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Summary

Summary

Clinical outcomes of adoptive cell therapy (ACT) are less favorable in solid tumors compared
to those in hematological malignancies due to the higher complexity and immunosuppressive
characteristics of their tumor microenvironment (TME). The extracellular matrix (ECM) barrier
represents a significant limitation for ACT success, since targeting and killing of cancer cells by
the immune system requires immune cell extravasation, infiltration and progression through the
ECM. Heparan sulfate proteoglycans (HSPGs) are one of the major ECM components and
Heparanase (HPSE) is the only known endoglycosidase which cleaves the side chains of
HSPGs, therefore participating in the ECM remodeling. HPSE is highly expressed by immune
cells, and it has been described to facilitate the migration and infiltration of macrophages, T
cells and dendritic cells. This suggests that HPSE plays an important role in immune cell
migration and infiltration through tissues. Nevertheless, tumor cells also express high HPSE
levels and require its activity for all stages of tumor progression. It seems that HPSE has a dual
role in cancer progression and, while being necessary for immune cells infiltration, an increase
in HPSE in the tumor ECM would be detrimental. While T cells have been the primary focus of
ACT, Natural killer (NK) cells are emerging as a promising alternative due to their antigen
independent killing capacity, low toxicity risk and “off-the-shelf” manufacturing feasibility.

However, the ECM limitation for infiltration still poses as an issue to be solved.

The main goal of my thesis was to investigate the effects of the expression of a constitutively
active, membrane-bound HPSE (GS3™) on the ability of human NK cells to infiltrate tumors,
using the NK-92€P3CD8 cells as a model. NK-92¢P¥Cb8/GS3™ cells displayed significantly
enhanced infiltration capability into tumor spheroids, as well as into xenograft tumors in
immunodeficient mice. This enhanced infiltration was translated into significant tumor growth
suppression without detectable adverse effects. Moreover, | assessed the expression of HPSE
upon NK cell activation and the role of this enzyme in NK infiltration capacity. My results could
show that HPSE surface expression decreases upon activation of primary human NK cells and
upon co-culture of NK-92¢P3/P8 cells with target cells. Moreover, HPSE-KO (knockout) NK cells
presented a significant lower capacity to infiltrate tumor spheroids, suggesting that HPSE is

required for NK cell infiltration capacity.

These findings suggest that HPSE is important for NK cell infiltration and that the constitutive
expression of a surface-bound active HSPE on immune effector cells enhances their capability
to access and eliminate tumor cells while limiting the supply of free HPSE in the TME. This

approach opens new possibilities for improving adoptive immune treatments using NK cells.
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Klinische Ergebnisse der adoptiven Zelltherapie (ACT) bei soliden Tumoren sind aufgrund
deren  hoherer Komplexitat und der immunsuppressiven Eigenschaften der
Tumormikroumgebung (TME) weniger erfolgversprechend als bei hamatologischen
Malignomen.

Die Barriere der extrazellularen Matrix (ECM) stellt eine erhebliche Einschrankung fur den
Erfolg der ACT dar, da die gezielte Bekdmpfung und Abtétung von Krebszellen durch das
Immunsystem die Extravasation, Infiltration und Progression von Immunzellen durch die ECM
erfordert. Heparansulfatproteoglykane (HSPGs) sind einer der wichtigsten Bestandteile der
ECM, und Heparanase (HPSE) ist das einzige bekannte Enzym, das die Seitenketten von
HSPG spaltet und somit an der Umstrukturierung der ECM beteiligt ist. HPSE wird in hohem
MafRe von Immunzellen exprimiert und es wurde beschrieben, dass es die Migration und
Infiltration von Makrophagen, T-Zellen und dendritischen Zellen erleichtert. Dies deutet darauf
hin, dass HPSE eine wichtige Rolle bei der Migration von Immunzellen durch das Gewebe
spielt. Allerdings weisen auch Tumorzellen eine hohe HPSE-Expression auf und benétigen
dessen Aktivitat fur alle Phasen des Tumorwachstums. Es scheint, als habe HPSE eine duale
Funktion bei der Tumorprogression und dass ein Anstieg von HPSE in der ECM des Tumors
nachteilig ware, obwohl es fur die Infiltration von Immunzellen notwendig ist. Wahrend das
Hauptaugenmerk der ACT bisher T-Zellen darstellten, haben sich natirliche Killerzellen (NK-
Zellen) als vielversprechende Alternative herausgestellt, da sie Antigen-unabhéngig Zelltod
induzieren konnen, ein geringes Toxizitatsrisiko aufweisen und serienmafdig hergestellt werden
kénnen. Die limitierte Infiltration durch die ECM stellt jedoch immer noch ein Problem dar, das
es zu losen gilt.

Das Hauptziel meiner Dissertation bestand darin, die Auswirkungen der konstitutiven
Expression eines aktiven, membrangebundenen HPSE (GS3™) auf die Fahigkeit menschlicher
NK-Zellen zur Infiltration von Tumoren zu untersuchen, unter der Verwendung von NK-
92cb3/Ch8.7ellen als Modell. NK-92CP3¥CD8/GS3™.Zellen zeigten eine signifikant erhohte
Infiltrationsfahigkeit in  Tumor-Spharoide sowie in Xenotransplantationstumore in
immundefizienten Mausen.

Diese verstarkte Infiltration fiihrte zu einer signifikanten Verlangsamung des Tumorwachstums
ohne nachweisbare negative Auswirkungen. Darlber hinaus habe ich die Expression von
HPSE bei der Aktivierung von NK-Zellen und die Rolle dieses Enzyms in Bezug auf die
Fahigkeit zur Infiltration von NK-Zellen untersucht. Meine Ergebnisse zeigten, dass die HPSE-

Expression an der Zelloberflache bei der Aktivierung primarer menschlicher NK-Zellen und bei
1
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der Ko-Kultur von NK-92¢P3Cb8.7ellen mit Zielzellen abnimmt. Darliber hinaus zeigten HPSE-
KO (Knockout) NK-Zellen eine deutlich geringere Fahigkeit zur Infiltration von Tumor-
Spharoiden, was darauf hindeutet, dass HPSE fir die Infiltrationsfahigkeit von NK-Zellen
erforderlich ist.

Diese Ergebnisse deuten darauf hin, dass HPSE fur die Infiltration von NK-Zellen wichtig ist
und dass die konstitutive Expression von oberflachengebundenem aktivem HSPE auf
Immuneffektorzellen deren Fahigkeit verbessert, Tumorzellen zu erreichen und zu eliminieren,
wahrend gleichzeitig die Verfugbarkeit von freiem HPSE in der TME begrenzt wird. Dieser
Ansatz eroffnet neue Moglichkeiten zur Verbesserung adoptiver Immuntherapien mit NK-
Zellen.
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Introduction

1 Introduction

The understating of cancer biology has been changing dramatically over the past decades.
Solid cancers are now seen as complex ecosystems comprising of tumor cells and multiple
non-cancerous cells, such as immune cells, cancer-associated fibroblasts, endothelial cells,
and others, all embedded in protective extracellular matrix (ECM) [1]. The perspective that the
ECM and non-cancerous cells are bystanders of tumorigenesis have been revoked, as the
tumor microenvironment (TME) is seen as having key roles in the pathogenesis and
progression of cancer [2].

Current cancer treatments include the conventional strategies, such as surgery, radiotherapy,
chemotherapy, and the modern approaches, such as targeted therapies and immunotherapies
[3]. The conventional treatments were the only option for many years, and while they can induce
positive patient outcome in early-stage tumors, late-stage cancers are strongly associated with
high mortally rates. Moreover, conventional strategies have several shortcomings, such as off-
target effects, toxic side effects to non-cancerous tissue that leads to extensive damage, drug
resistance, physique and psychological burden on patients, incomplete surgical resection and,
cancer recurrence [3]. Given the need to overcome the limitations of the conventional therapies,
associated with the known critical roles of the TME in the tumor context, the development of

strategies to target the TME, such as immunotherapy, have been expanded in recent years.

1.1 Cancer Immunotherapies

Immunotherapies are biological therapies that aim to help the immune system to fight cancer
[4]. These therapies intended to stimulate the host’s anti-tumor responses and inducing a pro-
tumor killing TME, by increasing the number of effector cells, by increasing the production of
anti-tumorigenic soluble mediators, by decreasing the immune suppressor mechanisms, and
by modulating immune checkpoints [4]. Currently, the main immunotherapy strategies are
immune checkpoint inhibitors, adoptive cell transfer, cytokine therapy, and cancer vaccines [4].

Adoptive cell transfer is the strategy of particular interest for this thesis.
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1.2 Adoptive cell therapy

The development of protocols to isolate and expand in vitro immune cells, particularly T cells,
propelled the use of adoptive cell therapy (ACT). ACT comprises the ex vivo expansion and
activation of patient immune cells, which are then reinfused into the patient to enhance its anti-

tumor immune response [5].

Focusing on T cells, ACT can be carried out using three different approaches [6]. As a first
approach, tumor-infiltrating lymphocytes are expanded ex vivo and then are infused back into
the patient. However, for this strategy to elicit durable responses, it is essential that effector T
cells with antitumor activity are already present within the tumor mass [6]. This is not the case
for many solid tumors, which decreases significantly the efficacy of this treatment. The second
approach is the use of patient cells that have been genetically engineered to express a T cell
receptor (TCR) reactive to a tumor antigen epitope, presented on human leukocyte antigen
(HLA) class | molecules. Thus, this strategy is limited to antigens expressed by the major
histocompatibility complex (MHC) [6]. The efficacy of TCR-T therapies against tumor antigens
have been assessed in several clinical trials, with low rates of success so far. This was partially
attributed to the high variability of these target proteins within the tumors [7]. As a third approach
and as an alternative to TCR-derived therapies, are chimeric antigen receptor (CAR) T cells
[8]. These cells are genetically modified T cells designed to express a synthetic receptor with
tumor antigen specificity, replicating TCR-mediated functions. This design allows the receptor
to recognize target antigens with high specificity, enabling immune cells to mount a targeted
anti-tumor response like that of natural T-cell receptors. CARs are comprised of an extracellular
recognition domain, derived from an antibody that recognizes the tumor antigen, a hinge region,
a transmembrane domain, and a cytoplasmic costimulatory domain, which drives the signal

activation and amplification of CAR-T cells [8].

Adoptive cell therapies have shown remarkable clinical responses in B cell malignancies, with
six CAR T-cell therapies being approved by the FDA for blood cancers [9-14]. In contrast, only
very recently the first ACT therapy targeting a solid tumor antigen was approved for clinical trial
[15]. In contrast to hematological cancers, solid tumors are much more complex tissues

structures, which increases the difficulty of treatment.

Natural killer (NK) cells are now seen as valid alternative for immune therapies like ACT. In
both clinical settings and in mouse models, studies have shown that lower percentages of NK

cells, and NK cells with impaired functionality are associated with increased rates of cancer
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development [16]. Conversely, a positive correlation was found between high NK cell infiltration
within tumors and improved clinical outcomes [17]. NK cells are particularly effective in targeting
minimal residual disease, metastasis, and hematologic malignancies. Moreover, these cells
have a robust cytotoxic activity against tumor cells, do not require antigen processing and
presentation to recognize their target cells and do not induce graft-versus-host disease [16].

For the success of NK or T cell therapies is necessary to overcome the main challenges for
solid tumors therapies, which are the immunosuppressive TME, low infiltration of immune cells

into the tumors, and the lack of targets [18].

1.2.1 Natural killer cells

1.2.1.1 NK development and subsets

NK cells are innate lymphoid cells (ILC). These cells comprised approximately 5 % of all
leukocytes in human peripheral blood and 2-5% in the spleens and BM of inbred laboratory
mice [19].

NK cells originate in the bone marrow (BM), from common lymphoid progenitors (CLP) that
derive from CD34* hematopoietic stem cells [20]. These multipotent CLP further differentiate
into a more restricted NK/ILC lineage precursor (ILCP). ILCP can be detected in circulation,
which suggests that this precursor is capable of seeding in peripheral tissues and continuing
the differentiation process there [20]. The last stage of differentiation is the commitment of the
ILCP to the conventional NK cell lineage, which is thought to occur by the acquisition of NKp80
[20]. In mice, NK cells develop and mature in the BM [21].

Human NK cells consist of two main subsets: CD56"9" NK cells and CD569™ NK cells [20, 22].
The precise mechanism of differentiation of these two subsets it not fully understood yet. The
immature or regulatory CD56""" subset of NK cells is mostly found in secondary lymphoid
organs. CD56"9" cells have a predominantly immunomodulatory role, due to their high
capacity to secrete cytokines and chemokines upon monokine activation, promoting the
recruitment and modulation of immune cells [20, 22]. This NK cell subset presents low levels
of perforin and granzyme secretion. The mature or cytotoxic CD56%™ subset accounts for
approximately 90 % of peripheral blood NK cells of a healthy adult. These cells present high
capacity of target cell-induced cytotoxicity and cytokine production [20, 22]. Also, CD569™ NK

3
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cells express the CD16 receptor, which allows them to mediate antibody-dependent cell
cytotoxicity (ADCC). Upon cytokine activation, CD56%™ NK cells are less efficient effectors,
when compared to the CD56"9" NK cells. Both subsets induce apoptosis by expressing cell
death ligands such as FasL and TRAIL [20, 22].

In mice, NK cell maturation occurs by loss and gain of CD11b and CD27 expression on the cell
surface [21]. Immature mouse NK cells are CD11b'CD27- cells. Mature NK cells start
expressing both proteins on the cell surface (CD11b*CD27*) and present enhanced cytotoxic
capabilities and increased cytokine production. In the final maturation stage, NK cells lose the
expression of CD27. The terminally mature CD11b*CD27° NK cells have heightened cytotoxic
potential but reduced cytokine secretion [21].

1.2.1.2 NK activation

NK cells are a first line of defense against multiple pathogens, viral infections, and malignant
cells lacking expression of self-MHC class | [23]. These cells are capable of spontaneous or
‘natural’ cytotoxicity without the need of prior sensitization. NK cell activation is tightly regulated
through a balance of signals from activating and inhibitory receptors. Activating receptors detect
stress-induced ligands, expressed by virally infected of transformed cells. This allows NK cells
to recognize and target potentially dangerous cells. In contrast, inhibitory receptors primarily
bind self-MHC class | molecules, enabling NK cells to distinguish healthy cells from foreign or
abnormal ones by sensing the absence or alteration of self-MHC-1. The input of both activating
and inhibitory receptors will determine whether NK cells get activated or not, as well as the type
of effector response in case of activation. This is also influenced by cytokines, chemokines,
and interactions with other immune cells in the local microenvironment. In homeostasis,
unnecessary NK cell activation is prevented by interaction of inhibitory receptors and self-MHC-
I on normal cells (Fig. 1) [23].

To evade detection by CD8* T cells, tumor cells downregulate MHC-I expression, becoming
then more susceptible to NK cell-mediated killing in a phenomenon known as "missing-self"
recognition (Fig. 1) [24]. However, MHC-I downregulation is not sufficient to fully activate NK
cells. Full activation requires the co-expression of NK receptor ligands by tumors cells (Fig. 1).
Full NK activation also requires ligand-activating receptor synapse, which also helps to explain
how NK cells bypass inhibitory signals if MHC-I is retained by cells, avoiding the attack on
healthy cells that naturally express low or absent MHC-I such as erythrocytes or neurons [24].
4
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Figure 1 - NK cell tolerance or activation mechanisms.

(A) NK cells tolerance against healthy host cells duo to the presence of MHC | molecules and inhibitory receptor
signaling overcoming activating receptor signaling. (B) The absence of MHC | molecules triggers activation
receptors signaling in NK cell. This is known as the ‘missing-self activation trigger of NK cells. (C) Activation of NK
cells by stress-induced ligands expressed by tumors cells, which overcomes inhibitory receptor signaling. Figure
Adapted from Vivier et al. (2023)

1.2.1.3 NK Receptors

In contrast to B or T cells, NK cells exhibit a broad repertoire of germline encoded activating
and inhibitory receptors (Fig. 2). The stimulation of either activation or inhibitory receptors by
specific ligands leads to phosphorylation of immunoreceptor tyrosine-based activation motifs
(ITAMs) and immunoreceptor tyrosine-based inhibition motifs (ITIMs), respectively, initiating
downstream signaling cascades. In the case of activating signals, kinases such as Syk and
ZAP70 are recruited, and DAP adapter molecules like DAP10 or DAP12 are engaged, leading

to upregulation of genes associated with cytokine production and cytotoxicity [25]. If an
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inhibitory receptor binds to an MHC class | molecule, the ITIMs become phosphorylated,

subsequently blocking downstream activation pathways, and preventing NK cell activation [25].

NK cells express natural cytotoxicity receptors (NCR), namely NKp46 (NCR1; CD335) NKp44
(NCR2; CD336) and NKp30 (NCR3; CD337) [26]. NKp46 is the only NCR expressed by human
and mouse NK cells. These receptors are non-MHC restricted and bind host-/pathogen-
encoded ligands. Interestingly, heparan sulfate (HS) can also bind as a co-ligand to these NCR
and promote tumor cell lysis [26]. The class of natural killer group 2 (NKG2) receptors are C-
type lectin receptors and include both activating and inhibitory receptors [27]. NKG2D is a key
activating receptor and detects stress-induced MHC class | homologue ligands, such as MIC-
A and MIC-B, which are upregulated in viral or transformed cells. NKG2A is an inhibitory
receptor, expressed as heterodimer with CD94, and binds to non-classical MHC-I ligand HLA-

E, thus protecting self-MHC class I-expressing cells from NK cell-mediated cytotoxicity [27].

The killer cell immunoglobulin-like receptor (KIR) family comprises a group of receptors which
recognize HLA-A, -B, and -C alleles [28]. KIRs are not present in mouse NK cells. Binding of
inhibitory KIRs to their ligands promotes the suppression of NK effector functions. In contrast,
activating KIRs bind to MHC class | or related ligands and signal NK cells to initiate cytotoxic
activity and cytokine production. This family of receptors is important in the process of NK cell

licensing and in building NK cell tolerance to self.
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Figure 2 - NK cells activating and inhibitory receptors and their receptive ligands.

Figure adapted from Chan CJ (2014)

1.2.1.4 NK cell effector functions

NK cells mediate their effector functions via activation of death receptors on target cells or the
secretion of perforins and granzymes [29]. Upon recognition of unhealthy cells, NK cells
produce death ligands such as FasL, TFN and TRAIL, which will interact with death receptors
on target cells and induce the formation of the death-inducing signaling complex. This complex
recruit and activates caspases, initiating the enzymatic caspase cascade and promoting target
cell apoptosis. NK cells are also able to kill target cells through the release of lytic granules.
Upon target cell recognition, an immunological synapse is formed between NK and target cell,
prompting exocytosis of cytotoxic granules, containing pre-formed perforin and granzyme [29,
30]. Perforin molecules disrupt the target cell membrane integrity by forming pore-like
structures. This action also facilitates the entry of granzymes into the cytoplasm. The serine

proteases granzyme A and B subsequently induce apoptosis either by activating the enzymatic
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caspase cascade or through mitochondrial depolarization and DNA fragmentation mediated by
proteolytic cleavage. NK cells can also recognize and lyse antibody coated cells through the
ADCC process [29, 31]. B cells coat tumor target cells with 1IgG and NK cell CD16 receptor
recognizes the Fc portion of the IgG molecules, triggering a strong cytotoxic response [29, 31].
This NK cell activation through the CD16 receptor is an exception and does not require
additional co-activation [29, 31].

NK cells are also important producers of cytokines that can induce cell lysis or recruit and
activate other immune cells to the TME, such as, interferon gamma (IFNg), macrophage
inflammatory protein-1 alpha (MIP-1a), Interleukin (IL)-10, IL-13, granulocyte-macrophage
colony-stimulating factor (GM-CSF), and monocyte chemoattractant protein-1 (MCP-1) [29].

1.3 The tumor extracellular matrix

The ECM is a major component of the TME from a structural and functional point of view [32].
The ECM composition and stiffness have major influence in cancer development and
progression. It is involved in tumor metastasis, angiogenesis, and proliferation, and also
regulates the immunosuppressive TME and resistance against therapeutics [32]. The complex
and dynamic three-dimensional (3D) network of ECM proteins includes collagens, hyaluronic
acid, proteoglycans, glycosaminoglycans, elastin, fibronectin, and laminins [33]. Heparan
sulfate proteoglycans (HSPGs) are of particular interest in this thesis since HS side chains are
the substrate of Heparanase (HPSE).

1.3.1 Heparan Sulfate Proteoglycans

HSPGs are composed of a protein core covalently linked to one or more HS glycosaminoglycan
chains [34, 35]. These polysaccharide side chains have varying levels of sulfation, which is why
they are referred to as heparan sulfate chains. They are widely present in mammalian cells and
are found on the cell surface (syndecans and glypicans), within the ECM (perlecan, agrin, and

type XVIII collagen), and in secretory vesicles (serglycin) [34].

The majority of HSPGs roles are mediated by their HS side chains, through binding of growth
factors, of receptors, and of morphogens [34, 36]. These interactions modulate cell signalling,

protect ligands from proteolysis, regulate receptor-ligand signaling complexes and modulate
8
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receptor activities. Also, the binding of proteases and protease inhibitors to HS side chains
regulates their spatial distribution and activity. Membrane-bound HSPGs cooperate with other
matrix proteins (eg. Integrin) and with soluble ligands to influence cell-cell, cell-pathogen, and
cell-matrix interactions, cell migration, consequently contributing to the ECM structure [34].
Moreover, HSPGs function as co-receptors for several tyrosine kinase growth factor receptors,
lowering their activation threshold. HSPGs are also important in maintaining the integrity of
blood vessels barriers [34].

In the context of tumors, dysregulation and overexpression of these proteins play important
roles in all major stages of tumor progression [37, 38]. Tumor growth, proliferation and
angiogenesis are sustained and regulated by degradation of the HS chains and shedding of
the core protein and consequent release of bound factors. HPSGs are also important in the
process of tumor invasion and metastasis since they modulate ECM constitution and stiffness,
facilitating cancer cell migration [37, 38]. Moreover, immune responses against cancer cells are
also regulated by the pro-tumorigenic changes in the ECM and consequently in the TME, with
HSPGs interfering in immune cell and tumor cell interactions and regulating immune evasion
of cancer cells [37, 38]. While the cleavage of the HSPGs protein core can be performed by
several types of proteases, there is only one known enzyme that can directly cleave the HS

side chains. This enzyme is Heparanase.

1.4 Heparanase

HPSE is an endo-acting glycoside hydrolase, which cleaves the long HS side chains of
proteoglycans, releasing HS fragments of 5-7 kDa in size as well as the factors bound to these
fragments. The HPSE gene in humans and in Mus musculus is highly conserved, with their
respective amino acid sequences sharing 77% of identity [39, 40]. HPSE is initially synthesized
as a single chain preproenzyme of 65 kDa, which is processed into an inactive pro-form upon
removal of the signal peptide by a signal peptidase (Fig. 3) [40-42]. The pro-HPSE is then
secreted from the cell and binds to the membrane bound HSPGs, such as syndecan 1. Upon
binding, the (pro-HPSE)-HSPG complex undergoes rapid endocytosis into early endosomes
and is subsequently trafficked to late endosomes and lysosomes for processing [41]. There,
the 6 kDa linker peptide is excised by cathepsin L to yield a 50 kDa subunit and an 8 kDa
subunit (Fig. 3) [43]. These two subunits from the mature HPSE as a non-covalent heterodimer

[44]. Active HPSE is then either secreted from the cell or transported to the nucleus [41].
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Figure 3 - Schematic representation of the processing of the 65 kDa pre-proHPSE into the active
HPSE form.

Figure adapted from Gaskin, S.M. (2020)

The physiological expression of HPSE was first described in the placenta and lymphoid organs
[45]. High expression was then reported in immune cells, esophagus, and lung, among others.
In normal cells and tissues, the HPSE promoter is mainly silenced by methylation and
negatively regulated by p53 [46]. Thus, the physiological expression and activity of this enzyme
is tightly regulated to maintain tissue integrity [45]. HPSE has several physiological functions,
including extracellular matrix remodeling, release of HS-bound growth factors, immune
response modulation, inflammation regulation and vascularization. Consequently, HPSE is
involved in wound healing, tissue repair, cell migration and extravasation, cell adhesion, cell,
signaling and gene regulation. Given the abundance of HPSE expression in tumor cells, it
appears that these physiological functions are required and ‘hijacked’ by tumor cells [45].

1.4.1 Heparanase in cancer

Expression of HPSE is dysregulated in many diseases’ settings, such as atherosclerosis,
diabetes and diabetic nephropathy, autoimmune and chronic inflammatory diseases, like
rheumatoid arthritis and inflammatory bowel disease and cancer [47-51]. Furthermore,
overexpression of HPSE has been reported in almost all cancer types. Moreover, the
upregulation of this enzyme by tumor cells is correlated with enhanced tumor size,

angiogenesis, enhanced metastasis and with poor patient survival [52-54].

The poorly vascularized hypoxic core of tumors provides a good environment for HS
degradation by HPSE, since this enzyme maximal endoglycosidase activity is between pH 5.0
and 6.0. HPSE catalytic activity on HS side chains of HPSGs in the ECM and the basement
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membrane is the key to support tumor progression [55]. By breaking down physical barriers
that normally restrain tumors cells and remodeling and disrupting the ECM, HPSE activity helps
cancer cells to invade neighboring tissues more easily. It also enhances tumor cells motility
and capacity to enter the bloodstream and lymphatic vessels, promoting the formation of
metastasis [55].

HS cleavage by HPSE not only changes the ECM physically but also liberates the HS-bound
growth factors and signaling molecules, such as fibroblast growth factor (FGF), epidermal
growth factor (EGF), vascular endothelial growth factor (VEGF), among others, that are stored
in the ECM (Fig. 4) [56]. These HPSE regulated growth factors can also upregulate HPSE
expression, maintaining a positive feedback loop for both the expression of HPSE and the
regulation of these molecules. The release of active HS-bound FGF promotes the formation of
HS-FGF-FGFR complexes that facilitate the dimerization of the FGF receptor and activation of
downstream signaling pathways (excessive cell proliferation; inhibition of apoptosis and cellular
senescence; epithelial-mesenchymal transition) [55]. EGF receptor (EGFR) is commonly
overexpressed or mutated in many cancers. Syndecan cleavage by HPSE activates EGFR
signaling, promoting uncontrolled cell growth, enhanced metastatic capacity and chemotherapy
resistance (Fig. 4). Moreover, VEGF is an important HS-binding protein and one of the primary
drivers of angiogenesis, the process by which, new blood vessels and form from pre-existing
ones. By activating VEGF and FGF signaling pathways, HPSE promotes tumor angiogenesis,
with numeral studies demonstrating the key role of this enzyme in promoting this hallmark of

cancer progression (Fig. 4) [55].
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Figure 4 - Tumor cells derived HPSE promotes tumor progression.

Figure adapted from Zhang, Y. F. (2011)

Tumor cells derived HPSE also has non-enzymatic roles in cell signaling and in regulation of
gene expression during cancer progression. A protein domain localized at the HPSE C-
terminus has signaling capacities, independent of the enzymatic activity. Through this signaling,
HPSE, is involved in regulation of cellular proliferation, evading apoptosis, chemo resistance,
among others [57]. The ability of HPSE to activate the PI3K/AKT pathway, known to be
dysregulated in almost all human cancer [58], promotes the bypassing of PTEN signaling and
thus circumvent tumor-suppressive pathways and promote oncogenic signaling [59]. Moreover,
HPSE can be passively transported to the nucleus and affect gene expression by direct

interactions with chromatin and transcriptional machinery [60].

Tumor cells-derived HPSE also modulates immune cell infiltration into tumors, by realizing HS-
bound cytokines, chemokines and other molecules that attract immune cells and thereby
creating a chronic inflammation that supports the tumor development. This fosters immune
evasion, as immune cells as reprogrammed by tumor cells to support, rather than target the
tumor [55].
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1.4.2 Heparanase in immune cells

In contrast to the well-studied role of HPSE in cancer cells, the contribution of HPSE produced
by cells within the TME has been given far less attention [61]. HPSE expression has been
described in most immune cell populations. This expression can be induced by multiple stimuli
and is associated with promoting cell rolling and adhesion, cell activation and most important
in the context of this work, leukocyte migration and infiltration through inflamed and tumor
tissues [61].

HPSE expression plays an important role in dendritic cell migration through the ECM [62], in
macrophage activation and infiltration [63] and T cells activation and infiltration [64, 65]. Despite
being very important in disease context and specifically in tumor immunity, NK cells are the
populations in which the role of HPSE in NK cells is less understood. Only one study reported
that the cytotoxicity and activation are impaired in HPSE” NK cells, in response to poly (I:C)
[66]. Further studies are necessary to understand the roles of HPSE in NK cells, specifically

about HPSE contribution in NK cells migration and infiltration capacities.
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2 Aims

The successful capacity of immune cells to infiltrate and degrade the dense layers of
extracellular matrix that encapsulate solid tumors is essential for them to access tumor cells
and exert antitumor roles. Adoptive cell therapy have had, so far, less striking therapeutic
results in solid tumors than in lymphoid malignancies. Enhancing the infiltration capacity of
immune cells could improve the therapeutic efficacy of adoptive cell therapy in these tumors.

The main aim of my thesis is to validate a new strategy to improve NK cell infiltration into solid
tumors. To achieve this, a derivative of the NK-92 cell line, that constitutively expresses human
CD3 and CD8 (NK-92¢P3Cb8) - will be modified genetically to express an active form of

Heparanase (GS3) on the cell surface as an integral membrane protein (GS3™).

Moreover, | aim to provide new insights into HPSE in NK cell activation and infiltration capacity.
To this end, measurements of HPSE expression will be performed in primary human NK cells
upon different activation stimuli, and cell infiltration will be studied in tumor spheroids, using NK

cells isolated from HPSE-KO mice.
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Materials and Methods

3 Materials and Methods

3.1 Materials

3.1.1 Cell lines

The cell lines used in this thesis are listed below in table 1.

Materials Table 1 - Cell lines

Name

FaDu

FaDu/mWasabi

NK_92CD3/CD8

N K_92CD3ICDB

/GS3-mWasabi

NK_920D3ICD8

IGS3™

PCI-13

T2

TC-1

Description

Human adherent cell line; Head and Neck squamous cell
carcinoma (HNSCC); HPV-16-; HLA-A2-

Human adherent cell line; Head and Neck squamous cell
carcinoma expressing mWasabi (mWas) green
fluorescence protein; HPV-16-; HLA-A2-

Human suspension cell line, non-Hodgkin's lymphoma cell

line expressing human CD3 and CD8

Human suspension cell line, non-Hodgkin's lymphoma cell
line expressing human CD3 and CD8 and the GS3 on the
cell surface as an integral membrane protein linked to

mWas

Human suspension cell line, non-Hodgkin's lymphoma cell
line expressing human CD3 and CD8 and the GS3 on the

cell surface as an integral membrane protein

Human adherent cell line; Head&Neck squamous cell
carcinoma; HPV-16-; HLA-A2+

Human lymphoblastic suspension cell line

Mouse adherent cell line; Lung carcinoma

Source

Vlodavsky Lab'

DKFZ

DKFZ

DKFZ

DKFZ

DKFZ

DKFZ

Vlodavsky Lab'

17



UPCI-SCC-154

UPCI-SCC-154

ImWasabi

Materials and Methods

Human adherent cell line; Head and Neck squamous cell
carcinoma; HPV-16+; HLA-A2+

Human adherent cell line; Head and Neck squamous cell
carcinoma expressing mWasabi green fluorescence
protein; HPV-16+; HLA-A2+

DKFZ

DKFZ

Note: 1 - Technion Integrated Cancer Center (TICC), Rappaport Faculty of Medicine, Technion, Haifa

3.1.2 Antibodies

Antibodies used for intracellular and extracellular Flow cytometry (FC) staining of different

markers are listed in table 2. Table 3 lists the antibodies used for immunofluorescence

protocols.

Materials Table 2 - FC antibodies

Marker

Anti-myc tag

B7-H6

CD107a

CD137/4-1BB

CD152/CTLA-4

CD178/FAS-L

CD25

CD253/TRAIL

CD28

CD314/NKG2D

18

Fluorochrome Clone Dilution
Alexa Fluor® 647 9E10 1/50
- #875001 1/50
PE-Cy7 H4A3 1/200
PE-Cy7 4B4-1 3/100
APC BNI3 3/100
PE NOK-1 3/100
APC-Cy7 BC96 1/50
APC RIK-2 1/25
FITC CD28.2 1/200
PE 1D11 1/25

Supplier

Biolegend

R&D Systems

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend



CD335/NKp46

CD336/NKp44

CD337/NKp30

CD69

CD80

CD86

CXCR2

CXCR3

goat anti-rabbit

Hpa 733

KIR2DL4

Live/Dead

Live/Dead

MICA

MiCB

mouse IgG1

mouse IgG1

mouse IgG1

mouse IgG1

mouse lgG1

mouse IgG1

N-CAM1/CD56

Materials and Methods

APC

APC

APC

PE

FITC

APC

PE

FITC

Alexa Fluor® 647 (AF647)

PE

ZombieViolet

ZombieAqua

Alexa Fluor® 488

FITC

PE

PE.Cy7

APC

APC-Cy7

PE

9E2

P44-8

P30-15

FN50

2D10

BUG39

5E8/CXCR2

GO025H7

Polyclonal

mAb 33(33)

#159227

#236511

Polyclonal

MOPC-21

MOPC-21

MOPC-21

MOPC-21

MOPC-21

5.1H11

1/25

1/25

1/25

1/50

1/200

3/100

112

3/100

1/250

1/50

1/200

1/300

1/500

1/50

1/50

1/250

variable

variable

variable

variable

variable

1/50

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Abcam
Vlodavsky Lab?
Biolegend
Biolegend
Biolegend
R&D Systems
R&D Systems
SigmaAldrich
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend
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N-CAM1/CD56

NKG2A

PD-1

TIGIT

ULBP-1

ULBP-2

ULBP-3

FITC

PE

Alexa Fluor® 488 (AF488)

PE

Materials and Methods

HCD56 1/25 Biolegend
S19004C 1/25 Biolegend
EH12.2H7 1/200 Biolegend
A15153G 1/100 Biolegend
#170818 1/50 R&D Systems
#165903 1/50 R&D Systems
#166510 1/50 R&D Systems

Note: 1 - Technion Integrated Cancer Center (TICC), Rappaport Faculty of Medicine, Technion, Haifa

Material Table 3 - Immunofluorescence antibodies

Marker

N-CAM1/CD56

goat anti-mouse

3.1.3 Primers

Fluorochrome Clone

Cy3

CMSSB

Poly4053

Materials Table 4 - Primers used for RT-qPCR

Gene

CCL1

ccCL1

CD56

CD56

GAPDH

GAPDH

20

Reactivity

Human

Human

Human

Human

Human

Human

Primer

Forward

Reverse

Forward

Reverse

Forward

Reverse

Dilution Supplier

1/400 ThermoFisher Sicentific

1/500 Biolegend

Sequence

CTCATTTGCGGAGCAAGAGAT

GCCTCTGAACCCATCCAACTG

AGGATGGCAGTGAGTCAGAG

TCACACACAATCACGGCATC

GGAGCGAGATCCCTCCAAAAT

GGCTGTTGTCATACTTCTCATGG



GM-CSF Human
GM-CSF Human
IFNg Human
IFNg Human
IL-2 Human
IL-2 Human
3.1.4 Plasmids

Materials Table 5 - Plasmid used and developed for this thesis

Plasmid

pCMV-SB100X

pHIV-EGFP

pHIV-GS3-CD28TM-mWasabi

pSBbi-pur

pSBbi-pur-GS3-CD28TM-mWasabi

pSBbi-pur-mWasabi

pSBbi-pur-myc-GS3-CD28TM

Materials and Methods

Forward

Reverse

Forward

Reverse

Forward

Reverse

TCCTGAACCTGAGTAGAGACAC

TGCTGCTTGTAGTGGCTGG

TCGGTAACTGACTTGAATGTCCA

TCGGTAACTGACTTGAATGTCCA

AACTCCTGTCTTGCATTGCAC

GCTCCAGTTGTAGCTGTGTTT

Manufacturer Identifier
Addgene 34879
Addgene 21373

I. Quiros-Fernandez/A. Cid-Arregui N/A
Addgene 60523

S. Libdrio-Ramos/ |. Quiros-Fernandez/A. Cid- N/A

Arregui
I. Quiros-Fernandez/A. Cid-Arregui N/A
I. Quiros-Fernandez/A. Cid-Arregui N/A
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3.1.5 Chemicals, supplements and reagents

Materials Table 6 - List of Chemicals, Supplements and Reagents

Name

10X Buffer Tango

4’ 6-diamidino-2-phenylindole

(DAPI)

Agarose

Ampicilin (AMP)

Bcul (Spe ) 10 U/uL

Biofloat™ Flex coating solution

Bsu15I (Clal) 10 U/uL

Buffer G 10X

CCL19
Di-methyl sulfoxide (DMSO)

Dulbecco’s Modified Eagle’s
Medium (DMEM) + GlutaMAX™.-
I

22

Purpose

DNA cloning

Miscellaneous

DNA

purification

Bacteria

culture

DNA cloning

Cell culture

DNA cloning

DNA cloning

Cell culture

Cell culture

Cell culture

Supplier
ThermoFisher Sicentific,
Waltham
ThermoFisher Sicentific,

Waltham

Carl Roth, Karlsruhe

Sigma-Aldrich, Steinheim

ThermoFisher
Waltham

Sicentific,

faCellitate, Mannheim

Germany

ThermoFisher Sicentific,

Waltham

ThermoFisher
Waltham

Sicentific,

In house

Sigma-Aldrich, Steinheim

Gibco,

Sicentific, Waltham

ThermoFisher

Reference

BY5

D3571

3810.3

A5354

ER1251

F202005

ER0145

BG5S

67-68-5

21885-025



Dulbecco’s
Buffered Saline (PBS)

Fetal Bovine Serum (FBS)

Ficoll® Paque Plus

Geltrex™

Human IL-15

Human IL-2

Human TruStain FcX
Lipopolysaccharide (LPS)

Mowiol

Penicillin/Streptomycin

(P

Phosphate

10,000 U/mL; S - 10,000 pg/mL)

Propidium lodide (PIl) solution

RPMI 1640 1X + GlutaMAX™.]

Sfi 110 U/uL

SyBR Green Master Mix

T4 DNA ligase

Materials and Methods

Miscellaneous

Cell culture

Cell isolation

Cell culture

Cell culture

Cell culture

FC staining

Cell activation

Tumor
sections

Cell culture

Miscellaneous

Cell culture

DNA cloning

RT-gPCR

DNA cloning

Gibco,

Sicentific, Waltham

ThermoFisher

Gibco,

Sicentific, Waltham

ThermoFisher

Merck, Darmstadt, Germany

ThermoFisher Sicentific,
Waltham
Peprotech, Hamburg,
Germany
Peprotech, Hamburg,
Germany

Biolegend, San Diego, USA

Sigma-Aldrich, Steinheim

Sigma-Aldrich, Steinheim

Gibco,

Sicentific, Waltham

ThermoFisher

Biolegend, San Diego, USA

Gibco,

Sicentific, Waltham

ThermoFisher

ThermoFisher Sicentific,
Waltham
ThermoFisher Sicentific,
Waltham
ThermoFisher Sicentific,

Waltham

14190-094

10270-106

GE17-1440-03

A15696-01

200-15

200-02

422301

L8274

81381-50G

15150-122

421301

61870-010

ER1821

4385612

ELOO11



Tag-it Violet™ cell tracking dye

ThinCert® 96 well HTS insert

Trypan blue stain (0.4 %)

TrypLE™ Express Enzyme

Trypsin-EDTA (0.05 %)

Xbal 10 U/uL

X-VIVO™20
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Miscellaneous

Cell culture

Cell culture

Cell culture

DNA cloning

Cell culture

Biolegend, San Diego, USA

Greiner

ThermoFisher Sicentific,

Waltham

Gibco,
Sicentific, Waltham

ThermoFisher

Gibco,
Sicentific, Waltham

ThermoFisher

ThermoFisher Sicentific,

Waltham

Lonza, Basel, Switzerland

425101

15250-061

12605-010

25200-056

ER0681

04-448Q
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3.1.6 Buffers, solutions and media

Materials Table 7 - List of Buffers, Solutions and Media

Name

0.5M Ethylenediaminetetraacetic
acid (EDTA)

1X Perm buffer

4 % Paraformaldehyde (PFA)

50 mM (NH4)Cl

Ammonium chloride potassium
(ACK) lysis buffer

Blocking solution

FACS buffer

Freezing medium

LB medium

LB-Agar medium

PBS-Tween(T) 20

SOB medium

SOC medium

Sodium citrate buffer

Components

(for 500 mL): 93.085 g of EDTA in ddH20, pH 8

ddH20 + 10 % 10X Perm buffer

(for 100 mL): 4g PFA + 60 mL ddH.O, heat 60 °C + 1.87g
NaHzPO4 + 0.428 g NaOH pH 7.2-7.4

(for 1000 mL, autoclaved): 1L of ddH20 + 2.6745 g of (NH4)ClI

(for400 mL): 3.3 g NH4Cl + 0.4 g KHCOs + 14.88 mg Na2EDTA,;
pH 7.2-7.4

PBS + 2 % Fetal calf serum + 2 % Bovine serum albumin + 0.2

% Fish gelatine
PBS + 0.5 % bovine serum albumin fraction V
90 % FBS + 10 % DMSO

(for 1000 mL, autoclaved): 10 g Tryptone + 5 g yeast extract +
10 g NaClpH 7.5

(for 1000 mL, autoclaved): 10 g Tryptone + 5 g yeast extract +
0.10 g NaCl + 15 gAgar pH7.5

PBS + 0.05 % Tween 20

(for 1000 mL, autoclaved): 20 g Tryptone + 5 g yeast extract +
0.58 g NaCl + 0.18 g KCI + 0.95 g MgCl2 + 1.20 g MgSO4 pH
7

(for 1000 mL, autoclaved): 1L of SOB medium + 3.6 g Glucose

ddH20 + 10 Mm of Sodium citrate (CsHsNa3O7) + 0.05 %

Tween 20
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3.1.7 Kits

Materials Table 8 - List of kits

Name

BD Cytofix/Cytoperm™ Plus
Fixation/Permeabilization
Solution Kit with BD
GolgiStop™

Cell Activation Cocktail

NK Cell Isolation Kit, mouse

NucleoSpin® RNA Plus

QIAGEN Plasmid Midi Kit

QlAprep Spin Miniprep Kit

QlAquick Gel Extraction Kit

qScript™ cDNA Synthesis Kit

RevertAid First Strand cDNA
Synthesis Kit

SE Line 4D-Nucleofector™ X
Kit S

T Cell TransAct™ Human

Detect PCR

Mycoplasma Detection Kit

Trans
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Purpose

Flow Cytometry

Cell activation

Cell isolation

RNA synthesis

Plasmid DNA

purification

Plasmid DNA

purification

Plasmid DNA

purification

cDNA synthesis

cDNA synthesis

Electroporation

Cell activation

Mycoplasma

screening

Supplier

BD (Becton Dickinson &

Company) Franklin Lakes

Biolegend, San Diego, USA

Miltenyi  Biotec,

Gladbach

Bergisch

Macherey-Nagel, GmbH & Co.
KG, Diren, Germany

Qiagen, Hilden

Qiagen, Hilden

Qiagen, Hilden

Quantabio, Berverly MA, USA

ThermoFisher Sicentific,

Waltham

Lonza, Basel, Switzerland

Miltenyi  Biotec,

Gladbach

Bergisch

TransGen BioTech, China

Reference

554715

423301

130-115-818

740984.50

12143

27104

28704

95047-100

K1621

V4XC-1032

130-111-160

FM311-01



ZymoPURE™ I
Midiprep Kit

Plasmid

3.1.8 Consumables

Materials and Methods

Plasmid DNA

purification

Materials Table 9 - List of consumables

Name

96-well plates V bottom

Cell culture dishes (35 mm, 90

mm)

Cellstar® Cell Culture Flasks
(25, 75 cm?)

Conical Tubes (15 mL, 50 mL)

Safe-Lock
(1.5

Eppendorf
Microcentrifuge Tubes
mL, 2 mL)

Falcon® 70 ym Cell Strainer

Falcon® Polystyrene Round
Bottom Tubes (14 mL)

Falcon® Polystyrene Round
Bottom Tubes (5 mL)

Flat-bottom cell culture plates
6, 24, 48 and 96-well

Needles (30G)

Purpose

FC staining

Miscellaneous

Cell culture

Miscellaneous

Miscellaneous

Cell isolation

Mini bacteria

cultures

FC staining

Cell culture

In vivo cell

injection

Zymo  Research

Supplier

ThermoFisher Sicentific,
Waltham

Techno Plastic Products
(TPP), Trasadingen

Greiner Bio-one,

Frickenhausen

Greiner Bio-one,

Frickenhausen

Eppendorf, Hamburg

Corning, New York

Corning, New York

Corning, New York

Techno Plastic Products
(TPP), Trasadingen

BD (Becton Dickinson &
Company) Franklin

Lakes

Europe D4200-A
GMBH, Freiburg, Germany

Reference

249944

93040, 93100

69175, 658175

188241, 22745

0030120086,
0030120094

352350

352059

352052

92006, 92024,

92048, 92096

304000
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New Brunswick Innova® 44 - Bacteria cultures Eppendorf, Hamburg M1282-0010
Stackable Incubator Shaker

Spheroid Microplate, 96-well Spheroid culture  Corning, New York 4515
black with clear round bottom

ultra-low attachment

Superfrost slides Tumor sections Buddeberg GmbH, J1800AMNZ
Mannheim
TC Plate 96 Well, Suspension  Spheroid culture  Sarstedt, Nimbrecht 83.3925500
Terumo® Syringe Miscellaneous Terumo Deutschland MDSSO01SE,
3-part Syringes (1 mL, 5 mL) GmbH, Eschborn MDSSO05SE
3.1.9 Equipment and devices
Materials Table 10 - List of Equipment and Devices
Name Purpose Supplier
Azure Imager c400 Documentation Azure Biosystems, Dublin CA, United Sates
agarose gels
BD FACSAria™ Fusion Cell sorting BD (Becton Dickinson & Company) Franklin
Lakes
BD FACSCanto Il FC measurement BD (Becton Dickinson & Company) Franklin
Lakes
Centrifuge 5415 D Miscellaneous Eppendorf, Hamburg
Centrifuge 5810 R Miscellaneous Eppendorf, Hamburg
CFX Connect™ Real-Time RT-gPCR Bio-Rad Laboratories, Hercules
System
Easy Sep™ Magnet Cell Isolation StemCell Technologies, Vancouver
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Heracell 240i Incubator

Heraeus Biofuge Fresco

refrigerated centrifuge

HeraSafe™ Laminar flow
hood

ImageStream X MKII

Leica DM IL LED Inverted

laboratory microscope

Lonza 4D Nucleofector x

instrument

NanoDrop 1000 UV

NanoDrop One

Neubauer cell counting
chamber
PowerPac Power 200
Supplies

RM 2135 microtome

Step One Plus Real-Time
PCR System

Thermomixer comfort

Vortex Genie 2

Water bath Jubalo 8A

Zeiss Axio Scan.Z1

Materials and Methods

Cell culture

Miscellaneous

Cell culture

Imaging FC

measurement

Miscellaneous

Electroporation

DNA/RNA isolation

DNA/RNA isolation

Cell counting

Electrophoresis

Tumor sections

RT-gPCR

Miscellaneous

Miscellaneous

Miscellaneous

Tumor sections

scanning

ThermoFisher Sicentific, Waltham

M & S Laborgerate GmbH, Wiesloch,

Germany

ThermoFisher Sicentific, Waltham

Cytek Biosciences B.V., Amsterdam

The Netherlands

Leica Microsystems Sales GmbH, Wetzlar,

Germany

Lonza, Basel, Switzerland

ThermoFisher Sicentific, Waltham

ThermoFisher Sicentific, Waltham

Sigma-Aldrich, Steinheim

Bio-Rad Laboratories, Hercules

ThermoFisher Sicentific, Waltham

ThermoFisher Sicentific, Waltham

Eppendorf, Hamburg

Scientific Industries, New York

Julabo, Seelbach

Carl Zeiss, Jena, Germany

29



Zeiss Celldiscoverer 7

Zeiss LSM 900 Airyscan

30
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Confocal Carl Zeiss, Jena, Germany
Microscopy
Confocal Carl Zeiss, Jena, Germany
Microscopy



Materials and Methods

3.1.10 Softwares

Materials Table 11 - List of Softwares

Name Purpose Version  Supplier
BD FACSDiva™ FC data acquisiton V6.2 BD (Becton Dickinson & Company)
Franklin Lakes

BioRender Figures 2024 BioRender, Toronto, Canada

CellProfiler™ Microscopy images  V4.2.6 Broad Institute, Cambridge,
analysis Massachusetts

EndNote™ Reference X 20 Thomson Reuters, Carlsbad

FlowJo™ FC data analysis V10.7.2 BD (Becton Dickinson & Company)

Franklin Lakes

GraphPad Prism Graphs; Statistical V10 GraphPad Software, San Diego, USA
analysis

lluminex IDEAS Imaging-FC data V5.0 Amnis, EMD Millipore
analysis

ImageJ/Fiji Microscopy images  2.15.1 National Institutes of Health, New York
analysis

Microsoft Excel Data analysis 2016 Microsoft, Redmond

Microsoft PowerPoint Figures 2016 Microsoft, Redmond

Microsoft Word Writing 2016 Microsoft, Redmond

SnapGene Viewer DNA cloning V5.1.5 GSL Biotech LLC, Boston

Zeiss ZEN Microscopy data V3.7 Carl Zeiss, Jena, Germany

analysis
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3.2 Methods

3.2.1 Cell lines

Cells were thawed in the water bath at 37 °C and added to a 15 mL Falcon containing 6 mL of
DMEM medium supplemented with 10 % of FBS. Cells were then centrifuged at 300xg for 5
min, resuspended in their respective medium and plated in the appropriate culture flask,
according to the cell number. The next day, medium was changed. All cell lines were kept in a
humidified incubator at 37 °C, with 5 % CO.. Screenings for mycoplasma contamination were
performed regularly, using the Trans Detect PCR Mycoplasma Detection Kit (TransGen
Biotech). Cells were monitored and spilt or frozen upon reaching 70-80 % of confluency.

3.2.1.1 Adherent cell lines

HNSCC cell lines, UPCI-SCC-154, UPCI-SCC-154/mWasabi, PCI-13, FaDu and
FaDu/mWasabi were cultured in DMEM, supplemented with 10 % FBS and 1 % P/S. Lung
carcinoma cell line, TC-1, was cultured in RPMI-1640, supplemented with 10 % FBS and 1 %
P/S. When splitting or freezing was required, the medium was removed, cells were washed
with PBS and incubated with 2 mL Trypsin-EDTA (0.05 %) for 2-5 min at 37 °C. Whenever cells
were split for an experiment, TrypLE™ Express Enzyme was used instead. Detached cells
were collected in 5 mL medium and centrifuged at 300xg for 5 min. After removing the
supernatant, cells were resuspended in 5 mL of medium and transferred back to the respective

flasks in a 1:5 dilution, or counted and seeded for experiments.

3.2.1.2 Suspension cell lines

NK-92/CP3/Ch8 - NK-92/CP3/CD8/GS3-CD28TM-mWasabi  (NK-92€P%CP8/GS3-mWas) and NK-
92/CP3CD8IMyc-GS3-CD28TM  (NK-92CP¥CP8/GS3™) cells were cultured in X-VIVO™20
supplemented with 2.5 % FBS. For splitting, or experiments, suspension cells were harvested
and centrifuged at 300xg for 5 min. Cells were then resuspended in medium and handled as

described in 3.2.1.1 for adherent cells.
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3.2.2 Mice

NOD/SCID, Heparanase knockout (HPSE-KO) [67] and wildtype (WT) C57BL/6 mice were
maintained in the animal facility of the Rappaport Faculty of Medicine (Technion, Haifa), in
standard controlled environment (55 % humidity, 22-24 °C, 12 h light's cycle, food and
water ad libitum) and housed in proper cages. All experiments were performed in accordance
with the Technion's Institutional Animal Care and Use Committee.

3.2.3 Isolation of non-adherent peripheral blood mononuclear cells

Peripheral blood samples from healthy donors were provided by the Blood Banking Facilities
(Institut fur Klinische Transfusionsmedizin und Zelltherapie Heidelberg, IKTZ, GmbH).
Peripheral blood mononuclear cells (PBMCs) were isolated by technicians in our laboratory
using Ficoll-Paque density gradient centrifugation, following the protocol recommended by the
provider. First, the blood concentrates were diluted 1:2 with PBS with 2 mM EDTA and then, in
a 50 mL conical tube, 35 mL of the diluted sample was carefully layered over 15 mL of Ficoll®
Paque Plus (GE Healthcare), followed by centrifugation at 400xg for 30 min at 20 °C ( brake
set to 0). After, the upper layer was removed, and the mononuclear cell layer was carefully
transferred to a new 50 mL tube. In order to remove the platelets and obtain a more pure
PBMCs population, cells were washed twice with 50 mL of PBS and centrifuged for 10 min at
200xg for 15 min at 20 °C. PBMCs were then counted and frozen in aliquots of 4-6 x 107 cells

in freezing medium and stored in liquid nitrogen.

3.2.3.1 In vitro activation of PMBCs

PBMCs from 3 donors were thawed and plated overnight in 3 mL of X-VIVO™20. Then, the
non-adherent cells were obtained by swirling several times the plate and collecting the medium.
Cells were centrifuged at 300xg for 5 min, resuspended in X-VIVO™20, counted and plated in
48-well plates (1 x 10° cells per well) with cell activation cocktail (10 ng/mL of PMA and 1 x 10°
ng/mL of lonomycin; section 3.1.7, table 8) for 4 h. As a control, cells were plated in medium

only (non-activated cells).
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To evaluate indirect short-term activation of NK cells within PBMCs, cells were plated as
described above and incubated with T Cell TransAct™ Human (section 3.1.7, table 8) for 24 h,
48 h, and 72 h. For long-term activation, cells were also treated with T Cell TransAct™ Human
and subsequently cultured for 20 days in X-VIVO™20 supplemented with 100 U/mL of IL-2 and
0.01 ng/mL of IL-15.

Following the incubation, cells were collected and stained for CD56 and polyclonal Hpa 733
antibodies as detailed in section 3.2.7 for FC analysis of surface and intracellular expression of
HPSE in NK cells.

3.2.3.2 Enrichment and activation of primary NK cells from human PBMCs

Dr. Isaac Quiros-Fernandez was responsible for the enrichment and expansion of primary NK
cells from PBMCs. | proceeded with the activation and analysis of the cells. Enrichment and
expansion of primary NK cells from PBMCs was performed by co-culture of these cells with T2
cells. For that, an aliguot of PBMCs was thawed and plated overnight in X-VIVO™20
supplemented with 5 % of FBS and 400 U/mL of IL-2. The following day, T2 cells were collected,
centrifuged at 300xg for 5 min, resuspended in RPMI 1640 medium, counted and subjected to
gamma irradiation (10 Gy). Then, non-adherent PBMCs were collected as described in 3.2.3.1,
centrifuged at 300xg for 5 min, resuspended in medium and counted. A co-culture was started
in a 6-well plate with 5 x 10 PBMCs and 5 x 10° irradiated T2 cells (10:1 ratio) in X-VIVO™20
supplemented with 5 % of FBS and 400 U/mL of IL-2. Cells were monitored daily and when
necessary, medium was changed, or cells were transferred to a bigger flask. Every couple of
days an aliquot was taken for FC staining to analyze the percentage of NK cells. After 14 days
in culture, cells were collected, centrifuged at 300xg for 5 min, resuspended in X-VIVO™20
supplemented with 5 % of FBS and 400 U/mL of IL-2, counted, and plated in 48-well plates (0.5
x 10° cells per well) with cell activation cocktail (10 ng/mL of PMA and 1 x 10° ng/mL of
lonomycin; section 3.1.7, table 8) for 4 h and 20 h. As a control, cells were plated in medium
only (non-activated cells). Following the incubation, cells were collected and stained for CD56
and polyclonal Hpa 733 antibodies as detail in the section 3.2.7.1 for FC analysis of surface

expression of HPSE in NK cells.
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3.2.4 In vitro activation of NK-92CP3/CD8 cells with PMA and lonomycin

NK-92¢DP3/Ch8 cells [68], a derivative of the NK-92 cell line, were harvested, added to a 15 mL
tube and centrifuged at 300xg for 5 min. Supernatant was discarded, cells were resuspended
in X-VIVO™20 supplemented with 5 % of FBS and counted. Cells were then plated in 48-well
plates (0.5 x 108 cells per well) with 500 pL of medium and with cell activation cocktail (10
ng/mL of PMA and 1 x 10° ng/mL of lonomycin section; 3.1.7, table 8) for 4 h and 20 h. Following
the incubation, cells were collected and stained with Hpa 733 polyclonal antibody as detail in
the in 3.2.7.1 for FC analysis of HPSE surface expression.

3.2.5 Generation of HNSCC cell lines with stable mWasabi expression

Generation of UPCI-SCC-154/mWasabi, FaDu/mWasabi and PCI-13/mWasabi cell lines was
carried out as previously described [68]. FaDu/mWasabi, UPCI-SCC-154/mWasabi and PCI-
13/mWasabi cell lines were generated in our laboratory by Dr. Quiros-Fernandez and A. Cid-

Arregui (unpublished results).

A synthetic gene encoding the mWasabi fluorescent protein [69] was obtained from Twist
Bioscience and cloned in the pSBbi-Pur plasmid (RRID Addgene_60523) [70] using the Ncol
and Xbal restriction sites. 1x10° FaDu cells were washed twice with PBS and resuspended in
20 pL of SE Nucleofector solution (Lonza) containing 1 pL of DNA mix (0.6 pg pSBbi-mWasabi
and 0.4 pg pCMV-SB100X) (RRID:Addgene_34879) [71]. Immediately after, electroporation
was carried out with the Lonza 4D Nucleofector x instrument using the SE Cell Line 4D-
Nucleofector™ X Kit S with the CA163 program. The electroporated cells were incubated at
room temperature (RT) for 10 min and then cells were retrieved in DMEM with 10 % FBS and
transferred to a 48-well plate with 1 mL of pre-warmed medium per well. After two weeks in
culture, the expanded cells underwent two sequential sortings based on mWasabi expression,
to establish the cell line with homogeneous and stable green fluorescent protein expression.
Dead cells were excluded using DAPI staining, and m\Wasabi positive cells were sorted with a
BD FACSAria™ Fusion. After each sorting, cells were placed back in culture in DMEM with 10
% FBS and 1 % of P/S and expanded from there.
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3.2.6 Co-culture of NK-92¢€b3/CD8 ith HNSCC cell lines

UPCI-SCC-154/mWasabi and FaDu/mWasabi cells were seeded in 100 pL of medium (1 x 10°
cells/well) in flat bottom 96-well plates (triplicates) and left to adhere for 18 h. Then, the medium
of each well was removed and co-cultures were initiated by adding 1 x 10° NK-92€P3CD8 ce||s
per well in 100 pL of X-VIVO™20 supplemented with 2.5 % FBS. As control, NK-92¢P3/CP8 cells
were seeded alone. After 72 h of co-culture, cells were collected and stained with Hpa 733
polyclonal antibody as detail in the 3.2.7.1 for FC analysis of HPSE surface expression. For FC
analysis 10,000 events were acquired from live cells. NK-92¢P¥CP8 cel|s were gated as mWasabi
negative (-) single live cells.

3.2.7 Flow cytometry analysis

FC stainings were performed in 96-well V-bottom plates, on ice, in the dark. All centrifugation
steps were done at 250xg for 3 min at 4 °C and supernatants were discarded by fast plate
inverting. All antibodies and dyes, as well as respective dilutions, are described in section 3.1.2,
table 2. Unless stated otherwise, cells were washed twice with 200 pL of FACS buffer between

every step of the protocol.

3.2.7.1 Cell surface staining

Cells were collected, washed and incubated with Human TruStain FcX in 100 pL of FACS buffer
for 10 min at RT. After blocking the Fc receptors to prevent non-specific immunoglobulin
binding, cells were immunostained against cell surface proteins, with the respective antibodies
in 50 pL of FACS buffer for 20 min, on ice, in the dark. Afterwards, cells were washed and either
incubated with appropriate secondary antibodies diluted in 100 pL of FACS buffer or
immediately resuspended in 200 pL of FACS buffer containing DAPI. If the incubation with a
secondary antibody was necessary, then cells were washed and finally resuspended in 200 pL
of FACS buffer containing DAPI and collected into FACS tubes.
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3.2.7.2 Intracellular protein staining

For intracellular staining, cells were first collected, washed twice with PBS at RT and then
stained with the Live/Dead marker, Zombie Violet or Zombie Aqua, diluted in 100 uL of PBS for
15 min at RT. Cells were then washed twice with FACS buffer and incubated with Human
TruStain FcX diluted in 100 pL of FACS buffer for 10 min at RT. Afterwards, cells were washed
and incubated in 100 pL of the fixation/permeabilization solution, using the Cytofix/Cytoperm™
Plus Kit, for 20 min, on ice, in the dark. Then, the cells were stained with the respective
antibodies (section 3.1.2, table 2) diluted in 50 pL of 1X Perm Buffer for 20 min on ice and in
the dark. When required, cells were washed and incubated with the appropriate secondary
antibody diluted in 100 pL of FACS buffer (section 3.1.2, table 2). As a final step, cells were
resuspended in 200 pL of FACS buffer and collected into FACS tubes.

3.2.7.3 Data acquisition and analysis

FC acquisition was performed on a BD FACS Canto Il flow cytometer with the BD FACSDiva
software. Before starting with data acquisition, single antibody stainings were used as
compensation controls to generate automatic compensation and correct spectral overlap. The

data was analyzed using FlowJo v10.7.1 software.

3.2.8 Isolation of primary mouse NK cells from splenocytes

WT and HPSE-KO mice were sacrificed by cervical dislocation and spleens were harvested.
Spleens were then placed on top of 70 pum cell strainer fixed on a 50 mL tube. Murine spleen
cells were isolated by passing the spleen through a 70 um nylon mesh with the help of 5 mL of
FACS buffer and the mechanical pressure of the back of a 5 mL syringe. Cell suspensions were
centrifuged at 300xg for 10 min at 4 °C and resuspended in 5 mL of ACK lysis buffer for 10 min
at RT. Lysis was stopped by adding 40 mL of cold PBS and cells then were centrifuged at
300xg for 10 min at 4 °C. Primary mouse NK cells were isolated from splenocytes by depletion
of non-target cells, using the mouse NK Cell Isolation Kit. In short, cells were counted and
centrifuged at 300xg for 10 min at 4 °C. The cell pellet was resuspended in 40 pL of FACS
buffer per 107 cells plus 10 pL of NK Cell Biotin-Antibody cocktail per 107 cells, transferred to a
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FACS tube, and incubated for 5 min at 4 °C, in the dark. Cells were then washed with 3 mL of
FACS buffer and centrifuged at 300xg for 10 min at 4 °C. Supernatant was removed, the cell
pellet was resuspended in 80 puL of FACS buffer per 107 cells plus 20 puL of Anti-Biotin
MicroBeads per 107 cells and cells were incubated for 10 min at 4 °C, in the dark. After the
incubation period, 400 pL of FACS buffer were added to the sample and the magnetic
separation was carried out using the Easy Sep™ Magnet. Samples tubes were placed inside
the magnet for 5 min. Afterwards, the desired unbound fraction of cells (NK cells) was poured
to a new FACS tube. For each sample the magnetic labelling and separation was performed
twice. For downstream analysis, NK cells from two WT or HPSE-KO mice were pooled.

3.2.9 Heparanase enzymatic activity
Measurements of HPSE activity were performed at the Technion Institute by Malik Farhoud in
the laboratory of Prof. Dr. Israel Vlodavsky. For the analysis of HPSE activity in NK cells, 35-

mm ECM-coated dishes were prepared as previously described [72, 73].

HPSE activity was measured by quantifying the release of sulfate labeled HS degradation
fragments. To assess HPSE activity in NK cell extracts, 1 x 10° cells were lysed through three
freeze/thaw cycles. The resulting cell extracts were then incubated with 3S-labeled ECM for
18 h at 37 °C and pH 6.0. Following incubation, 1 mL of the medium containing the degradation
fragments was subjected to gel filtration using a Sepharose CL-6B column. Fractions of 0.2 mL
were eluted with PBS, and their radioactivity was measured using a B-scintillation counter.
HPSE-generated degradation fragments of HS side chains were eluted at 0.5 < Kav < 0.8
(fractions 15-30).

3.2.10 Optimization of tumor spheroid culture

Tumor spheroids were generated from UCPI-SCC-154, PCI-13, FaDu and TC-1 cell lines. First,
96-well tissue cultured (TC) suspension plates were coated with 100 pL of Biofloat™ Flex
coating solution for 3 min. After, the liquid was completely removed and plates were left open
to air-dry at RT, inside the laminar flow hood. Several seeding densities were then tested: 2.5
x 103 cells/well; 5 x 102 cells/well; 1 x 10* cells/well; 2 x 10* cells/well; 3 x 10* cells/well. Cells
were seeded in 100 pL of respective medium. The plate was then centrifuged at 250xg for 5

min at RT and then placed in the incubator. Spheroid formation and size were monitored daily
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until they reached approximately 0.3 mm. Spheroid diameters were quantified using ImageJ/Fiji

software.

3.2.11 Co-culture of TC-1 spheroids with primary mouse NK cells

Tumor spheroids were generated by seeding 2 x 10* TC-1 cells per well in 96-well TC
suspension plates as described in 3.2.10. After 3 days, WT and HPSE-KO primary mouse NK
cells were isolated as described in 3.2.8 and stained with Tag-it Violet™ cell tracking dye. For
that, cells were washed twice with 1 mL of PBS, centrifuged at 300xg for 5 min at RT and then
resuspended in 100 pL of PBS containing the tracking dye (dilution 1:500). Cells were then
incubated for 15 min at 37 °C in the water bath and then washed twice with 1 mL of X-VIVO™20
with 10 % FBS, followed by centrifugation at 300xg for 5 min at RT. NK cells were resuspended
at a density of 1 x 10° cells/mL in X-VIVO™20 with 2.5 % FBS. To initiate co-culture, the
medium from the spheroid-containing wells was removed and replaced with 100 pL of the NK
cell suspension (10 cells/well). After 24 h, co-cultures were terminated, supernatants removed,
and spheroids were washed twice with 200 pL of PBS for 5 min at RT in agitation. Spheroids
were then fixed with 100 pyL of 4 % PFA for 30 min at RT and in agitation. After fixation,
spheroids were washed as described above and stained with 100 pL of Pl (1/100) for 20 min
at RT and in agitation. Z-stack images were acquired using a Zeiss LSM 900 Airyscan confocal
microscope. Images were captured with a 10X objective lens, with blue channels for NK cells
visualization and red channels for visualizing the spheroids. Each scanning layer was 1.96 um
thick, with a total scan depth of 72 um. Five spheroids per condition were analyzed. To quantify
NK cell infiltration, an image analysis protocol was developed using CellProfiler™ v4.2.6. First,
single-channel images were converted from color to grayscale for software compatibility. A
module was then implemented for the automatic recognition of blue channel intensity (NK cells)
and another for the recognition of the spheroid area in the red channel. The output included the
intensity of the blue channel and the area of the spheroid. NK cell infiltration was calculated as
the ratio of NK cell intensity to spheroid area, multiplied by 100. Results are presented as the

percentage of NK cell infiltration within a spheroid.
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3.2.12 Generation of NK-92CP3/CD8 cg||s stably expressing membrane-bound
fusion protein of active HPSE (GS3™) linked to a green fluorescence protein
(mWasabi)

The design of the synthetic gene encoding the constitutively active Heparanase (GS3) [74]
linked to CD28 transmembrane domain (TM) linked to mWasabi was done in our laboratory by
I. Quiros-Fernandez and A. Cid-Arregui. This gene included the insertion of a Xbal and Sfil
restriction site at the 3' end of the GS3 cDNA and the insertion of a Sfil and Clal at the 5" end
of the mWasabi cDNA. Additionally, a Ncol restriction site was introduced at the 3' end of the
mWasabi cDNA to enable the removal of the green fluorescent protein from the construct. The
GS3-CD28TM-mWasbasi was inserted into the pSBbi-pur plasmid between the Sfi | and Xbal
sites. Samples were then run on a 0.8 % agarose and the fragments were purified using the
QIAquick Gel Extraction Kit, following the manufacturer instructions. DNA concentration was

measured in the Thermo Scientific NanoDrop One.

3.2.12.1 Transformation of DH5a with pSBbi-pur-GS3-CD28TM-mWasbasi
plasmid

DH5a bacteria were transformed by standard heat-shock protocol. In brief, 1 pL of pSBbi-pur-
GS3-CD28TM-mWasbasi plasmid DNA was added to 20 pL thawed DH5a bacterial stocks and
subsequently incubated for 30 min on ice. As a negative control, no plasmid DNA was added
and as a positive control 1 pL of puc19 DNA was added. Next, a 30 s heat shock at 42 °C was
performed, followed by a 5 min incubation on ice. After, 200 uL of SOC medium was added to
the bacteria and the mix was incubated for 1 h at 37 °C in agitation. After this incubation, 150
uL of the transformed bacteria were plated onto LB AMP agar plates and incubated at 37 °C

overnight.

3.2.12.2 Plasmid Minipreps

2 mL LB AMP medium based liquid mini bacterial cultures were prepared using scraped
bacteria from 3 different colonies present in the agar plate plated with pSBbi-pur-GS3-

CD28TM-mWasbasi transformed bacteria. These mini cultures were left to growth for 6 h at 37
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°C, in agitation (180 rpm). Afterwards, 1.4 mL from each mini culture were used for DNA
purification, using the QlAprep Spin Miniprep Kit. DNA concentration was measured in the
Thermo Scientific NanoDrop One. Minipreps were evaluated by restriction enzyme analysis to
assess successful cloning. Positive clone sequences were then confirmed by Sanger DNA

sequencing.

3.2.12.3 Plasmid Midipreps

Based on sequencing results and DNA concentration, one miniprep was chosen to inoculate a
maxi culture. For that, 50 pL of the liquid mini bacterial cultures were added to a 100 mL LB
AMP medium based liquid culture and incubated overnight in agitation (180 rpm). Plasmid DNA
purification was performed using the ZymoPURETM Il Plasmid Kit, according to the
manufacturer instructions. DNA concentration was measured in the Thermo Scientific

NanoDrop One and plasmid DNA was stored at -20 °C.

3.2.12.4 Electroporation of NK-92CP3/CD8 ce|ls with pSBbi-pur-GS3-CD28TM-
mWasbasi plasmid

Electroporation was carried out similarly to what is described in section 3.2.5. Briefly, 1x10°8
NK-92€P3/Ch8 cells were washed twice with PBS and resuspended in 20 uL P3 Nucleofector
buffer (Lonza) containing 1 pL of DNA mix (0.6 pg pSBbi-pur-GS3-CD28TM-mWasbasi and 0.4
ng pCMV-SB100X). Immediately after, electroporation was carried out with the Lonza 4D
Nucleofector x instrument using the EH115 program. The electroporated cells were incubated
at RT for 10 min and then were retrieved in X-VIVO™20 with 10 % FBS and transferred to a
48-well plate well with 1 mL of pre-warmed medium. After two weeks in culture, the expanded
cells were stained with anti myc-tag Alexa Fluor® 647, as described in section 3.2.7.1 but in
200 pL of antibody mix. After, cells were sorted twice based on myc expression, to establish a
homogeneous and stable population of NK-92¢P3¥CP8/GS3-mWas cells. Dead cells were
excluded using DAPI staining, and cells were sorted with a BD FACSAria™ Fusion. After each
sorting cells were placed back in culture in X-VIVO™20 with 10 % FBS and expanded from

there until there were enough cells to reduce the FBS content to 2.5 %.
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3.2.13 Generation of NK-92CDP3/CD8 cg||s stably expressing membrane-bound
fusion protein of active HPSE (GS3™)

The design of the synthetic gene encoding a myc tag linked to the GS3 which in turn was linked
to CD28TM domain was done by I. Quiros-Fernandez and A. Cid-Arregui. The myc-GS3-
CD28TM was cloned using the Spel and Xbal restriction sites, which resulted in the plasmid p-
SBbi-pur-myc-GS3-CD28TM. This cloning followed the steps described for bacterial
transformation (section 3.2.12.1), plasmid miniprep preparation (section 3.2.12.2), plasmid
midiprep preparation (section 3.2.12.3) and finally electroporation (section 3.2.12.4). | was
responsible for several of the cloning steps and for the electroporation of NK-92¢P3/CP8 cel| with
the p-SBbi-pur-myc-GS3-CD28TM plasmid. The sorting of these cells to obtain a stable

population of NK-92¢P3/CP8/GS3™ cells was done in collaboration with |. Quiros-Fernandez.

3.2.14 Imaging flow cytometry

Imaging-FC was performed on NK-92¢P¥/€b8 NK-92¢P3/Ch8/GS3-mWas and NK-92¢P3/Cbg/GS3™
cells. Cells were harvested, centrifuged at 300xg for 5 min at RT and resuspended in 5 mL of
X-VIVO™20 supplemented with 2.5 % FBS. Cells were then counted, and 1 x 10° cells were
used for each sample. After, cells were stained with polyclonal primary antibody Hpa 733 and
secondary antibody goat anti-rabbit Alexa Fluor® 647 following the cell surface staining
protocol described in 3.2.7.1. In this case, incubations with antibodies were performed in 200
pL of FACS buffer and at the last step cells were resuspended in 50 pL of FACS buffer. Samples
were acquired using the Cytek Amnis ImageStream X MKII at 60x magnification and images
were acquired for 10* events/sample. Cells were excited using 405 nm (Live/Dead) and 640
nm (HPSE) lasers. Single-color controls were used to generate a compensation matrix, which
was applied to all experimental files before analysis. Analysis of the data was done with IDEAS
5.0 software. Briefly, cells were initially gated using a plot of area ratio versus brightfield area
(R1), and focused cells were selected within R1. From these focused cells, live cells were then
gated. Total integrated channel fluorescence was used to identify live cells positive for HPSE.
Once live, focused, and HPSE positive cells were identified through reductionist gating, a
channel mask was adapted and applied to better delineate the pixels corresponding to HPSE

staining. Results are presented as the mean value of the intensity of the HPSE mask feature.
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3.2.15 In vitro activation of NK-92€DP3/CD8 gnd NK-92¢P3/CD8/GS3™ cells with LPS

This protocol was done during my stay in Dr. Israel Vlodavsky lab in Israel. NK-92¢P3/€P8 gnd
NK-92¢P3Cb8/GS3™ cells were harvested and added to a 15 mL tube and centrifuged at 300xg
for 5 min. Supernatants were discarded, cells were resuspended in X-VIVO™20 and counted.
Cells were then plated in 24-well plates (1 x 10° cells/well) with 1 mL of medium and 1 pg/mL
of LPS and incubated overnight (ON). After the ON period, cells were collected and processed
for analysis by real time quantitative PCR (RT-gPCR).

3.2.15.1 RNA extraction from NK-92CD3/CD8 gnd NK-92CD3/CD8/GS3™ cells

Cells were washed once with PBS and centrifuge at 300xg for 5 min. Supernatants were
discarded and cell pellet total RNA was extracted using NucleoSpin® RNA Plus (Macherey-
Nagel™), according to the manufacturer instructions. RNA concentration was measured in the
NanoDrop 1000 UV. Purified RNA was stored at -20 °C for downstream use.

3.2.15.2 cDNA synthesis

cDNA was generated from the total RNA obtained in 3.2.15.1 using the qScript™ cDNA
Synthesis Kit (Quantabio) and following the manufacturer instructions. In short, all necessary
components were thawed, mixed thoroughly, briefly centrifuged and then maintained on ice. A
mix was prepared for each sample in PCR tubes containing: 1000 ng of RNA, nuclease-free
water (variable amount), 4 pL of gScript Reaction Mix (5X) and 1 pL of gScript reverse
transcriptase (final volume of 20 uL). Samples were gently vortexed and centrifuged. Tubes

were placed in the thermal cycler programmed as follows:
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Step Temperature Time (hh:mm:ss)
1 22 °C 00:05:00

2 42 °C 00:30:00

3 85 °C 00:05:00

4 °C hold

After completion of cDNA synthesis, tubes were centrifuged and samples were stored at -80

°C for downstream use.

3.2.15.3 Real Time-Quantitative PCR

For the RT-gPCR, all necessary components and samples were thawed, mixed thoroughly,
briefly centrifuged and then maintained on ice. PCR amplification was performed in a total
reaction of 10 pL, containing 5 pL of SyBR Green Master Mix, 0.5 pL of the primer mix (10 mM
of Forward Primer plus 10mM of Reverse Primer) and 2 pL of PCR-grade water. This mix was
gently vortexed, centrifuged and 7.5 pL were distributed to each well of the RT-gPCR plate.
The PCR primers used are listed in section 3.1.3, table 4. Afterwards, 2.5 uL of the cDNA from
each sample were added to respective wells. The plate was then sealed with an optically
transparent film and centrifuged at 300xg for 1 min. RT-qPCR was performed according to the

following steps:

44



Materials and Methods

Step Temperature Time (hh:mm:ss)
1 95°C 00:00:20
2 95°C 00:00:03
3 60 °C 00:00:30

Go to step 2 - 40 cycles

4 95 °C 00:00:15
5 60 °C 00:01:00
4 °C hold

The results were analyzed following the manufacturer's instructions.

3.2.16 Measurement of NK cell degranulation upon co-culture with target cells

UPCI-SCC-154/mWasabi and FaDu/mWasabi cells were seeded as described in section 3.2.6
(1 x 10° cells/well). Co-cultures were then initiated by removing the medium and adding 1 x 10°
NK-92C€P3/CD8 cells or 1 x 10° NK-92¢P¥CP8/GS3™ cells per well in 100 pL of X-VIVO™20
supplemented with 2.5 % FBS per well. As control, both cell lines were seeded alone. After 24
h of co-culture, cells were collected and stained with CD107a PECy7 antibody as detail in the
3.2.7.1 for FC analysis as a measure of NK cell degranulation. For FC analysis 10,000 events

were acquired from live cells. NK cells were gated as mWasabi- single live cells.

3.2.17 Transwell migration assay

Migration assay was carried out using ThinCert® 96 well HTS insert (Greiner). Transwell inserts
(0.4 pm pore size, 14 mm? growth area, and polycarbonate membrane) were coated with 100
UL of Geltrex™ and let to solidify for 18 h in the incubator at 37 °C, with 5 % CO.. The next day,
NK-92CP3/CD8 gnd NK-92€P3/Cb8/GS3™ cells were harvested, added to respective 15 mL tubes

and centrifuged at 300xg for 5 min. After, cells were resuspended in serum-free X-VIVO™20
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and counted. To initiate the migration assay, 3 x 10* NK-92¢P3CP8 cells or 3 x 10* NK-
Q2CD3Ch8IGS3™ cells were seeded in triplicates on top of the solidified geltrex. To the bottom
well were added 200 uL of X-VIVO™20, supplemented with 300 ng/mL of CCL19. As control,
only medium was added to the bottom wells, again in triplicates. Migration was allowed to occur
for 24 h at 37 °C, with 5 % CO.. After this period, cells that had migrated to the bottom well
were collected, washed twice with FACS buffer and centrifuged at 300xg for 5 min at 4 °C.
Finally, supernatants were discarded and cells were resuspended in FACS buffer containing
DAPI. For FC analysis 10,000 events were acquired from live cells. NK cells were identified as
single live cells, and their migration was expressed as the fold change between +CCL19
migrated cells and control migrated cells.

3.2.18 Co-cultures of HNSCC spheroids and NK-92CP3/CD8 gnd NK-92CP3/CD8/GS3-
mWasabi cells

Tumor spheroids were generated by seeding either 2 x 10* UPCI-SCC-154 cells per well or 3
x 10* PCI-13 cells per well in 96-well TC suspension plates as described in 3.2.10. After 2 days,
NK-92€P3CD8 gnd NK-92¢P¥CP8/GS3-mWas cells were harvested and stained with Tag-it
Violet™ cell tracking dye as described for primary mouse NK cells in 3.2.3.11. To initiate co-
cultures, the medium from the spheroid-containing wells was removed and replaced with 100
uL of the NK cell suspension (10* cells/well). After 24 h and 48 h, co-cultures were terminated,
the supernatant was gently removed, and spheroids were gently washed twice with 200 pL of
PBS for 5 min at RT and in agitation. Spheroids were then incubated with 50 pL of Trypsin-
EDTA (0.05 %) for 3 min in the incubator, followed by pipetting up and down and another
incubation for 2 min. After, 200 pL of medium were added to each well and cell suspensions
were transferred to eppendorf tubes, washed twice with FACS buffer and centrifuged at 300xg
for 3 min. Cells were then resuspended in 200 pL of FACS buffer containing PI1. For FC analysis
1 x 10° events were acquired from live cells. Dead cells were excluded using PI staining and

NK cells were gated as Tag-it Violet+ single live cells.

46



Materials and Methods

3.2.19 Co-cultures of HNSCC spheroids and NK-92¢DP3/Cb8 gnd NK-92CDP3/CP8/GS3™
cells

3.2.19.1 Confocal microscopy

This protocol was done during my stay in Dr. Israel Vlodavsky lab in Israel. Tumor spheroids
were generated by seeding 1.5 x 10* FaDu cells per well in 96-well TC suspension plates as
described in section 3.2.10. In this protocol spheroids were allowed to form only for 24 h. After
this time, NK-92CP3/CP8 gnd NK-92€P3CD8/GS3™ cells were stained with Tag-it Violet™ cell
tracking dye as described in section 3.2.11. To initiate co-cultures, the medium from the
spheroid-containing wells was removed and replaced with 100 pL of the NK cell suspension
(10* cells/well). After 24 h, co-cultures were terminated, the supernatant was gently removed,
and spheroids were gently washed twice with 200 uL PBS for 5 min at RT and in agitation.
Spheroids were then fixed with 4 % PFA and stained with Pl as described in section 3.2.11 and
imaged by confocal microscopy using a Zeiss LSM 900 Airyscan. Images were captured with
a 10X objective lens, with blue channel for visualizing NK cells and red channel for visualizing
the spheroids. Each scanning layer was 1.96 um thick, with a total scan depth of 72 um. Three
spheroids per condition were analyzed. Quantification of NK cell infiltration was done with
CellProfiler™ v4.2.6, using the same protocol described in section 3.2.11. Results are

presented as the percentage of NK cell infiltration within a spheroid.

3.2.19.2 Live cell confocal microscopy

Tumor spheroids were generated by seeding either 2 x 10* UPCI-SCC-154/mWasabi cells/ well
or 3 x 10* FaDu/mWasabi cells/well in 96 well black bottom ultra-low attachment plates as
described in section 3.2.10. After 2 days, NK-92¢P3Cb8 gnd NK-92¢P¥/Cb8/GS3™ cells were
harvested and stained with Tag-it Violet™ cell tracking dye as described in section 3.2.11. The
medium from the spheroid-containing wells was then removed and replaced with 100 pL of the
NK cell suspension (10* cells/well for co-culture with UPCI-SCC-154-mWasabi spheroids and
5 x 10 cells/well for co-culture with FaDu/mWasabi spheroids). The plate was incubated in the
Zeiss Celldiscoverer 7 automated confocal chamber at 37 °C, with 5 % CO- for 45 min, before
initiating a 12-24 h time course live cell imaging experiment. Using the ZEN 3.7 software (Carl

Zeiss) positions were defined for the z-stack image in each well (10 images/spheroid). Z-stack
47



Materials and Methods

images were then taken hourly in the green (tumor cells) and blue (NK cells) channels, using a
10X/0.5X lens combination (final magnification of 5X). Quantification of NK cell infiltration was
done with CellProfiler™ v4.2.6, as described in section 3.2.11, with the exception that for
spheroid identification the green channel was used instead of the red channel.

3.2.20 In vivo experiments

3.2.20.1 Tumor xenografts

Animal experiments were carried out by Dr. Neta llan and Dr. Soaad Soboh at the animal
facilities of the Technion Institute (Haifa, Israel). FaDu cells were harvested, washed with PBS
and centrifuged at 300xg for 5 min. Cells were then resuspended in PBS, counted and brought
to a concentration of 50 x 10° cells/ml. The cell suspension of 5 x 108 cells (100 yL per mouse)
was subcutaneously injected into the right flank of 6-week-old female NOD/SCID mice (day 0).
Mice were monitored over time and tumor growth was measured externally with calipers. Once
the tumors became palpable (day 15), mice were divided into three study groups with 7 animals
per group. Mice were then either injected intravenously with 5 x 108 NK-92¢P%€P8 cells or 5 x
105 NK-92CP3/CP8/GS3™ cells, stained with the Tag-it Violet™ cell tracking dye, as described in
section 3.2.11. As a control, mice were only injected with the vehicle, PBS. NK cell injections
were administered three times, at four-day intervals. The day after the last NK cells injection,
the experiment was terminated, and mice were sacrificed by cervical dislocation. Tumors were
removed, weighed, a portion of each tumor was fixed in formalin and another portion was
immediately processed for RNA extraction, using NucleoSpin® RNA Plus (Macherey-Nagel™)
and described in section 3.2.3.15.1.

3.2.20.2 cDNA synthesis and RT-gPCR

cDNA synthesis and RT-gPCR protocol were performed by Dr. Quiros-Fernandez. cDNA was
obtained using RevertAid First Strand cDNA Synthesis Kit (ThermoFisher) and RT-qgPCR was
performed using SYBR Green PCR master mix, following the manufacturer recommendations.

CD56 primers used are described in are listed in section 3.1.3, table 4.
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Step Temperature Time (hh:mm:ss)
1 50 °C 00:02:00
2 95°C 00:05:00
3 95 °C 00:00:15
4 60 °C 00:01:00

Go to step 2 - 40 cycles

4 °C hold

The results were analyzed following the manufacturer's instructions.

3.2.20.3 Tissue processing and Immunofluorescence

Tumors fixed in formalin were received from the Technion Institute and were cut into sections
of 5 um using a RM 2135 microtome (Leica) and placed onto superfrost slides (Epredia
Netherlands B.V). On each slide, two tumor sections were placed. | performed the cutting of
the sections and the immunostaining of sections was performed by Ruken Stleymanoglu and
A. Cid-Arregui. For immunostaining, the sections were first deparaffinized in two rounds of 5
min incubation in xylene and then rehydrated by gradually exposing them to decreasing
concentrations of ethanol (2x 100 %, 95 %, 70 %, 50 %), each for 5 min. Finally, sections were
incubated in distilled water (dH20) for 5 min. Antigen retrieval was performed using 10mM
sodium citrate (pH 6) in a cooking pot, pre heated with water at 95-100 °C, for 30 min. After,
sections were left to cool down at RT for 20 min, followed by washing three times with PBS-
Tween 20 (PBS-T0.05 %), for 5 min each. Sections were placed in a humidified chamber and
incubated for 10 min with 50 mM (NH.)CI to reduce background fluorescence, followed by
incubation with the blocking solution, described in section 3.1.6, table 7, for 1 h. Slides were
then washed three times with PBS-T, for 5 min each and the primary antibody CD56 (section
3.1.6, table 3), diluted in blocking solution, was incubated overnight at RT. The next day, the
antibody solution was discarded, slides then washed three times with PBS-T, for 5 min each
and the secondary antibody goat anti-mouse Cy3 (section 3.1.6, table 3), diluted in blocking

solution, was incubated for 1 h at RT in the dark. Slides were then washed three times with
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PBS-T, for 5 min each, incubated with DAPI for 15 s and rinsed with DH,O. Finally, slides were
mounted using Mowiol and stored at 4 °C in the dark. Sections were visualized and scanned
with the Zeiss Axio Scan.Z1, using a 20X objective. Images were analyzed with the ZEN 3.7

software.

3.2.21 Statistical analysis

Statistical analysis was performed using GraphPad Prism software v9. All data is shown as
mean * Standard Deviation (SD). Group means + SD were plotted. Applied statistical tests are
listed in the figure legends. p values were considered as follows: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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4 Results

4.1 Heparanase in NK cells

4.1.1 Expression of Heparanase is diminished on the surface of primary NK cells
upon activation

With the goal of providing new insights into HPSE in NK cell activation, | started by assessing

whether HPSE expression in primary human NK cells is affected by different activation stimuli.

NK cells activated with PMA and lonomycin presented a slight decrease in intracellular HPSE

expression (Fig. 5A) and a significant decrease in surface HPSE expression (Fig. 5B).

Indirect short-term activation (24 h, 48 h and 72 h) of NK cells via T cell stimulation with T Cell
TransAct™ didn’t lead to significant alterations in the HPSE surface expression (Fig. 5C).
Resting for 17 days after 72h of activation led to a significant decrease of surface HPSE
expression in NK cells, when comparing with the NK cells activated for 48 h and 72 h (Fig. 5C).
Also, these activated cells presented a tendency to lower surface HPSE expression when
compared to non-activated cells, under the same conditions (Fig. 5C). Non-activated cells
presented similar surface expression of HPSE throughout the analyzed time points (Fig. 5C).

In both activation methods described above, NK cells were in the presence of other immune
cells. These cells play important roles in shaping NK cell phenotypes and could, therefore,
influence their HPSE expression. | then asked if the HPSE expression would be differently
affected in an enriched and expanded NK cell population. NK cells presented a decrease in
HPSE surface expression upon 4 h and 20 h of stimulation with PMA and lonomycin (Fig. 5D).
This result was similar to what was observed in Figure 1B, when NK cells were stimulated within

the PBMCs population.

These findings indicate that different kinds and durations of activation stimuli promote an overall

reduction in surface HPSE expression in primary NK cells.
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Figure 5 - Heparanase expression in primary human NK cells

(A) Intracellular expression of HPSE in NK cells within PBMCs upon 4 h of activation with PMA + lonomycin. PBMCs
were fixed and then stained with polyclonal Hpa 733 and CD56 antibodies and analyzed by FC. Histograms are
normalized to mode and represent the median fluorescence intensity (MFI) of HPSE expression in secondary
antibody (2Ab) only control (orange), non-activated NK cells (grey) and activated NK cells (pink). (B) Surface
expression of HPSE in NK cells within PBMCs upon 4 h of activation with PMA + lonomycin. PBMCs were stained
with polyclonal Hpa 733 and CD56 antibodies and analyzed by FC. Colors as in (A). (C) Indirect activation of NK
cells with T Cell TransAct™. Cells were incubated for 24 h, 48 h, 72 h and 20 days. (D) Surface expression of HPSE
in enriched human NK cells after 4h and 20 h of activation with PMA + lonomycin. Histograms show MFI of surface
HPSE expression in 4 h 2Ab only control (orange), 20 h 2Ab only control (brown), 4 h non-activated cells (grey line),
4 h activated cells (purple line), 20 h non-activated cells (grey), and 20 h activated cells (purple).

Results are shown as the mean + SD. Statistics: * p-value <0.05; ** p-value <0.01. Mann-Whitney U test was applied
to compare two independent groups. Mixed model ANOVA was applied to compare two independent groups with
repeated measures and statistical testing of multiple groups was performed with the Tukey’s multiple comparison
test.

I. Quiros-Fernandez was responsible for the enrichment and expansion of primary NK cells from PBMCs. | proceeded

with the activation and analysis of the cells.
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4.1.2 Expression of Heparanase is diminished on the surface of primary NK cells
upon activation with target cells

NK-92¢P3/Ch8 cel| line is a NK-92 derived cell line generated previously in our laboratory [68].
These cells constitutively express the human CD3 and CD8 genes, while maintaining the NK-
92 characteristics of cytotoxicity. The NK-92¢P3CD8 ce|| line is also suited for co-expression and
study of TCRs or CARs. Since the NK-92¢P3/CD8 ce|| line was chosen as the NK cell model for
this work, the HPSE expression upon activation was also assessed in these cells. In contrast
to what was observed for the enriched primary NK cells, the stimulation for 4 h with PMA and
lonomycin promoted a slight increase of HPSE intracellular expression and the stimulation for
20 h promoted a significant increase of the HPSE intracellular expression (Fig. 6A). Regarding

HPSE surface expression, a slight increase was observed upon 20 h of stimulation (Fig. 6B).

NK-92¢P3/Ch8 cells presented an almost 2-fold decrease in HPSE surface expression upon 72
h co-culture with FaDu/mWasabi cells and 1-fold decrease in HPSE surface expression upon
co-culture with UPCI-SCC-154/mWasabi (Fig. 6C).

53



Results

A B
Intracellular Surface
.°8> MFI|- 3722 .08’ £\ MFI|- 1176
g | - MFI - 588 el \\ MFI|- 193
9: MFI|- 441 8 MFI|- 554
£ /\M MF1|- 221 € ) MFI|- 181
@] ‘ T (@]
Z | \ MFI|- 288 Z | A\ MFI|- 69.8
L . ‘ ' M'FI-188 AN I MFI-18.4
HPSE
4 h 2Ab control [J4 hNon-Act [ 4 hAct
1 20 h 2Ab control 20 h Non-Act 20 h Act
C
NK-92CD3/CD8 o _culture with HNSCC cell-lines
%
S 6007 **
&
=+ 400-
(D —
% 2004
™
> oA
Qo)
00 ) cf)b‘
00"”\ x<<§0,'\
{_,CS" Nz
S \§0

Figure 6 - Heparanase expression in NK-92CP3/Cb8 cg||s

(A) Intracellular expression of HPSE in NK-92CP3CD8 after 4 h and 20 h of activation with PMA + lonomycin. NK-
Q2CD3/CD8 cells fixed and then stained with Hpa 733 polyclonal antibody and analyzed by FC. Histograms are
normalized to mode and represent the MFI of HPSE expression in 4 h 2Ab only control (orange), 20 h 2Ab only
control (brown), 4 h non-activated cells (dark blue line), and 4 h activated cells (light blue line), 20 h non-activated
cells (dark blue curve) and 20 h activated cells (light blue curve). (B) Surface expression of HPSE in NK-92CD3/CD8
after 4h and 20h of activation with PMA + lonomycin. NK-92¢P3/CP8 cells were stained with Hpa 733 polyclonal
antibody and analyzed by FC. Colors as in (A). (C) Surface expression of HPSE in NK-92CP3/CP8 non co-culture with
HNSCC cell lines. Results are shown as the mean + SD (n=3). FC plots are from a single representative experiment.
Statistics: * p-value <0.05; ** p-value <0.01. One-way ANOVA was used to compare every group with the control
(NK-92CP3/CD8 gnly) and statistical testing of multiple groups was performed with the Dunnett’s multiple comparison

test.
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4.1.3 NK cells need Heparanase to efficiently infiltrate growing tumor spheroids

To investigate the role of HPSE on the infiltration capacity of NK cells, HPSE-KO cells were
used [67]. | started by isolating NK cells from HPSE-KO and WT mice spleens as described in
Figure 7A and in the methods section 3.2.8. Then, the HPSE activity of these cells was
measured by quantification of released sulfate labeled HS fragments from ECM, upon
degradation by NK cell extracts. As expected, HPSE-KO NK cells presented no HPSE activity
(Fig. 7B). HPSE-KO and WT NK cells were then co-cultured for 24 h with spheroids of the lung
carcinoma TC-1 cell line, to check their infiltration capacity. HPSE-KO NK cells presented
significantly lower infiltration capacity (Fig. 7C-D), while the WT NK cells were found in higher
numbers and distributed throughout the tumor spheroid sections (Fig. 7C left). Cell number
guantification and microscopy analysis demonstrated that HPSE-KO NK cells were present in
significantly lower numbers, primarily localized in the periphery of the spheroid (Fig. 7C right-
D).

These findings suggest that HPSE is essential for NK cells the infiltration into 3D tumor

structures.
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Figure 7 - Knockout of Heparanase reduces the infiltration capacity of mouse NK cells

(A) Flow-chart of the isolation and analysis of NK cells from WT and HPSE-KO mice. (B) HPSE activity in NK cells
isolated from either WT or HPSE-KO mice. (C) lllustrative confocal microscopy image of infiltrating NK cells. Tumor
spheroids generated from TC-1 cells were co-cultured for 24 h with HPSE-KO or WT isolated primary NK cells,
previously labeled with a violet proliferation dye (Cell Trace Violet). Scalebar — 50 ym. (D) Infiltrating NK cells were
quantified using an automatic image analysis software that identifies violet NK cells within the red spheroid area.
The percentages of infiltrating NK cells were calculated by the ratio of violet fluorescence intensity per Spheroid
area.

Results are shown as the mean + SD (n = 5). Statistics: ** p-value <0.01. Mann-Whitney U test was applied to

compare two independent groups.
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4.1.4 NK-92¢D3/CD8 cells with stable surface expression of a membrane bound
constitutive active Heparanase, the GS3™

After demonstrating that HPSE is required for NK cells to efficiently infiltrate tumor spheroids, |
hypothesized that HPSE overexpression could be beneficial to improve NK cell infiltration.
However, it must be taken into consideration that this enzyme is secreted as part of its activation
and activity processes and that tumor cells use soluble HPSE present in the TME to sustain
the excessive HSPG degradation, reorganization of the ECM and consequent facilitation of
cancer growth and metastasis. So, to promote NK cell infiltration without increasing HPSE
availability for tumor cells in the TME, this thesis proposal is to arm NK cells with the constitutive

active form of HPSE (GS3) as an integral membrane protein.

4.1.4.1 The GS3-mWasabi fusion protein doesn’t increase Heparanase
expression and activity in NK-92CP3/CD8 ce||g

The first strategy was to construct a fusion gene coding for a chimeric protein composed of an
N-terminal extracellular GS3 linked to a CD28TM and an intracellular monomeric green
fluorescence protein, mWasabi (Fig. 8A). The GS3-CD28TM-mWas gene was integrated with
the Sleeping Beauty transposon system and delivered via electroporation, which allowed the
integration of the gene in the genome of the transfected NK cells. Following electroporation,
cells were sorted based on mWasabi expression (Fig. 8B). Cells were then expanded and
maintained in culture. This fusion gene was designed and constructed in our lab by I. Quiros-

Fernandez and A. Cid-Arregui.
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Figure 8 - GS3-CD28TM-mWasabi fusion gene construct and NK-92¢P¥Cb8/GS3-mWasabi sorting
strategy

(A) Schematic representation of the GS3-mWasabi fusion gene: [GS3-CD28hinge-CD28TM-mWasabi] used to
generate the NK-92CP3Cb8/GS3-mWas cell line. (B) Gating strategy for sorting of NK-92/GS3-mWas cells two weeks
after electroporation.

Results obtained in collaboration with I. Quiros-Fernandez. E. Arias Romero and A. Cid-Arregui.

Comparison of the parental cell line and the newly generated wasabi version did not reveal any
significant differences in surface marker expression. (Fig. 9A). Then, the expression of GS3-
CD28TM-mWas fusion protein in NK-92¢P¥CP8/GS3-mWas cells was examined via three
different strategies. First, cells were analyzed by conventional FC, using the Hpa 733 polyclonal
antibody. No differences were observed in the MFI of surface HPSE between NK-
92CD3CP8IGS3-mWas cells and the NK-92¢P3/CP8 cells (Fig. 9B). Hpa 733 staining was also
applied to analyze these cells by imaging-FC, allowing to verify the expression and distribution
of HPSE/GS3-mWas throughout the cells surface. The images showed that mWasabi was
being expressed in the intracellular compartment of NK-92¢P¥CP8/GS3-mWas cells, as
expected, but no differences were observed regarding HPSE expression or distribution (Fig.
9C-D). Moreover, HPSE activity was measured and similar levels of HPSE enzymatic activity

were verified between the two cell lines (Fig. 9E).

These results indicate that this strategy to increase the GS3 expression on NK-92¢P3/CP8 ce|ls

surface was not successful.
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Figure 9 - Characterization of the NK-92¢P3Cb8/GS3-mWasabi cell line

(A) FC receptor profile of NK-92CP3/CD8 gnd NK-92¢P3/CD8/GS3-mWas cells. Histogram colors represent 2Ab only
control (orange curve), NK-92CP3/CD8 cells (blue curve) and NK-92€P3CP8/GS3-mWas cells (pink curve). (B) FC
analysis of HPSE and GS3 surface expression on NK-92CP3CD8 cells and NK-92¢P3/CP8/GS3-mWas cells after
staining with the Hpa 733 polyclonal antibody. The histograms show the results of one representative experiment
and represent same conditions as in (A). (C) Surface distribution of HPSE and GS3-mWas on NK-92¢P3/Cb8 gnd NK-
92CD3ICP8IGS3-mWas cells stained with the Hpa 733 polyclonal antibody and analyzed by imaging-FC. lllustrative
pictures are shown for the brightfield, mWasabi (528/65) and AF647 (702/85) channels. (D). Quantification of
HPSE/GS3-mWas. Results are shown as the mean + SD. (n = 1 of three independent experiments). (E) HPSE
activity measured in NK cell lysates that were incubated for 18 hours on sulfate-labeled ECM dishes. Representative
results of two independent experiment are shown (Results obtained by Malik Farhoud at the Technion Institute in
Israel). No statistical analysis was performed.

Mann-Whitney U test was applied to compare two independent groups.
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NK-92¢P3Cb8/GS3-mWas cell line infiltration capacity in a 3D context was also assessed. UPCI-

SCC-154 spheroids and PCI-13 spheroids were co-cultured with NK-92¢P3/CP8 cells (stained
with CFSE) and with NK-92¢P¥CP8/GS3-mWas cells for 24h. NK cells infiltration was then
assessed by FC. As expected, no significant differences were observed in the percentages of

infiltrating NK cells (Fig. 10).
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Figure 10 - NK-92¢P3Cb8/GS3-mWas cells and NK-92€P3CP8 cells present similar infiltration capacity

(A) Experimental protocol of UPCI-SCC-154 or PCI-13 spheroids co-culture with NK-92CP3CP8 cells or NK-

92CD3ICP8IGS3-mWas cells. (B) Quantification of NK cells infiltration using the CellProfiler software.

Results are shown as the mean + SD. Mann-Whitney U test was applied to compare two independent groups.
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4.1.4.2 Constitute expression of the GS3™ fusion protein in NK-92CP3/CD8 cg||s
lead to increased Heparanase enzymatic activity, and cytokine release upon
activation

A new strategy was adopted, in which the intracellular mWasabi was removed from the
construct and a Myc-tag was added to the N-terminus of the GS3, linked at its C-terminus to
the CD28 hinge and transmembrane domains (Fig. 11A). The Myc-tag was added to facilitate
the detection of the fusion protein in the stable transfected cells for the sorting step (Fig. 11B).
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Figure 11 - Myc-GS3-CD28TM fusion gene construct and NK-92¢P3¥Cb8/GS3™ sorting strategy

(A) Schematic representation of the Myc-GS3 fusion gene: [Myc-GS3-CD28hinge-CD28TM] used to generate the
NK-92CD3/CD8/GS3™ cell line. (B) Gating strategy for sorting of NK-92C€P3CD8/GS3™ cells two weeks after
electroporation.

Results obtained in collaboration with I. Quiros-Fernandez. E. Arias Romero and A. Cid-Arregui.

After sorting and expansion of NK-92¢P¥CP&/GS3™ cells, the analysis of GS3-CD28TM
expression was performed using the same three strategies applied for the first construct. By
conventional FC staining, using the Hpa 733 polyclonal antibody to detect HPSE and GS3™, it
was observed that the NK-92¢P¥CP8/GS3™ cells presented a 4-fold higher MFI than the non-
transfected NK-92¢P3C8 cells (Fig. 12A). This significant increase was confirmed by imaging-
FC (Fig. 12B-C). Additionally, I could also assess HPSE/GS3™ expression throughout the cell

surface (Fig. 12B). Furthermore, NK-92¢P3CP8/GS3™ cells presented a 3-fold higher HPSE
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enzymatic activity compared to the activity detected in non-transfected NK-92¢P3Cb8 cells (Fig.
12D), indicating that the desired increase in GS3™ surface expression on NK-92¢P3/CP8 cells

was successful.
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Figure 12 - NK-92¢P3CP8/GS3™ cells have higher Heparanase expression and higher Heparanase
enzymatic activity

(A) FC analysis of HPSE and GS3™ surface expression on NK-92CP3/CD8/GS3™ gnd NK-92CDP3/CD8 cells after staining
with the Hpa 733 polyclonal antibody. Histograms represent the 2Ab only control (orange curve), NK-92CP3/CD8 (p|ye
curve) and the NK-92CP3/Cb8/GS3™ cells (red curve). Results are from of one representative experiment. (B) Surface
distribution of HPSE and GS3™ on NK-92CP3/CP8 and NK-92 CP3CP8/GS3™ cells stained with the Hpa 733 polyclonal
antibody and analyzed by imaging-FC. lllustrative pictures are shown for the brightfield and AF647 (702/85) channels.
(C) Quantification of HPSE/GS3™. Results are shown as the mean + SD. (n = 1 of three independent experiments).
Mann-Whitney U test was applied to compare two independent groups. (D) HPSE activity measured in NK cell lysates
that were incubated for 18 hours on sulfate-labeled ECM dishes. Representative results of two independent
experiment are shown (Results obtained by Malik Farhoud at the Technion Institute in Israel). No statistical analysis

was performed.
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To test whether the constitutive expression of the GS3™ fusion protein on the surface of NK-
92¢b3/Ch8 cells would influence the surface expression of several important membrane proteins,
an extensive panel of lineage-specific NK receptors was analyzed (Fig. 13, Supplementary fig.
1). The expression of CD56, NKp30, NKG2A and KIR2DL4 was similar between the two
analyzed cell lines (Fig. 13). Moreover, the expression of NKp44, NKp46 and NKG2D was
slightly lower in the NK-92¢P3¥CP8/GS3™ cells when compared to non-transfected NK-92¢P3cbs
cells (Fig. 13). No differences were observed in the expression levels of the remaining receptor
analyzed (Supplementary fig. 1). Additionally, the basal activation status of the NK-
92¢b3Cb8/GS3™ in comparison to the parental cell line NK-92¢P3¥Cb8 cells was analyzed to
understand if the insertion of the GS3™ was promoting any changes in the cells. Similar low
levels of CD69 expression were found between the two cell lines (Fig. 13), suggesting that the

basal activation status NK-92¢P3/CP8 \yas maintained upon insertion of the GS3™.
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Figure 13 - Characterization of flow cytometric profile of NK-92¢P3/Cb8jGS3™

Surface receptors were stained on live cells with the indicated antibodies. Histograms are normalized to the mode.

Results of three independent experiment are shown as MFI of each condition. No statistical analysis was performed.
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Finally, | investigated whether the constitutive expression of the GS3™ fusion protein would
modulate the activation capacity of NK-92¢P3CDb8 cells, For that, NK cells were stimulated with
LPS or co-cultured with target tumor cells. It was observed that the NK-92¢P3¥CP8/GS3™ cells
presented a 0.5 fold increase in IFNg, IL-2 and CCL1 expression upon activation with LPS,
when comparing with non-transfected NK-92¢P¥/CP8 cells also stimulated with LPS (Fig. 14A).
GM-CSF expression increase significantly in both stimulated and unstimulated NK-
Q2CD3/Ch8IGS3™ cells, when comparing to the expression of the non-transfected NK-92¢P3/cbs8
cells in the same conditions (Fig. 14A).

Degranulation is a known hallmark of NK cell activation [75]. When | looked at the expression
of the degranulation marker CD107a, NK-92¢P¥Cb8/GS3™ cells plate alone presented a higher
basal expression of this marker, comparing to the expression of NK-92¢P¥CD8 cells in the same
condition (Fig. 14B). This increased expression of CD107a expression was also verified upon
co-culture with target cells (Fig. 14B). Moreover, a significantly higher expression of CD107a
by NK-92€P3Cb8/GS3™ cells was observed upon co-culture with FaDu cells (1.5 fold) when
compared with of NK-92¢P3Cb8/GS3™ cells co-cultured with UPCI-SCC-154 cells (1 fold) (Fig.
14B). This correlates with the observation that FaDu cells presented higher expression levels

of NKG2D ligands, an important NK activation receptor (Supplementary Fig. 3).

These results suggest that the constitute expression of the GS3™ fusion protein in NK-92¢P3/cb8

cells promotes a phenotype more prone to activation.

Overall, the results of the characterization of NK-92¢P¥CP8/GS3™ cell line support that arming
NK-92¢P3Cb8 \with GS3™ on the cell surface is translated into an increased HPSE expression
and activity.
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Figure 14 - NK-92¢P3/CD8/GS3™ cells are prone to activation upon stimulation with LPS and co-

culture with tumor cells

(A) Cytokine and chemokine expression during resting state and upon stimulation with LPS (Results obtained in

collaboration with Soaad Soboh at the Technion Institute in Israel). (B) Surface expression of degranulation maker
CD107a in NK-92CP3/CP8 cells and NK-92CP3/CP8/GS3™ cells upon 24 h co-culture with HNSCC cell lines. Cell were

stained with CD107a antibody and analyzed by FC.

Results are shown as the mean + SD (n=3). Statistics: * p-value <0.05; ** p-value <0.01; *** p-value <0.001. Two-

way ANOVA was applied to compare two independent groups with repeated measures and statistical testing of

multiple groups was performed with the Tukey’s multiple comparison test.
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4.1.4.3 Constitute expression of the GS3™ fusion protein promotes enhanced
migration capacity through ECM

The next step was to test if the GS3™ constitutive expression on the cell surface of NK cells
and the consequent higher HPSE enzymatic activity would be translate into enhanced migration
and infiltration capacity. To this end, a transmigration assay was performed (Fig. 15A). The
number of NK-92CP3CP8'GS3™ cells present in the lower chamber was significantly higher than
that of the non-transfected NK-92¢P3/CP8 cells incubated under the same conditions (Fig. 15B).

These results suggest that GS3™ promotes increased migration capacity of cells through the

ECM.

Day 1
Day 0 Load cell suspension Day 2 g
Add matrigel to (NK-92€0%C0¢ o Measurement of migration c
transwell insert NK-92¢03c08/GS3™) by flow cytometry E
(&)
only medium_——s « 4o« %
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Transwell R
insert I
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Figure 15 - NK-92¢P3/Cb8/GS3™ cells have enhanced migration capacity through ECM in vitro

(A) Transwell migration assay of NK-92CP3CD8 gr NK-92CP3/CD8/GS3™ cells toward medium with CCL19. (B) The
number of migrated cells was determined as the fold change between the +CCL19 migrated cells and the control

migrated cells.
Results are shown as the mean + SD (n=3). Statistics: ** p-value <0.01. Unpaired t test was applied to compare two

independent groups.
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4.1.4.4 Constitute expression of the GS3™ fusion protein promotes enhanced
infiltration into tumor spheroids

NK cells infiltration capacity was assessed in 3D structures known as tumor spheroids, which
resemble more closely the state of actual tumors than cells cultured in monolayers. FaDu tumor
spheroids were generated and co-cultured with NK-92¢P3/€D8 cells and NK-92¢P¥Cb8/GS3™ cells
for 24 h (Fig. 16A). NK infiltration was analyzed by confocal microscopy (Fig. 16A). NK-
Q2cb3ICb8IGS3™ cells were found more evenly distributed throughout the tumor spheroid
sections (Fig. 16B), while the NK-92¢P3CD8 cells were found mainly in the periphery of the
sections (Fig. 16B). The quantification of NK cells infiltration was in agreement with the previous
result, since a significantly increased number of NK-92¢P3Cb8/GS3™ cells was found within the

FaDu spheroids in comparison to the number of non-transfected NK-92¢P¥/P8 cells (Fig. 16C).

These findings demonstrate that the constitutive expression of GS3™ on the surface of NK-

Q2C€D3ICh8 ce|ls is increasing their infiltration capacity into FaDu spheroids.
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Figure 16 - NK-92¢DP3Cb8/GS3™ cells present higher capacity of infiltration into FaDu spheroids

(A) Experimental protocol of FaDu spheroids co-culture with NK-92CP3/CD8 cells or NK-92CP3/CP8/GS3™ cells. (B)
Representative images of the same stack showing NK-92CDP3/CD8 cells or NK-92CP3/CD8/GS3™ cells after 24h of co-
culture with FaDu spheroids. Z-Stack pictures in the red (target cells), violet (effector cells) channel were taken using
a 10X objective. Scalebar — 100 ym. (C) Quantification of NK cells infiltration. Identification and quantification of the
NK cells (intensity of blue channel) was performed with the CellProfiler software. Results are shown as the mean +

SD (n=3). Statistics: ** p-value <0.01. Unpaired t test was applied to compare two independent groups.

To assess the kinetics of NK cell infiltration over time, spheroids were generated with the
FaDu/mWasabi cells (Fig. 17A). Co-culture with NK-92¢P3/CP8 gy NK-92CP3/CD8/GS3™ cells was
followed by live-cell confocal fluorescence microscopy for 24 h (Fig. 17A-B). Z-stack images of
different time points showed that, while NK-92¢P¥Cb8/GS3™ cells are distributed throughout the
entire structure, infiltrating the FaDu/mWasabi spheroids deep into the core, NK-92CP3/CP8 cells
are mainly located in the periphery of the spheroid (Fig. 17B-C). Moreover, as early as 6 h time
point, a higher decrease in spheroid area was observe in the spheroids co-cultured with NK-
Q2CD3ICD8IGS3™ cells (Fig. 17B). This decrease continues until the end point of the experiment

(Fig. 17B).
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To quantify the number of infiltrating NK cells, images were applied to an automatic image
analysis pipeline, using the Cell profiler software (Supplementary Fig. 2). After 24 h of co-
culture it could be observed a significant increase in the number of NK-92¢P3¥CbP8/GS3™ cells
that had infiltrated the FaDu/mWasabi spheroids, in comparison to NK-92¢P3¥Cb8 cells (Fig.
17D). The difference in infiltration capacity between the two cell lines was first verified after 18
h after the start of the experiment (Fig. 17D).

These results demonstrated the enhanced capacity of NK-92¢P3CD8 cells expressing the GS3™
fusion protein to move through the compacted 3D structure of FaDu tumor cells.
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Figure 17 - Live microscopy analysis of NK-92¢P3CP8/GS3™ infiltrating into FaDu/mWasabi
spheroids

A) Experimental protocol of Infiltration of NK-92¢P3/Cb8/GS3™ cells and NK-92CP3CD8 cells into FaDu/mWasabi
spheroids. (B) Confocal images in the violet (NK cells) and green (FaDu/mWasabi cells) channels were taken every
hour for 24 h using a 5X magnification. Representative images are shown for the co-cultures at the indicated time
points. (C) Representative 2.5D images of the NK-92CP3/Cb8 gnd NK-92CP3/CP8/GS3™ cells distribution within the
FaDu/mWasabi spheroids. (D) The number of infiltrating NK cells were quantified in a time-resolved manner and
expressed as mean + SD (n=3) using the CellProfiler software. Two-way ANOVA was applied to compare two
independent groups with repeated measures across time and statistical testing of multiple groups was performed
with the Sidak's multiple comparison test.

Results obtained by I. Quiros-Fernandez
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A similar experiment was performed with UPCI-SCC-154/mWasabi spheroids but this time
spheroids were generated with tumor cells and Geltrex™. Geltrex™ was used to increase the
complexity of the 3D structures and to increase HPSE/GS3™ substrate, since it contains
HSPGs. Co-cultures were followed as explained above, by live-cell confocal fluorescence
microscopy. After 12 h of co-culture, it was observed that spheroids incubated with NK-
92¢b3Cb8/GS3™ cells had significant lower diameters, when compared to the ones incubated
with NK-92¢P3CD8 cells (Fig. 18A-B). This difference in size is visible as early as 6 h after the
start of the experiment (Fig. 18A-B). Moreover, a higher number of infiltrating NK-
92¢b3/Cb8/GS3™ cells were observed throughout the experiment (Fig. 18C).
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Figure 18 - Live microscopy analysis of NK-92¢P3¥CP8/GS3™ cells infiltrating into UPCI-SCC-
154/mWasabi spheroids

(A) Representative 2.5D images, generated with the ZEN image analysis software, are shown for the co-cultures of
NK-92CD3/CD8 gnd NK-92CP3CD8/GS3™ cells with UPCI-SCC-154/mWasabi spheroids at the indicated time points.
Pictures in the violet (NK cells) and green (UPCI-SCC154/mWasabi cells) channels were taken hourly during 12 h
using a 10X objective. (B) Quantification of spheroid area. Identification of primary object (spheroid) and
quantification of spheroid area was performed with the CellProfiler software. (C) Quantification of NK cells infiltration.
Identification and quantification of the NK cells (intensity of blue channel) was performed with the CellProfiler
software.

Results are shown as the mean + SD (n=5). Two-way ANOVA was applied to compare two independent groups with
repeated measures across time and statistical testing of multiple groups was performed with the Sidak's multiple
comparison test.
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4.1.4.5 Constitute expression of the GS3™ fusion protein promotes enhanced
infiltration in vivo

So far, the NK-92¢P3¥CP8/GS3™ cells showed enhanced infiltration capacity cells in in vitro
settings. Thus, the next step was to investigate their ability to infiltrate in vivo. Towards this
goal, NK-92¢P3/Cb8/GS3™ were injected tumor bearing immunodeficient mice (Fig. 19A). A
reduction in tumor volume in mice receiving NK-92¢P3Cb8/GS3™ cells (significant at day 23)
was observed, in comparison to those receiving NK-92¢P3Cb8 cells (mean 310.7 + 131.6 mm?
vs 681.4 + 153 mm?3; p=0.0177) (Fig. 19B). Likewise, a significant reduction on tumor weight
was observed at the endpoint of the experiment, in mice infused with NK-92¢P3/CP8/GS3™ when
compared to mice infused with NK-92¢P3Cb8 cells (mean 1.1+0.2 g vs 1.71+0.3 g; p=0.0030)
(Fig. 19C).
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Figure 19 - Tumors from mice injected with NK-92CP3¥CP8/GS3™ cells present lower volume and

size

(A) Experimental protocol of the xenograft mouse model used. (B) Tumor volume was calculated from external
caliper measurements, every 3-4 days. Two-way ANOVA was applied to compare two independent groups with
repeated measures across time and statistical testing of multiple groups was performed with the Sidak's multiple
comparison test. (C) Comparison of the weight of the tumors at the end of the experiment. Mann-Whitney U test
was applied to compare two independent groups.

Neta llan and | performed the injections of tumor cells into the immunodeficient mice. NK cell infusions and

processing of tumors were done by Neta lllan and Soaad Soboh at the Technion Institute in Israel.
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The next step was to analyze the presence of NK-92¢P¥CP8/GS3™ cells or non-transfected NK-

Q2CD3/CD8 ca||s in the tumors.

SCID mice (SCID stands for severe combined immunodeficiency disease), possess a genetic
autosomal recessive mutation designated Prkdcs®®, which promotes a severe
immunodeficiency that genetically affects the development of T and B lymphocytes [76, 77].
Moreover, the NOD/SCID mice are mice in which the SCID mutation has been transferred onto
a non-obese diabetic background (NOD), resulting in additional defective NK cell function [78].
As a result, interference from the endogenous mouse NK cells in this experiment is not

anticipated.

At end point, total RNA was extracted from a portion of the tumors and the amount of tumor
infiltrating NK cells was assessed by RT-gPCR using a set of primers specific for CD56, a
human NK cell lineage marker. Since mouse NK cells don’t express CD56, this assay would
only quantify the NK-92¢P3Cb8/GS3™ cells and NK-92¢P¥/CP8 cells in the samples. It is important
to mention that these two cell lines express comparable levels of CD56, as shown in Figure 13.
Notably, the CD56 expression was increased by 2-fold in samples from mice that had been
injected with NK-92¢P3/CP8/GS3™ in comparison to the expression of NK-92¢P¥/CP8 cells (Fig.
20A).

Moreover, tumor sections were stained with CD56 antibody and scanned with the Zeiss Axio
Scan.Z1, which automatically scans complete sections. Tumors from mice treated with NK-
Q2¢P3Cb8IGS3™ showed significantly higher numbers of CD56+ cells compared to those
injected with NK-92CP3/Cb8 cells (Fig. 20B).

Taken together, these results show that the constitutive expression of GS3™ fusion protein on
the surface of NK-92¢P¥CD8 ce|ls is giving an advantage in their infiltration capacity and could
be potentially used as a tool to improve adoptive cellular therapies that lack efficacy due to their

decreased capacity to overcome the tumor microenvironment.
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Figure 20 - NK-92¢P3/CD8/GS3™ cells present higher capacity of infiltration into tumor xenograft

(A) Total RNA was extracted from the tumors and the corresponding cDNA was subjected to RT-qPCR, using a
specific set of primers for CD56. Results were normalized with vehicle values (Graph from |. Quiros-Fernandez). (B)
Representative microscopic images of 5-uym tumor sections from animals injected with NK-92CP3/CD8 cel|s (top row)
or NK-92¢P3/Cb8/GS3™ cells (bottom row). Sections were stained with anti-CD56 antibody (red) and with DAPI (blue).
Scale — 50 um (section staining and images obtained by R. Suleymanoglu and A. Cid-Arregui). Results are shown

as the mean + SD. No statistical analysis was performed.
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5 Discussion

Immune cells are known as an important player within the TME and the presence of a higher
number of immune cells, such as T and NK cells, is correlated with a longer overall patient
survival in several types of cancer [79]. To overcome the mechanisms by which cancer cells
evade immune detection, multiple immunotherapies are being developed, such as ACT, with
CAR-T cell therapies having a considerable success in hematological malignancies. However,
the application of ACT in solid tumors faces several limitations including target antigen
heterogeneity and antigen escape, immunosuppressive tumor microenvironment and immune

cell trafficking and infiltration [80].

In solid tumors, the clear identification of a target tumor antigen is a difficult process, since
normally these tumors have high intratumoral antigen heterogeneity, resulting from genomic
instability [81]. Additionally, the selected tumor antigen needs to have a much higher expression
in the tumor than in healthy cells to avoid unwanted toxicity (on-target/off-tumor effects) [80].
Another challenge that limits the clinical efficacy of these therapies are the TME
immunosuppressive properties. The entry of effector cells is physically blocked by the tumor
associated stroma, such as fibroblasts and the ECM. Thus, one of the requirements for a
successful cell therapy is the capacity of the cells to migrate and infiltrate solid tumor, thus
surpassing ECM barriers, through the degradation of ECM components, such as HSPGs [82].
Moreover, the migration and function of cytotoxic immune cells towards the tumor is
overshadowed by the tumor aberrant vasculature, dysregulation of adhesion molecules and
production of immune-dampening chemokines gradients. All this supports the recruitment of
immunosuppressive cells and decreases the lifetime and cytotoxicity capacity of ACT [83].
Strategies to overcome all these barriers are being developed.

This thesis is focused on the improvement of effector cells infiltration into solid tumors, by
genetically modifying NK cells to constitutively express an active form of Heparanase (GS3) on
the cell surface as an integral membrane protein (GS3™). Moreover, HPSE is highly expressed
by immune cells and has been described to be important for to facilitate the migration and
infiltration of macrophages, T cells and dendritic cells. However, little is known about the role
of this enzyme in NK cells. Thus, | also investigated the expression of HPSE upon NK cell

activation and its role in NK cell infiltration.
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5.1 Heparanase expression in NK cells

HPSE expression by immune cells can be can be modulated by activation or inhibitory stimuli
[61]. Despite existing evidence that HPSE is required for proper NK cell activation and
cytotoxicity [66], this data derives from one study only, supporting the necessity to further
investigate the roles of HPSE in NK cells.

My results showed that upon activation with a chemical activation cocktail (PMA + lonomycin),
HPSE expression decreased, on the surface of primary human NK cells within the PBMCs cell
suspension or in an enriched NK population setting. Moreover, indirect activation of primary NK
cells promoted decay of HPSE expression over time. Caruana et al had already demonstrated
that the stimulation of primary CD8 T cells with OKT3 and anti-CD28 antibodies leads to the
loss of HPSE expression [65]. The decrease in HPSE expression is verified as early as 18h
after stimulation and it is maintained in 15-day period that the cells are maintained in culture
[65].

The expression of HPSE upon activation with PMA and lonomycin was different between
primary NK cells and NK-92¢P3CP8 cells, with a decrease in expression only being verified in
primary NK cells. This could be explained by the differences in NK populations their capacities
to be activated and consequently, which could affect the HPSE expression upon chemical
activation. While peripheral blood primary NK cells are mostly CD56™ cells, associated with
high cytotoxic capacity, NK-92¢P3CD8 cells are CD56P"9" cells, described as immunomodulatory
and more prone for activation that induces cytokine secretion [84], like the one resulting from
the incubation with PMA and lonomycin. Interestingly, when NK-92¢P3/€P8 cells were co-cultured
with target tumor cells, the HPSE surface expression decrease. This could also indicate that

different stimuli lead to specific modulation of HPSE in NK-92€P3/CD8 cells,

To study NK cell infiltration capacity, | isolated primary NK cells from HPSE-KO [67] and WT
mice spleens and incubated these cells with TC-1 spheroids. NK cells lacking HPSE showed
substantial reduction in the infiltration capability, which suggests that HPSE is required for
mobility of NK through tumor structures. Similar results have been described for macrophages,
while using the same HPSE-KO model [63]. The Vlodasvsky's group showed that macrophages
populate the entire lung carcinoma tumor mass in wild-type mice xenografted with Lewis lung
carcinoma cells [63]. In contrast, macrophages accumulate at the tumor periphery in HPSE-KO

mice [63]. In CD8+ T cells, the loss of HPSE is accompanied by decreased capacity to migrate
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through ECM in vitro [65]. The data supports that HPSE is required for the correct infiltration

capacity of several immune populations.

Caruana et al. went further in the study of HPSE in T cells and showed that when the CD8+ T
cells were genetically engineered to co-express a CAR and HPSE, they presented improved
capacity to degrade ECM in vitro and show enhanced tumor infiltration in xenograft tumor
models, associated with improved overall animal survival, when compared to the activity of T
cells only engineered with the CAR [65]. However, it is important to consider that the strategy
of using HPSE-overexpressing immune cells that are releasing HPSE to the TME could
potentially have negative implications for tumor progression. This can happen due to cancer
cells using the higher presence of HPSE in their favor and promote pro-tumor cell signaling,
tumor cell mobility through the ECM and metastasis. Thus, taking in consideration the results
obtained so far and the knowledge about HPSE, this thesis proposed to validate a strategy to
promote NK cell infiltration by increasing HPSE expression on NK cell surface. This would be

accomplished by transfecting NK cells with a membrane bound constitutively active HPSE.

5.2 Strategy to improve NK cell infiltration

The first step for an optimal treatment efficacy is that the adoptively transferred cells must
access and abundantly infiltrate the tumor mass [85]. Thus, several research groups have been

focusing on developing new strategies to improve NK and T cell infiltration into solid tumors.

In preclinical tumors models, several strategies that aimed improving NK cell recruitment to the
TME, proved to be effective [85, 86]. These strategies focus mainly on overexpressing
chemokine receptors associated with enhancing NK cell migratory capacity [85, 86]. For
instance, overexpression of CXCR2 in primary human NK cells, by retroviral transduction, lead
to enhanced migration capacity towards renal cell carcinoma supernatants [87]. Another study
showed that by overexpressing both CXCR2 and IL-2 in NK-92 cells, these cells were present
in higher numbers in the tumor sites, with inhibition of tumor growth in vivo [88]. Ng YY et al
genetically engineered NK cells to co-express the CXCR1 and a CAR targeting tumor
associated NKG2D ligands. These cells showed enhanced infiltration into ovarian peritoneal
carcinoma xenograft [89]. In the cases mentioned above, results are dependent on the
expression of chemokine ligands by tumor cells, which are in constant dynamic change
according to the tumor context [90]. This can then impact the outcome of a clinically viable

protocol.
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Regarding T cells, strategies to overcome the lack of infiltration are focused on targeting the
tumor vasculature and the ECM, among others [91]. CAR-T cells targeting antigens
overexpressed in tumor vasculature, such as VEGFR1, PSMA and TEMS8, have been
developed to promote T cell extravasation and infiltration [92-94]. In these preclinical studies,
authors observed ablation of tumors vessels and regression of tumor growth and tumor burden
[92-94]. Several reports have also shown that targeting the tumor ECM can have successful
results [95]. CAR-T cells engineered to target fibroblast activation protein, overexpressed by
cancer-associated fibroblasts, inhibited tumor growth in mouse models and these animals
presented significantly prolonged survival [96-98]. Moreover, CAR-T cells targeting a specific
extra domain of fibronectin, an important ECM structural glycoprotein, inhibited the progression
of tumors in vivo [99, 100].

In my thesis, the focus was on ECM rearrangement, through the degradation of HS side chains
of HSPGs by HPSE. Combining the knowledge that HPSE is important for ECM remodeling
and the results from my thesis which suggest that HPSE is important for NK cell infiltration,
while also taking in consideration that tumor cells use the HPSE present in the TME for their

advantage, a strategy to promote NK cell infiltration was developed.

As immune cell model, NK-92¢P3/CP8 cells [68] were chosen. These cells are a derivative of the
NK-92 cell line [101], that express constitutively the human CD3 and CDS8, thus also allowing
the expression and further testing of TCRs and CARs [102]. The NK-92 cell line has been
widely studied and developed for clinical use, with more than hundred cancer patients been
treated so far with unmaodified or genetically engineered NK-92 cells [101]. In the clinical studies
conducted so far, the NK-92 cells and variants have been subjected to irradiation before

infusion, since these cells derive from a leukemia [101].

Using NK-92¢P3/Cb8 cells, the first approach to improve NK cell infiltration was to clone a fusion
gene coding a protein composed of an N-terminal extracellular GS3, linked to a CD28 hinge
and transmembrane domain and an intracellular monomeric green fluorescence protein
(mWasabi, mWas).This first approach was not successful, since NK-92¢P3¥Cb8/GS3-mWas cells
presented similar HPSE surface expression, surface distribution, enzymatic activity and NK
cell infiltration capacity, comparing to the non-transfected NK-92¢P%CD8 cells, A possible
explanation for this situation is that the fusion protein is aggregating in the intracellular
compartment, preventing the correct transport to the cell surface. However, this was not further
investigated, and a new approach was taken. It is important to mention that the Hpa 733
polyclonal antibody used for the FC protocols detects both the pro-HPSE and the active form

of HPSE [103]. Thus, since the only difference between these two cell lines is the transfection
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with GS3-mWsabi fusion protein, the difference in HPSE expression should be translated into
the expression of the GS3-mWsabi on the surface of the transfected cells. Nevertheless, a
technique such as western blot could have been used to detect the expression of the GS3-
mWsabi fusion protein.

In the second approach, the intracellular mWasabi protein was removed and a myc-tag was
added to the N-terminus of the GS3, linked to a CD28 hinge and transmembrane domains
(GS3™). This allowed to decrease the size of the fusion protein and avoid the possible
aggregation that could be occurring with the first construct. NK-92¢P3CP8/GS3™ cells have
higher HPSE expression, with the HPSE/GS3™ protein being distributed throughout the cell
surface. These cells also have higher HPSE activity compared to the non-transfected NK-

Q2CD3/CD8 a||s,

The surface expression of the NKp44, NKp46 and NKG2D receptors was diminished in NK-
Q2CD3ICD8IGS3™ cells, compared with that of the non-transfected NK-92¢P¥CP8 cel| line. A
possible explanation for the lower expression of NKp44, NKp46 and NKG2D is that the higher
expression of active HPSE on NK-92¢P3Cb8/GS3™ cell surface is promoting the shedding of
membrane bound HSPGs and indirectly interfering with the expression of these receptors.
HSPGs, such as syndecan-4, are expressed by NK cells and are reported to interact with NK
receptors, serving as ligands/co-ligands, promoting their stabilization, modification, or shedding
[104, 105]. Moreover, higher expression of HPSE in the microenvironment can promote HSPGs
shedding of cell surface and consequently can alter receptor-HSPGs complexes and lead to
reduce expression of these receptors [34, 106]. Both cell lines have high NKG2A expression
and residual KIR2DL4 expression. These results are in accordance with what is described in
literature, that the CD56""9" subset of NK cells expresses uniformly high CD94/NKG2A but
lacks the expression of KIRs [22].

Despite having a decrease in NKp44, NKp46 and NKG2D expression, the activation capacities
of NK-92¢P3/Cb8/GS3™ cells were preserved. NK and CD8+ T cells, the higher expression of
degranulation proteins like CD107a, is associated with phenotype more prone for activation
and cytotoxicity [107-109], which goes in accordance to the results presented in this thesis for
NK-92¢P3Cb8/GS3™ cells. Further studies could be performed to address this activation
phenotype of NK-92C¢P3¥CD8/GS3™ cells, such as the measurement of cytokine release (eg.
IFNg) upon activation and co-culture with target cells. Interestingly, the co-culture of NK-
92¢P3/Cb8IGS3™ cells with FaDu tumor cells lead to higher expression of CD107a than when
these cells were co-cultured with UPCI-SCC-154 tumor cells. One explanation for this could be

that FaDu cells express higher levels of NKG2D and NKp30 ligands than the UPCI-SCC-154,
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leading to a higher activation of the NK cells. Different expression levels of NK cell ligand on
cancer cell lines have been previously described and associated with NK cell activation and
response [110, 111]. To further confirm this, the measurement of ligands expression to other
important NK receptors could be assessed in tumor cells.

5.3 NK-92¢P3Cb8/GS3™ cells have higher migration and infiltration
capacity

Having a new cell line with increased active HPSE surface expression and enzymatic activity,

| sought to know if this would be translated into an improved migration and infiltration capacity.

To assess NK cells migration, a transwell assay was used. A higher amount of NK-
Q2CD3Ch8IGS3™ cells was able to degrade the matrix and migrate towards a chemoattractant,
comparing to the non-transfected NK-92€P3Cb8 cells, This result suggests that the GS3™ fusion
protein is giving an advantage to NK-92¢P¥CP8 cells, by increasing their migration capacity,

through the cleavage of the HS side chains of HSPGs.

The most important evaluated feature to confirm the success of the GS3™ fusion protein
strategy was the NK cell infiltration capacity. To this end, co-cultures of NK-92¢P3Cb8/GS3™
cells and NK-92¢P3C8 ce|ls with HNSCC spheroids were conducted. NK-92¢P3Cb8/GS3™ cells
were found in higher number within the spheroids and promoted a decrease in spheroid size,
which indicates that these cells have an enhanced infiltration capacity in vitro. By degrading
the HS side chains of proteoglycans present in the surface of tumor cells, the GS3™ fusion
protein promoted changes in tumor cell-cell interactions and consequently cause tumor cells to
desegregate, thus giving NK cells more access to tumors cells deeper into the 3D structure.
Interestingly, the NK-92C¢P3¥Cb8/GS3™ cells infiltration and consequent decrease of spheroid
size is seen at an earlier time point in the UPCI-SCC-154 experiments, compared to what was
observed in FaDu co-culture experiments. One explanation for this is the increase in
HPSE/GS3™ substrate since UPCI-SCC-154 spheroids were generated with tumor cells and

Geltrex™.

The experiments done in vitro in this thesis focused on the NK cells infiltration capacity.
However, measurements of NK cells cytotoxicity upon co-cultures with target cells could have
been performed to understand if by promoting more infiltration, the GS3™ fusion protein is also

inducing more cytotoxicity.

82



Discussion

The next and final experiment was to determine if the NK-92¢P3CP8/GS3™ cells presented
increased infiltration capacity in vivo. The injection of NK cells in tumor bearing mice is a
suitable method to assess the real effects of NK cells at the tumor location [112]. Moreover, the
repeated injection of these cells, like it was done in my thesis, promotes the enhancement and
sustainment of therapeutic efficacy by maintaining cell functionality and persistence. This also
better mimics the clinical scenario, where periodic NK cell infusions might be necessary for
durable responses in patients [112]. The FaDu xenograft experiments in immunodeficient mice
showed reduced tumor growth in mice treated with NK-92¢P¥Cb8/GS3™ cells, which were
correlated with higher numbers of CD56 infiltrating cells into these tumors. The results from the
in vivo xenograft experiment corroborate the higher infiltration capacity of NK-92¢P3/cb8/GS3™
cells observed in the spheroid co-cultures. Even though, NK cells were injected in three
different occasions the direct result of their infiltration capacity was only collected at the end
point of the experience. To monitor the in vivo distribution of NK cells throughout the
experiment, labelling of NK cells with contrast agents could be a solution. This technique was

already applied in other studies to better understand NK cell behaviour [113, 114].

Taken together, the results from my thesis demonstrate that the GS3™ fusion protein is giving
an advantage to NK-92¢P3Cb8 cells, supporting the anti-tumor efficacy of these effector immune

cells.
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5.4 Concluding remarks and Future perspectives

The strategy to transfect NK-92¢P3/CP8 cells with a constitutively active membrane bound HPSE
proved to be efficient in improving NK cell infiltration into tumor spheroids, as well as into
xenograft tumors in immunodeficient mice. Moreover, my results suggest that HPSE is
important for NK cell infiltration.

In this work, all experiments were conducted with non-irradiated NK-92¢P3CD8 cells, which can
proliferate indefinitely, since they derive from a leukemia. Thus, to allow the potential
application of NK-92¢P¥CP8/GS3™ cells in immunotherapy, similar experiments to the ones
described in this work and suggested improvements should be performed with irradiated NK-
Q2CD3CD8IGS3™ cells. This is an important next step to understand if the higher HPSE
expression, the higher enzymatic activity and the higher infiltration capacity are maintained
after irradiation. Moreover, it would be of interest to test the GS3™ fusion protein function in

primary human NK cells.

Considering that enhancing tumor targeted cytotoxicity is always necessary, it would also be of
interest to combine NK-92¢P3CP8/GS3™ cells with the expression of a TCR and/or a CAR. This
way, NK cells would potentially have a higher capacity to access tumor cells, through the

breakdown of ECM tumor barriers, while presenting increased targeted cytotoxicity.
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Supplementary Figure 1 - Comparative flow cytometric profile of NK-92CP3CP8 and NK-

92CD3/CD8/GS3TM

(A) Surface receptors were stained on live cells with the indicated antibodies. (B) Intracellular proteins were stained

on fixed cells with the indicated antibodies. Histograms are normalized to the mode. Representative results of three

independent experiments are shown.
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Supplementary Figure 2 - Automatic image analysis pipeline for NK cell guantification

Images were converted from green and blue channel images to grayscale, followed by the identification of the primary

objects, spheroids, based on their intensity (green channel) and size. After, a mask was applied to the blue channel

images to make sure that only NK cells present within the spheroid area would be identified. The final step was to

identify and quantify the NK cells, based on the intensity, size and shape of the masked blue channel images

86



Appendix

A
MFI - 802 MFI - 1115
[} |
§ 7] FaDu
o \ [ UPCI-SCC-154
£ Isotype Control
S
z
HPSE
B
MFI-71.2 MFI - 45.9 MFI - 266 MFI—-173 MFI - 100 MFI - 53.5
3 A\ 3 2 A
o o <] \
S | 1S S
o [ e | AL
£ £ £
o i o Q
z z z
ULBP-1 ULBP-2 ULBP-3
MFI - 223 MFI - 111 MFI1-73.2 MFI —48.9 MFI - 57.3 MFI - 29.1
Q
3 \ 3 3 \
o [e]
£ \ E €
o . o e .
£ £ £
s 2 z
MIC-A MIC-B B7-H6

Supplementary Figure 3 - Expression of HPSE, NKG2D and NKp30 ligands in FaDu and UPCI-SCC-
154 cells

(A) Surface expression of HPSE in FaDu (green) and UPCI-SCC-154 (purple) HNSCC cell lines detected with Hpa
733 polyclonal antibody and analyzed by FC. (B) Surface expression of the NKG2D ligands ULBP-1, ULBP-2, ULBP-
3, MIC-A and MIC-B and the NKp30 ligand B7-H6 in UPCI-SCC-154 and FaDu cells. Cells were stained with the
respective antibodies and analyzed by FC. Histograms are normalized to mode and represent MFI of each ligand.

Data correspond to two independent experiments.
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Supplementary Figure 4 - Spheroid culture optimization example
(A) Representative brightfield images of UPCI-SCC-154 spheroid at day 1 and day 2 after platting 2x10* cells per
well in ultra-low attachment plates. Spheroid culture was optimized by testing different cell densities, centrifugation
and incubation conditions. Spheroid formation and size was monitored daily until they reached approximately 0.3

mm. (B) Measurements of spheroid diameters showed a significant compaction at day 2, which was chosen for NK

infiltration tests. Brightfield images were taken daily and diameters were measured using ImageJ software (n=6).
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