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Abstract

Gamma delta T cells (yoTc) are immunosurveillance cells garnering great interest for their
anti-tumoral activity. Target cell recognition is mediated by the T cell antigen receptor (TCR)
and/or the natural killer receptor NKG2D, whose ligands are upregulated on cancer cells. Tumor
cell lysis is mediated in part by Fas ligand (FasL) and Tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), which induce apoptosis in target cells. Clinical trials have proven the
safety of y0Tc immunotherapy and increased circulating yoTc levels correlate with improved
patient outcome. We investigated the impact of hypoxia on y6Tc and target breast cancer cells. We
also investigated the efficacy of ydTc against breast cancer stem-like cells (BCSC). Hypoxia and
BCSC are two major factors associated with therapy resistance and cancer recurrence. Firstly, we
discovered that using blocking antibodies to the yd TCR induces y3Tc apoptosis. Blocking assays
require the use of antibodies against specific receptors and ligands in cytotoxicity assays. Gamma
delta T cell apoptosis was further increased in the presence of IL-2, which is often included in
cytotoxicity assays. However, we found that adding IL-2 does not significantly contribute to y0Tc
cytotoxicity against breast cancer cells. These findings informed us to not use IL-2 in our
cytotoxicity assays and to test yoTc viability when using blocking antibodies in parallel with
blocking cytotoxicity assays. Secondly, we investigated the impact of hypoxia on ydTc
cytotoxicity. Hypoxia or low oxygen levels are characteristic of the breast cancer micro-
environment and can promote therapy resistance by inducing cellular plasticity. We found that
hypoxia activated y0Tc and enhanced their ability to kill breast cancer cells. However, hypoxia also
resulted in breast cancer cell resistance to ydTc killing by increased MICA shedding. Soluble

MICA can bind to the NKG2D receptor on ydTc and competitively block its interaction with
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NKG2D ligands on the target cell surface. This can reduce NKG2D-mediated target recognition
by y0Tc, ultimately reducing yoTc cytotoxicity.

Hypoxia is known to promote cellular plasticity and BCSC generation. Hence, finally, we
investigated whether y6Tc can target BCSC. BCSC are a small population of cancer cells that are
highly tumorigenic and can self-renew as well as differentiate into multiple lineages. Our study
demonstrated that BCSC are less sensitive to ydTc cytotoxicity than non-stem cells (NSC). We
explored several mechanisms that could orchestrate this resistance. The most compelling results
were the expression and shedding of NKG2D ligand MICA. The BCSC exhibited lower surface
expression of MICA and higher MICA shedding than NSC. Mass spectrometry analysis, which
indicated global differences in BCSC and NSC secretomes, also confirmed enhanced MICA
shedding by BCSC. Accordingly, we demonstrated that blocking MICA shedding using inhibitors
against proteases ADAM10 and ADAMI17 lead to significantly enhanced cytotoxicity of ydTc
against BCSC. Notably, we observed that treatment with ADAM inhibitors brought breast cancer
stem cell lysis by y0Tc to the same level as NSC killing by ydTc alone without inhibitors. This
suggests a complete reversal of BCSC resistance. Moreover, ydTc killing of NSC was further
enhanced using the ADAM inhibitor in combination compared to y0Tc alone. Hence, we concluded
that a combination of ydTc and the ADAM inhibitor GW280264X is an effective strategy to target
resistant BCSC. In summary, we discovered that hypoxia and BCSC population can lead to breast
cancer resistance against y0Tc and determining how these target cells evade ydTc killing and

devising strategies to overcome this resistance will improve ydTc immunotherapy for cancer.
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Chapter 1- Introduction


Indrani Dutta
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1.1 Breast cancer

Breast cancer is the most common malignancy in women and the second leading cause of
their cancer-related death worldwide!. Over the past decade, significant advancements in the
diagnosis and treatment of breast cancer have resulted in a considerably improved mortality rate.
However, metastatic disease treatment is currently ineffective, leaving most advanced breast
cancers incurable with presently available therapies?.

The principal treatment for breast cancer is surgical resection and often systemic
chemotherapy. Systemic therapy can be given before surgery (neoadjuvant) in women with large
tumors to reduce the tumor burden, or it can be given be given after surgery. Additionally, post-
operative radiation therapy is common and improves disease-free and overall survival for a patient
with early breast cancer?. For targeted treatment, breast cancer has been clinically classified into
five molecular subtypes, each with a unique expression pattern: (i) normal-like, (ii) luminal A and
B (expressing oestrogen receptor (ER)), (ii1) basal-like and human epidermal growth factor
receptor 2 (HER2)- enriched (no ER expression), (iv) triple-negative breast cancer (TNBCs)
lacking expression of ER, progesterone receptor (PR), and (v) TNBC claudin-low®. Typically,
luminal A is the most common and has the best prognosis*. Luminal B tumors have a higher
proliferation index and are more aggressive. All luminal tumors are given endocrine therapy, such
as tamoxifen or aromatase inhibitors. Normal-like tumors have a low proliferation index, but poorer
outcomes compared to luminal A. Although HER2+ breast cancers present with an advanced tumor
grade and have lymph node seeding, the prognosis has drastically improved since the discovery of
Trastuzumab (Herceptin), an anti-HER2 antibody*. Neoadjuvant chemotherapy, such as
anthracycline-taxane or carboplatin, together with anti-HER2 therapy, has become the standard of

care for HER-2 positive breast cancers. The most aggressive breast cancers are TNBCs that



constitute about 20% of all breast cancer diagnoses and have a poor prognosis and lack targeted
therapies. For TNBCs, the standard of care is anthracycline and taxane or docetaxel and
cyclophosphamide administered in combination?. Recently, poly (ADP-ribose) polymerase
(PARP) inhibitors against BRCAl-mutant TNBC tumors have also shown some promise’.

Unfortunately, approximately 40% of TNBC patients still experience resistance and relapse®.

1.1.1 Tumor heterogeneity and plasticity

Breast tumors are characterized by the co-existence of subpopulations of cells that differ in
their stromal composition, genomic landscape and behavioral traits, which creates a major
challenge for therapies as they must effectively target several phenotypes. Several genetic,
epigenetic and environmental factors can give rise to further tumor variability’. At the same time,
cancer stem cells (CSC) display a high degree of plasticity, which results in the generation of cells
with a wide range of phenotypic, functional, and metabolic features®’. Hence, CSC represent a
significant source of tumor heterogeneity.

In general, CSC are defined as a small population of cells that can self-renew, as well as
differentiate into multiple lineages'®. Dick et al., was the first to demonstrate that only a few rare
cells of mouse AML(CD34+CD38-) could initiate leukemia in other mice'!. Two models that
explain the genesis of CSC and intra-tumor heterogeneity are the “clonal evolution” and the “cancer
stem cell model.” Both models propose that tumors originate from single cells that acquire
unrestricted proliferative potential, ultimately leading to the ability to metastasize, through multiple
molecular modifications. The clonal evolution or stochastic model, however, hypothesizes that this
phenomenon is driven by a clone that acquires the highest degree of “fitness” through the
accumulation of random genetic and epigenetic alterations'. According to this model, the therapy-

resistant tumor clones emerge as a consequence of stochastic modifications that confer a selective



growth advantage to specific clones in response to environmental pressures, such as therapy.
Therefore the stochastic model suggests that cancer can only be eradicated once every population
of tumor cells is eliminated, considering they all display an equal degree of “fitness”!3. By contrast,
the cancer stem cell or hierarchical model postulates that CSC are at the apex of the tumor cell
hierarchy, endowed with unlimited self-renewal ability and tumorigenic potential'*. This theory
implies that the cancer will cured once the CSC are eradicated.

Both models are not mutually exclusive. Advancements in deep and single-cell sequencing
have revealed both stochastic accumulation of mutations and hierarchy playing significant roles in
the establishment of CSC'>!®. While it is established that CSC can recapitulate the entire

17-19 "several studies have shown that differentiated non-stem

phenotypic heterogeneity of the tumor
cells (NSC) can also de-differentiate under certain conditions. This led to a fluid CSC model
proposal where the hierarchy of cells is more plastic and transient than previously suggested?®>!.
These data established the concept of dynamic entities, which are being continually shaped by
micro-environmental features such as hypoxia®? or soluble factors like IL-6** and transforming
growth factor- B (TGF-P)?!. Intrinsic factors such as chromatin configuration?!, and epigenetic

reprogramming>* also play a crucial role. Hence, integrating these different models may provide a

more comprehensive understanding of tumorigenesis and tumor heterogeneity.

1.1.2 Breast cancer stem cells (BCSC)

Breast cancer stem-like cells (BCSC) were the first CSC identified in a solid tumor. In
2003, Al-Hajj and colleagues found that cells with the surface marker profile CD44"CD24" from
breast cancer patients formed tumors in immunodeficient NOD/SCID mice with as few as 100
cells, whereas tens of thousands of CD44°CD24" cells failed to form tumors. Also, the tumors

formed by the CD44"CD24  cells could be passaged serially (self-renew), and could also reproduce



the tumor heterogeneity found in the original tumor (differentiation)!®. This is the gold standard
test for CSC. However, due to the cost and time-consuming nature of these experiments, surrogate
experiments such as sphere formation assays, cell surface markers, or gene expression are often
employed?’.

CD24 and CD44 adhesion molecules facilitated the identification of BCSC that possess a
greater tumor initiation capability. CD44 is a transmembrane glycoprotein involved in cell-cell
adhesion, interaction, and migration’®. CD24 is also a cell surface glycoprotein. CD24heh
expression in the normal human mammary gland and breast tumor correlates with a differentiated
gene expression signature, and CD44"eh cells exhibit a more “stem-like” gene expression
signature’’. Aldehyde dehydrogenase (ALDH) activity is another widely-used marker for the
identification and isolation of normal and malignant human breast cells'”. ALDH is an enzyme
involved with cell detoxification machinery enabling enhanced DNA damage checkpoint response
and DNA repair capacity, allowing cancer cells to evade genotoxic treatments'®. Other markers
that are less widely used include side population, CD133 and CD617.

Several embryonic signaling pathways such as Wnt, Hedgehog, and Notch, are
dysregulated in BCSC and promote plasticity and self-renewal. Treatment strategies targeting these
pathways to eradicate CSC are being explored®. Additionally, transcription factors such as SOX2,

OCT4, NANOG, KLF4, Nestin, and c-MYC are also crucial for CSC and their ability to self-renew,

and are potential targets for cancer therapies®.

1.1.3 Tumorigenic behavior of BCSC

Studies have also shown that CSC are correlated with poor clinical outcomes in various
cancers’!. In the case of BCSC, their frequency was associated with the aggressiveness of the

primary breast cancer’. Accumulating evidence suggests that BCSC cause the failure of traditional



therapies®!**. This could result from CSC being highly resistant to conventional chemotherapy,
radiotherapy and, to some extent immunotherapy, which leads to relapse and recurrence in
patients®>. The expression of multidrug resistance (MDR) transporters increases drug efflux and
makes the cells resistant to chemotherapy“. In particular, the ABC transporter, ABCB1, is over-
expressed in BCSC, leading to resistance against doxorubicin and paclitaxel®’. Studies have shown
that there is activation of DNA damage responses (DDR) and superior DNA repair capacity in
CSC, which protects them from several cytotoxic drugs. CSC also seem to upregulate free radical
scavengers, which may protect them from DNA damage caused by reactive oxygen species (ROS)
and explain their resistance to radiation treatment®®*’. Moreover, CSC can remain quiescent, which
shelters them from radiation and other anticancer agents targeting highly proliferative cells*’. CSC
have been found to over-express anti-apoptotic proteins such as B-cell lymphoma 2 (BCL-2),
Myeloid cell leukemia-1 (MCL-1), Survivin, and FADD-like IL-1B-converting enzyme-inhibitory
protein (c-FLIP), which can make them more refractory to chemo- and radio- therapeutics*!.

It 1s also well established that these highly resilient cells play a key role during cancer
metastasis***°. CD44"CD24~ BCSC overexpress epithelial-mesenchymal transition (EMT)
markers and enhance the incidence of metastasis when administered through mice tail veins*®.

A higher percentage of CD44°CD24 cells in the primary tumors correlated with the presence of
distant metastases*’. A majority of tumor cells in early metastases of the bone marrow as well as
pleural metastases expressed the CD44"CD24" signature***3. Some studies have revealed that there
is a subpopulation of circulating tumor cells from metastatic breast cancer patients that express
stem cell markers*>*°. Additionally, evidence suggests that CSC are involved in angiogenesis or
de novo vessel formation, which helps supply nutrients to the tumor site>'. Hence it is imperative
to develop therapeutic strategies to target these cells. Recently, immunotherapy has become an

established pillar of cancer therapy, improving the prognosis of a broad variety of cancers®?. For



our study, we are trying to target BCSC by employing gamma delta T cells (ydTc) of the immune
system. To understand how cancer immunotherapy functions, it is important to first determine the

relationship and crosstalk between the tumor and the immune cells.

1.2 Cancer immunosurveillance

In the early 1900s, Paul Enrlich was the first to propose that the immune system could
eliminate cancer®. However, due to the limited knowledge of the immune system at the time, it
was impossible to validate his prediction. Ehrlich’s proposal was revisited after the maturation and
development of the field of immunology. Interest in tumor immunology was rekindled in the mid-
1900s, largely due to improved understanding of the immune system and the discovery of tumor
antigens>*. Moreover, the idea that tumors were immunologically distinct from normal cells could
be critically tested with the accessibility of inbred mice strains®. In 2001 it was discovered that the
immune system could control the tumor quantity and tumor quality (immunogenicity)*®>®. The
study showed that tumors in mice that are immune deficient were more immunogenic (classified
as “unedited”) than tumors from immunocompetent mice (termed “edited”). This illustrated that
the immune system not only protects the host against tumor formation, but also shapes tumor
immunogenicity. Cancer immunoediting, in its most evolved incarnation, is a dynamic process that
proceeds through three distinct phases: elimination, equilibrium, and escape®®> (Fig. 1.1).
Elimination: This is the phase where the innate and adaptive immune system detect pre-malignant
signals and eliminates them before they become clinically apparent. During tumor development,
dying cells, stressed cells, and damaged tissues release cytokines, damage-associated molecular
pattern molecules (DAMPs) or stress ligands, also known as natural killer group 2D (NKG2D)
ligands®*®!. These signals activate the innate immune system that presents antigens to the adaptive

lymphocytes and releases immunomodulatory cytokines, enabling the development of a tumor-
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Figure 1.1 Theory of cancer immunoediting

Cancer immunoediting consists of three phases, elimination, equilibrium and escape. In the
elimination phase, innate and adaptive immune system work in concert to prevent cancer growth.
If tumor cells escape the elimination phase, they may enter the equilibrium phase where tumor
outgrowth is contained by immunologic mechanisms. Tumor cells are maintained in a state of
functional dormancy and are continually being immunoedited. As a consequence of constant
immune selection pressure on tumor cells, tumor variants escape the equilibrium phase and enter
the escape phase where they are resistant to the anti-tumor immune response. These tumor cells
further induce an immune suppressive state within the tumor microenvironment. Adapted with
permission from American Association for the Advancement of Science. (Schreiber ef al., 2011)



specific adaptive immune response®®. This phase has not been directly observed in vivo, but greater

penetrance and earlier onset of neoplasia in immunodeficient mice indicated the presence of

immune system-mediated elimination®®. Lymphocyte-deficient mice (Rag! ~/~ and Rag2_/ ),
severe combined immunodeficient (SCID), and nude (aff or ydTc deficient) mice displayed
increased susceptibility to the induction of a tumor®®%63,

Equilibrium: Certain tumor clones can overcome the elimination phase and enter what is known
as the equilibrium phase, during which the immune cells and the tumor cells enter a dynamic
balance. The immune cells restrict outgrowth of the tumor cells, but they do not completely
eradicate them, whereas tumor cells are maintained in a state of functional dormancy®*. This phase
represents a constantly evolving interplay between the tumor cells and the immune compartment,
where the tumor immunogenicity is being edited continuously. Evidence for this phase can be
found in experiments done in immunocompetent mice that were treated with low-dose
carcinogens®. These mice did not develop an observable tumor for extended periods®®. However,
when the immune system was eliminated in these mice, by depleting T cells and [FNy, many of the
mice then developed a tumor at the original injection site®®. The equilibrium phase provides
selective pressure that leads to the outgrowth of tumor cells that have acquired the most immune-
evasive modifications®’.

Escape: In this phase, the cancer cells are constantly undergoing stochastic genetic and epigenetic
modifications to acquire the critical changes necessary to circumvent the immune system and to
establish a full-blown malignancy>’. Concurrently, the host immune system itself is suppressed by
the tumor micro-environment. This dynamic interplay between the changing cancer cells and the
immunological pressure leads to the Darwinian selection of the most competent tumor cells,

leading to tumorigenesis>*®’. The various mechanisms of immune evasion are discussed in greater



detail later.

1.2.1 Breast cancer immune contexture

There is strong evidence suggesting that the breast tumor micro-environment (TME) and
infiltrating immune cells are involved in the initiation and progression of tumors and metastasis®>®.
Typically, immune cells such as tumor-associated macrophages (TAMs), myeloid-derived
suppressive cells (MDSCs) and regulatory T cells (Tregs) promote tumor growth whereas. Resident
features of the breast TME include tumor-infiltrating lymphocytes (TILs), TAMs, cancer-
associated fibroblasts (CAFs), endothelial cells, pericytes, cytokine milieu and the extracellular
matrix (ECM). The cancer cells not only escape elimination by the host immune system but also
effectively modify the function of the infiltrating immune cells and thus create a more favourable
TME™. Cancer cells recruit immune, stromal, and vascular cells by secreting cytokines,
chemokines, and growth factors. Subsequently, all these cells build the TME by releasing more
growth-promoting signals and metabolites. They also remodel tissue structure. The TME plays a
crucial role in modulating proliferation as well as metastasis’' 7>,

Predominantly, breast cancers have been classified as immunologically “silent” or “cold”
tumors, characterized by low mutation rates, and therefore low neo-antigen burden, and
consequently fewer effector TILs’*. However, the immunogenicity of breast cancer varies based
largely on the subtype. ER+ luminal cancers have a much lower mutational load, while TNBC have
the highest’>. There is evidence that TIL infiltration increases paralleling disease progression
suggesting underlying interactions of the tumor and immune cells’®. In breast cancer patients, prior
to surgery and adjuvant therapy, an overall immune dysfunction and suppression were seen with a

lower percentage of CD8+ and Thl CD4+ mediators of an anti-tumor response’’. Some studies

also discovered natural killer (NK) cell impairment in the breast TME that played a role in the
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initial stages of tumorigenesis’®”’. Under normal conditions, NK cells are members of innate
immunity that play an essential role in eliminating cancer or virally infected cells®’. In a study with
breast cancer patients, expression of activating receptors, such as NKG2D and NKp30, was reduced
while the expression of the inhibitory receptor NKG2A was enhanced, reducing NK cell
cytotoxicity®!. Dendritic cells (DC) predominantly responsible for antigen presentation and T cell
activation were also found to be impaired and skewed towards promoting tumor growth®?.
Moreover, immune-suppressive cells such as Tregs and MDSCs were found in abundance in the
breast cancer TME, impeding an effective immune response. The depletion of Tregs was able to
elicit an effective anti-tumor immune response even without additional immunotherapy®’. MDSCs
promote immune suppression by producing the enzymes indoleamine 2,3-dioxygenase (IDO) and
arginase 1 (ARG1), which catabolize nutrients essential for T cell activation and function, leading
to T cell inhibition and apoptosis 34

Moreover, tumor cells often downregulate the major histocompatibility complex (MHC)
and antigen expression®®. They also tend to upregulate inhibitory signals such as programmed
death-ligand-1 (PD-L1) to escape immune attack®’. TNBC patients and basal cell lines have shown
upregulation of PD-L1 compared to luminal breast cancers®®®. CD8+ T cells in breast cancer
tumors also exhibited higher expression of inhibitory receptors such as T cell immunoglobulin-
and mucin-domain-containing molecule (TIM-3) and lymphocyte activation gene 3 (LAG-3)""°!.
In fact, a major proportion of the TILs showed co-expression of PD-1 or PD-L1 with LAG-3%"!,
Another study revealed that tumor cells and stromal cells in the TME secreted many suppressive
cytokines such as vascular endothelial growth factor (VEGF), IL-10 and TGF- B>,

The immune contexture also has shown a powerful prognostic value. TNBC and HER2+

breast cancer patients showed a significant correlation between TILs at time of diagnosis and their

overall survival®*®. CD8+ T cells and activated memory T cells were associated with a reduction
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in the risk of relapse in ER- cancers, while the presence of Tregs was mostly associated with poor
prognosis’®. Mature DCs in the tumor site were found to be associated with fewer metastases and
a better clinical outcome®’. Additionally, TAMs were found to be associated with an unfavourable
prognosis in basal cancer subtypes’®. Immune infiltrates in the tumor before treatment can enhance
response to certain chemotherapeutic drugs because of their ability to elicit an anti-tumor immune
response against the dying cells. High TIL infiltration in TNBC was positively correlated with
complete response to chemotherapeutic agents®>!%. Also, patients that responded poorly to

101 Therapeutic strategies

chemotherapy also showed a significant reduction in NK cell cytotoxicity
to modulate and harness the power of the anti-tumor immune system are now being investigated
for treating breast cancer.

Immunotherapy has been effective in targeting cancers like melanoma and lung cancer,
which have a very high mutational load that makes it easier for the immune system to recognize
them!?>'%3, As mentioned earlier, mutations are much lower in breast cancers’*. TNBC have the
highest rate of mutation and immune cell infiltration between all the subtypes, and hence, most
current work relating to immunotherapy have focused on TNBC°. Most relevant strategies include
checkpoint inhibitors, Chimeric antigen receptor (CAR) T cell therapy and cancer vaccines.
Checkpoint blockade is discussed in more detail later. CAR T cells have also been successful in
breast cancer!**1%, CAR T cells involve genetically modifying the patient’s own T cells to express
a chimeric antigen receptor that can target specific proteins!®!'%, Various early phase I studies are
assessing the safety and tolerability of CAR T cells against different tumor antigens in breast cancer
patients'?. Another way to harness the tumor killing power of the immune system is through cancer
vaccines. Vaccines can sensitize a patient’s immune system to specific tumor-associated antigens

(TAA), thus allowing specific targeting and elimination of tumor. Additionally, vaccines can

enable the release of additional cytokines and antigens that boost and focus the immune response
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for a more sustained protective response'®’. There is an ongoing phase III clinical trial with a
HER2!97:108 (NCT01479244) peptide vaccine and a phase I clinical trial with Mucin 1 (MUC1)
(NCT00986609)!% vaccines against TNBC. MUCI is a transmembrane glycoprotein that is

110

abnormally expressed in breast cancers' °. Adoptive transfer of ydTc have also shown promising

results against breast cancer'!!.

1.3 Gamma Delta T cells (y0Tc)

T cells are a crucial part of the TME, and their therapeutic manipulations, be it with adoptive
cell transfer or with checkpoint blocking, have been some of the most relevant breakthroughs made
in the field of cancer immunotherapy. While most of the studies and clinical applications have
focused on conventional afTc, a second type of T cells, y0Tc, also play an important role in cancer
immunity!!?.

afTc have TCR composed of two glycoprotein chains, the a and f TCR chains. A third
chain (y chain) was accidentally discovered and cloned in 1984, which finally led to the discovery
of this small subset of T cells in 1987131 In contrast to apTc, ySTc TCR express one y chain and
one 0 chain on their surface and comprise only 2-5% of circulating lymphocytes, but predominate
in several anatomic sites such as the skin, intestine, and lungs'!>117,

In general, activation of y0Tc does not require antigens to be processed and presented by
antigen-presenting cells (APCs). This boosts interest in their use as a therapy due to their ease of

15118~ However, there are exceptions, for instance, y8Tc can

activation and lack of alloreactivity
recognize the melanoma-associated antigens, MART-1 and gp-100 in an MHC-restricted

manner'!'’. y§Tc can rapidly recognize exogenous pathogens and endogenous ligands induced by

stress, infection, or transformation and initiate an adaptive immune response contributing to the
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first line of defense!?°. y8Tc target recognition is discussed in more detail in the following sections.
Following ydTc¢ target recognition, activated ydTc express markers reminiscent of CD8+ cytotoxic
T lymphocytes (CTL) and NK cells, allowing them to target and kill cells via a range of
mechanisms. These mechanisms include the release of perforins and granzymes as well as
expression of ligands such as Fas ligand (FasL) and TNF-related apoptosis-inducing ligand
(TRAIL). Perforins disrupt the target cell membrane, while granzymes induce apoptosis. ydTc can
also release TRAIL and FasL, which bind to TRAIL receptors and Fas, respectively on the target
cell surface and induce target cells apoptosis'?! (Fig. 1.2). Similar to NK cells, ySTc can upregulate
CD16 (FcyRIlIa) that can induce antibody-dependant cellular cytotoxicity (ADCC) on targets that

have antibodies bound to them'??

. Upon activation y0Tc secrete high levels of pro-inflammatory
cytokines such as IFNy or Tumor Necrosis Factor-o (TNFa) that help stimulate and regulate the
function of other immune cells like DC or cytotoxic effector CD8+ T cells'?*'?7, y8Tc also exhibit
antigen-presenting functions and regulatory abilities'?®!3!. Additionally, chemokines secreted by
v8Tc are involved in recruiting other immune cells such as macrophages, NK cells, B cells and T
cells'’. Studies have also highlighted the interaction between y8Tc and both DC and B cells''>.
These properties enable them to participate in, and respond to various diseases, including infection,

allergy, autoimmunity, and cancer'*134,

1.3.1 y0Tc subsets

The are two major subsets of y0Tc in humans are differentiated based on the 6 chain on
their TCR: V&1 and V82'*°. The V&1 gene is predominantly paired with the gene family
Vy2/3/4/5/8 while the V52 gene is paired with the Vy chain (Vy9)!*. The V83 and V385 subsets

make up minor populations that are not discussed here. Each subset exhibits unique developmental
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Figure 1.2 Y3 T cell recognition and targeting.

vdTc recognize target cells using Y0 TCR and NKG2D receptors that recognize stress ligands such
as MICA/B and ULBP-2-6. Following recognition, y0Tc release TRAIL and FasL that bind to
TRAIL receptor and Fas on targets and induce apoptosis in the targets. yoTc also release perforin
and granzymes that also mediate apoptosis in target cells. Adapted with permission from Springer
Nature and Elsevier. (Bonneville et al., 2010 and Chitadze et al., 2017)
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characteristics, anatomical localization and differentially targets malignancies?!*13137.

1.3.1.1 Vy9Vo2 yoT cells

In human, Vo2 chain, in most cases, pairs with the Vy9 chain and is hence termed Vy9Vo2
v8Tc cell (V52). They are predominantly found in peripheral blood (>70% of y8Tc)!*°. Typically,
these cells are activated by phospho-antigens (pAgs) that are produced by foreign microbes and
transformed cells. For instance, (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) is
an intermediate metabolite of isoprenoid biosynthesis in microbes and causes V062 activation.
Isopentenyl pyrophosphate (IPP) is generated by mammalian transformed cells through the
mevalonate pathway, which also activates V52. For example, studies have shown malignancies
with p53 mutations that significantly upregulated the mevalonate pathway!*®. Exposure to these
two intermediates leads to the activation of V82 in a TCR-dependent manner!**!40. Moreover, in
vitro, V82 can be activated and expanded selectively using aminobisphosphonates (N-bis) like
zoledronic acid in combination with low-dose IL-2'¥!. Studies suggest that IPP and HMBPP
activate the T cells by forming complexes with devoted antigen-presenting molecules
(APMs). pAg interact with proteins like F1-ATPase expressed by tumor cells, which helps them
activate the TCR!*?. Another essential pAgs presenting modality of V&2 activation is
Butyrophilin3A, a subfamily of proteins. They belong to the B7 co-stimulatory family and might
present pAgs directly to V8214 Moreover, human V82 recognize stress ligands via the natural
killer receptor, NKG2D. NKG2D ligands include UL16-binding proteins (ULBP) 1-6 and major
histocompatibility-like proteins MICA and MICB, which are often upregulated on transformed
cells and mostly absent in normal cells'?>146-149 These NKG2D ligands are discussed in more detail

later. Other receptors like Toll-like receptors (TLRs) and natural killer receptors (NKRs) have also
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been reported to co-stimulate human V32 in concert with TCR stimulation!'?>!%°, Other reported
ligands for V&2 include ectopically expressed DNA mismatched repair protein MutS homologue 2
(hMSH2)"°!| superantigens such as staphylococcal enterotoxins (SEs) and toxic shock syndrome
toxin (TSST)-1 or nectin-like-5, which is expressed on tumor cells, and recognized by a NKR,

DNAM-1.

1.3.1.2 Vo1 yoT cells (Vol)

Human V31 y8Tc cells (V1) are predominantly found in the gut epithelia, dermis, spleen
and liver. They are involved in maintaining epithelial tissue integrity'!*>!?’. Recently, there has been
new interest in determining the protective role of V31 against human cancers!!>!%2, V31 ligand
recognition is not well characterized, apart from a few studies. Studies have illustrated that like
V82, V&1 cells respond to cancer cells that overexpress MICA/B and ULBPs!'3*!%*, V§1 also
recognize B7 family members over-expressed on cancer cells using NKp30 receptors, which can
be expressed by V51 depending on the expansion protocol used!>>. Moreover, microbial and self-
lipids bound to non-classical MHC protein, CD1d, can be recognized by V51'%. In contrast to V52,
V61 are not susceptible to activation-induced cell death (AICD). Vd1can persist in the circulation

157,158

for several years . Therefore, understanding subset-specific tumor responses is key to

rationally exploit the anti-tumor capabilities of ydTc.

1.3.2 NKG2D receptors and ligands

The NKG2D receptor plays a crucial role in the cytotoxic response, particularly in the anti-

tumor response of y8Tc, NK cells and NK T cells'*. NKG2D ligands, MICA/B and ULBPs, are

not expressed by normal tissues but they are upregulated on transformed and stressed cells'’.

MICA/B is expressed by breast cancer cells and is implicated in y8Tc cytotoxicity!'27-146:160.161 ‘Thjg

17



stress-induced upregulation of ligands can occur during the DNA repair response pathways, during
osmotic shock and/or oxidative stress via EGFR signaling'®?. Other NK receptors such as NKp30,
NKp44, and DNAM-1 (CD226) can also be expressed on ydTc, albeit in varying levels depending
on the expansion protocol of y8Tc!*®. These studies demonstrate that ySTc are uniquely armed
with two independent recognition pathways to sense infected, stressed, or transformed cells.
However, NKG2D ligands are not always uniformly expressed; for example, leukemia stem
cells showed an absence of NKG2D ligand expression, which made them less susceptible to y0Tc
recognition and targeting'®. Another study has shown that reduced expression of MICA/B on
BCSC makes them less susceptible to NK cell killing'®. Research from our lab has demonstrated
that TME factors, such as hypoxia (chapter 3) and the embryonic protein NODAL, are associated
with reduced surface expression and increased shedding of MICA by breast cancer cells, which
reduces their susceptibility to y8Tc cytotoxicity'®>!1%. Apart from reduced recognition by y8Tc,
shed ligand may interact with NKG2D on the surface of ydTc that ultimately inhibits their ability
to interact with target cells. Moreover, soluble NKG2D ligand binding can cause the
downregulation of NKG2D receptors from the cell surface of effector cells'®”!%®, The ADAM (a
disintegrin and metalloproteinase) proteases, ADAM10 and ADAM17, have been implicated in
NKG2D ligand cleavage!'¢®172. In summary, the NKG2D/NKG2DL pathway plays a crucial role in

anti-tumor immune response and has potential clinical applications for cancer immunotherapy.

1.3.3 y0Tc and cancer

In the last few decades, there have been major advancements made in cancer-associated
v8Tc research, unravelling their critical influence and contributions to anti-tumor immunity'’>. A

striking phenotype of mice lacking ydTc was that they showed a significantly higher occurrence of
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papillomas, which then developed into carcinomas in a model of chemically induced skin cancer
63 v8Tc are involved in the immune response against many tumors, including breast cancer!'2. y8Tc
infiltration has been reported in different types of cancers, such as melanoma, breast, ovarian and
lung tumors!’*!”7. Recently, a study in 2015 demonstrated intra-tumoral ySTc to be the most
significant predictor of favourable survival across various cancer types!’®. However, technical
limitations of this study design were later noted as the distinction between y6Tc and other subsets
of T cells and NK cells was not done appropriately. Tosolini and co-workers improved the
identification of ydTc using machine-learning methods and found more variability between
individuals and different types of cancers. Overall, the abundance of V62 TILs in this study was
associated with favourable outcomes in several different cancers'”. Some studies arrived at a
contradictory conclusion. These studies demonstrate that ydTc are immune suppressive and pro-
tumorigenic. The role of y8Tc are seemingly context and TME dependant, the intricacies of which
are reviewed well in'3180_ Several clinical trials have been conducted with y8Tc in adoptive cell
therapy against cancers!'"!8!"184 The majority of the trials have found them to be safe and well
tolerated!®>136, Further research is needed to determine how the cells react to tumor over the course

of tumor development and how these cells can be best utilized therapeutically.

1.3.4 y0Tc and breast cancer

Early evidence demonstrated the ability of ydTc to target breast cancer cells. In 1993, Bank
et al., were the first to report that V32 could target MCF-7, a luminal A breast cancer cell line!®’.
Following that, Guo et al., showed that ydTc could also target the luminal A T47D line and the

TNBC MDA-MB-231 line'®®. Another study showed the downregulation of MICA/B on the

resistant tumor cells, suggesting their role in y8Tc cytotoxicity!®. In vivo studies also showed
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localization of y8Tc to the tumor and exhibited an inhibition of tumor growth by y8Tc!7h18.

Migration of infused y0Tc to breast tumors and metastatic lesions was also demonstrated in

patients'®®

. Yet another study showed that ydTc pre-treated with zoledronate could crawl over the
surface of untreated breast cancer cells, form strong conjugates, and lyse them'®!.
v0Tc TILs were identified in breast tumors with the predominant subtype being V1, which

makes up 7.2-75.7% of T cell population in breast tumor'*?

. A study in mice showed that splenic-
derived y0Tc secreted IL-17A, which creates an immune-suppressive micro-environment by
recruiting suppressive neutrophils!®*. Studies have also suggested that y§Tc serve as an important
source of IL-17 promoting tumor growth!**, However, while IL-17A-secreting lymphocytes are
common in mice, they are extremely rare in humans and require a highly inflammatory milieu to
polarize to an IL-17-secreting phenotype!®®!%>. Hence, both in vitro and in vivo studies suggest that
v8Tc could have opposing roles in breast cancer tumor growth, which may depend on various
factors such as the breast cancer subtype and TME!3!,

There are contradictory reports regarding ydTc infiltrating breast tumors. A few earlier
studies showed lower circulating yo0Tc in breast cancer patients than healthy controls, and the
number was lower still in higher grade tumors!**!®7. They also found that y§Tc expanded from the
cancer patients had less granzyme B production compared to y8Tc from healthy controls'’.
Another study found that the number of y0Tc positively correlated with a higher grade of breast
carcinoma, which also positively correlated with a worse prognosis'’”>. However, they did not
confirm causality. Moreover, the interpretation in this study is questionable as the study was not
powered appropriately. A more recent study also identified CD73-expressing V31 that were more

prevalent in higher-grade tumors and were found to reduce the proliferation of afTc in vitro'.

Another study showed higher infiltration of y§Tc in TNBC compared to normal breast tissue!®.
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Even more confounding, other researchers showed that ydTc were found in more abundance in

200 Aditionally, using an unbiased in silico techniques,

remission cases compared to relapse cases
others found that a higher fraction of yo0Tc was associated with a higher pathological complete
response(CR)*! in breast cancer patients. More recent studies also revealed that infiltrating ySTc

202 Adrian Hayday's lab also very recently

cells in breast tumors were reactive against the tumor
identified an innate-like y0Tc in both the healthy human breast as well as breast tumors that were
equally functionally competent and responded via NKG2D engagement and were able to lyse
breast cancer cells?”. As evidence suggests, y8Tc display a degree of functional plasticity and can
be polarized to different subtypes depending on the stimulus of various cytokines and the

TMEL186 A clearer understanding of these processes will enable us to manipulate ySTc plasticity

and ensure optimal efficacy against cancer.

1.3.5 Clinical application of y8Tc

In recent years, ydTc have emerged as a novel immunotherapeutic approach for different
malignancies. Apart from their potent anti-tumor immune response and excellent safety profile?®®,
they have several notable advantages. The two major immune evasion mechanisms employed by
tumor cells against affTc therapy are the downregulation of MHC and the loss of antigens that are
afTc -specific and expressed by tumor cells. The selective pressure of therapy drives the evolution
of cancer cells to escape recognition by epitope mutation, making them devoid of MHC or the
tumor-specific antigen being targeted by the therapy®®?**. MHC downregulation does not impact
v8Tc therapy as it is typically MHC- independent and can therefore recognize tumors lacking

MHC!!5, Their typical MHC-independent activation means that they do not cause graft-versus-host

disease, they are not impacted by peptide-MHC antigen loss, and their kinetics in response to stress
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signals are faster than afTc!"

. Moreover, ydTc do not typically recognize a single antigen as with
af3Tc, but rather a broad range of stress signals expressed by transformed cells and are therefore
not subject to these limitations. Upon stimulation, y0Tc can acquire antigen-presenting functions
and mediate a robust cross-presentation of extracellular antigens’®>, making them a valuable
candidate for cellular vaccines that goes beyond their cytotoxic function'?’. Improved and efficient
expansion protocols of y8Tc ex vivo have further bolstered its success as a therapy?*6-2!!,

Clinical trials have been done using either the bulk y6Tc population or specific subsets.
There have been two main approaches using V32 cells. The first is to activate and expand V52
directly in vivo using pAgs or N-bis, such as zoledronate along with IL-2. This strategy has been
tested in eight different phase 1 clinical trials. The main goal of Phase 1 is to determine the safety
and not efficacy, and most patients enrolled are late stage. This therapy was found to be safe and
resulted in a robust expansion of IFNy-producing V82 in vivo®®. The second strategy is to
adoptively transfer V2 that have been expanded ex vivo again using pAgs or N-bis alone with IL-
2. This strategy has been used in nine clinical trials with 86 patients in total and it was well
tolerated®®.

Concerning breast cancer, a clinical trial involving ten metastatic and treatment refractory
breast cancer patients were administered zoledronate and IL-2 for in vivo expansion of V2. They
found that three-quarters of the patients survived past 12 months with a robust expansion of Vo2,
while the remaining three patients died between three to eleven months after a decline in their V52
numbers'!!. Given that all the patients were in advanced stage cancers and refractory to other
treatments, these results look encouraging. An ongoing phase III clinical trial (NCT00171314) is

determining the effect of a single dose of zoledronate with pre-operative letrozole (aromatase

inhibitor, used in breast cancer treatment to block the conversion of androgen to oestrogens in post-
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menopausal women) in ER+ HER2- breast cancer patients®!%. This study also aims to determine
the efficiency of V052 expansion with zoledronate and assess if a higher level of pre-treatment
peripheral V32 are predictive of prognosis®!2.

Trial results from various cancers demonstrates that ydTc therapy is safe and well-tolerated,
with no evidence of graft versus host disease (GvHD). However, efficacy and anti-tumor responses
are highly variable. This variation can be explained by the late stage, as often phase I trials only
enroll metastatic patients. It could also be attributed to the variability in the expansion protocol
both in vivo or ex vivo and even on the variability of the treatment regimens applied in the different
trials. For instance, one study revealed that multiple doses of zoledronate led to a progressive
reduction in peripheral V82! and they suggest that perhaps less frequent zoledronate
administration is more efficient in expanding V52!, Moreover, in some cancer patients, the V52
were dysfunctional or susceptible to activation-induced anergy. Therefore, repeated stimulation of
V&2 with multiple doses of pAgs or N-bis may result in terminal differentiation and exhaustion?!*-
215 Thereby, the adoptive transfer of V52 expanded ex vivo seems to be a more effective approach.
It is promising that treatment with allogeneic V62 from healthy donors does not seem to cause
GvHD, and that cells from a single donor can be expanded to large batches of cells. Although the
number of patients treated with allogeneic cells is too few to draw any conclusions, these results
are an indication that cells expanded from healthy allogeneic donors have a functionally superior

phenotype compared with patient-derived autologous V52%!°.

1.3.6 Challenges in the development of yo T Cell Immunotherapy

The major impediments in the road for ydTc therapy are ydTc anergy, reductions in the

number of peripheral yoTc after infusion and suppressive TME, which limit the anti-tumor
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functions of ydTc. y8Tc cytotoxicity against carcinoma was diminished by soluble factors such as
soluble MICA/B?!7218 several cytokines like 1L-23, IL-15, IL-17, IL-4, TGF-B, factors such as
prostaglandins, kynurenins and immune cells such as neutrophils largely influence yoTc
polarization, which may, in turn, result in a reduction in their number'3¢2!%21°_ Neutrophils can
produce hydrogen peroxide that inhibits T cell proliferation??°. Lack of clinical response was also
associated with increased pre-treatment serum levels of VEGF, which was further increased with
zoledronate and IL-2 injections®*!. Thus far, only a few clinical trials have evaluated the patients’
immune status prior to Yd0Tc immunotherapy, which can limit the likelihood of failure and provide
appropriate treatment options to patients. Another factor influencing V52 in vivo expansion with
zoledronate is poor systemic availability of N-bis, which is eliminated rapidly by renal excretion?.
Several of these pitfalls may be overcome using adoptive cell transfer, which appears to be more

effective.

1.3.7 Improving yé T cell Imnmunotherapy

Studies are now focussing on improving yoTc therapy. One such approach is redirecting
10 Tc to specific antigens using bispecific antibodies, in which one of the binding sites recognizes
a tumor-specific molecule such as HER2 or EpCAM, and the other binds to the Vy9 chain of V2
or CD3 or CD16 antigen on y0Tc. Preclinical models using such bispecific antibodies have shown

223-225

encouraging results . Another study developed recombinant immunoligands that consist of

CD20 single-chain variant fragment, which is further linked to MICA or ULBP2, which enhanced
the cytotoxicity of expanded yoTc against CD20-positive lymphoma cells by engaging the NKG2D
receptor’?®. Yet another approach is developing CAR for y8Tc. Deniger et al. transduced polyclonal

v8Tc with CD19-specific CAR, which could target and efficiently kill CD19" leukemia cells both
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in vitro and in vivo in mouse models??’. The transduction of high-affinity V32 TCR into apTc is
another strategy currently under clinical development. This transduction is designed to overcome
low persistence of hyporesponsive V52 in patients with advanced cancer. These transduced afTc
are expected to develop durable, memory-based responses under particular settings such as immune
checkpoint inhibition. These hybrid T cells, named T cells engineered with defined gamma delta

TCRs (TEGs), were responsive against multiple tumors®2

, can be produced under good
manufacturing practice (GMP) conditions??’ and are currently being tested in phase I clinical trial
in patients with hematological malignancies***. Combinations of y§Tc with other agents have also
been investigated. One study demonstrated that the treatment of HER2 positive cell lines with y3Tc
in combination with trastuzumab led to increased efficacy compared to either therapy alone®’!.
Finally, clinical trials with y3Tc have heavily relied on V52, and more recent studies have
shown that Vo1 are less susceptible to activation-induced exhaustion. They seem to also last longer
after an adoptive transfer, which can provide a more durable anti-tumor response!>??32233,
Recently, two groups (Bruno Silva-Santos and Adrian Hayday) have developed protocols to
selectively expand V&1 from blood and skin, respectively. Both protocols successfully expanded
and activated V31 that produced abundant IFNy and TNFa and were cytotoxic against various
cancers’”?**, The safety and efficacy of autologous or allogeneic V31 are yet to be determined in
human clinical studies. However, adoptive transfer of autologous TILs has shown exciting clinical

results in patients with metastatic melanoma®¥>->3

where Vo1 represent the major TIL subset
(~50% of the total CD3" population)!’*. In our study, we expand and employ both V&1 and V52
subsets to target breast cancer cells. Another avenue to investigate is combination of y0Tc with

neutralizing antibodies against suppressive cytokines such as IL-10, soluble factors such as soluble

MICA and with immune checkpoint blockade targeting PD-1 and cytotoxic T- lymphocyte
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associated protein-4 (CTLA-4) to counteract immune suppression and exhaustion in vivo. Hence
with the different approaches being tested in clinical trials over the coming years, it is exciting to
see yOTc transform into a safe and powerful tool for cancer immunotherapy. Although ydTc
immunotherapy shows promise, how well the y8Tc can target CSC is largely unknown. Thus far,
only a few studies have reported the ability of ydTc to target CSC (colon cancer, ovarian and
neuroblastoma)*’>*°. These studies did not compare y8Tc cytotoxicity against CSC to that against
NSC to get a complete picture. Also, they included just V52 in their study. Our study employs both
subsets of y0Tc and we examine the ability of these cells to target both BCSC and NSC. Cancer

cells can utilize several different mechanisms to evade immune targeting, and a more in-depth

understanding of the different mechanisms is pertinent to develop successful therapy.

1.4 Immune Evasion

There are several mechanisms of immune evasion employed by tumor cells. Tumor cells
may (i) produce immune-suppressive cytokines®>®’, (ii) recruit immune-suppressive cells>®, (iii)
evade immune recognition by down-regulating their tumor surface antigens and/or MHC II
proteins, or acquire mutations that disrupt the antigen presentation and processing machinery>®¢’,
(iv) increase resistance to cytotoxic effects of immunity by upregulating anti-apoptotic proteins or
mutation in death receptors like TRAIL, Fas, DR5% | and (v) express immune-inhibitory ligands**°.

Immune evasion is not only an important step in the development of cancer but also exists as a

potential obstacle to immunotherapies.

1.4.1 Tumor secretions of immune suppressive factors

Several soluble factors are released by tumor cells or stromal cells that can exert suppressive

and dampening effects on immune cells. Suppressive cytokines like IL-10 are released by tumor
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cells, especially CSC?*! and other stromal cells that can inhibit T cell cytotoxicity and effector
functions. Lipids like Prostaglandin E2 (PGE2) are overproduced in the TME by CSC due to the
upregulation of the enzyme cyclooxygenase-2 (COX 2)***2*_ A study showed that PGE2 released
by mesenchymal stem cells (MSC) of bone marrow donors could block the function of V§2243246,
Furthermore, studies have illustrated the immune-suppressive role of metabolites, such as

247 - Adenosine

adenosine, that are elevated in response to tissue hypoxia or acute inflammation
binds to adenosine receptors and disrupts T cell effector responses®*®. Tumor-derived adenosine
can also inhibit tumor cell destruction by V82242 Galectins are a family of evolutionarily
conserved glycan-binding proteins whose family members are upregulated in the TME and

250

involved in immune-suppressive functions=". They are also upregulated by the CSC in several

tumors?!. Gal-3, a member of the galectin family, was reported to inhibit y3Tc proliferation but

252 Hence, a better understanding and characterization of the different

not impact their cytotoxicity
secreted factors impacting yoTc is warranted. In summary, all these data indicate that cancer cells,

and especially CSC, can suppress the impact of immune cells and create an immune-suppressive

microenvironment.

1.4.2 Dysregulated Anti-Apoptotic Proteins in CSC

Circumvention of apoptosis is a critical hallmark of cancer. Multiple reports suggest that
aberrant expression and ratio of apoptotic and anti-apoptotic proteins contribute to survival of CSC.
The cell death regulating BCL-2 family proteins, MCL-1 and BCL-XL were found to be over-
expressed in BCSC and played a crucial role in their survival*>>?%*, High levels of BCL-2, BCL-
XL and MCL-1 have been described in glioblastoma stem cells (GSC) and leukemia stem cells
(LSC) that were also associated with their resistance to chemotherapy. To address this adaptation,

significant efforts are being made. Several studies are focusing on developing therapeutic
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interventions to eliminate CSC using inhibitors of the BCL-2 family of proteins*>*2%, Another
anti-apoptotic protein, survivin, was preferentially expressed by BCSC and played a role in their

survival®’. Survivin is also associated with chemoresistance of colon cancer stem-like cells®*%,

1.4.3 MCL-1

While several anti-apoptotic proteins have been implicated in cancer therapy resistance, our
study focuses on MCL-1. MCL-1 function is essential to cell survival and homeostasis and in
determining the fate of a cell. MCL-1 sequesters the pro-apoptotic proteins BAK/BAX. Activated
and exposed BAX and BAK form pores in the mitochondrial outer membrane causing cytochrome
¢ and other apoptotic proteins to leak into the cytosol, which leads to the formation of apoptosomes,
the activation of caspases, finally leading to the cleavage of cellular proteins and cell death®”.
Hence the MCL-1:BAK/BAX complex retains BAK/BAX in an inactive state, preventing them
from inducing apoptotic pathways and preserving mitochondrial membrane integrity?**. MCL-1
amplification and overexpression have been reported in several human tumors, including breast
cancer’®’-262, This overexpression was also associated with poor prognosis and resistance to
anticancer drugs such as taxol, cisplatin, erlotinib and other standard anticancer drugs. MCL-1
knockdown increased cancer sensitivity to these drugs®®. In a cohort of breast cancer PDX models,
it was found that TNBC had the highest amount of MCL-1 RNA and protein compared to other
subtypes®®. Other studies showed that MCL-1 expression levels correlated with high tumor grade
and poor prognosis in patients?®+26,

Hence inhibition of MCL-1 and other anti-apoptotic proteins could be a successful
approach to trigger apoptosis and cell death in transformed cells, especially CSCs?%. One vital
point to keep in mind when considering MCL-1 inhibitors for therapy is that MCL-1 is ubiquitously

expressed and is essential for embryonic development, so MCL-1 inhibitors can affect normal cells
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as well?®’. However, since cancer cells express the protein in much higher abundance, the effects
might be mitigated by careful dosing. Over the past few years, significant progress has been made
in discovering potent and specific MCL-1 inhibitors?*?%®, Although there is an improved anti-
tumoral effect with these inhibitors as a single agent, using these drugs in combination with targeted
therapies has enhanced the impact and durability of response and has even shown response in
preclinical models where monotherapy has failed?®-?”3. Hence, exploring the effects of MCL-1
inhibitors in combination with other forms of therapy may prove to be a fruitful avenue to pursue.
We used an MCL-1 degrader that targets MCL-1 using the proteolysis targeting chimera
(PROTAC). PROTACS are small molecules that tether target proteins to E3 ligases inducing
ubiquitination and tag proteins for proteasomal degradation’®®. Thus, MCL-1 inhibition in
combination with chemotherapy or immunotherapy to ensure apoptosis of target cells is an

attractive strategy.

1.4.4 NKG2D shedding ADAM proteases

ADAM proteins involved in proteolytic cleavage of MICA/B are a family of membrane-
anchored zinc proteases that can convert nearby membrane-anchored proteins into their soluble
forms. These soluble forms can function as activators or inhibitors of protein function. In many
cases, they cleave membrane-bound cytokine precursors into soluble bioactive mediators®’+>">,
The best-known example of this is the cleavage of membrane-bound tumor necrosis factor (TNF)
to its soluble form (sTNF) by ADAM17, which is why it was originally named TNF-a converting
enzyme (TACE)?’*. ADAM family proteases are involved in various body functions and
developmental processes. Apart from NKG2D ligands, some relevant examples would be LAG-

3265 IL-6 receptor (IL-6R)*"7 cleaved by ADAMI17; TIM-3278, HER2?"°, CD44%% cleaved by

ADAMI10; Notch?!, PD-L1?%2, FasL?* cleaved by both ADAM10 and 17.
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In recent years, ADAM proteases have been implicated in various tumor processes such as
cancer initiation, progression and resistance to specific therapies®*?*>. ADAM17 is the most
widely studied of the ADAM proteases. High levels of ADAMI17 have been found in different
cancers, and higher ADAMI17 was associated with poor prognosis®®¢. Additionally, in vitro
inhibition of ADAMI10 in various cancers led to decreased cell migration, invasion and cell
proliferation?®’. ADAMI0 is structurally and functionally similar to ADAM17%* and can cleave
the same substrates in some cases®®. Several different inhibitors for ADAMI10 and 17 have been
developed and tested in preclinical and clinical trial settings against various types of cancers, and
they are reviewed in detail in?®’. Small molecular inhibitors, monoclonal antibodies and even
ADAM pro-domain peptide-based therapeutics to competitively inhibit ADAM are under

investigation®®’

. However, the success obtained with these inhibitors in the preclinical setting has
not yet been recapitulated in clinical trials, partly due to adverse side effects or due to poor
efficacy?®. Therefore, optimization of ADAM inhibitors will allow for more specific and fine-

tuned modulation of ADAM proteolytic activity, which is crucial for their development into useful

drugs.

1.4.5 Checkpoint inhibitors

Immune checkpoint pathways or co-inhibitory pathways play a critical role in maintaining
and modulating the immune response. Under normal circumstances, the checkpoint pathways act
as the brakes to the immune response. There is an intricate balance between them and the activating
pathways that creates tight control of immune activation. Checkpoint pathways control the strength
and duration of the immune responses, thereby avoiding excessive activation and limit immune-
mediated tissue damage, controlling the resolution of inflammation and maintaining tolerance to

prevent autoimmunity. However, tumor cells can induce different immune checkpoint pathways to
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harbour immunosuppressive functions. In this section, we will mainly focus on PD-1 and CTLA-

4, which are the most well studied, along with LAG-3 and TIM-3.

1.4.5.1 PD-1 and its ligands

PD-1 belongs to the B7-CD28 superfamily expressed on T cells, B cells, NK cells, DC and
activated monocytes. PD-1 ligands, PD-L1 and PD-L2, are expressed by several tumor cells and
also by activated B cells and T cells, dendritic cells, macrophages, and fibroblasts>®°. In normal
cells, PD-1 functions as a major negative immune regulator®®!. It appears within 24h of activation
and declines with the clearance of the antigens®!. Cancer exploits the PD-1/PD-L1 ligand pathway
to evade the host immune response. Binding of PD-1 on immune cells to its ligand cancer cells can
result in attenuated TCR stimulation, impairment of T cell proliferation and cytokine production
and decreased expression of pro-survival factor Bcl-XL in the T cells**2?%}. Chronic PD-1 signaling
plays a critical role in the induction of anergy, exhaustion and development of induced Tregs
(iTregs), facilitating tumor immune escape®>2%°.

In 1992, PD-1 was identified by the Honjo lab as a gene upregulated and strongly induced
in T cell hybridomas undergoing apoptosis®’°. He, and Jim Allison, who discovered the inhibitory
role of CTLA-4, were awarded the Nobel prize in Physiology and Medicine in 2018 for their
breakthrough contribution in the field of cancer immunotherapy. In cancer, over-expression of the
¢-FOS subunit of transcription factor AP1 or nuclear factor kB (NF-kB) can increase the expression
of PD-1%72%_Cytokines such as IL-6, IL-12 and VEGF can enhance PD-1 expression®?%,

In cancer, PD-L1 expression is driven principally by transcription upregulation. Several
transcription factors are involved, including hypoxia-inducible factor (HIF)-1a, STAT3, and NF-
«B3%!. Higher levels of HIF-1 o are correlated with PD-L1 expression and with T-cell function

downregulation. HIF-1a regulates PD-L1 by binding to a hypoxia response element in the PD-L1
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promoter to induce PD-L1 transcription®*.

PD-L2 has a higher affinity for PD-1 than PD-L1. However, PD-1-PD-L2 interaction is
much less functionally relevant than the PD-1-PD-L1 interaction due to the low expression of PD-
L2. PD-1-PD-LI interaction is sensitive to PD-L2 competition only when PD-L2 levels are very
high3®. Moreover, several reports show that PD-1-PD-L1, but not PD-L2, was involved in T cell
tolerance and apoptosis®®. This indicates that PD-1’s suppressive function is largely mediated by
PD-L1 but not PD-L2. The roles of PD-L2 have been controversial in the literature. Some reports
suggest that PD-L2 is an inhibitory co-stimulator, whereas others indicate that it can also act as a
positive co-stimulator and exerts its function through receptors other than PD-13%,

PD-L1 expression has been reported in situ in various malignancies, including breast, lung,
ovarian and colorectal cancer as well as melanoma and gliomas. In many cases, higher expression
of PD-1 is inversely correlated with survival’*>-!!1, PD-1 expression is upregulated on TILs?!2-313,
and several meta-analyses have revealed that PD-L1 overexpression signified a poor prognosis in
many cancer types> 931, At least 500 clinical trials targeting PD-1 signaling have been conducted
to date, applying nine types of antibodies on at least 20 kinds of malignancies*?°. Five inhibitors of
PD-1/PD-L1 have been approved by the FDA for various cancers®*!. In March 2019, the FDA
approved the first checkpoint inhibitor immunotherapy drug, the anti-PD-L1 antibody
atezolizumab (Tecentriq®), combined with chemotherapy (Abraxane®) for TNBC patients who

322

are positive for PD-L1 protein expression®~~. However, the response rates are modest and adverse

side effects can cause treatment discontinuation.

1.45.2 CTLA-4
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Anti-CTLA-4 antibodies were the first immune checkpoint blockade approaches that were
clinically validated**. CTLA-4 is a central inhibitory regulator of T-cell proliferation, expansion
and activation®?*328, CTLA-4 and CD28 are homologous receptors (with 30% sequence homology)
expressed by lymphocytes (CD8*, CD4'T cells, y8T¢c, NK cells), which mediate antagonistic
effects in T cell activation. Both CTLA-4 and CD28 bind to the same ligands, CD80 (B7-1) and
CD86 (B7-2)*°. These ligands are expressed predominantly on the surface of APCs and in some
cases on tumor cells. However, CTLA-4 binds to them with higher affinity, thus can act as an
antagonist to CD28. Ligation of CD28 to CD80 and CD86 mediates T-cell co-stimulation in
combination with TCR signals. In contrast, when CTLA-4 binds to these ligands, it serves to inhibit
T-cell responses®?®.

Despite the immunosuppressive function of CTLA-4, their association with disease
prognosis is not clear. However, a study showed that CTLA-4 is overexpressed in more than 50%
of breast carcinomas>?’. There are five ongoing clinical trials of anti-CTLA-4 antibodies for breast
cancer*’. Combined blockade of PD-1 and CTLA-4 can play a synergistic role; CTLA-4 is
responsible for inhibiting early stages of T cell activation and PD-1 for inhibiting T cells in
peripheral tissues. This combination has been approved for metastatic melanoma, mismatch repair-

deficient microsatellite instability-high metastatic colorectal cancer, and advanced renal cell

carcinoma’?!,

1.45.3 TIM-3

TIM-3 is expressed by many T cell populations (Thl cells, CD8'T cells, and Tregs), NK
cells, NKT cells, and APCs such as dendritic cells and macrophages. TIM-3 has four known

ligands, phosphatidylserine (PS), galectin-9 (GAL-9), high-mobility group protein B (HMGB1),
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and carcinoembryonic antigen cell adhesion molecule 1 (CEACAM-1)**°. TIM-3 is reported to
induce immunological tolerance. It has been associated with asthma, food allergy and autoimmune
diseases, including multiple sclerosis and rheumatoid arthritis**2. TIM-3 is also often associated
with immune exhaustion during chronic viral infection®** and cancer. In a breast cancer model,
blocking TIM-3 improved response to paclitaxel chemotherapy®*. Reports suggested co-
expression of TIM-3 and PD-1 resulted in highly dysfunctional CDS8'T cells in cancer’3>-33%,
Reports also indicated the upregulation of TIM-3 expression in tumors treated with PD-1
antibodies, which might be a mechanism of resistance to PD-1 therapy. Hence, a combination of
TIM-3 and PD-1 blockade might be more effective than monotherapy?3>237339343 Several clinical

trials are focusing on TIM-3 as a new approach for immunotherapy with promising results*>.

1454 LAG-3

LAG-3 or CD223 is a structural homolog of CD4, which binds to MHC-II and transmits
inhibitory signals to reduce proliferation and effector function, T-cell activation and cytokine
secretion®*347 LAG-3 is expressed on activated T cells, Tregs, B cells, NK cells and DCs*.
Several reports suggest that following antigen stimulation, LAG-3 can negatively regulate CD8'T
cell activity 34734, Many reports show over-expression of LAG-3 on tumor infiltrating CD8T cells
in various cancer types, including breast cancer’!**°, In breast cancer, PD-1 and LAG-3 are also
co-expressed on the tumor infiltrating CD8'T cells’’. Combined blocking of both receptors in
tumor models also has a greater therapeutic benefit than blockade of either alone®>'-*>, In summary,
checkpoint blockade plays key role in most cancers and targeting them is both a challenge and an

opportunity for cancer treatment.
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1.4.5.5 Checkpoint pathways and yoTc

It has previously been shown that y§Tc can express PD-1 molecules®>*, which may control

6

> and the production of anti-tumor cytokines>*.

T cell proliferation® Treatment with
Pembrolizumab (PD-1 blocking antibody) boosted IFNy in zoledronate-stimulated ydTc and
improved their cytotoxicity against leukemia cell lines*>’. Additionally, FOXP3"Treg-like V52 had
increased expression of CTLA-4 molecules. These Tregs-like V2 displayed inhibitory effects such
as the inhibition of PBMC proliferation®®. A recent study in 2018 found that the percentage of
18Tc expressing TIM-3, LAG-3, CTLA-4 and PD-1 was significantly upregulated in virus and
Plasmodium vivax-infected patients®>. Multivariate computational analysis also revealed that
HIV+ patients expressed significantly higher frequencies of TIGIT, TIM-3 and CDI160 than
controls*®. The presence of checkpoint receptors on y§Tc and their impact on y8Tc function needs
to be examined in greater detail to design interventions that can boost the immune potency of ydTc

therapy. TME factors such as hypoxia can also play a crucial role in mediating the upregulation of

checkpoint pathways and immune escape.

1.5 Hypoxia

Due to the rapid growth and proliferation of the tumor cells, tumors quickly outgrow their
blood supply, leaving areas within the tumor where the oxygen concentration and nutrient supply
are significantly lower than in normal tissues. At the core, the cellular response to hypoxia is
mediated by two master regulators that form a heterodimeric complex. They are the constitutively
expressed nuclear HIF-1f and the cytoplasmic oxygen-dependent HIF-a (HIF-1a, HIF-2a, HIF-
3a). This complex is further stabilized by a group of oxygen- and iron-dependent enzymes called

HIF-propyl hydroxylase domain enzymes (PHDI1-3). Under normoxic conditions, PHDs
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hydroxylate two conserved proline residues on HIF-a subunit, allowing their recognition and
initiating binding of the Von Hippel-Lindau tumor suppressor protein (pVHL) and subsequent
ubiquitination and proteasomal degradation®®!. However, under hypoxic conditions, PHDs are
suppressed as they require oxygen as a co-substrate®®?. This releases the HIF-1a subunit, which
then translocates into the nucleus and binds to HIF-1p. The heterodimeric HIF-1a:HIF-1 complex
then moves to the hypoxia-responsive elements (HREs) of the target genes resulting in
transcriptional upregulation of downstream genes.

A study showed that normal breast tissues have a median oxygen partial pressure of 65 mg
Hg, with no participant having measurement below 10 mm Hg. In contrast, breast, as well as other
cancers, had a median pO2 of 10 mm Hg*®. Severe hypoxia was observed in many regions of the
tumor, and 50% of locally advanced breast tumors showed a positive correlation between hypoxia
and poor clinical outcomes®®. Based on extensive literature review and loss-of-function assays, a
study demonstrated a signature of 42 genes upregulated under hypoxic conditions by HIF-1a and
HIF-2a. They also found that this signature was enriched in basal-like cell lines and basal tumors>®*.
Hypoxic tumors upregulate key genes that are involved in cell survival and proliferation under such
hostile conditions. The absence of oxygen switches cell metabolism to glycolysis, increasing
glucose consumption and pyruvate, lactate, and H+/H30+ generation*®>3®, Hypoxic cancers are
highly aggressive, metastatic and correlate with poor prognosis*®’-*%®. Hypoxia also contributes to
angiogenesis, intra-tumoral heterogeneity, genetic instability, stem cell renewal and evolution of
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therapy-resistant clones Hypoxic tumors are also generally resistant to traditional
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radiotherapy, phototherapy, chemotherapy and even immunotherapy

1.5.1 Hypoxia and immune resistance

There is a great deal of evidence for the immune-modulatory role of hypoxia in the TME*"
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381(Fig 1.3). While tumor cells can continue to grow and thrive in the hypoxic micro-environment,
it creates inhospitable conditions for immune cells and dampens the anti-tumor immune response
resulting in immune suppression®8!.

There are conflicting data regarding the impact of hypoxic conditions on T cells in the
tumor. Several studies have suggested a less efficient activation by TCR derived signals and co-
stimulation under hypoxic conditions***3%, Elevated glycolysis in the tumor mediated by HIF
activity created metabolic competition between tumor cells and T cells, and a lack of nutrients
resulted in T cell anergy or shifting of effector T cells to the Treg lineage*®>-¥’. Inhibition of
glycolysis in T cells was also associated with a chronic expression of inhibitory receptor PD-1,
which was further involved in hypo-responsiveness and exhaustion in T cells**®. CTLA-4 was also
upregulated on CD8'T cells in hypoxia*®. Interestingly, one study showed that T cells that survive
in hypoxic niches exhibited enhanced cytolytic activity**°. Yet another study showed that hypoxia
could shorten effector function but enhance the generation of memory T cells, which plays a role

391

in long-term immune responses® . Apart from our study on the impact of hypoxia on ydTc, another

study recently demonstrated that hypoxia reduces y8Tc Ca®" efflux and degranulation in the
presence of oral cancer targets. They also showed that under hypoxia, PD-L1 high y6Tc induced
apoptosis in PD-1 high CD8" T cells, when in co-culture®*2,

Apart from T cells, hypoxia can also impact DC antigen uptake and downregulate
differentiation and activation markers, including CD40, CD80, and MHC class 1I**32%*, Under
hypoxia, NK cells also undergo significant metabolic reprogramming that leads to impairment of
their function and cytolytic activity**>. Hypoxic niches are infiltrated by many immunosuppressive
cells, such as MDSCs, TAMs and Tregs. Hypoxia in tumors has also been shown to aid switching

of TAMs to the more aggressive phenotype capable of mediating resistance®. Further, TAM
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Figure 1.3 Impact of hypoxia on immune and other stromal cells in tumor microenvironment.
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infiltration into hypoxic/necrotic tumor niches positively correlated with worse prognostic

397

outcomes™’. Tumor infiltrating MDSCs induce T cell anergy as well as promote Treg

proliferation®¥$3%°,

Hypoxia can also affect immune cells by the upregulation of several immunosuppressive
molecules, such as VEGF and IL-10*%41 - Several reports illustrate that hypoxia can mediate the
downregulation of MHC-I in tumor cells***#%*, Additionally, hypoxic tumors express high levels
of soluble MICs which are mediated by Nitric Oxide, which down-regulate NKG2D, enabling their
immune escape*™*. As discussed earlier, NKG2D is essential for tumor recognition by y8Tc;
therefore, it is highly probable that hypoxia renders cancer cells resistant to ydTc killing. Another
mechanism of immune evasion aided by hypoxia is the upregulation of PD-L1. PD-L1 is now a
recognized target gene of HIF-1o and HIF-2a°%>*°, Hypoxic tumors also show high ROS levels
due to anaerobic metabolism. ROS are detrimental to T cell viability and function*®®. ATP released
by cells is metabolized more rapidly under hypoxic conditions leading to an excess of soluble
adenosine, which in turn binds to adenosine receptors on the T cell surface to augment intracellular
cAMP, a second messenger molecule known to repress T-cell functions*"’. It was recently found
that HIF-1a favors the differentiation of Th17 T cells and increases IL-17, which promotes an

t408.

Immune-suppressive microenvironmen Hence, targeting the hypoxic TME is crucial to

reinvigorate immune cells. As we continue to deepen our understanding of the different factors

involved in immune evasion of y0Tc, novel approaches may be designed for a more effective next-

generation y0Tc immunotherapy.

1.6 Research objective

Our main goal is to exploit the power of y0Tc immunotherapy to target highly resistant

breast cancer cells. Breast cancer immunotherapy is plagued by two major challenges: (i) harsh
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L.

II.

immune-suppressive environmental conditions exacerbated by factors such as hypoxia; and (ii)
tumor plasticity, which is aided by the presence of BCSC, giving rise to therapy-resistant clones
and promoting cancer relapse.

Several studies have demonstrated the immune evasive nature of CSC in general. They exploit
numerous mechanisms to escape being recognized and targeted by numerous immunotherapeutic
strategies. Additionally, previous studies have established that hypoxia promotes BCSC
generation, and can modulate the tumor immune system. Thus, we hypothesize that BCSC are
resistant to yoTc targeting and that hypoxia promotes breast cancer cell resistance to ydTc

cytotoxicity. To address these questions, our specific aims are to determine:

The impact of anti-yd TCR antibodies on ydTc viability. Mechanistic experiments such as
cytotoxicity blocking assays play a crucial role in our understanding of the yd0Tc immune
response. Reduction in ydTc cytotoxicity on blocking certain receptors and ligands help us
determine their role in ydTc targeting. However, we found that blocking antibodies to Y0 TCR
can cause apoptosis in ydTc. This inadvertently leads us to misconstrue the reduction in
cytotoxicity as an actual result of receptor blocking. To this end, we characterized the NKG2D
antibody and different antibodies for Yo TCR that are commonly used and to determined their
impact on ydTc viability and function. This gives us a more accurate picture and help us tease
out the impact of real receptor blocking from the impact of y6Tc apoptosis. This is crucial as
we use blocking assays in the upcoming work and this study helped us to hone skills that we
require for the rest of the project, and also helped us to recognize the strengths and limitations
of this particular assay.

The impact of hypoxia on ydTc efficacy against breast cancer cells. We investigated the
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impact of hypoxia on both the effector y0Tc and the breast cancer cell targets, and highlighted
the interplay between them. We determined how hypoxia may affect ydTc cytotoxicity against
breast cancer cells, and at the same time, how it may impact the sensitivity of breast cancer
cells to ydTc targeting. Additionally, as hypoxia diminished breast cancer targeting, we studied
the various immune evasion mechanisms promoted by hypoxia.

III.  The efficacy of y0Tc against BCSC and in the event of reduced cytotoxicity, investigation
of immune evasion mechanisms employed by BCSC. In addition, we determined strategies

to overcome these resistance mechanisms.

Through these findings, we intend to overcome the challenges posed by tumor plasticity and

hypoxia, facilitating a more effective next-generation y0Tc immunotherapy.
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Chapter 2 Apoptosis Induced via Gamma Delta T Cell Antigen
Receptor “Blocking” Antibodies: A Cautionary Tale
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afTc, alpha beta T cells

AICD, activation-induced cell death

AnnV, Annexin V

CalAM, Calcein AM
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FBS, fetal bovine serum
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IL-, interleukin

mADb, monoclonal antibodies

v06Tc, gamma delta T cells

vOTCR, gamma delta T cell antigen receptor
PBMC:s, peripheral blood mononuclear cells
SSC, side scatter

ZA, Zombie Aqua
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Abstract
Mechanistic studies contribute greatly to our understanding of yd T cell (y6Tc) biology,

aiding development of these cells as immunotherapeutic agents. The antibody blocking assay is
an accepted method to determine the receptors involved in yoTc killing of tumor targets. Effectors
and/or targets are pre-incubated with microgram quantities of monoclonal antibodies (mAb), often
described by commercial sources to be useful for blocking assays. We and others have used such
assays extensively in the past, correlating decreases in cytotoxicity against specific targets with
involvement of the blocked receptor(s). However, we wondered whether other mechanisms might
be at play beyond cytotoxicity inhibition. Indeed, administration of certain “blocking” mAb to the
vd T cell antigen receptor (yOTCR) induced y6Tc death. Upon further investigation, we discovered
that y0Tc underwent apoptosis triggered by incubation with mAb to the yOTCR. This effect was
specific, as no apoptosis was observed when aff T cells (afTc) were incubated with these mAb.
Apoptosis was further potentiated by the presence of interleukin (IL)-2, often included in
cytotoxicity assays; however, exogenous interleukin-2 (IL-2) did not contribute significantly to
vdTc cytotoxicity against breast cancer cell lines. Here, we have investigated the usefulness of
four mAb for use in blocking assays by assessing blocking properties in conjunction with their
propensity to induce apoptosis in cultured primary human ydTc. We found that the 5A6.E9 clone
was usually a better alternative to the commonly used B1 (or B1.1) and 11F2 clones; however,
some variability in susceptibility to apoptosis induction was observed among donor cultures. Thus,
viability assessment of primary effector cells treated with mAb alone should be undertaken in
parallel with cytotoxicity assays employing blocking antibodies, in order to account for
cytotoxicity reduction caused by effector cell death. Previous findings should be reassessed in this

light.
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2.1 Introduction

vd T cells (y8Tc) are potent tumor cell killers, thought to identify their targets via cell
surface receptors such as the y6Tc antigen receptor (YOTCR) and Natural Killer receptors, like
NKG2D'"®, y8Tc are particularly attractive for cancer immunotherapy, as they recognize antigens
directly on transformed cells and kill quickly (with no need for priming or clonal expansion);
among other advantageous features, expertly reviewed in?, y§Tc do not cause graft-versus-host
disease!!2. In preclinical studies, we and others have shown that yTc kill many types of

12409 " Furthermore, in vivo expansion of y3Tc has yielded

hematological and solid malignancies
promising results in Phase I clinical trials treating metastatic prostate cancer*'®, renal cell
carcinoma’!!, advanced breast cancer'!!, low grade non-Hodgkin lymphoma and multiple

3 We aim to learn

myeloma'®* reviewed together with adoptive y8Tc immunotherapy trials in?
more about ydTc in the context of breast cancer, in order to further development of ydTc
immunotherapy for this disease.

Determining the mechanism(s) of action employed by y6Tc against tumor cells is crucial
for their further development as immunotherapy for cancer. The antibody blocking assay is an
accepted method to determine the receptors involved in yd0Tc cytotoxicity against tumor

147,148,155,188.209.210412-420  Effectors and/or targets are pre-incubated with microgram

targets
quantities of “blocking” mAb and then co-incubated for the cytotoxicity assay, whereby decreased
cytotoxicity against targets is attributed to involvement of the blocked receptor(s). A wide range
of pan anti-ySTCR antibody clones have been used in these assays, including 11F2413417 B1209,
B1.1148155412418420 - §TCS 1414419 and Immu510'°°#12) as well as a mAb specific to the Vy9

TCR!47415416 * Please note that clones B1 and B1.1 anti-ySTCR mAb clones are considered to be

one and the same, simply sold by different companies (Biolegend’s Product Data Sheet for B1,
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Application Notes). Unfortunately, tracing the origins of commercially sold antibodies whose
generation has not been documented in the literature is challenging, if not impossible.

While bona fide blocking of the yYSTCR may indeed hinder ydTc cytotoxicity, other mechanisms,
such as effector cell death, may contribute to decreases in cytotoxicity, thus leading to false
interpretation of assay results. Indeed, an early study using ydTc clones showed that apoptosis can
be induced by TCR/CD3 signaling in as little as 4h incubation with soluble or immobilized 7A5
(recognising an epitope on the Vy9 TCR chain) or BMAO030 (anti-CD3) and that this process was
interleukin-(IL-)2 dependent**!. To our knowledge, no further studies have been undertaken to
characterize other anti-yd TCR mAb in this way. We decided to test four pan anti-ydTCR mAb
clones, three of which have been used previously in such blocking assays: B1%%,
B1.1148.155412818420 and 11F241347 plus 5A6.E9 that, to our knowledge, has only been reported

419 We set out to determine the best clone

once in the context of ydTCR blocking in the literature
and conditions to use to further our understanding of mechanisms of yoTc cytotoxicity against

tumor targets, through the correct interpretation of assay results.

2.2 Materials and Methods

2.2.1 Ethics statement

This study was carried out in accordance with the recommendations of the Research Ethics
Guidelines, Health Research Ethics Board of Alberta — Cancer Committee with written informed
consent from all subjects. All subjects gave written informed consent in accordance with the
Declaration of Helsinki. The protocol was approved by the Health Research Ethics Board of

Alberta — Cancer Committee.
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2.2.2 Primary yo T cells

Primary human y8Tc and apTc cultures were established and maintained as described.*'
Briefly, peripheral blood mononuclear cells (PBMCs) were isolated from healthy donor blood
using density gradient separation (Lymphoprep, Stem Cell Technologies, Vancouver, BC) and
cultured at 1 x 10° cells/ml in RPMI complete medium containing 1pg/ml Concanavalin A (Sigma-
Aldrich, Oakville ON), 10% Fetal Bovine Serum (FBS), 1x MEM NEAA, 10 mM HEPES, 1 mM
Sodium Pyruvate (all Invitrogen, Burlington, ON) plus10 ng/ml recombinant human IL-2 and IL-
4 (Miltenyi Biotec, Auburn CA). Every 3-4 days, cells were counted and densities adjusted to 1 x
10° cells/ml by addition of fresh medium and cytokines. Cells were maintained in a humidified
atmosphere at 37°C with 5% CO,. After 1 week, aff T cells were depleted after labeling with anti-
TCRap PE antibodies (BioLegend, San Diego, CA, USA) and anti-PE microbeads (Miltenyi
Biotec), filtering through a 50 um Cell Trics filter (Partec, Gorlitz, Germany) and running through
an LD depletion column (Miltenyi Biotec). The flow-through contained yd T cells, which were
further cultured in RPMI complete medium plus cytokines (as above) at 37°C with 5% CO,. For
some experiments, the positively selected aff T cells were also recovered and maintained. For
cytotoxicity experiments, yoTc cultures were used at the end of the culture period (day 19-21), as
they were most differentiated and therefore most cytotoxic at this time. Blocking assays were also
typically done at this time, to mimic conditions used for cytotoxicity assays. Some experiments
were done at earlier time points (days 14-16) and susceptibility to mAb-induced cell death did not
appear to be significantly different, although this was not tested directly. Donor cultures are
identified as follows: donor number — culture number; thus, 3-2 = the second culture derived from

donor 3.
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2.2.3 Breast cancer cell lines

Breast cancer cell lines MCF-7, T47D and MDA-MB-231 were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained as per ATCC
guidelines.

2.2.4 Calcein AM labeling of target cells

Target cells were labeled with 5uM Calcein AM (CalAM) as per manufacturer’s
instructions (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA). Cells were diluted to a
density of 30,000 cells/100 pl medium for use in cytotoxicity assays.

2.2.5 “Blocking” Antibodies

The following anti-human anti-ydTCR mAb clones were used: B1 (BioLegend, San Diego,
CA, USA), B1.1*?? (eBioscience, San Diego, CA, USA), 5A6.E9** (Thermo Fisher Scientific,
Waltham, MA, USA) and 11F2** (Becton Dickinson, Mississauga, ON, Canada); mouse IgG
(Sigma-Aldrich, Oakville, ON, Canada) was used as a control. The anti-NKG2D antibody was
purchased from BioLegend (Clone 1D11). For immobilization, mAb were diluted at 1pg/ml in
PBS, then plated at 100 pl/well and incubated overnight at 4°C. Prior to blocking assays, the plates

were washed twice with PBS.

2.2.6 Blocking/Cytotoxicity Assay

v8Tc cells were re-suspended at 6 x 10° cells/ml in complete medium (RPMI 1640 with
10% fetal bovine serum, heat-inactivated, 1 x MEM NEAA, 10 mM HEPES, 1 mM sodium
pyruvate, 50 U/ml Penicillin-Streptomycin and 2 mM L-Glutamine — all from Invitrogen) plus 20
ng/ml recombinant human IL-2 (Miltenyi Biotec, Auburn, CA, USA) where indicated. For Fc
blocking experiments, 5 ul Human TruStain FcX (BioLegend, San Diego, CA, USA) were added

per 600,000 cells in 100 pl and incubated for 10 min at room temperature prior to the addition of
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mAb. 6 ug mAb were added to 600 pl cell suspension/test in Eppendorf tubes, then 100 ul/well
plated in a 96 well round-bottomed plate. After incubation at 37°C for 30 minutes, 100 pl complete
medium only (blocking assay only), or CalAM-labeled targets were added (cytotoxicity assay).
After further incubation at 37°C for 4 h, two wells/condition of re-suspended cells were pooled and
stained for flow cytometry (blocking assay only). Experimental controls were untreated and IgG-
treated cells. For cytotoxicity assays, plates were centrifuged and supernatants transferred to fresh
96-well plates (Falcon, U bottom, low evaporation) for CalAM fluorescence detection on a
fluorimeter (FLUOstar Omega, BMG labtech). Controls were CalAM-labeled target cells
incubated alone (spon = spontaneous release) and 0.05% Triton-X 100 (Thermo Fisher Scientific)-
treated cells (max = maximum release). Percent lysis was calculated: [(test-spon)/(max-spon)] x
100%.

2.2.7 Flow cytometry

2.2.7.1 yd T cell subset identification

Cultured ydTc were stained first with Sng/ul Zombie Aqua fixable viability dye
(BioLegend) and then with anti-TCR V&1 FITC (Thermo Fisher Scientific, clone TS8.2, 1:10),
anti-TCR V62 PerCP (Biolegend, clone B6, 1:50), and anti-TCRyd PE (Biolegend, clone B1, 1:25).
After staining and washing, cells were fixed in FACS buffer plus 2% paraformaldehyde, stored at
4° C and analyzed by flow cytometry within one week. Subset and purity data for all cultures are

shown in Table S1.

2.2.7.2 Detection of apoptosis

Cultured y8Tc were first stained with 5ng/ul Zombie Aqua fixable viability dye

(BioLegend) for 15-20 minutes, washed with 1x Annexin V (AnnV) binding buffer (BioLegend)
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and then stained on ice for 15 min in the dark with AnnV FITC (BioLegend, 1:20). Cells were
washed and re-suspended in 200uL AnnV binding buffer plus 2% paraformaldehyde and stored
at 4° C until analyzed. Flow cytometry was performed on a FACS Canto II (Becton Dickinson,
Mississauga, ON), calibrated with Cytometer Set-up and Tracking (CS&T) beads (Becton-
Dickinson). Gating in forward and side-scatter was done only to exclude debris; quadrant gates

were set using single-stain controls. Analysis was performed using FlowJo® software (Tree Star,

Ashland, OR, USA, Version 10.0.8).

2.2.8 Stimulation Experiments

v0Tc were incubated for 4 h at 37° C, 5% CO; in serum-free and cytokine-free medium;
they were then stimulated with 1ug mAb for 1 min at 37° C. Anti-CD3 (UCHT1, BioLegend)
stimulated cells were a positive control. Lysates were run on 12% SDS PAGE and Western blotting
performed using a 1:400 dilution of the PathScan® Multiplex Western Cocktail I (Cell Signaling

Technology, Danvers, MA, USA) to detect phosphorylated signaling proteins.

2.2.9 Statistics

Paired 1-tailed Student’s t-tests were performed (Fig. 2E-G only) using Microsoft Excel
version 15.3 (Microsoft, Redmond, WA, USA). ANOVA analysis followed by Bonferroni’s
pairwise multiple comparison posthoc tests were performed using Prism 7.0 for Mac OSX,
GraphPad Software, San Diego, CA, USA). Differences were considered significant when P <

0.05; degrees of significance are indicated by letters or asterisks as defined in the figure legends.
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2.3 Results

2.3.1 An alternate explanation for reduced cytotoxicity upon treatment with

“blocking” antibody.

Incubation of ydTc with anti-human pan ydTCR mADb clones B1, 5A6.E9 and 11F2 reduces
the cytotoxicity of human ydTc against T47D breast cancer cells by 1.6 to 2.8-fold /14-25%
compared to IgG controls (Fig. 2.1A). Yet if all three mAb perform an equivalent blocking
function, we would expect the same decrease in lysis to occur in all cases. On the contrary, there
was less reduction in average cytotoxicity with SA6.E9 (12%) compared to 11F2 (22%) and Bl
(25%) clones. One-way ANOVA followed by Bonferroni’s multiple comparisons test revealed
significant differences in cytotoxicity for B1- and 11F2-blocked y6Tc (p = 0.0023 and p = 0.0051
respectively), whereas the decrease in cytotoxicity with 5SA6.E9 mAb was not significant (p =
0.1065) compared to IgG. This lead us to further investigate whether other mechanisms may be at
play. Untreated controls were included in parallel to IgG and mAb treatments in most experiments,
to verify similarity to IgG controls. However, statistical analyses reported herein focus on mAb
versus IgG treatments; for simplicity, statistical analyses of mAb versus untreated control samples
are not shown.

When we incubated ydTc alone with anti-ydTCR (B1), anti-NKG2D or IgG control
antibodies for 4.5 h, in the absence of targets, uptake of Zombie Aqua (ZA) viability dye indicated
increased cell death in B1- but not in anti-NKG2D-treated cells (Fig 2.1B, gating controls in Fig

2.S1A). Thus, the decrease in cytotoxicity observed after yYoTCR “blocking” appears to be at least
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Figure 2.1 Anti-yo TCR antibodies reduce lysis of breast cancer cells concomitant with y6T
cell death. (A) Donor 1 day 21 primary human yd T cells were pre-incubated for 30 min with
(1pg/well) or without antibodies (C=control), then incubated with calcein AM-labeled T47D
targets in triplicate at a 20:1 effector:target (E:T) ratio for 4 h. A significant reduction in %lysis
was observed in the presence of anti-yd TCR antibodies. Percent reduction compared to IgG (red
font) was calculated: 100 - (% lysis or live cells treated with antibody/IgG*100). (B) Representative
example showing that treatment of 600,000 Donor 2 day 14 yd T cells for 4.5 h with 1 pg antibody
alone induces cell death as evidence by zombie aqua viability dye uptake. (C) Representative
example indicates induction of apoptosis in Donor 3 day 21 yd T cells via antibody treatment as in
B. (D) Summary of results from experiment shown in C. (E) Treatment of Donor 1 aff T cells with
anti-TCRyd antibodies does not cause cell death. (F) Compiled results for 3 independent
experiments focusing on B1 versus IgG. Error bars indicate standard deviation (n=3); Significant
differences compared to IgG controls (A, D) or between aff and yd T cells (E, F) were determined
by one way (A, D) or two way (E, F) ANOVA followed by Bonferroni’s multiple comparison test
(*p<0.05, ** p<0.01, *** p<0.001,**** p<0.0001; b, p<0.01, d, p<0.0001)
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partially due to the untimely death of a significant proportion of effector yoTc. Importantly, this
did not occur when anti-NKG2D was used, suggesting that prior interpretations implicating
NKG2D in cytotoxicity were not compromised by the induction of effector cell death described
here. To further define this cell death, we extended our experiments to include Annexin V (AnnV)

staining for the detection of apoptotic cells via flow cytometry*?

. We categorized cell death into
early apoptotic (AnnV+/ ZA-), late apoptotic (AnnV+/ ZA+) and necrotic (AnnV-/ ZA+) fractions.
Treatment of y6Tc with B1 and B1.1 anti-ydTCR blocking mAb resulted in increased apoptotic
cell death compared to IgG controls, in both early (17.6% and 11.1% versus 4.6%) and late
apoptotic compartments (34.2% and 33.9% versus 27.6%) in a representative example (Fig. 1C,
gating controls in Fig. 2.S1B); combined results for technical replicates from this experiment are
also shown (n=3, Fig. 2.1D). One-way ANOVA followed by Bonferroni pairwise multiple
comparison posthoc analysis revealed significant reductions in cell viability after incubation with
B1 (P =0.0003) and B1.1 (P < 0.0001) mAb compared to IgG. Surprisingly, a significant yoTc
viability difference was also found comparing B1 and B1.1 (P =0.0003), considered to be the same
mAb, simply sold by different companies. The Biolegend product data sheet for B1 states “Clone
B1 is also known as clone B1.1”; however, the nomenclature would suggest that B1.1 is a subclone
of B1. Unfortunately, we were unable to learn anything about the generation of these clones, which
is not reported in the literature. Since the effect (viability loss) was always similar in experiments
carried out with both antibody clones (data not shown), yet B1.1 had a more significantly negative
effect on ydTc, we used B1 for all experiments moving forward.

Induction of cell death via anti-ydTCR incubation was specific to y6Tc, since the viability
of afTc expanded in parallel from the same donor was not compromised by incubation with B1,
5A6.E9 or 11F2 (Fig. 2.1E). afTc viability remained unchanged, while once again, the strongly

significant reduction in yoTc viability after treatment with B1, 5A6.E9 and 11F2 compared to IgG,
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was confirmed (p < 0.0001). Notably, there was also a significant difference in viability between
B1 and 5A6.E9 (p=0.0034) as well as between B1 and 11F2 (P=0.0040), demonstrating that the
detrimental effect of B1 is greater than that of the other two clones. While there was a significant
difference in y6Tc versus afyTc viability in the control samples, which is understandable, as these
are two different cultures (albeit derived from the same donor), there was no difference in affTc
viability among antibody treatments or controls. Three independent experiments with three
different donor cultures testing B1 compared to IgG and control are shown and the significant drop
in ydTc viability after incubation with B1 was confirmed (Fig. 2.1F, p = 0.02).

To determine whether stimulation with anti-ydTCR mAb clones differentially activates
v0Tc, we stimulated effector y0Tc for 1 minute with anti-ydTCR mAb and used anti-CD3
stimulation with the UCHTT clone as a positive control for activation. While clones B1 and B1.1
did not cause phosphorylation of signaling proteins AKT, ERK1/2 or S6 above that of the
unstimulated control, clones 11F2 and 5A6.E9 elicited a phosphorylation pattern similar to that
obtained with anti-CD3 stimulation (UCHT1) suggesting active signaling (Fig. 2.S2). Rabll
served as an internal loading control. Clones B1 and B1.1 behaved as blocking antibodies should,
by not inducing activation; however, a lack of survival signaling through phosphoAKT cannot
account for the cell death observed in Bl-treated yoTc, since the untreated control cells in our
blocking experiments did not die to the same extent, although their activation patterns are quite

similar (Fig. 2.S2, compare lanes 1-3).

2.3.2 IL-2 enhances apoptotic cell death induced by anti-ydTCR antibody

treatment.

We tested whether exogenous IL-2 impacts the viability of y6Tc in the presence of Bl,

5A6.E9 or 11F2 mAb in a 4.5 h assay. Representative dot plots show that incubation with mAb
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Figure 2.2. Anti-ydTCR antibodies induce apoptosis, and effects are exacerbated by IL-2. (A)
Addition of IL-2 to blocking assays increases apoptotic cell death of yd T cells (Donor 1, culture
=1-2). Apoptotic cells are annexinV(AnnV) positive; early apoptotic cells are in the top left
quadrant. Positive staining for Zombie Aqua (ZA) indicates dead cells. (B) For the experiment
shown in A, % live cells are plotted for yo T cells treated with antibodies for 4.5 h in the presence
or absence of IL-2. Error bars are standard deviation for technical replicates. This experiment is
representative of three biological replicates. (C) Most cell death induced by antibody treatment is
apoptotic cell death (blue) and is enhanced in the presence of I1-2; orange indicates necrotic cell
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death. The graph depicts results from the experiment shown in A and B. (D) Compiled results of
experiment shown in panel (B) from three different donor cultures (1-2,3-2 and 4-1). (E) Individual
experiments in which yo T cells were incubated with B1, (F) 5A6.E9 or (G) 11F2. In E, F and G,
Student’s t-tests reveal a significant difference in cell viability in the presence or absence of IL-2;
(*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). (H) No differences in cell death were induced
by soluble or immobilized (coated) B1 antibody treatment; however, significant cell death is
observed comparing soluble B-1 to IgG- treated cells. This is a representative example of three
independent experiments; for this experiment, cells were from culture 1-1 on day 16. (I) Compiled
results of experiment shown in F with four different donor cultures (1-1, 4-1, 5-1 and 8-2). (J) A
representative example of two independent experiments in which yd T cells were incubated with
or without Fc blocking reagent for 10 min at room temperature prior to the addition of antibodies
in the presence of IL-2. Shown here is the experiment with donor culture 8-2. (K) The experiment
in J carried out in the absence of IL-2. Statistical analyses for all but E,F and G were as follows:
two way ANOVA followed by Bonferroni’s multiple comparisons tests were performed to identify
significant differences between antibody-treated and IgG-treated cells (a, p<0.0.5; b, p<0.01; c,
p<0.001; d, p< 0.0001) or among antibody treatments (line indicates groups compared; e, p<0.05;
f, p<0.01; g, p<0.001; h, p< 0.0001) as well as to determine significant viability differences in the
presence or absence of IL-2 (* p<0.05, *** p<0.001)
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resulted in an increase in both early apoptotic (AnnV+/ZA-) and late apoptotic (AnnV+/ZA+) yoTc,
even in the absence of exogenous IL-2 (Fig.2.2A, gating shown in Fig. 2.S1C). Two-way ANOVA
followed by Bonferroni’s multiple comparison posthoc statistical analysis revealed significant loss
of ydTc viability due to IL-2 only in control (p < 0.0074) and B1-treated groups (p = 0.0042, Fig.
2.2B). In contrast, no IL-2-induced differences in viability were observed in cell populations
treated with IgG, SA6.E9 or 11F2 mAb; however, both B1 and 11F2 mAb decreased ydTc viability
significantly compared to IgG controls. Notably, 5SA6.E9 treatment did not elicit significant loss
of cell viability compared to IgG in this experiment. In the presence of IL-2, SA6.E9 treated cells
were more viable than those incubated with B1 (p = 0.0016) or 11F2 (p = 0.0067); the decrease in
vdTc viability after incubation with 11F2 compared to SA6.E9 in the absence of IL-2 was also
deemed significant (p = 0.0163). Importantly, the difference in average ydTc viability between
IgG- and Bl-treated cells could account for a large proportion (if not all) of the decrease in
cytotoxicity associated with the use of this mAb in blocking experiments. The cell death associated
with mAb incubation was mostly apoptotic cell death (Fig 2.2C), with significant increases in IL-
2-dependent cell death observed in control and B1-treated ydTc. Statistical analysis performed on
cell death data shown in Fig. 2C revealed the same results as in the reciprocal live cell data in Fig.
2.2B.

We compiled the results for three independent experiments and statistical analysis thereof
confirmed significant loss of cell viability (p = 0.0308) in B1- but not in 11F2- or 5A6.E9-treated
vdTc compared to IgG in the presence of IL-2 (Fig 2.2D). To further demonstrate this effect, we
show the impact of IL-2 on Bl1-treated cells from all three experiments (Fig. 2.2E); a synergy was
observed between B1 and IL-2 that resulted in significant loss of cell viability compared to B1
treatment in the absence of IL-2. This loss was evident in all three cultures, but was most

pronounced in the experiment performed with Donor culture 3-2 (p = 0.0006). Looking more
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closely at SA6.E9 treatments of these three cultures (Fig. 2.2F) revealed a small but significant
difference with IL-2 in culture 1-2 (60.3 + 1.0 versus 58.8 &= 0.8% live cells, without or with IL-2,
respectively, p = 0.039), and sensitivity of 4-1 to IL-2 combined with this clone (p = 0.0048).
Culture 4-1 viability was also decreased significantly with combined 11F2 and IL-2 treatment (Fig.
2.2G, p=0.029). The full experiment done with culture 4-1 is shown in Fig. S3B. No significant
difference in yoTc viability was observed among the three mAb-treated groups in the presence of
IL-2 (Fig. 2.S3B, p > 0.9999). In the absence of IL-2, 5A6.E9 elicited the least degree of y6Tc cell
death, and was significantly better than both B1 (p = 0.0026) and 11F2 (p = 0011), which were
equally detrimental (Fig. 2.S3B). Donor culture 4-1 was 78.8% V32" (Fig. 2.S3A, Table 2.S1),
whereas 1-2 with 14.9% and 3-2 with 50.8% V82" (Table S1) exhibited little to no difference in
viability upon incubation with 5A6.E9 or 11F2, with or without IL-2 (Figs. 2.2F, G).

Western blot analysis of cleaved Caspase 3 in total cell lysates did not reveal clear
differences among IL-2-treated and untreated cells or mAb treatments over 4.5h; however, this is
a less sensitive method than flow cytometry, thus it was not surprising that we were unable to detect
~10% differences (data not shown).

We found no differences in y6Tc viability when comparing the use of soluble and
immobilized mAb, all in the absence of IL-2; however, Bl treatment resulted in a significant loss
of viability compared to IgG-treated ydTc in both cases in the representative example shown
(soluble, p < 0.0005; coated, p < 0.0001; Fig. 2H). When we included 5A6.E9 and 11F2 in this
experiment, again no differences in viability were observed using soluble or immobilized mAb,
but significant viability losses compared to IgG were noted (Fig. 2.54). When we compiled results
for control, IgG and B1 treatments from four independent experiments, no significant differences

were identified (Fig. 2.2I). This is likely due to inter-donor variation, suggesting that variability in
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cell viability among donors is greater than that observed after treatment with soluble or
immobilized mAb.

We tested whether the Fc receptor might be involved in apoptosis induced by mAb
treatment, but found that there were no differences in viabilities of ydTc that were or were not pre-
treated with an Fc blocking reagent prior to mAb incubation Figs. 2J, K). This was true whether
IL-2 was present (Fig. 2.2J) or not (Fig. 2.2K). Significant decreases in viability were noted for
mAD treated cells (Figs. 2.2J, K), confirming previous results (Figs.2. 2A-I).

To understand the kinetics of apoptosis, we performed a time course experiment that revealed a
highly significant decrease in live cells after 3.5 h of stimulation with B1 that extended to 4.5 h (p
< 0.0001, Fig.2.S5A); of note, there was a significant difference in viability, compared to IgG-
treated cells, at the 30-min time point (p = 0.043), but this was no longer evident at 1.5 and 2.5 h
post mAD treatment. A graph showing the percentage of dead cells over time is also shown (Fig.
2.S5B). Since cytotoxicity experiments are usually conducted over a minimum of 4 h, this loss of

effector viability should be taken into account.

2.3.3 IL-2 is not required for assessment of yoTc¢ cytotoxicity against breast

tumor targets.

Since the presence of IL-2 during blocking mAb treatment caused unwanted yoTc death,
we investigated whether IL-2 is necessary for assessment of ydTc cytotoxicity against breast tumor
targets. In the representative example shown, IL-2 did not significantly enhance y6Tc cytotoxicity
against T47D at any effector:target ratio tested (Fig. 2.3A). This was also true for the individual
and compiled results of four independent experiments testing ydTc cytotoxicity against T47D (Fig.
2.3B). We further confirmed these results in cytotoxicity assays against MCF-7 (Fig. 2.3C and D)

and MDA-MB-231 (Fig. 2.3E and F) targets. In each case at all ratios tested, there was no
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Figure 2.3. The presence of Il-2 does not significantly impact y6 T cell cytotoxicity against
breast cancer cell lines. Comparison of yo T cell cytotoxicity, at the indicated effector:target
ratios, in the absence (orange) or presence (blue) of IL-2, against (A) T47D (Donor 4, culture 1,
day 21 yo T cells), representative of four independent experiments. (B) Compiled results of four
independent cytotoxicity experiments using T47D cells as targets. (C) MCF-7 (Donor 6 day 19 v
T cells), representative of three independent experiments. (D) Compiled results of three
independent cytotoxicity experiments using MCF-7 cells as targets. (E) MDA-MB- 231breast
cancer cell targets (Donor 6 day 19 yd T cells). (F) Compiled results of three independent
cytotoxicity experiments using MDA-MB- 231 cells as targets. Two way ANOVA followed by
Bonferroni’s multiple comparisons analysis were performed for all experiments; no significant
differences were revealed.
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significant difference in cytotoxicity of ydTc against breast tumor targets in the presence or absence
of IL-2 (Fig.2.3).
2.3.4 A decrease in lysis of targets can be partially explained by effector cell

death upon stimulation with anti-ydTCR antibodies and thus should be

controlled for in Y0 TCR blocking experiments.

Taking all of our previous results into account, we designed parallel blocking-only and
blocking plus cytotoxicity assays, in the absence of IL-2, in order to assess the involvement of
yOTCR in killing T47D breast tumor targets, while considering anti-ydTCR mAb-induced effector
cell death. Lysis of T47D targets was reduced dramatically upon treatment of y6Tc with anti-
vOTCR mADb; however, incubation with 5A6.E9 did not reduce lysis to quite the same extent, as
significant differences in cytotoxicity observed after treatment with B1 (p = 0.0072) and 11F2 (p
=0.0128) versus 5A6.E9 were evident (Fig. 2.4A). In line with these data, SA6.E9 also induced
significantly less cell death in these donor y6Tc compared to B1, as did 11F2 (Fig. 2.4B, both p <
0.0001 versus B1). Looking at the percentage of reduction in lysis or live cells compared to IgG,
it is evident that at least half of the decrease in percent lysis attributed to YOTCR blocking by B1 is
due to y0Tc death, as opposed to blocking interactions between effectors and targets. In this
experiment, SA6.E9 and 11F2 appear to be the better clones for blocking, as yoTc viability was
only reduced by 14% and 23%, respectively, compared to IgG, while they still caused 63% and
87% reductions in lysis of T47D (Fig. 2.4A, B). A compilation of data from three independent
experiments confirmed a decrease in percent lysis of T47D upon treatment with all three anti-
vO0TCR mAb clones; however, there was considerable variability in observed cytotoxicity of these
different donor cultures against T47D breast cancer targets, rendering differences among treatment

groups insignificant (Fig. 2.4C). In contrast, significant reductions in ydTc viability remained
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Figure 2.4. Effector blocking alone and blocking cytotoxicity assays should be performed in
parallel to account for apoptosis induced by anti-ydTCR antibodies. (A) Donor 7 day 19
primary human yd T cells were pre-incubated for 30 min with the indicated antibodies (1pg/well)
and then incubated with calcien AM-labeled targets in triplicate at a 20:1 effector:target (E:T) ratio
for 4 h. (B) 600,000 Donor 7 day 19 ydcT cells were stimulated with 1pg of the indicated antibodies
for 4.5 h and labeled with zombie aqua viability dye and annexinV FITC; shown are the %live cells
that excluded the uptake of dye and were negative for AnnexinV. (C) Complied blocking and
cytotoxicity results of three independent experiments. (D) Compiled blocking and viability results
of three independent experiments. A and B were done in parallel, as were experiments shown in C
and D. A significant reduction in % lysis (A, C) or %live cells (B, D), was determined by one way
ANOVA followed by Bonferroni’s pairwise multiple comparison post hoc analysis (*p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001 versus IgG; Among antibody treatments (as indicated): a,
*p<0.05; b, p<0.01). Percent reduction compared to IgG (in red font) was calculated 100- (%lysis
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evident, despite interdonor variation, after treatment with B1 and 11F2, but not 5A6.E9 mAbD (Fig.

2.4D). These data confirm results shown in Fig. 2.2A-D.

2.4 Discussion

A reduction of ydTc cytotoxicity against tumor targets following incubation with pan
y8TCR blocking mAb has been attributed to YSTCR involvement in killing!43-209:412-415417:419.420
yet we have discovered that certain anti-ydTCR antibodies cause yoTc apoptosis. This mechanism
may be Fas-dependent, suggested by the uncoupling of TCR signaling and apoptosis revealed by
anti-CD3 stimulation of mature conventional T cells in wild type (B6) versus Fas-deficient (B6.1pr)
mice (Fas-deficient T cells did not undergo apoptosis)**°.

Gan and colleagues also described Fas-dependent apoptosis of Daudi-activated but not
naive human y8Tc stimulated with SA6.E9 in the context of magnetic cell separation®?’. While Fas
was present throughout, surface expression of FasL on re-stimulated cells was most pronounced at
8 h post-stimulation, suggesting that an incubation time of 4 h for a cytotoxicity assay is appropriate
to avoid even more pronounced effector cell death*”’. Our kinetics experiment with B1-treated
v6Tc showed that appreciable cell death was first detectable between 3.5 and 4.5 h (Fig. S5),
supporting even shorter incubation times. In line with most of our results with 5A6.E9 (Fig. 2A-
D, F), the presence or absence of IL-2 in culture after stimulation did not alter the rate or extent of
y8Tc cell death*?’.

We typically include exogenous IL-2 in our cytotoxicity assays (Fig. 1), since IL-2 is
thought to enhance the cytotoxic potential of ydTc. While not inducing cytotoxicity on its own,
IL-2 increased Vo2 yoTc lysis of Daudi Burkitt’s lymphoma and TU167 squamous carcinoma cell
lines in a dose-dependent manner in the presence of tumor cells or phosphoantigen*?®. Janssen and

colleagues determined that the apoptotic effect of TCR stimulation was IL-2 dependent*?!; such
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synergy was also evident in yoTc treated with the B1 anti-ydTCR clone in the presence of IL-2
(Fig. 2). In published reports of in vitro y6Tc cytotoxicity against breast cancer cell lines, it is

unclear whether IL-2 was included in the assays!%!?7

. Our data suggest that exogenous IL-2 is
unnecessary for the assessment of y6Tc cytotoxicity against breast cancer cell lines (Fig. 3) and
indeed its propensity to drive activated T cells into apoptosis*?® further warrants its exclusion from
such assays.

Our experiments have revealed that the SA6.E9 clone is a better mAb to “block” the yYSTCR
than B1, as it typically induced the least amount of apoptosis and appeared not to synergize with
IL-2 to enhance this unwanted effect; however, this behaviour was somewhat donor- and likely
v6Tc subset-dependent (Fig. 2A-D, F), further discussed below).

We admittedly did not screen every available anti-ydTCR antibody in our assays, but rather
sought to document this unwanted effect in order to encourage investigators to consider this issue
when performing their own blocking experiments. It is possible that primary ydTc generated using
other protocols may be more or less sensitive to apoptosis induction via B1 or 11F2. Thus, it will
be important for researchers to test blocking mAb on ydTc cultured using their own protocols. For

example, Guo and Lopez’ apoptosis-resistant y§Tc*°

may be less susceptible to Bl-induced
apoptosis than y§Tc cultured in our lab*'?. In that study, it is unclear which anti-ySTCR clone was
used for blocking**’; however, the best way to assess y8Tc susceptibility to apoptosis upon anti-
vOTCR treatment would have been to perform blocking assays on ydTc alone and assess viability
in parallel with cytotoxicity assays, as we have done here (Fig. 4).

We did not test V-segment-specific mAb in our study; however, Janssen and colleagues have
shown that Vy9-specific mAb 7AS induced apoptosis in ydTc clones, potentiated by addition of

IL-2*?!. The extent of apoptosis was the same with soluble or immobilized mAb, as we also

observed with B1 (Figs. 2H, I). It could be informative to determine whether other V-segment-
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specific mAb induce ydTc apoptosis; if researchers propose to employ these mAb in blocking
experiments, then it would indeed be important to test for this effect in advance. If apoptosis
induction is evident, these mAb may be employed for specific in vivo elimination of these cells.
Furthermore, if we could map the epitopes recognized by pan-ydTCR and V-segment-specific mAb
that induce apoptosis in y6Tc, perhaps small molecules could be designed to induce apoptotic
signaling pathways and thereby deplete specific yoTc subsets implicated in various pathologies in
Vivo.

Controversy over the effectiveness of in vivo depletion strategies was addressed by
Koenecke and colleagues, who determined that injection of anti-ydTCR mAb into mice did not
delete y0Tc as expected, but rather caused receptor internalization, rendering the cells
“invisible”®!. Kinetics experiments revealed, however, that ~10-20% of y§Tc were indeed lost as
of 14 days; the authors attributed this to activation-induced y8Tc death®’!, which is what we
observed here on a much shorter time scale in vitro. While GL3 and UC7-13D5 mAb recognize at
least partially overlapping epitopes, the higher affinity of GL3 led to greater TCR internalization**!,
confirming that even mAb recognizing similar structures have differential effects and should
therefore be tested and chosen wisely.

In our hands, in separate experiments, B1 mAb stimulation typically resulted in an average
voTc viability loss of ~10-15% (Figs. 1D, 2B-G). This was in line with cytotoxicity differences
observed comparing blocking with B1 to 5SA6.E9 (38.6% — 24.8% = 13.8%), suggesting that
roughly half of the dramatic “blocking” effect observed upon B1 incubation can be attributed to
unintended induction of apoptosis in ydTc. While in assays done in parallel these numbers were
higher (Fig. 4), the estimate of a ~50% reduction attributable to B1-induced cell death still held

true. Importantly, our results with SA6.E9 suggest that the ydTCR is indeed involved in ydTc

killing of breast cancer targets.

66



While we did not directly address the susceptibility of individual ydTc subsets to apoptosis
induction via anti-ydTCR antibodies, we might assume that the V32 subset was most strongly
affected, due to this subset’s documented sensitivity to activation induced cell death**?***. Donor
culture 4-1 was mainly Vo2 (78.8%, Fig. S3A, Table S1) and susceptible to enhanced apoptosis
through IL-2 in combination with each of the three tested anti-TCRyd mAb (Figs. 2E-G and S3B).
Note that Student’s t-tests were employed to assess significant differences in IL-2-treated versus -
untreated cells in Figs. 2E-G, but that ANOVA was used for the full experiment in Fig. S3B,
explaining differences in statistical outcomes for 11F2-treated samples (compare 2G and S3B).
Cultures comprising lower percentages of V32 cells (1-2 and 3-2, Table S1) exhibited little to no
difference in viability upon incubation with SA6.E9 or 11F2, with or without IL-2 (Figs. 2F, G).
These data suggest that V52 are more sensitive to apoptosis induced by anti-TCRyd mAb in the
presence of IL-2. Since most studies focus on the V52 subset, it is crucial that researchers take this
unintended effect into account.

Previous blocking assays reported in the literature have potentially unwittingly overstated
vOTCR involvement in lysis of target cells by assuming that decreased target death is due to
blocking of the TCR, not realizing that a proportion of effector y0Tc may have undergone
apoptosis. If, for example, anti-TCRVd1 mAb clones induce y6Tc apoptosis, then the TCR may
not be involved in V61 yoTc killing of MEC1 leukemia cells since B1 and anti-Va1 both appeared
to “block” MEC1 lysis to a similar extent.?” In our own previous work, Immu510 and B1.1 clones
decreased percent lysis of PC-3M prostate cancer cells to the same extent, suggesting that Immu510
may be as detrimental to y3Tc viability as B1.1#!%2. In that experiment, using a V32-predominant
culture (77.4% V62, 14.2% V1), neither anti-Vo1(TS8.2) nor anti-V2 (B6) clones significantly
reduced cytotoxicity against PC-3M, suggesting that the TCR was not involved*'2. In another

experiment with a Vol predominant yoTc culture (55.1% Vo1, 11.7% V§2), derived from a
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different donor, anti-V3l did decrease lysis significantly, yet this may have been due to loss of
v8Tc as opposed to bona fide V81 TCR blocking*'?, although V51 may be less susceptible to
apoptosis induction than V52, as discussed above. In contrast, a lack of decrease in tumor cell
death after mAb treatment suggests that the ydTc employed were not susceptible to mAb-induced
apoptosis. For example, V31 ydTc expressing natural cytotoxicity receptors were not susceptible
to apoptosis induced by B1.1 or Immu510, as no drop in MOLT4 lysis was observed!>>. Likewise,
blocking with B1.1 and Immu510 had no influence on V62 ydTc cytotoxicity against Jurkat or
Molt4*8, Thus, the TCR was not implicated in cytotoxicity and no false misinterpretation
resulted'>>*!8, Yet y6TCR involvement in killing of ULBP4-overexpressing murine thymoma
EL4!'*® as well as hMSH2-expressing HeLa cells*?° may have been overstated, if the y§Tc employed
in these studies were as susceptible to B1.1-mediated apoptosis as ours were.

In conclusion, we strongly suggest that researchers employing the mAb blocking assay
using anti-ydTCR mAb perform y6Tc alone controls in parallel, to quantify the extent of effector
cell death occurring as a result of mAb treatment. This cell death can then be taken into account
and subtracted from the difference observed in cytotoxicity upon application of this mAb, which
should give a more accurate value for the extent to which true receptor blocking impairs
cytotoxicity. IL-2 may be excluded from cytotoxicity assays to minimize the deadly synergy
observed upon B1 stimulation, keeping in mind that this may reduce overall cytotoxicity and thus
perhaps should be tested for each target cell line in advance. Previous work using B1 or B1.1 for
blocking, ours included, should be reevaluated in this light. Perhaps the ydTCR is not as involved

in target killing as we thought.
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Figure S2.1 Gating controls for flow cytometry experiments. (A) Donor 2 day 14 yo6 T cells
were untreated and unstained (left) or incubated with 1pg anti-ydTCR antibody for 4.5 h and
stained with zombie aqua viability dye (gating for Fig. 2.1B). (B) Donor 3 day 21 yo T cells were
treated with 1pg anti-ydTCR antibody for 4.5 h and stained with zombie aqua and annexinV FITC.
Single stained controls for zombie aqua (left, ZA only) and annexinV (middle, AnnV only) were

used to set gates for the experiment shown in Fig 2.1C. (C) Gating for Fig. 2.2A ‘no IL-2” sample
shown here.
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Figure S2.2. 5A6.E9 and 11F2 anti-ydTCR antibody clones induce yd T cell activation. Day
20 donor yd T cells were stimulated with Sug of the indicated antibodies for 1 min. Lysates were
run on 12% SDS-PAGE gels, transferred to PVDF membranes and probed with the PathScan
Multiplex Western Cocktail 1 (Cell signaling Technology) to detect the indicated signaling
proteins. Shown here is a representative example from three independent experiments.
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Figure S2.3 y6 T cell culture with V52 predominance is sensitive to apoptosis induced by all
three anti-TCRyd antibody clones tested. A. Day 19 donor culture 4-1 was stained with anti-
TCR Vo1 FITC and V62 PerCP, and anti-yd PE, then analyzed by flow cytometry. Plots of V3l
FITC and V52 PerCP versus anti-yd PE are shown. B. Day 19 donor culture 4-1 cells were
incubated without (C=control) or with the indicated antibodies in the presence or absence of IL-2
for 4.5 h, stained with zombie aqua and annexinV FITC then acquired by flow cytometry. % Live
cells were ZA- and annexinV- negative. Two way ANOVA followed by Bonferroni’s multiple
comparisons analysis were performed and identified highly significant differences between all
antibody-treated and IgG-treated cells with and without IL-2 (not indicated, p<0.0001). Significant
differences in Y0 T cell viability for each antibody treatment with or without IL-2 are indicated
(*** p<0.001, **** p<0.0001). p values are shown for comparison of SA6.E9 with B1 and 11F2
in the absence of IL-2. No significant differences were observed among antibody treatments in the
presence of IL-2.
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Figure S2.4. There is no difference in viability of cells treated with soluble versus immobilized
anti-TCRyd antibody clones. No difference in viability of Donor 8 culture 2 day 18 cells were
induced by soluble versus immobilized (coated) B1, SA6.E9 or 11F2 antibody treatments;
however, significant decreases in viability were observed comparing antibody-treated to IgG-
treated cells. Two way ANOVA followed by Bonferroni’s multiple comparisons analysis were
performed to identify significant differences between antibody-treated and IgG-treated cells (a,
p<0.0.5; b, p<0.01; ¢, p<0.001; d, p< 0.0001) or among antibody treatments (line indicated groups
compared and p values are given)
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Figure S2.5. Kinetics of apoptosis induction by B1 antibody. (A) 600,000 donor 8 day 17 yo T
cells were untreated (C) or incubated with 1ug IgG control or B1 anti-ydTCR antibody, as
indicated, for 30 minutes in 100 ul medium, then additional 100 pul medium was added (t=0 h).
Cells were further incubated for 1-4 h and stained with Zombie Aqua and AnnexinV FITC. Live
cells were ZA- and AnnexinV- negative. B. For the experiment described in A, the sum of early
apoptotic, late apopototic and necrotic cells make up the dead cell fractions shown here. Two way
ANOVA followed by Bonferroni’s multiple comparisons analysis were performed to identify
significant differences between B-treated and IgG-treated cells at the indicated time point.
(*p<0.05, **** p<0.0001).

72



S2.1.v3 T cell subset percentages and purities for donor cultures. Donor cultures were stained
with zombie aqua and then with antibodies recognizing pan y6 TCR, V&1 TCR and V32 TCR on
the indicated day. Purity is the sum of % Vo1, % V62 and %yd TCR+ Vo81- Vo52-. The figures in
which results were obtained using these cultures are listed.

ID Day %Vd1 %V32 % yS3TCR+Vd1-Vd2- % Purity Figure(s)

1-1 21 49.1 32.2 8.7 90.0 1AEF; 2H,I; 3B

1-2 20 70.0 14.9 115 96.4 2A-G; S1C

2-1 14 38.1 51.6 5.5 95.2 1B; S1A

3-1 21 23.2 58.3 3.5 85.0 1C,D;S1B

3-2 19 28.7 50.8 6.7 86.2 1F; 2D-G; 3B

41 19 14.9 78.8 4.2 97.9 1F; 2D-G,l; 3A,B; S3A,B
4-2 18 14.8 67.8 2.4 85.0 4C,D

5-1 22 40.3 49.0 6.2 Ll 21; 3B

6-1 19 43.4 421 11.1 96.6 3C-F

71 19 391 16.1 11.0 66.2 4A-D

7-2 19 2.1 89.1 1.1 922 3D,F

8-1 19 271 49.0 5.5 81.6 4C,D

8-2 19 77.9 6.2 12.0 96.1 2I-K; 3D,F; S4; S5A,B
9-1 21 1.1 771 3.8 92.0 S2
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Chapter 3- Functional Plasticity of yo T Cells and Breast Tumor
Targets in Hypoxia
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Abbreviations

bp, band pass

CAIX, carbonic anhydrase IX

CalAM, Calcein AM

CDA40L, CD40 ligand (or CD154)

E:T, effector:target ratio

ER, estrogen receptor

FBS, fetal bovine serum

FMO, fluorescence minus one

v6Tc, gamma delta T cells

HIF1a, hypoxia inducible factor 1 alpha

HRP, horseradish peroxidase

IL, interleukin

Ip, long pass

MICA, MHC class I polypeptide-related sequence A
MIP1a, macrophage inflammatory protein la (or CCL3 = chemokine (C-C motif) ligand 3)
MFI, median fluorescence intensity

NKG2D, natural killer group 2, member D

02, oxygen

PBMCs, peripheral blood mononuclear cells,

PBS, phosphate buffered saline

PIC, protease and phosphatase inhibitor cocktail

PR, progesterone receptor

RANTES, regulated on activation, normal T cell expressed and secreted (or CCLS5)
TBST, tris-buffered saline plus 0.05% Tween-20
TCR, T cell antigen receptor

TIL, tumor infiltrating lymphocytes

TME, tumor microenvironment

TNFa, tumor necrosis factor alpha

ZA, Zombie Aqua fixable viability dye
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Abstract

Interactions between immune and tumor cells in the tumor microenvironment (TME) often
impact patient outcome, yet remain poorly understood. In addition, the effects of biophysical
features such as hypoxia [low oxygen (O2)] on cells within the TME may lead to tumor evasion.
Gamma delta T cells (ydTc) naturally kill transformed cells and are therefore under development
as immunotherapy for various cancers. Clinical trials have proven the safety of ydTc
immunotherapy and increased circulating y6Tc levels correlate with improved patient outcome.
Yet, the function of ydTc tumor infiltrating lymphocytes (TIL) in human breast cancer remains
controversial. Breast tumors can be highly hypoxic, thus therapy must be effective under low O>
conditions. We have found increased infiltration of ydTc in areas of hypoxia in a small cohort of
breast tumors; considering their inherent plasticity, it is important to understand how hypoxia
influences ydTc function. In vitro, the cell density of expanded primary healthy-donor blood-
derived human ydTc decreased in response to hypoxia (2% O2) compared to normoxia (20% O»).
However, the secretion of MIP1o/MIP1B, RANTES and CD40L by y6Tc were increased after 40
h in hypoxia compared to normoxia concomitant with the stabilization of Hypoxia Inducible Factor
l-alpha (HIF1a) protein. Mechanistically, we determined that NKG2D on ydTc and the NKG2D
ligand MICA/B on MCF-7 and T47D breast cancer cell lines are important for ydTc cytotoxicity,
but that MIP1a, RANTES and CD40L do not play a direct role in cytotoxicity. Hypoxia appeared
to enhance the cytotoxicity of ydTc such that exposure for 48 h increased cytotoxicity of yoTc
against breast cancer cells that were maintained in normoxia; conversely, breast cancer lines
incubated in hypoxia for 48 h prior to the assay were largely resistant to yoTc cytotoxicity. MICA/B
surface expression on both MCF-7 and T47D remained unchanged upon exposure to hypoxia;

however, ELISAs revealed increased MICA shedding by MCF-7 under hypoxia, potentially
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explaining resistance to ydTc cytotoxicity. Despite enhanced ydTc cytotoxicity upon pre-
incubation in hypoxia, these cells were unable to overcome hypoxia-induced resistance of MCF-7.
Thus, such resistance mechanisms employed by breast cancer targets must be overcome to develop

more effective ydTc immunotherapies.

3.1 Introduction

Low Oy levels (hypoxia) characterize the microenvironment of many solid tumors,
occurring as a consequence of structurally disorganized blood vessels and tumor growth that
exceeds the rate of vascularization. Hypoxia is common within breast cancers, which have a
median O, concentration of 1.4%, as compared to ~9.3% for normal breast tissue*>. In response
to hypoxia, cells express genes that are essential for their survival. In tumor cells, this O2-regulated
gene expression leads to more aggressive phenotypes, including those that increase the ability of
cells to resist therapy, recruit a vasculature, and metastasize**¢**. Accordingly, there is a growing
body of evidence correlating tumor hypoxia with poor clinical outcome for patients with a variety

of cancers*3?-44!

. Oz availability has also been shown to regulate immune editing, allowing cancer
cells to evade the immune system via a variety of mechanisms**?. For example, hypoxia upregulates
HIF1a-dependent ADAMI10 expression resulting in MHC class I polypeptide-related sequence A

443

(MICA) shedding from the surface and decreased lysis of tumor cells™. While many studies have

42 so far none have

focussed on myeloid derived suppressor cells or conventional CD8+ T cells

considered the impact of tumor hypoxia on gamma delta T cells (ydTc).
While y8Tc kill cancer cell lines, derived from both hematological and solid tumors alike

(reviewed in'!'?), it is unclear whether they are still active cancer killers when confronted with the

harsh and immunosuppressive tumor microenvironment (TME)!'!2131:444445 ‘We have focussed on

breast cancer, since there have been conflicting reports in the literature with respect to ydTc
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function in this disease. While in vitro studies clearly show that yoTc are able to kill breast cancer
cell lines MDA-MB231, MCF-7 and T47D'"$%18%446 it is unclear as to whether y8Tc retain their
cytotoxic properties once exposed to the breast tumor TME!3!,

Here we set out to determine how ydTc behave under low oxygen (O2), a TME factor likely
encountered by y6Tc in many malignancies. Carbonic anhydrase IX (CAIX) is a transmembrane
protein that catalyzes the reversible hydration of carbon dioxide. It is expressed in response to

hypoxia and is thus used as a surrogate marker for hypoxia*’

. High CAIX expression indicates
poor prognosis in many cancers, including breast cancer*****. Breast cancer cell lines express
MICA, a ligand for the natural killer group 2, member D (NKG2D) receptor expressed by yoTc
and implicated in y8Tc cytotoxicity!'?"-146:160.161451 "Thyg we have further explored the integral role
for NKG2D/MICA in ydTc cytotoxicity against breast cancer cell lines under hypoxia and
normoxia.

409452456 " and have shown both

Since ydTc are being developed for cancer immunotherapy
safety and even some efficacy - despite advanced disease stage — in a Phase I trial for breast

cancer''!, it is imperative that we learn how the TME impacts the function of y8Tc infiltrating

breast and other solid tumors.

3.2 Materials and Methods
3.2.1 Ethics statement

This study was carried out in accordance with the recommendations of the Research Ethics
Guidelines, Health Research Ethics Board of Alberta — Cancer Committee with written informed
consent from all subjects. All subjects gave written informed consent in accordance with the
Declaration of Helsinki. The protocol was approved by the Health Research Ethics Board of

Alberta — Cancer Committee.
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3.2.2 Patients and Tissues

We assessed 17 surgically resected breast tumors from cancer patients diagnosed at the
Cross Cancer Institute, Edmonton, AB from 1997 to 1998. Patient and tumor characteristics are

listed in Table 3.1.

3.2.3 Immunohistochemistry

Anti-human T cell antigen receptor (TCR)3 staining was performed as reported®’. Briefly,
4.5 um serial sections from formalin-fixed paraffin-embedded tumors were melted on a slide
warmer at 60°C for a minimum of 10 min followed by de-paraffinization using a fresh Xylenes
(Thermo Fisher Scientific, Burlington, ON, Canada) bath. Sections were then hydrated with a series
of graded ethanol (100%, 95%, 70%, 60%) followed by brief incubation in water, then tris-buffered
saline plus 0.05% Tween-20 (TBST). Antigen retrieval was performed at 100°C for 20 min in target
retrieval solution pH 9 (DAKO North America, Carpinteria, CA, USA). After cooling to room
temperature, tissues were circled with an ImmEdge pen (Vector Laboratories, Burlingame, CA,
USA) and blocked with Peroxidase Block (DAKO) for 5 min. Slides were washed in TBST for 5
min then blocked with Protein Block Serum Free (DAKO) for 10 min. Protein block was gently
removed and replaced with 1:150 dilution of mouse monoclonal anti-human TCR& antibody (clone
H-41, Santa Cruz Biotechnology, Dallas, TX, USA) or 1:50 dilution of rabbit monoclonal anti-

human CAIX (clone EPR4151(2), abcam, Cambridge, MA, USA) or corresponding isotype control
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Table 3.1. Characteristics of breast cancer cohort

n=17 n (%) Median (range)
Age at diagnosis 51 (40 -69)
Histology
Invasive ductal carcinoma 14 (82)
Invasive non-ductal tubular 1(6)
Invasive non-ductal mucinous 1(6)
Non-invasive 1(6)
Tumor size (cm)
<2 11(65) 1.4 (0.2-5.5)
2-5 4 (24)
>5 1 (6)
Not specified 1(6)
Tumor grade
1/3 4 (24)
2/3 5(29)
3/3 8 (47)
Nodal Status
Positive 9 (53)
Negative 8 (47)
ER
Positive 12 (71)
Negative 3 (18)
Not available 2 (12)
PR
Positive 10 (59)
Negative 5(29)
Not available 2 (12)
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control of staining. Sections were incubated in a humidified chamber for 30 min at 25°C. Slides
were then rinsed and washed five times in TBST for 5 min. Slides were then incubated with 100
ul secondary antibody, labeled polymer — horseradish peroxidase (HRP) anti-mouse or — HRP anti-
rabbit (DAKO), for 60 min at room temperature in the humidified chamber. Washing was done as
before, and then slides were treated with 75-100 pl 3,3’-diaminobenzidine chromogen solution
(DAKO) for 8-10 min before the reaction was stopped by rinsing in water. Haematoxylin (DAKO)
counterstaining was performed, slides were rinsed in water and then dehydrated using a series of
graded ethanol (60%, 70%, 95%,100%). Slides were then cleared with Xylenes, dried and

coverslips mounted with VectaMount permanent mounting medium (Vector Laboratories).

3.2.4 Assessment of CAIX expression and ydTc infiltration

Light microscopy and semi-quantitative scoring for CAIX was performed by a single
pathologist; scores were 0, no staining; 1, weak and/or very focal staining; 2+, strong but focal
staining; and 3, strong and extensive staining. Serial sections stained for TCRyd and CAIX were
scanned. Areas of CAIX-positivity and negativity were defined, and images from slides
superimposed to enable counting of ydTc in CAIX-positive and —negative areas. Five consecutive

areas within each region were quantified for the frequency of y6Tc infiltration.

3.2.5 Primary yo T cells

We established and maintained primary human y3Tc cultures as described*'?. Briefly,
healthy donor blood was diluted with phosphate buffered saline (PBS) and peripheral blood
mononuclear cells (PBMCs) isolated using density gradient separation (Lymphoprep, Stem Cell

Technologies, Vancouver, BC). PBMCs were cultured in a humidified atmosphere at 37°C with
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5% CO; at 1 x 10° cells/ml in RPMI complete medium containing 1pug/ml Concanavalin A (Sigma-
Aldrich, Oakville ON), 10% Fetal Bovine Serum (FBS), 1x MEM NEAA, 10 mM HEPES, 1 mM
Sodium Pyruvate (all Invitrogen, Burlington, ON), and 10 ng/ml recombinant human interleukin
(IL)-2 and IL-4 (Miltenyi Biotec, Auburn CA). Cells were counted and viability assessed via
Trypan Blue Exclusion Assay (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA); fresh
medium and cytokines added to adjust density to 1 x 10° cells/ml every 3-4 days. After 1 week, off
T cells were labeled with anti-TCRaf PE antibodies (BioLegend, San Diego, CA, USA) and anti-
PE microbeads (Miltenyi Biotec), and depleted after filtering (50 um Cell Trics filter, Partec,
Gorlitz, Germany) and passing over an LD depletion column (Miltenyi Biotec). Gamma delta T
cells, which did not bind to the column, were further cultured in complete medium plus cytokines
(as above). For cytotoxicity and blocking experiments, yoTc cultures were used on days 19-21, as
they were most cytotoxic then. Some hypoxia experiments were done at earlier time points. Donor
cultures are identified as follows: donor number culture letter — culture day; thus, 7B-13 = the
second culture derived from donor 7 on day 13. Culture purities and subset compositions are shown

in Table S1.

3.2.6 Breast cancer cell lines

Human breast carcinoma cell lines, MCF-7 and T47D, were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and maintained as per ATCC guidelines.
For surface marker staining of breast cancer cell lines, cells were harvested by washing with PBS

followed by dissociation in Accutase (Sigma-Aldrich) for 20 min at 37°C.

&3



3.2.7 Hypoxia Experiments

To examine the effects of hypoxia, cells were cultured in O2 concentrations as indicated for
40-48 h using an X3 Xvivo Closed Incubation System (BioSpherix). After incubation under
normoxic or hypoxic conditions, cell culture supernatants were collected, chilled on ice and then
frozen at -80°C until further analysis; harvested cells were used in cytotoxicity assays or stained
for flow cytometric analysis. In some cases, cells were cold harvested, pellets frozen on dry ice and

stored at -80°C until lysis for Western blotting.

3.2.8 Flow Cytometry
3.2.8.1 Antibodies

For surface marker staining of ydTc, the following anti-human antibodies from BioLegend,
unless otherwise indicated, were employed: TCRYd PE (clone B1, 1:25); TCR Vo1 FITC (Miltenyi,
clone REA173, 1:10); TCR V42 PerCP (clone B6, 1:25); NKG2D APC (BD Biosciences,
Mississauga ON, 1:25); CD56 FITC (clone MEM-188, 1:5); CD69 AF700 (clone FN50, 1:4);
CD9%4 FITC (clone DX22, 1:5); CD95 APC (clone DX2, 1:100); HLA ABC PE (clone W6/32,
1:10); FasL PE (clone NOK-1, 1:5); and CD40L APC (clone 24-31, 1:5). Anti-human MICA/B PE

(Biolegend, clone 6D4, 0.1 ng) was used to stain breast cancer cell lines.

3.2.8.2 Surface marker staining

v8Tc and breast cancer cell lines were adjusted to 10 x 10° cells/ 1 ml, stained with 1 ul/10°
cells Zombie Aqua fixable viability dye in PBS (ZA, BioLegend) for 15-30 min at room
temperature in the dark. ydTc were stained directly with fluorochrome-conjugated antibodies
diluted in FACS buffer [PBS containing 1% FBS and 2 mM EDTA (Invitrogen)] as indicated

above. Breast cancer cell lines at 10 x 10° cells/ml were blocked in FACS buffer containing 50
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pl/ml Trustain FcX (Biolegend) and incubated on ice for 30 minutes prior to antibody incubation.
After blocking, cells were centrifuged and supernatants removed, leaving 10 ul FACS buffer plus
block/10° cells. Antibodies and FACS buffer were added to 20 pl, and cells incubated on ice 15-
20 min followed by washing. All cells were fixed in FACS buffer containing 2% paraformaldehyde

(Sigma-Aldrich), stored at 4°C and acquired within one week.

3.2.8.3 Flow cytometer specifications

Cells were analyzed using a FACS CANTO II (Becton Dickinson, Mississauga ON)
equipped with: an air-cooled 405-nm solid state diode, 30mW fiber power output violet laser, with
450/50 and 510/50 band pass (BP) (502 long pass (LP) detector); a 488-nm solid state, 20-mW
blue laser with 530/30 Bp (502 LP), 585/42 BP (556 LP), 670 LP (655 LP) and 780/60 BP (735
LP) filters; and a 633-nm HeNe, 17-mW red laser with 660/20 BP and 780/60 BO (735 LP)
filters. Calibration was performed with CS&T beads (Becton Dickenson, Mississauga ON). Live
singlets were gated based on forward and side-scatter properties. Fluorescence minus one (FMO)

controls were used to set gates. Analysis was performed using FlowJo® software (Tree Star,

Ashland, OR, USA, Version 10.0.8r1).

3.2.9 Cytokine Arrays

The Proteome Profiler Human Cytokine Array Kit, Panel A (R&D Systems, Minneapolis,
MN, USA) was used to detect proteins secreted by y0Tc cultured under normoxic or hypoxic
conditions. Undiluted culture supernatants were used in these assays, which were carried out
according to the manufacturer’s instructions. Analysis of resulting films was done as follows: Pixel
intensities were measured using FIJI software (ImageJ Version 2.0.0-rc-15/1.49m) using a

consistent circular region of interest; measured values from duplicate spots were subtracted from
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255. The average intensity from the two negative spots was subtracted from all values to obtain net
values. The intensities of the six reference spots (positive controls) were averaged and a multiplier
was defined for each array (normalized to the array with the lowest pixel intensity). Values were
adjusted accordingly and then values for the duplicates were averaged. Finally, ratios were

calculated for each cytokine, normalized to normoxia.

3.2.10 ELISAs

1-2 ml aliquots of culture supernatants stored at -80 °C were thawed on ice. Halt™ Protease
and Phosphatase Inhibitor Cocktail (PIC, Thermo Fisher Scientific) was added to samples
prior to use in ELISAs or further storage at 4 °C. The following ELISA kits were used:
ELISA MAX Deluxe RANTES/CCL5 (BioLegend), Human MIP-la and Human CDA40L
Quantikine ELISA kits (R&D Systems) and Human MICA ELISA Kit (abcam). For RANTES and
CD40L ELISAs, culture supernatant samples were diluted up to 16-fold to obtain readings within
range (1:2, 1:4, 1:8, 1:16). For MIP1la ELISAs, samples were diluted up to 1:20. For MICA
ELISAs, culture supernatants stored at -80°C were thawed overnight in at 4 °C, then 4 ml applied
to Amicon Ultra-4 10K spin columns (Merck-Millipore, Carrigtwohill, Ireland) that were
subsequently centrifuged at 3000g for 2 h at 12°C. Concentrated media was then transferred into
1.5 ml Eppendorf tubes and diluted to 200ul and 20 pl of a 1:10 dilution of PIC were added. For
the ELISA, 100ul per well were assayed in duplicate. All ELISAs were done according to the
manufacturer’s instructions. Absorbance at 450 and 550 nm was measured using a FLUOstar
Omega plate reader (BMG Labtech, Offenburg, Germany) with Omega Software version 5.11. The
difference linear regression fit of the standard curve was used for concentration calculations.

ELISA data were normalized to ydTc cell numbers and culture volumes.
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3.2.11 Immunoblotting

Cell lysates were prepared by mixing ydTc with M-PER Mammalian Protein Extraction
Reagent (Thermo Fisher Scientific) containing PIC at 10 pl lysis buffer per million y6Tc followed
by incubation at room temperature for 10 min. Lysates were then centrifuged at 13,000 rpm for 15
min 4 °C, after which supernatants were transferred to fresh tubes and 5x reducing sample buffer
(0.0625 M Tris/HCI pH6.8, 2% SDS, 20% glycerol, 0.05% B-mercaptoethanol, 0.025% (w/v)
Bromophenol Blue) added. Samples were boiled 5 min, cooled and briefly centrifuged in a
benchtop centrifuge prior to running on 10% or 12% SDS-PAGE gels. Proteins were transferred
onto Immobilon-FL. PVDF membranes (Millipore) using the Trans-Blot Turbo Transfer System
(Bio-Rad, Mississauga ON). The high molecular weight (MW) program was used when
transferring proteins for HIFla detection. Otherwise, the mixed MW program was used.
Membranes were blocked 40 min in 3% milk in TBST, followed by overnight incubation in primary
antibody baths at 4°C. After washing, membranes were incubated with the corresponding species-
specific HRP-labeled secondary antibody for 1 h, followed by further washing and then detection
using Clarity™ Western ECL Substrate (Bio-Rad). Primary antibodies were diluted in PBS
containing 2% bovine serum albumin and 0.05% sodium azide at the following dilutions: 1:500
mouse anti-human HIF-1a (clone MOP1, BD Biosciences); 1:2000 goat anti-human CCL3/MIP1a
(R&D Systems); 1:1000 mouse anti-human/primate CCL5/RANTES (Clone #21418, R&D
Systems); 1:500 mouse anti-human CD40 Ligand/TNFSFS5 (Clone #40804, R&D Systems); 1:2000
rabbit anti-human B-Actin (Cell Signaling Technologies, Danvers, MA, USA). Secondary
antibodies were diluted in blocking buffer as follows: 1:10,000 goat anti-mouse IgG HRP
(BioRad); 1:20,000 goat anti-rabbit [gG HRP (BioRad); 1:1000 donkey anti-goat IgG HRP (R&D

Systems).
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3.2.12 Quantification of bands on Western Blots

Band intensities for CD40L, MIP1oa and RANTES were measured using FIJI software
(ImageJ Version 2.0.0-rc-15/1.49m) on converted grayscale images using consistent rectangular
regions of interest. Measured values for bands and background (region of same size beneath each
band) were subtracted from 255, then background was subtracted from bands to obtain net values
for protein bands of interest and loading control bands (actin). The ratios of protein bands to loading
control bands were then calculated. In the case of CD40L and RANTES, these values were
multiplied by 10 to obtain values between 0.1 and 10. For calculation of induction, hypoxia values
were divided by normoxia values, and average values for each protein were plotted. Calculations

were done in Microsoft Excel version 15.3 (Microsoft, Redmond, WA, USA).

3.2.13 Cytotoxicity Assays
3.2.13.1 Target Cell labeling with Calcein AM

As per the manufacturer’s instructions, target cells were labeled with SuM Calcein AM
(CalAM, Invitrogen/Thermo Fisher Scientific). Cells were diluted to 30,000 cells/100 pl medium

for cytotoxicity assays.

3.2.13.2 Blocking Antibodies

The following anti-human antibodies were used: LEAF purified anti-NKG2D (BioLegend,
Clone 1D11), anti-human CCL3/MIPla (R&D Systems); anti-human/primate CCL5/RANTES
(Clone #21418, R&D Systems) and anti-human CD40 Ligand/TNFSF5 (Clone #40804, R&D

Systems). Mouse IgG (Sigma-Aldrich) was used as a control.
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3.2.13.3 Blocking/Cytotoxicity Assay

For blocking and cytotoxicity assays, 6 x 10° cells/ml y8Tc cells were re-suspended in
complete medium: RPMI 1640 plus 10% heat-inactivated fetal bovine serum; 10 mM HEPES; 1 x
MEM NEAA; 1 mM sodium pyruvate; 50 U/ml Penicillin-Streptomycin and 2 mM L-Glutamine,
all purchased from Invitrogen) Blocking antibodies were added at 6 ug mAb per 600 ul cell
suspension/test in Eppendorf tubes, then plated at 100 pl/well in a 96 well round-bottomed plate
and incubated at 37°C for 30 minutes. Thereafter, 100 pul CalAM-labeled targets were added. For
cytotoxicity assays, the effector:target (E:T) ratio is indicated; blocking assays were done at 20:1.
Co-cultures were incubated at 37°C for 4 h, after which plates were centrifuged and supernatants
transferred to black clear-bottom 96-well (flat) plates (Costar, VWR International, Edmonton, AB).
CalAM fluorescence was then detected on a FLUOstar Omega, BMG labtech fluorimeter. Controls
were untreated and IgG-treated cells (for blocking assays), CalAM-labeled target cells incubated
alone (spontaneous release) as well as 0.05% Triton-X 100 (Thermo Fisher Scientific)-treated cells
(maximum release). The calculation for percent lysis is: [(test-spontaneous release)/(maximum-

spontaneous release)] x 100%.

3.2.14 Statistics

The following tests were used to determine significance: paired 1-tailed Student’s t-tests
[Fig. 2A-F only, Microsoft Excel version 15.3 (Microsoft, Redmond, WA, USA)]; paired 2-tailed
Student’s t-tests [Fig. 2G-U, Prism 7.0 for Mac OSX (GraphPad Software, San Diego, CA, USA)];
one-way ANOVA analysis (Fig. 4, Prism); and Shapiro-Wilk normality tests followed by two-way

ANOVA (Fig. 1E, 3, 5, 6, Prism). Sidak’s pairwise multiple comparison posthoc tests were
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performed alongside ANOVA analyses. The threshold for significance was set at P <0.05; asterisks

indicate degrees of significance as defined in the figure legends.

3.3 Results

3.3.1 y6Tc can be found in hypoxic regions in breast cancer cases

In order to determine whether ydTc are present in areas of hypoxia in breast tumors, we
performed immunohistochemistry to detect the hypoxia marker CAIX and ydTc using single stains
of serial sections from a panel of 17 breast tumors (Table 3.1). Examples from one case (case 14)
are shown (Fig. 3.1A-D), including images of a CAIX-positive region (Fig. 3.1A), an area with no
appreciable CAIX positivity (Fig. 3.1B), and increased magnification of ydTc found in the same
region depicted in Fig. 3.1A (Fig. 3.1C) and Fig. 3.1B (Fig. 3.1D). Of these 17 cases, 47% (8/17)
stained positively for CAIX. In CAIX-negative cases, there was little ydTc infiltration; however,
when y8Tc were quantified in CAIX-positive versus CAIX-negative areas of breast tumors, ydTc
frequency was greater in hypoxic regions, significantly so in three cases in particular (Fig. 3.1E,
cases 13, 14 and 17, P < 0.0001). Images for cases 13 and 17 are in Fig. S1. In our cohort, 71%
(12/17) of tumors were estrogen receptor positive (ER+); most ER+ cases were CAIX-negative

(Fig. 1E, ER status indicated below case numbers).

3.3.2 Exposure to hypoxia reduces yoTc¢ density

Given the co-localization of ydTc and CAIX in breast tumors, we measured the effects of
hypoxia on y6Tc viability and density in vitro. We cultured ydTc for 12 to 19 days, then subjected
them to 48 h in hypoxic (2% O2) or normoxic (20% O3) conditions. We found that exposure to
hypoxia had variable effects on ydTc viability (Fig. 3.2A, P = 0.08), and significantly decreased

cell density (Fig. 3.2B, P = 5.7 x 10*). Immunophenotyping was performed using flow cytometric
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Figure 3.1. yo T cells are present in areas of hypoxia in ER+ breast tumors. Serial sections
from ER+ breast tumors were stained for carbonic anhydrase IX (CAIX) and TCRSd. (A) Example
of CAIX-positive staining at 400x magnification from case 14; (B) CAIX-negative field of view
(FOV) from the same slide as in (A); (C) yo T cells in the same area as (A) at 1000x magnification;
and (D) y0 T cells in the same area as (B) at 1000x magnification. Scale bars are 50 um. Brown
indicates positive staining; (E) Parallel staining for yo T cells and CAIX suggests that yo T cell
infiltration increases in hypoxic regions. CAIX scoring is indicated below the case numbers: 0 =
no staining, 1 = weak and/or very focal staining; 2+ = strong but focal staining; and 3 = strong and
extensive staining. Quantification and statistical analysis of yd T cell frequency in CAIX-positive
versus —negative regions (blue and red bars, respectively) reveal significantly increased yo T cell
infiltration in hypoxic regions (two-way ANOVA, **** P <(.0001).
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analyses of activation markers including y0TCR, NKG2D, CD56, CD69, CD95, CD40L, and HLA
ABC as well as the inhibitory markers FasL and CD94. y3Tc were stained with live/dead Zombie
Aqua fixable viability dye (ZA) prior to surface marker staining. Median fluorescence intensity
values (MFIs) of hypoxia and normoxia samples were divided by the MFI of fluorescence minus

one (FMO) controls to obtain fold-change values. Surface markers on ydTc cultures subjected to

48 h 20% or 2% O, were not significantly different (Fig. 3.2C-K).

3.3.3 MIP1a, RANTES and CD40L are secreted by y6Tc in hypoxia.

Culture supernatants from three different donor ydTc cultures subject to 40 h of normoxia
or hypoxia were analyzed by cytokine array. While IL-8 appears elevated in the cumulative results
graph depicted here (Fig. 3.3A), this cytokine was only greatly increased under hypoxia in one of
three experiments (Fig. S3.2B, p < 0.0001), was moderately increased in one experiment (Fig.
S3.2A, p < 0.05) and not significantly elevated in the third experiment (Fig. S3.2C). Due to
significant variation among donor cultures, cumulative results reveal significantly increased
secretion of only CD40 ligand (CD40L or CD154) under hypoxia compared to normoxia (Fig.
3.3A, p = 0.0472). However, in all three individual cytokine arrays, significantly increased
secretion of macrophage inflammatory protein la [MIPla or CCL3 = chemokine (C-C motif)
ligand 3], regulated on activation, normal T cell expressed and secreted (RANTES or CCLS5) and
CDA40L under hypoxia compared to normoxia was observed (Fig. S3.2A-C). Note that equal cell
numbers were plated, and relative values at 2% and 1% O2 were normalized to normoxia without
taking harvested cell numbers into account. Considering the decrease in ydTc densities observed
under hypoxia, this suggests an even greater effect would be observed if comparing the output of

equal cell numbers.
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bars are standard error of the mean; (B) ELISA validation of RANTES cytokine results shown in
(A) for three independent experiments carried out at 20% and 1% O» for 40 h; (C) RANTES ELISA
for eight hypoxia experiments carried out for 48 h at 20% and 2% O; (D) MIP1a ELISA for the
same experiments shown in (B); (E) CD40L ELISA for culture 6A-16 subject to 48 h 20% or 2%
02, and two of the experiments shown in (B) and (D). Statistical analyses for (A-E): two-way
ANOVA, * P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001; (F-H) Western blot analysis of
lysates from yd T cell cultures subject to 20%, 2% and/or 1% O for 48 h as indicated. yo T cell
culture identification is given above the blots and molecular weight (MW) markers are shown on
the left; corresponding B-actin loading controls are shown in the bottom panels; relative band
intensities were quantified and are indicated in arbitrary units; (F) Three examples shown for
detection of HIFla (n = 6, 5 different donors) and CD40L (n= 8, 7 ydTc cultures from 6 donors);
(G) MIPla (n =7, 6 yoTc cultures from 5 donors); (H) RANTES (n = 7); and (I) Induction of
proteins in (F) — (H) was determined by dividing protein band intensities from hypoxic samples by
their corresponding normoxia control, and averaging these values. Error bars are standard
deviation.
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ELISA validation for expression of RANTES, MIPla and CD40L was performed with
culture supernatants from three different ydTc cultures (Fig. 3.3B-E, hypoxia = 1% or 2% O2 as
indicated). For RANTES expression, an additional eight experiments were assayed, for secretion
over 48 h at 20% or 2% 02 (Fig.3. 3C). In this case, and in contrast to the cytokine array data,
ELISA values were normalized to cell numbers. Significantly increased secretion of these
cytokines by ydTc was observed when cells were cultured in hypoxia compared to normoxia
(asterisks indicate significance). A wide range of average secreted RANTES levels was observed,
ranging from 93 —521 pg/million y6Tc in normoxia to 431 — 856 pg/million ydTc under hypoxia;
the average ratio hypoxia:normoxia is indicated above the bars (Fig. 3.3B-E). Likewise, secreted
MIPla and CD40L levels were quantified for three independent experiments using ELISA (Fig.
3.3D, E). MIP1a levels ranged from 152 — 394 pg/million y6Tc in normoxia to 1406 — 2509
pg/million y6Tc under hypoxia, with fold changes from 4.0 to 14.2 (Fig. 3.3D). Similarly, CD40L
secretion by ydTc increased significantly when cultured in low Oz, with 2% O in one experiment
yielding an average of 171 pg CD40L/million yoTc in hypoxia, a 4.9-fold increase over just 35 pg
CD40L/million y8Tc in normoxia (Fig. 3.3E). Two experiments conducted with 1% O yielded a
wide range of CD40L secretion by ydTc in both conditions (Fig. 3.3E, 120 — 395 and 536 — 653 pg
CDA40L/million ydTc in normoxia and hypoxia, respectively).

Western blotting was done to verify induction of hypoxia inducible factor 1o (HIF1a) in
vdTc under hypoxia, and also to investigate whether intracellular levels of CD40L, MIP1a and
RANTES reflected those of secreted proteins (Fig. 3.3F-G). HIF1a was clearly induced in ydTc at
2% and 1% O: in all cases; three examples from six independent experiments with five donor
cultures are shown (Fig. 3.3F, top panel, compare lane 1 versus 2 and 3, 4 versus 5, 6 versus 7).
CDA40L appears visibly increased in hypoxia samples for yoTc culture 6A-16 (Fig. 3.3F, middle

panel, compare lane 1 versus 2 and 3), and quantification suggests this is also the case for the other
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two donor cultures shown (lane 4 versus 5, and lane 6 versus 7). Note that several forms of CD40L
are evident here, which were included in the quantification of bands. Of eight experiments with
seven yoTc cultures from six donors, intracellular CD40L was clearly visibly increased in three
(38%). HIF1a and CD40L blots originated from the same gel, which was transferred and then cut
at 75 kDa; thus, the B-actin loading control serves for both (Fig. 3.3F lower panel). MIP1a levels
were not consistently higher in y6Tc subject to hypoxia versus normoxia (Fig. 3.3G, representative
of seven experiments with six ydTc cultures from five donors), as demonstrated by very similar
quantification values within each experiment. In contrast, RANTES was typically induced by
hypoxia, with higher protein levels evident in cellular lysates from ydTc cultured in 1% or 2% O
compared to normoxia (Fig. 3.3H, compare lane 1 versus 2 and 3, 4 versus 5, 8 versus 9; n = seven
independent experiments, seven donors, induction clear in six, unclear in one). Longer exposure of
this blot also revealed RANTES induction in lane 7 versus 6 (Fig. S3.1). The average induction of
CD40L, MIP1a and RANTES in ydTc under hypoxia relative to normoxia was calculated using
Western blot band intensity values, and confirmed elevated levels of intracellular CD40L and

RANTES, but not MIP1a, under hypoxia (Fig. 3.31).

3.3.4 NKG2D expressed on y0Tc and MICA/B on breast cancer targets are

critical for yo6Tc killing.

MCF-7 and T47D are estrogen receptor positive luminal A breast carcinoma cell lines*,
Both of these cell lines express MICA/B on the surface as identified by flow cytometric analysis
(Fig. 3.4A, B). Blocking NKG2D on ydTc significantly decreased lysis of MCF-7 (Fig. 3.4C, one-
way ANOVA vs IgG control, p < 0.0001, representative of four independent experiments, n = 4)
and T47D (Fig. 4.4D, p=0.0002, n=5). Likewise, blocking the NKG2D ligand MICA/B on targets

prevented MCF-7 and T47D cell lysis (Figs. 3.4C and 3.4D, both p <0.0001, n =2 and 3,
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Figure 3.4. NKG2D on y0 T cells and MICA/B on breast cancer cell lines mediate yo T cell
cytotoxicity. Flow cytometric analysis of (A) MCF-7 (n =4) and (B) T47D (n = 2) confirms that
both cell lines express MICA/B; (C) Cytotoxicity assays in which NKG2D on yo T cells or
MICA/B on MCF-7 cells are blocked with antibodies confirm y3Tc recognition of breast cancer
targets via this receptor/ligand interaction, (n = 3 = representative of 3 independent experiments
with 3 different donor cultures); (D) Blocking assays as in (C) using T47D targets, (n = 3); (E)
Blocking MIP1a, CCL5/RANTES and CD40L/TNFSF5 does not decrease lysis of MCF-7 (n =3
independent experiments with 2 different donor cultures) or (F) T47D (n = 2). Statistical analyses
for (C-F): one-way ANOVA, *** P <(.001, **** P <0.0001.
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Figure 3.5. Enhanced cytotoxicity of yo T cells cultured in hypoxia. Cytotoxicity assays
comparing y0Tc cultured in 20% (red bars) or 2% O> (blue bars) 48 h prior to co-culture with breast
cancer target lines cultured at 20% O>. (A) A representative example of yoTc targeting MCF-7
cells; (B) Compiled results from six independent experiments with ydTc cultures from five different
donors targeting MCF-7; (C) A representative example with T47D targets; (D) Compiled results
from five independent experiments with ydTc cultures from four different donors targeting T47D.
Two-way ANOVA, * P <0.05, ** P <0.01, *** P <0.001.
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respectively). In contrast, no decrease in cell lysis of either line was observed when y6Tc were pre-
incubated with antibodies against MIP-1a, RANTES or CD40L (Figs. 3.4E and 3.4F, n =3 and 2,
respectively). Since antibodies were not washed away prior to co-incubation with targets, blocking
should have been effective against both membrane-bound and soluble proteins. Thus, it appears
that MIP-1a, RANTES and CD40L are not directly involved in y6Tc cytotoxicity against MCF-7

or T47D.

3.3.5 y6Tc cytotoxicity against MCF-7 and T47D targets is enhanced in
hypoxia.

Cytotoxicity experiments were performed in which ydTc effectors and breast cancer cell
lines were pre-incubated for 48 h under normoxia or hypoxia (2% O:) and then co-cultured at 1:1,
10:1 and 20:1 E:T ratios in parallel under normoxia or hypoxia, as per target pre-incubation
conditions, for 4 h. Pre-incubation in hypoxia enhanced ydTc cytotoxicity against MCF-7 targets
cultured in normoxia (Fig. 3.5A, B). In a representative example, significantly increased MCF-7
cell lysis was observed at 20:1 (Fig. 3.5A, p = 0.0005); when data from all six experiments
performed with day 21 y8Tc from five different donors (six different cultures) were compiled and
subject to statistical analysis, this result was confirmed (Fig. 3.5B, p = 0.007). Likewise, y6Tc
cultured in hypoxia were better able to kill T47D cultured in normoxia (Fig. 3.5 C, D). In an
example representative of five experiments with day 21 y3Tc from four different donors, target cell
lysis was significantly increased at all E:T ratios tested (Fig. 3.5C, P <0.01); analysis of compiled
results from all five experiments revealed significantly increased lysis of targets by hypoxia-treated

voTc at 1:1 and 20:1 E:T (Fig. 3.5D, P < 0.05).

100



3.3.6 Breast cancer targets in hypoxia are resistant to y6Tc killing due to

MICA shedding.

As outlined above, cytotoxicity experiments were performed in which breast cancer cell
lines were pre-incubated for 48h under normoxia or hypoxia (2% Oz) and then co-cultured with
voTc at 1:1, 10:1 and 20:1 E:T in parallel under normoxia or hypoxia for 4 h. In most cases (4/6,
67%), pre-incubation in hypoxia induced MCF-7 resistance to yoTc cytotoxicity (Fig. 3.6A-C). In
a representative example from an experiment performed with yoTc culture 4B-21, significantly
decreased MCF-7 cell lysis was observed at 10:1 (Fig. 3.6A, p = 0.0054) and 20:1 (Fig. 3.6A, p =
0.0119). In contrast, in two experiments with two different y6Tc cultures from the same donor, no
resistance was observed; one example is shown in which MCF-7 cultured under hypoxia appeared
to be more susceptible to yoTc killing (Fig. 3.6B, p <0.0001 at 1:1 and 10:1). When data from five
experiments performed with day 21 ydTc from five different donors were compiled and subject to
statistical analysis, the overall effect of hypoxia inducing MCF-7 resistance was confirmed (Fig.
3.6C,p=0.0011). Likewise, T47D cultured in hypoxia were more resistant to yoTc killing at 20:1
than those cultured in normoxia (Fig. 3.6D, p = 0.0043), although the 1:1 result is opposite (p =
0076); these compiled results were from four experiments conducted with four different yoTc donor
cultures. Flow cytometric analysis of MICA/B surface expression on breast cancer lines subjected
to 48 h normoxia or hypoxia revealed no significant change in MFI; representative examples are
shown for MCF-7 (Fig. 3.6E, n=4) and T47D (Fig. 3.6F, n=2). Of note, Accutase was used for
dissociation of these adherent cell lines, out of concern for potential trypsin sensitivity of surface
MICA/B that might have confounded our results. Supernatants from MCF-7 and T47D subject to
48 h 20% or 2% O2 were subject to MICA ELISA (Fig. 3.6G). MICA could not be detected in

supernatants directly, thus samples were concentrated and MICA ELISA was repeated. MICA in
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Figure 3.6. Breast cancer cell lines pre-incubated in hypoxia are resistant to yo T cell killing.
Cytotoxicity assays comparing the ability of ydTc cultured under normoxia to target breast cancer
target lines cultured at 20% O (red bars) or 2% O> (blue bars) for 48 h prior to co-culture under
hypoxia; (A) A representative example in which MCF-7 cells were resistant to y6Tc killing (4B-
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21); (B) An example in which MCF-7 cells cultured under 2% O> were susceptible to y6Tc killing
(10B-21); (C) Compiled results from five independent experiments with y6Tc cultures from five
different donors targeting MCF-7; (D) Compiled results from four experiments with four different
donor-dervied yoTc cultures targeting T47D; (E) Surface expression of MICA/B on T47D remains
unchanged under hypoxia versus normoxia; (F) Surface expression of MICA/B on MCF-7 is not
differentially impacted by hypoxia versus normoxia; (G) MICA ELISA on concentrated
supernatants of MCF-7 from experiments in (A); (H) Compiled results from five independent
experiments with ydTc cultures from five different donors cultured at 20% O> or 2% O; targeting
MCF-7 cultured under hypoxia for 48 h prior to co-culture under hypoxia. Two-way ANOVA, * P
<0.05, ** P <0.01, *** P <0.001, **** P <0.0001.
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T47D remained below the detection limit; however, after normalization to cell numbers, a
significant increase in secreted MICA by MCF-7 cells under hypoxia was observed in 3/4
experiments (Fig. 3.6G, *** p = 0.0005, **** p <0.0001). These results match those observed in
cytotoxicity experiments, with ELISA from MCF-7 targets used in cytotoxicity assays with 4B-21
showing increased MICA secretion under hypoxia that fits with the observed resistance to y6Tc
cytotoxicity in Fig. 3.6A. Likewise, no difference in MICA secretion was observed in MCF-7

targets under 20% or 2% O3 subject to cytotoxicity assays with y6Tc culture 10B-21, which also
showed no MCF-7 resistance to ydTc killing in Fig. 3.6B. Thus, resistance to ydTc killing appears
to be correlated with MICA secretion by breast cancer targets. Despite enhanced cytotoxicity of
vdTc cultured under 2% compared to 20% O> against targets cultured under normoxia (Fig. 3.5),
they are unable to overcome resistance exhibited by MCF-7 under 2% O, as revealed by analysis
of five compiled experiments comparing y6Tc cultured under 20% or 2% O> against MCF-7 cells

cultured in hypoxia (Fig. 2.6H).

3.4 Discussion

vdTc are being developed as immunotherapeutic agents for a variety of cancer indications
and clinical trials (Phase I/IT) thus far have shown excellent safety profiles®®®. Yet, they are known
to embody remarkable functional plasticity, dependent on the environment in which they find
themselves!!>127494€0 " Thys, it is important to explore the function of y8Tc infiltrating solid
tumors, some of which may be hypoxic. In our small cohort of 17 breast cancer cases, 47% of
tumors contained areas of CAIX positivity indicating hypoxia (Fig. 1). The CAIX-negative cases
were 89% ER+ (Fig. 1E, cases 1-9, case 7 was of unknown ER status); of ER+ cases, 76% were
CAIX negative. This confirms reports showing up to 80% CAIX negativity in studies assessing

ER+ breast tumors; in these cases, CAIX negativity correlated with low histological grade*®'.
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While our cohort was admittedly small, the very low levels of yoTc infiltrates in CAIX-negative
tumors, correlated with low histological grade, confirm results showing that levels of yoTc

infiltration correlate positively with higher histological grades*6?

. Unfortunately, our cohort size
was too limited to determine whether ydTc infiltration correlated with patient outcome. We did,
however, find y6Tc in areas of hypoxia in some tumors. While we did not have the power in our
study, or in vivo functional data, to claim that ydTc are preferentially attracted to hypoxic regions,
our results at least provide an indication that ydTc can be found in hypoxic areas of tumors, and
that studying their function under low O> is worthwhile. As CAIX is associated more so with triple
negative breast cancers (TNBC)*8463 future studies of y8Tc and hypoxia should focus on a larger
cohort of TNBC patients. Indeed, the groundwork for such studies has been laid by Hidalgo and
colleagues, who recently reported on the pattern of distribution of ydTc in TNBC'”.

It was unsurprising that y6Tc cell density decreased under hypoxia (Fig. 2), as terminally
differentiated y8Tc stop proliferating to become cytotoxic***, and hypoxia enhanced y8Tc
cytotoxicity (Fig. 5). Delayed cell-cycle progression was also noted in a study on PBMC in
hypoxia*®. To our knowledge, the only study of y8Tc in the context of hypoxia showed that
circulating y6Tc in patients with obstructive sleep apnea had elevated intracellular tumor necrosis
factor alpha (TNFa) and IL-8 levels, increased TNFa and L-selectin-mediated adhesion properties,
and enhanced cytotoxicity against endothelial cells compared to those isolated from healthy

donors*%®

. While that study compared freshly isolated blood-derived y6Tc from patients and healthy
donors, we used healthy donor derived in vitro expanded y6Tc for our experiments, which
potentially accounts for different results. TNFa secretion was not impacted by hypoxia in our study,
as no differential effects were detected by cytokine array (data not shown). While we did observe

strongly elevated hypoxia-induced IL-8 in the supernatant of one of three ydTc cultures subject to

cytokine array analysis (Fig. S2), this was not the case for the other two cultures.
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More significant were cytokine array data pointing to increased secretion of RANTES,
MIPla and CD40L by yd6Tc under low O> compared to normoxia that were confirmed by
subsequent ELISAs (Fig. S2A-C and Fig. 3B-E). Intracellular protein levels induced by hypoxia
matched ELISA results only in the case of RANTES (Fig. 3H); the same could not be said for
CD40L and MIP1a, where hypoxia treatment did not appear to increase intracellular levels (Figs.
3F, G), and surface expression of CD40L was variable (Fig. 2K). Since blocking these proteins
appeared to have no impact on ydTc cytotoxicity against breast cancer target lines (Fig. 4 E,F),
they must have an indirect function related to enhanced cytotoxicity of ydTc under hypoxia.

Human memory Vy2V62 cells were reported to store cytoplasmic RANTES that was

secreted rapidly in response to TCR signaling, but little MIP1a protein was found in these cells*¢’.

RANTES is a chemokine employed to recruit antigen presenting cells, such as dendritic cells*%34%,
and thus speaks to the anti-tumor function of y6Tc in hypoxia, though breast tumors may use this
to their own advantage to promote malignancy*’°. RANTES and MIP1la expression were also
reported to aid V31 cell suppression of HIV replication*’!. CD40 ligation is thought to enhance the

immunogenicity of tumors*’?

, thus Y0 Tc may secrete CD40L in order to better “see” tumor targets.
CD40L may also inhibit growth of CD40-expressing tumors directly*’>*”>. Further investigation
will be required to determine the functions served by these cytokines with respect to ydTc targeting
solid tumors.

A study of the Vy9V52 yoTc subset in the context of breast cancer suggested that surface
levels of MICA/B on breast cancer target cell lines were associated with y6Tc cytotoxicity against
these lines; however, direct blocking assays were not carried out'®’. Both MCF-7 and T47D cells
expressed surface MICA/B, in contrast to an earlier report suggesting a lack of MICA/B expression

on MCF-7'2. If trypsin was used to dissociate MCF-7 in that study, it might explain their inability

to detect MICA/B; to avoid this issue, we used Accutase to dissociate our adherent cell lines, as
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detachment of cells is gentler and protects most surface epitopes. We have confirmed the
involvement of NKG2D on y6Tc and MICA/B on MCF-7 and T47D in cytotoxicity of yoTc against
breast tumor targets (Fig. 4), although differences in the ability of ydTc to kill targets pre-incubated
in hypoxia or normoxia do not appear to be related to surface levels of MICA (Fig. 6).

One mechanism of hypoxia-mediated tumor evasion is MICA shedding*®®. MICA
downregulation related to shedding under hypoxia, as well as downregulated expression of
NKG2D on PBMCs incubated with culture supernatants of prostate cancer cells exposed to hypoxia
- abrogated upon incubation with MICA blocking antibodies - has been reported***. MICA
shedding is not a universal evasion mechanism employed by all cancer cells, however, as
glioblastoma cell lines did not shed MICA, although this study was only carried out under
normoxia*!®. While we assume that soluble MICA may bind NKG2D and block or downregulate
this receptor to prevent ydTc recognition of breast cancer targets, a recent report suggests that, in
mice, soluble NKG2D might activate NK cells and aid in tumor eradication, but this anti-tumor
effect has yet to be shown in humans or with y8Tc*’%. In contrast, soluble MIC was shown to
decrease ydTc cytotoxicity in pancreatic cancer’'” and has been implicated in evasion of human
ovarian cancer cells from y§Tc recognition*!. Thus, we were surprised that surface expression of
MICA/B on MCF-7 and T47D breast cancer lines appeared unaffected by 48 h under hypoxia (Fig.
6). However, MICA secretion did not correlate with MICA surface levels, as soluble MICA
increased in the supernatants of MCF-7 cells cultured under hypoxia, while surface MICA levels
remained unchanged (Fig. 6). Thus, it appears that we would need to neutralize soluble MICA to
improve ydTc cytotoxicity, since target surface expression did not appear to be affected by hypoxia.
That said, we did not directly assess MICA expression during co-culture with y6Tc, and it is
possible that MICA was downregulated in the presence of ydTc, although the correlation between

resistance to ydTc killing and soluble MICA levels in culture supernatants under hypoxia speaks
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against this (Fig. 6). One way to overcome MICA shedding may be to increase nitric oxide
signaling**, although its impact on y3Tc would have to be assessed.
Although the y6Tc TIL signature was deemed the most positive prognosticator across a

range of cancers, including breast cancer!”

, some reports suggest that ydTc may take on a
regulatory phenotype within the breast TME!92462477478 ‘I one study, ydTc TIL isolated from a
breast tumor were expanded in high levels of IL-2 for several weeks prior to immunosuppression
assays and proved to inhibit dendritic cell maturation and CD8+ T cell cytotoxicity'?; however,
given the known functional plasticity of y6Tc, such assays conducted on ex vivo expanded cells
removed from the TME cannot inform the function of y6Tc in situ. A positive correlation was
observed between ydTc infiltration and breast cancer stage, leading the authors to suggest that ydTc
may contribute to disease pathology; however, causality was not established*®?>. Although our
cohort size was much smaller, we too observed a positive correlation between CAIX expression,
indicating hypoxia — typically an indicator of cancer progression — and ydTc infiltration (Fig. 1).
This could just as easily indicate the greater need for y6Tc attempting to eradicate disease. Our
hypoxia experiments reveal enhanced cytotoxicity of y0Tc exposed to 48 h of low O», suggesting
that y6Tc are indeed able to kill in this environment (Fig. 5). Soluble MICA appears to inhibit yoTc
cytotoxicity against breast tumor targets in hypoxia and, despite their increased killing capacity
under low O, ydTc¢ are unable to overcome resistance exhibited by MCF-7 under 2% O- (Fig. 6),

a condition under which y8Tc must operate within at least some parts of a tumor. Further studies

will be required to definitively identify yoTc function in breast tumors in situ.
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Figure S3.1 Intracellular RANTES is induced in y6 T cells under hypoxia. Western blot
analysis of lysates from y3 T cell cultures subjected to 20%, 2% and/or 1% oxygen as indicated. yd
T cell culture identification is given above the blots and molecular weight (MW) markers are shown
on the left. This is a longer exposure of the RANTES blot shown in Fig. 3.3H, with the same -
actin loading controls.
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Table S3.1 Edmonton donor Yo T cell culture subset percentages and purities. Cells were
harvested on the indicated day, stained with zombie aqua fixable viability dye followed by
antibodies recognizing pan yd TCR, V&1 TCR and V62 TCR and acquired by flow cytometry. The
sum of %Vol, %V32 and %ydTCR+V31-Vo2- is the purity. Figures in which results from these
cultures appear are listed.

ID Day %V61 %V62 %yS6TCR+VS1-V82- % Purity Figure(s)
1A 21 23.2 69.3 5.5 98.0 3A,B,D,E,G,H

2A 17 11.6 74.8 1.8 88.2 3B,D,E,G

2B 19 5.4 91.0 0.9 97.3 3C,F

4A 12 47.0 22.4 11.0 80.4 2C-F; 3C,H

4B 21 36.3 42.1 6.0 84.4 5B,D; 6C,D,G,H

4C 21 20.1 58.0 5.1 83.2 3C; 4E,F

5A 21 114 78.8 4.2 94.4 2C-F; 3C,G,H; 4C,D; 5B,D; 6C,D,G,H
6A 21 12.1 79.3 34 94.8 2C-F; 3C,E,F

7A 21 1.1 86.7 3.6 91.4 2C-F; 3H

7B 19 2.3 88.9 2.7 93.9 2C,D; 3B-D; 5B,D; 6C,G,H
8A 21 42.0 46.2 9.5 97.7 2C-F; 3C,F

9A 21 6.6 85.0 2.7 94.3 2C,D; 5B; 6C,H

10A 21 7.5 73.3 2.5 83.3 2C,D; 3C; 5A,B,D; 6C,D
10B 21 19.9 64.0 3.7 87.6 5B-D; 6B,D,G,H
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Abstract

Gamma delta T cells (ydTc) have tremendous anti-tumoral activity, thus ydTc
immunotherapy is currently under development for various malignancies. We targeted breast
cancer stem-like cells (BCSC), a rare cell population responsible for patient mortality. BCSC were
mostly susceptible to ydTc immunotherapy, yet some escaped. The BCSC secretome rendered yoTc
hypo-responsive, and resistant BCSC expressed more PD-L1 and anti-apoptotic protein MCL-1
than non-stem-like cells (NSC). BCSC resistance was partially overcome by dMCL1-2, an MCL-
1 degrader, or more fully by blocking PD-1 on ydTc. Increased MICA shedding was prevented by
the ADAM inhibitor GW280264X, rendering BCSC as sensitive to ydTc cytotoxicity as NSC. Our
data show promising potential for ydTc immunotherapy against BCSC while unraveling immune
evasion mechanisms exploited by BCSC, which likely also enable their resistance to cytotoxic T
and NK cells. Overcoming this resistance, as we have done here, will improve cancer

immunotherapy, leading to better cancer patient outcomes.

Keywords: gamma delta T cells, breast cancer stem cells, immune evasion, MICA, PD-1
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4.1. Introduction

Breast cancer is the most frequently diagnosed neoplasia and the leading cause of cancer-
related mortality in women worldwide*”®. This mortality rate is attributed to drug resistance,
recurrence and metastatic spread due to breast cancer stem-like cells (BCSC), a subpopulation of
cells driving tumor initiation and progression. The CD44"/CD24 ¥ phenotype enriches for BCSC
in cell lines and tumor samples, correlates with distant metastases*®? and predicts poor prognosis
in triple-negative breast cancer (TNBC)*!. Hence, BCSC have emerged as a crucial therapeutic
target.

Immunotherapy has revolutionized cancer treatment. While most immunotherapies have
focused on harnessing the potential of alpha beta T cells (affTc), ydTc also have potent anti-tumoral
activity!'?. Gamma delta T cells offer several notable advantages over apTc: Clinical trials have
established their safety, y0Tc do not cause graft-versus-host disease, they are not impacted by
peptide-MHC antigen loss, and they respond faster to stress signals''>.

Target recognition is mediated by the yo T-cell antigen receptor (TCR) and/or Natural Killer
receptors such as NKG2D that recognizes NKG2D ligands (NKG2DL) upregulated on

transformed cells*®?

. Upon recognition, yoTc lyse tumors via perforin, granzymes, Fas Ligand
(FasL) and TNF-related apoptosis-inducing ligand (TRAIL)!'?. Activated y8Tc also secrete high
levels of pro-inflammatory cytokines such as interferon-y (IFN-y) that stimulate and regulate the
function of other immune cells''?.

Breast cancer cells are targeted by y5Tc 16%166.187.189.200436.483 1y 5 clinical trial treating
advanced-stage refractory breast cancer, three of ten patients survived past 12 months and
showed durable maintenance of robust y8Tc numbers!!!.

Here, we used primary human y8Tc derived and expanded from the blood of healthy donors*’ to
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determine whether y6Tc can target BCSC. While y6Tc could kill BCSC, some were resistant. This
resistance was orchestrated by several immune evasion mechanisms, which we specifically

targeted to restore sensitivity to ydTc immunotherapy.

4.2. Materials and Methods

4.2.1 Ethics Statement

This study was conducted in compliance with the recommendations of the Research
Ethics Guidelines, Health Research Ethics Board of Alberta—Cancer Committee with written
informed consent from all participants according to the Declaration of Helsinki. The Animal Use
Subcommittee at the University of Alberta approved the in vivo experiment protocol used in this

study (AUP00001288).

4.2.2 Primary Human y3 T Cellsisk

Primary human y8Tc cultures were established and maintained as described 2°’. Briefly,
peripheral blood mononuclear cells were extracted from blood drawn from healthy donors using
density gradient separation (Lymphoprep, Stem Cell Technologies, Vancouver, BC, Canada) and
cultured at 1 x 10° cells/ml in RPMI complete medium containing 1pg/ml Concanavalin A (Sigma-
Aldrich, Oakville, ON, Canada), 10% fetal bovine serum (FBS), 1x MEM NEAA, 10mM HEPES,
1 mM sodium pyruvate (all Invitrogen, Burlington, ON, Canada) plus 10ng/ml recombinant human
IL-2 and IL-4 (Miltenyi Biotec, Auburn, CA, USA). Cells were maintained in a humidified
incubator at 37°C with 5% COa,. Cells were counted every two to three days and densities were
adjusted back to 1 x 10° cells/ml by adding fresh medium and cytokines. After seven days, apTc
were depleted by labeling with anti-TCRaf PE antibodies (BioLegend, San Diego, CA, USA)

followed by anti-PE microbeads (Miltenyi Biotec), filtering through a 50um Cell Trics filter
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(Partec, Gorlitz, Germany) and passing through an LD depletion column on a MidiMACS magnet
(both from Miltenyi Biotec). The flow-through contained y6Tc, which were collected and further
cultured in RPMI complete medium plus cytokines (as above) at 37°C with 5% CO,. Subset
percentages and purities of different donor-derived yoTc cultures are listed in Table S1. As ydTc
were most differentiated and therefore most cytotoxic by the end of the culture period (days 19-
21), most experiments including cytotoxicity assays were done on those days. Exceptions were

proliferation and inhibitory receptor assays, which were begun earlier in the culturing period.

4.2.3 Breast Cancer Cell Lines

Inflammatory TNBC SUM149 cells were obtained from ATCC and cultured in Ham's F-
12 medium with 5% heat-inactivated FBS, 10mM HEPES, 1pg/mL hydrocortisone and Spug/mL
insulin. SUM149 cells were last tested for mycoplasma in house using the ATCC PCR-based
mycoplasma detection kit in May 2019. The patient derived xenograft cell line PDX401, obtained
via collaboration with Oncotest (Charles River Discovery, Freiburg, Germany), was derived from
a well-differentiated basal-like TNBC tumor. PDX401 cells were cultured in RPMI-1640
containing 10% FBS and 1% Gentamycin. Luminal A breast cancer cell lines, MCF-7 and T47D,
were obtained from ATCC and cultured in RPMI with 10% FBS. All breast cancer cells were
authenticated at the Sick Kids Research Institute, Toronto, ON, Canada in June 2018. Cells were

used for up to 8 passages after thawing.

4.3.4 Mice

8-11-week-old NOD.Cg-PrkdcS™PT12rg™!Wil/Sz] (NSG) mice were injected intravenously
with SUM149 cells alone or SUM149 cells previously treated with ydTc. 500,000 cells were

suspended in 100ul PBS plus 0.2% BSA and injected into the tail vein, however, some mice only
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received 90ul cell suspension, as indicated. 18 weeks later, the mice were sacrificed and their lungs
stained with India Ink to identify macro metastasis***. The lungs were then stored in Fekete’s

solution. The metastases appear white on the black stained lungs.

4.3.5 Image Analysis

Lung images were taken with an iPhone 11, which has a 12 mega-pixel wide-angle camera,
with the lungs submerged in Fekete’s solution. The images were opened with ImageJ (Wayne
Rasband National Institute of Health, USA, version 1.52q), converted to 8-bits and inverted.
Regions of Interest (ROI) were traced around the “white metastases™ (that appear black when
inverted) and around total lung, and the areas of these regions were noted. Percent metastases were

calculated as 100 x (area of white metastasis/area of total lung).

4.3.6 Calcein AM (CalAM) Cytotoxicity/Blocking Assays

Cytotoxicity and blocking assays were done as described**®. Target cells were labeled with
S5uM CalAM in PBS (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA). Target cells were
diluted to a density of 30,000 cells/100ul medium (RPMI 1640 plus 10% heat-inactivated FBS;
10mM HEPES; 1x MEM NEAA; 1 mM sodium pyruvate; 50U/ml penicillin—streptomycin; and
2mM I-glutamine, all from Invitrogen) and yoTc were re-suspended to 600,000 cells/100ul in
medium. An aliquot of the diluted ydTc was further diluted down to 300,000 cells/100ul in medium
and 30,000 cells/100ul to obtain effector:target ratios of 20:1, 10:1 and 1:1, respectively. 100ul
CalAM-labeled targets were added to 100ul y6Tc in 96-well round-bottom plates in triplicate
followed by incubation at 37°C for 4 h. For blocking experiments (including PD-1 blocking), 4ug
of blocking antibody were added to 400ul cell suspension of ydTc or targets (as indicated) for each

test in Eppendorf tubes, then 100ul were plated per well in a 96-well round-bottom plate in
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triplicate. For blocking assays, untreated and IgG-treated cells were used as experimental controls.
After incubation with blocking antibody at 37°C for 30 min, CalAM-labeled targets were added to
vdTc followed by incubation at 37°C for 4h. Plates were then centrifuged and supernatants
transferred to fresh 96-well plates (Corning 96-well, black cell culture-treated flat-bottom
microplate with clear bottom, Fisher Scientific) for CalAM fluorescence detection on a fluorimeter
(FLUOstar Omega, BMG labtech). Controls were CalAM-labeled target cells incubated alone
(spon = spontaneous release) or with 0.05% Triton-X 100 (Thermo Fisher Scientific, max =
maximum release). Percent lysis was calculated: [(test — spon)/(max — spon)] x 100%.

For degrading MCL-1 during cytotoxicity assays, 500nM dMCL1-2 or DMSO was added
directly to the co-incubation. The MCL-1 degrader, dIMCL1-2, was synthesized by the Dersken
lab, University of Calgary®*®. For ADAM inhibition experiments, 3uM ADAM inhibitor

(GW280264X, Aobious Inc., Massachusetts, USA) or DMSO was added to the co-incubation.

4.3.7 Mammosphere Assays

Target cells were trypsinized, passed through a 50pm cell strainer (CellTrics) and seeded
into ultra-low adherent plates (Corning, NY, USA) in MammoCult media (StemCell Technologies,
Vancouver, BC, Canada) as per manufacturer's instructions. Mammospheres formed after 7 days
were collected by centrifugation at 1000 rpm. For serial passaging, mammospheres were

dissociated into single cells and seeded again into ultra-low adherent plates (Corning).

4.3.8 Flow Cytometry
4.3.8.1 Surface Marker Staining

Gamma delta T cells and/or breast cancer cell lines were stained as described in 9. Briefly,

vdTc and/or breast cancer cell lines were stained with Zombie Aqua (ZA, BioLegend) or Zombie
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Near Infrared (ZNIR, BioLegend) fixable viability dye as per the manufacturer’s instructions,
washed and then fluorochrome-conjugated antibodies diluted in FACS buffer [PBS containing 1%
FBS and 2mM EDTA (Invitrogen)] were used to stain ydTc. Breast cancer cell lines were blocked
at 10 x 10° cells/ml in FACS buffer containing 50ul/ml Trustain FcX (BioLegend) on ice for
30 min prior to antibody incubation. After blocking, cells were centrifuged and supernatants were
removed, leaving 10ul FACS buffer plus block/10° cells. Antibodies and FACS buffer were added
to 20ul, and cells were then incubated on ice for 10—15 min followed by washing. All cells were
fixed in FACS buffer containing 2% paraformaldehyde (Sigma-Aldrich), stored at 4°C and
acquired within one week. For flow sorting, cells were stained as described above in sorting buffer
(dPBS with 2% FBS, ImM EDTA, 10mM HEPES and 5% penicillin/streptamycin). Live cells
were gated according to their forward scatter and side scatter profiles. The detailed list of

antibodies and dilutions used can be found in Supplementary Table S4.

4.3.8.2 CD107 Assays

CD107 assays were performed as previously published!®’. Briefly, 1 x 10° y8Tc with SpL
anti-CD107 AF647 antibody (Biolegend) were plated alone or mixed with 5 x 10° target cells in
200ul complete media in a 96-well round-bottom plate in triplicate. To the positive control wells,
phorbol-12-myristate-13 acetate (PMA)/ionomycin (0.15nM/0.3pug/mL final concentrations) was
added. Cells were incubated for 1h at 37°C and then 6pg/ml monensin (Golgi-stop, BD) was added.
Cells were further incubated for another 2h at 37°C, after which cells were covered and put on ice.

Further staining was performed as described in surface marker staining above.
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4.3.8.3 Detection of Intracellular IFN-y

Conditioned media (CM)-treated y0Tc were incubated with Spg anti-CD3 antibody
(UCHT]1, BioLegend) per million cells followed by addition of 6pg/ml of monensin (Golgi-Stop,
BD) after an hour. After another 5h, cells were washed, fixed, permeabilized and stained with anti-
IFN-y antibody according to the manufacturer’s instructions (Cytoperm/Cytofix™ solution kit, BD

Biosciences). PMA/ionomycin-stimulated cells were used as a positive control.

4.3.8.4 Detection of Apoptosis

Apoptosis analyses were performed as previously published**®. Cultured y8Tc or cancer
cells were stained with Sng/ul ZA fixable viability dye (BioLegend) for 15-20 min after which
they were washed with 1x Annexin V (AnnV) binding buffer (BioLegend), and stained with AnnV
FITC (BioLegend, 1:20) on ice for 15 min in the dark. Cells were then washed and re-suspended
in 200ul AnnV binding buffer plus 2% paraformaldehyde and stored at 4°C until analyzed, within

one week.

4.3.8.5 CellTrace Violet Proliferation Assay

Gamma delta T cells were incubated with the indicated CM for 24h, washed, labeled with
1uM CellTrace Violet™ (Thermo Fisher Scientific) as per the manufacturer’s instructions, and
cultured in fresh media for six additional days. Cells were then washed and fixed in FACS buffer
containing 2% paraformaldehyde prior to flow acquisition. Proliferation modeling was performed

using FlowJo™ software, version 10.5.3.

4.3.8.6 Flow Cytometers

Antibody-stained cells were analyzed using a FACS CANTO II (Becton Dickinson,

Mississauga, ON, Canada). For calibration, CS&T beads (Becton Dickenson, Mississauga, ON,
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Canada) were used. Forward and side-scatter properties were used to gate on singlets.
Fluorescence minus one (FMO) controls were used to set gates. Cell sorting was done using a
FACSAria III cell sorter (Becton Dickinson, Mississauga, ON, Canada). Analysis of acquired
data was performed using FlowJo© software (Tree Star, Ashland, OR, USA, Version 10.0.8r1)

unless otherwise indicated.

4.3.8.7 Flow Cytometer Specifications

The FACS CANTO II (Becton Dickinson, Mississauga, ON, Canada) has an air-cooled
405-nm solid state diode, 30 mW fiber power output violet laser, with 450/50 and 510/50 band pass
(BP) [502 long pass (LP) detector]; a 488-nm solid state, 20-mW blue laser with 530/30 BP (502
LP), 585/42 BP (556 LP), 670 LP (655 LP), and 780/60 BP (735 LP) filters; and a 633-nm HeNe,
17-mW red laser with 660/20 BP and 780/60 BO (735 LP) filters.

The FACSAria III cell sorter (Becton Dickinson, Mississauga, ON, Canada) has fiber-
launched fixed-wavelength air cooled lasers: 488 nm blue laser with 530/30nm, 695/40 nm filters;
561nm yellow/green laser with 582/21 nm, 610/20 nm, 670/14 nm,710/50 nm, 780/60 nm filters;
633 nm red laser with 660/20 nm, 730/45 nm, 780/60 nm filters; and 405 nm violet or 375 nm near

UV laser with 450/40 nm, 510/50 nm, 610/20 nm, 660/20 nm, 710/50 nm and 780/60 nm filters.

4.3.9 ELISA

Culture supernatants (1-2 ml) were stored at —80°C. Upon thawing, Halt™ Protease and
Phosphatase Inhibitor Cocktail (PIC, Thermo Fisher Scientific) was added to samples prior to use
in ELISAs or further storage at 4°C. The following ELISA kits were used: human MICA DuoSet
ELISA (R&D systems) and ELISA MAX™ Deluxe Set Human IFN-y (Biolegend). For MICA

ELISAs, supernatants were concentrated using Amicon Ultra-4 10K spin columns (Merck-
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Millipore, Carrigtwohill, Ireland). The columns were centrifuged at 3,000 g for 2h at 12°C. The
final volume of concentrated media was adjusted to 200ul, and 100ul per well were plated in
duplicate. All ELISAs were done according to the manufacturer’s instructions. Absorbance was
measured at both 450 and 550 nm using a FLUOstar Omega plate reader (BMG Labtech,
Offenburg, Germany) with Omega Software version 5.11. For calculating concentrations, the
difference linear regression fit of the standard curve was used. ELISA data were normalized to cell

numbers.

4.3.10 Immunoblotting

Cell lysates were prepared by treating ydTc or breast cancer cell lines with M-PER
Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) containing PIC at 10pul lysis
buffer per million y6Tc or 50ul per million tumor cells followed by incubation at room temperature
for 10 min. Lysates were then centrifuged at 13,000 rpm for 20 min at 4°C, after which supernatants
were transferred to fresh tubes. Then 5% reducing sample buffer [0.0625 M Tris/HCI pH6.8, 2%
SDS, 20% glycerol, 0.05% B-mercaptoethanol, 0.025% (w/v) Bromophenol Blue] was added.
Samples were boiled 5 min, cooled, and briefly centrifuged in a benchtop centrifuge prior to
running on 10% or 12% SDS-PAGE gels. Proteins were transferred onto Immobilon-FL PVDF
membranes (Millipore) using the Trans-Blot Turbo Transfer System (Bio-Rad, Mississauga, ON,
Canada). The “high MW” program was used for ADAM 10 and ADAM 17 detection; “mixed MW”
program was used for all other proteins. Membranes were blocked for 40 min in 3% milk in TBST,
followed by overnight incubation in primary antibody baths at 4°C. The next day, after washing,
membranes were incubated with the corresponding species-specific HRP-labeled secondary
antibody for 1h, followed by further washing and then detection using Clarity™ Western ECL

Substrate (Bio-Rad). Antibodies used are listed in Supplementary Table S4.
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4.3.11 Mass Spectrometry
4.3.11.1 Sample preparation

Samples were prepared as described in 43, Briefly, to prepare CM for LC-MS, concentrated
CM were lyophilized and re-suspended in 8M urea, 50mM ammonium bicarbonate (ABC), 10mM
dithiothreitol (DTT) and 2% sodium dodecyl sulfate. CM proteins were quantified using a Pierce™
660nm Protein Assay with Ionic Detergent Compatibility Reagent (Thermo Scientific™). 10-50
ng were reduced in 10mM DTT for 30 minutes and alkylated in 100mM iodoacetamide for 30
minutes at room temperature in the dark. Proteins were immediately precipitated in
methanol/chloroform. Briefly, samples were topped up to 150uL with 50mM ABC, mixed with
600uL ice cold methanol and 150uL of ice cold chloroform, and vortexed thoroughly. An
additional 450uL 4°C distilled water were added followed by vortexing and centrifugation at
14,000 xg for 5 min. The upper aqueous/methanol phase was carefully removed to avoid disturbing
the precipitated protein interphase. A second 450uL of cold methanol were added to each sample
before the tube was inverted several times and centrifuged at 14,000 xg for 5 min. The remaining
methanol/chloroform was discarded and the precipitated protein pellet was left to air dry in a fume
hood. On-pellet in-solution protein digestion was performed. Briefly, precipitated protein pellets
were reconstituted in 100uL S0mM ABC (pH 8) and sonicated (~3 x 0.5s pulses) with a probe
sonicator (Fisher Scientific, Waltham, MA) to the break up the pellet. LysC (Wako Chemicals,
USA) and mass spec grade trypsin/LysC mix (Promega, Madison, WI, USA) were added to protein
samples at 1:100 and 1:50 ratios, respectively. Protein digestion was carried out at 37°C on a
ThermoMixer C (Eppendorf) at 400 rpm overnight (~18h). The next day an additional volume of

trypsin/LysC mix (1:100 ratio) was added to each sample and mixed at 1400 rpm. After 3-4h,
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digests were acidified to pH 3-4 with 10uL 10% formic acid (FA) and centrifuged at 14,000xg to

pellet insoluble material prior to LC-MS/MS.

4.3.11.2 LC-MS/MS

Digests were analyzed on Q Exactive Plus mass spectrometer (Thermo Scientific)
connected to a Waters ACQUITY M-Class UPLC. Solvent A consisted of water/0.1% FA and
solvent B consisted of acetonitrile/0.1% FA. Peptides (~1pg estimated using a Pierce™
bicinchoninic acid assay) were initially loaded onto an ACQUITY UPLC M-Class Symmetry C18
Trap Column (5pm, 180pm x 20mm) and trapped for 6 min at a flow rate of Sul/min at 99% A/1%
B. Peptides were separated on an ACQUITY UPLC M-Class Peptide BEH C18 Column (130A,
1.7um, 75pm X 250mm) operating at a flow rate of 300nL/min at 35°C using a non-linear gradient
consisting of 1-7% B over 1 minute, 7-23% B over 179 minutes and 23-35% B over 60 minutes,
followed by washing and re-equilibration. The MS acquisition instrument settings are same as used

in 485

4.3.11.3 Data analysis

MS files were searched in MaxQuant against the Human Uniprot database (reviewed entries
plus isoforms) %6, Missed cleavages were set to 3 and cysteine carbamidomethylation was set as a
fixed modification. Oxidation (M), N-terminal acetylation (protein), and deamidation (NQ) were
set as variable amino acid modifications (max. number of modifications per peptide = 5). LFQ min.
ratio count was set to 1 and all other settings were left as default settings. Protein and peptide FDR
was left at 0.01 (1%) and the decoy database was set to revert. The ‘match between runs’ feature
was utilized to maximize proteome coverage and label-free quantification. Search results were

loaded into Perseus or R, and proteins labeled as ‘only identified by site’, ‘matched to reverse’ or
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‘potential contaminant’ were removed similar to previously reported in 3. Protein identifications
with label-free quantification (LFQ) values in >2 biological replicates were retained for
downstream analysis, and missing values were imputed using a width of 0.3 and down shift of 1.8.
Gene ontology cellular component (GOCC) annotations were performed using Metascape (version
3.0). Gene set enrichment analysis (GSEA) were performed in GSEA v3.0 (Broad Institute) with a
minimum gene set size of 10 and permutation type set to gene set. Molecular Signature Database
(MSigDB) v6.2 collections used were: canonical pathways, hallmark, KEGG gene sets, and C2

curated sets. Heatmaps were produced using the Bioconductor package complexHeatmap.

4.3.12 Statistics

All statistical tests were performed, as indicated in the figure legends, using Prism 7.0 for
Mac OSX (GraphPad Software, San Diego, CA, USA). Sample sizes were chosen empirically to
ensure sufficient statistical power and were in line with field standards for the techniques used in
this study. The Shapiro-Wilk test was done to determine normality for all data. In cases where
normality was not achieved, non-parametric tests were employed. Depending on the experimental
design, the following methods were used to determine significance: Student’s t-test, Wilcoxon test,
one-way analysis of variance (ANOVA), or two-way ANOVA. ANOVA tests were followed by
Tukey’s, Bonferroni’s, or Sidak’s post hoc test for multiple comparisons between groups as
indicated. All data tested for differences were considered significant when p<0.05. Levels of
significance are denoted by asterisks or letters as defined in the figure legends. All statistical
analyses and p-values are listed in Supplementary Table S2 for experiments shown in main figures

and Table S3 for supplementary figures.
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4.3. Results

4.3.1 Breast cancer stem-like cells are more resistant to yo6 T cell targeting

than non-stem-like cells

We used three cell line models and two different techniques to isolate BCSC. A panel of
human breast cancer cell lines exhibited a range of CD44°CD24 BCSC from 0.5 to 88.6% (Fig.
S4.1A-G). We used SUM149 TNBC cells as targets, since SUM149 comprise ~10% BCSC on
average (Fig. S4.1A). We sorted SUM 149 into CD44"CD24" BCSC and CD44"CD24" NSC using
fluorescence activated cell sorting (FACS). After sorting and culturing BCSC and NSC (Fig.
S4.1H.,I), the CD44"CD24" population reverted back to the original culture heterogeneity after 24h
(Fig. S4.1LJ). Hence, we used sorted cells directly in experiments. Serial dilution and sphere
formation assays with sorted populations confirmed that SUM149 CD44"CD24  cells have much
higher sphere forming ability than CD44"CD24" cells. Sphere formation is a functional indicator of
BCSC (Fig. S4.1K). Mammospheres (3D) derived from the patient-derived xenograft (PDX) cell
line PDX401 were also enriched for CD44"CD24" cells compared to adherent monolayer cultures
(2D) (Fig. S4.1L). Thus, we used mammosphere assays to enrich for BCSC from PDX401 cells.
We derived primary y8Tc cell cultures from twenty different healthy donors for our study. Culture
subset compositions and purities are listed in Table S1. In cytotoxicity assays, SUM149 BCSC
were 10 to 30% less susceptible to ydTc killing than NSC (Fig. 4.1A, BCSC versus NSC p=0.0054).
Figure la shows the cumulative results from three independent experiments conducted with

different donor-derived cultures (n=3) shown in Fig. S4.1M. Here and elsewhere biological

127



A o0q o CD24- B 100704

e
B CD24+ ™ m2D
80+ m 80
= © * A
© 60 <] A £ 604 e %o
73 o) A 2 A
1 404 ° B - —1 404 A ®9 a O
2 r'y mA X oA
20+ A 20+ -z- AW
—_— [ .’
oLma, . r o--a. | ey .
11 10:1 20:1 1:1 10:1 20:1
Effector. Target Effector. Target
] @ v5Tc vs SUM149 1007 @ 3p
o god ®2D *
%.10- @ 60 () =
R e
3 2 * o 8
E = - 40 <@ @ - —_
E =R —_ ¢ o
© 204 & — Qo
= < e m
3 04 T T T 1 oL O, ey r
0 50 100 150 200 1:1 10:1 20:1
Cells Seeded Effector. Target
()]
o 297 @ y5Tc vs PDX401 S 807 N
0] [ PDX401 J
D 15+ C 60+
_g_ o] o0
) 2] o] |
3 10+ © 44 T *
E s :
54 p<0.0001 -~ B
® L —a
s T 0%
* 0 T T T 1 = 0 T ‘1'.
o s 100 50 200 R SUM149  SUM149
Cells Seeded post-ydTc

Figure 4.1. Breast cancer stem-like cells are resistant to Yo T cell targeting. (A) SUM149 cells were
sorted and used in cytotoxicity assays (cumulative, n=3). (B) Second generation mammospheres (3D) and
adherent (2D) SUM 149 were dissociated, filtered into single cell suspensions and used as targets in Calcein
AM cytotoxicity assays (cumulative, n=4). (C) SUM149 cells were co-cultured with ydTc at 1:1 for 24h,
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(cumulative, n=3). (D) The patient derived xenograft cell line PDX 401 was used as a target in cytotoxicity
assays as in A (n=4). (E) PDX401 were co-cultured with y6Tc and mammospheres quantified as in C; a
representative example is shown. (F) Quantification of lung metastasis in mice injected with SUM 149 alone
(n=9) or SUM149 treated with y6Tc (n=8). Mice injected with 90ul cell suspension are denoted with
diamond shape, the rest who received 100ul are all denoted by circles or squares. Data are presented as
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D) two-way ANOVA followed by Sidak’s post hoc test for multiple comparisons between groups; (C, E)
simple linear regression; (F) unpaired two-tailed t-test, *p<0.05.
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replicates conducted with different donor cultures are indicated by different symbols in graphs.
Statistical analyses and p-values are listed in Tables S2 and S3. This decreased susceptibility also
held true for SUMI149-derived 3D versus 2D target cells [Fig. 4.1B, p=0.0261 at 10:1
effector:target (E:T) ratio, n=4, Fig. S4.1N]. We co-cultured breast cancer cells with yoTc at 1:1
for 24h and assessed mammosphere forming capacity over two generations. Surviving resistant
cells exhibited significantly higher mammosphere forming ability compared to untreated cells,
indicating BCSC enrichment (Fig. 4.1C, p=0.0093, n=3, Fig. S4.10). 3D PDX401 cells were also
more resistant to ydTc cytotoxicity than 2D cells (Fig. 1D, n=4, Fig. S4.1P), and 24h 1:1 co-cultures
of y6Tc with PDX401 yielded more mammospheres compared to targets cultured alone (Fig. 1E,
p<0.0001, Fig. S4.1Q, representative mammosphere image in Fig. SIR). Untreated SUM149 or
those treated with y0Tc 1:1 for 24h were then injected intravenously into NSG mice, and lung
metastases assessed 18 weeks later (Fig. S14.S,T). SUMI149 that had been treated with yoTc
generated significantly more metastatic lesions compared to untreated SUM149 cells (42% versus

15.7%), indicating a larger stem-like cell population (Fig. 4.1F, p=0.0110).

4.3.2 Gamma delta T cell degranulation and IFN-y secretion are impaired in

the presence of breast cancer stem-like cells

In flow cytometric CD107a assays, yoTc incubated with BCSC degranulated significantly
less compared to those incubated with NSC (SUM149 Fig. 4.2A, p=0.0361; PDX401 Fig. 4.2B;
biological replicates in Fig. S4.2A-G). Conditioned medium (CM) from co-cultures of yoTc with
SUM149 or PDX401 BCSC compared to NSC contained significantly less IFN-y (Fig. 4.2C,
p<0.0001 y8Tc+CD24™ versus y8Tc+CD24", S4.2H,I; Fig. 4.2D, p=0.0010 ydTc+3D versus

18Tc+2D, S4.2],K). Cumulative analyses confirmed our SUM149 results (Fig.4.2E, n=3, ratio
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p<0.0001 in C and a-b, p=0.0010 in D.
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paired one-tailed t- test, p=0.0071) and showed a similar trend in experiments in which y6Tc had

been co-cultured with 3D or 2D PDX401 cells (Fig. 4.2F, one-tailed Wilcoxon test, p=0.1250).

4. 3.3 Breast cancer stem-like cells secrete factors that inhibit yé T cell

function

To investigate the impact of secreted factors produced by BCSC on ydTc, we incubated
CellTrace Violet (CTV)-labeled y0Tc with SUM149 or PDX401 BCSC or NSC CM for 24h,
replaced CM with fresh media, and assessed proliferation by flow cytometry six days later. Gamma
delta T cells incubated with NSC CM proliferated more than those incubated with BCSC CM (Fig.
4.3A,B). Proliferation modeling indicated a greater proportion of y6Tc cells in earlier proliferation
divisions in BCSC CM compared to NSC CM (Fig. S4.3A-I, n=3, compare peaks 0 and 1 in Fig.
S4.3B and S3C, respectively, depicted graphically in Fig. S4.3D). Viabilities of ydTc incubated
with BCSC compared to NSC CM for 24-72 h were similar (Fig. S3K-M).

We incubated y0Tc for 24h in different CM, replaced CM with complete medium, and
measured inhibitory receptors on ydTc seven days later. PD-1 expression was similar, but CTLA-
4, LAG-3 and TIM-3 expression on yoTc treated with SUM149 BCSC was markedly increased
(Fig. S4.3N). These differences did not always achieve significance, likely due to inherent donor
variability (Fig. 4.3C, D, S4.3N-S). CTLA-4 trended higher on ydTc treated with CD24" versus
CD24" CM (Fig. 4.3E, S4.3N-P), and was significantly higher on 3D compared to 2D CM-treated
voTc (Fig. 4.3F, p=0.0371, S3Q-S). The same was true for LAG-3 (Fig. 4.3G, p=0.0797; 3H,
p=0.0282, S3N-S). Cytotoxicity of ydTc incubated in CD24- CM was reduced by half compared to
CD24" CM-treated ydTc against SUM149 targets (Fig. 4.31, n=3, p=0.0043 at 20:1, S3T). PDX 2D

CM-treated ydTc were ~1.5 times more cytotoxic than PDX 3D-CM treated ydTc at 20:1 (Fig. 4.3J,

131



W Donor 1

-?— @ Donor 2

# Donor 3

>
m
i

y6Te medium

Count

MFI
\ [Z] Day 0 CTV control 33585
\ [ cD24- medium 6415

f

e

[ CD24+ medium 2323
& FMO ZNIR only

+em—1— ¢

Replication Index
> w <'='
R 1

Cell Trace Violet T T T
CD24+ PDX401 3D PDX401 2D

(2]
o
1Y)
&

2.5-
2.5 2.5 4 5 4
C D E “ F .G He |
_20 _ 20 %r %;3 w?l *|e mad *|®
a e} 1.5 o] o]
1.5 1.5 = = 3
& = 5 G . 3 3,
2 1.0 2 1.0 2 1.09 2 22 :
© © = =1 =] =
5 E . B , 3 3 1
o 0.5 o 0.5 E 0.5 &: &J 1 c?:’
0.0 0.0 0.0 0 o [
CD24- CD24+ 3D 2D CD24- CD24+ 3D 2D CD24- CD24+ 3D 20
I 1007 @ CD24-CM J 801 @ 3DCM Kzu L 30 c
W CD24+ CM *k W2DCM *k *
80 R w
. 60 15 * ] b
° o G 20
2 60 am 2 e + +
= ¢ . a3 4 710 b - T .
o 40 o5 o #u  on g =z
® ™ ¢ o ® m m [ w
7% ' 5, 3® * = = 10 °
" - 0] & ® 54 a a L] £ a — a
- ° ™ ° =
* * * | | *
0 0 T T * T 0 T T -;- T
1:1 10:1 20:1 1:1 10:1 20:1 UCHT1 - + - + UCHT1 - + - +
CD24- CM CD24+ CM 3DCM 2DCM

Figure 4.3. Breast cancer stem-like cells secrete factors that inhibit gamma delta T cell
function. (A) To assess proliferation, y0Tc were labeled with CellTrace Violet (CTV) and
incubated with SUM149 CD24" and CD24  conditioned medium (CM) for 24h, washed, then
further cultured in fresh medium. Six days later, the CTV signal was measured using flow
cytometry. (B) Graph of cumulative replication indices of ydTc treated with SUM149 or PDX401
CM including experiment in Fig 3A (n=3). (C-H) Cumulative results for MFI normalized to
corresponding FMOs for the indicated co-inhibitory receptors on y6Tc incubated with SUM149
CD24" and CD24" CM or PDX401 2D and 3D CM (n=2 C and D, n=3 for E-H; see symbols
unique to biological replicates). (I) After incubation with SUM149 CD24" or CD24~ CM or (J)
PDX401 2D or 3D CM, y6Tc were used to target the unsorted population of SUM149 and PDX401,
respectively, in Calcein AM cytotoxicity assays at the indicated effector: target (E:T) ratios (n=3).
(K) Cumulative results for % IFN-y producing ydTc are depicted for yoTc incubated with SUM149
CD24" and CD24" CM (n=3) and (L) PDX401 2D and 3D CM (n=3). Data are presented as mean
+ SD in B-H, and mean values are represented by lines in I, J, K and L. Statistical tests employed
were: (B) one-way ANOVA followed by Sidak’s post hoc test for multiple comparisons between
groups; (E-H) one-tailed paired t-test, (I, J) two-way ANOVA followed by Sidak’s post hoc test,
(K) one-tailed paired ratio t-test, a-b p=0.0482, b-c p=0.0255, a-c p=0.0107, and (L) one-tailed
paired ratio t-test, a-b p=0.0094, b-c p=0.0085, a-c p=0.0079. *p<0.05, **p<0.01.
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n=3, p=0.0022, S3U). Significantly reduced intracellular IFN-y was observed in anti-CD3-
stimulated-yoTc treated overnight with BCSC CM compared to NSC CM (SUM149, Fig. 4.3K,

n=3, b versus c: p=0.0255; PDX401, Fig. 4.3L, b versus c: p=0.0085, S3V-X, S3Y-AA).

4.3.4 The PD-1/PD-L1 pathway contributes to resistance of breast cancer

stem-like cells to yo T cell killing

We co-stained SUM149 with antibodies against CD24 and CD44 together with PD-L1
alone or PD-L1 and PD-L2 simultaneously and acquired samples by flow cytometry (gating
controls in Fig. S4.4A,B). PD-L1 expression was unexpectedly slightly higher on SUM149 NSC
compared to BCSC (Fig. 4.4A, S4.4C), and PD-L1 positively correlated with CD24 (Fig. 4.4B).
Conversely, PDX401 3D expressed significantly higher PD-L1 than 2D cells (Fig. 4.4C, p=0.0288;
S4.4D-F), and PD-L2, trended higher in PDX401 3D versus 2D cells (Fig. 4D, S4.4G-H). After
treatment with y8Tc overnight, PD-L1 expression was significantly elevated on SUM149 resistant
to y0Tc killing ended higher in PDX401 3D versus 2D cells (Fig. 4.4D, S4G-H). After treatment
with y0Tc overnight, compared to SUM149 that had not been incubated with y0Tc (Fig. 4.4E, F,
n=3, p=0.0310, S4.41-J). This was similar with PDX401 (Fig. 4.4G, S4.4K-L); however, the
difference was not significant when biological replicates were combined for analysis (Fig. 4.4H,
n=3, p=0.0939). PD-L2 also trended higher in ydTc-resistant targets (Fig.4.41-J, S4.4M-S). Anti-
PDI treatment significantly increased ydTc lysis of SUM149 CD24 cells but not to the level of
CD24" SUM149 lysis (Fig. 4.4K, n=3, p=0.0222, S4.4T-V, all p<0.05). Anti-PD-1 treatment also
increased CD24" cell lysis (Fig. S4.4V, p=0.0045). Cumulative results trended toward increased

PDX401 3D lysis (Fig.4. 4L). Two of three biological replicates showed significantly increased
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Figure 4.4. Figure 4.4. Inhibitory ligands are expressed on breast cancer stem-like cells
resistant to Y6 T cell killing. (A) PD-L1 expression was detected by flow cytometry on CD24"
and CD24" SUM149 and (B) CD24 versus PD-L1 is plotted. (C) MFI (normalized to FMO) of
PD-L1 (n=3) and (D) PD-L2 (n=2) on 2D and 3D PDX401 cells were measured. (E) Target cells
were co-incubated with y6Tc at a 1:1 ratio overnight and surface expression of PD-L1 was
detected. (F) Cumulative results of PD-L1 MFI normalized to FMO including the experiment in E
are shown (n=3). (G) Experiment done as in E but with PDX401 3D and 2D cells. (H) Cumulative
results of three biological replicates including G. (I) PD-L2 was compared between co-incubated
targets and targets alone on SUM149 (n=3) and (J) PDX401 cells (n=4). (K) ydTc were incubated
with anti-PD-1 blocking antibody and then co-incubated with SUM 149 CD24" or CD24" cells or
(L) PDX401 3D or 2D cells at E: T 20:1 for 4h. Cumulative results are shown (n=3). Data are
presented as mean + SD in C, D, K and L, and as mean = SEM in F and H-J. Mean values are
represented by lines in K and L. Statistical tests employed were: (C, F, H-J) one-tailed paired ratio
t-test, and (K, L) two-way ANOVA followed by Tukey’s post hoc test. *p<0.05
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3D lysis with anti-PD-1 treatment (Fig. S4.4W, Fig. S4.4X, p=0.0141; S4.4Y, p=0.0267), and in

one case, 2D lysis was also significantly enhanced (Fig. S4.4Y, p=0.0033).

4.3.5 The anti-apoptotic protein MCL-1 is upregulated in breast cancer stem-

like cells

Blocking FasL or TRAIL on y8Tc reduced cytotoxicity against SUM149, and cytotoxicity
was significantly reduced on blocking NKG2D (Fig. S4.5A, p=0.0472, NKG2D versus IgG). Note
that we did not block the Yo TCR in these experiments, since use of pan anti-yd TCR antibodies
induces apoptosis in y§Tc, confounding interpretation of results**°. Blocking MICA/B or CD54
also significantly reduced lysis (Fig. S4.5B, p=0.0286 and 0.0240, respectively). This was also
evident when PDX401 were used as targets (Fig. S4.5C, NKG2D p=0.0117, FasL 0.0042, S4.5C).
Using sorted targets, we found similar significant reductions in cytotoxicity against CD24-
SUM149 when sTRAIL, MICA/B or CD54 were blocked (Fig. 4.5A; p=0.0216, 0.0006, <0.0001,
respectively); however, blocking NKG2D or FasL did not reduce cytotoxicity against CD24"
targets (Fig. 4.5A, S4.5D-G). In contrast, blocking any of these receptors significantly reduced
SUM149 CD24 " target lysis (Fig. 4.5B, all p<0.001 versus Ig, S5D-G). Cumulative results for log2
fold change in cytotoxicity on blocking FasL versus IgG control approached significance (Fig.
4.5C, n=4, p=0.0591). Cytotoxicity of ydTc against 3D PDX401 remained unchanged despite
blocking (Fig. S4.5H-K). However, blocking any of the above-mentioned factors significantly
reduced yoTc cytotoxicity against PDX401 2D cells (Fig. S4.5H, all p<0.001, S4.5I-K). In
particular, decreases in y0Tc cytotoxicity upon blocking FasL were significantly different between

2D and 3D PDX401 (Fig. 4.5D, n=3, p<0.0037).
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Figure 4.5. The Fas-FasL. pathway is dysfunctional in breast cancer stem-like cells. (A)
SUM 149 were sorted into CD24" and (B) CD24" fractions, incubated with the indicated antibodies
for 30 min and then co-incubated with ydTc at E:T 20:1 for 4h. Cumulative results are shown (n=4).
(C) The log2 fold decrease in target cell lysis upon FasL blocking compared to IgG control was
calculated for the experiment shown in A and B (n=4). (D) Similarly, PDX401 3D and 2D cells
were incubated with antibodies followed by ydTc and the log2 fold decrease in target lysis upon
FasL blocking compared to IgG control was calculated (n=3). (E) SUM149 cells were subjected to
a yoTc cytotoxicity assay at 1:1 (E: T) overnight. Target cells were then stained for intracellular
MCL-1 protein and acquired via flow cytometry. (F) Cumulative results for SUM149 are shown
including the experiment in E (n=3). (G) Cumulative results for similar experiments done with
PDX401 3D and 2D cells (n=3). (H) Sorted SUM149 CD24 and CD24" cells were co-incubated
with y8Tc at E:T 20:1 in a 4h Calcein AM cytotoxicity assay (n=4). Where indicated 500nM
dMCL1-2 or A-1210477 (A-121) were added to the co-incubation, with the same volume of DMSO
as a vehicle control. (I) Cumulative results of cytotoxicity assays done with AMCL1-2 or anti-PD-
1 antibody against SUM149 (n=3) or (J) PDX401 cells (n=3). Data are presented as mean + SEM
in all graphs except H, which shows mean + SD. Statistical tests employed were: (A, B) RM one-
way ANOVA followed by Bonferroni’s post hoc test, (C, D, F, G) one-tailed paired t-test, (H)
two-way ANOVA followed by Sidak’s post hoc test, (I-J) two-way ANOVA followed by Tukey’s
post hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Given that the Fas-FasL pathway, which induces apoptosis in target cells, was dysregulated
in BCSC of both cell lines, we explored surface expression of Fas(CD95). Fas levels on BCSC
versus NSC were similar, as were expression of TRAIL R1 and TRAIL R2 (Fig. S4.5L, M). Since
CSC upregulate anti-apoptotic proteins to resist apoptosis induction®’, we quantified anti-
apoptotic proteins via western blotting. MCL-1 was upregulated in CD24~ cells, and Bcl-XL was
increased in two of three replicates (Fig. S4.5N, left panels). Surface MCL-1 expression was higher
in SUM149 and PDX401 cells resistant to ydTc killing compared to targets alone (Fig. 4.5E; 5F,
n=4, p=0.09; 4.5G, n=3; S4.50,P). PDX401 3D also expressed more MCL-1, Bcl-XL and survivin
than 2D cells (Fig. S4.5N, right panels). We then employed the failed inhibitor A-1210477 (A-121)
as a negative control and its derivative - the novel MCL-1 protein degrader, dMCL1-2 - 28 to target
MCL-1, confirming degradation in both cell lines via western blotting (Fig. S4.5Q).

Addition of dMCL1-2 in a cytotoxicity assay with y6Tc derived from one particular donor
showed significantly increased PDX401 2D and 3D cell lysis compared to vehicle control (Fig.
4.5H, p=0.0073 and p=0.0003, respectively). Significant increases in cytotoxicity against CD24"
SUM149 in the presence of AMCL1-2 were confirmed with two other y6Tc cultures derived from
this donor (Fig. S4.5R, p=0.0254, and S4.5S, p=0.0239). However, dMCL1-2 had no effect in
assays with y6Tc derived from five other donors (Fig. S4.5T-X). In cytotoxicity assays combining
anti-PD1 antibody and dMCLI1-2, we saw no synergistic effect in experiments using BCSC and
NSC SUM149 (Fig. 4.51, n=3; S4.5V-X left panels) or PDX401 targets (Fig. 4.5J, n=3; S5V-X

right panels). We confirmed that y0Tc viability was not affected by AMCL1-2 (Fig. S4.5Y).

4.3.6 Breast cancer stem-like cells display lower expression of MICA/B on

their surface

Multiple experiments revealed that MICA/B, ULBP-3 and ULBP-4 expression was

137



A- D CD24+ 2745 D CD24+ 1388 BCD24+ 251 oCD24+ 412
mCD24- 2012 mCD24- 685 mCcD24- 161 mCcD24- 192
] OFMO 163 4 OFMO 163 | . OFMO 37 . OoFMO 37
= c c [
c | =] =] =]
: ; 8 8
Q1
B MICA/B ULBP-2,5,6 ULBP-3 ULBP-4
_ _ 300 400
3000 * g_ 1500 *x m x m
m L4 - ™ <
< g * 2 200 3007 1
2000 1000+ m n m
e L —l_ a T - - 1L
= _l_ 3 D . * 3200 * °
) |. o ®
-Z 1000+ _g 500 ® i =100+ 2
© _t = * © 5 100 °
[0) ] D [0} [i3]
o K. o o
0 T T 0 T T 0 T T 0 T T
CD24- CD24+ CD24- CD24+ CD24- CD24+ CD24- CD24+
c ] @20 542| | @20 869 @3 157 @m3p 107
m3D 403 ma3D 623 @2D 116 @aD 79
- OFMO 135, OFMO 135 L. OFMO 62| ,. OFMO 62
c | =3 c c
=] =] =] =]
[e] [e] [e] Q
Q] O] (@] (@]
MICA/B ULBP-2,5,6 ULBP-3 ULBP-4
D1000— o 800+ 300+ 80
** [ ] L'O: [ ] | | ¢ ¢
0 800 o @ y °
1 700 a o 60
2 I 3 o | T
=~ 600 ° J_ a A a T
T 3 600 . ) D404
29 | ¢ 2 £ 1004 2 1
- = = e}
«© 2004 n E 500+ © i 20+ u
© o [0} | | ©
oc o [0 SN o
0 400 $ o
0 T T 00 T T T T v T T
3D 2D 3D 2D 3D 2D 3D 2D

Figure 4.6. Breast cancer stem-like cells have lower surface expression of MICA/B. (A)
NKG2DL expression was determined on SUM149 CD24" and CD24" cells by flow cytometry and
(B) cumulative results for normalized values including those from the experiment in A are shown
(n=3). (C) NKG2DL on 2D and 3D PDX401 cells and (D) cumulative data comprising normalized
values including those from the experiment in C are shown (n=3). Data in graphs are presented as
mean = SEM. For statistics shown in B and D, one-tailed paired t-tests were employed. *p<0.05,
**p<0.01.
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significantly lower on CD24- compared to CD24+ SUM149 cells (Fig. 4.6A; 4.6B, n=3, p=0.0428,
0.0467, and p=0.0430 respectively; S4.6A-E), while ULBP-2,5,6 was down-regulated on SUM 149
CD24 (Fig. 4.6A; 4.6B, p=0.0518; S4.6B-E). MICA/B surface expression was also significantly
lower on PDX 3D versus 2D cells (Fig.4.6C,D left panels, p=0.0088; S4.6F,G), but NKG2DL

expression was otherwise variable (Fig. 4.6C and D, S4.6F,G).

4.3.7 Breast cancer stem-like cells shed higher levels of MICA conferring

resistance to Y0 T cell Kkilling that can be overcome with ADAM inhibition

One mechanism regulating NKG2DL on the surface of cancer cells is shedding, which
occurs by proteolytic cleavage!’. Strikingly, proteomic analysis of CM from BCSC and NSC
revealed MICA as a top upregulated protein secreted by both SUM149 and PDX401 BCSC (Fig.
4.7A-B). This was confirmed by ELISAs (Fig. 4.7C, D, n=4, p=0.0033 and p=0.0038; S4.7E.F).
“A disintegrin and metalloproteinase” (ADAM)10 and 17, involved in tumor-associated proteolytic
release of soluble MICA!7?, were also upregulated in BCSC CM (Fig. 4.7B, S4.7C-D). Using
GW280264X (ADAMi), an inhibitor of both ADAM10 and ADAM17, significantly increased
surface MICA/B on both SUM149 (Fig. 4.7E top panel, 4.7F, n=3, p=0.0008; S7G) and PDX401
cells (Fig. 4.7E bottom panel, 4.7G, n=3, p=0.0011; S4.7H). MICA shedding, evidenced by soluble
MICA levels in supernatants, was also significantly abrogated upon addition of ADAMi (Fig.4.7H,
n=3, p=0.0332, S4.71; 4.71, n=3, p=0.0058, S4.7J). In cytotoxicity assays, ADAMi significantly
enhanced ydTc cytotoxicity against both BCSC and NSC SUM 149 (Fig. 4.7J, CD24- DMSO versus
ADAMI p<0.0001; CD24" DMSO versus ADAMIi, p=0.0007; S4.7K-M) and PDX401 targets (Fig.
4.7K, 3D DMSO versus ADAMi, p<0.0001; 2D DMSO versus ADAMi, p<0.0001; S4.7N-P).

Notably, combining ADAMi with y6Tc brought BCSC lysis levels to those of untreated NSC
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Figure 4.7. Breast cancer stem-like cells shed MICA rendering them resistant to yo T cell killing,
which can be reversed by inhibiting ADAM proteases. (A) Secretome analysis of SUM149 and
PDX401 BCSC was performed with mass spectrometry. The log2 fold changes of the most
differentially secreted proteins are depicted as a heat map. A magnified version of the top 39 proteins,
with MICA boxed in purple is provided. (B) Scatter plot depiction of secretome analysis shown in A.
(C) ELISA quantification of MICA shed by sorted CD24- versus CD24+ SUM149 cells (n=4) and (D)
2D and 3D PDX401 (n=4). (E) Targets were treated with the ADAM protease inhibitor GW280264X
(ADAMI) for 4h and MICA/B surface expression was determined via flow cytometry. Representative
overlays of SUM149 (top) and PDX401 cells (bottom) and (F) cumulative results for MICA MFI
(normalized to FMO controls) on SUM 149 (n=3) and (G) PDX401 are shown (n=3). (H) Soluble MICA
secreted by SUM149 in the presence of ADAMi or vehicle control was measured by ELISA (n=3) and
(I) the same was done with supernatants from PDX401 cells treated in the same way (n=3). (J)
SUM149 CD24- and CD24+ cells (n=3) or (K) PDX401 3D and 2D cells (n=3) were incubated with
ADAMIi and then co-incubated with ydTc at E:T 20:1 for 4h. Data are presented as mean + SEM in C,
D and F-1. Mean values are represented by lines in J and K. Statistical tests employed were: (C, D, F-I)
one-tailed paired t-test, and (J and K) two-way ANOVA followed by Tukey’s post hoc test. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.



(Fig. 4.7], CD24- ADAMIi versus CD24" DMSO, p=0.6781; S4.7K-M; 4.7K 3D ADAMIi versus
2D DMSO, p=0.2139, S4.7N-P), overcoming BCSC resistance to ydTc cytotoxicity.
We performed most of these experiments with MCF-7 cells and obtained similar results

(Fig. S4.8).

4.4 Discussion

Early phase clinical trials with y0Tc have thus far focused on treatment-refractory advanced
stage cancer patients, and have unsurprisingly shown variable efficacy?!®. Given these findings,

488 as well as the

discussion has arisen over activation-induced anergic or unresponsive yoTc cells
need to improve therapies by mitigating immune evasion. We addressed this issue by interrogating
mechanisms by which BCSC may overcome ydTc-mediated killing. In doing so, we determined
that BCSCs employ numerous mechanisms, including MICA shedding, to evade killing, and that
the efficacy of y0Tc-based therapies may be improved through the pharmacological inhibition of
such processes. Indeed, we found that inhibiting ADAM proteases can restore ydTc-mediated
cytotoxicity in BCSC, concomitant with reduced MICA shedding. While other studies have
investigated CSC targeting by y8Tc in colon and ovarian cancers, and neuroblastoma >*7-23, this is,
to our knowledge, the first study to compare y0Tc cytotoxicity against CSC and NSC in parallel.
In this study, we used polyclonal primary human ydTc, containing both V&1 and Vo2 cells (Table

S1). This follows studies in the extant literature which suggest that both subsets should be

considered for development of y6Tc-based immunotherapies®'?. Indeed, in a recent study, pre-

treatment of BCSC with Zoledronate followed by primary autologous V82 y8Tc and CD8" T cells

489

combined was more effective than either cell type alone™”. However, some pre-clinical studies

suggest that V&1 may be superior to V32 cells in terms of both cytotoxicity and durability!'37-2%,
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For example, V81 cells are more resistant to activation-induced cell death (AICD)**, which has
posed significant problems in clinical trials due to chronic stimulation of V52 cells*®8. Furthermore,
an elegant study recently identified V1 cells in both healthy human breast tissue and tumors that
were equally functionally competent and lysed breast cancer cells via NKG2D engagement;
importantly, V31 cells were also more abundant in tissues from remission compared to relapsed
cases®?.

While y8Tc could kill BCSC, BCSC employed multiple strategies to evade y6Tc attack,
resulting in reduced susceptibility of BCSC compared to NSC (Figs. 4.1,4.4,4.5,4.7). In vivo, mice
injected with SUM149 cells previously treated with y6Tc exhibited significantly more metastatic
lesions compared to mice injected with untreated SUMI149 (Fig. 4.1F) suggesting BCSC
enrichment during co-incubation with ydTc, as observed in vitro (Fig. 4.1C,E). Activated y6Tc
degranulate to release perforins and granzymes, and they produce IFN-y'!2. These functions were
inhibited in the presence of BCSC from three different cell lines (Fig. 4.2A-F, S4.8B). In addition,
BCSC CM rendered y0Tc dysfunctional by chronically increasing co-inhibitory receptor
expression while reducing proliferation and cytotoxicity (Fig. 4.3). This is similar to results
reported in a study using CSC CM from colorectal cancer patients **°.

Programmed cell death-ligand 1 (PD-L1) is often expressed by tumor cells, enabling
binding to PD-1 on immune cells and thereby attenuating their responses. PD-L1 is associated with
poor prognosis in solid tumors, including breast cancer®'. Since checkpoint inhibition has become
a widely used and effective tool in the clinic, we tested differential expression of PD-L1. PD-L1
expression was higher on 3D compared to 2D PDX401 cells (Fig. 4.4C), and also on target cells

resistant to ydTc cytotoxicity (Fig. 4.4E-H). Hence, ligands on BCSC, and resistant target cells in

general, may engage PD-1 on y3Tc to suppress yoTc activity. However, PD-1 is a T cell activation
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marker that is transiently upregulated, while chronic expression indicates dysfunction®?’. PD-1 on
v6Tc was not differentially expressed upon exposure to BCSC CM (Fig. 4.3C,D, S4.3N), yet
blocking the PD-1/PD-L1 pathway was able to partly surmount BCSC resistance to ydTc
cytotoxicity (Fig. 4.4K,L). Our results concur with studies showing enhanced y3Tc cytotoxicity
against lymphoma, multiple myeloma, leukemia, and neuroblastoma upon blocking the PD-1/PD-
L1 pathway35355:357492

Blocking assays demonstrated that Fas/FasL signaling, an important pathway ydTc exploit
to trigger apoptosis in targets, is dysfunctional in BCSC (Fig. 4.5A,C,D, S5H). In line with this,
the anti-apoptotic protein MCL-1 was overexpressed in BCSC compared to NSC (Fig. S4.5N), and
in cells resistant to yoTc targeting (Fig. 4.5E-G, S4.5P). MCL-1 overexpression renders cancer
cells resistant to several drugs*”® and is associated with poor outcome in breast cancer’®*. We
verified that A-1210477 lead to MCL-1 accumulation and the novel dMCL1-2 degrader reduced
MCL-1 levels (Fig. S4.5Q)*®. However, the success of dMCL1-2 in sensitizing BCSC to y8Tc
(Fig. 4.5H-J, S4.5R-X) appeared to be donor dependent: all of our successful experiments were
done with different y6Tc cultures derived from the same donor (Figs. 4.5H, S4.5R,S). Interestingly,
this donor’s cells were used in the only experiment in which MCL-1 expression was not
upregulated after ydTc treatment (Fig. S4.50, top panel). If this was also the case in cytotoxicity
assays, and MCL-1 was not upregulated in response to this donor’s yo6Tc, it could explain why
dMCLI1-2 worked so well in those particular experiments. We would likely need to use more
dMCLI-2 to overcome MCL-1 upregulated in the presence of other donor-derived ydTc. This also
raises the intriguing question as to why ydTc from this particular donor did not incite MCL-1
upregulation while those from other donors did. Apart from various intrinsic factors, MCL-1

494

expression can be modulated by extrinsic factors like IL-6 and IFN-o™", which were perhaps
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secreted differentially by this specific donor’s y6Tc and played a role in regulating MCL-1 in
targets.
Several soluble factors released by tumor or stromal cells exert suppressive effects on

immune cells**!

. Mass spectrometry analysis indicating global differences in protein expression
between BCSC and NSC secretomes identified potential “hits” that could translate into therapeutic
targets (Tables S4.5,5S4.6). TGF-B1 was upregulated in both SUM 149 and PDX401 BCSC, and its

83 while

impact on ydTc is unclear. TGF-B1 reportedly enhances cytotoxic activity of Vo2 cells
TGF-B1 and IL-15 polarize V52 cells to FOXP3+ regulatory yoTc, suppressing proliferation of
activated PBMC, including affTc**8. Another study suggested V32 cells, in the presence of TGF-
B1,IL-6 and IL-1 B, can be polarized into y8T17 cells*®, which are associated with the immune-
suppressive TME, further aiding development of cancer!*!. Using gain- and loss-of-function
models, we recently found that the TGF- family member NODAL inversely correlated with
MICA/B expression on breast cancer cells, impacting y§Tc targeting!®®. Compared to NSC, BCSC
consistently displayed lower expression of cell surface MICA/B (Fig. 4.6A-D, 4.S6), likely
rendering BCSC invisible to y§Tc, similar to what we previously observed '¢°. Leukemia stem cells
(LSC) do not express cell surface NKG2DL, rendering them resistant to NK cell cytotoxicity, and
leading the authors of the study to suggest that the lack of NKG2DL could be considered an LSC
marker'®®. Furthermore, NKG2DL" cells express higher PARP1 enzyme levels, and PARP
inhibition upregulates surface NKG2DL on LSC, sensitizing them to NK cell targeting'®. In the
future, PARP inhibitors could also be tested on BCSC in the context of y6Tc or NK cell therapies.
Soluble MICA shed from the cell surface can downregulate NKG2D on T and NK cells'®’, and

elevated levels of circulating soluble MICA have been associated with poor clinical prognosis and

metastasis in multiple cancer types, including breast cancer*®. Proteomic analysis followed by
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ELISA verification demonstrated significantly enhanced MICA shedding by BCSC compared to
NSC (Fig. 4.7C-D).

Increased expression of ADAM10 and ADAM17 in BCSC CM was also evident (Fig. 4.7B,
S4.7C,D). ADAMs are proteases that release ectodomains of trans-membranous proteins, such as
cytokines, growth factors, and cell adhesion molecules, including MICA'%°. ADAMs are associated
with cancer progression, inflammation, tissue damage and repair. While preclinical studies with
ADAM inhibitors have shown encouraging results, clinical trials have not yet been successful®®’.
GW280264X has not yet been tested in clinical trials. However, GW280264X blocked MICA
shedding, which lead to significantly enhanced ydTc cytotoxicity against BCSC. In fact, lysis of
BCSC reached the level of NSC lysis in the absence of the inhibitor, suggesting that MICA
shedding is the main mechanism underlying BCSC resistance to y6Tc cytotoxicity (Fig. 4.7J,K).
Since using GW280264X in combination with ydTc also increased cytotoxicity against NSC, this
approach could be considered to generally enhance yoTc targeting of cancer types using MICA
shedding as an immune evasion mechanism. This mechanism was also employed under hypoxia, a
biophysical property of the TME associated with poor patient outcome, in which we observed
increased MICA shedding correlated with reduced cytotoxicity of y0Tc against breast cancer cell
lines'®®.

Since the GW280264X ADAM inhibitor overcame BCSC resistance to yoTc targeting, and
also enhanced the cytotoxicity of y6Tc against NSC, such inhibitors should be further developed
for therapeutic applications. Our study provides a strong rationale for additional pre-clinical and
clinical validation of ADAM inhibitors in combination with y6Tc immunotherapy to improve

patient outcomes.
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Figure S4.1. Breast cancer stem-like cells in CD44+CD24- SUM149 and PDX401 3D
mammospheres are further enriched upon co-incubation with y6 T cells. Representative
examples from a panel of breast cancer cell lines (A) SUM149 (n=3), (B) PDX401 (n=2), (C)
MCF-7 (n=3), (D) T47D (n=2), (E) MDA-MB-231 (n=3), and (F) SUM159 (n=1) that were
stained for surface expression of CD44 and CD24 followed by flow cytometric acquisition,
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which is graphically represented in (G). (H) Quadrant gates were set for analyses in A-F using
fluorescence minus one (FMO) controls as shown in this representative example for (I) SUM 149
cells sorted into CD44°CD24 (top left panel) and CD44°CD24" (bottom left panel) fractions;
sorted populations were maintained in culture and stained with CD24 and CD44 after the
indicated times to determine the kinetics of differentiation, depicted graphically in (J). (K) Sorted
SUM149 cells were seeded as indicated and cultured for seven days under low-serum and low
attachment conditions. The spheres that formed were counted (n=2). (L) Second-generation
PDX401 adherent cells (2D) and mammospheres (3D) were dissociated, then CD44 and CD24
expression were determined by flow cytometry (n=1). (M) SUM149 cells were sorted and used in
Calcein AM cytotoxicity assays with y0Tc derived from three different donors. (N) Second
generation mammospheres (3D) and adherent (2D) SUM149 were dissociated, filtered into single
cell suspensions and used as targets in cytotoxicity assays with yoTc from four different donors.
(0) SUM149 alone or SUM149 treated with ydTc, from which y6Tc were removed, were seeded
and the number of spheres formed were counted. In each experiment, ten technical replicates
were counted. Three biological replicates of this experiment, in which y6Tc¢ were derived from
different donors, are shown. (P) Experiment done as in (N) but with PDX401 3D and 2D cells,
and with y6Tc derived from four different donors. The symbols used here match the donor
symbols from the cumulative figure. (Q) Experiments done as in O but with PDX401 target cells.
(R) Image of second generation PDX401 mammospheres. (S) SUM149 cells alone or those
previously treated with y6Tc (T) were injected into the tail veins of NSG mice and, 18 weeks
later, mice were sacrificed and lungs stained with India ink. White spots in the black stained
lungs indicate macroscopic metastases; scale = 1 cm. Corresponding inverted images of the lungs
are below each set of original lung images. are Data are presented as mean = SEM in G; mean +
SD in K, O and Q; and mean in M, N and P. Statistical tests employed were: (K, O, Q) Simple
linear regression, p values are indicated in figure; (M, N, P) Two-way ANOVA followed by
Sidak’s post hoc test for multiple comparisons between groups. *p<0.05, **p<0.01, ***p<0.001,
*HExp<0.0001.
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Figure S4.2.Gamma delta T cell degranulation and IFN-y secretion are impaired in the
presence of breast cancer stem-like cells. (A) Overlay of of CD107a expression (degranulation)
is shown for y8Tc incubated with SUM 149 CD24" and incubated with CD24" cells is shown for
v0Tc derived from donor 1, (B) donor 2 and (C) donor 3. (D) Experiments done as in A-C but
with PDX401 3D (BCSC) or 2D (NSC) cells and y6Tc from donor 1 (E) donor 2, (F) donor 3 and
(G) donor 4. (H) INF-y ELISA was performed on conditioned media (CM) from CD24" or
CD24" SUM149 co-incubated with yoTc derived from donor 2 and (I) donor 3 for 24h. (J) INF-y
ELISA on conditioned media (CM) from 2D or 3D PDX401 co-incubated with y6Tc derived
from donor 2 and (K) donor 3 for 24h. Donor numbers were reset for each set of experiments.
Data are presented as mean + SD. Statistical tests employed were: (G-J) One-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons. In H, a-b, p<0.01; in I and J, b-c,
p<0.0001; in K, b-c, p=0.0038.
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Figure S4.3. Breast cancer stem-like cells secrete factors that inhibit gamma delta T cell
function but do not impact their viability. (A) y6Tc from Donor 1 were labeled with Cell Trace
Violet (CTV) and incubated with SUM149 SC (CD24°) or NSC (CD24") conditioned medium
(CM) for 24h, washed and their proliferation measured six days later using flow cytometry. Shown
are data generated upon analysis using the FlowJo 10.5.3 Proliferation Modeling Tool. (B)
Histogram for y6Tc that had been incubated in CD24" CM showing the proliferation peaks from
the CD24" panel in A; numbered peaks correspond to divisions of the populations within the
cultures that proliferated to different extents. (C) As in B for y3Tc that had been incubated in CD24"
CM. (D) Graphical representation of replication divisions undergone by ydTc in the proliferation
experiment shown in Fig 3A and S3B and C. (E) Output from the FlowJo 10.5.3 Proliferation
Modeling Tool for yoTc derived from donor 2 and (F) donor 3. (G) Experiments done as in A-C
but with PDX401 3D and 2D media treatment of y6Tc¢ from donor 1, (H) donor 2 and (I) donor 3.
(J) Graph of cumulative proliferation index values from the three donor cultures treated with
SUM149 or PDX401 CM. (K) yoTc were incubated with PDX 2D and 3D CM for 24 h, washed
and viability was accessed using Zombie Aqua and AnnexinV staining after indicated duration. (L)
Cumulative results for percent live y8Tc incubated with SUM 149 CD24" and CD24" CM (n=4) or
(M) PDX401 3D and 2D CM (n=3). (N) y8Tc were incubated with SUM149 CD24" or CD24- CM
for 24h; histograms for expression of the indicated co-inhibitory receptors on yoTc seven days after
incubation with CM are depicted with median fluorescence intensities for donor 1. (Q) Same
experiment done as in N with CM of yoTc from donor 2 and (P) donor 3. (Q) Experiments done as
in N-P but with PDX401 3D and 2D media treating ydTc from donor 1, (R) donor 2 and (S) donor
3. (T) After incubation with SUM149 CD24 and CD24" CM, y8Tc were used to target unsorted
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SUM149 in Calcein AM cytotoxicity assays at the indicated effector: target (E:T) ratios. Results
from biological replicates using y6Tc from three different donors are shown. (U) Cytotoxicity
assays done as in T but with PDX401 3D and 2D media-treated y6Tc from three different donors
targeting PDX401 cells. (V) y8Tc incubated with SUM149 CD24" and CD24" CM were treated
with anti-CD3 antibody (UCHT1) for 6h and IFN-y expression was determined via intracellular
flow cytometry. Unstimulated cells were used to set gates and yoTc treated with PMA/lonomycin
were used as a positive control. Control gates and percentage of IFN-y-producing y6Tc is depicted
for y6Tc derived from donor 1, (W) donor 2 and (X) donor 3. (Y) Similarly, results from PDX401
3D and 2D CM-treated ydTc derived from donor 1, (Z) donor 2 and (AA) donor 3 are shown.
Donor numbers were reset for each set of experiments. Ctrl = yoTc incubated with regular y6Tc
media instead of CM. Data are presented as mean + SD in J, L-M, and median in T-U. Statistical
tests employed were: (J) One-way ANOVA followed by Sidak’s post hoc test for multiple
comparisons between groups. (L-M, T-U) One-way ANOVA followed by Sidak’s post hoc test
for multiple comparisons between group. No significance was achieved for J, L-M. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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Figure S4.4. Inhibitory ligands are expressed on breast cancer stem-like cells resistant to
gamma delta T cell killing. PD-L1 expression on SUM149 CD24 and CD24" cells were detected
by flow cytometry (A) Florescence minus one (FMO) controls are shown for replicate 1 and (B)
replicate 2. (C) Histogram overlays of PD-L1 expression on SUM149 replicate 2. (D) Histogram
overlays for PD-L1 expression on PDX 401 3D and 2D cells, replicate 1, (E) replicate 2 and (F)
replicate 3 is shown. (G) Histogram overlays for PD-L2 expression on PDX 401 3D and 3D cells,
replicate 1 and (H) replicate 2. Target cells were co-incubated with ydTc at a 1:1 ratio overnight
and surface expression of PD-L1 was determined using flow cytometry. (I) Histogram overlays
PD-L1 expression are shown for replicate 2, and (J) replicate 3. (K) Experiments done as in I-J
but with PDX401 cells, replicate 2 and (L) replicate 3. (M) PD-L2 was also compared between co-
incubated targets and targets alone on SUM 149 replicate 1, (N) replicate 2, (O) replicate 3, and (P)
PDX401 cells replicate 1, (Q) replicate 2, (R) replicate 3 and (S) replicate 4. ydTc were incubated
with blocking antibody for PD-1 and then co-incubated with (T) SUM149 CD24", CD24" cells
replicate 1, (U) replicate 2 and (V) replicate 3, or (W) PDX401 2D, PDX 3D cells replicate 1, (X)
replicate 2 and (Y) replicate 3; at E: T 20:1 for 4 h. Donor numbers were reset for each set of
experiments. Data are presented as mean + SD in T-Y. Statistical tests employed were: (T-Y) One-
way ANOVA followed by Tukey’s post hoc test. *P<0.05, **P<0.01, ***P<0.001.
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Figure S4.5. Fas-FasL pathway dysfunctional in breast cancer stem-like cells. (A) ydTc or (B)
SUM149 cells were incubated with the indicated antibodies for 30 mins and then co-incubated at
E:T 20:1 for 4h in a Calcein AM release assay to assess cytotoxicity (C) Blocking and cytotoxicity
assay as in A and B, but with y0Tc and PDX401 target cells. (D) SUM149 were sorted into CD24"
(left panel) and CD24" (right panel) fractions, incubated with the indicated antibodies and then co-
incubated with yoTc at E: T 20:1 for 4h from donor 1, (E) donor 2, (F) donor 3 and (G) donor 4.
(H) Similarly, PDX401 3D and 2D cells were incubated with antibodies followed by yoTc;
cumulative results are shown (n=3) for experiments performed with yoTc from (I) donor 1, (J)
donor 2 and (K) donor 3. (L) Histogram overlays of indicated receptors on SUM149 CD24" and
CD24" cells and (M) PDX 3D and 2D cells are shown. (N) Expression of indicated anti-apoptotic
proteins was determined using western blot analysis of lysates from three sets of sorted SUM149
CD24  and CD24" cells (left panel) and PDX401 3D and 2D cells (right panel). Molecular weight
markers are shown on the left in kDa; B-actin loading controls and quantifications are shown below
corresponding panels. For SUM149 cells, XIAP and Survivin were probed on the same blot and
for PDX401 cells, Survivin and Bel-XL were probed on the same blot. (O) SUM149 cells were
subject to a yoTc cytotoxicity assay at 1:1 (E: T) ratio overnight. Target cells were then stained for
intracellular MCL-1 protein that was detected via flow cytometry. Histogram overlays of
experiments done with ydTc from donor 2 (top), donor 3 (middle) and donor 4 (bottom) are shown.
(P) Experiment done as in N with PDX401 cells and y6Tc from three different donors. (Q)
SUM149 (left) and PDX401 (right) that were treated with the MCL-1 degrader dIMCL1-2 and failed
inhibitor A-1210477 (A-121) are depicted. Molecular weight markers are shown on the left in kDa;
B-actin loading controls and quantifications are shown below corresponding panels. (R) Sorted
SUM149 CD24" and CD24" cells (left) were co-incubated with y8T¢ derived from donor 1 at E: T
20:1 in a 4 h Calcein AM cytotoxicity assay; indicated treatments were added to the co-incubation.
The same experiment was performed in parallel with PDX401 3D and 2D cells (right). Experiments
done with ydTc derived from (S) donor 2, (T) donor 3, (U) donor 4, (V) donor 5, (W) donor 6 and
(X) donor 7 are shown. (Y) yoTc were incubated with the indicated concentration of DMSO,
dMCLI1-2 and A-121 for 4h and viability was accessed using Zombie Aqua and AnnexinV staining.
Donor numbers were reset for each set of experiments. mTRAIL stands for membrane bound
TRAIL and sTRAIL stands for soluble TRAIL. Data are presented as mean = SEM in A-C and
mean = SD in D-K and R-X. Statistical tests employed were: (A-K, R-U) One-way ANOVA
followed by Sidak’s post hoc test, (V-X) Two-way ANOVA followed by Tukey’s post hoc test.
*P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001.
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Figure S4.6. MICA/B is downregulated on the surface of breast cancer stem-like cells. (A)
NKG2D ligand expression was determined on SUM149 CD24
cytometry. Florescence minus one (FMO) controls used to set gates for CD44 and CD24 for
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replicate 3. (F) Histogram overlays of NKG2D ligand expression on PDX401 3D and 2D cells for

replicate 2 and (G) replicate 3.
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Figure S4.7. The ADAM inhibitor GW280264X prevents MICA shedding and enhances Yo
T cell cytotoxicity against breast cancer stem-like cells. Mass spectrometry analysis of
SUM149 CD24 and CD24" cells and PDX401 3D and 2D conditioned media was done and
(A) Volcano plot shows analytes that showed most significant differential expression between
SUM149 CD24  and CD24" and (B) PDX401 3D and 2D. (C) KEGG analysis of
cytokine/cytokine receptor interaction for SUM 149 sorted cells and (D) PDX401 3D and 2D
cells. MICA shedding by (E) SUMI149 sorted cells and (F) 2D and 3D PDX401 was
determined by ELISA. Replicate number is indicated on x-axis. (G) Target were treated with
ADAM proteases inhibitor GW280264X for 4 h and MICA/B surface expression was
determined via flow cytometry for SUM149 replicate 2 (left) and replicate 3 (right) and (H)
PDX401 replicate 2 (left) and (right) (I) Soluble MICA after treatment was determined using
ELISA for SUM149 and (J) PDX401 cells, replicate numbers are indicated on x-axis. (K)
SUM149 CD24°, CD24" cells were incubated with ADAM inhibitor, GW280264X and then
co-incubated with y6Tc at E: T 20:1 for 4 h. Results from experiments done with y6Tc from
donor 1, (L) 2 and (M). (N) Experiments done as in K-M but with PDX401 2D, 3D cells donor
1, (O) donor 2 and (P) donor 3. “A only” stands for target cells treated with ADAM inhibitor
only. Donor numbers were reset for each set of experiments. Data are presented as mean + SD
(E,F.I,J) and median (K-P). Statistical tests employed were: (E,F,I,J) Two-way ANOVA
followed by Bonferroni’s post hoc test. (K-P) Two-way ANOVA followed by Tukey’s post
hoc test. ¥*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure S4.8. The MCF-7 stem-like cell population behaves very similar to SUM149 and
PDX401 stem-like cells. (A) Second generation mammospheres (3D) and adherent (2D) MCF-7
cells were dissociated, then CD44 and CD24 expression were determined by flow cytometry (n=1).
(B) Second generation mammospheres (3D) and adherent (2D) MCF-7 were dissociated, filtered
into single cell suspensions and used as targets in Calcein AM cytotoxicity assays (n=4) (C) MCF-
7 cells were co-cultured with yoTc at 1:1 overnight, ydTc were then removed, and mammosphere
forming potential of targets determined over two generations (cumulative, n=3). (D) Overlay of
CD107a expression (degranulation) for ydTc incubated with MCF-7 3D and 2D cells for yo6Tc
derived from donor 1, (E) donor 2 and (F) donor 3. (G) Cumulative results (n=3) for MFI of
CD107a. (H) IFN-y ELISA was performed on conditioned media (CM) from ydTc co-incubated
with 3D or 2D MCF-7 for 24h (n=4). (I) Using the FlowJo 10.5.3 Proliferation Modeling Tool,
proliferation index values and replication index values were calculated for three donor cultures
treated with MCF-7 3D and 2D CM; cumulative data are shown (n=3). (J) y6Tc viability after
incubation with MCF-7 3D or 2D conditioned medium (CM) was assessed using AnnexinV and
Zombie Aqua at specified time points; cumulative results are shown (n=4). (K) yoTc were
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incubated with MCF-7 3D and 2D cells for 24h; cumulative results for expression of co-inhibitory
receptors PD-1 (n=2), (L) CTLA-4 (n=3), and (M) LAG-3 (n=4) on y0Tc seven days later. (N)
vdTc incubated with MCF-7 3D and 2D CM were treated with anti-CD3 antibody overnight and
IFN-y expression was determined via intracellular flow cytometry; cumulative results for % IFN-
v producing cells (n=3). (O) Histogram overlays showing PD-L1 expression (top left) and PD-L2
expression (top right) on second generation 3D and adherent 2D MCEF-7 cells. The same
experiment with a different biological replicate is shown in the bottom panels. (P) MCF-7 cells
were treated with y6Tc at 1:1 overnight, and surface expression of PD-L1 was compared between
treated and untreated cells. (Q) 3D and 2D cells were incubated with the indicated antibodies and
then co-incubated with ydTc at E:T 20:1 for 4h (n=3). Cumulative results for three experiments are
depicted. (R) The decrease in target cell lysis upon FasL blocking (n=3) is indicated for the
experiment. (S) Expression of anti-apoptotic proteins was determined using western blot analysis
of lysates from three different sets of MCF-7 3D and 2D cells as indicated. Molecular weight (MW)
markers are shown on the left; B-actin loading controls and quantification of band intensities
normalized to B-actin controls are shown below corresponding panels. Survivin and XIAP were
probed on the same blot (T) MCF-7 were subject to a ydTc cytotoxicity assay at 1:1 (E:T) ratio
overnight. Post-cytotoxicity, target cells were stained for intracellular MCL-1 expression, detected
via flow cytometry. (U) Histogram overlays of MICA/B (V) ULBP-2,5,6 (W) ULBP-3 and (X)
ULBP-4 expression on MCF-7 3D and 2D cells is shown. Data are presented as: mean in B and N;
mean = SD in C, G, and I-M; mean + SEM in H, Q, and R. Statistical tests employed were: (B, J);
Two-way ANOVA followed Sidak’s post hoc test for multiple comparisons between groups; (C)
simple linear regression; (G, L) One-tailed Wilcoxon test; (H) Two-tailed ratio paired t-test; (I)
Two-tailed paired t-test; (K, M, R) One-tailed paired t-test; (N) One-tailed ratio paired t-test, b-c,
p= 0.0452; (Q) One-way ANOVA followed by Bonferroni’s post hoc test. *p<0.05, **p<0.01,
*#%p<0.001, ****p<0.0001.
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Chapter 5- Discussion and Future Directions
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Breast cancer remains a significant cause of cancer-related mortality due to the metastatic
spread of the tumor, as well as therapy resistance and relapse!?. Research is focused on the
mechanisms underlying cancer resistance and how to overcome them. We sought to target breast
cancer using a unique population of the immune system, the ydTc. ydTc are a significant contributor
to lymphoid anti-tumor surveillance. They are a promising alternative to affTc for T cell

immunotherapy!32432-45

. In recent years, y0Tc have emerged as a novel immunotherapeutic
approach for different malignancies.

However, there is substantial scope to improve our understanding of the interplay between
v8Tc and tumors. It is crucial to tackle mechanisms that limit the protective y0Tc responses. The
two major factors contributing to breast cancer therapy resistance are hypoxia and CSC. Our study
shed some light on the efficacy of ydTc therapy against these factors of therapy resistance.

In chapter two, we first characterized the impact of different Yo TCR antibodies on ydTc viability.
This helped us determine the validity of the blocking cytotoxicity assays that employ these
antibodies and are integral to determining the mechanism of y8Tc action against target cells. In

chapter three, we determined the impact of hypoxia on ydTc and lastly in chapter four we

determined the efficacy of ydTc against BCSC.

5.1 ydTc blocking antibodies

Understanding the mechanism of action of ydTc and other immune cells has been essential
for their development as immunotherapeutic agents. Blocking various receptors and ligands is a
standard method to determine the mechanism yoTc use to kill tumor targets. If blocking a particular
receptor or ligand with an antibody reduces the ability of y0Tc to kill target cells, then we know

that receptor or ligand is necessary for y0Tc cytotoxicity. Using this method, there is extensive
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evidence that the y§ TCR is crucial for y8Tc cytotoxicity'47!%8297 In our study, we discovered that
monoclonal antibodies (mAb) for the Yo TCR caused yoTc apoptosis, and this is further exacerbated
with the addition of IL-2, a staple addition in ydTc cytotoxicity assays. A study by Janssen et al.,
observed something similar back in 19914?!. They observed that treatment of y8Tc with a TCR
mAD and IL-2 makes them susceptible to apoptosis. Contrary to our study, they found that this
effect was lost when IL-2 was removed. This discrepancy may be attributed to the differing
techniques used for ydTc isolation and culturing in our research compared to the Janssen group.
18 Tc were cultured on irradiated feeder cells in their study, but not in our protocol. In our protocol,
we first isolate PBMCs from blood on day 0, stimulate them with the T cell mitogen, concavalin
A, and then culture them in the presence of IL-2 and IL-4. To deplete afTc we use specific
antibodies and magnetic beads. Since we do not stimulate the cells with N-bis, the y6Tc generated
by this protocol are polyclonal with varying subset compositions, the majority being V31 and V52.
The protocol we use is clinically relevant, gives us significant fold-expansion of both the Vo1 and
Vo2 subsets, and generates predominantly EM and EMRA cells that are highly cytotoxic.
Additionally, the protocol we use also gives us expansion of af3Tc that can be used as experimental
controls®®’. Moreover, the y§ TCR antibody used by Janssen et al., was clone 7AS, which is also
different from the clones that we characterized.

In the field of conventional affTc, IL-2 is known to enhance in vitro T cell proliferation and
differentiation, which is why it was originally named T-cell growth factor (TCGF)*”. IL-2 also has

4% However,

the ability to re-invigorate the proliferation block of anergic afTc in vitro and in vivo
many studies have also highlighted some seemingly contradictory functions of this cytokine. IL-2

plays a key role in maintaining immune tolerance and preventing autoimmunity*”. IL-2 can

promote AICD of T cells and is thus implicated in the decline of a number of antigen-specific T
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cells after the expansion phase of an immune response’*’*?2, We also found increased ySTc
apoptosis upon addition of IL-2 and the yo TCR mAb. However, our study demonstrated that IL-
2 did not impact the cytotoxicity of ydTc against breast cancer cells in the four-hour assay. Hence,
we removed IL-2 from our assays.

In conclusion, our work revealed the misinterpretation of results obtained from yd TCR
blocking assays. A part of the “blocking” effect detected can be attributed to inadvertent induction
of apoptosis in y0Tc and hence we strongly advocate performing the appropriate control assays in
parallel to quantify the extent of reduction in cytotoxicity as a result of antibody treatment. All the
blocking antibodies used in our subsequent studies have been vetted and excluded if we witness
apoptosis. We used blocking assays to determine the important role of NKG2D ahead and this
study helped us ascertain that the anti-NKG2D antibody does not induce yd T cell apoptosis; as
such, these blocking results were correctly interpreted and gave us the basis for looking more

closely at NKG2D ligands on breast tumor targets, including BCSC.

5.2 y0Tc and hypoxia

The TME is a complicated system playing an essential role in tumor initiation and
progression. Hypoxia is an integral regulator of the TME and a crucial driver of tumor

04" as well as an immune-suppressive micro-environment**2, It

plasticity?>>* tumorigenicity
remains unclear how y8Tc are impacted by the harsh immunosuppressive TME!?1:444445  therefore
in this study we investigated the impact of hypoxia on ydTc. Understanding the impact of hypoxia
on yo0Tc activation and function is important to predict the efficiency of y60Tc immune therapy and

immune response. Indeed, in the case of adoptive T cell transfer, the T cells will have to function

under the harsh hypoxic conditions of the tumor to be effective. In our small cohort of 17 TNBC
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cases, we found that ydTc infiltrated to hypoxic pockets of the tumor, however, we could not
achieve statistical significance due to the low number of cases. Moreover, we showed that ex-vivo
expanded y0Tc cultured under hypoxic conditions have increased cytotoxicity towards breast
cancer cells and secreted activating factors such as MIP-1a, RANTES and CD40. On the other
hand, hypoxic breast cancer cells resisted targeting by the ydTc. We observed a correlation between
resistance to yOTc killing, and elevated MICA shedding, which was later observed in BCSC as
well. As we have shown inhibition of MICA shedding sensitizes BCSC to ydTc, it would be
appropriate to speculate that the same will be true for hypoxic cancer cells, but this needs to be
tested.

Our results have been corroborated in a recent study with pancreatic cancer cells that
showed increased MICA shedding, which was mediated by upregulation of protease ADAMI10 in
a HIF-1a dependent manner. Furthermore, knocking down HIF-1a led to reduced MICA shedding
and increased sensitivity to NK cells®”. An earlier study showed that ADAMIO is required for
MICA shedding under hypoxia, and that ADAM10 is upregulated in a HIF-10 dependent manner
in prostate and breast cancer. Additionally, they demonstrated that nitric oxide can inhibit this
phenomenon by accumulating HIF-1a**. ADAM17 is yet another protease involved in MICA
shedding and a recent study illustrated that hypoxia induces ADAMI17 over-expression in a

ribosomal S-6 kinase 1 and C/EBPB dependent manner>%

. Our study showed that inhibition of
ADAMI10 and ADAM17 can restrain MICA shedding, and in turn improve sensitivity to ydTc. It
would be interesting to see if ADAM 10 and ADAM17 are upregulated in breast cancer cells under
hypoxia, and if this upregulation is mediated by HIF-1a.

Not many studies have looked at the impact of hypoxia on y6Tc, but there have been a few

studies examining the impact of hypoxia on CD8+ T cells. These studies have predominantly
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revealed enhanced cytotoxicity of T cells under hypoxic conditions, which was recapitulated in our
study>?%97-59 One of the studies showed that CD8+ T cells under hypoxia had the same number

of granules, but the granules had more granzyme B packed in them>®

. Granzyme B is a serine
protease that is commonly found in the granules of effector immune cells such as CD8+ T cells,
NK cells, as well as y0Tc. Upon target recognition and activation, granules are released by the
effector cells into the targets to induce apoptosis®'?. Therefore, it is possible that hypoxia has a
similar effect on granzyme B production by ydTc as well. However, these studies used hypoxia
treated T cells against normoxic target cells. In our study, we used four different combinations, we
tested and compared the effectivity of hypoxic and normoxic y3Tc against hypoxic and normoxic
breast cancer cells, and also performed the cytotoxicity assays under hypoxia. It was when we
treated the tumor cells and performed the cytotoxicity assays under hypoxia that we found the
enhanced cytotoxicity of the y0Tc is over-powered by the superior immune evasion capabilities of
the target cells.

Since the publication of our paper, another group has determined the impact of hypoxia on
v8Tc in oral cancer®®?. They found that ySTc presented reduced cytotoxicity under hypoxia. This

study is in contradiction to what we saw. The reason for this contradiction is not clear, but could

be because of the differences in hypoxia chambers, different ydTc expansion protocol, or the cancer

type392

. However, they also compared the impact of hypoxia on target cells along with y0Tc and in
this case our results are in agreement, as they too found reduced susceptibility of hypoxic target
cells to hypoxic y0Tc compared to normoxic target cells and ydTc. Moreover, this study found that
v8Tc exhibited reduced degranulation and Ca®" efflux and increased expression of PD-L1 in the

392

presence of hypoxia™“. We have not looked at these features in our ydTc, and it might be worth

examining in future.
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5.3 ydTc and breast cancer stem cells

As discussed earlier, BCSC are highly tumorigenic and one of the major contributors to
therapy resistance and relapse, hence it is imperative for treatments to effectively target them.
Recently there has been rising interest in targeting CSC, including BCSC, to develop efficient and
successful therapy alternatives®'!!3. The focus of this study is to determine if y8Tc can target
BCSC. Our study revealed that ydTc can kill BCSC, however not as effectively as they can target
NSC. BCSC employ multiple mechanisms to escape ydTc immune attack (Fig. 5.1). These
mechanisms include: (i) the secretion of immune-suppressive factors to quell ydTc response, (ii)
the upregulation of inhibitory ligand PD-L1 that can bind to inhibitory receptor PD-1 on ydTc and
inhibit the y0Tc response, (iii) the upregulation of anti-apoptotic protein MCL-1 that can counter
the apoptosis induced by yoTc, (iv) the down-regulation of MICA/B on the cell surface to escape
recognition by y0Tc, and (v) enhanced shedding of MICA, which can bind NKG2D receptor on
v8Tc rendering them incapable of recognizing other NKG2D ligands on tumor cells.

Studies have shown that CSC have increased potential to form lung metastasis®'4. We
performed an in vivo tail-vein lung metastasis assay to determine the tumor colonization capacity
of the resistant cells, and used the India ink technique to quantify lung macro-metastasis***. Our
results showed that the tumor cells that are resistant to y0Tc treatment have increased potential for
colonization in the lungs and suggested that y0Tc treatment-resistant breast cancer cells have a
higher population of stem-like cells. A more direct way of testing our hypothesis would be to inject

BCSCs into mice followed by y6Tc injection to determine if BCSC can be targeted by these cells.
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Figure 5.1. A model of how breast cancer stem cells escape ydTc immune targeting.

Cancer stem cells employ various mechanisms to escape y0Tc killing. This includes secretion of
soluble factors that can render ydTc hypo-responsive, upregulation of anti-apoptotic protein MCL-
1 that leads to inhibition of Fas/FasL apoptotic pathway, upregulation of inhibitory ligand PD-L1
to block ydTc activity, downregulation of surface MICA/B to escape recognition by ydTc and
shedding of MICA to further inhibit NKG2D receptor on ydTc.
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However, the big caveat here is that once BCSC are injected into mice, they differentiate
and divide to form a tumor that is heterogeneous. This makes it impossible to tease out the effect
of y8Tc treatment on the BCSC specifically, and makes studying BCSC in vivo very challenging.
Moreover, due to the evolutionary divergence of the TCRy and TCR& loci between rodents and
primates, mouse and human y3Tc subsets are different. In fact, the human V32 subset is absent in
mice. Thus, we cannot recapitulate immunotherapy with a blood-derived phospho-antigen-reactive
expanded ydTc population in mice.

Furthermore, we discovered that BCSC secreted factors rendered y6Tc hypo-responsive.
Mass spectrometry analysis indicated global differences in the secretome between BCSC and NSC
in both SUM149 cells as well as PDX401. Several cytokines and chemokines, including CXCLS8
(IL-8), were more highly secreted by BCSC. While the impact of CXCL8 on ydTc is unknown,
CXCLS is known as a pro-inflammatory chemokine with many functions. In cancer, CXCLS is
highly expressed in the TME and predicts poor prognosis’’>. CXCLS8 is known to promote
neutrophil migration, and may promote cancer cell growth through increased angiogenesis and
tumor cell proliferation’'®. In the future, it would be interesting to study the direct effects of CXCLS8
on yoTc.

In SUM149 BCSC, VEGFA and VEGFC were significantly upregulated and are known to
have immune-suppressive properties on y8Tc?*®. Clinical trials of y8Tc against various cancers
have shown that high serum levels of VEGF pre-treatment correlate either with lack of clinical
response or poor prognosis’>'>!7. Hence, targeting these factors using antagonists may help
sensitize the BCSC to yoTc targeting. This was beyond the scope of our current study, but can be
considered moving forward. BCSC-secreted factors not only contribute to evasion of ydTc killing

but can shape the TME and modulate tumor progression.
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We also demonstrated that PD-L1 surface expression is upregulated in PDX BCSC. A study
in 2011 using Daudi (B-cell lymphoma) cells, was the first to show in vitro that the PD-1/PD-L1
axis is important for the anti-tumor immune response by y§Tc*3. Castella ef al., in 2015 showed
that PD-1 expression can contribute to the inadequate expansion of Vy9Vo2 T in Multiple
Myeloma (MM) patients. They found the Vo2 cells had high PD-1 expression and were located in
proximity to PD-L1+ MM cells and MDSCs. Additionally, PD-1 blocking antibody treatment
resulted in a five-fold increase in the cytotoxic ability of the cells following zoledronate
stimulation®>. Another study showed that Pembrolizumab (anti-PD-1) treatment upregulated IFN-
v expression by y0Tc, which might facilitate anti-leukemia effects (acute myeloid leukemia and

chronic myeloid leukemia)®>’. PD-1" y8Tc were also identified in B cell lymphoma®!® and
neuroblastoma patients**.

Contrary to the common perception, PD-1 expression can imply T cell activation as well.
PD-1 is specifically expressed on activated T cells in vivo, and not on resting T cells. It is induced
transiently on naive T cells upon activation and declines once the antigen in cleared®', but it can
remain chronically upregulated in cases of chronic viral infection or cancer’. It is difficult to
differentiate between activated and dysfunctional T cells as they have some overlapping features.
There are several instances where PD-1 expression coincides with an activated T cell phenotype.
PD-1 protein can be detected in normal murine thymus and splenic T cells at low levels, but is

strongly induced on thymocytes and on T cells from the spleen and lymph nodes after stimulation

with an anti-CD3 mAb in vitro®*!. A study in a melanoma mouse model revealed that the infiltrating

tumor-specific CD8™ T cells had significantly higher PD-1, LAG-3, CD69 (activation marker), and

4-1BB (costimulatory molecule) expression, and gained higher activation-related (but not

exhaustion-related) accessible chromatin regions than the tumor-ignorant bystander CD8' T
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cells®?2. In adoptive T cell therapy, cells expanded from PD-1"7 CD8™ TILs, but not from PD-1"

or bulk CD8™ TILs, showed tumor-reactivity and therapeutic benefit in vivo .

However, chronic PD-1 expression is associated with ineffective co-stimulation and T cell
dysfunction, specifically with cancer and chronic viral infection. There are abundant reports
suggesting a positive correlation between PD-1 upregulation and T cell dysfunction in various

315524525 This incoherence in the association of PD-1 expression

cancers, including breast cancer
with T-cell function (exhaustion or activation) may be due to the complex interplay between several
driving forces and effectors in the PD-1 pathway. T cell dysfunction, particularly T cell exhaustion,
evolved as a process to balance T cell activation with self-regulation in the presence of chronic or
persistent antigen exposure, therefore it can be difficult to discern the distinction between the two
phenotypes. Thus, it is important to evaluate the different aspects of the T cell aside from PD-1
expression, such as other activation markers, cytotoxicity, cytokine secretion, and many more, to
establish its functional status.

Next we evaluated and compared the expression of anti-apoptotic proteins between BCSC
and NSC. We find that BCSC have higher expression of anti-apoptotic protein MCL-1. We also
found that treatment of breast cancer cells with ydTc lead to an upregulation of MCL-1 in most
experiments, except for experiments done with ydTc from one particular donor. MCL-1 expression
seemed to be differentially regulated in the targets in the presence of y0Tc from this particular
donor. There are several mechanisms involved in the regulation of MCL-1 expression. Apart from
the previously mentioned IL-6 and IFN-a, a growing list of trophic factors such as IL-3, IL-5, GM-
CSF, epidermal growth factor (EGF) and VEGF are also shown to induce MCL-1 transcription
mediated by STAT transcription factor’?. These factors may be differentially secreted by this

particular donor resulting in contradictory results. Interestingly, using an MCL-1 degrader®®®

180



sensitized BCSC to cytotoxicity assays done with ydTc from only the above-mentioned donor, but
not any other donor. This could be explained by the lower expression of MCL-1 by the target cells
even upon treatment with ydTc from the donor. Hence, we may need to increase the concentration
of MCL-1 degrader used to effectively sensitize the BCSC and resistant cells that typically show
upregulation of MCL-1 upon treatment with y0Tc from almost all other donors. The degrader we
used is a hetero-bifunctional small molecule capable of selectively targeting MCL-1 using a
methodology known as proteolysis targeting chimera (PROTAC). PROTACS are small molecules
that tether target proteins to E3 ligases inducing ubiquitination and labelling proteins for
proteasomal degradation®®®. The use of PROTAC technology for selective degradation of several
target proteins has recently become more common, with some compounds beginning to enter
clinical trials®?728,

We next investigated NKG2D ligands. NKG2D ligand binding by y6Tc is a crucial step in
the anti-tumor effect of y0Tc. Blocking assays using antibodies against NKG2D receptor as well
as MICA/B established their involvement in y0Tc cytotoxicity. However, we also demonstrated
that BCSC have a lower surface expression of MICA/B and higher MICA shedding compared to
NSC. Although there are no reports of BCSC or other CSC that shed more MICA, there is previous
evidence that BCSC have a lower surface expression of MICA/B, which is recapitulated in our
study, and this downregulation makes them less sensitive to NK cell killing'®*. As mentioned
above, we also found increased MICA shedding by breast cancer cells under hypoxic conditions.
There are various strategies to target NKG2D ligand expression and shedding. Moreover, there are
reports of significant correlation between circulating soluble MICA and tumor stage, as well as
metastasis in various malignancies®’. Histone deacetylase inhibitors (HDACi) have been used to

530-532

upregulate MICA/B surface expression . HDAC inhibitor treatment induces glycogen
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synthase kinase-3 (GSK-3) activity, which is essential for MICA/B expression>*°. Arsenic
compounds (phenylarsine oxide) have been used to block MICA/B shedding by impairing ERpS
catalytic domain. ERp5 facilitates MICA and MICB shedding by reducing the disulphide bond of
MIC that allows proteolytic enzyme access>>>. Antibodies targeting the MICA o3 domain, which
is the site of proteolytic cleavage, can also prevent loss of cell surface MICA and MICB3*,
However, we used the most common strategy to inhibit MICA shedding, whereby we inhibited the
activity of proteases responsible, being ADAM10 and ADAM17.

One of the major findings in our study was the effectiveness of ADAM inhibitors in
combination with y6Tc to target BCSC. We found using ADAM inhibitors in combination with
v8Tc was able to increase BCSC killing by three-fold. This combination was also successful in
further increasing NSC killing as well by 1.5-fold. Hence this combination can increase overall
sensitivity of breast cancer cells to y0Tc targeting. There are several ADAM inhibitors currently
undergoing clinical trials. Strategies to target ADAMs include small molecules, antibodies and
ADAM pro-domain. The first generation of inhibitors were hydroxamate inhibitors that mediate
inhibition by chelating the Zn** of the protease active site’**. G1254023X inhibits both ADAM10
and ADAM17, and was the first inhibitor tested clinically. However, the compound showed
inadequate selectivity as it could additionally target MMP2 and MMP9 and patients experienced
hepatotoxicity, which lead to the discontinuation of clinical trials>*®. Following this, more advanced
hydroxamate inhibitors, INCB3619 and INCB7839, showed improved selectivity and
bioavailability and showed promising pre-clinical results. INCB7839 was tested in vivo in
combination with lapatinib (HER2 inhibitor) in a breast cancer xenograft model, where they
showed reduced tumor growth®¥’. Subsequently, INCB7839 was tested in clinical trials against

breast cancer in combination with trastuzumab (Herceptin), but was discontinued despite initial
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promising results, most likely due to increased side effects such as deep vein thrombosis in a

number of patients>*®

. Hence, regulating the dosage and scheduling of the drug to ensure optimum
results is crucial. Monoclonal antibodies such as 8C7 specific for ADAM10 and D1(A12), A9(BS)
and MEDI3622 against ADAM17 have shown promising results in vitro and in vivo, and are now
entering, or are in clinical trials>*°*’. The inhibitor we used is GW280264X, which is not in clinical
trials, but has shown efficient blocking of the proteolytic activity of both ADAM 10 and
ADAMI17°*!, Moreover, the inhibitor has also displayed effective inhibition of MICA
shedding!®!72, Hence, we propose that using y3Tc in combination with ADAM inhibitors can help
overcome BCSC resistance and be an effective way to target them. Further pre-clinical and clinical
investigation is warranted, especially in the presence of a complete host immune system and TME
to determine the true efficacy of this combination.

Overall, our study highlighted various mechanisms that the breast cancer cells and BCSC
can employ to escape ydTc therapy, but we also demonstrated techniques to overcome this
resistance. Therapy resistance is the principal hurdle we need to overcome to develop successful
immunotherapies. Our study provides valuable insights that inform not only y6Tc immunotherapy,
but also T and NK cell immunotherapy since yoTc share features with both of these cell types. y0Tc
and NK cells employ NKG2D receptors to recognize stressed or transformed ligands'*°, therefore
NKG2D ligand and MICA shedding would also impact NK cells. y8Tc also share common effector
functions, such as the release of TRAIL and FasL, as well as perforins and granzymes with CTL
and NK cells!?!. Hence, anti-apoptotic proteins, like MCL-1, can disrupt the function of CD8+ T
cells and NK cells. Moreover, dysfunctional CD8+ T cells also show chronic upregulation of PD-

1 on their surface?®’ similar to y8Tc. Combination approaches such as y8Tc along with ADAM

inhibitors, offer a new strategy to combat immune-resistance and thus require further investigation.
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5.4 Future Directions

Our study has revealed several new avenues to be explored further:

Examination of the factors differentially secreted by BCSC compared to NSC and
their impact on ydTc cytotoxicity. We have demonstrated that ydTc become hypo-
responsive when incubated with BCSC CM. Factors such as TGF-1/2, IL-18, and CXCLS8
(IL-8) are secreted more by BCSC than NSC. Therefore, it will be interesting to use
neutralizing antibodies against these factors while incubating ydTc in the conditioned
media. Following the incubation, we can wash off the media and determine the effect on
18 Tc proliferation, co-inhibitory receptor expression, and IFN-y production. Further, it will
be interesting to determine y0Tc cytotoxicity, specifically against BCSC. We predict that
blocking these factors will reverse their impact on y0Tc and enhance their cytotoxicity
against BCSC.

Optimization of MCL-1 degrader dosage in combination with y3Te¢. As mentioned
earlier, in experiments using y0Tc derived from one particular donor, the MCL-1 degrader
effectively enhanced y0Tc cytotoxicity against breast cancer cells. The breast cancer cells
did not exhibit MCL-1 upregulation upon treatment with y8dTc from this donor, and 500nM
MCL-1 degrader successfully overcame BCSC resistance in this case. However, in cases
where MCL-1 was upregulated, the degrader failed to make a difference. Therefore, it will
be worthwhile to perform ydTc cytotoxicity assays with a higher dosage of MCL-1 degrader
and determine if that can make a difference. Moreover, the MCL-1 degrader did not impact
18 Tc viability at our working concentration of 500nM, but we would need to assess viability

at higher concentrations of MCL-1 degrader as well. We will have to be careful in
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optimizing MCL-1 degrader dosage such that it improves ydTc cytotoxicity effectively but
does not impact yoTc viability.

Investigation of PD-1/PD-L1 interaction under hypoxia. Our study revealed that ydTc
cultured under hypoxia have enhanced cytotoxicity compared to ydTc cultured under
normoxia. This activation of y0Tc under hypoxia suggests PD-1 expression albeit
transiently. However, since hypoxic breast cancer cells were resistant to ydTc targeting, it
will be interesting to see if PD-L1 is upregulated on the target cells under hypoxia. There
is sufficient evidence suggesting that PD-L1 is upregulated by various cancer cells,
including breast cancer cells, under hypoxia®*?. If PD-L1 is upregulated on hypoxic target
cells and PD-1 is upregulated on y6Tc under hypoxia, their interaction could render y8Tc
less effective. This would provide another explanation for breast cancer cell resistance
against ydTc under hypoxia.

Characterization of ADAM10 and ADAM17 expression in breast cancer cells under
hypoxia. Based on previous literature and our work on BCSC, we predict that breast cancer
cells will upregulate ADAM10 and ADAMI17 under hypoxia. This upregulation might be
responsible for the enhanced MICA shedding. We can also determine if using ADAM
inhibitors can block MICA shedding by breast cancer cells and enhance breast cancer cell
sensitivity to y0Tc under hypoxia.

Validation of efficacy of ydTc in combination with ADAM inhibitor in vive. In order to
validate the efficacy of this combination against BCSC, the next logical step will be to
perform the lung metastasis assays with the target cells that are treated with both y6Tc and
ADAM inhibitor. We expect to see a lower number of lung metastatic lesions formed by

the target cells treated with the combination compared to target cells treated with ydTc alone
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or untreated target cells. This will imply that we were able to eliminate BCSC with the
combination successfully.
The above-mentioned approaches may give us a better idea of how to improve ydTc
immunotherapy. Furthermore, it might be beneficial to test the successful approaches in
combination to develop a more robust attack against the breast tumor ultimately resulting in

improved patient outcomes.
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Appendix Table 1.1. Subset percentages and purities of donor-derived yd T cell cultures used in
chapter 4. Donors are listed in order of appearance of the first yo T cell culture from that donor in
the figures. Flow refers to the day cells were harvested, stained with fixable viability dye followed
by the following antibodies: pan y6 TCR, Vo1 TCR and V32 TCR, after which they were washed
and fixed; samples were acquired by flow cytometry within one week. The purity is calculated as
the sum of %Vd1, %Vo2 and %ydTCR+V51-Va2-. Day 0 percentages are for yo T cell subsets
within the mononuclear cell fraction isolated from peripheral blood. Day indicates the day on which
the experiment(s) listed in the figure panel ended and cells were harvested for analysis. Their use
in experiments for figures in this manuscript are listed in the order in which they appear.

D Flow %VE1  WVE2 W yS+VEL-VE2- % Purity Day Figure(s)
1-1 0 0.9 11 16 36
19 24.1 341 7.2 65.4 20 14, 51M-1
21 S5A-C, 55G
1-2 0 0.8 0.9 0.8 2.5
19 28.5 505 6.0 B5.0 21 1D, 51P-2, 53L, 58l
1-3 0 0.6 0.6 09 2.1
£1 433 43.6 7.3 94.3 18 1E
1-4 21 69.4 12.8 B4 90.6 19 5IM
21 51, 55W
15 0 0.9 1.1 15 35
i2 69.0 b.6 16.9 92.5 20 58H
1-6 0 1.0 1.0 1.2 3.2
| 21 | 263 | 506 3.5 804 | 19 | SBQ,R
2=1 0 0.8 4.7 0.3 5.8
i2 1.8 92.4 1.6 95.8 22 1A, 51M-2
-2 0 0.2 2.7 0.5 34
21 0.9 94.3 1.4 96.6 19 510-1
20 55C
2-3 0 0.2 1.0 0.2 1.4
21 0.8 94 1.6 96.4 18 2A,B, 52C, 52G, S8F,G
21 3E-H, S3E,HJ,P,5, 58I, LM
2-4 0 0.1 1.0 0.1 1.2
21 1.3 B8.1 2.7 92.1 21 314, 5D, 53T,U 55K
20 4E-J, 540,5, S5H
2-5 0 0.2 4.6 0.1 49
21 11 | 944 1.3 968 | 21 | SBH
3-1 0 1.3 2.3 0.1 3.7
21 11.0 179 3.7 92.6 20 1A, 51M-3
3-2 0 13 2.0 2.7 6.0
21 535 23.8 13.2 90.5 21 10, 51P-1
3-3 0 1.2 1.9 5.2 B3
24 29.0 505 13.4 529 20 2B, 52D
21 53F,1J, 58I
_ _ 19 | §5C
4-1 0 0.4 1.2 0.6 B.2
21 522 4.0 14.7 709 21 1B, 51N-1, 580,R
4-2 0 1.7 1.9 2.3 59
21 B.O 771 1.5 Bb.6 21 2C.E.F
20 58H
22 58]
4-3 0 19 24 19 6.2
Fal 30.0 29.8 22.0 Bl.8 20 2E,F, 52|
5-1 0 1.2 23 0.7 4.2
22 41.2 47.1 7.0 953 22 18, 51N-2
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ID Flow %VE1 %V82 % ySw81-VE2- % Purity Day Figure(s)

5.2 0 1.0 19 0.5 3.4
21 232 69.4 5.5 98.1 20 | SA,B, S5A.B
21 5A-C, 55E
6-1 i 05 14 0.7 26
| 21 | 292 | s64 | 6.1 917 20 | 1B,C, SIN-3,0-1, 58C
6-2 22 13.4 71.5 5.2 90.1 22 | saL
7-1 i 0E 0 0.4 4.0
21 219 734 4.2 995 20 | 1B,51N-4,580.R
_ | , _ 18 | IC, 510-2
7-2 0 0.6 21 0.9 1.6
| 21 | 400 | aa2 | 7.7 919 18 | 5102
7-3 i o7 13 1.0 3.0
21 4.9 12 91.1 972 19 | 2E,F, 52H,58H
7-4 0 0.6 22 0.4 3.2
21 0.6 813 8.6 905 18 | 3K,L, 53V, AA, SN
21 | 41,1, 5FG, 5S4m0, 55M-3,0-2
7-5 i 05 i3 0.7 4.5
20 140 Ta.4 2.1 505 21 | 55A
76 | 0 | 06 | 33 | 1.1 5.0 '
18 148 678 2.4 850 22 | saB
B-1 [i] 24 06 0.8 38
| 20 | 280 | 523 | 7.2 875 20 | 1IC, 5103
82 0 23 05 1.1 19
19 16.4 74.6 2.3 933 20 | 53K-M, SBI
, , , , 21 | 1D, 51P4
B-3 0 21 06 1.8 4.5
20 323 274 123 720 22 | 4, 54p
B-4 20 45.1 333 6.9 853 19 | 7),K,57L.0
9-1 0 02 17 2.1 4.0
20 | 174 M7 | 23 914 20 | 1D, 51P-3,53L, 58!
9.2 21 16 87.2 9.0 978 20 | IF
83 22 B4 B5.2 3.7 573 19 | 2D, 5D, 55H,)
_ _ _ _ 22 | 4F, 541, 58P, S8T
9.4 0 0.1 18 1.6 5.5
21 7.0 84.5 5.1 966 18 | 3C-H, 530,R, SBK-M
20 | ssC
. . . . 22 | s5U
8.5 i 03 16 0.2 2.1
| 22 | a0 | 872 | 2.8 940 22 | 4L, S4Y
9.6 0 25 03 2.0 4.8
| 21 | 25 | %24 | 33 982 20 | 71K, STK,N
10-1 i 05 10 03 1.8
21 19 9.1 1.7 877 21 2A,B,52A, 52E, S8DG
11-1 0 17 20 0.2 19
21 10.3 75.9 3.3 895 21 | 2A.B, S2B, S2F, S8E.G
112 | 18 | 111 | 769 | 25 905 20 | 4K 52, S4V.X,S5T
11-3 21 16.5 60.8 11.3 BRE 20 | 50, S5H.)
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ID Flow %Vl %V62 % yb5ewB1-V62- % Purity Day Figure(s)

12 0 i1 09 14 5.4
21 &0.2 &0 20.3 865 19 S2K
131 0 06 10 24 4.0
21 94 | BL7 48 959 21 | 3A-H,53A-D,G,J,N 581,K-M
13.2 0 0.6 15 0.3 2.4
20 | 176 | 720 21 917 19 | 53m
21 |SH
133 0 07 10 0.5 22
21 40 | 876 35 95.1 18 3K,L, 5302, S8N
20 | 4F ML, 5FG, S4LLN,R,UW, S50-
, | . . | 2,0-1,R
134 0 b 09 0.4 19
21 211 64.3 18 B7.2 20 | 4H, 54K
135 0 20 | 05 1.0 15
21 | 460 | 422 7.4 956 20 | 558
136 0 08 11 0.8 2.7
20 | 162 | 792 2.2 976 20 | 71,K,S7M,P
14 0 20 | 09 0.2 3.1
20 45 | 880 3.9 964 20 | 31, 5E-G, 53T, U, S5P
15 0 01 i3 0.3 23
21 01 87.9 2.6 906 20 31,J, 5F,1, 53T U, 550-1
21 S5V
16 0 05 11 0.3 1.9
20 | 178 | 685 34 89.7 20 | 5A-C,S5AB,D
17 0 0.2 13 0.1 1.6
20 lb.4 62.5 4.8 837 19 5A-C, 55B.F
20 58C
18 | 23 | 99 | 659 9.4 852 20 s, 55X
19-1 0 14 32 0.9 5.5
| 20 | 700 | 149 | 11.5 96.4 21 | sEB
192 0 28 | 43 0.1 7.7
21 | 491 | 322 8.7 90.0 20 | s8B
20-1 0 43 1.2 1.0 6.5
21 | 494 | 320 7.3 88.7 21 | s8B
20-2 0 5.3 16 12 8.1
20 | 244 | 646 7.5 965 19 | s8C
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Appendix Table 1.2.Statistical tests employed and resulting p-values for experiments shown
in Figures 4.1-7. Bonf=Bonferroni’s multiple comparisons test; E:T=effector:target ratio;

F=failed; L=left panel; R=right panel; RM=repeated measures; S-W=Shapiro-Wilk Normality
test; Tukey=Tukey’s multiple comparisons test.

Figure | 5-W Test Sample Comparison p-value
1A All passed Two-way ANOVA CD24-/CD24+ [ 0.0054
1B All passed Two-way ANOVA, Sidak | 3D/2D 10:1 0.0261
1C All passed Simple Linear Regression | y&Tcvs. SUM149/5UM149 [ 0.0093
1D All passed Two-way ANOVA, Sidak | 3D/2D 20:1 0.0666
1E All failed Simple Linear Regression | y&6Tcvs. PDX401/PDX401 [ <0.0001
1F All passed Unpaired 1-tailed t-test | SUM149 post-y&Tc/SUM149 0.0110
2A All passed Paired 2-tailed t-test CD24-/CD24+ | 0.0361
2B F: 2D Wilcoxon 3D/2D 0.1250
2C n=2, too small | One-way ANOVA, Tukey |y&Tc+ CD24-/y&Tc, a-a 0.6871
ybTc + CD24+/ybTc, a-b <0.0001
y6Tc+ CD24-/ y6Tc+ CD24+,ab | <0.0001
2D n=2, too small | One-way ANOVA, Tukey |y&Tc+ 3D/y8Tc, a-a 0.9594
y&6Tc+ 2D/y6Tc, a-b 0.0011
y5Tc+ 3D/ y86Tc+ 2D, a-b 0.0010
2E All passed 1-tail ratio paired t-test | y6Tc+ CD24-/ y&6Tc+ CD24+ 0.0071
2F F: yb6Tc+ 3D Wilcoxon ybTc+ 3D/ y&6Tc+ 2D 0.1250
3B All passed One-way ANOVA, Sidak | CD24-/CD24+ 0.7216
3D/2D 0.9414
3aC n=2, too small | No test performed
3D n=2, too small | No test performed [
3E All passed Paired 1-tailed t-test CD24-/CD24+ 0.2105
IF All passed Paired 1-tailed t-test 3D/2D | 0.0371
3G All passed Paired 1-tailed t-test CD24-/CD24+ 0.0797
3H All passed Paired 1-tailed t-test 3D/2D | 0.0282
3 All passed Two-way ANOVA, Sidak | CD24-/CD24+ at 1:1 0.1865
CD24-/CD24+ at 10:1 0.2411
CD24-/CD24+ at 20:1 0.0043
3] All passed Two-way ANOVA, Sidak | 3D/2D at 1:1 0.3949
3D/2D at 10:1 0.3165
3D/2D at 20:1 0.0022
3K All passed 1-tail ratio paired t-test CD24- stim/CD24- unstim, a-b 0.0482
CD24+ stim/CD2 4+ unstim, a-c | 0.0107
CD24- stim/CD24+ stim, b-c 0.0255
3L All passed 1-tail ratio paired t-test 3D stim/3D unstim, a-b 0.0094
2D stim/2D unstim, a-c 0.0079
3D stim/2D stim, bc 0.0085
4c All passed 3D/2D 0.0288
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Figure |S-W Test Sample Comparison p-value
4D n=2, too small | No test performed
4F All passed 1-tail ratio paired t-test y&Tc + SUM149/SUM 149 0.0310
4H Allpassed | 1-tail ratio paired t-test | y&Tc + PDX401/ PDX401 0.0939
4 All passed 1-tail ratio paired t-test | y6Tc + SUM149/SUM 149 0.2808
4 All passed | 1-tail ratio paired t-test | ySTc + PDX401/ PDX401 0.0809
4K All passed One-way ANOVA, Tukey | CD24- aPD-1 vs. IgG 0.0222
CD24+ aPD-1vs. IgG 0.1847
4L All passed One-way ANOVA, Tukey | aPD-1 3D vs. IgG 0.3405
aPD-1 2D vs. IEG 0.3032
S5A All passed | RM 1-way ANOVA, Bonf | NKG2D, FasL vs. IgG =0.05
sTRAIL vs. IgG 0.0216
MICA/B vs. IgG 0.0006
CD54 vs. 1gG <0.0001
5B F: NKG2D RM 1-way ANOVA, Bonf | NKG2D vs. IgG 0.0004
FasL vs. IgG <0.0001
STRAIL vs. IgG 0.0002
MICA/B, CD54 vs. IgG <0.0001
sC All passed Paired 1-tailed t-test CD24-/CD24+ 0.0591
5D All passed | Paired 1-tailed t-test | 3D/2D 0.0037
SF All passed Paired 1-tailed t-test p5Tc + SUM149/SUM 149 0.0950
5G Allpassed | Paired 1-tailed t-test | y5Tc + PDX401/ PDX401 02722
S5H All passed One-way ANOVA, Sidak 3D dMCL1-2 vs. DMSO 0.0003
| 3D A-121 vs. DMSO 0.5805
3D dMCL1-2 vs. A-121 <0.0001
12D dMCL1-2 ws. DMSO 0.0073
2D A-121 ws, DMSO 09886
20 dMICLL-2 ws. A-121 0.0237
3l All passed Two-way ANOVA, Tukey | CD24- aPD-1 vs. IgG 0.0086
CD24- DMSO vs. dMCLL-2 0.7553
CD24- aPD-1 vs. dMCL1-2 0.0728
CD24- aPD-1 vs. Combination 0.8545
CD24- dMCL1-2 vs. Combination 0.0088
CD24+ aPD-1vs. IgG 0.0096
CD24+ DMSO vs. dMCL1-2 0.8346
CD24+ aPD-1wvs. dMCL1-2 0.0430
CD24+ aPD-1 vs. Combination =0.9999
CD24+ dMCL1-2 vs. Combination 0.0347
5l All passed | Two-way ANOVA, Tukey | 3D aPD-1vs. IgG «<0.0001
3D DMSO vs. dMCL1-2 04344
3D aPD-1 vs. dMCL1-2 <0.0001
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Figure | S-W Test Sample Comparison p-value
5] 3D aPD-1 vs. Combination >0.9999
3D dMCL1-2 vs. Combination <0.0001
2D aPD-1 vs. IgG 0.0024
2D DMSO vs. dMCL1-2 0.9352
2D aPD-1vs. dMCL1-2 0.0088
2D aPD-1 vs. Combination 0.6505
2D dMCL1-2 vs. Combination 0.0004
6B All passed Paired 1-tailed t-test CD24-/CD24+ MICA/B 0.0428
All passed Paired 1-tailed t-test CD24-/CD24+ ULBP-2,5,6 0.0518
All passed Paired 1-tailed t-test CD24-/CD24+ ULBP-3 0.0467
All passed Paired 1-tailed t-test CD24-/CD24+ ULBP-4 0.0430
6D All passed Paired 1-tailed t-test 3D/2D MICA/B 0.0088
All passed Paired 1-tailed t-test 3D/2D ULBP-2,5,6 0.2084
All passed Paired 1-tailed t-test 3D/2D ULBP-3 0.3923
All passed Paired 1-tailed t-test 3D/2D ULBP-4 0.3388
7C All passed Paired 1-tailed t-test CD24-/CD24+ I 0.0033
7D All passed Paired 1-tailed t-test 3D/2D 0.0038
7F All passed Paired 1-tailed t-test ADAMI vs. DMSO | 0.0008
7G All passed Paired 1-tailed t-test ADAMI vs. DMSO 0.0011
7H F: ADAMI Ratio paired t-test ADAMI vs. DMSO | 0.0332
71 All passed Paired 1-tailed t-test ADAMI vs. DMSO 0.0058
7l All passed Two-way ANOVA, Tukey | CD24- ADAMI vs. DMSO <0.0001
CD24+ ADAMI vs. DMSO 0.0007
CD24- ADAMI vs. CD24+ DMSO 0.6781
CD24- DMSO vs. CD24+ DMSO <0.0001
7K All passed Two-way ANOVA, Tukey | 3D ADAMI vs. DMS0O <0.0001
2D ADAMI vs. DMSO <0.0001
3D ADAMI vs. 2D DMSO 0.2139
3D DMSO vs. 2D DMSO <0.0001
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Appendix Table 1.3. Statistical tests employed and resulting p-values for experiments shown in
Supplemental Figures S4.1-S4.8. Biological replicates are listed in order from left to right as indicated
by numbers 1-4; Bonf=Bonferroni’s multiple comparisons test; E:T=effector:target ratio; F=failed;
L=left panel; R=right panel; S-W=Shapiro-Wilk Normality test; Tukey=Tukey’s multiple comparisons

test.

Figure | 5-W Test Sample Comparison p-value
S1K-1 | CD24-passed | Simple Linear Regression | CD24-/CD24+ <0.0001
51K-2 | CD24-passed | Simple Linear Regression | CD24-/CD24+ <0.0001
S1M-1 | All passed Two-way ANOVA CD24-/CD24+ at all E:T <0.0001
S1M-2 | F: CD24+ 20:1 | Two-way ANOVA CD24-/CD24+ at 10:1 0.0349
S1M-3 | All passed Two-way ANOVA CD24-/CD24+ at 10:1 0.0433
51N-1 | All passed Two-way ANOVA 3D/2D at all E:T >0.05
S1IN-2 | All passed Two-way ANOVA 3D/2D at 10:1 0.0001
51N-3 | All passed Two-way ANOWVA 3D0/2D at 1:1 0.0007
30,/2D at 10:1 0.0003
302D at 20:1 <0.0001
S1N-4 | All passed Two-way ANOVA 3D/2D at all E:T <0.0001
510-1 | All passed Simple Linear Regression | y&6Tcvs. SUM145/5UM149 <0.0001
510-2 | All passed Simple Linear Regression | y5Tcvs. SUM149/SUM 149 0.0197
510-3 | F:5UM145 Simple Linear Regression | y&6Tcvs. SUM145/5UM 145 0.0025
S1P-1 | All passed Two-way ANOVA 3D/2D at 20:1 <0.0001
51P-2 | All passed Two-way ANOVA 3D/2D at 10:1 0.0045
3D/2D at 20:1 0.0011
S51P-3 | All passed Two-way ANOWVA 3D/2D at 10:1 0.0026
3D/2D at 20:1 0.0004
51P-4 | All passed Two-way ANOWVA 3D/2D at 10:1 0.0066
5104-1 | F:PDX401 Simple Linear Regressi\nn v&6Tcvs. PDX401/PDX401 <0.0001
510-2 | All passed Simple Linear Regression | y&Tcvs. PDXA01/PDXA401 0.0140
S2H n=2, too small | One-way ANOVA, Tukey | y&Tc+ CD24-/y6Tc, a-a 0.7916
y&6Tc+ CD24+/yETc, a-b 0.0043
y&6T¢c/CD24- or CD24+, a <0.05
y&6Tc+ CD24-/CD24- or CD24+, a-c <0.05
y6Tc+ CD24+/CD24- or CD24+, b-c | <0.001
y6Tc+ CD24-/ y6Tc vs. CD24+, a-b 0.0022
521 n=2, too small | One-way ANOVA, Tukey | ybTc+ CD24-/y8Tc, a-b 0.0011
yoTc+ CD24+/y5Te, a-c <0.0001
yBTc/CD24- or CD24+, a-d <0.0001
y&Tc+ CD24-/CD24- or CD24+, b-d <0.0001
| y&6Tc+ CD24+/CD24- or CD24+, c-d | <0.0001
y&Tc+ CD24-/ v56Tc + CD24+, b <0,0001
52) n=2, too small | One-way ANOVA, Tukey | y5Tc+ 3D/y6Tc, a-b 0.9011
y&6Tc+ 2D fybTc, a-c <0.0001
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| Figure  5-W Test Sample Comparison p-value
521 ybTc/3D ad 0.0009
ybTc/2D ae 0.0005
y6Tc + 3D/3D b-d 0.0014
y6Tc +3D/2D b-e 0.0007

ybTc+ 2D/3D, cd <0.0001

ybTc+ 2D/2D, c-e <0.0001

y6Tc + 3D/ ybTc + 2D, b <0.0001
S2K | n=2, too small | One-way ANOVA, Tukey | ybTc + 3D/ybTc, a-b | 0.5693
| | yv6Tc + 2D/ybTc, a¢ | 0.0016

| | y8Tc/3D a-d | <0.0001
| | yb6Tc/2D a-e | 0.0007

| | y6Tc +3D/3D b-d | <0.0001
y5Tc +3D/2D b-e 0.0004

y5Tc +2D/3D, cd <0.0001

ybTc + 2D/2D, c-e <0.0001
y6Tc + 3D/ y8Tc + 2D, bc 0.0038
531 All passed One-way ANOVA, Sidak | CD24-/CD24+ 0.2247
3D/2D 0.1750

S3L All passed Two-way ANOVA, Sidak | CD24-/CD24+ all time points >0.05
S3M | All passed Two-way ANOVA, Sidak | 3D/2D >0.05

S3T-1 | All passed Two-way ANOVA, Sidak | CD24-/CD24+ at 20:1 0.0227
53T7-2 | All passed Two-way ANOVA, Sidak | CD24-/CD24+ at 10:1 0.0170

CD24-/CD24+ at 20:1 <0.0001
S3T-3 | All passed Two-way ANOVA, Sidak | CD24-/CD24+ at 20:1 0.0089
53U-1 | All passed Two-way ANOVA, Sidak | 3D/2D at 20:1 0.0355
S3U-2 | All passed Two-way ANOVA, Sidak | 3D/2D at 1:1 0.0100
Two-way ANOVA, Sidak | 3D/2D at 10:1 0.0060

Two-way ANOVA, Sidak | 3D/2D at 20:1 <0.0001
S3U-3 | All passed Two-way ANOVA, Sidak | 3D/2D at 1:1 0.0003
3D/2D at 10:1 0.0063

3D/2D at 20:1 <0.0001
SAT All passed One-way ANOVA, Tukey | CD24- aPD-1 vs. IgG 0.0051
CD24+ aPD-1vs. IgG 0.0838
54U All passed One-way ANOVA, Tukey | CD24- aPD-1 vs. IgG 0.0003
CD24+ aPD-1vs. IgG 0.1317
sS4V All passed One-way ANOVA, Tukey | CD24- aPD-1 vs. IgG 0.0172
CD24+ aPD-1vs. IgG 0.0045
SAW | All passed One-way ANOVA, Tukey | 3D aPD-1vs. IgG 0.4082
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Figure |5-W Test Sample Comparison p-value
S4W 2D aPD-1 vs. IgG 0.0570
54X All passed One-way ANOVA, Tukey | 3D aPD-1 vs. IgG 0.0141
20 aPD-1 vs. IgG 0.7328
S4Y All passed One-way ANOVA, Tukey | 3D aPD-1 vs. IgG 0.0267
2D aPD-1 vs. IgG 0.0033
S5A All passed One-way ANOVA, Sidak | NKG2D vs. IgG 0.0472
FasL, sTRAIL vs. IgG >0.05
558 All passed One-way ANOVA, Sidak | CD54 vs. IgG 0.0240
MICA/B vs. IgG 0.0286
55C All passed One-way ANOVA, Sidak | NKG2D vs. IgG 0.0117
FasL vs. IgG 0.0042
sTRAIL, MICA/B, CD54 vs. IgG >0.05
S5D(L) | All passed One-way ANOVA, Sidak | NKG2D vs. IgG 0.0059
FasL vs. IgG >0.05
sTRAIL vs. IgG 0.0035
MICA/B vs. IgG 0.0003
CD54 vs. IgG <0.0001
S5D(R) | All passed One-way ANOVA, Sidak | NKG2D, FasL, sTRAIL, CD54 vs. IgG | <0.0001
MICA/B vs. IgG 0.0001
SSE(L) | All passed One-way ANOVA, Sidak | NKG2D, FasL, m or sTRAIL vs. IgG >0.05
MICA/B vs. IgG 0.0002
CD54 vs. 1gG 0.0007
S55E(R) | All passed One-way ANOVA, Sidak | NKG2D vs. IgG 0.0072
FasL vs. IgG 0.0097
mTRAIL vs. IgG 0.1311
sTRAIL vs. IgG 0.0002
MICA/B, CD54 vs. IgG <0.0001
S5F(L) | All passed One-way ANOVA, Sidak | NKG2D, Fasl, sTRAIL vs. IgG >0.05
MICA/B vs. IgG 0.4403
CD54 vs. 1gG 0.0016
S5F(R) | All passed One-way ANOVA, Sidak | NKG2D, FasL vs. IgG >0.05
sTRAIL vs. IgG 0.0273
MICA/B vs. IgG 0.0005
CD54 vs. IgG <0.0001
S5G(L) | All passed One-way ANOVA, Sidak | NKG2D, Fasl, sTRAIL vs. IgG >0.05
MICA/B vs. IgG 0.0022
CD54 vs. 1gG 0.0086
TRAIL R1 vs. IgG 0.0001
TRAIL R2 vs. IgG 0.0004
S5G(R) | F: TRAIL R2 One-way ANOVA, Sidak | NKG2D vs. IgG 0.0014
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| Figure | S-W Test Sample Comparison p-value
S5G(R) Fasl, CD54, TRAILR1 vs. IgG «<0.0001
| sTRAIL, MICA/B vs. IgG 0.0002
TRAIL R2 vs. IgG 0.0058
SSH(L) | All passed RM 1-way ANOVA, Bonf | Anyvs. IgG >0.9999
S5H(R) | All passed RM 1-way ANOVA, Bonf | NKG2D vs. IgG 0.0001
FasL, sTRAIL, MICA/B <0.0001
CD54 vs. IgG 0.0008
| S5I(L) | F:FaslL One-way ANOVA, Sidak | NKG2D, FasL, morsTRAILvs. IgG | >0.05
MICA/B vs. IgG >0.05
CD54 vs. IgG <0.0001
TRAILRL vs. IgG 0.0002
TRAIL R2 vs. IgG 0.0320 |
Fas vs. IgG 0.1606
SSI(R) | F: MICA/B One-way ANOVA, Sidak | NKG2D vs. IgG 0.0038
FasL, sTRAIL, Fas vs. IgG <0.0001
| mTRAIL vs. IgG 0.0007
MICA/B vs. IgG 0.0004
CD54 vs. |gG 0.0100
TRAILRL, TRAIL R2 vs. IgG <0.0001
S5(L) | All passed One-way ANOVA, Sidak | NKG2D vs. 1gG 0.0092
Fasl, sTRAIL vs. IgG =0.05
MICA/B, CD54 vs. IgG <0.0001
TRAILR1, TRAIL R2 vs. IgG «<0.0001
s5I(R) | All passed One-way ANOVA, Sidak | NKG2D, FasL, sTRAIL vs. IgG <0.0001
MICA/B, CD54, TRAILRL/R2 vs. IgG | <0.0001
SSK(L) | All passed One-way ANOVA, Sidak | NKG2D, Fasl, sTRAIL vs. IgG =0.05
MICA/B, CD54 vs. IgG =0.05
Fas, TRAIL R1, TRAILR2 vs. IgG =0.05
SSK(R) | F: MICA/B, Fas | One-way ANOVA, Sidak | NKG2D vs. IgG 0.0255
FasLwvs. IgG 0.0275
| sTRAIL vs. 1gG 0.0119
MICA/B vs. IgG 0.0016
| CD54 vs. IgG 0.0366
Fas vs. IgG 0.0059
| TRAILRL vs. IgG 0.0028
TRAIL R2 vs. IgG 0.6449
S5R(L) | All passed One-way ANOVA, Sidak | CD24- dMCL1-2 vs. DMSO 0.0254 |
CD24+ dMCL1-2 vs. DMSO 0.7828
S5R(R) | All passed One-way ANOVA, Sidak | CD24- dMCL1-2 vs. DMSO 0.2639
CD24+ dMCL1-2 vs. DMSO 0.2875
_ ﬁLI F:CD24-DMSO CH'IEﬂ AI"HJ"IMI Sidak  CD24- dMCL1-2 vs. DMSO D.DIL




Figure | S-W Test Sample Comparison p-value
CD24- A-121 vs. DMSO 0. 7440
CD24- dMCL1-2 ws., A-121 0.0022
CD24+ dMCL1-2 vs. DMSO 0.2884
CD24+ A-121vs. DMSO 0.0824 |
CD24+ dMCL1-2 vs. A-121 0.0019
S55(R] | All passed One-way ANOVA, Bonf 3D dMCL1-2 vs. DMSO 0.0971
3D A-121vs, DMSOD >{.9999
3D dMCL1-2 vs. A-121 0.0161
20 dMCL1-2 vs, DMS0 =0.9999
.20 A-121 vs. DMSO 0.0034
20 dMCLL-2 vs, A-121 0.0060
S5T(L) | All passed One-way ANOVA, Sidak | CD24- dMCL1-2 vs. DMSO 0.9581
CD24+ dMCL1-2 vs. DMSO 0.9934
S5T(R) | All passed One-way ANOVA, Sidak | 3D dMCL1-2 vs, DMSOD 0.1065
20 dMCLL-2 vs, DMSO 0.1669
S50 All passed One-way ANOVA, Sidak | 3D dMCL1-2 vs. DMSO 0.9782
20 dMCL1-2 vs. DMSO 0.1526
SSV(L) | All passed Two-way ANOVA Tukey | CD24- aPD-1vs. IgG <0.0001
| CD24- aPD-1vs. dMCL1-2 <(0.0001
CD24- aPD-1vs. Combination =(.9999
. CD24- DM50 vs. dMCL1-2 0,7125
CD24- DM50 ws, A-121 0.8731
L CD24- dMCL1-2 vs. A-121 0.0845
CD24- dMCL1-2 vs. Combination <0.0001
| CD24- dMCL1-2 only vs. A-121 only | >0.9999
CD24+ aPD-1 vs. IgG <0.0001
| CD24+ aPD-1 vs. dMCL1-2 «<0.0001
CD24+ aPD-1 vs. Combination 0.3429
| CD24+ DMS0 vs. dMCL1-2 0.1558
CD24+ DMS0 ws, A-121 0.4577
 CD24+ dMCL1-2 vs. A-121 0.0009
CD24+ dMCL1-2 vs. Combination <0.0001
CD24+ dMCL1-2 only vs. A-121only | 0.5036
S5V(R) | All passed Two-way ANOVA, Tukey 3D aPD-1 vs. IgG <0.0001
3D aPD-1 vs. dMCL1-2 0.0005
3D aPD-1 vs. Combination 0.9792
3D DMSO vs. dMCL1-2 >0.9999 |
3D DM5S0 ws, A-121 0.9549
3D dMICL1-2 vs, A-121 0.B200
3D dMCL1-2 vs. Combination 0.0065
3D dMCL1-2 only vs. A-121 only >.9999
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| Figure | 5-W Test Sample Comparison p-value
SSV(R) 20 aPD-1 vs. IgG 0.0057
2D aPD-1 vs. dMCL1-2 0.0293
2D aPD-1 vs. Combination 0.9962
2D DMSO vs. dMCL1-2 0.6B59
2D DMSO vs. A-121 0.9891
2D dMCL1-2 ws. A-121 0.2141
2D dMCL1-2 vs. Combination 0.0047
2D dMCL1-2 only vs. A-121 only 0.3152
S5WIL) | All passed Two-way ANOVA, Tukey  CD24- aPD-1vs. IgG <0.0001
CD24- aPD-1ws. dMCL1-2 0.0761
CD24- aPD-1vs. Combination 0.0248
CD24- DMSO vs. dMCL1-2 0.1365
| CD24- DM50 vs. A-121 0.6204
CD24- dMCL1-2 vs. A-121 0.9754
| CD24- dMCL1-2 vs. Combination <0.0001
CD24- dMCL1-2 only vs. A-121 only | »0.9999
CD24+ aPD-1 vs. IgG 0.0007
CD24+ aPD-1 vs. dMCL1-2 0.0199
| CD24+ aPD-1 vs. Combination >0.9999
CD24+ DMSO vs, dMCL1-2 0.6657
| CD24+ DMSO vs. A-121 >0.9999
CD24+ dMCL1-2 vs. A-121 0.7131
. CD244+ dMCL1-2 vs. Combination 0.0129
CD24+ dMCL1-2 only vs. A-121only | 0.7111
SEWI(R) | All passed Two-way ANOVA, Tukey | 3D aPD-1 ws. IgG <0.0001
3D aPD-1 vs. dMCL1-2 0.0008
3D aPD-1 vs. Combination 0.6EBG2
3D DMSO ws. dMCL1-2 0.3164
3D DMSO ws. A-121 09841
3DdMCL1-2vs. A-121 0.8425
3D dMCL1-2 vs. Combination <0.0001
3D dMCL1-2 only vs. A-121 only 0.2801
2D aPD-1 vs. IgG 0.0022
2D aPD-1 vs. dMCL1-2 0.0200
2D aPD-1 vs. Combination 0.0721
20 DMSO vs, dMCL1-2 0.9989
2D DMSO vs. A-121 0.4506
2D dMCL1-2vs. A-121 0.8059
2D dMCL1-2 vs. Combination <0.0001 |
2D dMCL1-2 only vs. A-121 only 0.4860
SS¥(L) | Allpassed Two-way ANOVA Tukey  CD24- aPD-1vs. IgG <0.0001
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ﬂuu 5W Test Sample Comparison p-value
SSX(L) CD24- aPD-1wvs. dMCL1-2 <0.0001
CD24- aPD-1vs. Combination =0.9999
CD24- DMSO ws. dMCL1-2 0.7247
CD24- DMSO ws. A-121 0.7564
CD24- dMCL1-2 vs. A-121 0.0522
CD24- dMCL1-2 vs. Combination <0.0001
CD24- dMCL1-2 only vs. A-121 only | 0.2634
CD24+ aPD-1 vs. lgG <0.0001
CD24+ oPD-1 vs. dMCL1-2 0.0006
CD24+ aPD-1 vs. Combination 0.6840
CD24+ DMSO ws. dMCL1-2 0.8042
CD24+ DMSO vs. A-121 >0.9999
CD244 dMCL1-2 ws. A-121 0.9258
CD24+ dMCL1-2 vs. Combination 0.0521
| CD24+ dMCL1-2 only vs. A-121only | 0.9998
S5X(R) | All passed Two-way ANOVA, Tukey | 30 aPD-1 vs. lgG <0.0001
3D aPD-1 vs. dMCLL-2 <0.0001
3D aPD-1 vs. Combination 0.7728
3D DMSO vs, dMICLL-2 0.0929
3D DMSO vs. A-121 >0.9999
| 3D dMCL1-2 ws. A-121 0.1101
3D dMCL1-2 vs. Combination <0.0001
| 3D dMCL1-2 only vs. A-121 only 0.9983
20 aPD-1 vs. lgG 0.0017
20 aPD-1 vs. dMCL1-2 0.0017
2D aPD-1 vs. Combination 0.9995
. 2D DMSO vs. dMICLL-2 0.7790
2D DMSO vs. A-121 0.4842
FED dMCL1-2 vs. A-121 0.0229
2D dMCL1-2 vs. Combination 0.0067
2D dMCL1-2 only ws. A-121 only =0.9999
S7TE All passed Two-way ANOVA, Bonf | Replicate 1 CD24- vs. CD24+ 0.0004
Replicate 2 CD24- vs. CD24+ 0.0019
Replicate 3 CD24- vs. CD24+ 0.0420
Replicate 4 CD24- vs. CD24+ 0.0011
STF All passed Two-way ANOV A, Bonf Replicate 1 3D vs. 20 0.0041
Replicate 2 3D vs. 20 <0.0001
| Replicate 3 3D vs. 2D <0.0001
Replicate 4 3D vs. 20 <0.0001
57 DMSO passed | Two-way ANOVA, Bonf | Replicate 1 ADAMI vs. DM S0 0.0069
Replicate 2 ADAMI vs. DM SO 0.0007
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Figure | 5-W Test Sample Comparison p-value
571 Replicate 3 ADAMI vs, DMSO 0.0143
57) All passed Two-way ANOVA, Bonf Replicate 1 ADAMI vs. DMSO 0.0010

Replicate 2 ADAMI vs. DMSO 0.0007
Replicate 3 ADAMI vs. DMSO 0.0053
57K F: 24+ ADAMI | Two-way ANOVA, Tukey | CD24- ADAMI vs, DMSO 0.0002
CD24- ADAMI vs, CD24+ DMSO =0.9999
CD24+ ADAMI vs, DMSO 0.0054
S7L All passed Two-way ANOVA, Tukey | CD24- ADAMI vs. DMSO 0.0010
CD24- ADAM| vs. CD24+ DMSO 0.6988
CD24+ ADAMI vs, DMSO 0.0009
57M All passed Two-way ANOVA, Tukey | CD24- ADAMI vs. DMSO <0,0001
CD24- ADAMI vs, CD24+ DMSO 0.9998
CD24+ ADAMI vs. DMSO 0.0208 |
S7N F:2D Control | Two-way ANOVA, Tukey | 3D ADAMI vs. DMSO <0.0001
3D ADAMI vs, 20 DMSO 0.7278
20 ADAMI ws, DMSO 0.0025
570 All passed Two-way ANOVA, Tukey | 3D ADAMI vs. DMSO 0.0024
3D ADAMI s, 2D DMSD 0.8584
20 ADAMI vs, DMSO 0.0501
S7P All passed Two-way ANOVA, Tukey | 3D ADAMI vs, DMSO 0.0035
3D ADAMI vs, 20 DMSO >0,9999
20 ADAMI vs, DMSO 0.0226
588 All passed Two-way ANOVA, Sidak | 3D/2D at 1:1 0.3845
3D/2D at 10:1 0.0532
3D/2D at 20:1 0.0239
S8c F: MCF-7 Simple Linear Regression | y6Te vs. MCF-7/MCF-7 0.0016
586G F: 3D Wilcoxon 3Dwvs. 2D 0.2500
58H All passed 2-tall ratio paired t-test | y6Tc + 3D/ y&Tc + 2D 0.0262
S58IL) [ All passed 2-tailed paired t-test 3Dwvs. 2D 0.0216
S8IR) | All passed 2-tailed paired t-test 3Dvs. 2D 0.0020
58 All passed Two-way AMOVA, Sidak | 3D vs. 2D, all time points =0.05
S8K n=2, too small | No test perfarmed
S8L F: 2D Wilcoxon 3Dvs. 2D 0.2500
S58M All passed 1-tailed paired t-test 3Dvs. 2D 0.0282
SBN All passed 1-tail ratio paired t-test | 3D stim vs. 2D stim, b-c 0.0452
580 F:2D CD54 One-way ANOVA, Sidak | 3D NKG2D, FasL vs. IgG =0.05
3D sTRAIL vs. 1gG 0.0115
3D CD54 vs. IgG 0.0033
3D MICA/B vs. IgG 0.0021
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ﬂur& 5-W Test Sample Comparison p-value
580 2D NKG2D vs. IgG 0.0003
2D FasLvs. IgG 0.0005

2D sTRAIL vs. 1gG <0,0001
2D CD54 vs. 1gG 0.0002
2D MICA/B vs. IgG 0.0003

S8R All passed 1-tailed paired t-test 3D ws. 2D 0.1614
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Appendix Table 1.4. Flow cytometry, western blot and blocking assays antibodies used in
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chapter 4.
Flow Cytometry Antibody Dilution or Clone Company
Concentration
CD107a AlexaFluor (AF) 647 1:40 H4A3 BioLegend
CD24 APC 1:50 REAB32 Miltenyi
CD44 PerCP Cy5.5 1:50 BI18 BioLegend
CD44 Vioblue 1:20 REAB90D Miltenyi
CTLA-4(CD152) APC 1:10 L3D10 BiolLegend
Fas (CD95) APC 1:100 DX2 BiolLegend
IFN-y VioBlue 1:50 REABDOD Miltenyi
LAG-3 FITC 1:20 11C3C65 BioLegend
MCL-1 AF488 1:20 22 Santa Cruz
MICA/B PE 0.1ug 6D4, BioLegend
PD-1(CD279) BV421 1:10 EH12.2H7 BioLegend
PD-L1 APC 1:10 29E.2A3 BioLegend
PD-L2 PE 1:10 24F.10C12 BioLegend
TCR V&1 FITC 1:10 REA173 Miltenyi
TCR V562 PerCP 1:25 B6 BioLegend
TCRyb PE 1:25 Bl BioLegend
TIM-3 APC/Fire750 1:20 F38-2E2 BioLegend
TRAIL R1 APC 1:20 DIR1 BioLegend
TRAILR2Z APC 1:5 DIRZ2-4 BioLegend
ULBP-2,5,6 PE 0.2ug 165903 RED systems
ULBP-3 APC 0.04pg 166510 R&D systems
ULBP-4 APC 0.1pug 709116 R&D systems
Western Blot Antibodies Dilution or Clone Company
Concentration
rabbit anti-human ADAM10 1:500 ab1997 Abcam
rabbit anti-human ADAM17 1:1000 ab39162 Abcam
mouse anti-human BCL-2 1:1000 c2 Santa Cruz
mouse anti-human BCL-XL 1:1000 H5 Santa Cruz
mouse anti-human MCL-1 1:1000 22 Santa Cruz
rabbit anti-human Survivin 1:1000 71G4B7E Cell Signaling
mouse anti-human XIAP 1:500 48/hILP/XIAP(RUOQ) BD Biosciences
mouse anti-human B-Actin 1:3000 Cc4 Santa Cruz
rabbit anti-human B-Actin 1:2000 13E5 Cell Signaling




Blocking Antibodies Concentration | Clone Company

CD54 1pg/100ul HCD54 BioLegend
Fas 1pg/100ul A16086F BioLegend
FasL 1pg/100ul NOK-1 BioLegend
IgGlk 1pg/100ul MOPC-21 BioLegend
MICA/B 1pg/100ul 6D4 BioLegend
NKG2D 1pg/100ul 1D11 BioLegend
PD-1 1pg/100ul A17188B BioLegend
TRAIL 1pg/100ul RIK-2 BioLegend
TRAILR1 1pg/100ul DIR1 BioLegend
TRAIL R2 1pg/100ul DIR2-4 BioLegend
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