotype control in permeabilization buffer at room temperature in the dark.
Stained cells were then resuspended in 1 mL of staining solution whereby expression of
granzyme B and perforin were analyzed by flow cytometry. Cells positive for each degranulation
marker are expressed as a mean ± SEM of three independent experiments. A one-way ANOVA
followed by a Dunnett’s test was performed using Graph Pad Prism 5.04.
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4.0 DISCUSSION
4.1 Optimization of Low-Dose Conditions
The first objective of this study was to establish optimal in vitro study conditions for the
treatments of low-dose doxorubicin, a well-known chemotherapeutic agent for the treatment of
breast cancer, and CTR 20, a promising novel chalcone-based compound discovered by the Lee
group. The target cell line of choice was MDA-MB-231, a TNBC cell model. More recently
developed antibody-based target therapy is not available for the treatment of TNBC; however, it
is said to be relatively chemotherapy sensitive in comparison to other subtypes of breast cancers,
making it an excellent model for the chemo-NK combinational therapy (Tacar et al., 2013; Won
& Spruck, 2020). Low-dose drug treatment conditions were determined on the basis of cell
viability ≥ 90% following 24, 48 or 72 hours of treatment, using the MTS assay. The MTS
colorimetric assay is said to be ideal for cytotoxicity measurement because of its ease of use,
precision, and rapid indication of toxicity (Aslantürk, 2018).
The goal of administering low-dose chemotherapy was not to achieve cytotoxicity, but
rather to cause the tumour cells to be in a state of cellular stress to upregulate the presentation of
stress-induced ligands on the tumour cell surface for attack by NK cells. According to literature,
treatment of breast cancer cells with ≥ 1 µM doxorubicin has been shown to be a cytotoxic
concentration which induces apoptosis and cell cycle arrest; 1 µM doxorubicin was therefore
used as a reference high-dose concentration value (Pritchard et al., 2012). The concentrations of
doxorubicin and CTR 20 selected for low-dose optimization were the IC50 and IC25 values,
determined using the SRB cytotoxicity assay. The IC50 and IC25 concentrations for both
doxorubicin and CTR 20 were determined to be 200 nM and 100 nM, respectively (data not
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shown), allowing for easy comparison between the two compounds; both doses are considerably
less than the 1 µM cytotoxic high-dose reference of doxorubicin. To further support the selection
of drug concentrations tested in this low-dose study, comparison was also made to low-dose
settings established for doxorubicin in literature. In a paper published in 2017 by Quirk and
Ganapathy-Kanniappan, a concentration of 250 nM of doxorubicin was selected for metronomic
therapy using the MDA-MB-231 cell line (Quirk & Ganapathy-Kanniappan, 2017). Other studies
have tested doxorubicin concentrations as low as 50 nM using multiple myeloma (MM) cell lines
including SKO-007(J3) and U266 (Soriani et al., 2014; Zingoni et al., 2017). Results from these
studies concluded that sub-lethal doses of doxorubicin have the capacity to upregulate NK cellactivating ligands on the surface of MDA-MB-231 cells (Quirk & Ganapathy-Kanniappan, 2017)
and MM cells (Soriani et al., 2014; Zingoni et al., 2017). The low doses selected initially in my
study (100 nM and 200 nM) are therefore reasonable as they are comparable to doses
successfully used by others (Quirk & Ganapathy-Kanniappan, 2017).
The duration of low-dose (IC25 and IC50) doxorubicin and CTR 20 treatments were then
determined with the MTS assay of which results are shown in Figure 6. Since the IC50
concentration is defined as the concentration that inhibits 50% of cell growth, the duration of
low-dose treatment was determined based on a viability of 90% to ensure that the
chemotherapeutic agent was not the main source of tumour cell death. The determined low-dose
treatment conditions confirmed that CTR 20 is indeed a less toxic compound as compared to
doxorubicin, since treatment with CTR 20 for 72 hours resulted in >90% viability, whereas
treatment with doxorubicin for 72 hours resulted in <90% viability (Figure 6). Therefore, lowdose doxorubicin treatment conditions selected for a total drug administration period of 48 hours,
whereby viability remained >90% (Figure 6). It should be noted that a shorter doxorubicin
65

administration of 48 hours does not imply that doxorubicin treatment will be less effective than
the 72-hour CTR 20 treatment to be administered. Due to its lipophilic characteristics and DNA
intercalating/binding properties, literature states that doxorubicin has a rapid uptake by cells once
administered into the bloodstream intravenously; the distribution half-life of doxorubicin is said
to be 3-5 minutes (Tacar et al., 2012). Therefore, it is suggested that that differences in duration
of treatment between the two compounds are not likely to cause any bias in interpreting the
results (Tacar et al., 2012).

4.2 Immune Cell Viability of Established Low-Dose Conditions
This study focused on the combination of two therapeutic strategies for the control of
triple negative breast cancer: low-dose chemotherapy and natural killer cell-based
immunotherapy. Therefore, when determining low-dose chemotherapy treatment conditions,
viability of NK cells was taken into consideration as well. Many clinical trials administering NK
cells have been started within the past decade using various sources of NK cells, primarily NK
cells obtained from peripheral blood (Bachiller et al., 2020; Granzin et al., 2017). However, the
NK-92 cell line has been intensively studied in recent years as an alternative source of primary
NK cells; NK-92 is the only natural killer cell line that has entered clinical trials, showing safe
infusion into patients accompanied with clinical benefit and minimum side effects (Bachiller et
al., 2020; Klingemann et al., 2016; Tonn et al., 2013). This study therefore sought to further
investigate the anti-tumour potential of the NK-92 cell line. Viability rates of NK-92 cells
following low-dose drug treatment with doxorubicin and CTR 20 are shown in Figure 7. The
presence of the IL-2 immunostimulatory cytokine in the NK-92 cell culture media was observed
to influence viability rates, as indicated by a NK-92 viability >100% (Figure 7), since IL-2 is
known for its ability to promote NK growth and proliferation (Bachiller et al., 2020). However,
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when comparing the results with the NK-92 control group cultured with IL-2 alone, it was
concluded that low-dose doxorubicin and CTR 20 conditions did not affect NK-92 viability
(Figure 7).
Although this study focused on examining the NK-92 functionality in the control of
cancer cells, the viability of other immune cells was also investigated. In theory, administration
of low-dose doxorubicin or CTR 20 in an in vivo or a clinical setting would affect all immune
cells present in the tumour microenvironment, not just NK cells. For this reason, the cytotoxicity
of low-dose conditions was also tested on PBMCs which comprise lymphocytes, monocytes and
dendritic cells. Data from an MTS assay (Figure 8) demonstrated that the low-doses of both
doxorubicin and CTR 20 did not affect PBMC viability, as indicated by a viability >90% either
in the presence or absence of IL-2. It should be noted that NK cells interact with other immune
cells, most notably T cells, macrophages and dendritic cells (Malhotra & Shanker, 2011). The
cross-talk between NK cells and other immune cells has not only the ability to improve the
cytotoxicity of NK cells within the tumour microenvironment (TME), but also allows for NK
cells to modulate the function of nearby immune cells, by which it may contribute to the overall
anti-tumour response. For example, literature states that T cells secrete IL-2 and IL-15 which are
known to promote NK activation, thereby enhancing the cytotoxic potential exerted by NK cells
in the TME (Malhotra & Shanker, 2011). The high degree of PBMC viability following lowdoses of doxorubicin and CTR 20 treatments may provide an excellent opportunity for further
study of the chemo-immune combinational therapy in the context of the NK-immune cell crosstalk in the TME (Fahl & Lane, n.d.).
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4.3 The Effects of Low-Dose Drug Treatment on Stress-Induced
Ligand Levels and Progression of MDA-MB-231 Cells Throughout
the Cell Cycle
Having established optimal low-dose treatment conditions, the second objective was to
determine the effects of low-dose doxorubicin and CTR 20 treatment on the levels of stressinduced ligands on the surface of MDA-MB-231 cells. Of particular interest was the
NKG2D/NKG2DL pathway which can be exploited for the improvement of immunotherapy for
two main reasons: (1) NKG2DLs are poorly expressed in healthy tissues but are strongly
expressed by tumour cells (2) the NKG2D receptor is one of the major NK activating receptors
found on all NK cells which possesses strong activating potency (Chester et al., 2015; Frazao et
al., 2019). Although tumour cells have developed intricate immune escape mechanisms for this
pathway, most notably the proteolytic cleavage/shedding of NKG2DLs, Grasser and colleagues
have shown that conditions of genotoxic stress and stalled DNA replication contribute to the
upregulation of NKG2DLs (Grasser et al., 2005). Therefore, the genotoxic stress induced by
doxorubicin and mitotic arrest induced by CTR 20 was investigated under low-dose conditions
for the upregulation of NKG2DLs.
Low-dose doxorubicin treatment was successful in upregulating the levels of all three
NKG2DLs on the tumour cell surface as shown in Figures 9A-C. Statistically significant results
were obtained for upregulations of ULBP1 (fold change of ≈ 20) and ULBP2/5/6 (fold change of
≈ 1.5) cell surface presentation at both 100 nM and 200 nM low-dose doxorubicin. Since
doxorubicin has been well studied to induce dose-dependent, cumulative cardiotoxicity, 100 nM
doxorubicin was selected for further experimentation as it was observed to induce comparable
NKG2DL upregulation to the higher doses (i.e., 200 nM) doxorubicin treatment (Zhao & Zhang,
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2017). Doxorubicin’s ability to upregulate NKG2DLs, even at lower doses, can be explained by
its mechanism of action. Doxorubicin is a genotoxic compound that causes DNA damage
primarily by generating double-stranded DNA breaks, resulting in cell cycle arrest at the G2/M
phase (Kim et al., 2009). Barlogie and colleagues suggested that G2/M phase arrest can also be
achieved by the administration of doxorubicin, even at lower doses (Barlogie et al., 1976). In this
study, low-dose doxorubicin treatment was observed to arrest MDA-MB-231 cells primarily in
the G2/M phase (Figure 10), suggesting that DNA damage may have occurred, even at lowdoses. The G2/M cell cycle arrest induced by doxorubicin is said to be irreversible; this led me to
postulate that low-dose doxorubicin was able to induce a prolonged period of cellular stress in
target cells which contributed to the upregulation of NKG2DLs as observed in Figures 9A-C.
Low-dose CTR 20 treatment on the other hand was not as effective as doxorubicin in
upregulating the levels of NKG2DLs. Of the three NKG2DLs investigated, elevated levels were
observed only for MICA/B following 200 nM, but not 100 nM treatment of CTR 20; in which
case a fold change of ≈ 2.5 was achieved with statistical significance. For this reason, 200 nM
CTR 20 was investigated in further experimentation. The efficacy of CTR 20 can be explained
by its mechanism of action. Lindamulage and colleagues found previously that CTR 20 treatment
inhibits microtubule polymerization, resulting in cell cycle arrest at the G2/M phase
(Lindamulage et al., 2017). However, MDA-MB-231 cells were not arrested at the G2/M phase
at a “low-dose” of CTR 20 (Figure 10). The aforementioned paper (Lindamulage et al., 2017)
reported that the effects of CTR 20 are reversible. In contrast, doxorubicin induces irreversible
DNA damage. Taken together, it appears that the cell cycle reversible nature of CTR 20 may be
related to the lack of the upregulation of NKG2DLs and other relevant cell stress-related gene
expression. To support this, future studies should measure NKG2DL surface presentation at
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different time points (ex. 48 hours) of CTR 20 treatment, as the 72-hour time point may be too
long.
In a recent study targeting sarcoma, Sayitoglu et al. demonstrated that NKG2D overexpression elicited a rapid increase in NK cell degranulation, thereby enhancing NK cytotoxicity
against target tumour cells (Sayitoglu et al., 2020). Data presented in this study therefore suggest
that the upregulation of NKG2DLs following 100 nM doxorubicin or 200 nM CTR 20 (to a
lesser degree) will enhance NKG2D expression, which in turn, will increase NK cell
degranulation. Although NKG2D is considered to be one of the major activating receptors for
NK cells, recent work suggests that there is no dominant receptor for activation; NK cytotoxicity
is activated based on the combined synergy of activating and inhibitory signals (Paul & Lal,
2017). Researchers have therefore questioned whether or not the activating signals from
NKG2D/NKG2DL interactions are strong enough to override any inhibitory signals in the TME.
Interestingly, the use of the NK-92 cell line in this study presents a possible solution. The NK-92
cell line is characterized as lacking most KIR inhibitory receptors normally expressed on human
NK cells; as a result, the threshold of activating signals required to turn on the NK-92 activating
switch is reduced (Klingemann et al., 2016). Additionally, the NK-92 cell line is IL-2 dependent,
and IL-2 along with several other cytokines have been reported to upregulate NKG2D expression
on NK cells (Granzin et al., 2017; H. Liu et al., 2019). Therefore, it is suggested that the NK-92
activating signals from the upregulation of NKG2DLs following low-dose chemotherapy
(demonstrated in the current study) along with the proposed NK-92 activating signals from IL-2
and other cytokines in the TME, when combined, may be strong enough to activate the cytotoxic
potential of NK-92 cells for therapy in vivo; further experimentation must be conducted to
determine if the TME does in fact, contribute to NK-92 activation.
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4.4 Incucyte Co-Culture Analysis
To determine the effectiveness of low-dose doxorubicin and CTR 20 treatments in
enhancing the susceptibility of MDA-MB-231 cells to NK-92 cytotoxicity, co-culture assays
were performed using the Incucyte Live-Cell Analysis System. When using NK-92 cells for
cancer therapy in the clinical setting, it is important to note that cells must be irradiated prior to
infusion into patients (Klingemann et al., 2016). Irradiation does not affect the ability of NK-92
cells to kill target cells and produce immune active cytokines, but rather prevents in vivo
proliferation (Klingemann et al., 2016). As a result, high cell doses of NK-92 cells must be
administered for NK immunotherapeutic strategies. Clinical trials have demonstrated safe
infusion of irradiated NK-92 cells up to a maximum cell dose of 1010 cells/m2, verifying that
high doses of NK-92 cells are tolerated in patients (Suck et al., 2016; Tonn et al., 2013). For in
vitro studies, the dosage of NK cells to be administered for treatment is often expressed as a ratio
of effector-to-target cells (E:T). Several studies have been reported to administer NK-92 cells at
an E:T ratio as high as 10:1 (Sayitoglu et al., 2020; Tsartsalis et al., 2015). Interestingly, results
from this study showed an E:T of 5:1 to be just as effective as the higher E:T of 10:1 in eliciting
a strong immune response to target cells (Figure 11), therefore suggesting that an E:T of 5:1 is an
optimal cell dose of NK-92 cells for in vitro studies. Although cell doses of NK-92 cells in vivo
cannot be compared to those in vitro, results obtained from clinical trials as well as Figure 11 in
vitro results concluded that higher cell doses of NK-92 cells are required both in vitro and in vivo
to elicit a strong immune response.
The NK-92 cell-mediated killing of MDA-MB-231 tumour cells in the untreated and lowdose doxorubicin or CTR 20 treated MDA-MB-231 samples was visually observed in Figure 13.
Interestingly, MDA-MB-231 cells treated with low-dose doxorubicin (Figure 13A) displayed an
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enlarged, flattened morphology, a pronounced characteristic of senescent cells, whereas MDAMB-231 cells treated with low-dose CTR 20 (Figure 13B) did not display this senescent
phenotype. Soriani and colleagues previously demonstrated that drug-induced senescent cells
show high levels of NK cell-activating ligands on the tumour cell surface (Soriani et al., 2014).
Therefore, it was anticipated that low-dose doxorubicin treated cells would show a high level of
NK cell-activating ligands on the tumour cell surface while low-dose CTR 20 treated cells would
not. Indeed, a low-dose of doxorubicin upregulated all three NKG2DLs, whereas CTR 20 only
slightly upregulated one (MICA/B) of the three examined (Figure 9). Thus, my data are
consistent with those reported by Soriani and colleagues (Soriani et al., 2014), suggesting that
the high levels of NK cell-activating ligands on the cell surface of tumour cells are good
indicators of the senescent cells.
Next, the cytotoxic effects exerted by NK-92 cells on target MDA-MB-231 cells were
studied. In Figure 13, NK-92 cells were observed to progressively migrate towards and form
clusters around nearby target cells. The rationale is that, NK-92 cells, once positioned close
enough to target cells, may kill the target cells by degranulation-mediated tumour cell lysis
(Orange, 2008; Taouk et al., 2019). If this happens, the dying cells can be identified as they emit
yellow fluorescence under the Incucyte cell analysis observation system (Figure 13). By this
method, I have shown in Figure 13 that untreated and treated MDA-MB-231 cells are susceptible
to NK-92 attack (at a 5 to 1 E:T ratio). Interesting observations were made in Figure 13A. Here,
Incucyte images showed that NK-92 cells exhibit preferential killing of doxorubicin-induced
senescent cells. The migration of NK-92 cells towards doxorubicin-induced senescent cells in
Figure 13A is suggested to be a result of the upregulation of NKG2DL presentation previously
determined from Figure 9 results. In theory, the upregulation of NKG2DLs on the tumour cell
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surface increases tumour recognition by NK cells; NKG2DLs bind to the NKG2D activating
receptor on NK cells, activating NK cell cytotoxicity (Chester et al., 2015). Therefore,
combining the results from Figures 9 and 13A, the conclusion can be drawn that the upregulation
of NKG2DLs on the surface of low-dose doxorubicin-induced senescent MDA-MB-231 cells
enhances tumour cell susceptibility for NK-92 detection and attack.
NK-92 target cell killing results from Figure 13 Incucyte images were graphically
summarized in Figure 12. Here, the synergistic interaction, or lack thereof, for the combinational
therapy of low-dose chemo with NK-92 cell-based immunotherapy in co-culture was quantified
and examined. From Figure 12A, it was concluded that MDA-MB-231 cells treated with lowdose doxorubicin were more susceptible to NK-92 cytotoxicity when compared to untreated
MDA-MB-231 cells, as demonstrated by a maximum area of tumour cell death of 13,000
µm2/image and 11,000 µm2/image, respectively. Therefore, the first hypothesis is true. That is:
combining low-dose chemotherapy with NK-92 cell-based immunotherapy shows a synergistic
benefit. On the other hand, results in Figure 12B demonstrated that low-dose CTR 20 treatment
did not increase the susceptibility of MDA-MB-231 cells to NK-92 attack; there is no synergistic
benefit of combining low-dose CTR 20 chemotherapy with NK-92 cell-based immunotherapy.
Therefore, the second hypothesis was not correct. That is: the low-dose CTR 20 treatment was
not as effective as doxorubicin in increasing the susceptibility of MDA-MB-231 cells to the NK92 mediated cell killing. The NK-low-dose doxorubicin combination therapy resulted in a
maximum tumour cell death of 13,000 µm2/image, whereas the NK-low-dose CTR 20
combination therapy resulted in a noticeably lower maximum area of tumour cell death of 9,000
µm2/image.
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4.5 NK-92 Cytotoxicity
The last objective of this study was to determine if low-dose chemotherapy had an effect
on the expression of perforin and granzyme B, two proteins that are important for the NK-92
mediated degranulation. The NK-92 cell line is well characterized for its conserved perforin and
granzyme B-mediated cytolytic activity, which is known to be the main mechanism of NK cellmediated cytotoxicity (Taouk et al., 2019; Tonn et al., 2001; Yang et al., 2019). Several
commonly used chemotherapeutic agents, including doxorubicin, have been reported to increase
tumour cell permeability to granzyme B, thereby sensitizing tumour cells to immune cell attack
by CTLs and NK cells (Nars & Kaneno, 2013; Ramakrishnan et al., 2010). Data in Figures 14B
and D show that low-dose chemo treatment did not increase the expression of granzyme B when
compared to the DMSO control; perforin expression only slightly increased in the presence of
low-dose doxorubicin and CTR 20 (Figures 14A and C), however, the increase was not
statistically significant. These data are consistent with those reported previously (Soriani et al.,
2014; Zingoni et al., 2017). These authors reported that the treatment of NK cells with sub-lethal
doses of doxorubicin resulted in the increase in the expression of major NK activating receptors
(ex. NKG2D and DNAM-1) but did not affect NK cell-mediated degranulation in multiple
myeloma cells (Soriani et al., 2014; Zingoni et al., 2017). Although not investigated in this study,
authors have also reported that sub-lethal dose of doxorubicin did not affect the ability of NK
cells to produce IFN-γ; IFN-γ being one of the most potent cytokines secreted by NK cells that
plays a crucial role in anti-tumour activity (Soriani et al., 2014; Zingoni et al., 2017). Taken
together, results from the current study are consistent with the notion that treatment of MDAMB-231 cells with a low-dose of doxorubicin rendered tumour cells more immunogenic to NK92 cell-mediated attack, without increasing the NK-92 degranulation activity. A low-dose CTR
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20 treatment on the other hand, neither rendered tumour cells more immunogenic to NK-92
cytotoxicity, nor affect NK-92 degranulation activity. It should be noted, however, that results
from Figure 14 measured the total levels of granzyme B+ and perforin+ cells in the overall cell
pool, including both tumour cells and NK-92 cells. Results from Figure 12 show that not all
tumour cells are undergoing apoptosis 5 hours after co-culture with NK-92 cells; therefore, many
tumour cells are not likely expressing perforin or granzyme B, indicating that Figure 14 results
are undervaluing the degranulation capacity of NK-92 cells. Experiments should be replicated
with a marker for NK-92 cells to differentiate between perforin+/granzyme B+ tumour cells and
NK-92 cells to better quantify NK-92 degranulation capacity; these results would verify whether
or not low-dose chemotherapy has an effect on the expression of perforin and granzyme B.

4.6 Conclusions
TNBC is currently limited to conventional-dose chemotherapy treatment, which has
shown limited therapeutic benefit due to the aggressive nature of TNBC cells. Therefore, the
development of improved strategies for TNBC treatment is urgently needed. Current literature
suggests that patients with TNBC may better respond to immunotherapy or chemo-immune
combination strategies. Data from the current study demonstrates the therapeutic potential of
low-dose chemotherapy in combination with NK-92 cell-mediated immunotherapy. The overall
aim of this combined strategy is to increase tumour immunogenicity to enhance more favourable
levels of tumor cell killing effects, with low side effects. As a preliminary study toward
achieving this lofty goal, the immunogenic potential of two anti-cancer agents was compared: (1)
doxorubicin – an anthracycline commonly used for breast cancer treatment, and (2) CTR 20 – a
novel, less toxic chalcone-based compound made by the Lee laboratory. Results demonstrated
that a low-dose doxorubicin was quite effective in rendering the MDA-MB-231 cells susceptible
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to NK-92 attack by irreversibly arresting a greater proportion of cells in the G2/M phase, thereby
inducing cellular stress. The low-dose doxorubicin-induced stress resulted in the upregulation of
NKG2DLs on the surface of tumour cells, leading to increased recognition of the tumor cells by
NK-92 cells through the proposed NKG2D/NKG2DL activation pathway. This mechanism was
not activated in the presence of a low dose of CTR 20; a low-dose CTR 20 did not effectively
arrest cell cycle of MDA-MB-231 cells at G2/M phase, which did not induce sufficient cellular
stress. As a result, CTR 20 was not able to upregulate NKG2DLs to the same degree as
doxorubicin, and no synergistic benefit was observed when combining low-dose CTR 20
treatment with NK-92 cells under the co-culture conditions. Due to the reversibility of CTR 20, a
72-hour treatment period may have been too long; further optimization could reveal the potential
immunomodulatory effect of CTR 20. Overall, the findings from the current study expand upon
the potential of using the highly cytotoxic NK-92 cell line as a main source of NK cells for NK
cell-based immunotherapeutic strategies, as they have only recently gained entry into clinical
trials. Additionally, this research suggests that the immunogenic properties of select anti-cancer
agents have the potential to enhance the clearance of tumour cells by NK-92 cells, without
affecting NK-92 degranulation capacity; the NKG2D/NKG2DL pathway is suggested to be an
attractive target to be used in the chemo-immune combinational therapy, for which further
investigation is required.

4.7 Future Research
Future work aims to further investigate the potential for low-dose chemotherapy to
sufficiently render TNBC cells susceptible to NK-92 attack, for which the effects on the levels of
stress-induced ligands for other NK cell-activating receptors such as DNAM-1 should be
included. Since NK cytotoxicity is activated based on the combined synergy of activating and
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inhibitory signals, activation of multiple NK cell-activating receptors would increase the
likelihood of NK-92 activation and as a result, increase tumour cell killing. In addition to the
perforin-dependent pathway investigated in this study, NK-92 cells also lyse their target cells by
expressing ligands that participate in death receptor-induced target cell apoptosis such as FasL,
or by secreting proinflammatory cytokines such as TNF-α which indirectly contribute to antitumour immunity by interacting with and activating other immune cells in the TME. Future work
therefore should aim to investigate the potential for low-dose chemotherapy to induce greater
expression of death-receptor ligands and proinflammatory cytokines to increase NK-92 mediated
tumor cell lysis. Since NK-92 cells indirectly interact with other immune cells in the TME, these
immune cross-talks should also be investigated to determine if NK-92 cells can activate and
harness the anti-tumour activity by surrounding immune cells, or vice versa, as signals from the
surrounding immune cells can further promote the activation of NK-92 cytotoxicity. Finally, it
would be interesting to translate these in vitro results to a mouse model. In a paper published by
Tam and colleagues in 2004, authors successfully injected NK-92 cell into tumour-bearing SCID
mice, showing that NK-92 cells have the potential to be used as an effective immunotherapy
treatment for melanoma (Tam et al., 2004). Authors also concluded that NK-92 cells were highly
cytotoxic against human melanoma both in vitro and in vivo, thereby providing a reference
mouse model for NK-92 therapy (Tam et al., 2004).
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6.0 APPENDIX

Figure A1: Sample histograms obtained by flow cytometry for the determination of the effects
of low-dose chemotherapy on the level of NKG2D ligands on the tumour cell surface.
MDA-MB-231 cells were plated in standard 10 cm TC dishes; control plates were seeded at a
density of 1-5 x 105 cells/plate whereas drug treatment plates were seeded at a density of 0.5-1
x 106 cells/plate. Cells were then treated with low-dose doxorubicin, along with an appropriate
DMSO control (final volume of DMSO is 0.002%). Once treated, cells were incubated with FcR
blocking reagent for 20 minutes on ice in the dark, followed by an incubation period of 30
minutes with the recommended amount of monoclonal antibody (MIC A/B in this example) and
appropriate isotype control on ice in the dark. Stained cells were then resuspended in 1 mL of
staining solution whereby levels of MICA/B quantified by flow cytometry. The background
fluorescence of ~5 % from the isotype control was negated from each treatment. Fold change
was then calculated by dividing MIC A/B expression following each treatment by the MIC A/B
expression of the DMSO control. Fold change results are graphed in Figure 9.
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Figure A2: Sample histograms obtained by flow cytometry for the expression of degranulation
markers following co-culture of NK-92 cells with MDA-MB-231 cells treated with low-dose
chemotherapy.
MDA-MB-231 cells were treated with low-dose doxorubicin. NK-92 cells were co-incubated
with untreated and treated MDA-MB-231 cells or K562 cells (the positive control) at an effectorto-target ratio of 5:1 for 5 hours. Cells were then fixed for 20-60 minutes at room temperature in
the dark, followed by an incubation for 20-60 minutes with a conjugated primary antibody
(perforin in this example) and an isotype control in permeabilization buffer at room temperature
in the dark. Stained cells were then resuspended in 1 mL of staining solution whereby expression
of perforin was analyzed by flow cytometry. The background fluorescence of ~5 % from the
isotype control was negated from each treatment to determine the percentage of cells positive for
perforin, graphed in Figure 14.
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