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ABSTRACT

Non-small cell lung carcinoma (NSCLC) is a hard-to-treat, high mortality cancer
in need of more effective therapy options. Natural killer (NK) cells are innate
lymphocytes that contribute to anti-tumor functions through direct cell lysis and cytokine
release. NK cells may be adoptively transferred or recruited for therapy, but treatment-
induced phenotypic evolution of tumor surface proteins challenge selection of the ideal
cell subsets. We studied how surface proteins interacting with NK cells on A549 cells
evolve in response to inflammation, interaction with immune cells, chemotherapy, and
radiation. Our results revealed dynamic, transient changes that implicate different NK
cell subsets as ideal tumor killers. Analysis of responding NK cell populations against
treated A549 cells, and antibody-mediated blockade experiments revealed that inhibitory
interactions dominantly suppress activation driven through activating receptor-ligand
binding. We conclude understanding evolving tumor phenotypes allows for selection of

ideal NK cell killers to complement existing and nascent treatment approaches.
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CHAPTER 1: INTRODUCTION

1.1 Non-small cell lung carcinoma

Lung cancer is the most commonly diagnosed cancer, and the most common cause of
cancer death in Canada and worldwide (Brenner et al., 2020; Ferlay et al., 2019).
According to the Canadian Cancer Society, it is expected that lung cancer in Canada will
cause more deaths in 2020 than colorectal, pancreatic and breast cancers combined
(Canadian Cancer Statistics Advisory Committee, 2020). This high mortality (19% five-
year survival) can be attributed to both the high incidence and low survival rates of lung
cancer (Canadian Cancer Statistics Advisory Committee, 2020). There are an estimated
29,800 new cases of lung cancer in Canada for 2020 — 13% of all cancer diagnoses — and
almost half (49%) of all lung cancer cases in Canada are diagnosed at stage 4 when
tumors have become metastatic (Canadian Cancer Society, 2020; Canadian Cancer
Statistics Advisory Committee, 2020). Modifiable risk factors, such as tobacco, radon
gas, asbestos, and air pollution, are attributed to 86% of lung cancer cases. These
carcinogenic exposures can directly or indirectly cause DNA damage, leading to genetic
instability and cancer development (Barnes et al., 2018). This contributes to the tumor
heterogeneity observed between individuals and the high mutational burden in lung
cancer (De Sousa & Carvalho, 2018; Penault-Llorca & Radosevic-Robin, 2018).

Lung cancer is histologically categorized as either non-small cell lung carcinoma
(NSCLC, approximately 88% of lung cancer cases), and small-cell lung carcinoma,
(around 12%; Canadian Cancer Statistics Advisory Committee, 2020). NSCLC is further
distinguished into three histological subtypes: adenocarcinoma (48%), squamous cell
carcinoma (20%), and large cell carcinoma (1%; Canadian Cancer Statistics Advisory
Committee, 2020). The trends in incidence rates of the histologic subtypes vary:
adenocarcinoma, which is more commonly diagnosed among non-smokers, has been on
the rise; squamous cell carcinoma, which is strongly associated with tobacco smoking,
has been decreasing since 1992 (Canadian Cancer Statistics Advisory Committee, 2020).
Overall, the development of lung cancer can be attributed to the exposure to exogenous
and endogenous risk factors, however some cases are caused by bad luck mutations

(Tomasetti & Vogelstein, 2015).



1.1.1 NSCLC standard of care treatments

Standard of care (SOC) treatments are designed based on the characteristics of a patient’s
disease, and its underlying genetics. Potential treatments include surgery, radiation, target
therapy, chemotherapy and/or immune checkpoint blockade (ICB; Canadian Cancer
Society, 2021b). Surgery is employed when the tumor is sufficiently localized, the patient
is healthy enough to withstand surgical intervention, and there is reasonable opportunity
to safely remove the tumor (Canadian Cancer Society, 2021b). As an alternative to
surgery, high dose radiation of typically 18 Gray (Gy) three times over 1.5-2 weeks can
be used (termed stereotactic body radiation therapy [SBRT]; Sebastian et al., 2018). For
advanced disease, radiation can be delivered at lower, fractionated doses of 1.8-2 Gy/day
for a total of ~60 Gy (termed conventionally fractionated radiation therapy [CFRT]; Ohri,
2017). Targeted therapy is an individualized approach given for patients with targetable
genetic mutations (Canadian Cancer Society, 2021b). The standard chemotherapy
treatments are generally a combination of two platinum-based drugs, and can be
employed before or after surgery, or as the main treatment if surgery is not an option
(Canadian Cancer Society, 2021b). ICB aims to activate the immune system by blocking
inhibitory interactions between tumor cells and immune cells, and is typically given to
patients with advanced or metastatic disease (Canadian Cancer Society, 2021b; Ohri,
2017; Sebastian et al., 2018). SOC treatments are often combined with one another; for
example, chemotherapy can be used before or after surgery, in combination with
radiation (chemoradiation), or with immunotherapy.

The design of therapy for patients is informed by the histologic, molecular, and
immunohistochemical subtypes of the cancer (Elkrief et al., 2020). For patients with
stage IV disease, the histological subtype (squamous or non-squamous) helps determine
the optimal chemotherapy regimen (Midthun, 2021). Driver mutations, which occur in
genes involved with cell growth and survival, can be queried by molecular testing to
determine if they have a targetable alteration for that individual patient (Elkrief et al.,
2020). A study of 799 patients in Nova Scotia reported the frequencies of alterations
among the population to be 24.9% KRAS, 6.96% EGFR, 1.2% PIK3CA, 1.08% BRAF,
and 0.12% ALK rearrangements (Forsythe et al., 2020). The balance (66.15% of cases)

had no driver mutations (Forsythe et al., 2020). For some molecular alterations, there are



effective targeted therapy options such as tyrosine kinase inhibitors (TKIs) for EGFR and
ALK mutations, however others, including KRAS, still rely on more classical treatments
(i.e. surgery, radiation, chemotherapy; Forsythe et al., 2020; Moore et al., 2021).

The KRAS oncogene constitutively activates the mitogen-activated protein kinase
(MAPK) signalling pathway, which has been proven difficult to treat due to the inability
of sustained inhibition on RAS-driven signaling (Ruscetti et al., 2018). The most
frequently mutated RAS isoform is KRAS-G12C, and the only targeted therapy for
patients with advanced KRAS-G12C NSCLC is Sotorasib, approved in May 2021
(Moore et al., 2021; Sequist & Neal, 2021). Furthermore, there are late stage clinical
trials for KRAS-G12C NSCLC using allele-specific covalent inhibitors (NCT04303780,
NCT04685135; Moore et al., 2021). Other potential therapy options for KRAS-mutant
tumors are focused on immunotherapy; KRAS-mutant tumors are expected to incite
immune reactions as they are associated with genetic instability and high levels of tumor
mutation burden (TMB), which denotes total number of non-synonymous mutations in
the coding regions of genes (C. Liu et al., 2020). Immunosuppression may be impeding
the expected immune response; for patients with advanced disease without any targeted
therapy options, the immunohistochemical testing for PD-L1 is used to determine the
tumor proportion score (TPS; Midthun, 2021). The TPS determines whether the patient
will receive ICB alone or in combination with chemotherapy (further discussed in 7.3.7;
Elkrief et al., 2020).

Current SOC treatments are imperfect: platinum-based chemotherapies have high
toxicities, and tumors can gain resistance to treatments, especially since NSCLC is a high
TMB cancer (R. Chen et al., 2020; C. Lin et al., 2020; H.-X. Wu et al., 2019). High TMB
is negatively associated with clinical outcomes for patients receiving targeted therapy and
adjuvant chemotherapy, however it is a good indicator for immunotherapy (Devarakonda
et al., 2018; C. Lin et al., 2020). Although tumors may be initially sensitive to therapy,
when they are incompletely controlled, relapsing, treatment-resistant tumors may occur.
As mortality rate remains high for advanced NSCLC, other treatment options are being

investigated.



1.1.2 NSCLC upcoming promising treatments

Radiation dose can have opposing impacts on immune function. While CFRT is given
with curative intent, high doses of irradiation can induce the upregulation of inhibitory
ligands such as major histocompatibility complex (MHC) class I molecules and PD-L1,
which are known to interrupt antitumor activities of natural killer (NK) cells (Chiriva-
Internati et al., 2006; Gong et al., 2017; Park et al., 2014; Reits et al., 2006). Numerous
studies have identified the ability of low-dose radiation (LDR) to be “immunosensitizing”
(Zhou et al., 2018). Specifically, LDR stimulates proliferation and cell survival of normal
cells and normal stem cells, without the same effects in cancer cells (Yang et al., 2016).
LDR in tumor-bearing mice can induce an altered cytokine profile that involves increased
secretion of immunostimulatory cytokines (ex. interferon [IFN]-y, interleukin [IL]-2,
tumor necrosis factor [TNF]) and decreased secretion of immunosuppressive cytokines
(ex. IL-10, transforming growth factor [TGF]-f; Yang et al., 2016). Consistent with this
shift toward pro-inflammatory immunity, studies in mice have revealed that LDR can
augment expansion and cytotoxicity of NK cells, enhance activation of dendritic cells
(DCs) and T cells, and decrease immunosuppressive regulatory T-cell (Treg) populations
(Zhou et al., 2018). Since radiation induces cancer cell death through DNA damage, the
resultant stress ligands upregulated on the tumor cell surfaces may contribute to the NK
cell activation (Gasser et al., 2005; Yang et al., 2014). Overall, LDR provides a
promising approach of inducing an immunostimulatory environment and the upregulation
of stress ligands that activate immune cells.

SOC for lung cancer may involve platinum-doublet chemotherapy, but there is
increasing interest in alternative, non-platinum based chemotherapies. Platinum-based
chemotherapies, particularly cisplatin, may result in extensive adverse effects such as
neurotoxicity, hearing loss, nephrotoxicity, and severe emesis (Breglio et al., 2017
D’Addario et al., 2005). Alternative chemotherapies may afford more targeted treatment
and some are already in use for subsets of lung cancer. For example, the MAPK signaling
pathway, which promotes proliferation, differentiation, and survival in tumor cells, may
be inhibited to impair cancer growth (Ruscetti et al., 2018). Inhibition of the MAPK
pathway is beneficial for tumors with EGFR alterations because they depend on this

downstream signaling cascade, however it is less effective with KRAS-mutant tumors



because there are other pathways that can be activated (Ruscetti et al., 2018; Samatar &
Poulikakos, 2014). The inhibition of cyclin-dependent kinase 4 and 6 (CDK4/6) could
abrogate signalling through the cell cycle progression, another major downstream RAS
pathway (Sherr et al., 2016). In KRAS-mutant lung tumor models, the combination of
trametinib, a MEK1/2 inhibitor, and palbociclib, a CDK4/6 inhibitor, resulted in tumor
regression, cellular senescence, and increased NK cell activation (Ruscetti et al., 2018).
These results suggest that combinatorial strategies aimed at RAS-driven signalling could
be used to slow or even stop tumor growth, while concurrently activating NK cells to kill
the tumors. The promising in vitro data in KRAS-mutant models demonstrates the ability
to reduce resistance acquired from monotherapies when combining MEK inhibitors with
CDK4/6 inhibitors (Haines et al., 2018). More research is required to understand the
mechanism of NK cell activation and the safety of the combination therapy in patients
(ongoing phase I/II clinical trial: NCT02065063).

Although good progress has been made toward treatment of NSCLC by studying
its subsets and development of targeted therapies, additional work is needed to improve
outcomes for all patients. Immunotherapy — strategies to activate the immune system —
may be key to durable control of NSCLC. Presently, immunotherapy is limited to ICB for
NSCLC, but in other cancers, cell-based treatments or specific monoclonal antibodies are
able to redirect immune systems to support anti-tumor activities. Activation of NK cells
is already a key feature in the success of many cancer treatment strategies, and we expect
that approaches to specifically activate NK cells for control of lung cancer is both logical

and highly promising.

1.2 Natural Kkiller cells

NK cells are lymphocytes of the innate immune system that function to mediate early
defenses against cells which are malignant or virally infected, and respond to fungal and
bacterial infections (Mody et al., 2019; Vivier et al., 2011). NK cell functions are carried
out via secreted products and cell-cell interactions. NK cells engage first with the
cytokine environment, then with target cells using receptor-ligand partnerships to form
immunologic synapses (Orange, 2008). These synapses are stabilized by adhesion

molecules (i.e. LFA-1 + ICAM) and facilitate interaction between receptor-ligand



partnerships on cell surfaces (Orange, 2008). NK cell receptors, activated through cell-to-
cell contact or soluble factors, engage with adapter molecules to initiate intracellular
signaling cascades (Orange, 2008). Those signals determine how the NK cell will
respond by integrating and weighing the magnitude of incoming activating and inhibitory
signals.

Activated NK cells induce target cells to die by apoptosis, which may be initiated
by insertion of granzyme molecules, or activation of apoptotic pathways. Activated NK
cells can perform direct cytotoxic attack on target cells by polarization of cytotoxic
granules toward the immunological synapse, resulting in release of perforin and
granzymes by degranulation (Figure 1.1; Kannan et al., 2017). Perforin, a pore-forming
protein, inserts itself into the target cell membrane to allow entry into the cytosol for
granzymes (serine proteases), which in turn induce apoptosis via direct activation of
Caspase 3 (Kannan et al., 2017). NK cells can activate the death receptor pathways by
engaging death receptors with the NK cell cognate ligands (Figure 1.1; Smyth et al.,
2005). One pathway involves TNF-related apoptosis-inducing ligand (TRAIL; CD253)
on NK cells, which interact with death receptors TRAIL-R1 (CD261) and TRAIL-R2
(CD262) on target cells to transduce an apoptotic signal (Smyth et al., 2005). Another
pathway induces target cell death by Fas ligand on the NK cell binding the death receptor
Fas (CD95) on the target cell (Smyth et al., 2005). The death domains for death receptors
recruit adaptor proteins when bound to their ligands, which initiates a cascade that
activates executioner caspases triggering apoptosis (Smyth et al., 2005). NK cells can
recognize antibody-coated targets (signalling antigens as foreign and dangerous) via the
activating receptor FcyRIlla (CD16; Figure 1.1; Lo Nigro et al., 2019). CD16 binds to
the Fc portion of IgG: and IgG: antibodies, which leads to NK cell degranulation and
cytokine secretion (Lo Nigro et al., 2019). NK cells release pro-inflammatory cytokines,
such as IFN-y and chemokines, that signal for recruitment of immune cells to the
inflamed tissues and tumor microenvironment (TME), promote activation of T cells and
DCs, and stimulate B cell maturation (Figure 1.1; Kannan et al., 2017). The features of
NK cells position them at the intersection of innate and adaptive immunity, both as early

responders and polarizers of downstream immunity.
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Figure 1.1 NK cell attack against target cells. Activated NK cells execute four
pathways to promote killing of target cells. 1) NK cells release granules containing
perforin and granzyme to induce apoptosis in target cells. 2) NK cell death ligands bind
cognate death receptors on target cells to induce apoptosis. 3) NK cells bind antibody-
coated target cells via CD16 and become activated (no prior activation required). 4) NK
cells release inflammatory cytokines to promote innate and adaptive immune responses
against target cells.



1.2.1 NK cell activation

Cytokines released by non-immune and immune cells have direct impacts on NK cell
proliferation, activation, and suppression (Table 1.1; Konjevi¢ et al., 2019; Lee &
Ashkar, 2018). NK cells are recruited to sites of inflammation by stimulation of their
chemokine receptors, including CCR2, CCRS, and CXCR3 (Grégoire et al., 2007). NK
cells are activated by cytokines produced by innate cells, including IL-12 or IL-15, to
produce IFN-y or proliferate, respectively (Konjevi¢ et al., 2019). The major hallmark
cytokine produced by activated NK cells is [IFN-y, which promotes the immune response
by enhancing antigen presentation, increasing immune cell trafficking, reprogramming
macrophages to an M1 proinflammatory phenotype, and promoting DC maturation
(Jorgovanovic et al., 2020; Miiller et al., 2017). NK cells also release TNF, which has
both pro- and anti-tumor functions, such as promoting cancer cell death and activating
immunoregulatory cells, such as Tregs and myeloid derived suppressor cells (MDSCs),
respectively (Montfort et al., 2019).

Alongside cytokine stimulation, NK cell activation is dependent on a variety of
activating and inhibitory receptors. Inhibitory receptors ostensibly prevent autoimmunity
and excessive reactivity during physiological conditions (Beldi-Ferchiou & Caillat-
Zucman, 2017). When the inhibitory ligands on healthy cells interact with their cognate
inhibitory receptors on NK cells, the NK cell receives an inhibitory signal that stops
cytotoxic attacks (Figure 1.2A; Beldi-Ferchiou & Caillat-Zucman, 2017). There are
various immune checkpoint pathways that keep the NK cell response under control, such
as the interaction between PD-L1 and programmed cell death receptor-1 (PD-1) on NK
cells (Beldi-Ferchiou & Caillat-Zucman, 2017). In addition, one of the main inhibitory
receptor families, killer immunoglobulin like receptors (KIRs), bind MHC class I
molecules with defined, conserved epitopes, which are known as human leukocyte
antigens (HLA) in humans (Kannan et al., 2017). Healthy cells constitutively express
HLA class I, therefore when KIRs bind to the conserved epitopes on their respective
HLA molecules, the NK cells are prevented from killing healthy cells (Beldi-Ferchiou &
Caillat-Zucman, 2017).



Table 1.1 Cytokines acting on NK cells.

Cytokine Released By Function on NK Cells
Type I IFN Fibroblasts and Recruits to inflammatory site
monocytes Promotes cytotoxicity and IFN-y secretion
IL-2 CD4" T cells Promotes expression of activation markers

Enhances cytotoxicity

IL-12 Antigen presenting cells

Promotes maturation

Induces IFN-y secretion

fibroblasts, activated

immune cells

IL-15 DCs and macrophages Promotes and regulates proliferation,
activation, survival, cytotoxicity
IL-18 Macrophages, DCs, Promotes proliferation

Induces chemokine receptor expression

cells, T cells

IL-21 DCs and Th17 cells Positively and negatively impacts NK cell
proliferation and activation

TGF- Tregs Regulates and limits NK cell cytotoxicity

IL-10 Macrophages, DCs, B Immunosuppressive and

immunoregulatory




A NK Cell Inhibition

Inhibitory Inhibitory
Ligand Recepto

Activating
Receptor

B NK Cell Activation

Inhibitory
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Activating Activating
Ligand Receptor

Figure 1.2 NK cell activation depends on the interactions of activating and
inhibitory receptors with the cognate ligands. (A) When inhibitory receptors on NK
cells interact with inhibitory ligands on healthy cells, the NK cells receive an inhibitory
signal and do not attack that cell. (B) When the activating receptors on NK cells interact
with activating ligands on target cells, the NK cells receive an activating signal to
perform cytotoxic attack.
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1.2.2 NK cell receptors

The three main receptor families for NK cells include KIRs, C-type lectin receptors, and
natural cytotoxicity receptors (NCRs; Kannan et al., 2017). NCRs generally signal for
activation, and recognize an array of abnormal or viral proteins and stress ligands, and
include NKp30, NKp44, NKp46, NKp65, and NKp80 (Boudreau & Hsu, 2018; Kannan
et al., 2017). KIR can be inhibitory or activating, depending on whether the cytoplasmic
tails contain immunoreceptor tyrosine-based inhibitory motifs (ITIMs), or if the
associated adapter proteins contain immunoreceptor tyrosine-based activating motifs
(ITAMs; Kannan et al., 2017).

Within the human genome, there are 15 functional KIR genes which individuals
inherit in diverse combinations (Hsu & Dupont, 2005). The four primary inhibitory KIRs
that regulate the inhibition of NK cells against classical HLA class Ia-expressing cells
include KIR2DL1 (binds HLA-C molecules encoding the HLA-C2 epitope), KIR3DLI
(binds HLA-B molecules encoding the HLA-Bw4 epitope), and KIR2DL2 and KIR2DL3
(binds HLA-C molecules encoding the HLA-C1 epitope; Figure 1.3; Kannan et al.,
2017). The activating receptor KIR3DS1 binds to HLA-F in its open conformation
(Garcia-Beltran et al., 2016). Two other activating KIRs, KIR2DS1 and KIR2DS2,
weakly bind HLA-C2 and HLA-C1, respectively (Ivarsson et al., 2014). The KIR genes
are divided into K/R-A4 and KIR-B haplotypes; an individual will either have an AA, AB
or BB genotype (Middleton & Gonzelez, 2010). The A haplotype contains a fixed
number of genes encoding inhibitory receptors (KIR2DLI1, KIR2DL3, KIR3DLI,
KIR3DL?2, and KIR2DL4) and activating KIR2DS4; the B haplotype includes at least one
of: KIR2DS2, KIR2DL2, KIR2DL5B, KIR2DS3, KIR2DL5A, KIR2DS5 and KIR2DS1
(Pende et al., 2019). Therefore, while each individual will encode the genes for inhibition
by “self” HLA, the presence and copy numbers of the activating KIR genes differs
between people.

Another important inhibitory receptor is natural killer group 2a (NKG2A), which
forms a C-type lectin receptor as a heterodimer with CD94 (Kannan et al., 2017). When
NKG2A binds peptide-loaded HLA-E, a nonclassical HLA class Ib molecule, an
inhibitory signal is transduced through ITIMs (Figure 1.3; Kamiya et al., 2019). Other C-
type lectin receptors, CD94/NKG2C and CD94/NKG2E, produce an activating signal
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when bound to HLA-E through the ITAMs on the adapter molecule DAP10 (Kannan et
al., 2017; Lanier et al., 1998). A final C-type lectin receptor, NKG2D, does not form a
heterodimer with CD94, and interacts with adaptor molecule DAP10 to provide an
activating signal to the NK cell (Kannan et al., 2017; Wu et al., 2000). NKG2D binds
HLA class I chain-related proteins (MIC) A and B, and the UL16 binding proteins
(ULBP) 1-6 (Raulet et al., 2013).

Target cells will lose their inhibitory ligands, such as the downregulation or loss
of expression of HLA class I molecules (Paul & Lal, 2017). This tumor escape
mechanism stops effector T cells from becoming activated, as they rely on interactions
with antigens on HLA class I molecules (Waldman et al., 2020). However, this loss can
promote NK cell activation as they are no longer receiving the inhibitory signal. NK cells
primed for activation by cytokine stimulation can therefore be polarized for attack
through activating receptor-ligand partnerships (Kannan et al., 2017).

DNA damage and cellular stress results in the upregulation of “stress ligands” on
cell surfaces, also known as activating ligands (Rezvani & Rouce, 2015). When the
activating ligands or death receptors interact with the activating receptors and ligands on
NK cells, a positive signal is delivered to that cell to attack (Figure 1.2B; Rezvani &
Rouce, 2015). For this research, we studied NKG2D/MIC-A and MIC-B, and the two
death receptor pathways (Figure 1.3), which have each been associated with NK cell
recognition of tumors. Previous studies have demonstrated their upregulation in response
to irradiation (Cacan et al., 2015; Ifeadi & Garnett-Benson, 2012; Sheard et al., 1997) and
chemotherapy (Elrod & Sun, 2008). Importantly, when both inhibitory and activating
receptors on NK cells are engaged, the functional outcome is typically dominated by the
inhibitory signals (Long et al., 2013).

Overall, the surface receptors on NK cells are extremely diverse and expand much
farther than discussed here. Interestingly, a study using mass spectrometry revealed that
within a healthy individual, there are between 6,000 and 30,000 distinct NK cell
phenotypic populations (Horowitz et al., 2013). Among the analyzed population of 22
individuals, there were more than 100,000 subpopulations of NK cells (Horowitz et al.,
2013). The authors concluded that the composition of inhibitory receptor expression

patterns is predominantly influenced by genetic elements, whereas environmental factors
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largely influenced the surface expression of activating and costimulatory receptors
(Horowitz et al., 2013). This diversity of NK cell phenotypes creates a spectrum of
functionality, and the process by which each NK cell function is calibrated is termed “NK

cell education”.
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HLA-Bw4

Figure 1.3 NK cell receptors bind specific, cognate ligands. Inhibitory pairings are
shown in red; activating pairings are shown in green.
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1.2.3 NK cell education

NK cell reactivity is programmed through cumulative interactions between the inhibitory
receptors and self-HLA ligands on healthy cells (Boudreau & Hsu, 2018). HLA class I
molecules are constitutively expressed on healthy cells, and the polymorphic loci
important for NK cell recognition include HLA-B and -C, and to some extent HLA-A
(Kannan et al., 2017; Moradi et al., 2021). KIR molecules bind to conserved regions —
epitopes — that are found on groups of HLA molecules. HLA-C molecules, which are all
KIR ligands, are classified into two main subgroups: HLA-C1 (asparagine 80) or HLA-
C2 (lysine 80), which bind KIR2DL2/L.3 and KIR2DL1, respectively (Gwozdowicz et
al., 2019). All motifs within the HLA-Bw4 superfamily are recognized by KIR3DLI,
which includes ~40% of the HLA-B alleles and a select few HLA-A alleles (Kannan et al.,
2017). The other ~60% of the HLA-B alleles carry the HLA-Bw6 epitope, against which
NK cells are nonreactive (Gwozdowicz et al., 2019). Based on their genotype, an
individual will express two alleles for each of HLA-A, -B, and -C, and their expression,
along with HLA-E, influences NK cell education (Kannan et al., 2017).

As NK cells interact with the expressed self-HLA ligands on healthy cells in an
individual, they become “educated” and express the cognate KIRs (Boudreau & Hsu,
2018). Educated NK cells can therefore be inhibited by self-HLA, and are capable of
detecting the downregulation of those HLA ligands (Boudreau & Hsu, 2018). Despite
their sensitivity to inhibition, educated NK cells are strong killers in response to
stimulation because they have a lower threshold for activation and a greater effector
potential (Boudreau & Hsu, 2018). In contrast, uneducated NK cells are important
effectors when HLA ligands remain expressed in disease states, however they require
stronger stimuli for activation, which prevents inappropriate NK cell activation that might
lead to tissue damage and autoimmunity (Boudreau & Hsu, 2018). Understanding the
interactions between NK cells and cognate ligands on tumor cells has been crucial to

identifying the role of NK cells in cancer treatment.
1.2.4 NK cell role in cancer

We recently completed a systematic review of 53 studies that revealed that NK cell

infiltration into solid tumors was associated with a decreased risk of death (Nersesian,
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Schwartz et al., 2021). The prognostic value was greater with intraepithelial infiltration
compared to tumor-adjacent stromal infiltration (Nersesian, Schwartz et al., 2021). NK
cells contribute not only by direct lysis of tumor cells, but also to recruitment and
activation of other immune cells (Shaver et al., 2021).

The initial study of NK cells in cancer treatment was first noticed in mismatched
hematopoietic stem cell transplants in patients with high risk acute myeloid leukemia
(Ruggeri et al., 2002). The incompatibility of KIRs and HLA ligands between donors and
recipients resulted in greater probability of survival due to lower rates of relapse, graft
failure, and acute graft-versus-host disease (GVHD; Ruggeri et al., 2002). These
promising results led to further work into NK cellular therapy in non-transplant settings.
Initially, NK cell adoptive therapy had limited success because they relied on ex vivo
expanded autologous NK cells (Hu et al., 2019). Although this approach could
successfully increase the number of circulating NK cells in the patient, recognition (and
inhibition) of educated NK cells by self-HLA on the tumor cells prevented their
activation (Hu et al., 2019). The use of allogeneic NK cells may overcome this challenge
by transplanting NK cells that are refractory to inhibition by the HLA presented on the
tumor. This was proven to be safe in 2005, and NK cells were shown to persist and
expand in vivo in cancer patients without generating GVHD (Miller et al., 2005). In 2010,
KIR-HLA mismatched allogeneic adoptive transfer demonstrated significant NK cell
expansion and may have reduced the risk of childhood acute myeloid leukemia relapse
(Rubnitz et al., 2010). Hence, the use of allogeneic NK cell adoptive therapy is attractive
in comparison to T cell therapy because it is practical, affordable and safe. NK cells do
not need to be autologous, and because they only target cells bearing markers of stress,
NK cells have been associated with little toxicity including GVHD or cytokine release
syndrome (E. Liu et al., 2020; Shin et al., 2020). Donor NK cells can be obtained from
umbilical cord blood, clonal cell lines such as NK-92, and from lymphapheresis of
allogeneic peripheral blood mononuclear cells (PBMCs; Shin et al., 2020).

While allogeneic NK cell adoptive transfer has some promising results in
hematological malignancies, it requires further investigation to promote its full potential
in cancer treatment. It may be possible to leverage NK cells for even better tumor control

by selecting for the populations that will be sensitive to the activating ligands and
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refractory to the inhibitory ones. The developing field of immunotherapy continues to
expand the possibilities of promoting NK cell anti-tumor killing within the NSCLC

therapeutic landscape.

1.3 Lung cancer immunotherapy

Cancer immunotherapy, which aims to promote anti-tumor functions of the immune
system, has grown over the decades with numerous new approaches that have improved
patient outcomes and survival. NSCLC is an especially high TMB cancer, which can be
unfavourable as somatic mutations support tumor escape mechanisms to avoid targeted
therapy (Devarakonda et al., 2018; C. Lin et al., 2020). However, a high TMB is
generally favourable for immunotherapy because it generates tumor immunogenicity
(Wang et al., 2020). The increased frequency of neoantigens derived from somatic
mutations is thought to promote stronger T effector cell responses (Wang et al., 2020).
Immunotherapy has made advancements in NSCLC patient survival, and understanding
the immunological responses provides an understanding of how we can continue to

improve outcomes.

1.3.1 Immune-checkpoint blockade

Immune checkpoint pathways tightly regulate the immune response by preventing
effector cells from attacking cells indiscriminately. Immune-checkpoint blockade (ICB)
interferes with immune checkpoint pathways, which are employed by cancer cells to
inhibit immune cell activation and tumor killing (Elkrief et al., 2020). The first historical
ICB clinical trial was in 2000 with ipilimumab, a T cell antigen receptor (CTLA-4)
blocking antibody, which was approved for advanced melanoma treatment in 2011
(Dobosz & Dziecigtkowski, 2019). The next approved inhibitor was nivolumab (2014),
an anti-PD-1 blocking antibody, which delivered promising results that led to further
developments of ICB against PD-1, PD-L1 and PD-L2 (Dobosz & Dziecigtkowski,
2019). The role of ICB in NSCLC began with nivolumab in 2015, when two landmark
clinical trials compared its efficacy against the chemotherapy docetaxel in patients with
previously treated squamous (Brahmer et al., 2015) and non-squamous (Borghaei et al.,

2015) NSCLC tumors. Nivolumab demonstrated unprecedented results, with 14% 4-year

17



OS, compared to only 5% 4-year OS with docetaxel (Antonia et al., 2019). Currently
approved ICB treatment for NSCLC patients in Canada includes two anti-PD-1
inhibitors, pembrolizumab and nivolumab, and three anti-PD-L1 inhibitors, atezolizumab,
cemipilimab, and durvalumab (Canadian Cancer Society, 2021a; Hellmann & West,
2021). There are NK cell specific ICB currently in clinical trials, including lirilumab, an
anti-KIR blocking antibody, and monalizumab, an anti-NKG2A blocking antibody
(Cohen et al., 2020; Vey et al., 2018).

The inclusion of ICB in the treatment plan for advanced NSCLC patients depends
firstly on the TPS of PD-L1 (Elkrief et al., 2020). Greater PD-L1 expression has been
generally associated with better patient outcomes in NSCLC and other cancer types when
treated with PD-1/PD-L1 blockade (Daud et al., 2016; Herbst et al., 2014; Taube et al.,
2014). Hence, tumors from advanced patients with NSCLC without targetable driver
mutations are analyzed for the percentage of positive PD-L1 expressing neoplastic cells
(Vigliar et al., 2019). The quantification of TPS scoring is crucial, as pembrolizumab or
atezolizumab is typically given as a first-line monotherapy if PD-L1 expression is 50% or
greater (Elkrief et al., 2020). If a patient’s disease is rapidly progressing, their regiment
will include pembrolizumab with platinum doublet chemotherapy (Hellmann & West,
2021). When PD-L1 expression is in the 1%-49% range, pembrolizumab has not
demonstrated superior patient outcomes over SOC chemotherapy (Mok et al., 2019).
Therefore, patients in this range with non-squamous or squamous NSCLC receive
pembrolizumab in combination with various platinum-based chemotherapies, depending
on the histological subgroup (Elkrief et al., 2020). For non-squamous, the preferred
chemotherapy options are pemetrexed and carboplatin; for squamous, patients typically
receive carboplatin with paclitaxel or nabpaclitaxel (Hellmann & West, 2021). Patients
with less than 1% PD-L1 TPS receive chemotherapy with pembrolizumab, though
promising results from clinical trials are revealing greater OS when treated with
nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4; Elkrief et al., 2020; Hellmann et
al., 2019). Overall, the guidelines for treating advanced NSCLC without targetable
genetic alterations are constantly evolving as more clinical trials determine which

treatments provide the greatest OS with the least toxicities.
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T cells are important effectors that are supported by ICB; one study observed that
patients with NSCLC positively responding to anti-PD-1/anti-PD-L1 therapy had an
increase in proliferation and expansion of PD-1"CD8" effector T cells (Kamphorst et al.,
2017). Cytotoxic T cell activation is antigen-dependent, therefore the tumor cell is
required to present antigens on its surface via HLA class I molecules to activate the T cell
attack (Waldman et al., 2020). However, tumors may evolve during and after treatment to
evade immune recognition, which includes the downregulation of HLA molecules. A
study of 90 patients with NSCLC observed 40% of tumors exhibited a loss of
heterozygosity for HLA (McGranahan et al., 2017). As HLA expression is downregulated
in NSCLC tumors, the number of cytotoxic T lymphocytes infiltrating the tumors
significantly decreases (Perea et al., 2018). Tumors that have low HLA class I
expression, such as Hodgkins lymphoma, still demonstrate significant clinical response to
PD-1 blockade (Ansell et al., 2015). Furthermore, downregulation of HLA class I
antigens was associated with improved survival in patients with NSCLC (Ramnath et al.,
2006). Hence, ICB in NSCLC requires the collaboration of other immune cell

populations when T cell activation is limited from HLA class I downregulation or loss.

1.3.2 NK cell role in ICB

Similar to T cells, NK cells express PD-1, and therefore can benefit from ICB that
inhibits the PD-1/PD-L1 inhibitory interaction (Figure 1.4; M. Lin et al., 2020). The
combination of pembrolizumab (anti-PD-1 blocking antibody) and allogeneic NK cells in
patients with NSCLC resulted in a greater proportion of NK cells in the blood and overall
immune function, and increased progression free survival (PFS) and OS (M. Lin et al.,
2020). Patients receiving the combination compared to pembrolizumab alone had
decreased numbers of circulating tumor cells, reflecting that NK cells prevented
metastasis and alleviated the residual tumor load (M. Lin et al., 2020). These results
suggest that NK cells contribute to the clinical benefit of ICB by directly killing tumor
cells, as well as recruiting T cells to the TME. This finding has been supported in in vivo
studies. PD-1 blockade enhanced NK cell anti-tumor function in an MHC class I-
deficient lymphoma mouse model, in which NK cells were indispensable for tumor

control (Hsu et al., 2018). An ovarian cancer mouse model treated with anti-PD-L1 and
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particle expanded NK cells demonstrated NK cell persistence and augmented cytotoxic
functions (Oyer et al., 2018).

There are currently three clinical trials assessing the use of ICB with NK cells: 1)
a phase 2 study examining off-the-shelf CD16-targeted NK cells with IL-15 superagonist
and an anti-PD-L1 inhibitor (avelumab) in Merkel cell carcinoma (NCT03853317); 2) a
phase 1/2a assessing allogeneic NK cells with an anti-PD-1 inhibitor (pembrolizumab) in
biliary tract cancer (NCT03937895); 3) a phase 1/2 study investigating DF1001, a
molecule targeting NK cell activation to specific tumor cell receptors, with an anti-PD-1

inhibitory (pembrolizumab) in solid cancers (NCT04143711).
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A NK Cell Inhibition

Figure 1.4 Blocking PD-1 on NK cells or PD-L1 on cancer cells prevents NK cell
inhibition by the immune checkpoint pathway. (A) Inhibitory interactions between
PD-1 and PD-L1 delivers an inhibitory signal to NK cells and stops NK cell antitumor
killing. (B) ICB disrupts the PD-1/PD-L1 immune checkpoint pathway and allows for
NK cell activation.
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1.3.3 Cellular therapies

Current studies and clinical trials aim to improve outcomes by increasing trafficking of
donor NK cells into the TME, and through combination treatment with ICB, cytokines,
and immunomodulatory agents (Shin et al., 2020). Other NK cell-based immunotherapies
include human induced pluripotent stem cells (iPSCs), which generate homogenous NK
cells that can be expanded without the introduction of chromosomal abnormalities (which
can occur with NK clonal cell lines; Shin et al., 2020). Currently, a phase I clinical trial
(NCTO03841110) is examining a master iPSC line-derived NK cell product, and other in
vitro and in vivo studies are exploring the use of iPSC NK cells with customized KIR
expression and in chimeric antigen receptor (CAR) therapy (Knorr et al., 2013; Li et al.,
2018; Ueda et al., 2020). CAR therapy utilizes a genetically engineered immune cell that
express CARs that target antigens on tumor cells, and CAR-T cells have proven to be
extremely successful (Shin et al., 2020). However, CAR-T therapy is associated with
toxicities such as cytokine release syndrome (CRS), while CAR-NK cells offer less
adverse effects (Shin et al., 2020). A phase /Il clinical trial of HLA-mismatched anti-
CD19 CAR-NK cells in B cell cancers revealed that 73% of the patients responded within
30 days of infusion, without any major toxicities (E. Liu et al., 2020). There are
numerous ongoing clinical trials examining the safety and efficacy of CAR-NK therapy
in solid tumors (NCT03941457, NCT03940820, NCT03692637, NCT03415100,
NCT03383978, NCT02839954). Overall, NK-based immunotherapies have come a long
way since the first use in mismatched hematopoietic stem cell transplants, and promising
clinical trials suggest developments will continue for NK cells in cancer treatment. and

solid cancers (Shin et al., 2020).

1.4 Tumor evolution

The interactions between the immune system and tumors lead to tumor development,
progression, and suppression, and is termed immunoediting (Dunn et al., 2004). The three
dynamic stages of this cancer immunosurveillance include elimination, equilibrium, and
escape (Dunn et al., 2004). The elimination phase involves contributions from both innate
and adaptive immune cells to kill tumor cells that are driven by cell-intrinsic mechanisms

(Dunn et al., 2004; ODonnell et al., 2019). When tumor cells are not completely
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destroyed, their outgrowth as tumors is controlled in the equilibrium phase, where the
immune system’s killing of transformed cells suppresses the net tumor growth (Dunn et
al., 2004). However, tumor cells can evolve to avoid immune recognition, leading to the
escape phase in which the tumor growth outpaces the immune system’s ability to
maintain control (Dunn et al., 2004). This evolution can result from the selection of
subclones with decreased immunogenicity, increased genetic instability, and acquired or
selected features that enable immune escape (ODonnell et al., 2019).

One form of tumor evolution is termed adaptive immune resistance, in which the
tumor cell phenotype changes to escape cytotoxic immune responses (Ribas, 2015). The
activation of tumor antigen specific T cells and NK cells induces the release of IFN-y in
an attempt to intensify the immune response against the tumor cells (Jorgovanovic et al.,
2020). However, IFN-y can induce immunosuppressive factors such as the upregulation
of PD-L1 on tumor cell surfaces (Ribas, 2015). Other TME-resident cytokines that have
been observed to induce PD-L1 expression include IL-1a, IL-10, IL-27, and IL-32-y (S.
Chen et al., 2019). This immune escape mechanism which inhibits PD-1" immune cells is
especially detrimental for NK cell and T cell anti-tumor activity, since both immune
populations express PD-1 in an activation-induced manner (Pesce et al., 2019; Ribas,
2015). PD-LI can also be upregulated by innate immune resistance, which corresponds to
PDL]I gene amplification or genetic alterations of oncogenic signaling pathways, and thus
PD-L1 is constitutively expressed (S. Chen et al., 2019).

As described in 1.3.1 Immune-checkpoint blockade, HLA molecules can be
downregulated or genetically lost, which results in reduced antigen presentation and
therefore a diminished T cell response. Another defense mechanism of tumor cells to
protect against cytotoxic immune attacks includes upregulation of inhibitory HLA class
Ib molecules, such as HLA-E and HLA-G (Rodriguez, 2017). Type I and type II IFNs
and TNF have also been observed to induce HLA class I molecules (Kersh et al., 2016).
Moreover, they have been temporarily upregulated after the pressure of NK cells in
neuroblastoma (Spel et al., 2015) and in colon carcinoma in rat models (Jonges et al.,
2000); these trends are likely attributed to NK cell release of IFN-y. Overall, HLA class I
upregulation versus loss/downregulation on tumor surfaces requires further studies,

though evidence is emerging that it is likely due to the complex relationship between the
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TME, immune system, and tumor cells (Campoli & Ferrone, 2011). The role of treatment
in HLA class I expression is as well becoming more clear with ongoing studies; agents
such as anti-EGFR antibodies, tyrosine kinase inhibitors (TKIs), and high dose irradiation
have been shown to induce HLA class I expression (Chiriva-Internati et al., 2006; G.
Garrido et al., 2017). Overall, tumor cells are constantly changing from the different
pressures they are facing; the naive tumor that is analyzed may appear quite differently

after immune pressure or cancer treatment.

1.5 Rationale and hypothesis
1.5.1 Rationale

NK cells have critical anti-tumor functions that support tumor cell elimination or
equilibrium. Their diversity of activating and inhibitory receptors make NK cells a
unique effector cell that can be activated against the various tumor phenotypes that can
evolve and occur during treatment and immune cell attack. Understanding the phenotype
changes of NSCLC cells, especially those that change how the cancer interacts with NK
cells, is critical to developing successful NK-centric therapies. By ensuring there will be
as little inhibitory pairing and more activating pairing between NK cells and tumor cells,
we expect to promote anti-tumor NK cell functions and encourage tumor elimination.
The ideal NK cell adoptive transfer does not have to be a single NK cell population, but
rather multiple distinct populations to support the killing of tumor cells as they continue
to evolve as a defense mechanism and from cellular damage. Furthermore, opportunities
exist to redirect the endogenous NK cell population by interfering with inhibition or
amplifying activation. Here, we set out to define the characteristics of NK cells that
enable response to NSCLC at rest and in response to the changes induced by treatment

and tumor progression.

1.5.2 Hypothesis

We hypothesize that NK cells, as dynamic and durable effectors with phenotypic
and functional diversity, can be selected against rapidly evolving NSCLC tumors.
As treatment pressures induce temporary changes to the NSCLC phenotype, it is

expected that NK cells sensitive to activating ligands and refractory to inhibitory ones
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will be the most effective killers during the window of opportunity post-treatment. The
applications of this research are not aimed at changing the current standard treatments for
NSCLC, but rather determining how NK cell adoptive therapy can be added to promote

more complete tumor control.

1.5.3 Objectives

The objective of this project is to evaluate how NK cell adoptive therapy can be
leveraged to challenge NSCLC tumors that have evolved due to treatment pressure. We
divided our investigations into two main aims:

1. To understand how various treatment pressures induce NSCLC phenotypic
evolution of the death receptors and activating and inhibitory ligands that interact
with NK cells.

2. To understand how activating and inhibitory interactions feature in NK-mediated

NSCLC targeting with a goal of designing prescriptive immunotherapies.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Cell isolations and culturing

2.1.1 Peripheral blood mononuclear cells (PBMC)

Healthy donor peripheral blood was collected from volunteers for blood transfusion by
Canadian Blood Services. Lymphocyte-rich bufty coats are normally discarded, but
through collaboration, the Boudreau laboratory claims these for research (approved
Dalhousie REB 16-046, Canadian Blood Services REB 2016-016). Buffy coats were
washed with 1x phosphate buffer saline (PBS) (Wisent) with 2% fetal bovine serum
(FBS) (ThermoFisher) and layered onto 15 mL of Ficoll-Paque PLUS (VWR). The
layered blood was centrifuged at 1,136 x g with the brake off to separate lymphocytes in
a density gradient from the plasma and red blood cells. The lymphocytes were collected
to be washed, resuspended in 50 mL 1x PBS 2% FBS, and centrifuged at 1528 x g for 5
minutes. The cells were resuspended in 10 mL of ACK Lysis Buffer (VWR) for 10
minutes, washed again with 1x PBS, and counted for cryopreservation. Peripheral blood
mononuclear cells (PBMCs) were frozen in 90% FBS and 10% dimethyl sulfoxide
(Sigma-Aldrich), cooled using a CoolCell freezing container, and stored in liquid
nitrogen vapour phase or at -80°C. All PBMC donors were genotyped for HLA4 and KIR
genes using established protocols (Hong et al., 2011; K. C. Hsu et al., 2002; Vilches et
al., 2007).

For use in experiments, PBMCs were thawed and recovered at 37 °C and 5% CO»
overnight in Roswell Park Memorial Institute-1640 (RPMI) (ThermoFisher) containing
1x penicillin and streptomycin (Wisent), 10% FBS, and 100 IU/mL IL-2 (Peprotech). To
discourage clumping of cells, the PBMCs were cultured in 6-well plates at ~5x10°
cells/well. If clumping still occurred, the cells were treated with 1.5uM EDTA

(Invitrogen) per 15 mL media for 10 minutes, which was then washed off.

2.1.2 Natural killer cells

After thawing and overnight recovery, primary healthy human NK cells were isolated
from PBMCs using the EasySep™ Human NK Cell Enrichment Kit according to the
manufacturer’s instructions (Stemcell Technologies). PBS containing 2% FBS and 1 mM

EDTA was used to resuspend 5x10? PBMCs in 2 mL in a polystyrene round-bottom tube.
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To the sample, 50 uL/mL of the Isolation Cocktail (Stemcell Technologies) was added,
mixed, and incubated at room temperature for five minutes. The magnetic particles
(RapidSpheres™, Stemcell Technologies) were vortexed for 30 seconds, then 50 uL was
added for each mL of the sample. The tube was placed into the EasySep™ magnet and
incubated at room temperature for three minutes. The unbound supernatant, which
contained the NK cells, was poured off. NK cells were then counted, and used

immediately in co-culture experiments.

2.1.3 Tumor cell lines

Primary tumor cell lines were cultured at 37°C with 5% CO:in 75 cm? vented flasks
containing 14 mL RPMI with 1% penicillin-streptomycin and 10% FBS. The NSCLC
cell line, A549, and the leukemia cell line, K562, were obtained from the National Cancer
Institute. The cells were split every 3-4 days as required to maintain a confluency
between 60 and 90% (~4-5x10° cells/mL). To split the adherent A549 cells, the flasks
were washed with PBS, then the cells were lifted with 3 mL of Trypsin with 0.05%
EDTA (Wisent).

2.2 Monitoring tumor evolution by phenotyping following stimulations

To monitor how tumors change in response to growth and treatment, we created a series
of in vitro experiments to mimic the changes expected to occur during cancer growth,
interaction with NK cells, and treatment. The concentrations and reagents are shown in

Table 2.1 (end of 2.3 and specific protocols are outlined below.

2.2.1 Stimulation of A549 Cells with IFN-y
A549 cells were treated with IFN-y at 1000 IU/mL once daily for either 1, 2, or 3 days.

The cells were collected and stained for flow cytometry (see 2.4).

2.2.2 Stimulation of A549 cells with PBMCs
A549 cells were treated with IFN-y at 1000 IU/mL once daily for three days, or left
untreated but cultured simultaneously in parallel. The tumor cells were plated in a 48-

well plate at 1x10° cell/mL (200 pL/well), and the effector PBMCs resuspended at 5x10°
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cells/mL (100 uL/well). For three experimental replicates, PBMCs were added to new
wells containing A549 cells treated with or without IFN-y for either 1, 3, 5 or 10 hours
(n=3). In one experiment replicate, PBMCs were added to a new well every hour for 5
hours (n=1). Immediately after PBMC addition, the plate was centrifuged at 20 xg for 30
seconds and incubated at 37°C. The cells were separated and stained for flow cytometry

(see experimental timeline, Figure 2.1A).

2.2.3 Stimulation of A549 cells with NK cell effectors

A549 cells were treated with IFN-y at 1000 IU/mL once daily for three days, or left
untreated but cultured simultaneously in parallel, then plated in a 48-well plate at 1x10°
cell/mL (200 pL/well). The effector PBMCs were counted and separated for either the
co-culture as PBMCs (5x10° cells/mL, 100 puL/well), or for NK cell isolation. After
isolation with the EasySep™ Human NK Cell Enrichment Kit, NK cells were
resuspended at 5x10* cells/mL (100 pL/well), which represented the expected number of
NK cells in the PBMC fraction (~10%). The effector cells were co-cultured separately

with tumor cells for five hours, then stained for flow cytometry.

2.2.4 Stimulation of A549 cells with chemotherapeutic agents

A549 cells were treated with either low, middle or high doses of trametinib (5 nM, 25
nM, 125 nM; Cayman Biochemical) or palbociclib (100 nM, 500 nM, 1500 nM; Toronto
Research Chemicals), or the middle dose of both drugs, every 2 days. The cells were
treated for either 2, 4, 6 or 8 days, then stained for flow cytometry (see experimental
timeline, Figure 2.1B). For two of the replicates, the A549 cells were first stained with
CFSE to enable cell tracking. To do so, 5 mM stocks were first made by adding 18 pL
DMSO (Invitrogen) to a vial of CellTrace CFSE staining solution (Invitrogen) according
to the manufacturer’s instructions. A stock was diluted with 1 mL of warm PBS to make
5 uM staining solution. Between 1.5 and 2.0x107 A549 cells were resuspended per mL of
staining solution, incubated at 37°C for 20 minutes, and rinsed twice with 50 mL PBS 5%

FBS.
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2.2.5 Treatment of A549 cells with irradiation

Two irradiators were used in this project: the Gamma Cell Irradiator (Sir Charles Tupper
Medical Building, Halifax, NS) and the Varian TrueBeam Linear Accelerator (Dickson
Building, Halifax, NS; Varian Medical Systems, Palo Alto, USA). The dose rate of
Varian TrueBeam Linear Accelerator was 600 cGy/min, and the Gamma Cell Irradiator
was 428 ¢Gy/min as of May 20™, 2021. The cells were resuspended in 2-5x10° cells/mL
in 1.5 mL microfuge tubes and irradiated at 0.5 Gy, 2 Gy, 5 Gy, and 10 Gy. The
irradiated cells were left to rest in culture media at 37°C and 5% CO; for either 1, 3, or 5

days, then stained for flow cytometry (see experimental timeline, Figure 2.1C).
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2.2 Experimental Timelines
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Figure 2.1 Experimental timelines for monitoring tumor evolution by phenotyping
following stimulation. (A) A549 cells were treated with or without IFN-y once per day
for three days. A549 cells were co-cultured with PBMC:s for either 1, 3, 5, or 10 hours,
then separated. The tumor cells were stained for flow cytometry. (B) A549 cells were
treated with either low, middle or high doses of either Trametinib or Palbociclib, or the
middle dose of both drugs every 2 days. The cells were treated for either 2, 4, 6 or 8 days,
then stained for flow cytometry. (C) A549 cells were subjected to varying doses of
radiation on either the Varian TrueBeam Linear Accelerator or the Gamma Cell
Irradiator. The cells were left to rest for either 1, 3, or 5 days, then stained for flow
cytometry.
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2.3 Tumor co-cultures with PBMCs

To monitor how the NK cell responses changes as tumors evolve in response to growth
and treatment, we trialled a number of protocols in vitro. The concentrations and reagents

are continued in Table 2.1 (end of 2.3) and specific protocols are outlined below.

2.3.1 PBMC co-culture post-HLA ligand blockade

A549 cells were treated with or without IFN-y at 1000 IU/mL once daily for 3 days, then
plated on a 48-well plate at 1x10° cell/mL (200 pL/well). The cells were incubated for 30
minutes with either 2 pg/ul per well of anti-HLA-C antibody, clone DT9 (MABF233,
Millipore Sigma), or 2 pg/ul per well of anti-HLA-ABC antibody, clone W6/32 (MA1-
70111). W6/32 targets the heavy chains of HLA-A, -B, and -C (Parham et al., 1979), and
has been observed to bind HLA-E (Tremante et al., 2015). With both blocking antibodies,
0.5 pg/uL of Fc Block (564220, BD Biosciences) was added per well to limit ADCC.
After the incubation, the cells were washed. For the co-culture, the effector PBMCs were
resuspended at 5x10° cells/mL and added to wells with the tumor cells (100 uL/well).
After 5 hours, the cells were separated and stained for their respective flow cytometry

analysis (see experimental timeline, Figure 2.2A).

2.3.2 PBMC co-culture post-anti-PD-1/PD-L1 blockade

A549 cells were treated with or without IFN-y at 1000 IU/mL once daily for 3 days, then
plated in 48-well plates at 1x10° cell/mL (200 pL/well). The cells were incubated for 30
minutes with 2 ug/mL anti-hPD-L1-hIgG1 (N298A, InvivoGen), then washed. Anti-hPD-
L1-hIgG1 was designed to limit ADCC via N298A, an engineered hIgG1 which
eliminates the ability of the antibody to bind Fcy receptors (InvivoGen, n.d.). PBMCs
were resuspended at 5x10° cells/mL (100 puL/well) and incubated for 30 minutes with 6
ng/mL anti-PD1 [NAT105] (ab52587, Abcam), then washed. Anti-PD1 was empirically
tested and determined to not induce ADCC against other NK cells. The tumor cells were

co-cultured with PBMCs as explained in 2.3.7 (see experimental design, Figure 2.2B).
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2.3 Experimental Timelines
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Figure 2.2 Experimental timelines for tumor co-cultures with PBMCs. (A) A549
cells were treated with or without IFN-y once per day for 3 days. A549 cells were
incubated for 30 minutes with either an anti-HLA-C blocking antibody or a pan-HLA
class I blocking antibody. The antibodies were washed off, then the cells were co-
cultured with PBMCs for 5 hours, separated, and stained for flow cytometry. (B) A549
cells were treated with or without IFN-y once per day for 3 days. The A549 cells were
incubated with an anti-PD-L1 blocking antibody and the PBMCs were incubated with an
anti-PD-1 blocking antibody. After 30 minutes, the antibodies were washed off, then the
cells were co-cultured for 5 hours, separated, and stained for flow cytometry.
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2.3.3 PBMC co-culture post-chemotherapy treatment
A549 cells were treated with either low, middle or high doses of trametinib or
palbociclib, or the middle dose of both drugs as described in 2.2.4. The cells were

resuspended and co-cultured as explained in 2.3.7).

2.3.4 PBMC co-culture post-irradiation
A549 cells, resuspended in 2-5x10° cells/mL in 1.5 mL microfuge tubes, were irradiated
in the Gamma Cell at 0.5 Gy, 10 Gy, 100 Gy, 200 Gy, 400 Gy and 600 Gy. The cells

were incubated for 72 hours, then co-cultured with PBMCs as explained in 2.3.1.

2.3.5 PBMC co-culture post-chemotherapy treatment with inhibitory ligand blockade
A549 cells were treated with the middle dose of either trametinib (25 nM) or palbociclib
(500 nM), or the middle dose of both drugs every 2 days for 8 days. The tumor cells were
plated in 48-well plates at 1x10° cell/mL (200 pL/well), and incubated for 30 minutes
with either 2 pg/mL anti-hPD-L1-hIgG1, 2 pg/pl per well of W6/32 or both, then washed
off. The cells were co-cultured with PBMCs as explained in 2.3.1.

2.3.6 PBMC co-culture post-irradiation with inhibitory ligand blockade

A549 cells were subjected to 5 Gy of irradiation on the Varian TrueBeam Linear
Accelerator, then left to rest for either 1 or 5 days. PBMCs were resuspended at 5x10°
cells/mL (100 uL/well) and incubated for 30 minutes with 6 pg/mL anti-PD1. The tumor
cells were plated in 48-well plates at 1x10° cell/mL (200 pL/well), and incubated with
either 2 ng/mL anti-hPD-L1-hlgGl, 2 pl/well of anti-HLA-C antibody, 2 pl/well of
W6/32 or a combination of both PD-1/PD-L1 axis blocking antibodies and W6/32. With
both HLA blocking antibodies, 1 uL/well of Fc Block was added. After 30 minutes, the

cells were washed, then co-cultured with PBMCs as explained in 2.3.1.
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Table 2.1 Experimental designs.

Section Title Tumor Treatment Effectors Blocking Antibodies

2.2.1 Stimulation of 4549 +/- IFN-y (1, 2, or 3 days) N/A N/A
Cells with IFN-y

222 Stimulation of A549 cells | +/- IFN-y (3 days) PBMCs N/A
with PBMCs (1,3,5,0r 10

hours)

223 Stimulation of A549 cells | +/- IFN-y (3 days) PBMCs or N/A

with NK cell effectors NK cells
(5 hours)

224 Stimulation of A549 cells | 2,4, 6, or 8 days of: N/A N/A
with chemotherapeutic 1. Trametinib (5 nM, 25 nM, 125 nM)
agents 2. Palbociclib (100 nM, 500 nM, 1500

nM)
3. Trametinib (25 nM) + Palbociclib
(500 nM)

225 Treatment of A549 cells | Trradiation (1, 3, or 5 days rest) N/A N/A
with irradiation - 0.5Gy,2Gy,5 Gy, or 10 Gy

2.3.1 PBMC co-culture post- +/- IFN-y (3 days) PBMCs 1. anti-PD-L1 (2 pg/mL)
anti-PD-1/ anti-PD-L1 (5 hours) 2. anti-PD-1 (6 pg/mL)
blockade

232 PBMC co-culture post- +/- IFN-y (3 days) PBMCs 1. W6/32 (2 pg/pl)
HLA ligand blockade (5 hours) 2. anti-HLA-C (2 pg/pL)

2.3.3 PBMC co-culture post- 8 days of: PBMCs N/A
chemotherapy treatment | 1. Trametinib (5 nM, 25 nM, 125 nM) (5 hours)

2. Palbociclib (100 nM, 500 nM, 1500
nM)

3. Trametinib (25 nM) + Palbociclib
(500 nM)

234 PBMC co-culture post- Irradiation (3 days rest) PBMCs N/A
irradiation - 0.5Gy, 10 Gy, 100 Gy, 200 Gy, 400 (5 hours)

Gy, or 600 Gy

235 PBMC co-culture post- 8 days of: PBMCs 1. anti-PD-L1 (2 pg/mL)
chemotherapy treatment | 1. Trametinib (25 nM (5 hours) 2. W6/32 (2 pg/uL)
with inhibitory ligand 2. Palbociclib (500 nM) 3. anti-PD-L1 + W6/32
blockade 3. Trametinib (25 nM) + Palbociclib

(500 nM)

2.3.6 PBMC co-culture post- Irradiation (1 or 5 days rest) PBMCs 1. anti-PD-L1 (2 pg/mL)
irradiation with - 0.5Gy, 10 Gy, 100 Gy, 200 Gy, 400 (5 hours) 2. anti-PD-1 (6 pg/mL)
inhibitory ligand Gy, or 600 Gy 3. W6/32 (2 pg/pl)
blockade 4. anti-HLA-C (2 pg/pL)

5. anti-PD-L1 + anti-PD-1

+ W6/32
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2.4 Flow cytometry

2.4.1 Flow cytometry staining protocol

All spins were conducted at 300 x g for 5 minutes. The cells were transferred to v-bottom
plates and spun to pellet. The Fixable Viability Dye eFluor 506 (ThermoFisher),
aliquoted to 1 pL in microfuge tubes, was resuspended in 1 mL of PBS according to the
manufacturer’s instructions. The Fixable Viability Dye eFluor 506 was added at 50 pL to
each well (1/1000), and the plate was incubated at room temperature in the dark. After 20
minutes, the wells were washed with 150 pL. PBS. Antibody cocktails specific for the
tumor cells and effector cells were prepared in FACS buffer and added at 50 pL to each
well. The plate was incubated for 30 minutes at room temperature in the dark, followed
by another wash with 150 uLL FACS buffer (PBS, 5% bovine serum albumin [ Wisent],
1% sodium azide [EMD Millipore]) per well. The plate was centrifuged and resuspended
in 50 pL of 4% Paraformaldehyde (PFA, Sigma Aldrich) for 10 minutes. The cells were
again washed and resuspended in 200 pL FACS buffer.

2.4.2 Flow cytometry staining panels

To all the effector-stimulated wells in the experiments, 5 uL. (1/200) of anti-CD107a
APC-H7 antibodies (H4A3) (BD Biosciences) was added before the co-incubation period
of the effector and tumor cells. The effector cell flow cytometry panel is shown in Table
2.2. The tumor cells were stained with either an activating panel or an inhibitory panel

(Table 2.2).
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Table 2.2 Flow cytometry antibodies and panels.

Laser Fluoro- Biological
Marker Clone Dilution Supplier Panel
(excitation) chrome Function
BV21 TRAIL (CD253) Activating ligand RIK-2 1/50 BD 1
BV421 PD-L1 Inhibitory ligand MIH1 1/150 BD 3
eFluor506 Viability / / 1/1000 BD 1,2,3
Violet BV605 FasL Activating ligand NOK-1 1/30 BD 1
T and NKT cell
405 nm BV650 CD3 UCHTI | 1/400 BD 1
100 mW marker
PE-Cy5 HLA-ABC Inhibitory ligand G46-2.6 1/800 BD 3
BV711 NKG2D (CD314) | Activating ligand ID11 1/50 BD 1
KIR3DL1
BV786 NK cell KIR DX9 1/200 BD 1
(CD158e)
FITC CFSE Cell tracking / 5uM ThermoFisher 2,3
Blue
AF-488 PD-1 Inhibitory receptor 913429 1/100 R&D 1
488 nm
PerCP- KIR3DL1/S1
60 mW ) NK cell KIR REA293 1/200 Miltenyi 1
Vio700 (CD158el/e2)
KIR2DL2/L3
PE NK cell KIR DX27 1/50 Miltenyi 1
(CD158b1/b2)
PE HLA-F Activating ligand 3D11 1/100 Cedarlane 2
PE HLA-C Inhibitory ligand DT9 1/100 BD 3
Green ECD CD56 NK cell marker N901 1/50 Beckman 1
532 nm PE-Vio615 Fas (CD95) Death receptor REA738 1/400 Miltenyi 2
150 mW KIR2DL1
PE-Vio770 NK cell KIR REA284 1/100 Miltenyi 1
(CD158a)
TRAIL-R1
PE-Vio770 Death receptor DIJR1 1/200 Miltenyi 2
(CD261)
PE-Vio770 HLA-E Inhibitory ligand 3DI12 1/50 Cedarlane 3
NKG2A
APC Inhibitory receptor | REA110 1/200 Miltenyi 1
(CD159a)
TRAIL-R2
APC Death receptor DR5 1/400 Cedarlane 2
(CD262)
APC HLA-Bw4 Inhibitory ligand REA274 1/50 Miltenyi 3
Red AF-700 CD69 Activation marker FN50 1/80 BD 1
628 nm -
Degranulation
200 mW APC-H7 CD107a H4A3 1/200 BD 1
marker
APC- Activating _ )
MIC-A/B 6D4 1/50 Miltenyi 2
Vio770 ligands
APC-
) HLA-G Inhibitory ligand 87G 1/50 Miltenyi 3
Vio770
1 — effector cell panel; 2 — activating tumor panel; 3 — inhibitory tumor panel
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2.4.3 Flow cytometry analysis

Stained cells were analyzed on the BD LSR Fortessa SORP using FACS Diva software to
perform single-cell analysis (Dalhousie Faculty of Medicine CORE facility). To ensure
consistency among geometric means, most experiments read on the Fortessa were
preceded by Sphero™ 8 peak Rainbow Calibration Beads (Biolegend) and voltages were
adjusted so that experimental measurements were consistent between calibration beads
for each run. The fluorochromes were compensated to read the specific antibodies in the
panel using compensation beads where possible, and stained cells when dyes were used
(i.e. CFSE or live/dead). The compensation beads used were either anti-REA (Miltenyi
Biotec) or anti-mouse (BD Biosciences), depending on the isotype of each antibody.

To prepare the compensation beads, one drop (~60 pL) of the positive and
negative controls beads for the isotype of interest was added to create a mastermix (100
puL FACs buffer per sample). The mastermix was aliquoted and each sample was stained
with 1 pL of a monoclonal antibody, then incubated for 10 minutes in the dark. The beads
then were washed and resuspended in 400 pl of FACS buffer. On the Fortessa, the
compensation beads for each antibody are used to ensure samples are on scale and correct
for fluorescent spill from other fluorochrome channels.

Data were analyzed using FlowJo 10.7.1. Gating was performed by selecting for
the tumor or effector cells based on the properties of forward scatter (FSC, size) and side
scatter (SSC, complexity; Figure 2.3). Doublet cells were excluded from the analysis
using FSC-height and -width, followed by SSC-height and -width. The dead cells were
excluded through gating on the cell populations that were unstained with the Fixable
Viability Dye eFluor 506. Fluorescence-minus-one (FMO) controls were included to
validate staining and assist in gate placement. In some experiments, CFSE staining
allowed monitoring of tumor cell proliferation of tumor cells following treatment;
dilution would indicate that cells continued to proliferate (and may have died during
culture), while non-proliferation in cells that remained viable would indicate the cells
were prevented from dividing (Figure 2.3A). To identify NK cells, we gated CD3-CD56"
cells (Figure 2.3B). Further gating to study single inhibitory receptor positive
populations was subsequently carried out; a representative gating strategy is shown in

Figure 2.3B.
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Figure 2.3 Representative flow cytometry gating strategy for tumor cells (A) and
NK cells (B). Flow cytometry data was collected using a BD LSR Fortessa SORP and
analysis was performed on FlowJo 10.7.1. Tumor cells (A) and lymphocytes (B) were
gated based on their size and complexity through the forward scatter area (FSC-A) and
side scatter area (SSC-A), respectively. Duplicate cells were excluded by gating the
single cells using the forward scatter height (FSC-H) and forward scatter width (FSC-W),
followed by the side scatter height (SSC-H) and side scatter width (SSC-W). The cells
were stained with the Viability Dye eF106, which allowed for the exclusion of stained
dead cells. NK cells were gated on as CD3"CD56", followed by representative gating for
single inhibitory receptor positive NK cell populations (NKG2A" KIR") and inhibitory
receptor negative populations (KIR" NKG2A").
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2.5 Statistical analysis

Sample size requirements to power experiments at 80% (5% type I error rate) were
determined using 1-Sample, 2-Sided Equality tests for tumor data, and 2-Sample, 2-Sided
Equality tests for NK cell data (Appendix Table 1; Appendix Table 2). Samples were
tested for normality with the Shapiro-Wilk normality test, and passed normality if
a=0.05. If one time point or condition within an experiment did not pass normality, but
the rest of the conditions did, then the quantile-quantile (Q-Q) plots generated in
GraphPad Prism (8.4.3) were analyzed visually. Q-Q plots are scatterplots that plot two
sets of quantiles against one another; the theoretical quantiles (predicted values for
Gaussian normal distribution) are plotted on the y-axis, and the actual quantiles are
plotted on the x-axis (Ford, 2015). If the points form a straight line, then the quantiles
came from the same distribution and we assumed normal distribution for that condition
(Ford, 2015). We compiled a table including all graphs in this thesis that we assumed
normal distribution for that had one condition not pass a=0.05 (Appendix Table 3). If
the data passed normality, analysis of variance (ANOVA) and parametric matched ratio
paired ¢ tests were completed. If the data did not pass normality, paired non-parametric

Wilcoxon ¢ tests were performed.
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CHAPTER 3: Results

3.1 Monitoring tumor evolution by phenotyping following stimulation

3.1.1 Exposure to IFN-y induces rapid evolution of death receptors and activating and
inhibitory ligands on A549 cells

We hypothesized that changes would occur in the phenotype of tumors, and consequently
their interactions with NK cells, in response to treatment and engagement with immune
cells. To explore this possibility, we treated tumors with IFN-y, a hallmark cytokine of
inflammation, and one frequently found in tumors undergoing treatment (Burke &
Young, 2019). We treated A549 cells with 1000 [U/mL of IFN-y once per day for one,
two, or three days, then analyzed the cells by flow cytometry. The impact of longer
exposure and daily treatments with IFN-y was assessed by repeated measures (RM) 2-
way ANOVA.

There was a significant interaction between time and IFN-y exposure inducing the
upregulation of death receptor Fas (n=4, p=0.0018 [interaction]; Figure 3.1B), and
inhibitory ligands HLA-ABC (n=4, p=0.0039 [interaction]), HLA-G (n=3, p=0.0349
[interaction]) and PD-L1 (n=4, p=0.0053 [interaction]; Figure 3.2A, E, F). Over three
days with IFN-y, there was a non-significant upward trend of activating ligand HLA-F
(n=4; Figure 3.1C) and inhibitory ligand and HLA-C (n=4; Figure 3.2C). Inhibitory
HLA-Bw4 similarly trended upwards with longer IFN-y treatment (n=3; cannot assume
normal distribution and requires larger sample size for Wilcoxon matched-pairs signed
rank test; Figure 3.2B). The expression of HLA-C, determined through Sidak’s multiple
comparisons test, was significantly upregulated compared to untreated after 1 day of
treatment (p=0.0320) and 2 days of treatment (p=0.0140). Compared with untreated cells,
cells exposed to IFN-y exhibited significantly greater expression of activating ligand
HLA-F (p=0.0417 [treatment]) and HLA-C (p-0.0002 [treatment]). Although most
changes that occurred after one day remained high, we did observe a downward trend in
expression of inhibitory ligand HLA-E after the initial upregulation compared to
untreated (n=4, p=0.0061 [interaction]; Figure 3.2D). There was no clear trend for MIC-
A/B (n=4), TRAIL-R1 (n=3) or TRAIL-R2 (n=4; Figure 3.1A, D, E). These results
reflect the potential changes transpiring to tumor cells within the TME as inflammation

occurs from therapy and incoming immune cells.
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Figure 3.1 Inflammation by exposure to IFN-y induces rapid upregulation of death
receptor Fas and activating ligand HLA-F on A549 cells. (A-E) A549 cells were
treated with IFN-y (1000 IU/mL) once per day for 1, 2 or 3 days. The cells were stained
for flow cytometry with Viability Dye eF1506, anti-MIC-A/B antibodies, anti-Fas
antibodies, and anti-HLA-F antibodies, anti-TRAIL-R1 antibodies, and anti-TRAIL-R2
antibodies. The mean fluorescence intensities were normalized against untreated A549
cells to achieve the relative difference in tumor phenotypic evolution (n=3 or 4). RM 2-
way ANOVA and Sidak’s multiple comparisons test were performed comparing the
tumor ligand changes with IFN-y stimulation at each time-point to untreated A549 cells.
* = significantly different from baseline as indicated by the line at y=1 (*,p<0.05; **,
p<0.01; *** p<0.001; **** p<0.0001). Each colour represents a different experiment.
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Figure 3.2 Inflammation by exposure to IFN-y induces rapid evolution of inhibitory
ligands on A549 cells. (A-F) A549 cells were treated with IFN-y (1000 IU/mL) once per
day for 1, 2 or 3 days. The cells were stained for flow cytometry with Viability Dye
eF1506, anti-HLA-ABC antibodies, anti-HLA-Bw4 antibodies, anti-HLA-C antibodies,
anti-HLA-E antibodies, anti-HLA-G antibodies, anti-PD-L1 antibodies. The mean
fluorescence intensities were normalized against untreated A549 cells to achieve the
relative difference in tumor phenotypic evolution (n=3 or 4). RM 2-way ANOVA and
Sidak’s multiple comparisons test were performed comparing the tumor ligand changes
with IFN-y stimulation at each time-point to untreated A549 cells. * = significantly
different from baseline as indicated by the line at y=1 (*,p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001). Each colour represents a different experiment.
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3.1.2 PBMC pressure induces rapid evolution of death receptors and activating and
inhibitory ligands on A549 cells

Lymphocytes engaging with tumor cells may produce IFN-y; we therefore hypothesized
that exposure to PBMC could change the phenotype of the tumor, including expression of
activating and inhibitory ligands for NK cells, and therefore its sensitivity to
immunotherapy. Hence, we next tested how PBMC pressure induces changes to tumor
cells over time, when cocultured. We treated A549 cells with or without IFN-y for three
days, then co-cultured the tumor cells with different PBMC donors for either 1, 3, 5, or
10 hours. The impact of longer exposure and PBMC treatment was assessed by separate
RM 2-way ANOV As with or without prior IFN-y treatment. Normal distribution could
not be assumed for Fas (+ IFN-y), HLA-F (+ IFN-y) and TRAIL-R1 (+/- IFN-y), and
larger sample sizes are required to perform Wilcoxon matched-pairs signed rank test.

In the non-IFN-y treated conditions, there was a significant interaction between
time and PBMC pressure inducing the upregulation of activating ligand MIC-A/B (n=3,
p=0.0002 [interaction]), death receptor Fas (n=3, p=0.0100 [interaction]; Figure 3.3A,
B), and the inhibitory ligands, HLA-ABC (n=3, p=0.0373 [interaction]), HLA-C (n=3,
p<0.0001 [interaction]), HLA-E (n=3, p=0.0001 [interaction]), HLA-G (n=3, p<0.0001
[interaction]) and PD-L1 (n=3, p=0.0183 [interaction]; Figure 3.4A, C, D, E, F). A
similar trend was observed for inhibitory ligand HLA-Bw4 (n=2; Figure 3.4B).
Compared with untreated cells, PBMC pressure induced the significant upregulation of
activating ligand HLA-F (n=3, p=0.0086 [treatment]). The death receptors TRAIL-R1
(n=3) and TRAIL-R2 (n=3) trended upwards for the first five hours compared to
untreated A549 cells, and diminished after 10 hours, suggesting that these changes are
acute and reversible under these conditions (Figure 3.3D, E). Alternatively, this could
result from NK cells, increasingly activated in longer co-cultures, killing the TRAIL-R*
tumor cells between hours five and 10 of the co-culture (n=4; Figure 3.5). This increase
in NK cell activation was observed against both A549 cells treated with IFN-y and
without.

In the IFN-y treated conditions, there was a significant interaction between time
and PBMC pressure. We observed upregulation of the activating ligand MIC-A/B (n=3,
p=0.0019 [interaction]; Figure 3.3A) and the inhibitory ligand HLA-G (n=3, p=0.0044

43



[interaction]; Figure 3.4E). We observed an initial upregulation from untreated cells (as
expected with IFN-y treatment [Figure 3.1, 3.2]) at the 1 hour mark, which decreased
over the subsequent 9 hours towards baseline levels for death receptor TRAIL-R2 (n=3,
p=0.0386 [interaction]; Figure 3.3F) and inhibitory ligands HLA-ABC (n=3, p<0.0001
[interaction]), HLA-Bw4 (n=2), and HLA-E (n=3, p<0.0001 [interaction]; Figure 3.4A,
B, D). PBMC pressure and IFN-y treatment induced significantly greater expression
levels of inhibitory ligands HLA-C (n=3, p=0.0086 [treatment]) and PD-L1 (n=3,
p=0.0023 [treatment]; Figure 3.4C, F), and non-significantly greater expression levels of
activating ligand HLA-F (n=3) and death receptor Fas (n=3; Figure 3.3B, C). There were
no significant differences in expression for TRAIL-R1 (n=3; Figure 3.3D). Overall, these
results reflect that tumors are rapidly evolving phenotypically in the presence of [FN-y

and PBMCs, which we hypothesized reflects the activity of NK cell-tumor interactions.
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Figure 3.3 PBMC pressure on A549 cells induces rapid evolution of death receptors
and activating ligands, both with and without IFN-y stimulation. (A-F) A549 cells
were treated with or without I[FN-y (1000 IU/mL) once per day for three days. The A549
cells were co-cultured with PBMCs for either 1, 3, 5, or 10 hours, then separated. The
tumor cells were stained for flow cytometry with Viability Dye eF1506, anti-MIC-A/B
antibodies, anti-Fas antibodies, and anti-HLA-F antibodies, anti-TRAIL-R1 antibodies,
and anti-TRAIL-R2 antibodies. The mean fluorescence intensities were normalized
against untreated A549 cells to achieve the relative difference in tumor phenotypic
evolution (n=3). RM 2-way ANOVA were performed comparing the tumor ligand
changes with PBMC pressure at each time-point to untreated A549 cells. The conditions
were grouped as A549 cells treated with and without IFN-y. * = significantly different
from baseline as indicated by the line at y=1 (*,p<0.05; **, p<0.01; *** p<0.001; ****
p<0.0001). Each colour represents a different experiment, circles represent A549 cells
without IFN-y, and squares represent A549 cells treated with IFN-y. The experiments
were completed in replicates, as indicated by the error bars.
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Figure 3.4 PBMC pressure on A549 cells induces rapid evolution of inhibitory
ligands, both with and without IFN-y stimulation. (A-F) A549 cells were treated with
or without IFN-y (1000 IU/mL) once per day for three days. The A549 cells were co-
cultured with PBMC:s for either 1, 3, 5, or 10 hours, then separated. The tumor cells were
stained for flow cytometry with Viability Dye eF1506, anti-HLA-ABC antibodies, anti-
HLA-Bw4 antibodies, anti-HLA-C antibodies, anti-HLA-E antibodies, anti-HLA-G
antibodies, anti-PD-L1 antibodies. The mean fluorescence intensities were normalized
against untreated A549 cells to achieve the relative difference in tumor phenotypic
evolution (n=3). RM 2-way ANOVA were performed comparing the tumor ligand
changes with PBMC pressure at each time-point to untreated A549 cells. The conditions
were grouped as A549 cells treated with and without IFN-y. * = significantly different
from baseline as indicated by the line at y=1 (*,p<0.05; **, p<0.01; *** p<0.001; ****
p<0.0001). Each colour represents a different experiment, circles represent A549 cells
without IFN-y, and squares represent A549 cells treated with IFN-y. The experiments
were completed in replicates, as indicated by the error bars.
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Figure 3.5 NK cell activation increases with longer co-cultures with A549 cells
treated with or without IFN-y. A549 cells were treated with or without IFN-y (1000
IU/mL) once per day for 3 days. A549 cells were co-cultured with PBMCs for either 1, 2,
3,4, 5, or 10 hours, then separated. PBMCs were co-culture for five hours with K562
cells as a positive control. PBMCs were stained for flow cytometry with Viability Dye
eF1506, anti-CD3 antibodies, anti-CD56 antibodies, and anti-CD107a antibodies. NK
cells (CD3~ CD56") were gated on, and the percent of responding cells was determined
by the frequency of CD107a* cells in each population (min. 50 NK cells for analysis).
Each colour represents a different PBMC donor.
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3.1.3 NK cell pressure induces rapid evolution of MIC-A/B and HLA-G on A549 cells
We hypothesized that the phenotypic changes induced on A549 cells by PBMCs were
mediated by NK cells. To test this, we compared the tumor expression changes on cells
treated with or without IFN-y challenged with either total PBMCs, or the NK cells
isolated from the same donors. The quantity of NK cells per well was calculated to match
the number of NK cells in the PBMC fraction. The impact of I[FN-y treatment and
effector pressure was assessed by RM 2-way ANOVAs. Tukey’s multiple comparisons
tests were used to compare between effector types, and paired t-tests were used to
compare [FN-y-treated tumor cells’ expression levels between conditions with and
without effector pressure. Normal distribution could not be assumed for Fas and TRAIL-
R1, and larger sample sizes are required to perform Wilcoxon matched-pairs signed rank
test.

Similar changes occurred when tumor cells were cultured with total PBMC or the
isolated NK cell fraction. There was a significant interaction between IFN-y treatment
and effector pressure inducing the upregulation of HLA-ABC (n=5, p=0.0001
[interaction]), HLA-C (n=4, p=0.0045 [interaction]), HLA-E (n=4, p=0.0009
[interaction]), and PD-L1 (n=5, p=0.0203 [interaction]; Figure 3.7A, C, D, E, F). Of the
remaining ligands and receptors, the impact of IFN-y treatment independently induced a
significant upregulation of HLA-F (n=4, p=0.0112 [IFN-y]; Figure 3.6C), HLA-Bw4
(n=5, p=0.0314 [IFN-y]; Figure 3.7B), and HLA-G (n=4, p=0.0403 [IFN-y]; Figure
3.7E). The co-culture with effector cells induced a significant upregulation in comparison
to untreated cells of MIC-A/B (n=4, p<0.0001 [effectors]; Figure 3.6A) and HLA-G
(n=4, p<0.0001 [effectors]; Figure 3.7E). These results support our findings from 3.7./
and 3./.2 in that both IFN-y and immune cell pressure promote tumor evolution, either
independently or potentially additively.

Our comparison between effector populations through Tukey’s multiple
comparison tests revealed similar results between PBMCs and isolated NK cells for
inducing tumor evolution. In the conditions without IFN-y pre-treatment, we observed a
significant upregulation compared with untreated A549 cells of MIC-A/B in the presence
of PBMC or NK cells (n=4, p=0.0001 with PBMCs, p=0.0003 with NK cells) and HLA-
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G (n=3, p=0.0004 with PBMCs, p=0.0009 with NK cells). These results suggest NK cells
are the primary cells inducing changes in MIC-A/B and HLA-G expression.

In the conditions with pre-treatment of IFN-y, we observed a significant
upregulation of MIC-A/B (n=4, p=0.0034 with PBMCs, p=0.0011 with NK cells), and
paired t tests revealed that this upregulation in expression for both PBMCs and NK cells
was significantly higher than IFN-y alone, without PBMCs or NK cells (p=0.0364 with
PBMCs, p=0.0163 with NK cells). Of the other activating ligands and death receptors,
Fas, HLA-F and TRAIL-RI trended similarly, but more repeats are required to draw this
conclusion. There were no clear trends in changing expression levels for TRAIL-R2. For
the inhibitory ligands, we observed a significant upregulation with pressure from both
effectors on HLA-ABC (n=5, p<0.0001 with PBMCs, p<0.0001 with NK cells), HLA-C
(n=4, p=0.0001 with PBMCs, p=0.0002 with NK cells), HLA-E (n=4, p<0.0001 with
PBMCs, p=0.0005 with NK cells), HLA-G (n=4, p<0.0001 with PBMCs, p<0.0001 with
NK cells), and PD-L1 (n=5, p=0.0007 with PBMCs, p=0.00037 with NK cells). Of these,
the only ligands that were significantly upregulated with effector pressure in comparison
to the IFN-y control without effectors were HLA-ABC (p=0.0088 with PBMCs,
p=0.0078) and HLA-G (p=0.0160 with PBMCs, p=0.0054). Overall, these results
revealed that NK cells promote the upregulation of MIC-A/B and HLA-G independently,
and contribute additively with prior IFN-y treatment to induce HLA-ABC upregulation.
The phenotypic changes observed in the remaining ligands and death receptors require
further experiments to confirm the role of NK cell pressure, as these results suggest these

effectors are likely contributing to tumor evolution.
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Figure 3.6 NK cell pressure contributes to rapid MIC-A/B phenotypic evolution
induced by PBMC co-cultures. (A-E) A549 cells were treated with or without IFN-y
(1000 IU/mL) once per day for 3 days. A549 cells were co-cultured separately with
effector cells (either PBMCs or isolated NK cells) then separated. A549 cells were
stained for flow cytometry with Viability Dye eF1506, anti-MIC-A/B antibodies, anti-Fas
antibodies, and anti-HLA-F antibodies, anti-TRAIL-R1 antibodies, and anti-TRAIL-R2
antibodies. The mean fluorescence intensities were normalized against untreated A549
cells to achieve the relative difference in tumor phenotypic evolution (n=4). RM 2-way
ANOVA and Tukey’s multiple comparisons tests were performed comparing the tumor
ligand changes with different effectors to untreated A549 cells. Two-tailed matched t
tests were performed comparing the IFN-y control to the IFN-y-treated tumor cells with
effector pressure. * = significantly different from baseline as indicated by the line at y=1
(*,p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001). The four clustered bars represent
four experimental replicates. Each colour represents an experiment with a different
effector donor, and the diagonal lines indicate tumor cells treated with IFN-y.
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Figure 3.7 NK cell pressure contributes to rapid inhibitory ligand phenotypic
evolution induced by PBMC co-cultures. (A-F) A549 cells were treated with or without
IFN-y (1000 IU/mL) once per day for 3 days. A549 cells were co-cultured separately
with effector cells (either PBMCs or isolated NK cells) then separated. A549 cells were
stained for flow cytometry with Viability Dye eF1506, anti-HLA-ABC antibodies, anti-
HLA-Bw4 antibodies, anti-HLA-C antibodies, anti-HLA-E antibodies, anti-HLA-G
antibodies, anti-PD-L1 antibodies. The mean fluorescence intensities were normalized
against untreated A549 cells to achieve the relative difference in tumor phenotypic
evolution (n=4). RM 2-way ANOVA and Tukey’s multiple comparisons tests were
performed comparing the tumor ligand changes with different effectors to untreated A549
cells. Two-tailed matched t tests were performed comparing the IFN-y control to the IFN-
y-treated tumor cells with effector pressure. * = significantly different from baseline as
indicated by the line at y=1 (*,p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001). The
four clustered bars represent four experimental replicates. Each colour represents an
experiment with a different effector donor, and the diagonal lines indicate tumor cells
treated with IFN-y. The red bars in HLA-ABC, HLA-Bw4 and PD-L1 were completed in
my Undergrad Honours research.
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3.1.4 Palbociclib and trametinib chemotherapy induces death receptors and upregulation
of activating and inhibitory ligands in dose- and time-dependent manners

Our data reveal an interaction between tumor and NK cells that may be exploited to
support control of NSCLC, especially when it is incompletely controlled by therapeutic
interventions. A combination of two cytostatic small molecules, palbociclib (a CDK4/6
inhibitor) and trametinib (a MEK1/2 inhibitor), have demonstrated to promote NK cell
activity when given in combination to KRAS-mutant lung tumors (Ruscetti et al., 2018).
We treated A549 cells with three doses of each drug and the middle dose of both, and
examined the changes in expression of ligands for NK cell receptors at four time-points.
The impact of longer exposure and chemotherapy treatments was assessed by RM 2-way
ANOVA between all treatment groups, and individual tests within the palbociclib-treated
cells, the trametinib-treated cells, and the combination-treated cells. Normal distribution
could not be assumed for HLA-Bw4, and a larger sample size is required to perform
Wilcoxon matched-pairs signed rank test.

Within all chemotherapy conditions, compared to untreated cells, the impact of
longer exposure to the small molecules and the increasing dosing had a significant effect
on the upregulation of Fas (n=3, p=0.0400 [interaction]; Figure 3.8B), and HLA-C (n=3,
p=0.0002 [interaction]), HLA-E (n=2, p=0.0008 [time], p=0.0233 [treatment]), and PD-
L1 (n=3, p=0.0142 [interaction]; Figure 3.9C, E, F). The ligands that were significantly
upregulated by longer exposure to both small molecules include HLA-F (n=3, p=0.0002
[time]) and TRAIL-R2 (n=3, p=0.0008 [time]; Figure 3.8C, E), and HLA-G (n=3,
p<0.0001 [time]; Figure 3.9G).

In comparison to untreated A549 cells, the palbociclib-treated cells demonstrated
significant upregulation of HLA-C (n=3, p=0.0252 [time], p=0.0118 [treatment]) and
HLA-G (n=3, p=0.0119 [time]). Our results revealed non-significant trends among all
death receptors and activating and inhibitory ligands of greater expression with higher
doses of palbociclib, particularly after 6 and 8 days. These expression change trends with
palbociclib treatment generally resulted in greater expression compared to the untreated
cells, predominantly at the high dose. Increasing doses of trametinib and later timepoints
resulted in the significant upregulation of Fas (n=3, p=0.0322 [time]), HLA-F (n=3,
p=0.0047 [time]), TRAIL-R2 (n=3, p=0.0440 [treatment], p=0.0010 [time]), HLA-C
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(n=3, p=0.0051 [interaction]), HLA-E (n=3, p=0.0238 [time]), HLA-G (n=3, p=0.0112
[interaction]), and PD-L1 (n=3, p=0.0200 [time]). When comparing the two small
molecules, our results reveal that trametinib treatments generally induce greater
inhibitory ligand upregulation than palbociclib, but both small molecules similarly
induced upregulation of activating ligands.

The combination treatment of both drugs induced similar levels of activating
ligand upregulation as seen with the individual treatments, but lower inhibitory ligand
upregulation than that is observed with high doses of trametinib (no significance from
combination-treated only 2-way ANOVA). Through a 2-way ANOVA, we compared the
differences of ligand expression change between the middle dose of palbociclib,
trametinib, and the combination treatment; this test did not reveal any significant results.
Overall, these results suggest that combining the MEK inhibitor and CDK 4/6 inhibitor
could be inducing an immunostimulatory tumor phenotype by slowing the inhibitory
ligand upregulation (as seen with high doses of trametinib) while maintaining
upregulation of death receptors and activating ligands.

We hypothesized that because the chemotherapeutics are cytostatic drugs, we
would see a change in proliferation of A549 cells. We stained the cells with CFSE prior
to treatments for the main purpose of tracking the tumor cells that directly received the
full length/dose of treatment, as opposed to cells that were newly proliferating and
exposed to only a fraction of the treatment, or outgrowing as resistant cells. When we
analyzed the live tumor populations for CFSE fluorescence, our results revealed that
CFSE diluted from 2 days to 8 days, signifying continued proliferation of the tumor cells
(Figure 3.10). The comparison between high and low doses of either chemotherapies
demonstrates higher CFSE remained in higher doses, signifying slower proliferation.
Although the cell proliferation was slowed, cells remained, further supporting addition of

NK cells to complete the killing of tumors.
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Figure 3.8 Palbociclib (P) and Trametinib (T) chemotherapy treatments induce
death receptor and activating ligand upregulation in a dose- and time-dependent
manner. (A-E) A549 cells were treated with either low, middle or high doses of either
Trametinib (5 nM, 25 nM, 125 nM) or Palbociclib (100 nM, 500 nM, 1500 nM), or the
middle dose of both drugs every two days. The cells were treated for either two, four, six
or eight days, then stained for flow cytometry with Viability Dye eF1506, anti-MIC-A/B
antibodies, anti-Fas antibodies, and anti-HLA-F antibodies, anti-TRAIL-R1 antibodies,
and anti-TRAIL-R2 antibodies. The mean fluorescence intensities were normalized
against untreated A549 cells to achieve the relative difference in tumor phenotypic
evolution (n=3; n=2 for TRAIL-R1). RM 2-way ANOVAs were performed comparing
the tumor ligand changes to untreated A549 cells within all treatment groups, and within
Palbociclib doses alone, Trametinib doses alone, or the combination alone. * =
significantly different from baseline as indicated by the line at y=1 (*,p<0.05; **, p<0.01;
*ak p<0.001; **** p<0.0001).
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Figure 3.9 Palbociclib (P) and Trametinib (T) chemotherapy treatments induce
inhibitory ligand upregulation in a dose- and time-dependent manner.
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Figure 3.9 Palbociclib (P) and Trametinib (T) chemotherapy treatments induce
inhibitory ligand upregulation in a dose- and time-dependent manner. (A-F) A549
cells were treated with either low, middle or high doses of either Trametinib (5 nM, 25
nM, 125 nM) or Palbociclib (100 nM, 500 nM, 1500 nM), or the middle dose of both
drugs every two days. The cells were treated for either two, four, six or eight days, then
stained for flow cytometry with Viability Dye eF1506, anti-HLA-ABC antibodies, anti-
HLA-Bw4 antibodies, anti-HLA-C antibodies, anti-HLA-E antibodies, anti-HLA-G
antibodies, anti-PD-L1 antibodies. The mean fluorescence intensities were normalized
against untreated A549 cells to achieve the relative difference in tumor phenotypic
evolution (n=3; n=2 for HLA-ABC). RM 2-way ANOVAs were performed comparing
the tumor ligand changes to untreated A549 cells within all treatment groups, and within
Palbociclib doses alone, Trametinib doses alone, or the combination alone. * =
significantly different from baseline as indicated by the line at y=1 (*,p<0.05; **, p<0.01;
ok p<0.001; **** p<0.0001).
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Figure 3.10 Palbociclib and trametinib treatments slow A549 proliferation. A549
cells were stained with CFSE, then treated with either low or high doses of either

Trametinib (5 nM, 125 nM) or Palbociclib (100 nM, 1500 nM). The cells were treated for

either two or eight days, then stained for flow cytometry with Viability Dye eF1506. The

live cells were gated on, and the CFSE histograms were overlaid.
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3.1.5 Irradiation treatment induces death receptors and upregulation of activating and
inhibitory ligands in a dose-dependent manner

Based on the current understanding of low dose radiation (LDR) inducing an
“immunostimulatory” phenotype, we hypothesized that low dose treatments would
induce upregulation of the activating ligands and death receptors that interact with NK
cells. By subjecting the tumor cells to four different doses of irradiation then leaving
them to rest for either 1, 3 or 5 days, we were able to assess how the tumor cell changes
differ with increasing time after irradiation. The impact of longer exposure and different
irradiation doses was assessed by separate repeated measures (RM) 2-way ANOVA after
1 day, 3 days, and 5 days. Normal distribution could not be assumed for TRAIL-R1 (1
and 3 days), and larger sample sizes are required to perform Wilcoxon matched-pairs
signed rank test.

One day post-treatment, our results revealed a significant dose-dependent
upregulation of Fas (n=4, p=0.0006 [interaction]), HLA-F (n=4, p=0.0011 [interaction]),
and TRAIL-R2 (n=4, p=0.0246 [interaction]; Figure 3.11B, C, E), and PD-L1 (n=4,
p=0.0139 [interaction]; Figure 3.12F). Three days post-treatment, we observed a
significant dose-dependent upregulation of Fas (n=3, p=0.0108 [interaction]), HLA-F
(n=3, p=0.0155 [interaction]), PD-L1 (n=3, p=0.0094 [interaction]), and HLA-ABC (n=3,
p=0.0183 [interaction]; Figure 3.12A). Five days post-treatment, the only ligand that was
significantly upregulated in a dose-dependent manner was HLA-F (n=3, p=0.0276
[interaction]). Compared to untreated cells, the death receptors that were upregulated
with irradiation treatment include TRAIL-R1 (1 day; Figure 3.11D), Fas (5 days), and
TRAIL-R2 (5 days). Similarly, the inhibitory ligands upregulated with irradiation
treatment in comparison to untreated cells include HLA-Bw4 (1 day), HLA-G (1 day),
HLA-C (5 days; Figure 3.12B, C, E), and PD-L1 (5 days). Overall, these results suggest
that low “immunostimulatory” doses of irradiation induce activating ligands and death
receptors to upregulate on tumor cells during the days following treatment. Therefore,
these findings present an opportunity for NK cells to become activated by their cognate
receptors and kill the tumor cells shortly after irradiation treatment, and before inhibitory

ligands are upregulated.
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Figure 3.11 Irradiation treatment induces dose-dependent upregulation of death
receptors and activating ligands. (A-E) A549 cells were subjected to varying doses of
radiation on either the Varian TrueBeam Linear Accelerator (circles) or the Gamma Cell
Irradiator (squares). The cells were left to rest for either one, three, or five days, then
stained for flow cytometry with Viability Dye eF1506, anti-MIC-A/B antibodies, anti-Fas
antibodies, and anti-HLA-F antibodies, anti-TRAIL-R1 antibodies, and anti-TRAIL-R2
antibodies. The mean fluorescence intensities were normalized against untreated A549
cells to achieve the relative difference in tumor phenotypic evolution (n=2-4). RM 2-way
ANOVA were performed within each time point group (if n=3) comparing the tumor
ligand changes to untreated A549 cells. * = significantly different from baseline as
indicated by the line at y=1 (*,p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001). Each
colour represents a different experiment, and the experiments were completed in
replicates, as indicated by the error bars.
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Figure 3.12 Irradiation treatment induces dose-dependent upregulation of
inhibitory ligands. (A-F) A549 cells were subjected to varying doses of radiation on
either the Varian TrueBeam Linear Accelerator (circles) or the Gamma Cell Irradiator
(squares). The cells were left to rest for either one, three, or five days, then stained for
flow cytometry with Viability Dye eF1506, anti-HLA-ABC antibodies, anti-HLA-C
antibodies, anti-HLA-E antibodies, anti-HLA-G antibodies, anti-PD-L1 antibodies. The
mean fluorescence intensities were normalized against untreated A549 cells to achieve
the relative difference in tumor phenotypic evolution (n=2-4). RM 2-way ANOVA were
performed within each time point group (if n=3) comparing the tumor ligand changes to
untreated A549 cells. * = significantly different from baseline as indicated by the line at
y=1 (*,p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001). Each colour represents a
different experiment, and the experiments were completed in replicates, as indicated by
the error bars.
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3.1.6 Death receptors and activating and inhibitory ligands on A549 cells rapidly evolve
depending on different treatment pressures

Our results indicate that the tumor is highly dynamic, with changes to its phenotype
potentially impacting the subset(s) of NK cells with which it would be expected to
interact. This highlights a need to consider how therapies and NK cells interact, but also
opens the possibility to create compounding NK cell-based therapies that could be
combined with therapy to provide the best targeting of changing tumors. To summarize
the phenotypic tumor evolution, the relative expression changes of the analyzed ligands
compared to untreated A549 cells were assessed using in a heat map (Figure 3.13). This
overview allows for a simplified visualization of when inhibitory ligands are upregulated,
and therefore are expected to inhibit more NK cells, compared to when activating ligands
are upregulated, which will promote NK cell cytotoxic activity.

Stimulation with IFN-y, which represents an inflammatory environment, results in
the greatest upregulation of almost all inhibitory ligands after three days of treatment,
except for HLA-E, which is highest after day one. The death receptors and activating
ligands respond more dissimilarly, as some are most upregulated on day three (HLA-F,
Fas), while others are downregulated with IFN-y in comparison to unstimulated
conditions (MIC-A/B, TRAIL-R1). The stimulation generally results in persistence of
these expression changes, demonstrated by the death receptors and ligands continuing to
be mostly upregulated compared to untreated cells over three days.

Stimulation with PBMCs, without IFN-y treatment, consistently resulted in the
greatest upregulation of inhibitory ligands after 10 hours of a co-culture, and the death
receptors and activating ligands reached the greatest upregulation after 5 or 10 hours.
When the cells are treated with IFN-y first, the PBMC co-culture induces upregulation of
inhibitory ligands across all hours in the time-course, suggesting that the addition of
PBMC:s has a less consequential effect than the inflammatory stimuli in this experiment.
HLA-G was the only inhibitory ligand that steadily upregulated with longer co-cultures
compared to untreated cells. The death receptors and activating ligands that result in
greater expression with longer PBMC stimulation follow similar trends with and without
IFN-y (MIC-A/B, HLA-F, TRAIL-R1). When comparing these effects of PBMC pressure
to NK cells specifically, the relative change in both activating and inhibitory ligands and
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death receptors is similar among effector groups. Almost all ligands and receptors
revealed greater upregulation with the effectors when the cells were treated with IFN-y
first, except for MIC-A/B and TRAIL-R2. This suggests that if the NK cells are inducing
changes on tumor cell surfaces, it is likely occurring additively with IFN-y-induced
changes. The trends reflect upregulation of MIC-A/B, TRAIL-R2, and HLA-G with
effector cells in the conditions without IFN-y, therefore suggesting NK cells alone are
particularly impacting those changes to ligand and receptor expressions.

Stimulation with chemotherapies resulted in consistent changes in inhibitory
ligands: the greatest upregulations occurred with the highest dose of trametinib, followed
by less intense changes in the combination treatment. The activating ligands had the
greatest relative expression change with either palbociclib (MIC-A/B, HLA-F, TRAIL-
R1) or trametinib (TRAIL-R2, Fas), though importantly, these upregulations were
maintained in the combination treatment.

Stimulation with an immunosensitizing dose of irradiation (5 Gy) induced the
greatest upregulation of inhibitory ligands generally 5-7 days after treatment. The greatest
relative change for death receptors and activating ligands was again diverse among the
ligands: MIC-A/B and TRAIL-R1 at day 1, Fas at day 3, HLA-F at day 5, and TRAIL-R2
at day 7. Overall, the death receptors and activating ligands upregulated more rapidly
post-irradiation treatment than the inhibitory ligands. This contrast reveals an opportunity
to target irradiated tumor cells in the days soon after treatment, prior to upregulation of
many of the inhibitory ligands. However, it is promising that different death receptors
and activating ligands upregulate on various days post-treatment because it cultivates
immunostimulatory tumor phenotypes that can be targeted by diverse NK cells after
irradiation.

In conclusion, our first aim has illuminated how various treatment pressures
induce NSCLC phenotypic evolution of the death receptors and activating and inhibitory
ligands that interact with NK cells. These results reflect diverse changes in the receptors
and ligands, however, the trends help identify time points and conditions that can
promote activating interactions between tumor cells and NK cells. As HLA ligands and
PD-L1 were often upregulated in response to IFN-y and clinical treatments, we expect

that blocking these inhibitory interactions will promote NK cell activation.
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Figure 3.13 Death receptors and activating and inhibitory ligands on A549 cells
rapidly evolve depending on different treatment pressures.

63




Figure 3.13 Death receptors and activating and inhibitory ligands on A549 cells
rapidly evolve depending on different treatment pressures. A549 cells were subjected
to various treatment conditions (as outlined in previous figures), then stained for flow
cytometry with Viability Dye eF1506, anti-MIC-A/B antibodies, anti-Fas antibodies, and
anti-HLA-F antibodies, anti-TRAIL-R1 antibodies, anti-TRAIL-R2 antibodies, anti-
HLA-ABC antibodies, anti-HLA-Bw4 antibodies, anti-HLA-C antibodies, anti-HLA-E
antibodies, anti-HLA-G antibodies, anti-PD-L1 antibodies, anti-TRAIL-R2 antibodies,
anti-TRAIL-R1 antibodies, anti- MIC-A/B antibodies, anti-HLA-F antibodies, and anti-
Fas antibodies. The mean fluorescence intensities were normalized against untreated
A549 cells to achieve the relative difference in tumor phenotypic evolution within each
treatment condition. The relative difference in expressions were graphed in heat maps,
with the colours indicating the gradient between high (activating: green; inhibitory: red)
and low (white) relative expression change.
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3.2 NK cell response is rescued with inhibitory ligand blockade

As demonstrated in 3./, HLA ligands and PD-L1 were often upregulated in response to
IFN-y and clinical treatments. This is expected inhibit the NK cells that express the
cognate inhibitory receptors, even though our results demonstrate that IFN-y and clinical
treatments simultaneously induce the upregulation of activating ligands. We hypothesized
that blocking inhibitory interactions between NK cells and A549 cells could reduce the

inhibition and rescue the NK cell response.

3.2.1 HLA ligands’ blockade on A549 cells induces greater response of cognate receptor-
positive NK cells

We hypothesized that blocking HLA-C, which inhibits KIR2DL2/L3" NK cells, would
rescue reactivity among them; and that using W6/32, which blocks HLA-A, -B, -C, and -
E, would result in an even greater rescue of response within KIR* and NKG2A* NK cells.
The impact of the blocking antibody treatments was assessed by RM 1-way ANOVAs
with prior IFN-y treatment, and tests for linear trends. In comparison to the unstimulated,
the NK cells expressing KIR2DL2/L3, KIR3DL1 and NKG2A had greater activation
when the HLA ligands were blocked (Figure 3.14A-D). This trend was revealed to be
significant for the NKG2A™ KIR NK cells as more HLA ligands were blocked from
inhibiting the NK cells (n=3, p=0.0195 [linear trend]). Overall, these results demonstrate
that inhibitory interactions prompted by HLA ligands are potent features in the NK-tumor

interaction.
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Figure 3.14 Blocking HLA ligands on A549 cell surfaces induces greater response of
cognate receptor-positive NK cells. (A-D) A549 cells were treated with or without IFN-
v (1000 IU/mL) once per day for 3 days. The cells were incubated for 30 minutes with
either an HLA-C blocking antibody (DT9, 2 pg/ul) or W6/32 (an HLA class I blocking
antibody, 2 pg/ul). With both antibodies, an Fc block was added (0.5 pg/uL). The
antibodies were washed off, then the cells were co-cultured with PBMCs for 5 hours,
separated, and stained for flow cytometry. The PBMCs were stained with Viability Dye
eF1506, anti-CD107a antibodies, anti-CD3 antibodies, anti-CD56 antibodies, anti-
KIR2DL2/L3 antibodies, anti-KIR3DL1 antibodies, anti-KIR3DL1/S1 antibodies, and
anti-NKG2A antibodies. The single inhibitory receptor-positive NK cell populations were
gated on, and the percent of responding cells was determined by the frequency of
CD107a" cells in the population. RM 1-way ANOVA and tests for linear trends were
performed for the NK cells challenging A549 cells treated with IFN-y, comparing the
change in activation with the blocking antibodies (n=3; *,p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001). The colours represent different PBMC donors.
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3.2.2 Blocking the PD-1/PD-L1 axis induces greater response of PD-1* NK cells

We hypothesized that blocking the PD-1/PD-L1 immune checkpoint pathway would
induce greater activation of PD-1" NK cells. We inhibited this axis using an anti-PD-1
blocking antibody for the NK cells, and an anti-PD-L1 blocking antibody (atezolizumab)
for the tumor cells. The impact of the blocking antibody treatments was assessed by RM
1-way ANOVAs with prior IFN-y treatment, with Tukey’s multiple comparison tests and
tests for linear trends. In comparison to the unstimulated, the NK cells expressing PD-1
(KIR" NKG2A") were significantly more activated with the combination of both blocking
antibodies (n=3, p=0.0338; Figure 3.15A). The results revealed a significant linear trend
with the addition of anti-PD-1, to anti-PD-L1, to the combination (n=3, p=0.0101 [linear
trend]). Similarly, the PD-1" NKG2D" (KIR- NKG2A") NK cells were significantly more
activated with more blocking antibodies (n=3, p=0.0109 [linear trend]; Figure 3.15B). As
expected, there were limited changes in the non-IFN-y treated conditions, as results from
3.1 demonstrated that PD-L1 is upregulated with stimulation from IFN-y or other
treatments. Overall, these results support the use of anti-PD-1 and anti-PD-L1 blocking
antibodies to induce a greater response of PD-1* NK cells, especially those that also
express activating receptors, and reveal an important subpopulation of NK cells that is

impaired during treatment.
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Figure 3.15 Blocking the PD-1/PD-L1 axis induces greater response of PD-1" NK
cells. (A-B) A549 cells were treated with or without IFN-y (1000 IU/mL) once per day
for 3 days. The A549 cells were incubated with an anti-PD-L1 blocking antibody
(atezolizumab, 2 pg/mL), and the PBMCs were incubated with an anti-PD-1 blocking
antibody (6pug/mL). After 30 minutes, the antibodies were washed off, then the cells were
co-cultured with PBMC:s for 5 hours, separated, and stained for flow cytometry. The
PBMC:s were stained with Viability Dye eF1506, anti-CD107a antibodies, anti-CD3
antibodies, anti-CD56 antibodies, anti-KIR2DL2/L3 antibodies, anti-KIR3DL 1
antibodies, anti-KIR3DL1/S1 antibodies, anti-NKG2A antibodies, and anti-PD-1
antibodies. The NK cell populations expressing inhibitory receptors (KIR3DL1,
KIR3DL1/S1, KIR2DL2/L3 and NKG2A) were excluded, and the PD-1" and PD-1"
NKG2D" populations were gated on. The percent of responding cells was determined by
the frequency of CD107a" cells in each population. RM 1-way ANOVA, Tukey’s
multiple comparisons tests, and tests for linear trend were performed for the NK cells
challenging A549 cells treated with IFN-y, comparing the change in activation with the
blocking antibodies (n=3; *,p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001). The

colours represent different PBMC donors.



3.3 NK cell response to tumors post-treatment

3.3.1 The subset of NK cells responding to a tumor can be predicted by the tumor cell
phenotype post-chemotherapy

Our results from 3./.4 demonstrated tumor cells phenotypically evolving with palbociclib
and trametinib. We therefore hypothesized that the NK cell populations responding to the
A549 cells will change with different treatments. First, we examined the changing
activation of NK cell populations against tumor cells treated at each of the three doses of
palbociclib or trametinib, and the combination treatment of the two small molecules.
When analyzing the NK cells expressing KIR2DL2/L3 that were negative for KIR2DL1,
KIR3DL1, KIR3DL1/S1, and NKG2A, our results revealed the activation of this
population drops when the cognate inhibitory ligand, HLA-C, was upregulated (Figure
3.16). This is observed specifically at the highest dose of trametinib and the combination
treatment. Similarly, the percent of degranulating NK cells positive for KIR3DLI that
were negative for KIR2DL1, KIR2DL2/L3, and NKG2A dropped when the cognate
inhibitory receptor HLA-Bw4 was upregulated with the highest dose of trametinib
(Figure 3.17). Our results further revealed that PD-1" NK cells had greater activation
when the cells were negative for KIR2DL1, KIR2DL2/L3, KIR3DL1, and KIR3DL1/S1
(Figure 3.18). For the activating interactions between TRAIL on NK cells and TRAIL-
R1 and TRAIL-R2 on tumor cells, our results revealed the similar observation that
TRAIL" NK cells had greater activation when the cells were negative for KIR2DL1,
KIR2DL2/L3, KIR3DL1, and KIR3DL1/S1 (Figure 3.19). We observed a similar result
for NKG2D* NK cells (Figure 3.20) and FasL* NK cells (Figure 3.21). Furthermore, the
activation of TRAIL" NK cells and FasL" NK cells increased with the upregulation of
their cognate activating ligands, specifically in the combination treatment. Overall,
analyzing the changing tumor phenotype with the responding NK cell populations
revealed that chemotherapy will strongly influence tumor-NK interactions. Our results
demonstrated the importance of KIRs for repressing NK cell activation, because
degranulation of KIR-negative NK cells was higher than their KIR-expressing

counterparts against HLA-expressing tumor cells.
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Figure 3.16 Activation of KIR2DL2/L3* NK cells drops when chemotherapy
treatment induces HLA-C upregulation. A549 cells were treated with either low (+),
middle (++) or high (+++) doses of either trametinib (5 nM, 25 nM, 125 nM) or
palbociclib (100 nM, 500 nM, 1500 nM), or the middle dose of both drugs every 2 days
for 8 days. The cells were then co-cultured with PBMCs for 5 hours, separated, and
stained for flow cytometry. The PBMCs were stained with Viability Dye eF1506, anti-
CD3 antibodies, anti-CD56 antibodies, anti-CD107a antibodies, anti-KIR2DL1
antibodies, anti- KIR2DL2/L3 antibodies, KIR3DL1 antibodies, anti-KIR3DL1/S1
antibodies, and anti-NKG2A antibodies. The single KIR2DL2/L3" NK cells were gated
on (KIR2DL1" KIR3DL1- KIR3DL1/S1- NKG2A"), and the percent of responding cells
was determined by the frequency of CD107a" cells in the population. The tumor cells
were stained with Viability Dye eF1506 and anti-HLA-C antibodies. Each symbol
represents a different PBMC donor (n=2). For the tumor cells, the mean fluorescence
intensities were normalized against untreated A549 cells to achieve the relative difference
in tumor phenotypic evolution (n=2).
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Figure 3.17 Activation of KIR3DL1* NK cells drops when chemotherapy treatment
induces HLA-Bw4 upregulation. A549 cells were treated with either low (+), middle
(++) or high (+++) doses of either trametinib (5 nM, 25 nM, 125 nM) or palbociclib (100
nM, 500 nM, 1500 nM), or the middle dose of both drugs every 2 days for 8 days. The
cells were then co-cultured with PBMCs for 5 hours, separated, and stained for flow
cytometry. The PBMCs were stained with Viability Dye eF1506, anti-CD3 antibodies,
anti-CD56 antibodies, anti-CD107a antibodies, anti-KIR2DL1 antibodies, anti-
KIR2DL2/L3 antibodies, KIR3DL1 antibodies, and anti-NKG2A antibodies. The single
KIR3DLI1* NK cells were gated on (KIR2DL1- KIR2DL2/L3- NKG2A"), and the percent
of responding cells was determined by the frequency of CD107a" cells in the population.
The tumor cells were stained with Viability Dye eF1506 and anti-HLA-Bw4 antibodies.
The experiment was repeated in replicates, as indicated by the error bars (n=1).
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Figure 3.18 Activation of PD-1" NK cells increases against chemotherapy-treated
A549 cells when excluding KIR" NK cells. A549 cells were treated with either low (+),
middle (++) or high (+++) doses of either trametinib (5 nM, 25 nM, 125 nM) or
palbociclib (100 nM, 500 nM, 1500 nM), or the middle dose of both drugs every 2 days
for 8 days. The cells were then co-cultured with PBMCs for 5 hours, separated, and
stained for flow cytometry. The PBMCs were stained with Viability Dye eF1506, anti-
CD3 antibodies, anti-CD56 antibodies, anti-CD107a antibodies, anti-KIR2DL1
antibodies, anti- KIR2DL2/L3 antibodies, KIR3DL1 antibodies, anti-KIR3DL1/S1
antibodies, anti-NKG2A antibodies, and anti-PD-1 antibodies. The PD-1* NK cells
(circles) and single PD-1*"NK cells (KIR2DL1- KIR2DL2/L3- KIR3DL1-KIR3DL1/S1-;
squares) were gated on, and the percent of responding cells was determined by the
frequency of CD107a" cells in the population. The tumor cells were stained with
Viability Dye eF1506 and anti-PD-L1 antibodies. The experiment was repeated in
replicates, as indicated by the error bars (n=1). Data is representative of two trials.
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Figure 3.19 Activation of TRAIL"* NK cells increases against chemotherapy-
treated A549 cells when excluding KIR* NK cells.
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Figure 3.19 Activation of TRAIL* NK cells increases against chemotherapy-treated
A549 cells when excluding KIR" NK cells. A549 cells were treated with either low (+),
middle (++) or high (+++) doses of either trametinib (5 nM, 25 nM, 125 nM) or
palbociclib (100 nM, 500 nM, 1500 nM), or the middle dose of both drugs every 2 days
for 8 days. The cells were then co-cultured with PBMCs for 5 hours, separated, and
stained for flow cytometry. The PBMCs were stained with Viability Dye eF1506, anti-
CD3 antibodies, anti-CD56 antibodies, anti-CD107a antibodies, anti-KIR2DL1
antibodies, anti- KIR2DL2/L3 antibodies, KIR3DL1 antibodies, anti-KIR3DL1/S1
antibodies, anti-NKG2A antibodies, and anti-TRAIL antibodies. The TRAIL" NK cells
(circles) and single TRAIL"NK cells (KIR2DL1- KIR2DL2/L3- KIR3DL1-KIR3DL1/S1-
; squares) were gated on, and the percent of responding cells was determined by the
frequency of CD107a" cells in the population. The tumor cells were stained with
Viability Dye eF1506, anti-TRAIL-R1 antibodies, and anti-TRAIL-R2 antibodies. The
experiment was repeated in replicates, as indicated by the error bars (n=1). Data is
representative of two trials.
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Figure 3.20 Activation of NKG2D"* NK cells increases against chemotherapy-treated
A549 cells when excluding KIR" NK cells. A549 cells were treated with either low (+),
middle (++) or high (+++) doses of either trametinib (5 nM, 25 nM, 125 nM) or
palbociclib (100 nM, 500 nM, 1500 nM), or the middle dose of both drugs every 2 days
for 8 days. The cells were then co-cultured with PBMCs for 5 hours, separated, and
stained for flow cytometry. The PBMCs were stained with Viability Dye eF1506, anti-
CD3 antibodies, anti-CD56 antibodies, anti-CD107a antibodies, anti-KIR2DL1
antibodies, anti- KIR2DL2/L3 antibodies, KIR3DL1 antibodies, anti-KIR3DL1/S1
antibodies, anti-NKG2A antibodies, and anti-NKG2D antibodies. The NKG2D* NK cells
(circles) and single NKG2D* NK cells (KIR2DL1- KIR2DL2/L3- KIR3DL1"
KIR3DL1/S17; squares) were gated on, and the percent of responding cells was
determined by the frequency of CD107a" cells in the population. The tumor cells were
stained with Viability Dye eF1506 and anti-MIC-A/B antibodies. The experiment was
repeated in replicates, as indicated by the error bars (n=1).

75



O FaslL*

621 o 0O FasL* KIR
—
X 521l o0
IE 20y O
= " -
= 15 . ©
O o
10- o 1O R
O e ° o o
51 o °
c | || || I 1 I I . | ||
Q 5000-
e Fas
et 4000- L
o =
¥ = 3000-
g c
v .E 2000-
: —
Q
E c 1 1 1 1 1 1 1 1
Controls A549 & PBMC Co-Culture
PBMC [PBMC | T- | T+ | T4+ |ToH++| T- T- T- | T++
K562+ | AS49.| P- P- P- P- P+ | P4+ |P4+d| P4+
+ - A549 # | AS49 + | AS49 + |AS49 + AS549 + | A549 +
SR S A R

Figure 3.21 Activation of Fas* NK cells increases when chemotherapy treatment
induces Fas upregulation. A549 cells were treated with either low (+), middle (++) or
high (+++) doses of either trametinib (5 nM, 25 nM, 125 nM) or palbociclib (100 nM,
500 nM, 1500 nM), or the middle dose of both drugs every 2 days for 8 days. The cells
were then co-cultured with PBMCs for 5 hours, separated, and stained for flow
cytometry. The PBMCs were stained with Viability Dye eF1506, anti-CD3 antibodies,
anti-CD56 antibodies, anti-CD107a antibodies, anti-KIR2DL1 antibodies, anti-
KIR2DL2/L3 antibodies, KIR3DL1 antibodies, anti-KIR3DL1/S1 antibodies, anti-
NKG2A antibodies, and anti-Fas antibodies. The Fas® NK cells (circles) and single Fas™
NK cells (KIR2DL1- KIR2DL2/L.3- KIR3DL1"KIR3DL1/S1"; squares) were gated on,
and the percent of responding cells was determined by the frequency of CD107a" cells in
the population. The tumor cells were stained with Viability Dye eF1506 and anti-Fas
antibodies. The experiment was repeated in replicates, as indicated by the error bars

(n=1).
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We further analyzed the impact of a five-hour PBMC co-culture on the relative
tumor ligand expression of A549 cells treated with no chemotherapy, the middle doses of
palbociclib and trametinib, and the combination of the two. The impact of different
therapies and 8-day exposure was assessed by RM 2-way ANOVAs. For the death
receptors and activating ligands, our results revealed a significant upregulation in
comparison to untreated A549 cells for MIC-A/B (n=7, p<0.0001 [time]), Fas (n=7,
p<0.0001 [time]), HLA-F (n=7, p<0.0001 [time]), TRAIL-R1 (n=5, p<0.0001 [time]),
and TRAIL-R2 (n=7, p<0.0001 [time]; Figure 3.22A-E). In comparison to the PBMC
co-culture without prior chemotherapy treatment, TRAIL-R2 expression was lower when
treated with trametinib. For the inhibitory ligands, our results revealed a significant
upregulation in comparison to untreated A549 cells for HLA-ABC (n=7, p=0.0005
[time]), HLA-Bw4 (n=5, p=0.0103 [time]), HLA-C (n=7, p=0.0011 [time]), HLA-E (n=5,
p=0.0003 [time]), HLA-G (n=7, p<0.0001 [time]), and PD-L1 (n=7, p<0.0001 [time];
Figure 3.23A-F). Sidak’s multiple comparison tests revealed that in comparison to
untreated, specific treatment groups significantly upregulated expression of MIC-A/B
(PBMC only, p=0.0318; trametinib, p=0.0040; combination, p=0.0047), HLA-F
(trametinib, p=0.0444; combination, p=0.0143), TRAIL-R1 (PBMC only, p=0.0247;
trametinib, p=0.0054; combination, p=0.0089), TRAIL-R2 (PBMC only, p=0.0284,
combination, p=0.0381), Fas (combination, p=0.0049), HLA-ABC (trametinib,
p=0.0424), HLA-E (combination, p=0.0302), HLA-G (trametinib, p=0.0385;
combination, p=0.0009), and PD-L1 (combination, p=0.0302). Overall, these results
reflect that the tumor ligand and receptor upregulations occurring with chemotherapy
treatments either persist or potentially upregulate further with the addition of PBMCs.

With unpaired t-tests, we analyzed the impact of the PBMC pressure within a
treatment group, and our results revealed a significant upregulation of MIC-A/B with
effector cells compared to without effector cells when treated with trametinib (n=5,
p=0.0413). When considering only the CFSE" population, however, we found that HLA-
G, within the trametinib treatment group, was significantly upregulated with the addition
of PBMCs (n=4, p=0.0190). This result likely reflects that when analyzing all A549 cells
after 8 days of chemotherapy, many of the original cells will have died and the cells

remaining represent those that proliferated after the therapy initiation, and therefore that
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did not receive the full 8-day treatment. Overall, the upregulation of MIC-A/B and HLA-
G on trametinib-treated A549 cells with the addition of PBMC co-cultures supports our
findings from 3./.3, which demonstrated that NK cells independently induce the

upregulation of these two ligands.
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Figure 3.22 Chemotherapy and PBMC co-cultures induce death receptor and
activating ligand upregulation.
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Figure 3.22 Chemotherapy and PBMC co-cultures induce death receptor and
activating ligand upregulation. A549 cells were treated with either trametinib (25 nM),
palbociclib (500 nM), or both every 2 days for 8 days. The cells were then either stained
for flow cytometry, or co-cultured with PBMCs for 5 hours, separated, and then stained
for flow cytometry. A549 cells were stained with Viability Dye eF1506, anti-MIC-A/B
antibodies, anti-Fas antibodies, and anti-HLA-F antibodies, anti-TRAIL-R1 antibodies,
and anti-TRAIL-R2 antibodies. The bars labelled with slashes signify CFSE™ cells (n=7
with CFSE labelling, n=4 without CFSE labelling). The mean fluorescence intensities
were normalized against untreated A549 cells to achieve the relative difference in tumor
phenotypic evolution. RM 2-way ANOVA were performed of the groups challenged with
PBMC co-culture comparing the tumor ligand changes to untreated A549 cells. Sidak’s
(*) multiple comparisons tests were completed, and unpaired t-tests (1) were performed
within chemotherapy conditions of all cells and CFSE" cells, comparing cells treated with
and without the PBMC co-culture. * = significantly different from baseline as indicated
by the line at y=1 (*,p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001). Each colour
represents a different experiment, and the experiments were completed in replicates, as
indicated by the error bars.
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Figure 3.23 Chemotherapy and PBMC co-cultures induce death receptor and
activating ligand upregulation.
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Figure 3.23 Chemotherapy and PBMC co-cultures induce inhibitory ligand
upregulation. A549 cells were treated with either trametinib (25 nM), palbociclib (500
nM), or both every 2 days for 8 days. The cells were then either stained for flow
cytometry, or co-cultured with PBMCs for 5 hours, separated, and then stained for flow
cytometry. A549 cells were stained with Viability Dye eF1506, anti-HLA-ABC
antibodies, anti-HLA-C antibodies, anti-HLA-E antibodies, anti-HLA-G antibodies, anti-
PD-L1 antibodies. The bars labelled with slashes signify CFSE" cells (n=7 with CFSE
labelling, n=4 without CFSE labelling). The mean fluorescence intensities were
normalized against untreated A549 cells to achieve the relative difference in tumor
phenotypic evolution. RM 2-way ANOVA were performed of the groups challenged with
PBMC co-culture comparing the tumor ligand changes to untreated A549 cells. Sidak’s
(*) multiple comparisons tests were completed, and unpaired t-tests (1) were performed
within chemotherapy conditions of CFSE" cells, comparing cells treated with and without
the PBMC co-culture. * = significantly different from baseline as indicated by the line at
y=1 (*,p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001). Each colour represents a
different experiment, and the experiments were completed in replicates, as indicated by
the error bars.
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We next investigated which NK cell populations were killing the chemotherapy-
treated tumor cells. The populations analyzed included: 1) activating receptor/ligand
negative (NKG2D" TRAIL" FasL"), 2) activating receptor/ligand positive (individually
and triple positive) and KIR" (KIR2DL2/L3* KIR3DL1"), and 3) activating
receptor/ligand positive (individually and triple positive) and KIR™ (KIR2DL2/L.3"
KIR3DLI"). We selected these populations because we wanted to examine the balance of
activation by inhibitory KIRs and activating receptor/ligands. The change in
degranulation between populations was assessed by RM 1-way ANOVAs and tests for
linear trends within each treatment group. NK cells that did not express activating ligands
or receptors had limited activation against all treatment groups (Figure 3.24). The NK
cell activation increased as the populations expressed activating receptor/ligands, and
even more so when the inhibitory KIRs were excluded. This trend was found to be
significant among the unstimulated NK cells (n=4, p<0.0001 [linear trend]), the NK cells
against palbociclib-treated tumor cells (n=4, p=0.0039 [linear trend]), the NK cells
against trametinib-treated tumor cells (n=4, p<0.0001 [linear trend]), and the NK cells
against the tumor cells treated with both chemotherapies (n=4, p<0.0001 [linear trend]).
These results are consistent with our findings that chemotherapies induce the
upregulation of HLA-C, the inhibitory ligand for KIR2DL2/L.3, and HLA-Bw4, the
inhibitory ligand for KIR3DLI1. As expected, when these inhibitory interactions are
eliminated by analyzing NK cells that are negative for both KIRs, the percent
degranulation increases. This further supports our findings from Figures 3.16-3.21,
which demonstrated the importance of KIRs for repressing NK cell activation against
chemotherapy-treated A549 cells.

Generally, NK cells expressing all three activating receptor/ligands (green bars)
demonstrated the greatest activation. When comparing between the three, the results
reveal interdonor variation, and Tukey’s multiple comparisons tests did not reveal any
significant differences (sufficient power was not reached for every condition; see
Appendix Table 2). By visualization, we observed a general trend of the greatest
activation among FasL" NK cells, followed by TRAIL* NK cells, then lastly the
NKG2D" NK cells. This trend was particularly clear amongst the unstimulated NK cells
and in the combination treatment group. In the palbociclib treatment group, NKG2D* NK
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cells were generally more activated. However, in the trametinib treatment group, the
FasL" NK cells were more activated as expected since the effects of trametinib were
significant for Fas upregulation, whereas the impact of palbociclib was non-significant
for Fas (Figure 3.8). Within the donors, the combination treatment generally activated
the activating receptor/ligand positive KIR" cells more than the palbociclib treatment.
These results reflect the phenotypic changes occurring to death receptors and activating
ligands on chemotherapy-treated tumor cells also impact the phenotype of the responding
NK cell populations.

Overall, the results from 3.2./ demonstrate that as chemotherapies induce
phenotypic changes to A549 cells, the phenotype of the activated NK cells differs.
Different therapies result in greater upregulation of different activating or inhibitory
ligands, and in turn the NK cells are more, or less, activated. The strongest NK cells
against all chemotherapy-treated tumor cells were triple positive for activating FasL,

TRAIL, and NKG2D, and negative for inhibitory KIRs.
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Figure 3.24 Activation of NK cells against chemotherapy-treated tumor cells
depends on the expression of inhibitory KIRs.
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Figure 3.24 Activation of NK cells against chemotherapy-treated tumor cells
depends on the expression of inhibitory KIRs. A549 cells were treated with either
trametinib (25 nM), palbociclib (500 nM), or both every 2 days for 8 days. The cells were
then co-cultured with PBMCs for 5 hours, separated, and then stained for flow cytometry.
PBMC:s were stained with Viability Dye eF1506, anti-CD107a antibodies, anti-CD3
antibodies, anti-CD56 antibodies, anti-KIR2DL2/L3 antibodies, anti-KIR3DL 1
antibodies, anti-FasL antibodies, anti-TRAIL antibodies, and anti-NKG2D antibodies.
Within each treatment group, the NK cell populations gated on were either activating
receptor (NKG2D- TRAIL" FasL-, red bars) or activating receptor” (NKG2D", blue bars;
TRAIL", pink bars; FasL*, orange bars; NKG2D* TRAIL" FasL", green bars). The
activating receptor’ populations were further divided as KIR" (KIR2DL2/L3*
KIR3DL1*) or KIR" (KIR2DL2/L3- KIR3DL1"). The percent of responding cells was
determined by the frequency of CD107a" cells in the population. Each graph in a row
represents one donor (n=4). RM 1-way ANOVA and tests for linear trends were
performed for the NK cells within each treatment group (columns), comparing the change
in activation between NK cell populations (*,p<0.05; **, p<0.01; *** p<0.001; ****
p<0.0001). Wilcoxon tests were completed for the A549 treatment group as normal
distribution could not be assumed.
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3.3.2 The subset of NK cells responding to a tumor can be predicted by the tumor cell
phenotype after irradiation treatment

The tumor phenotyping results from 3./.5 demonstrated that tumor cells, post irradiation,
upregulate death receptors and activating and inhibitory ligands in a dose-dependent
manner. We therefore hypothesized that the NK cell populations responding to A549
cells will change with different doses of irradiation. We treated A549 cells with
increasing doses on the Gamma Cell Irradiator, then co-cultured them with PBMCs after
72 hours. When analyzing the NK cells expressing PD-1, our results revealed the
activation of this population drops when the cognate inhibitory ligand, PD-L1, was
upregulated, particularly at the highest dose (Figure 3.25). This decrease in activation is
more emphasized when the population excludes KIR2DL2/L3 and KIR3DL1.
Furthermore, the activation of PD-1"NK cells is greater when the population is KIR".
When analyzing the activating pairings, we observed the activation of FasL* NK cells
increases as the cognate death receptor Fas is upregulated (Figure 3.26). Similarly, the
activation is greater when the FasL* NK cells are KIR". This trend is observed again with
the NKG2D" cells (Figure 3.27) and the TRAIL" cells (Figure 3.28). The percent of
degranulation of TRAIL" NK cells decreases at the higher doses, which follows the
cognate tumor death receptors TRAIL-R1 and TRAIL-R2, which upregulate with as
doses increase and then the expression goes back down at the highest doses. Overall,
these results signify the control that KIRs have on repressing NK cell activation, and that
the responding population to irradiated tumor cells will reflect how the tumor cells

evolve.
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Figure 3.25 Activation of PD-1" NK cells increases against irradiated A549 cells
when excluding KIR* NK cells. A549 cells were subjected to varying doses of
irradiation on the Gamma Cell Irradiator, and were left to rest for 72 hours. The cells
were then co-cultured with PBMCs for 5 hours, separated, and stained for flow
cytometry. The PBMCs were stained with Viability Dye eF1506, anti-CD3 antibodies,
anti-CD56 antibodies, anti-CD107a antibodies, anti- KIR2DL2/L.3 antibodies, KIR3DL1
antibodies, and anti-PD-1 antibodies. The PD-1" NK cells (circles) and single PD-1"NK
cells (KIR2DL2/L3" KIR3DL1"; squares) were gated on, and the percent of responding
cells was determined by the frequency of CD107a" cells in the population. The tumor
cells were stained with Viability Dye eF1506 and anti-PD-L1 antibodies. The experiment
was repeated in replicates, as indicated by the error bars (n=1).
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Figure 3.26 Activation of FasL" NK cells increases as irradiation induces Fas
upregulation on A549 cells. A549 cells were subjected to varying doses of irradiation on
the Gamma Cell Irradiator, and were left to rest for 72 hours. The cells were then co-
cultured with PBMCs for 5 hours, separated, and stained for flow cytometry. The PBMCs
were stained with Viability Dye eFI1506, anti-CD3 antibodies, anti-CD56 antibodies, anti-
CD107a antibodies, anti- KIR2DL2/L.3 antibodies, KIR3DL1 antibodies, and anti-FasL
antibodies. The FasL" NK cells (circles) and FasL* KIR" NK cells (KIR2DL2/L3"
KIR3DL1"; squares) were gated on, and the percent of responding cells was determined
by the frequency of CD107a" cells in the population. The tumor cells were stained with
Viability Dye eF1506 and anti-Fas antibodies. The experiment was repeated in replicates,
as indicated by the error bars (n=1).
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Figure 3.27 Activation of NKG2D" NK cells increases against irradiated A549 cells
when excluding KIR" NK cells. A549 cells were subjected to varying doses of
irradiation on the Gamma Cell Irradiator, and were left to rest for 72 hours. The cells
were then co-cultured with PBMCs for 5 hours, separated, and stained for flow
cytometry. The PBMCs were stained with Viability Dye eF1506, anti-CD3 antibodies,
anti-CD56 antibodies, anti-CD107a antibodies, anti- KIR2DL2/L.3 antibodies, KIR3DL1
antibodies, and anti-NKG2D antibodies. The NKG2D* NK cells (circles) and NKG2D*
KIR" NK cells (KIR2DL2/L3" KIR3DL1"; squares) were gated on, and the percent of
responding cells was determined by the frequency of CD107a" cells in the population.
The tumor cells were stained with Viability Dye eF1506 and anti-MIC-A/B antibodies.
The experiment was repeated in replicates, as indicated by the error bars (n=1).
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Figure 3.28 Activation of TRAIL"* NK cells increases against irradiated A549 cells
when excluding KIR* NK cells.
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Figure 3.28 Activation of TRAIL* NK cells increases against irradiated A549 cells
when excluding KIR* NK cells. A549 cells were subjected to varying doses of
irradiation on the Gamma Cell Irradiator, and were left to rest for 72 hours. The cells
were then co-cultured with PBMCs for 5 hours, separated, and stained for flow
cytometry. The PBMCs were stained with Viability Dye eF1506, anti-CD3 antibodies,
anti-CD56 antibodies, anti-CD107a antibodies, anti- KIR2DL2/L.3 antibodies, KIR3DL1
antibodies, and anti-TRAIL antibodies. The TRAIL* NK cells (circles) and TRAIL" KIR"
NK cells (KIR2DL2/L3" KIR3DL17; squares) were gated on, and the percent of
responding cells was determined by the frequency of CD107a" cells in the population.
The tumor cells were stained with Viability Dye eF1506, anti-TRAIL-R1 antibodies and
anti-TRAIL-R2 antibodies. The experiment was repeated in replicates, as indicated by the
error bars (n=1).
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3.4 Impact of inhibitory ligand blockade on the NK cell response to tumors post-

treatment

3.4.1 Inhibitory ligand blockade rescues the inhibitory receptor-positive NK cells against
chemotherapy-treated A549 cells

Our results from 3.3.7 revealed that the responding NK cell populations to chemotherapy-
treated tumor cells are impacted by the rapidly evolving tumor ligands and receptors, as
demonstrated in 3./.4. As the cognate inhibitory ligands are upregulated, the expression
of KIRs and PD-1 on NK cell surfaces induce inhibition. The upregulation of death
receptors and activating ligands with chemotherapy induced cognate receptor/ligand-
expressing NK cells to become activated, and NK cells triple expressing FasL, TRAIL,
and NKG2D were the strongest responders. As demonstrated in 3.2./ and 3.2.2, when the
inhibitory interactions are blocked with antibodies, the KIR and PD-1 expressing NK
cells can become further activated. Therefore, we hypothesized that we could enhance
NK cell cytotoxic killing of chemotherapy-treated A549 cells by blocking these
interactions. We treated A549 cells with the middle dose of palbociclib, trametinib, and a
combination of the two for 8 days, then blocked the inhibitory ligands with either an anti-
PD-L1 blocking antibody (atezolizumab), W6/32 (blocks HLA-A, -B, -C, and -E), or
both. We co-cultured the cells with PBMC:s for 5 hours, and analyzed the changes in
activation of NK cell populations that were KIR* (KIR2DL2/L.3" KIR3DL1") PD-1" and
expressed activating receptor/ligands. The populations analyzed were either positive for
one activating receptor/ligand, single positive for one activating receptor/ligand (i.e.
excluded the other two), or triple positive.

Without any blocking antibodies, these inhibitory receptor positive populations,
even while expressing activating receptors, had the lowest activation against trametinib-
treated A549 cells, followed by the cells treated with combination chemotherapy (Figure
3.29). These results support our findings in Figure 3.9, which demonstrated significant
upregulation of HLA ligands and PD-L1 with trametinib and the combination treatment.
Interestingly, the activation of the NK cells against palbociclib-treated A549 cells
remained relatively high in comparison to the other chemotherapy-treated groups. This
again supports our results from Figure 3.9 in that palbociclib did not induce the

upregulation of inhibitory ligands as much as trametinib and the combination treatment.
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When the blocking antibodies were added, the activation of the KIR" PD-1" NK
cells was rescued, particularly against trametinib-treated A549 cells. The rescue,
determined by increase in degranulation, remained relatively consistent between the
FasL", NKG2D", TRAIL" and triple activating receptor/ligands positive populations.
Similarly, the blocking antibodies rescued the response of these NK cell populations
against A549 cells treated with the chemotherapy combination. These results support our
findings from Figure 3.24, which demonstrate the activation ability of FasL*, NKG2D",
and TRAIL" NK cell populations against chemotherapy-treated tumor cells when they are
less likely to be inhibited (i.e. do not express KIR2DL2/L3 or KIR3DL1). Importantly,
the activation rescue ability of each individual activating receptor/ligand demonstrates
that all three are contributing to NK cell tumor cell killing.

When comparing the individual activating receptor/ligand positive populations
and the triple positive populations, the FasL" NKG2D" TRAIL* NK cells had higher
percent activation, particularly in the blocking antibody treatment conditions. This again
supports our findings from Figure 3.24, where we observed the triple positive NK cell
populations to have greater activation than the populations expressing one activating
receptor/ligand. When the single activating receptor/ligand positive NK cells are gated to
exclude the remaining two receptor/ligands, the activation within treatment groups
changes. Single TRAIL* and NKG2D" populations exhibited diminished activation,
whereas single FasL" activation remained relatively consistent. This suggest that the
increased activation of TRAIL" or NKG2D" populations, particularly in the trametinib
condition, was likely contributed to by the NK cells that co-expressed FasL. Overall,
these results support the use of inhibitory interaction blocking antibodies with
chemotherapy in patients, as it will increase the activation and cytotoxic killing of NK

cells that express both activating and inhibitory receptors.
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Figure 3.29 Blocking inhibitory interactions rescues the inhibitory receptor-
positive NK cell response against chemotherapy-treated A549 cells.
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Figure 3.29 Blocking inhibitory interactions rescues the inhibitory receptor-positive
NK cell response against chemotherapy-treated A549 cells. A549 cells were treated
with either trametinib (25 nM, pink bars), palbociclib (500 nM, blue bars), or both (green
bars) every 2 days for 8 days. The tumor cells were incubated for 30 minutes with either
an anti-PD-L1 blocking antibody (atezolizumab, 2 pg/mL), W6/32 (HLA class I
inhibitor, 6 pg/pL) or a combination of both. The blocking antibodies were washed off,
then the A549 cells were co-cultured with PBMCs for 5 hours, separated, and then
stained for flow cytometry. PBMCs were stained with Viability Dye eF1506, anti-
CD107a antibodies, anti-CD3 antibodies, anti-CD56 antibodies, anti-KIR2DL2/1.3
antibodies, anti-KIR3DL1 antibodies, anti-PD-1 antibodies, anti-FasL antibodies, anti-
NKG2D antibodies, and anti-TRAIL-antibodies. The NK cell populations gated on were
KIR2DL2/L3*, KIR3DLI1", PD-1%, and either express all three activating receptor/ligands
(FasL*, TRAIL", or NKG2D"), or one. Those populations were further gated to exclude
the remaining two activating receptor/ligands. The percent of responding cells was
determined by the frequency of CD107a" cells in each population. This experiment was
completed in replicates, indicated by the error bars (n=1)

96



3.4.2 Inhibitory ligand blockade rescues the inhibitory receptor-positive NK cells against
irradiated A549 cells

Our results from 3./.5 demonstrated that irradiation induces changes in expression of
ligands for NK cells, which in turn impacted which NK cell populations responds (3.3.2).
Similar to 3.4.1, we hypothesized that the use of inhibitory ligand blockade would rescue
the response of inhibitory receptor-positive NK cells against irradiated tumor cells. We
irradiated A549 cells on the Varian TrueBeam Linear Accelerator at 5 Gy, then left the
cells to rest for either 1 or 5 days. The tumor cells were incubated with either the anti-
HLA-C blocking antibody DT9, W6/32, an anti-PD-1 blocking antibody, atezolizumab,
or a combination of the latter three.

When comparing all the NK cells to those that are KIR* or KIR" PD-1%, our
results revealed that, as expected, it is the NK cell populations expressing the cognate
inhibitory receptors that increase in activation in the presence of blocking antibodies
(Figure 3.30). This is particularly seen against the tumor cells that were left to rest for 5
days rather than 1 day, with the greatest upregulation occurring in the conditions treated
with the anti-PD-L1 blocking antibody, atezolizumab. We further examined the
activating receptor positive populations that were either KIR™ (uneducated) or KIR"
(educated). As previously seen, the activation of the cells that express KIRs was
increased with the blocking antibodies (Figure 3.31). This greater percent of activation
was higher than the uneducated NK cells, even though they express all three activating
receptor/ligands (FasL, TRAIL, NKG2D). This suggests that the strongest NK cell
populations against irradiated tumor cells are KIR*, and blocking the inhibition is crucial
to unleashing their cytotoxic activity. We compared the differences in the three activating
receptor/ligands on educated NK cells, and observed the greatest response among the
FasL* populations (Figure 3.32). Overall, these results suggest that the NK cells best able
to attack irradiated tumor cells are those that are educated, FasL", and with the inhibitory
interactions blocked.

In sum, our results reveal that tumor cells’ expression of ligands and receptors for
NK cells is dynamic, and influences interactions with and killing by NK cells. Therefore,

the features of tumor cell phenotypes and NK cell functions could reveal opportunities to
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intervene within the existing SOC therapies to maximize NK cell function and

contributions in tumor cell control and killing.
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Figure 3.30 Blocking inhibitory interactions rescues the inhibitory receptor-positive
NK against irradiated A549 cells, particularly after 5 days. A549 cells were irradiated
at 5 Gy, then left to rest for either 1 day (pink) or 5 days (blue). PBMCs were incubated
with an anti-PD-1 blocking antibody (6pg/mL), and the tumor cells were incubated with
either an anti-HLA-C blocking antibody (DT9, 6 ug/puL), W6/32 (HLA class I inhibitor, 6
ng/uLl), an anti-PD-L1 blocking antibody (atezolizumab, 2 pg/mL), or a combination of
the latter two. After 30 minutes, the blocking antibodies were washed off, then the A549
cells were co-cultured with PBMCs for 5 hours, separated, and then stained for flow
cytometry. The PBMCs were stained with Viability Dye eF1506, anti-CD107a antibodies,
anti-CD?3 antibodies, anti-CD56 antibodies, anti-KIR2DL2/L3 antibodies, anti-KIR3DL1
antibodies, and anti-PD-1 antibodies. The NK cells were gated on (circles), and the
populations further gated were KIR2DL2/L.3" and KIR3DL1* (squares) or KIR2DL2/L3*
KIR3DL1* PD-17 (triangles). The percent of responding cells was determined by the
frequency of CD107a" cells in each population (n=1).
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Figure 3.31 Activation of educated activating receptor/ligand-positive NK cells
increases against irradiated A549 cells as inhibitory interactions are blocked. A549
cells were irradiated at 5 Gy, then left to rest for either 1 day (pink) or 5 days (blue).
PBMCs were incubated with an anti-PD-1 blocking antibody (6pg/mL), and the tumor
cells were incubated with either an anti-HLA-C blocking antibody (DT9, 6 pg/pL),
W6/32 (HLA class I inhibitor, 6 pg/pL), an anti-PD-L1 blocking antibody (atezolizumab,
2 pg/mL), or a combination of the latter two. After 30 minutes, the blocking antibodies
were washed off, then the A549 cells were co-cultured with PBMCs for 5 hours,
separated, and then stained for flow cytometry. The PBMCs were stained with Viability
Dye eF1506, anti-CD107a antibodies, anti-CD3 antibodies, anti-CD56 antibodies, anti-
KIR2DL2/L3 antibodies, anti-KIR3DL1 antibodies, anti-FasL antibodies, anti-TRAIL
antibodies, and anti-NKG2D antibodies. The NK cells gated on were expressing
activating ligand/receptors (FasL", TRAIL", NKG2D") and were either positive (squares)
or negative (circles) for KIR2DL2/L3" and KIR3DL1". The percent of responding cells
was determined by the frequency of CD107a" cells in each population (n=1).
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Figure 3.32 FasL* NK cells were more activated against irradiated A549 cells than
TRAIL" and NKG2D" NK cells. A549 cells were irradiated at 5 Gy, then left to rest for
either 1 day (pink) or 5 days (blue). PBMCs were incubated with an anti-PD-1 blocking
antibody (6pug/mL), and the tumor cells were incubated with either an anti-HLA-C
blocking antibody (DT9, 6 pg/uL), W6/32 (HLA class I inhibitor, 6 pg/uL), an anti-PD-
L1 blocking antibody (atezolizumab, 2 pg/mL), or a combination of the latter two. After
30 minutes, the blocking antibodies were washed off, then the A549 cells were co-
cultured with PBMCs for 5 hours, separated, and then stained for flow cytometry. The
PBMC:s were stained with Viability Dye eF1506, anti-CD107a antibodies, anti-CD3
antibodies, anti-CD56 antibodies, anti-KIR2DL2/L3 antibodies, anti-KIR3DL 1
antibodies, anti-FasL antibodies, anti-TRAIL antibodies, and anti-NKG2D antibodies.
The NK cells gated on were KIR2DL2/L.3" and KIR3DL1", and expressed FasL (circles),
TRAIL (squares), or NKG2D (triangles; top graph). Those populations were further gated
to exclude the remaining two activating receptor/ligands (bottom graph). The percent of
responding cells was determined by the frequency of CD107a" cells in each population

(n=1).
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CHAPTER 4: DISCUSSION

NK cells bear powerful anti-tumor functions, and understanding how to strengthen their
response to evolving NSCLC phenotypes with treatment is crucial to enhancing patient
outcomes. We hypothesized that NK cells, as dynamic and durable effectors with
phenotypic and functional diversity, can be selected against rapidly evolving NSCLC
tumors. We approached this goal by studying the phenotypic changes to NSCLC during
inflammation, interaction with immune cells, chemotherapy and radiation, and how these
change interactions with NK cell subsets. Tumor phenotyping data provided insight in
how the tumors evolve, and allowed us to predict which NK cell populations would be
the most efficient tumor killers in different conditions (summarized in Figure 4.1).
Although the dynamics of NK ligands were different for each condition tested, we overall
observed transient changes that would implicate different subsets of NK cells as the ideal
anticancer effectors. Hence, we conclude that there is a window of opportunity during
which NK cell function could best support anticancer immunity with clinical treatments.
We recommend simultaneous or combinatorial therapies aimed at supporting NK cell
function during these clinical treatments.

NSCLC is a difficult cancer to cure because it’s often diagnosed at late stages,
therefore the cancer has become metastatic and spread through the body (Canadian
Cancer Society, 2020). The interaction between the immune system and tumors leads to
three dynamic stages of cancer immunosurveillance: the elimination phase, where
immune cells kill tumors; the equilibrium phase, where immune cells supress net tumor
growth; and the escape phase, where tumors evolve to avoid immune recognition and
grow uncontrollably (Dunn et al., 2004). NK cells have proven to be strong anticancer
effectors, and their phenotypic diversity provides an opportunity to leverage certain
populations to treat tumor cells at all stages, including the escape phase (Shin et al.,

2020).
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Figure 4.1 Summary of stimulation-induced phenotypic changes observed on A549
cells. A549 cells stimulated with IFN-y, NK cells, small molecule chemotherapy
(palbociclib and trametinib) and irradiation. The important changes within each condition
are highlighted in their respective quadrant. Red signifies inhibitory receptors, and green
signifies activating receptors. * signifies significant phenotypic changes. In the
chemotherapy quadrant, the size of the receptor is relative to the intensity of the ligand

expression change.
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4.1 Phenotypic evolution of NSCLC death receptors and inhibitory and activating
ligands within the TME

4.1.1 HLA class I regulation on tumor cells

Expression of HLA class I molecules is important for both innate and adaptive anticancer
immunity. For an activated T cell response, tumor antigen specific T cells must interact
with presented antigens on HLA molecules (Waldman et al., 2020). Conversely, NK cells
that express cognate KIRs to the HLA class I ligands become inhibited from their
interaction (Kannan et al., 2017). Due to these opposing effects, a strong anti-tumor
immune response will leverage both T cells and NK cells, and understanding how HLA
class I expression is regulated is key to unleashing their response. As part of the tumor
escape phase, tumor cells can downregulate HLA class I molecules to “hide” from CD8"
T cells, while concurrently removing an important inhibitory signal for NK cells (Kersh
et al., 2016). When the surface expression is only partially lost in comparison to tumors
that are negative for HLA class I or high-expressing, a tumor may escape both T and NK
cell responses; a precedent for this has been observed in colorectal tumors (Watson et al.,
2006).

HLA class I expression is regulated at several levels transcriptionally and
epigenetically. Changes in HLA class I expression can be divided into reversible,
regulatory defects and irreversible, structural defects. Irreversible downregulation
include loss of heterozygosity (in chromosome 6 [HLA-ABC genes] or 15 [2m gene];
HLA allelic loss (due to mutations, deletions, and somatic recombination); mutations in
antigen processing and presentation machinery (APM); and resistance to IFN-y-mediated
upregulation (due to JAK-STAT pathway defects; F. Garrido et al., 2010). Resistance to
ICB is associated with these irreversible changes, such as the JAK1/2 IFN-y signalling
pathway defects (Shin et al., 2017) and loss of antigen processing and presentation genes
(Gettinger et al., 2017). In the absence of HLA expression or presentation, effector T
cells are unable to become activated, but the “missing self” capabilities of NKs might be
leveraged in this context. Our results have demonstrated the ability of KIR- and PD-1-
expressing NK cells to target NSCLC when administered with ICB and HLA blocking
antibodies (i.e. comparative to irreversible loss of HLA class I molecules). This finding is

supported by a HLA class I-deficient lymphoma mouse model that revealed PD-1
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blockade enhanced NK cell anti-tumor functions, and tumor control relied on NK cells
rather than T cells (Hsu et al., 2018).

Reversible downregulation involve defects in the regulation of HLA class I
genes, including components of the APM, the HLA class I heavy genes, and 2m gene (F.
Garrido et al., 2010). This can occur as a result of downregulating key transcription
factors by epigenetic changes or mutations, such as NLRC5 and IRF2 (Dhatchinamoorthy
et al., 2021). These represent temporary changes that can be reversed by stimulation with
IFN-y or other cytokines (F. Garrido et al., 2010; Méndez et al., 2008). This can reflect
the dynamic changes occurring within the TME, which involves cross-talk through
cytokines between immune cells and tumor cells (J. Wang et al., 2019). For example,
macrophages are key regulators of inflammation through cytokines, which in turn induce
further cytokine release from other immune cells that can influence HLA expression on
tumor cells (F. Garrido et al., 2010; J. Wang et al., 2019). Induction of HLA class I
molecules by IFN-y stimulation is caused by the upregulated expression of the
transcription factors IRF1, STAT1, and NLRCS5; our results consistently demonstrated
this upregulation with IFN-y treatment (Der et al., 1998).

Overall, understanding the mechanisms for HLA class I regulation provides
insight into the processes occurring during tumor evolution post-stimulation. Educated
NK cells bear strong cytotoxic functions and lower threshold for activation, therefore are
competent effectors against HLA-mismatched or HLA-downregulated/lost tumors
(Boudreau & Hsu, 2018). However, as increased inflammation within the TME restores
the HLA class I expression, these educated NK cell populations will be shut down.
Uneducated NK cells require stronger stimuli for activation, however can still be
important effectors against HLA-expressing tumor cells (Boudreau & Hsu, 2018). Hence,
predicting the expression of HLA on a tumor directly informs the characteristics of an

ideal NK cell effector.

4.1.2 Impact of IFN-y

Within the TME, IFN-y supports both pro-tumor and anti-tumor immunity (Jorgovanovic
et al., 2020). When bound by proinflammatory cytokines (such as IL-12, IL-15, IL-18,
IL-21), IFN-y producing cells (NK cells, natural killer T cells, and CD8" and CD4" T
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cells) are stimulated and transcriptional elements for IFN-y are activated (Jorgovanovic et
al., 2020). Release of IFN-y induces a positive feedback loop, as its binding to APCs can
stimulate release of proinflammatory cytokines, including more IFN-y (Garris et al.,
2018). An inflammatory environment can acutely benefit the immune response to
eliminate tumor cells, however chronic inflammation can promote tumorigenesis (J.
Wang et al., 2019)

Anti-tumor functions of IFN-y involve both interactions with immune cells and
tumor cells. IFN-y stimulation on macrophages contributes to reprogramming the cells to
a M1 proinflammatory phenotype (Miiller et al., 2017). M1 macrophages gain increased
tumoricidal activity and expression of proinflammatory molecules (ex. TNF, IL-12;
Jorgovanovic et al., 2020; Miiller et al., 2017). IFN-y stimulates further anti-tumor
immunity through DC maturation and induced co-stimulatory molecule expression, T
helper (Th) 1 polarization, and enhanced T effector cell activity and proliferation
(Jorgovanovic et al., 2020). Tumor impacts of IFN-y include the upregulation of
activating ligands and death receptors such as Fas, which can stimulate the immune
response (Aquino-Lopez et al., 2017; Xu et al., 1998). Moreover, IFN-y induces tumor
cell apoptosis via JAK1-STAT1-caspase pathway (Y. Liu et al., 2017; Song et al., 2019).

Pro-tumor functions of IFN-y contribute to cancer immunoediting. IFN-y
promotes tumor escape through inducing the upregulation of inhibitory ligands such as
HLA class I molecules and PD-L1, and the enzyme indoleamine-2,3-dioxygenase (IDO)
on tumor cell surfaces (Aquino-Lépez et al., 2017; Jorgovanovic et al., 2020; Ribas,
2015). IDO has anti-immune effects, such as suppression of NK and T cell responses (A.
Park et al., 2019; Puccetti & Grohmann, 2007). Furthermore, IFN-y aids tumorigenesis
by inducing cancer stem cells to become highly metastatic (H. Chen et al., 2011).

In our experiments, IFN-y similarly supports both inhibition (pro-tumor) and
activation (anti-tumor) activities of NK cells. IFN-y led to persistent upregulation of all
inhibitory ligands except for HLA-E, which was briefly upregulated but the expression
change did not persist after two or three days. The activating surface proteins that
persisted were death receptor Fas and activating ligand HLA-F. While the activating
interactions can promote NK cell cytotoxic functions, the upregulated inhibitory ligands

will suppress NK cell activation. Hence, strategies to maximize NK cell functions may be
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beneficial, such as blocking KIRs or adoptive transfer of allogeneic KIR-mismatched NK
cells. As demonstrated in our results, the impact of HLA class I blocking antibodies
increased the degranulation of NK cells when the tumors were pre-treated with IFN-y.
The upregulated HLA molecules will contribute to T cell activation, and the two
populations may work concurrently to eliminate cancer.

Our results and others’ suggest that PD-1/PD-L1 ICB can be beneficial in an IFN-
y-rich TME. PD-1 blockade will rescue PD-1* NK cells that co-express activating ligands
and receptors to the cognate upregulated tumor proteins (i.e. FasL/Fas). Clinical trials
with IFN-y are currently ongoing to examine its combinatorial use with nivolumab (anti-
PD-1; NCT02614456) and pembrolizumab (anti-PD-1; NCT03063632). Overall, our
results with IFN-y treatment support previous findings of induced phenotypic changes to
tumor cells (F. Garrido et al., 2010; Méndez et al., 2008; Yano et al., 2000). The limited
NK cell response we observed with inhibitory ligand blockade in the absence of prior
IFN-y stimulation further supports the use ICB in IFN-y-rich tumors. Those inflamed
tumors are infiltrated by immune cells, which further impact the cancer’s ability to

develop and persist.

4.1.3 Effector cells

The immune contexture of a TME can be defined as “hot”, which are highly infiltrated,
or “cold”, which are tumors that are not infiltrated (Galon & Bruni, 2019). Cold tumors
therefore can be described as immunologically naive, meaning the induced changes from
immunoediting or released cytokines typically seen in inflamed, infiltrated tumors are
less frequent (Galon & Bruni, 2019). We sought to better understand the NK-tumor
interactions, and how they contribute to tumor elimination or tumor escape. During
PBMC co-cultures in the absence of IFN-y, there was limited expression changes of the
inhibitory ligands, HLA-F, and Fas until 5 or 10 hours of PBMC pressure. Combinatorial
IFN-y pre-treatment with PBMC pressure resulted in upregulation of inhibitory ligands
after 1 hour, which decreased towards baseline levels over the subsequent 9 hours of
PBMC co-culture. MIC-A/B and HLA-G were upregulated with longer exposure to
PBMC:s both with and without prior IFN-y stimulation, and these expression changes
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were determined to be induced independently by NK cells. NK cells may be contributing
additively with IFN-y to induce upregulation of the other receptor and ligand expressions.

NK cells became more activated with longer co-cultures, correlating to when
tumor surface proteins were upregulated in the conditions without IFN-y pre-treatment.
One possible mechanism is increased IFN-y production by the activated NK cells at the
later time points, which contributed to the phenotypic tumor changes. The release of IFN-
v could activate T cells, which then kill tumor cells presenting HLA class I ligands. This
may be reflected in the decrease in expression at later time points of the [FN-y-treated
cells. To confirm this, we could analyze the supernatants from the co-cultures via
enzyme-linked immunosorbent assays (ELISAs) to quantify the [IFN-y production, or
block IFN-y in the co-cultures with a monoclonal antibody. Through flow cytometry, the
tumor cells could be stained with a cell tracker (either cell trace violet or CFSE) to
compare the number of dying cells, and the effector T cell activation could be specifically
analyzed by staining for CD8, CD25 (the IL-2 receptor) and CD28 (the costimulatory
receptor). Another possible mechanism is that as NK cells became more activated they
released other cytokines that promoted phenotypic changes, such as TNF, which can
induce HLA class I expression (Lu et al., 2001). The interactions between tumor cells and
NK cells could have encouraged tumor immunoediting. HLA™ cells don’t get killed as
quickly as HLA" cells, therefore the HLA™ tumor cells could emerge as the dominant
population after 10 hours with NK cell effectors.

Upregulation of MIC-A/B was observed with PBMC and NK cell pressure, both
with and without prior IFN-y treatment. MIC-A and MIC-B are NKG2D ligands
(NKG2DLs), and their expression is regulated at the transcriptional and post-
transcriptional levels in response to DNA damage and cellular stress (Duan et al., 2019;
Gasser et al., 2005). Other NKG2DLs are related to cellular stress and inflammation, and
are important in immunosurveillance (Raulet et al., 2013). The NKG2D receptor is also
expressed on y8 T cells, CD8" T cells, and some CD4" T cells; therefore the upregulation
of NKG2DLs facilitate various immune cell targeted killing (Duan et al., 2019). In cancer
settings, the upregulation of MIC-A and MIC-B is associated with the hyperproliferative
state (via E2F transcription factors activation), the heat shock stress pathway, and the

DNA damage response (DDR). The NK cell pressure induced MIC-A/B upregulation
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may be attributed to tumor cell stress from the NK cell attack, induced apoptosis, or
released cytokines. To test this, we could analyze the soluble factors via ELISAs, or stain
the tumor populations with Annexin V to detect cells undergoing cellular apoptosis to
compare MIC-A/B fluorescence.

Soluble NKG2DLs can block NKG2D receptors and therefore inhibit the
immune interactions with tumor cells; this represents a putative immune escape
mechanism (Raulet et al., 2013). Some studies demonstrated soluble NKG2DLs reduce
expression of NKG2D on CD8* T cells, vy T cells and NK cells, however further
investigation is required due conflicting results (Groh et al., 2002; Helmut Salih &
Rammensee, 2021; Raulet et al., 2013). Inconsistencies in the literature may be attributed
to the nature of excreted ligands (i.e. monovalent vs multivalent) or the soluble
NKG2DLs blocking the epitope that NKG2D-specific antibodies bind (Raulet et al.,
2013). To test if MIC-A and MIC-B were released from tumor cell surfaces in our
experiments, we could analyze the supernatants after the PBMC co-culture time-course
experiments; we did not observe a downregulation of NKG2D on NK cell surfaces over
the 10 hours (data not shown).

Upregulation of HLA-G was observed with PBMC and NK cell pressure, and
the expression changes were further additive with IFN-y. HLA-G is a non-classical HLA
class Ib molecule that inhibits T cells and NK cell lytic functions by binding KIR2DL4
(Rodriguez, 2017). There is low cell surface expression of HLA-G on healthy cells, aside
from the fetal-maternal interface, but HLA-G is often upregulated on tumor cells (Yie et
al., 2007). Of 106 NSCLC primary tissue samples, 75% expressed aberrant levels of
HLA-G; this expression was associated with poorer prognosis (Yie et al., 2007). HLA-G
expression has also been correlated with loss of classical HLA class I molecules and
increased IL-10 expression, and other anti-immune functions in cancer include inhibiting:
T cell proliferation and cytotoxic functions, B cell maturation and antibody production,
immune cell chemotaxis, neutrophil phagocytosis, and maturation and function of DCs
(Loustau et al., 2020; Urosevic et al., 2001). Furthermore, trogocytosis, which is a
mechanism of membrane fragments transfer initiated by cell-to-cell contact, has been
demonstrated to transfer HLA-G from tumor cells to the surface of activated NK cells

(Caumartin et al., 2007). These NK cells temporarily stop proliferating and behave as
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suppressor cells rather than their cytotoxic functions (Caumartin et al., 2007). Therefore,
since HLA-G suppresses both innate and adaptive immunity and is limited on healthy
cells, it holds promise as targetable immune checkpoint, especially as our results
demonstrate induced expression with NK cell pressure (Krijgsman et al., 2020). Future
studies are required to understand HLA-G’s regulation and whether blocking antibodies
could be beneficial to patient outcomes (Krijgsman et al., 2020).

Overall, effector cells are contributing to the changing tumor phenotypes, which
demonstrates the potential impacts of NK cell interactions within the TME. Strategizing
NK-centric immunotherapies against NSCLC is benefited by understanding how NK cell
pressure shapes cancer immunoediting. Our results suggest NKG2D" KIR2DL4- cells
would be the greater tumor killers due to enhanced activation via MIC-A and MIC-B, and

limited suppression via HLA-G.

4.2 Impact of clinical treatments on NSCLC evolution and NK cell response

4.2.1 Chemotherapy-induced phenotypic changes on NSCLC

SOC chemotherapeutics for NSCLC are generally platinum-based, but we elected to
examine small molecule palbociclib and trametinib because they demonstrated increased
activation of NK cells, cellular senescence and tumor regression in KRAS-mutant lung
tumor models (Ruscetti et al., 2018). The KRAS oncogene, mutated in ~25% NSCLC
tumors, is extremely difficult to treat and has limited targeted therapeutic options
(Forsythe et al., 2020). Our phenotyping data revealed dose- and time-dependent changes
in NK cell ligand expression on tumor cells after treatment with the cytostatic small
molecule chemotherapies, and impaired tumor cell proliferation at higher doses.
Combination of palbociclib and trametinib resulted in continued upregulation of death
receptors and activating ligands (as seen with individual treatments), while limiting the
inhibitory ligand upregulations demonstrated with high doses of trametinib.

Palbociclib selectively inhibits CDK4 and CDK®6, and is currently approved for
use in combination with letrozole, an aromatase inhibitor, against estrogen-receptor
positive, human epidermal receptor 2-negative advanced breast cancer (Ma & Sparano,
2021). CDK4/6 inhibitors block the phosphorylation of retinoblastoma protein, a tumor
suppressor; thus, CDK4/6 inhibitors stop the transition of Gi-to-S cell growth cycle (Finn
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et al., 2015). Our analysis on the impact of palbociclib for NSCLC evolution revealed the
upregulation of death receptors (Fas, TRAIL-R2), classical and nonclassical HLA class I
ligands, and PD-L1.

Chemotherapies generally act on rapidly proliferating cells to induce senescence
or invoke their death. Their mechanism of actions introduce genotoxic or cellular stress,
which initiates a program of responsiveness within the tumor cells (Chircop & Speidel,
2014). This response can manifest as increased expression of death receptors, therefore
sensitizing the tumor cells to apoptotic-induced death by NK cells (Elrod & Sun, 2008).
In agreement with this, we find that palbociclib induces upregulation of Fas and TRAIL-
R2. Furthermore, these responses from platinum-based chemotherapies in NSCLC have
demonstrated the downregulation of HLA class I molecules (Okita et al., 2016). While
we expected to see HLA class I downregulation in our chemotherapy experiments, the
inverse response of upregulation may be specific to palbociclib (see possible trametinib
mechanisms below). Upregulation of HLA in response to palbociclib reveals an
opportunity for T and NK cell therapies to work collaboratively.

CDK4 directly regulates expression of PD-L1 via proteasome-mediated
degradation (Fouad et al., 2019). Briefly, the substrates selected for ubiquitination are
controlled by E3 enzymes, which form multiple subunit ligases with cullin scaffold
proteins and adaptor proteins, such as Speckle-type POZ protein (SPOP; Fouad et al.,
2019; Tan et al., 2017; X. Zhou & Sun, 2021). Cullin3-SPOP E3 ligase targets PD-L1 for
ubiquitination, and CDK4 mediates this event by phosphorylating SPOP (Zhang et al.,
2018). Blocking CDK4-mediated phosphorylation in vivo with breast cancer, colon
adenocarcinoma, and melanoma models leads to SPOP degradation, and consequently
increased expression of PD-L1 (Zhang et al., 2018). Combining CDK4/6 inhibitors with
anti-PD-1 enhanced tumor regression, improved OS, and rescued levels of infiltrating
immune cells from a decrease induced by palbociclib alone (Yu et al., 2019). In patients
with advanced melanoma, palbociclib similarly induced expression of PD-L1 (Yu et al.,
2019). Whole genome sequencing of these patients revealed that copy-number gains of
CDK4 significantly associated with no clinical benefit from anti-PD-1 therapy (Yu et al.,
2019). To our knowledge, there are no studies assessing the combination of palbociclib

and PD-1/PD-L1 blockade in NSCLC; understanding the mechanistic impact of CDK4/6
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inhibitors on PD-L1 abundance suggests this combinatorial strategy warrants
investigation.

CDK4/6 inhibitors also suppress proliferation of Tregs (Goel et al., 2017), and
increase effector T cell infiltration and activation (J. Deng et al., 2018). Our novel
observation that palbociclib induces upregulation of Fas and TRAIL-R2 suggests that
these immune benefits might also include activation of NK cells. In advanced NSCLC,
CDK4/6 inhibitors as monotherapy demonstrate limited overall curative effect and
tumors can acquire resistance, but the changes induced in tumor cells by palbociclib may
nevertheless condition NSCLC for susceptibility to other interventions. Indeed, their use
is being studied in combination with other anticancer agents, such as trametinib (Garutti
et al., 2021; Goldman et al., 2018; Ruscetti et al., 2018; Scagliotti et al., 2018).

Trametinib, a selective allosteric inhibitor of MEK1 and MEK2, is currently
approved for use in melanoma and NSCLC in combination with dabrafenib, a BRAF
inhibitor (Weart et al., 2018). By targeting the MAPK signalling pathway, trametinib
inhibits cell growth and induces apoptosis (Lugowska et al., 2015). When we treated
NSCLC cells with trametinib, our results revealed an even greater upregulation of
inhibitory ligands (HLA class I molecules and PD-L1) than observed with palbociclib.
We similarly observed the upregulation of death receptors, as expected with anticancer
agent stimulation (Elrod & Sun, 2008).

HLA class la and Ib expression has similarly been induced with MEK inhibitors
in vitro and in vivo, which resulted in improved killing by effector T cells (Brea et al.,
2016; Dummer et al., 2017; L. Liu et al., 2015). Potential mechanisms for the role of the
MAPK pathway in upregulating HLA class [ molecules include NF-kB regulation at the
mRNA level and JAK/STAT pathways inducing TNF and IFN-y (Brea et al., 2016).
However, there are inconclusive results in the literature on the regulation of PD-L1 by the
MAPK pathway. Some studies have observed decreased expression PD-L1 with MEK
inhibitors (Della Corte et al., 2019; Stutvoet et al., 2019), while others have observed PD-
L1 upregulation (Kang et al., 2019). While further studies are required to elucidate the
mechanistic action of trametinib on PD-L1 regulation, it is important to note that
combining MEK inhibitors with PD-1/PD-L1 blockade in melanoma, head and neck

squamous cell carcinoma, and colon carcinoma has resulted in significantly delayed
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tumor growth, and increased infiltrating CD8" T cells (Hu-Lieskovan et al., 2015; Kang
etal., 2019; L. Liu et al., 2015).

Trametinib is currently being assessed in studies and clinical trials, however, its
inability to target other downstream RAS pathways provides a rationale for combining
with other anticancer agents. Promising results in NSCLC have been found when
combining trametinib with navitoclax, a BCL-XL/BCL-2 inhibitor (Corcoran et al.,
2013); or with momelotinib, a JAK2 and TBK1 inhibitor; (Barbie et al., 2018). Several
clinical trials are examining the use of various MEK inhibitors with pemetrexed and
cisplatin (NCT02964689), with erlotinib (EGFR inhibitor; NCT01859026), with
pembrolizumab (anti-PD-1; NCT03299088), with carboplatin and pemetrexed
(NCT02185690), and with palbociclib (NCT03170206; Salgia et al., 2021).

We investigated the combination of palbociclib and trametinib, which had been
reported to induce NK cell activation by an unidentified mechanism (Ruscetti et al.,
2018). Combining the two cytostatic small molecules resulted in the continued
upregulation of death receptors and activating ligands, identifying a mode of activation
for the NK cells. We hypothesize these changes were attributed to the cellular stress and
apoptosis induction from chemotherapy treatments. Interestingly, the inhibitory ligand
upregulation in the combined therapy was limited compared to high doses of trametinib;
this controlled response may contribute to the activation of NK cells.

Overall, the phenotyping of A549 cells treated with palbociclib, trametinib and
the combination provided insight on how the tumors evolve and what potential
interactions may arise when NK cells are present. Indeed, we now demonstrated that the
subset of responding NK cells can be predicted and triaged based on the ligands
expressed on tumor cells in different conditions (discussed in 4.2.3). Our results strongly
indicate that the tumor prior to chemotherapy is phenotypically different than during or
temporarily after treatment. While the phenotypic changes with palbociclib are similar to
those in the combination treatment, the strategy of combining the two drugs would assist
in controlling for acquired resistance and tumor escape. As mentioned, PD-L1 in NSCLC
has been observed to downregulate in response to MEK inhibitors, therefore the
combination with palbociclib would likely support PD-L1 upregulation. PD-L1

expression is a predictor of successful ICB, and studies have demonstrated both
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palbociclib and trametinib to be beneficial in tumor control when combined with an anti-

PD-1 or anti-PD-L1 agent.

4.2.2 Irradiation-induced phenotypic changes on NSCLC
Radiation treatment can be broadly divided into stereotactic body radiation therapy
(SBRT), conventionally fractionated radiation therapy (CFRT), and low-dose
(immunosensitizing) radiation (LDR). SBRT is used with curative intent in early
NSCLC, as it has been demonstrated to have better patient outcomes compared to CFRT
at stage [ (Haque et al., 2018; Nyman et al., 2016). CFRT, which is used with curative
intent for patients with advanced disease, delivers high doses of irradiation that can
negatively impact immune function. High doses of irradiation increases the expression of
PD-L1 and HLA class I molecules (Chiriva-Internati et al., 2006; B. Park et al., 2014;
Santin et al., 1996). Conversely, LDR can be “immunosensitizing”; it has been observed
to kill tumor cells while maintaining survival of normal cells (Yang et al., 2016), to
induce an immunostimulatory cytokine profile (Yang et al., 2016), to enhance activation
of NK cells and DCs while lessening immunoregulatory Treg populations (L. Zhou et al.,
2018), and to induce expression of stress ligands that further activate the immune system
(Gasser et al., 2005; Yang et al., 2014). Therefore, we sought to phenotype NSCLC cells
in the days post-immunosensitizing irradiation to understand how the surface level
expression changes may influence the immune activation.

Death receptors and activating ligands were upregulated in our experiments at
1, 3, and 5 days post treatment. Different activating surface proteins were upregulated
greater on different days; this is important because it provides an opportunity for various
NK cell populations to become activated and perform cytotoxic functions at different
time points. It also implies that one static population of NK cells is unlikely to be
continuously responsive throughout the course of treatment, and polyfactorial NK cell
cocktails should be supported, primed or transferred. As there was consistently at least
one targetable activating ligand or death receptor at each day analyzed, our results
revealed that NK cells can be used in combination with lower radiation doses to kill the

tumor cells that survived the initial radiotherapy. Because the activating surface protein
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changes are prolonged, the window for NK cell intervention is wide, which enhances the
practicality of delivering combination treatments of NK cells and radiotherapy.

Our observed upregulated activating cell surface proteins was congruent with the
literature. In colorectal cancer cells, 5 Gy irradiation treatment induced upregulation of
Fas, TRAII-R1 and TRAIL-R2 (Cacan et al., 2015). Another colorectal cancer study
treated tumor cells at 2.5 Gy, 5 Gy, and 10 Gy, and observed upregulated expression of
Fas, and TRAIL-R1 and TRAIL-R2 which both persisted to 7 days post-treatment (Ifeadi
& Garnett-Benson, 2012). In p53 wild-type breast cancer and osteosarcoma cells,
irradiation treatment induced Fas upregulation and arrested growth at G cell cycle phase
(Sheard et al., 1997). However, in pS3-mutant or p53-null breast cancer, osteosarcoma,
leiomyosarcoma, and fibrosarcoma cells, irradiation did not impact arrestment of cell
cycles or upregulate Fas (Sheard et al., 1997). These results suggest that p53, a tumor
suppressor gene, is important for irradiation-induced Fas expression; since p53 is
activated after DNA double stranded breaks, irradiation may induce a p53-dependent
pathway that promotes stress ligand upregulation (Sheard et al., 1997). Irradiation is
known to induce the DDR, therefore this pathway likely contributes to activating ligand
upregulations (Gasser et al., 2005). Other possible contributing mechanisms for these
expression changes include low dose radiation increasing the histone acetylation at their
promoter regions, therefore making the genes more accessible for transcription, and the
decreased binding of the histone deacetylase HDAC?2 to specifically the Fas promoter
region (Cacan et al., 2015).

HLA class I molecules were upregulated with lower doses of irradiation at
various time-points (specifically HLA-ABC, HLA-Bw4, HLA-C, HLA-G). When we
analyzed the relative tumor change expressions for 5 Gy irradiation at 1, 3, 5 and 7 days
(Figure 3.12), the results revealed a trend of greater expression changes at day 5 and 7
compared to earlier post-treatment. This suggests an opportunity for T cells and NK cells
to work in collaboration. In the initial days post irradiation, NK cells can be activated due
to lower levels of HLA class I and upregulated death receptors and activating ligands. As
HLA class I molecules are upregulated, uneducated NK cells, with sufficient pro-
activation signals, can participate in killing HLA" tumor cells. As well, T cells can

potentially become activated and continue killing tumor cells that were not eliminated by
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radiotherapy. Although T cells with anticancer activity are naturally primed in many
cancers, in light of this further strategies to ensure priming of a T cell response could be
beneficial, such as oncolytic virotherapy to induce antigen release and epitope spreading,
or via cancer vaccination (Roy et al., 2021). Non-apoptotic death pathways, such as
immunogenic cell death, release antigens from destroyed cells, which can further support
T cell immune activation and inflammation (Minute et al., 2020). Moreover, NSCLC
tumors often experience irreversible loss of HLA class I molecules (described in 4.1.7),
therefore these tumors are predicted to be targetable by NK cells with LDR even after 5
or 7 days (McGranahan et al., 2017).

PD-L1 expression was upregulated at all timepoints assessed post-treatment,
which is likely attributed to irradiation-induced DNA double-stranded breaks initiating
the DDR. Our results are supported by findings in the literature, which demonstrate PD-
L1 upregulation with LDR (Dovedi et al., 2014), and in an ATM/ATR/Chk1-dependent
manner (therefore DDR-dependent; Sato et al., 2017). These results suggest that
radiation, both at low and high doses, will induce PD-L1 and inhibit PD-1" immune cells
from attacking the tumor. This is evidence for combining radiotherapy with PD-1/PD-L1
ICB, and studies have demonstrated the combination resulted in improved OS and tumor
control in vivo (L. Deng et al., 2014; Dovedi et al., 2014) and in patients with NSCLC
(Shaverdian et al., 2017). There are currently ongoing clinical trials assessing the PD-1
blockade for patients with NSCLC at stage [ with SBRT (NCT03110978, NCT02599454,
NCT03050554, NCT03148327, NCT03446911, NCT03383302), at stage III with CFRT
(NCTO03245177), and at stage IV with hypofractionated radiation (NCT02463994,
NCT03035890, NCT03176173).

Understanding how both chemotherapies and irradiation impact NSCLC
phenotypes can help us develop therapies to improve NK cell anti-tumor functions. We
next analyzed the responding populations to clinically treated-A549 cells, and how the

addition of ICB affected those responses.

4.2.3 NK cell populations responding to NSCLC post-clinical therapy
Activation of NK cell populations against both chemotherapy-treated and irradiated A549

cells was highly dependent on the phenotype of those evolved tumor cells. Upregulation
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of inhibitory ligands, specifically HLA-C, HLA-Bw4, and PD-L1, resulted in less
activation of NK cells expressing KIR2DL2/L3, KIR3DL1, and PD-1, respectively. To
further support this, NK cells expressing activating receptor/ligands that were
KIR2DL2/L3" and KIR3DL1" had greater degranulation levels than their KIR-expressing
counterparts against HLA-expressing tumor cells. This confirms what is understood in
the literature: the presence of activating stimuli is generally not enough to overcome
KIR-HLA inhibition (Long et al., 2013).

We expected that the inhibition driven via KIR-HLA interactions would
dominantly inhibit NK cells. Indeed, when we blocked these interactions with antibodies,
NK cell degranulation increased, especially among NK cells bearing cognate KIR. This
confirmed KIR-HLA driven NK cell inhibition. NK effector functions are linked to
cytoskeletal machinery, and activating and inhibitory pathways induce different
cytoskeleton rearrangements (Ben-Shmuel et al., 2021). The immunological synapse
between NK cells and their targets is dependent on actin rearrangements to ensure
stability and longevity in the contact, to assemble signalling complexes, and to mediate
killing (Ben-Shmuel et al., 2021). How the cytoskeletal machinery and the
immunological synapse influence NK cell activation versus inhibition is complex and
under constant investigation; studies have found that receptors form clusters, and the size
of those signalling clusters then impacts the strength of that signal (Ben-Shmuel et al.,
2021; Oszmiana et al., 2016). Clustering of activating receptors and ligands has been
shown to be abolished when KIRs bind to HLA (Ben-Shmuel et al., 2021). Overall, the
KIR-HLA interactions are important considerations when choosing to target cells with
NK cells, as the expression of activating ligands and death receptors on target cell
surfaces is unlikely to overcome the inhibition from expressed cognate HLA class I
molecules.

We expected that the activation driven via activating interactions promoted NK
cell degranulation when inhibitory interactions were lessened. As chemotherapy-treated
or irradiated A549 cells expressed activating ligands and death receptors, the NK cell
populations that do not express KIR and PD-1 were activated when they expressed
cognate activating receptor/ligands. We analyzed FasL, TRAIL, and NKG2D; however

there are substantially more activating receptors that were likely contributing to the NK
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cell responses that were not included in this study. We compared the activation between
NK cell populations that expressed one receptor/ligand and those that expressed all three
FasL, TRAIL, and NKG2D. Our analysis revealed the greatest activation when the NK
cells were triple positive, therefore suggesting synergy among the co-activating
pathways.

Synergy of co-activating receptors and ligands on NK cells has been studied to
some extent, especially in the context of NK cell-based immunotherapy; however more
research is required. Studies are suggesting that NK cell activation is due to
combinatorial synergy from multiple activating signals (Chester et al., 2015; Long et al.,
2013). For example, NKG2D has been observed to work synergistically with other
activating receptors, such as 2B4 and NKp46 (Bryceson et al., 2006), and NKp46
demonstrates synergy with 2B4 (Zamai et al., 2020). Understanding the importance of
different NK cell activating signals is crucial to determining ideal NK cell populations for
targeting cancer to maximize NK cell tumor killing. Our results demonstrate that
synergistic effects with NK cell activating receptor/ligands warrants further investigation,
especially in the context of clinical treatments that upregulate activating tumor surface
proteins.

PD-1 and PD-L1 blocking antibodies rescued the response of PD-1" NK cells
against PD-L1-expressing tumor cells (induced with IFN-y, chemotherapy, or
irradiation). Interestingly, we observed the greatest rescue response of PD-17 NK cells
with anti-PD-L1 against A549 cells on 5 days post-irradiation. However, our phenotyping
data revealed that PD-L1 was similarly upregulated on day 1, though the same increase in
degranulation was not observed in that condition. One hypothesis is that since the death
receptors and activating ligands evolve to different degrees depending on how many days
the tumor cells rested after irradiation, then potentially the activating interactions
occurring on day 5 with the NK cells are more significant to the rescue response. As co-
activating receptor/ligands demonstrated synergy, a possible explanation is that the
activating interactions on day 5 induce greater synergy than those on day 1. This further
supports our previous point that more research is required to understand the co-activating

synergy for NK cells because they may influence greater activation with ICB.
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Combination of trametinib and palbociclib was previously demonstrated to
induce NK cell activation by an unidentified mechanism (Ruscetti et al., 2018). Our
results revealed that compared to palbociclib alone, the combination treatment supported
greater activation of NK cells expressing activating receptor/ligands (KIR" PD-1").
Addition of inhibitory ligand blockade resulted in relatively similar responses among
treatment conditions. However, when we analyzed the single activating receptor/ligand
populations, the FasL* (TRAIL- NKG2D) NK cells were greater responders against
combination treated A549 cells than either individual chemotherapy. This result is
supported by our phenotyping data that revealed greater Fas expression in the
combination treatment compared to the middle dose of either individual chemotherapy.
This suggests that the Fas/FasL interaction may be critical to enhanced NK cell activation
when combining CDK4/6 inhibitors and MEK inhibitors against KRAS-mutant NSCLC.

Overall, the use of NK cells against chemotherapy-treated or irradiated A549 cells
has important anti-tumor functions, however NK cell populations able to respond will be
strongly influenced by the ligands available on the tumor as it changes in response to
therapy. As our phenotyping data demonstrates the consistent upregulation of PD-L1, the
addition of blocking antibodies was important for inducing a response of PD-1" NK cells.
Previous work demonstrated the indispensable role of NK cells with PD-1 blockade in an
HLA class-I deficient lymphoma model (Hsu et al., 2018). KIR-expressing NK cells were
consequential in inhibiting activation: they were rescued when inhibitory interactions
were blocked, and inhibited when we looked at these KIR" populations via specific
gating. Importantly, the activation of NK cells, even in the presence of inhibitory ligand
blockade, still requires the activation stimuli from Fas and other activating interactions to
mount a response. The co-activating receptor/ligands are working in synergy, and further
research is required to maximize this synergy for NK-centric immunotherapies. Overall,
this project has helped understand the role of individual receptor-ligand pairings between
NK cells and NSCLC cells, specifically in the context of clinical treatment. It has
provided insight on how NK cells can be utilized in combination with other anticancer

agents.
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4.3 Applications

We focused on NSCLC in this project, which continues to have high mortality rates and
is in need for improved treatment options for patients with advanced disease (Brenner et
al., 2020). Our first application of the results from this project come from the wide-
ranging phenotyping data of A549 cells in various treatments. Clinical treatments are
chosen partly based on the phenotype of the tumor prior to therapy; as our results have
demonstrated, tumor cells evolve when stimulated with IFN-y, immune cells (specifically
NK cells), small molecule chemotherapies, and immunosensitizing doses of irradiation. A
common change was the upregulation of PD-L1, which was determined to be persistent
in the various treatments. This encourages the use of PD-1 blockade in combination with
other therapies, as the upregulated immune checkpoint molecule will inhibit activation
from both the innate and adaptive immune system. While PD-1 blockade is already used
in combination with chemotherapy or radiation in the clinic, our results provide novel
insight into how NK cells are likely being recruited in these treatments.

The phenotyping data further helped identify the changes to tumor surface ligand
expression that impact the subset of responding NK cells. If these are found to be
consistent between tumors — in essence, if a specific chemotherapy or radiation regimen
leads to a predictable phenotype — we could design “off-the-shelf” NK cells that could be
given in adoptive therapy. Allogeneic NK cell adoptive transfer has had limited success
in solid tumors, and current work is aiming to improve trafficking into TME and in
combination with other immunostimulatory agents (Shin et al., 2020). These previous
studies have not employed a selection for specific NK cell phenotypes or cells with
specific characteristics. In that light, perhaps it is unsurprising that they have yielded
heterogeneous results. Our data demonstrates that the phenotype of the NK cell has an
immense impact on if the effector will be able to amount a cytotoxic response. Therefore,
we hypothesize that the current limitations to adoptive therapy are partly due to
incompatibility between donor NK cells and tumor cells. The KIR-HLA interactions
induce substantial inhibition to the NK cells, and we have demonstrated that HLA class I
molecules are often upregulated after stimulation. As well, upregulation PD-L1 will

induce further NK cell inhibition. Even if the NK cells express activating receptor/ligands
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that are known to be upregulated on the tumor cells, if the inhibitory interactions are still
present, the anti-tumor functions of NK cells cannot be exploited.

Our results provide evidence into how NK cells can target KRAS-mutant tumors,
which is a common mutation for NSCLC with only one approved targetable therapy
option for KRAS-G12C isoform (Salgia et al., 2021; Sequist & Neal, 2021). We
demonstrated that combination of two small molecules, trametinib and palbociclib,
induces a phenotype that can be targeted by FasL* NK cells with the addition of PD-
1/PD-L1 blockade. The interactions between upregulated HLA class I molecules and
KIRs are important in NK targeting, again highlighting the importance of researching
how chemotherapies influence tumor cells to inhibit immune cells. Understanding the
phenotypic changes in vitro and in vivo can help us predict what will occur in a patient,
and therefore influence what NK cell populations will be most responsive. The
upregulation with HLA class I ligands as well suggests that strategies to complement T
cell activation (such as priming anti-cancer T cell responses) might enhance the overall
efficacy of therapies by providing a secondary effector cell that is equipped to respond to
the escape mechanisms of a tumor. Rather than considering these immune populations as
independent effectors, our results indicate their different activation capabilities can be
used to an advantage and in parallel when targeting tumors.

Lastly, we suggested the importance of timing the NK cell targeting with ongoing
clinical treatments. For irradiated NSCLC cells, the phenotypic changes vary depending
on the number of days post-treatment. Our analysis revealed that earlier time points
creates a more targetable phenotype due to NK cell interactions, therefore suggesting a
temporary window that NK cells can be given as an adoptive therapy. Similarly with the
chemotherapy treatment, the phenotypic changes were more induced with longer
exposure; to promote NK cell activation against chemotherapy-treated tumor cells, the
adoptive transfer could be timed with expected phenotypic changes that induce the
upregulation of Fas and other important death receptors and activating ligands. Hence, we
conclude that there is a window of opportunity during which NK cell function could best

support anticancer immunity with chemotherapy and radiotherapy.
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4.5 Critique and Limitations

A major limitation to this project was the limited access to the lab due to the COVID-19
pandemic. No experiments occurred during the research shutdown from March, 2020 to
July 2020, and there was limited access to the lab space due to social distancing
requirements for the remainder of the project. Consequently, I was unable to get trained
for the Fortessa, therefore I had to rely on others to run my flow cytometry samples. The
pandemic impacted ordering and shipments, hence we suffered supply chain issues. This
project initially included other aims, such as cloning defects in HLA processing and
presentation into the A549 genome to investigate how these alterations impact
interactions with NK cells and resistance to ICB. As a novice to molecular subcloning, I
would have required training to complete this aspect of my project, which was
impractical given heavily restricted lab access. Recognizing the limited access that would
continue for the remainder of my project, we chose to focus on the aims presented in this
thesis as they were already underway and had established protocols. Noteworthy, time
that I could not spend working in the laboratory as usual was spent analyzing my results,
and contributing as co-first author to a published manuscript (Nersesian, Schwartz et al.,
2021).

The entirety of this project was completed in vitro, which fosters a base
understanding of how immune cells and tumor cells function and interact. However, there
are many limitations that come with in vitro work: the TME is a complex network of cells
and soluble factors interacting, and cytotoxic assays between PBMCs and tumor cell lines
are unable to represent this complexity. Cell-to-cell communications within the TME
impact both immune and tumor phenotypes that our analysis does not capture.

This project only included one cell line, a KRAS-mutant human lung
adenocarcinoma (A549). We initially planned on repeating the important treatment
conditions and time-points in other KRAS-mutant cell lines, specifically HOP-62, HCC-
1355, and Calu-6. Again our time was limited due to the research shutdown and we faced
supply chain issues. This limits the strength of our findings as we have not yet
demonstrated its reproducibility in other NSCLC cell lines.

The panels chosen to analyze the phenotype of A549 cells and the responding NK

cells are limited in that many important markers were not included. This was a
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consequence of ensuring there was no fluorochrome spill on the Fortessa. We designed
our panel based on published literature and receptor-ligand pairs expected to be relevant
for NK cell function in NSCLC, but many other pairs have not yet been investigated in
this context and could be relevant. A PhD student in our lab, Stacey Lee, has now
established (Winter 2020) an effector panel and tumor panel that each include 28
markers; these designed panels will be beneficial in the future as they will allow for a
more comprehensive analysis of phenotypic changes on tumors post-treatment, as well as
the phenotype of responding NK cells. Furthermore, the panels were expanded as the
project continued, therefore experiments completed earlier in the degree did not include
all the final markers analyzed in this thesis. Therefore this occasionally limited the ability

to complete statistical tests for the tumor ligands and receptors that did not reach n=3.

4.6 Future Directions

We have many future directions to this project to further understand the treatment-
induced evolution of NSCLC and the ideal NK cell populations for targeting lung cancer.
As mentioned throughout the discussion, we aim to examine the supernatant of tumor and
PBMC co-cultures by ELISAs to identify the soluble factors that may be influencing
tumor evolution and immune interactions. As described, tumors can shed proteins, such
as MIC-A and MIC-B, which influence NK cell activity. Analysis by ELISAs could
inform if this is occurring in our co-cultures, and under what conditions is the shedding
being induced. To gain a better understanding of the mechanism behind tumor evolution,
we aim to analyze tumor samples pre- and post-treatment by qPCR. This method will
help gain insight on if the upregulation of tumor proteins occurs from pre-transcribed
genes, or if the treatment pressure is inducing transcription.

We empirically tested the anti-PD-1 antibody for ADCC by assessing the NK
viability when the antibody was added. This antibody was only incubated with NK cells,
then washed off prior to co-culture with tumor cells. Therefore, the only likely ADCC
that could occur is NK cells killing other NK cells, though we did not see a decreased
viability. However, we would like to confirm this by staining our NK cells with CD16
and examine if the expression remains constant, and if it is overrepresented in the

responding cell populations.
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We aim to confirm our hypothesis that we can select for ideal NK cell populations
to target evolved NSCLC. Through the use of the BD FACS Aria III cell sorter, we can
isolate NK cell populations that we expect to be the most efficient killers against
chemotherapy-treated and irradiated NSCLC cell lines. This experiment will confirm our
findings that certain populations, examined by FlowJo gating, will become more
activated. Here, we aim to examine FasL" NK cells in comparison to FasL" NKG2D*
TRAIL" NK cells to elucidate if synergy of all three receptors results in greater activation
than single activating receptor/ligand positive effectors. These sorted NK cells will
exclude the inhibitory receptors that our results deemed crucial for inhibition
(KIR2DL2/L3, KIR3DLI1, and PD-1).

Lastly, we hope to move our in vitro findings to an in vivo model. With the help
of Stacey Lee, we have established that our humanized mouse models can grow A549
tumors, and the addition of NK cells at higher densities resulted in greater control of
tumor growth. This project would entail examining how the tumors change after
irradiation and chemotherapies, and whether tumor growth is more controlled with NK

cell populations that we expect to be more efficient killers.

4.8 Concluding Remarks

With this project, we have demonstrated that NSCLC rapidly evolves after pressure from
IFN-y, NK cells, small molecule chemotherapies, and low doses of irradiation. These
timely changes to the tumor cell surfaces interact with NK cells, and change which
populations are best able to respond. As NSCLC remains a difficult cancer to treat, more
clinical treatments are aiming to stimulate the immune system to strengthen other
anticancer agents’ abilities of controlling tumor growth. Tumor escape and resistance to
therapy remains a challenge for NSCLC treatment, therefore our project’s findings of the
ideal NK phenotypes can help with tumor elimination. If we can target tumors with a few
NK cell populations that are able to not only kill the resting tumor but as well the evolved
tumor, then we expect to limit tumor escape. Further investigation into these ideal
effector populations is warranted, along with a greater understanding of how the clinical
treatments induce different NSCLC tumors to evolve. Overall, NK cells hold great

promise in the treatment of rapidly evolving NSCLC, and we look forward to seeing how
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future research capitalizes on their phenotypic and functional diversity to improve patient

outcomes.
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