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Abstract

The frequent downregulation or complete loss of major histocompatibility complex (MHC) expression
by tumour cells often compromises patients’ response to standard cancer treatments or af3 T-cell-based
therapies. Thus, NK cell and y& T-cell-based cancer immunotherapies emerged as complementary
treatments. Both immunotherapies have been successfully used to target haematological malignancies
but their effectiveness in patients with solid tumours has limited their therapeutic application. Most NK
cell and yd T-cell-based immunotherapies use cells isolated and expanded from peripheral blood
mononuclear cells, which may result in a cellular product with low homing capacity and/or anti-tumour
reactivity. We aimed therefore to explore the feasibility of isolating and expanding tumour-reactive NK
cells or yd T-cells directly from the tumour tissue of patients with cancer.

Different expansion protocols using cytokine combinations of IL-2, IL-15, IL-7 or IL-13 along with
molecularly defined targets for yd T-cells were tested for their capacity to preferentially isolate and
expand yd T-cells from patients’ tumour, while IL-2, IL-15 and stimulation with the K-562 cell line was
used for NK cell isolation and expansion. The protocols’ efficiency was assessed by evaluating the total
cell number, cell viability and NK cells or yd T-cells’ frequency. Cells’ functional capacity was determined
by their ability to produce IFN-y in response to autologous tumour cells and/or allogeneic cancer cell
lines. We demonstrate that NK cells and y® T-cells can be directly isolated from patients’ tumour tissue
and are able to recognize autologous tumour cells, producing IFN-y. Tumour-infiltrating yo T-cells
revealed inclusive to use their T-cell receptor to target autologous tumour cells in vitro.

In summary, our data provide the first evidence that tumour-infiltrating NK cells and y® T-cells can
be expanded from cancer lesions and may be used in cancer immunotherapy for patients with solid

tumours.

Keywords: yd T-cells; NK cells; tumour tissue; MHC negative tumour cells; yd T-cell receptor; anti-

tumour reactivity
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Resumo

A diminuicdo ou perda completa da expressédo do complexo principal de histocompatibilidade (MHC)
pelas células tumorais compromete frequentemente a resposta dos pacientes aos tratamentos
‘standard’ e terapias com células T af. Assim, as imunoterapias com células NK e T yd surgiram como
terapias complementares. Ambas tém sido bem-sucedidas no tratamento de cancros hematoldgicos,
contudo a reduzida eficacia em pacientes com tumores solidos tem limitado a sua aplicacéo terapéutica.
A maioria destas imunoterapias usa células isoladas e expandidas das células mononucleares do
sangue periférico, o que pode resultar num produto celular com baixa capacidade de infiltracdo e/ou
reatividade anti-tumoral. Assim, o objetivo deste estudo foi explorar a exequibilidade de isolar e expandir
células NK e T y& com atividade anti-tumoral a partir do tecido tumoral de pacientes com cancro.

Protocolos combinando alvos molecularmente definidos para as células T yd com varias
combina¢gbes das citoquinas IL-2, IL-15, IL-7 ou IL-1B foram testados para isolar e expandir
preferencialmente estas células do tumor dos pacientes, enquanto para as células NK foi usada IL-2,
IL-15 e estimulagao com a linha celular K-562. A eficacia dos protocolos foi avaliada através do nimero
total de células, viabilidade celular e frequéncia das células NK ou T yd. A capacidade funcional foi
determinada através da producédo de interferdo-gama em resposta a células tumorais autdlogas e/ou
linhas celulares cancerigenas alogénicas. Este estudo demonstra que células NK e T yd podem ser
isoladas diretamente do tecido tumoral de pacientes e possuem capacidade de reconhecer células
tumorais autélogas, produzindo interferdo-gama. As células T yd infiltradas no tumor revelaram
inclusivamente usar o recetor de células T para reconhecer in vitro células tumorais autélogas.

Estes resultados fornecem a primeira evidéncia que células NK e T yd infiltradas no tumor podem

ser expandidas de lesGes cancerigenas e usadas em imunoterapia para pacientes com tumores sélidos.

Palavras-chave: células T yd; células NK; tecido tumoral; células tumorais MHC negativas; recetor das

células T yo; reatividade anti-tumoral
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1. Introduction

1.1. Cancer

Cancer is the second leading cause of death worldwide. According to the World Health Organization
(WHO), in 2018, approximately 18.1 million people worldwide had cancer, and 9.6 million died from this
disease (WHO, 2018). The future of cancer is not encouraging since by 2040, the global burden is
expected to increase to 29-37 million new cases of cancer (WHO, 2020). Although several anti-cancer
therapies have been developed, tumour cells usually persist and lead either to a local relapse or
metastases, since cancer cells exhibit a high adaptation capacity and explore different mechanisms to

evade immune surveillance.

1.2. Immune evasion mechanisms

The most well-studied immune evasion mechanism explored by tumour cells is the downregulation
or complete loss of major histocompatibility complex | (MHC-1) molecules (Maeurer et al., 1996a), which
was already reported in several tumour types, such as breast (Cabrera et al., 1996), colorectal (Cabrera
et al., 1998) and cervical cancers (Van Driel et al., 1996). Beyond this mechanism that prevents the
tumour antigen presentation to T-cells avoiding tumour cell recognition, tumour cells may also hinder
their elimination by excluding immune cells from the tumour, preventing T-cell priming and/or impairing
immune cell functions. Immune cells are usually excluded from the tumour because tumour cells impair
their recruitment by promoting the downregulation of adhesion molecules involved in T-cell migration,
such as CD34, intercellular adhesion molecule 1 (ICAM1) and 2 (ICAM2) (Griffioen et al., 1996) or
vascular cell adhesion protein 1 (VCAM1) (Piali et al., 1995), and/or by downregulating the expression
of chemoattractant molecules through epigenetic silencing (Peng et al., 2015) or mutations in signalling
pathways (Spranger et al., 2015). On the other hand, tumour cells ensure that tumour-infiltrating
lymphocytes (TIL) are not able to target them by hamper their effector function through different
mechanisms. The immunosuppressive microenvironment established by tumour cells along with cancer-
associated fibroblasts (CAFs), tumour-associated macrophages (TAMs), dendritic cells (DCs), myeloid-
derived suppressor cells (MDSCs) and regulatory T-cells (Tregs) (Kerkar and Restifo, 2012) is one of
the main mechanisms responsible for the impairment of immune cell functions and consequently anti-
tumour responses. For example, the transforming growth factor beta (TGF-B) produced by tumour cells
(Tada et al., 1991), CAFs (Tauriello et al., 2018) and Tregs (Chen et al., 2005) acts on T-cells impairing
their effector functions. Vascular endothelial growth factor (VEGF) is another cytokine found in the
tumour microenvironment (TME), that beyond other functions, induces T-cell exhaustion by promoting
the expression of inhibitory receptors in T-cells, e.g. programmed cell death protein-1 (PD-1), cytotoxic
T lymphocyte-associated antigen-4 (CTLA-4) and T-cell immunoglobulin and mucin protein 3 (TIM-3)
(Voron et al., 2015). Another mechanism contributing to T-cell exhaustion is for example the release by
tumour cells of exosomes expressing programmed cell death-ligand 1 (PD-L1) that target PD-1* CD8*
T-cells (Chen et al., 2018). All these mechanisms are just few examples of the strategies employed by
tumour cells to evade tumour immune surveillance, several more exist and are reviewed in (Bhatia and
Kumar, 2014).



1.3. Immunotherapy

Standard cancer treatments, such as surgery, chemotherapy and radiotherapy, have demonstrated
limited efficacy for the treatment of patients with solid cancer. Thus, many cancer therapies have been
explored over the years. Immunotherapy emerged as a path to circumvent the immune evasion
mechanisms and potentiate immune cells to exert their anti-tumour functions. Several immunotherapies,
from the least specific to the more tumour-directed, have been designed to overcome different tumour
escape mechanisms. The least specific immunotherapies, i.e. oncolytic viral therapy,
immunostimulatory cytokines and checkpoint blockade therapy, do not target tumour cells directly, they
stimulate the immune system in a more general way. For example, oncolytic viruses preferentially target
tumour cells inducing their death and consequently increasing the anti-tumour directed inflammation
(Choi et al., 2016), while the administration of immunostimulatory cytokines, such as interferon (IFN) or
IL-2, preferentially promote the activation of tumour-specific T-cells (Abdolvahab et al., 2020; Choudhry
et al., 2018). On the other hand, checkpoint blockade immunotherapy focuses on the restoring of T-cell
effector functions using monoclonal antibodies designed to interrupt coinhibitory signalling pathways
that act to maintain immune tolerance and that are explored by tumour cells to evade immune-
surveillance (Pardoll, 2012). The most common targets for immune checkpoint inhibitors are CTLA-4,
PD-1 and PD-L1. In contrast with these non-specific therapies, tumour-directed immunotherapies, i.e.
therapeutic vaccines and adoptive cell therapy/active cell therapy (ACT), were designed to take
advantage of the antigens expressed in tumour cells as a consequence of the genomic instability and
mutations that enabled the cell to acquire the cancer hallmarks (Hanahan and Weinberg, 2011).
Therapeutic cancer vaccines stimulate antigen-specific immune responses through the immunization of
the patient with one or multiple tumour antigens (Chen and Mellman, 2013), whereas ex vivo expanded
tumour-reactive effector cells are used for ACT (Chen and Mellman, 2013; Met et al., 2019; Rosenberg
and Restifo, 2015).

Among the different types of immunotherapy, immunomodulators, such as PD-1 or PD-L1 inhibitors
(checkpoint blockade therapy), have been one of the most explored immunotherapies since last year,
presenting the largest number of active clinical trials (Upadhaya et al., 2020). However, it is ACT that
accounts for the largest number of new therapies under development since last year (Upadhaya et al.,
2020). This is probably explained because, contrarily to the other immunotherapies, the ex vivo cell
expansion and manipulation allows to generate a molecularly defined T-cell product with defined anti-

tumour specificity.

1.4. ACT
ACT involves the isolation of immune cells from the patient or a donor, their ex vivo expansion, which
may be preceded by a genetic modification, and their subsequent infusion into the patient. ACT
comprises different approaches and may be classified according to the cell source (autologous or
allogeneic) and the effector cell type used. There are three types of ACT: TIL therapy, T-cell receptor
(TCR) gene therapy and chimeric antigen receptor (CAR)-T-cells (Met et al., 2019). TIL therapy isolates
lymphocytes, mainly T-cells, that naturally infiltrate tumours and expand them ex vivo before reinfusion

into the patient (Christofi et al., 2019). In contrast, TCR gene therapy and CAR-T-cells isolate T-cells



from the peripheral blood mononuclear cells (PBMCs) and engineer them to express a transgene
encoding an antigen-specific receptor (Christofi et al., 2019). While in TCR gene therapy T-cells are
engineered with an exogenous tumour-specific TCR, in CAR-T-cells ACT, T-cells are engineered with
a CAR, i.e. an artificial receptor that combines the specificity of antibody-like recognition with the
cytotoxic capacity of T-cells using as an extracellular domain a tumour-specific antibody fragment
(Christofi et al., 2019). Thus, in contrast with TCR gene therapy, the use of CAR-T-cells enables the
recognition of tumour cells in a non-MHC restricted manner (Gross et al., 1989; Kuwana et al., 1987).
The three types of ACT have already demonstrated encouraging results, however in a long-term
perspective TIL therapy is possibly the most promising because in contrast with TCR gene therapy and
CAR-T-cells, it uses a polyclonal cell product to treat the patient (Met et al., 2019; Rohaan et al., 2019),
which results in a lower chance of inducing tumour immunoediting and consequently prevents therapy
resistance. TIL may also survive in a patient for a longer period and may therefore offer a more long-
term protection against cancer cells. TIL therapy also has the advantage of not requiring the genetic
engineering of the cells, which allows to save time and money.

ap T-cells have been the focus of tumour immunology due to their potent tumour-killing capacity and
extraordinary ability to detect mutated proteins, which offers a high specificity for the targeting of
transformed cells. Until recently, af T-cells have been considered the effector cells for ACT, however,
the fact that their activation depends on the recognition of tumour antigens presented by MHC molecules
has been shown to compromise the effectiveness of ACT in the complete eradication of the tumour.
Since tumour cells usually downregulate or lose MHC expression as a mechanism of immune evasion,
ACT using af3 T-cells allows the escape of these MHC negative tumour cell clones, which may result in
cancer recurrence. Therefore, the need to complement the standard ACT with new therapies that target

MHC negative tumour cells emerged.

1.4.1. Non-ap T-cell therapies

The pitfalls of antigen-specific therapies may be avoided with antigen-non-specific therapies. Thus,
innate immune cells might represent promising platforms for innovative immunotherapy approaches.
Due to their role in tumour immune surveillance, NK cells and y® T-cells have been the ones receiving
more attention.

1.4.1.1. NKcells

NK cells are a subset of innate lymphoid cells that act as the first line of defence against virus- and
malignant-transformed cells. These cells are divided into two main subsets according to their CD56
expression: CD56e"t and CD569™ NK cells. These two NK cell subsets differ in their main localization
and effector function. While CD5619ht NK cells are predominant in secondary lymphoid organs and are
more efficient in the production of proinflammatory cytokines, such as interferon-gamma (IFN-y) and
tumour necrosis factor-alpha (TNF-a), CD56%™ NK cells are abundant in peripheral blood, lung and
spleen, and are more effective in the induction of cytolysis due to their increased expression of perforin
and granzyme A (Jacobs et al., 2001; Tomasello et al., 2012). The activation mechanism of NK cells
was first described by the ‘missing-self theory’ (Ljunggren and Karre, 1990), which hypothesized that

NK cells distinguished ‘self’ from ‘non-self’ through the MHC-I expression in cells’ surface, being



activated when a loss or reduction of MHC-I expression was detected. This mechanism is partially
responsible for the recognition of tumour cells by NK cells since tumour cells usually exhibit low
expression of MHC-I and NK cells are able to recognize and eliminate them (Kéarre et al., 1986;
Ljunggren and Kérre, 1985). Nowadays, the activation mechanism of NK cells is known to be more
complex than the ‘missing-self theory’, despite it is not yet fully understood. Now, NK cells are also
known to express activating receptors, and the balance between the signals received from the activating
and inhibitory receptors is considered the driving force that determines the NK cell activation status
(Meza Guzman et al., 2020). Upon NK cell-to-cell interaction, the inhibitory and activating signalling
simultaneously occur. Thus, the activation of NK cells requires either the break of the inhibitory
signalling, as occur with tumour cells that lose or downregulate MHC-1 expression, or an activating signal

outweighing the inhibitory signal (Figure 1.1) (Meza Guzman et al., 2020).
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Figure 1.1 — NK cell activation. NK cells are tolerant to ‘self’-healthy cells because the MHC-I molecules expressed
on healthy cells’ surface interact with the NK inhibitory receptors dampening the activating signals that NK cells
receive (A). When cells lose the expression of MHC-I molecules, as it often occurs in tumour cells, NK cells become
activated since they do not receive the inhibitory signalling provided by the MHC-I molecules — ‘missing-self theory’
(B). In addition, NK cells may also be activated due to the upregulation of activating ligands in ‘stressed’ cells, which
leads to the delivery of an activating signalling that overcome the inhibitory signalling provided by the MHC-I

molecules (C). lllustration created with BioRender.com.

NK cells express a broad repertoire of inhibitory and activating receptors, which are grouped in three
main families: killer cell immunoglobulin-like receptors (KIRs), natural killer group 2 (NKG2) members
and natural cytotoxicity receptors (NCRs). KIR family comprises inhibitory (Burshtyn et al., 1996;
Campbell et al., 1996) and activating receptors (Burshtyn et al., 1996) that are distinguish through the



presence of intracellular immunoreceptor tyrosine-based inhibitory motifs (ITIM) or activating motifs
(ITAM), respectively. Like KIR family, the NKG2 members may also be activating (NKG2 member C,
NKG2C, and member E, NKG2E) or inhibitory receptors (NKG2 member A, NKG2A), however, while
they recognize a non-classical MHC molecule, the human leukocyte antigen (HLA)-E (Braud et al.,
1998), KIRs specifically bind to HLA-A (Hansasuta et al., 2004), HLA-B (Peruzzi et al., 1996) and HLA-
C (Zappacosta et al., 1997). Distantly correlated with the NKG2 family, NKG2 member D (NKG2D) is
an NK cell activating receptor that in contrast with those previously mentioned recognizes a broad
spectrum of ligands, namely the stress-inducible MHC-I chain-related gene A (MICA) and B (MICB)
(Steinle et al., 2001), and the UL16 binding proteins (ULBP) 1 to 4 (Cosman et al., 2001). In contrast to
KIR and NKG2 families, the NCR family only includes NK cell activating receptors, namely NKp46 (Sivori
et al., 1997, 1999), NKp44 (Vitale et al., 1998) and NKp30 (Pende et al., 1999). NK cells also express
other molecules that function primarily as co-receptors, being responsible for the amplification of the
triggering induced by the NKG2D or NCRs. Some examples are 2B4 (Sivori et al., 2000), NK-T-B-
antigen (NTB-A) (Bottino et al., 2001), DNAX accessory molecule 1 (DNAM1) (Shibuya et al., 1996),
CD59 (Marcenaro et al., 2003) and NKp80 (Vitale et al., 2001).

The wide variety of receptors expressed by NK cells offers them the ability to recognize a broad
spectrum of ligands in an MHC-independent manner. Moreover, some of these receptors demonstrated
to play a very relevant role in tumour immunity not only because tumour cells express their ligands but
also because their absence compromises tumour immune surveillance. NKG2D is an example since,
on one hand, the expression of its ligands MICA and MICB revealed to render hepatocellular carcinoma
tumour cells susceptible to NK cell killing (Jinushi et al., 2003), and on the other hand, its absence
resulted in a defective tumour surveillance (Guerra et al., 2008). The NCRs NKp46 and NKp30 are other
examples once the NKp46 deletion showed to lead to a reduction of NK cell ability to lyse target cells in
vivo (Halfteck et al., 2009; Sivori et al., 1999) and the NKp30 ligand B7-H6 (Brandt et al., 2009) was
shown to be absent in healthy cells but to be frequently expressed in different types of tumour cells,
through a Myc-dependent mechanism (Textor et al., 2016). Besides the studies focusing on NK cell
receptors and ligands have evidenced the role of NK cells in tumour immunity, other studies proved it
directly even demonstrating that NK cells have the ability to recognize and target cancer stem cells from
different types of tumours, such as breast cancer (Ames et al.,, 2015; Yin et al., 2016), pancreatic
adenocarcinoma, sarcoma (Ames et al., 2015), colorectal cancer (CRC) (Tallerico et al., 2013) and
glioblastoma (Castriconi et al., 2009).

Altogether, the capacity to recognize several ligands in an MHC-independent manner associated
with the role of NK cells in tumour immunity has led to a boost in the field of NK cell-based
immunotherapies. Several clinical trials have been developed during the last decade. Most of the
completed clinical trials (ClinicalTrials.gov) focused on the infusion of allogeneic or autologous NK cells
and demonstrated to have a higher success rate in the treatment of haematological cancers in
comparison with solid tumours. Although some success was reported in clinical trials aiming to treat
neuroblastoma and non-small cell lung cancer (NSCLC), in other types of solid cancers, such as
metastatic melanoma, renal cell carcinoma (RCC) or advanced gastrointestinal tumours (Parkhurst et

al., 2011; Sakamoto et al., 2015), the effectiveness of NK cell-based immunotherapies appeared to be



limited. Currently, several ongoing clinical trials (ClinicalTrials.gov) are exploring other approaches, such
as CAR-NK cells. These new developed CAR-NK cells are mainly directed against antigens of
haematological cancers, e.g. CD19, CD22, CD33 and CD7, and only some target solid tumours, using
for example mucin 1 and mesothelin as target molecules. This broader focus on haematological cancers
is not surprising since besides these therapies have been showing more promising results in these types
of cancers, the safety of CAR-NK cells was already demonstrated in the treatment of patients with
haematological cancers, such as acute myeloid leukaemia (AML) (Tang et al., 2018) and non-Hodgkin’s
lymphoma or chronic myeloid leukaemia (CML) (Liu et al., 2020). Of note that most of the currently
recruiting clinical trials continue to focus on the infusion of allogeneic or autologous NK cells to treat not
only haematological malignancies, but also several types of solid tumours.

1.4.1.2. ydT-cells

yd T-cells represent a non-conventional T-cell subset that exhibit innate- and adaptive-like properties
thus performing the bridge between innate and adaptive immunity (Melandri et al., 2018). This is
evidenced by the combination of TCR-mediated and NK-characteristic mechanisms to recognize and
kill target cells. y® T-cells express a TCR composed of y and & chains and are divided into several
subsets according to their TCR usage of Vd chains, being the most common V&1* and V&2* yd T-cells.
While V&1* yd T-cells are predominantly found as tissue-resident cells, most V&2* yd T-cells express
the Vy9 chain and constitute the main yd T-cell population in peripheral blood (Bonneville et al., 2010).
Besides their tissue tropism, these two yd T-cell subsets exhibit different phenotypes: Vd2* yd T-cells
are more inflammatory, whereas V&1* y® T-cells present a more regulatory phenotype (Kress et al.,
2006). Despite their differences, both yd T-cell subsets have capacity to target tumour cells, performing
an important role in tumour immunity. V&1* yd T-cells, due to their tissue tropism, have a biologically
relevant role in immune responses directed against tumour cells of epithelial origin, such as skin (Girardi
et al., 2001), colon and rectal cancers (Rong et al., 2016; Zocchi et al., 2017). In contrast, in addition to
their ability to respond to pathogen-derived pyrophosphates (Tanaka et al., 1995), Vy9*Vé2* yd T-cells
recognize the isopentenyl pyrophosphate (IPP) that frequently accumulates in tumour cells due to the
dysregulation of the mevalonate pathway (Gober et al., 2003).

yd T-cells are equipped with a TCR and activating NK cell receptors that allows them to recognize
surface antigens without depending on antigen presentation by MHC-I molecules (Schild et al., 1994).
Although the ligands for the different yd T-cell receptors are not yet fully unravelled, it is known that
these cells recognize molecules expressed at the cell surface in a stress-induced manner. Some TCR
ligands were already described, despite were shown to be recognized by specific yd T-cell subsets. For
example, while Vy4*V®5* and Vy8*Vd3* yd T-cells recognize endothelial protein C receptor (EPCR)
(Willcox et al., 2012), and annexin A2 (Marlin et al., 2017), respectively, V&1* yd T-cells detect lipids
presented by the surface glycoprotein CD1d (Luoma et al., 2013; Uldrich et al., 2013) and Vy9*V&2* yd
T-cells recognize the heat shock protein 60 (Laad et al., 1999), F1-ATPase (Scotet et al., 2005) and
phosphoantigens presented by butyrophilins (BTN), such as butyrophilin subfamily 3 member Al
(BTN3A1) (Benyamine et al., 2016). In addition to y®& TCR antigens, y® T-cells are activated by many
other ligands as they also express activating NK cell receptors, such as NKp30, NKp46, NKp44 (Correia



et al., 2011; Mikulak et al., 2019) and NKG2D (Wrobel et al., 2007). Some of the ligands recognized by
yd T-cells through the activating NK cell receptors were not yet described, however, ligands such as
ULBP1 (Lanca et al., 2010), ULBP3 (Poggi et al., 2004), ULBP4 (Kong et al., 2009), MICA and MICB
(Bauer et al., 1999; Das et al., 2001; Wu et al., 2002) have already been reported to activate yd T-cells
through NKG2D. Some of these ligands, namely ULBP4 (Kong et al., 2009), MICA and MICB (Bauer et
al., 1999; Wu et al., 2002), have also been demonstrated to activate yd T-cells via the TCR. In fact,
NKG2D and TCR seem to cooperate and provide yd T-cells the capacity to recognize cancer stem cells
since yd T-cells already showed to target colon cancer stem cells via TCR and to a lesser extent by
NKG2D (Todaro et al., 2009). Besides activating NK cell receptors and the TCR, yd T-cells also express
inhibitory KIRs as NK cells, which provides them another mechanism through which they can detect
tumour cells since they can be activated by cells that lose or downregulate MHC-I expression (Figure
1.2)(Dolstra et al., 2001; Halary et al., 1997).
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molecules are constituted by a polymorphic heavy chain and a 2-microglobulin chain. Prior their association with
peptides, MHC-I molecules are stabilized in the endoplasmic reticulum (ER) by calreticulin, Erp57 and tapasin.
Tapasin interacts with the transporter protein associated with antigen presentation (TAP), which is responsible for
the translocation of peptides from the cytoplasm to the ER. Peptides loaded on MCH-I molecules derive from the
degradation of viral or self-proteins by the proteasome and are translocated into the ER by TAP. If the peptides
continue to be too long after proteasome degradation, before binding to MHC-I molecules, they are trimmed in the
ER by the ER aminopeptidase (ERAAP). The binding of peptides to MHC-I molecules results in the release of
calreticulin and Erp57. Peptide-MHC-I complexes leave the ER, passing through the Golgi apparatus and being
released from it in vesicles that are going to fuse with cells’ membrane, allowing peptide-MHC-I complexes to be
expressed at cells’ surface. Tumour cells may express mutated peptides on their surface through the previously
mentioned pathway, which allows af3 T-cells to target them. The lost (e.g. via loss of the short arm of the
chromosome 6) or downregulation of MHC-I expression by tumour cells enables them to escape af§ T-cell
recognition. However, they may still be targeted by yd T-cells and NK cells, which recognize MHC-| non-restricted
ligands, such as ULBP, MICA and MICB. yd T-cells and NK cells share not only activating receptors, such as
NCRs, NKG2D and DNAM1, but also inhibitory KIRs. In addition, y® T-cells also present a yd TCR that allows
them to recognize ligands such as EPCR, annexin A2, phosphoantigens presented by butyrophilins (e.g. BTN3A1)
and lipids presented by CD1la-d. Of note that CD1a-d have a similar structure to MHC-I molecules, being also



dependent of f2-microglobulin expression. Defects in f2-microglobulin may therefore also lead to the loss of CD1-

restricted antigen-presentation. lllustration created with BioRender.com.

yd T-cells present a broad spectrum of effector capacities, which are triggered after y& T-cell
activation according to the receptors involved in target cell recognition. For example, the engagement
of NKG2D activates cytolytic yd T-cell responses (Bauer et al., 1999), resulting in the killing of target
cells through the granzyme-perforin axis as it was already reported to occur in response to tumour cells
of RCC (Viey et al., 2005), squamous cell carcinoma (SCC) (Alexander et al., 2008), CRC (Todaro et
al.,, 2009) and CML (D’Asaro et al., 2010). The induction of the death receptor signalling pathway in
target cells through the production of TNF-related apoptosis-inducing ligand (TRAIL) (Dokouhaki et al.,
2013; Tawfik et al., 2019) and Fas ligand (FasL) (Li et al., 2011) is another effector capacity of yd T-
cells that was also already described to be responsible for the killing of tumour cells. yd T-cells are also
able to produce cytokines (e.g. TNF-a, IFN-y and IL-17) (Christmas and Meager, 1990; Lo Presti et al.,
2017) and to perform antibody-dependent cellular cytotoxicity (ADCC) (Couzi et al., 2012). In addition
to all these mechanisms that promote target cell death, y® T-cells can induce innate and adaptive
immune responses by functioning as antigen-presenting cells (APCs) of tumour antigens to af T-cells
(Muto et al., 2015) or by co-stimulating the 4-1BB of NK cells, promoting their cytotoxic activity (Maniar
et al., 2010).

yd T-cells capacity to recognize surface antigens through different receptors in an MHC-independent
manner (Schild et al., 1994), bypassing the most common immune evasion mechanism developed by
tumour cells, the downregulation of MHC-I expression, and their ability to induce target cell death
through various mechanisms called the attention for their use in cancer immunotherapy. Several clinical
trials exploring y® T-cell-based immunotherapies have been developed, specially over the last decade.
Most of them are now completed (Table 9.1 and Table 9.2 in appendix) and were based in two different
strategies: administration of a chemical compound to stimulate yd T-cell expansion and activation in
vivo or infusion of ex vivo expanded and activated yd T-cells. Several chemical compounds boost or
mimic the expression of phosphoantigens and stimulate directly Vy9+Vd2* yd T-cells. Some examples
are the aminobiphosphonates, e.g. pamidronate and zoledronate/zoledronic acid, or the synthetic
phosphoantigen analogues, such as bromohydrin pyrophosphate (BrHPP) and 2-methyl-3-butenyl-1-
pyrophosphate (2M3B1PP), which increase the expression of endogenous phosphoantigens in APCs,
such as monocytes, or in tumour cells (Eberl et al., 2003; Gu et al., 2018; Moulin et al., 2017). Despite
the variability, most completed clinical trials used zoledronic acid to stimulate yd T-cells in vivo (Table
9.2 in appendix) or administered it in combination with ex vivo expanded y® T-cells (Table 9.1 in
appendix). No severe toxicity was observed in any of both approaches, however, no substantial anti-
tumour activity could be detected (Abe et al., 2009; Aoki et al., 2017; Bennouna et al., 2008, 2010;
Kobayashi et al., 2011; Lang et al., 2011; Nakajima et al., 2010; Nicol et al., 2011; Pressey et al., 2016;
Sakamoto et al., 2011; Wilhelm et al., 2003). Currently, at least 13 clinical trials (Table 9.3 and Table
9.4 in appendix, and Table 1.1) are exploring yd T-cells in cancer immunotherapy. Although some of
them are exploring technologies as a3 TCR transfer or CAR yd T-cells since both already demonstrated
promising results in pre-clinical studies (Harrer et al., 2017), the current recruiting clinical trials are

focused on the infusion of allogeneic or autologous yd T-cells (Table 1.1). In contrast with most



completed clinical trials, which were mainly developed for patients with solid tumours, the current
recruiting clinical trials are more focused on haematological malignancies (Table 1.1), probably due to

the higher success of these therapies in this type of cancers.

Table 1.1 - Recruiting clinical trials using yd T-cell-based ACT for cancer treatment.

Enrolled Clinical trial ID

Cancer type Phase Year Treatment
patients or reference
Allogeneic yd T-cells following
Leukaemia and myelodysplastic hematopoietic stem cell
syndrome (MDS) I 2020 transplant and post-transplant 38 NCT03533816
cyclophosphamide
Drug-resistant  immunotherapy
with activated gene-modified yd
Glioblastoma multiforme | 2020 Tcells infusion following 12 NCT04165941
standard therapy with radiation
and chemotherapy
(temozolomide)
Hepatocellular carcinoma | 2020 Allogeneic yd T-cells 8 NCT04518774
Relapsed or refractory B-cell
non-Hodgkin's lymphoma,
chronic lymphoblastic leukaemia | 2019 Autologous yo6 T-cells 6 NCT04028440
(CLL) and peripheral T-cell
lymphoma
Relapsed or refractory AML | 2019 Allogeneic yd T-cells 38 NCT04008381
N/A  (Observational  study:
AML N/A 2018 Generation of CD33-CD28 CAR- 20 NCT03885076
yd T-cells)
Relapsed or refractory AML, Autologous TCR af3 depleted NTR6541;
high-risk MDS or multiple | 2017 cells expressing heterologous 18 (Straetemans et
myeloma (MM) TCR Vy9*Vo2* al., 2018)

1.5. Aim of the project: tumour-infiltrating NK cells and y& T-cells for cellular

immunotherapy of solid tumours

Compared to ap T-cells, NK cells and yd T-cells offer: a) the recognition of multiple antigens instead
of a single one, which may prevent tumour immune escape associated with single antigen loss; b) MHC-
independent recognition of target cells, which allow their application as an “off-the-shelf”’ cellular therapy
with low to absent risk of alloreactivity and graft-versus-host disease (GvHD) (Godder et al., 2007; Perko
et al., 2015; Rubnitz et al., 2010; Ruggeri et al., 2002); and c) the simultaneously activation of innate
and adaptive anti-tumour responses, since yd T-cells may promote NK cell cytotoxic activity (Maniar et
al., 2010) and function as APCs, priming antigens for T-cells (Brandes et al., 2005) and inducing a strong
CD8* ap T-cell response (Brandes et al., 2009). All these characteristics together with the fact that the
infiltration of both cell types into tumours have been correlated with a better prognosis in different types
of cancer (Gentles et al., 2015; Zhang et al., 2020) have led to the development of several NK and yd

T-cell-based immunotherapies. Although cellular therapies using NK cells or yd T-cells have been



successful in targeting haematological malignancies, their clinical effectiveness in patients with solid
tumours has not been very promising. Besides other factors, the appropriate homing into the tumour
has been considered one of the most critical factors limiting better clinical outcomes.

Immune cell infiltration into tumour sites depends on interactions between chemokine ligands and
receptors. Different NK cell subsets have distinct chemokine receptor repertoires (Berahovich et al.,
2006; Campbell et al., 2001) and are differently distributed in blood and tissues. For example, NK cells
expressing C-X-C motif chemokine receptor 3 (CXCR3) accumulate preferentially in tumours (Wendel
et al., 2008). The same is verified for yd T-cells: while peripheral blood-derived Vd2* yd T-cells express
C-C motif chemokine receptor type 5 (CCR5) (Glatzel et al., 2002), and Vo1* yd T-cells are CCR2-
positive and respond in vitro to C-C motif chemokine ligand 2 (CCL2) activation (Langa et al., 2013),
tumour-infiltrating V61+* yd T-cells express CXCR3 and are activated by C-X-C motif chemokine ligand
10 (CXCL10) (Ye et al., 2013). Thus, the limited clinical effectiveness of NK and yd T-cell-based
immunotherapies in patients with solid tumours may result from the cell source used to isolate and
expand the effector cells. Most of these therapies use PBMCs to isolate and expand their effector cells,
which in fact may result in a cell product with low anti-tumour reactivity and/or homing capacity due to
the expression of a chemokine receptor repertoire that does not correspond to the ligands expressed
by tumour cells. Therefore, there is an urgent need to explore new cell sources that allow the
development of a therapy for solid tumours that provides an anti-tumour reactive cellular product,
especially against MHC negative tumour cells, and that have capacity to properly infiltrate into the
tumour. Based on the assumption that tumour-infilirating NK cells and yd T-cells are enriched for tumour
antigen-specific target recognition, the isolation and expansion of these cells from the patients’ tumour
tissue to further use in therapy may allow to have an anti-tumour reactive cell product expressing the
appropriate chemokine receptor repertoire to properly infiltrate into the tumour.

In this sense, the main goal of this work was to ascertain the feasibility of isolating and expanding
tumour-reactive NK cells and y® T-cells directly from patients’ tumour tissue. For that, the tumour tissue
of four patients with cancer was used in one hand to isolate and expand NK cells using IL-2, IL-15 and
stimulation with the K-562 cell line, and on the other hand to test the capacity of different expansion
protocols using cytokine combinations of IL-2, IL-15, IL-7 or IL-1f3 along with molecularly defined targets
for yd T-cells to preferentially isolate and expand yd T-cells. The protocols’ effectiveness was assessed
through the evaluation of the total cell number, cell viability and NK cells or y T-cells’ frequency. Finally,
the effector function of the isolated NK cells and y& T-cells was determined through their capacity to
produce IFN-y in response to autologous and/or allogeneic tumour cells.

Overall, this study offers a new prospect for the development of powerful cancer immunotherapies

for solid tumours.
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2. Materials and methods

2.1. Cell lines, primary cultures and culture conditions

A total of eight cancer cell lines were used in this study as targets for the recognition assays (section
2.8) performed to evaluate the effector capacity of the isolated and expanded NK cells and yd T-cells.
These cancer cell lines can be grouped into three types: lymphoblastoid (K-562 and Daudi), pancreatic
(PANC-1, Panc 10.05 and CFPAC-1) and colorectal cell lines (HKe-3, SW480 and LoVo).

K-562 (ATCC® - American Type Culture Collection - CCL-243) is a cell line that was established in
1975 by Lozzio and Lozzio (Lozzio and Lozzio, 1975) from a pleural effusion of a 53-year-old female
with CML in terminal blast crisis. K-562 cells are known as a standard NK cell target due to their lack of
MHC-I expression. Thus, they were used not only as an NK cell target in the recognition assays, but
also as feeder cells to stimulate and activate NK cells during their in vitro expansion.

Daudi (ATCC® CCL-213™) is a B-cell line that was established in 1967 by E. Klein et al (Klein et al.,
1968) from a 16-year-old African male with Burkitt lymphoma, that is also known to lack MHC-I
expression. As K-562 cells, Daudi cells were maintained in Roswell Park Memorial Institute (RPMI) 1640
medium with GlutaMAX-I™ (Gibco™, Carlsbad, USA) supplemented with 10% (v/v) heat inactivated
foetal bovine serum (FBS; Gibco™) and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific,
Massachusetts, USA).

PANC-1 (ATCC® CRL-2547™) is a cell line established from a pancreatic ductal adenocarcinoma
of a 56-year-old Caucasian male. This cell line was maintained in Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose content (4500 mg/mL) (Gibco™) supplemented with 10% (v/v) heat
inactivated FBS (Gibco™) and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific).

Panc 10.05 (ATCC® CRL-2547™) is a cell line derived from a pancreatic adenocarcinoma (PDAC)
of a Caucasian adult male. Panc 10.05 cells were maintained in RPMI 1640 medium with GlutaMAX-|™
(Gibco™) supplemented with 15% (v/v) heat inactivated FBS (Gibco™), 10 U/mL of human recombinant
insulin and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific).

CFPAC-1 (ATCC® CRL-1918™) is a cell line established from a ductal adenocarcinoma metastasis
in the liver of a 26-year-old Caucasian male with cystic fibrosis. This cell line was maintained in Iscove’s
Modified Dulbecco’s Medium (IMDM) with L-glutamine, 25 mM HEPES without a-thioglycerol and -
mercaptoethanol (Corning Life Sciences, Tewksbury, MA, USA) supplemented with 10% (v/v) heat
inactivated FBS (Gibco™) and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific).

HKe-3 was donated by Dr. Angela Relogio (Institute for Theoretical Biology, Berlin) and it is a cell
line derived from the HCT 116 cell line, which was established from a CRC of a 48-year-old adult male.
The HKe-3 cell line was generated through the knockout of the mutated KRAS allele present in HCT
116 cell line.

SW480 (ATCC® CCL-228™) is a cell line established from a 50-year-old Caucasian male with
colorectal adenocarcinoma. As HKe-3 cells, this cell line was maintained in DMEM with high glucose
content (4500 mg/mL) (Gibco™) supplemented with 10% (v/v) heat inactivated FBS (Gibco™) and 1%

(v/v) penicillin/streptomycin (Thermo Fisher Scientific).

11



LoVo (ATCC® CCL-229™) is a cell line derived from a colon adenocarcinoma metastasis in the left
supraclavicular region of a 56-year-old male. These cells were maintained in Ham’s F-12K Nutrient
Mixture (F-12K) with L-glutamine (Corning Life Sciences) supplemented with 10% (v/v) heat inactivated
FBS (Gibco™) and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific).

Five types of primary cell cultures derived from patients were used in this study, namely: one B-cell
line, TIL, PBMCs, tumour cells and CAFs. The B-cell line was maintained in RPMI 1640 medium with
GlutaMAX-I™ (Gibco™) supplemented with 10% (v/v) human serum (HS; Sigma-Aldrich, St. Louis, MO,
USA) and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific). TIL and PBMCs were maintained
in CellGenix® GMP DC medium (CellGenix GmbH, Freiburg, Germany) supplemented with 10% (v/v)
HS (Sigma-Aldrich), antibiotics - 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific), 0.1% (v/v)
clindamycin (1 mg/mL; Sigma-Aldrich), 0.5% (v/v) ciprofloxacin (Quinox 2 mg/mL solution for infusion;
Fresenius Kabi Italia S.r.l., Verona, Italia) and 0.4% (v/v) amphotericin B (250 yg/mL; VWR, Radnor,
PA, USA) (hereafter referred to as culture medium) - and the respective cytokine cocktail suitable for
the cell type that was being expanded (details provided in the sections below). Tumour cells and CAFs
were cultivated in Connaught Medical Research Laboratories (CMRL, Gibco™) medium supplemented
with 0.1% (v/v) GlutaMAX (Gibco™), 20% (v/v) heat inactivated FBS (Gibco™) and antibiotics - 1% (v/v)
penicillin/streptomycin (Thermo Fisher Scientific), 0.1% (v/v) clindamycin (1 mg/mL; Sigma-Aldrich),
0.5% (v/v) ciprofloxacin (Quinox 2 mg/mL solution for infusion; Fresenius Kabi Italia S.r.l.) and 0.4%
(v/v) amphotericin B (250 pg/mL; VWR). The procedure to establish tumour and CAFs cell cultures is
described in detail on section 2.3.

All cell lines and primary cell cultures were maintained at 37°C in a humidified atmosphere containing
5% CO.. Pancreatic and colorectal cancer cell lines, as well as primary cultures of tumour cells and
CAFs were cultured under adherent conditions, while lymphoblastoid cell lines, patient B-cell line and
primary cultures of TIL and PBMCs were cultured under suspension conditions. Adherent and
suspension cell lines were cultured on tissue culture polystyrene and Nunclon™ Delta surface treated
flasks (T-flasks; Thermo Fisher Scientific), however, T-flasks containing suspension cells were
maintained in an upright position. TIL and PBMCs were cultured in polystyrene treated 24- or 96-well
plates flat bottom (Corning Life Sciences).

For cell expansion and maintenance, adherent cells were split when 70-80% confluence was
reached. Cells were washed with phosphate-buffered saline solution (PBS; Corning Life Sciences),
incubated 5 min at 37°C with TrypLE Express (Gibco™) and split through their dilution in pre-warmed
medium. Suspension cells were split by dilution and separation of the cell suspension in new T-flasks
or wells of a 24-well plate (Corning Life Sciences). TIL and PBMCs medium was refreshed every 3—4
days through half-media changes.

To establish working cell banks, cell lines and primary cell cultures were frozen in a cryopreservation
solution of heat inactivated FBS (Gibco™) containing 10% (v/v) of dimethyl sulfoxide (Thermo Fisher

Scientific) and stored in liquid nitrogen.
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2.2. Ex vivo isolation and expansion of NK cells and yd T-cells
2.2.1. Expansion of NK cells and yd T-cells directly from patients’ tumour tissue

Four patients with cancer (detailed description provided in Table 2.1), who were admitted to the
Oncology Department at Champalimaud Clinical Center (CCC), provided written informed consent and
were enrolled in the present study after approval by the institution’s ethics committee. Tumour tissue
from clinical biopsies or surgery were cut with a scalpel into 1-2 mm?2 tumour fragments, which were
placed in groups of 2—3 in each well of a 24-well plate (Corning Life Sciences). Culture conditions varied
according to the cell type to be expanded.

Tumour fragments from which NK cells were expanded were maintained in culture medium
supplemented with IL-2 (1000 IU/mL; Miltenyi Biotec, Bergisch Gladbach, Germany) and IL-15 (180
IU/mL; Miltenyi Biotec). Since it was not possible to define the number of NK cells present in the cultured
tumour tissue, feeder cell stimulation was performed every 10 days with 0.10x10°% K-562 cells irradiated
at 55 gray (Gy).

To determine the best expansion conditions for yd T-cells, tumour fragments were maintained in
culture medium supplemented with different cytokine combinations: a) IL-2 (1000 1U/mL; Miltenyi
Biotec), IL-15 (180 IU/mL; Miltenyi Biotec) and IL-13 (1000 IU/mL; Miltenyi Biotec); b) IL-2 (1000 1U/mL;
Miltenyi Biotec) and IL-7 (1000 1U/mL; Miltenyi Biotec) and c) IL-7 (1000 IU/mL; Miltenyi Biotec) and IL-
18 (1000 1U/mL; Miltenyi Biotec). A pool of 55 Gy irradiated PBMCs from three healthy donors was used
as allogeneic feeder cells to stimulate yo T-cells every 10 days. A total of five stimulations were
performed by adding per well 1x10° feeder cells treated with 5 uM of zoledronic acid (Aclasta 0.05
mg/mL solution for infusion; Novartis, Basiléia, Switzerland) or along with 30 ng/mL of anti-human CD3
antibody (clone OKT3, BioLegend, CA, USA). The first two stimulations were performed with feeder
cells treated with zoledronic acid, while the others alternated between addition of feeder cells along with
anti-human CD3 antibody and feeder cells treated with zoledronic acid.

Tumour fragments were removed from all conditions after 10 days of culture. The total cell number,
cell viability and the NK cells or yd T-cells’ frequency started to be evaluated after the second stimulation
with feeder cells. From that point on, these parameters were always assessed between stimulations,
except the NK cells or yd T-cells’ frequency that was only evaluated when there was a reasonable
number of cells to be removed to perform flow cytometry. After five stimulations with feeder cells, NK
cells and yd T-cells (from the best expansion condition(s)) were sorted by fluorescence-activated cell
sorting (FACS) (section 2.7) and their effector capacity was determined through the evaluation of IFN-

y production against autologous (when available) and/or allogeneic tumour cell lines (section 2.8.2).

2.2.2. yd T-cell expansion from TIL and PBMCs
In addition to the tumour tissue obtained from patients undergoing routine surgical procedures at
CCC, we had access to tumour cell lines, TIL and/or PBMCs from two patients (D82 and D83, detailed
description in Table 2.1) treated at a collaborating hospital (outside Portugal) with TIL therapy followed
by high-dose IL-2 infusion. TIL used to perform the first cell infusion of patient D82, PBMCs collected
after patient D83 first TIL infusion, as well as TIL from patient D126 (detailed description in Table 2.1)

before receiving any treatment at the CCC were used to ex vivo expand yd T-cells using the protocol
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that showed best results in the expansion of yd T-cells directly from patients’ tumour tissue. Of note that
PBMCs from patient D83 were isolated and freshly frozen, while TIL from patients D82 and D126 were
expanded from tumour pieces using the optimal conditions for a§ T-cell growth (medium supplemented
with IL-2, IL-15 and IL-21 and stimulation with allogeneic PBMCs and anti-human CD3 antibody) and
then frozen. Moreover, after this first expansion, TIL from patient D126 were thawed and before being
frozen again were cultured for 14 days under good manufacturing practice conditions to expand af§ T-
cells.

Cells were thawed and cultured in a 24-well plate (Corning Life Sciences) with culture medium
supplemented with IL-2 (1000 IU/mL; Miltenyi Biotec), IL-15 (180 IU/mL; Miltenyi Biotec) and IL-18 (1000
IU/mL; Miltenyi Biotec). Cells were stimulated every 10 days with allogeneic feeder cells (pool of PBMCs
from three healthy donors) irradiated at 55 Gy. A total of five stimulations were performed by adding per
well 1x108 feeder cells treated with 5 uM of zoledronic acid (Aclasta 0.05 mg/mL solution for infusion;
Novartis) or along with 30 ng/mL of anti-human CD3 antibody (clone OKT3, BioLegend). The first two
stimulations were performed with feeder cells treated with zoledronic acid, while the others alternated
between addition of feeder cells along with anti-human CD3 antibody and feeder cells treated with
zoledronic acid. The total cell number, cell viability and the yd T-cells’ frequency started to be evaluated
after the second stimulation with feeder cells. From that point on, these parameters were always
assessed between stimulations, except the yd T-cells’ frequency that was only evaluated when there
was a reasonable number of cells to be removed to perform flow cytometry. After five stimulations, yo
T-cells were negatively sorted by FACS (section 2.7) and their effector capacity was determined
through the evaluation of IFN-y production against allogeneic cancer cell lines and autologous tumour
cells (patients D82 and D83) or autologous Epstein-Barr virus (EBV)-transformed B-cells (patient D126)
(section 2.8.2).

Table 2.1 — Patient clinical data.

Patient ID Gender Age Sample type Tumour type Treatment
D155 Male 82 Tumour tissue Rectal cancer -
D157 Female 72 Tumour tissue Ovarian cancer metastasis in colon -
D162 Male 81 Tumour tissue Colon adenocarcinoma -
D171 Male 43 Tumour tissue Rectum adenocarcinoma -
D82 Male 76 TIL Glioblastoma TIL therapy followed by

high-dose IL-2 infusion

D126 Female 63 TIL PDAC

Pancreatic cancer, lung metastasis,
i ] . TIL therapy followed by
D83 Male 39 PBMCs* peritoneal metastasis, lymphatic . . .
. high-dose IL-2 infusion
metastasis

* TIL were no longer available.

2.3. Establishment of patients’ tumour cell lines

Four of the seven samples from patients with cancer used in this study correspond to tumour tissue
obtained from clinical biopsies or surgeries performed at the CCC. To establish an autologous tumour

cell line for each patient, samples were cut with a scalpel into 1-2 mm?3 tumour fragments and then

groups of 2—3 fragments were placed in each well of a 24-well plate (Corning Life Sciences). Cells were

14



maintained in CMRL (Gibco™) medium supplemented with 0.1% (v/v) GlutaMAX (Gibco™), 20% (v/v)
heat inactivated FBS (Gibco™) and antibiotics. Tumour fragments were removed after 10 days in culture
and when confluence was achieved, cells were washed with PBS (Corning Life Sciences), harvested
with TrypLE Express (Gibco™) and sub-cultured. Only for patient D157 was possible to establish an
autologous tumour cell line since for patients D155, D162 and D171 only CAFs adhered. However,
CAFs were maintained in culture under the same conditions that tumour cells. Tumour cells and CAFs
were clearly distinguished by morphological observation since CAFs present an elongated morphology,

while tumour cells have a more “cobblestone” appearance.

2.4. Determination of cell concentration and viability
Cell concentration and viability were determined using the trypan blue exclusion assay. This method
is based on the concept that dead cells lose their membrane integrity being not able to exclude certain
dyes, such as trypan blue, becoming stained in their presence. Cells were diluted in 0.4% (w/v) Trypan
Blue in PBS (Corning Life Sciences) and the counting was performed in a haemocytometer (Neubauer
improved bright-line chamber; Sigma-Aldrich), using an inverted microscope (ZEISS Primovert inverted
microscope, ZEISS, Oberkochen, Germany). Cell concentration and viability were calculated according
to Equation 1 and Equation 2, respectively, while the total cell number was obtained by multiplying the
cell concentration per the total volume of cell suspension.
Equation 1

) Number of viable cells o
Cell concentration (cells/mL) = Number of squares x Dilution factor x 10*

Equation 2

Cell viability (%) = Number of viable cells « 100
el viabfiity Lo) = Total number of cells

2.5. Phenotypic analysis

To monitor the expansion of NK cells and y® T-cells during their time in culture, a phenotypic analysis
by flow cytometry was performed. For NK cells, the LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit
(Thermo Fisher Scientific) was used with the following antibodies: anti-human CD45 APC Alexa Fluor
700 (clone HI30, BioLegend), anti-human CD3 PE-Cy™7 (clone UCHT1, BD Biosciences, CA, USA),
anti-human CD56 PE (clone NCAM16.2, BD Biosciences) and anti-human CD16 BV785 (clone B73.1,
BioLegend). For y® T-cells, the LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fisher
Scientific) was only used with the anti-TCR PAN y0 antibody PC5.5 (clone GL3, Beckman Coulter, Brea,
CA, USA). Briefly, cells were washed with PBS (Corning Life Sciences) and incubated for 20 min with a
master mix containing the viability dye and the respective antibodies. After the staining, cells were
washed with PBS (Corning Life Sciences) with 2% heat inactivated FBS (Gibco™) - hereafter referred
to as FACS buffer -, resuspended in 200 yL of FACS buffer and analysed by flow cytometry (BD
LSRFortessa™ X-20, BD Biosciences). Data analysis was performed using FlowJo software version 10

and gating strategies are shown in Figure 9.3 in Appendix.
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2.6. Immunohistochemistry (IHC)

Paraffin-embedded tumour tissue samples from patients enrolled in this study were provided by the
Biobank of the Champalimaud Foundation to evaluate yd T-cell infiltration in the tumour tissue. Five-
pm-thick sections were cut from the paraffin blocks by the Histopathology Platform of the Champalimaud
Foundation and were used for IHC of TCR & chain. As a positive control, sections from a paraffin-
embedded tissue of a normal colon were used. Briefly, paraffin sections were deparaffinized, washed in
PBS (Corning Life Sciences) and incubated at room temperature for 15 min in PBS with 3% hydrogen
peroxide (30% v/v, Thermo Fischer Scientific) to block internal peroxidases activity to avoid unspecific
signals, since it was used a horseradish peroxidase (HRP) detection system. Sections were sequentially
washed in PBS (Corning Life Sciences), distilled water and then placed, during 30 min, into a vegetable
steamer cooker in a previously heated (30 min) Epitope Retrieval Solution 1x concentrate (Epitope
Retrieval Solution, 10x concentrated, pH=9; Novocastra™ Leica Biosystems, Newcastle, United
Kingdom). After cooling down, sections were sequentially washed in distilled water, PBS (Corning Life
Sciences) and then incubated for 30 min at room temperature in PBS with 2% bovine serum albumin
(Thermo Fisher Scientific) — hereafter referred as blocking solution. The staining of TCR & chain was
performed using the anti-TCR & monoclonal antibody (H-41, 100 yg/mL, Santa Cruz Biotechnology,
Texas, USA) diluted 1:50 in blocking solution and incubated with the tumour sections overnight in a wet
chamber at 4°C. Next day, tumour sections were sequentially washed with distilled water, PBS (Corning
Life Sciences) and then incubated for 1 h inside a wet chamber at room temperature with a goat anti-
mouse IgG HRP-conjugated secondary antibody (Thermo Fischer Scientific) diluted 1:500 in blocking
solution. Samples were sequentially washed in PBS (Corning Life Sciences), PBS with 0.5% (v/v)
Triton® X-100 (Fisher Scientific) for 1 min and then developed for 15 min with the chromogen 3,3’-
Diaminobenzidine (Alfa Aesar, Thermo Fisher Scientific). Sections were counterstained with Harris
haematoxylin solution, modified (Sigma-Aldrich) for 10 sec, washed with water and then dehydrated and
mounted. Next day, images of the slides were acquired with magnifications of 10x/20x and 40x using a

slide scanner (Philips Ultra fast scanner 1.6, Amsterdam, Netherlands).

2.7. FACS

For the functional assays described in section 2.8, effector and/or target cells were sorted by FACS
(FACSAria™ Fusion, BD Biosciences). Two different types of effector cells were sorted: the NK cells
and the yd T-cells. NK cells expanded from the PBMCs of healthy donors and used to optimize the
functional assays (CD107a assay and IFN-y production assay) were obtained through a positive sorting
using the LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) and the following
antibodies: anti-human CD3 PE-Cy™7 (clone UCHT1, BD Biosciences), anti-human CD56 PE (clone
NCAM16.2, BD Biosciences) and anti-human CD16 BV785 (clone B73.1, BioLegend). NK cells isolated
from patients’ tumour tissue were obtained through a negative sorting using the LIVE/DEAD™ Fixable
Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) and the anti-human CD3 PE-Cy™?7 antibody (clone
UCHT1, BD Biosciences). yd T-cells were negatively sorted using the LIVE/DEAD ™ Fixable Aqua Dead
Cell Stain Kit (Thermo Fisher Scientific) and the anti-human aff TCR APC-Cy™?7 antibody (clone 1P26,

BioLegend). Gating strategies to sort effector cells are summarized in Figure 9.2 in Appendix.
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Two main types of target cells were used in the functional assays, namely autologous cells and/or
allogeneic cancer cell lines. Allogeneic cancer cell lines and the autologous EBV-transformed B-cells
were only stained with the LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific),
while autologous tumour cells and CAFs were additionally stained with the anti-human epithelial cell
adhesion molecule (EpCAM) APC/Fire™ 750 antibody (clone 9C4, BioLegend), which allowed to
distinguish tumour cells (EpCAM*) from CAFs (EpCAM").

Briefly, cells were washed with PBS (Corning Life Sciences) and incubated for 20 min with a master
mix containing the respective antibodies (according to each cell type) and/or the viability dye. After the
staining, cells were washed with FACS buffer, resuspended in FACS buffer and sorted by FACS (BD
FACSAria™ Fusion, BD Biosciences).

2.8. NK cells and yd T-cells functional assays
2.8.1. Degranulation assay

T lymphocytes and NK cells present cytolytic granules that contain different types of cytolytic
proteins, such as granzyme and perforin, which are released after activation of these cells to induce
target cell death. Vesicles that contain these cytolytic proteins present lining their membranes the
lysosomal-associated membrane protein-1, LAMP-1 or CD107a, whose expression can be evaluated to
assess the cytotoxic ability of an effector cell during/after its stimulation.

The degranulation assay was used to determine NK cell functionality after their in vitro expansion.
CD107a expression was assessed after NK cell stimulation with the MHC-I negative cell line K-562.
Different effector:target cells ratios were tested - 1:1, 3:1 and 10:1 -, using in all conditions 2.5x10* or
3x10* target cells and adjusting the number of effector cells according to the ratio being tested. Briefly,
K-562 cells were sorted and simultaneously distributed into FACS tubes (Falcon™, Corning Life
Science) (section 2.7), while NK cells after 14 days of expansion were washed with PBS (Corning Life
Sciences), resuspended in medium supplemented with IL-2 (1000 IU/mL, Miltenyi Biotec) and IL-15 (180
IU/mL, Miltenyi Biotec), counted and manually distributed into the respective FACS tubes. Cells were
co-cultured for 1 h at 37°C, in a humidified atmosphere containing 5% CO:2 and in the presence of the
anti-CD107a PE antibody (clone H4A3, BD Biosciences). After 1 h, protein transport inhibitor containing
monensin (BD GolgiStop™, BD Biosciences) was added to the medium and incubated for 5 h to inhibit
trans-Golgi apparatus function. Tubes with only effector cells were used as negative controls, whereas
tubes with effector cells in the presence of 1 ug/mL of phorbol-12-myristate-13-acetate (PMA; 25 ng/mL;
Sigma-Aldrich) for maximal stimulation were used as positive controls. Negative and positive controls
were incubated simultaneously with anti-CD107a PE antibody (clone H4A3, BD Biosciences) and a
transport inhibitor containing monensin (BD GolgiStop ™, BD Biosciences) for 2 h at 37°C in a humidified
atmosphere containing 5% CO2. After incubation, cells from all conditions were stained with the
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) and the anti-human CD3 PE-
Cy™7 (clone UCHTZ, BD Biosciences), which did not allow to directly determine the CD107a* NK cells’
frequency in the degranulation assay due to a colour incompatibility between CD107a and CD56
antibodies. To define the percentage of NK cells that were CD107a*, a sample of cells was removed

before starting the degranulation assay and stained with LIVE/DEAD™ Fixable Aqua Dead Cell Stain
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Kit (Thermo Fisher Scientific), anti-human CD3 PE-Cy™7 (clone UCHT1, BD Biosciences), anti-human
CD56 PE (clone NCAM16.2, BD Biosciences) and anti-human CD16 BV785 (clone B73.1, BioLegend).
In both staining procedures, cells were washed with PBS (Corning Life Sciences) and incubated 20 min
at room temperature with the master mix containing the viability dye and the respective antibodies. After
the staining, cells were washed with FACS buffer, resuspended in 200 yL of FACS buffer and analysed
by flow cytometry (BD LSRFortessa™ X-20, BD Biosciences). Data analysis was performed using
FlowJo software version 10. To determine the CD107a* NK cells’ frequency, the NK cell percentage
inside the CD3- gate obtained in the routine flow cytometry analysis and the percentage of CD107a*
cells inside the CD3- gate obtained in the degranulation assay were considered and the calculations
were performed according to Equation 3. Once donor K did not present enough NK cells, this assay
was only performed with NK cells from donors J and L. Experiments were conducted in triplicates. A
response was considered positive when the frequency of CD107a* cells following stimulation with the
target cell line was at least three-fold higher than the unstimulated control.
Equation 3

CD107a*cells inside CD3~ (%) X NK cells inside CD3~ (%)

CD107a * NK cells =
a cells 100

CD107a data was adjusted to reflect the CD107a* NK cells when using 3x10* effector cells.

2.8.2. IFN-y production analysis

The effector capacity of the expanded cells was also analysed through their ability to produce IFN-y
when co-cultured with target cells. This assay was performed in two different contexts: a) to determine
the optimal effector cell:target cell ratio for assays with NK cells and b) to evaluate the effector capacity
of NK cells and yb T-cells expanded directly from the tumour tissue.

The IFN-y production assay was optimized using NK cells expanded from PBMCs of donors J, K and
L as effector cells and the MHC-I negative cell line K-562 as target cells. When the final number of NK
cells was sufficient, three different effector cell:target cell ratios were tested - 1:1, 3:1 and 10:1. A total
of 2.5x10* or 3x10* viable target cells were used, and the respective number of effector cells was
adjusted according to the ratio being tested. Briefly, K-562 cells were sorted and simultaneously
distributed in a 96-well plate round bottom (Corning Life Sciences) (section 2.7), while NK cells after 14
days of expansion were washed with PBS (Corning Life Sciences), resuspended in medium
supplemented with IL-2 (1000 IU/mL, Miltenyi Biotec) and IL-15 (180 IU/mL, Miltenyi Biotec), counted
and manually distributed into the 96-well plate round bottom (Corning Life Sciences).

In the IFN-y production assays performed to analyse the effector capacity of the NK cells and yd T-
cells expanded directly from patients’ tumour tissue, different autologous (a) and allogeneic (b) target
cells were used: a) tumour cells, CAFs and/or EBV-transformed B-cells (when available) and b)
lymphoblastoid (K-562 and Daudi), pancreatic (PANC-1, Panc 10.05 and CFPAC-1) and colorectal
(HKe-3, SW480 and LoVo) cancer cell lines. Different expansion conditions for yd T-cells were tested,
however only cells expanded in culture medium supplemented with a) IL-2 (1000 IU/mL, Miltenyi Biotec),
IL-15 (180 IU/mL, Miltenyi Biotec) and IL-1 (1000 IU/mL, Miltenyi Biotec) and/or b) IL-2 (1000 1U/mL,
Miltenyi Biotec) and IL-7 (1000 IU/mL, Miltenyi Biotec) were used. Independently of the effector cell type
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being tested, an effector:target cells ratio of 1:1 was applied and a total of 1x10% or 2x10° effector
cells/well was used, according to the number of effector cells available. The only exception was the yd
T-cells from patient D82, which were tested with an effector cell:target cell ratio of 4:1 due to a technical
error. Target cells were sorted and simultaneously distributed in a 96-well plate round bottom (Corning
Life Sciences) (section 2.7), while effector cells were sorted, washed, resuspended in the respective
medium and manually distributed. According to the effector cell type being tested, the culture medium
used was supplemented with different cytokines: a) IL-2 (333 IU/mL, Miltenyi Biotec) and IL-15 (60
IU/mL, Miltenyi Biotec) for NK cells and b) IL-2 (333 IU/mL, Miltenyi Biotec), IL-15 (60 IU/mL, Miltenyi
Biotec) and IL-1B (333 IU/mL, Miltenyi Biotec) for yd T-cells. To determine whether the yd T-cell
response against the target cell lines tested was generated through TCR recognition, their co-culture
was also performed in the presence of a) an anti-human yd TCR blocking antibody (5 pg/mL, clone B1,
BioLegend) or b) a monoclonal mouse IgG1 k isotype control antibody (5 pg/mL, clone MOPC-21,
BioLegend). When the number of cells obtained was not sufficient, not all test conditions were performed
for all target cell lines, as indicated in the corresponding figure(s).

For both assays, wells with only effector cells were used as negative controls, whereas wells with
effector cells in the presence of 5 pg/mL of phytohaemagglutinin (PHA, Sigma-Aldrich) for maximal
stimulation were used as positive controls. For yd T-cells assays, two additional controls were
performed: a) only effector cells in the presence of the anti-human yd TCR blocking antibody (5 pg/mL,
clone B1, BioLegend) and b) only effector cells in the presence of the monoclonal mouse IgG1 K isotype
control antibody (5 pg/mL, clone MOPC-21, BioLegend). In all conditions, cells were incubated for 5
days, at 37°C in a humidified atmosphere containing 5% CO2. Supernatants were harvested at day 5
and tested for the presence of IFN-y using the Enzyme-Linked Immunosorbent Assay (ELISA) for IFN-
y (Mabtech, Nacka Strand, Sweden) according to manufacturer instructions. Biological triplicates were
performed for all conditions, whenever possible.

The IFN-y data correspondent to the optimization of the effector cell:target cell ratio to be used in the
NK cell assays were adjusted to 1x10* target cells and is reported after medium subtraction as IFN-y
pa/mL/5 days, while the IFN-y data correspondent to the evaluation of the expanded NK cells and y& T-
cells effector capacity were adjusted to 1x10* effector cells and is reported after medium subtraction as
IFN-y pg/mL/10* cells/5 days. The results are shown as the mean of the biological triplicates or
duplicates (when possible). A response was considered positive when the IFN-y production following

stimulation with target cells was at least three-fold higher than the unstimulated control.

2.9. Statistical analysis

The statistical analysis presented in this master thesis was kindly performed by “Consultério
Estatistico” from Centro de Estatistica e Aplicagbes da Universidade de Lisboa (CEAUL). To determine
the factors influencing the NK cell expansion, a model was fit to data using as response variables a) the
cytokine combination, b) the presence or absence of K-562 cell stimulation and c) the time point to sort
NK cells. A generalized linear mixed model was implemented to fit with function gimmTMB (Brooks et
al., 2017) in the R environment for statistical computing (R Core Team, 2020). Two random effects were

considered, one to allow for different intercepts per patient, and another to account for temporal
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autocorrelation within group, modelled as a 1%t order autoregressive process. The same analysis was
performed for yd T-cell data in order to determine the impact of the different cytokine combinations

(response variable) in the a) total cell number, b) cell viability and c) yd T-cells’ frequency.
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3. Results

3.1. Optimization of the conditions to expand NK cells in vitro

The main goals of expanding NK cells ex vivo for adoptive immunotherapy are to yield high cell
numbers and to obtain an NK cell product with increased cytotoxic capacity. For this purpose, during in
vitro expansion, NK cells need to be cultured with appropriate stimuli. Cytokines play a very important
role in NK cell maturation, survival, proliferation and cytotoxicity, though additional stimulatory signals,
such as the presence of monocytes (Miller et al., 1992) or B-lymphoblastoid cells (Igarashi et al., 2004;
Rabinowich et al., 1991), are also required to sustain NK cell proliferation. Thus, before addressing the
feasibility of isolating and expanding NK cells directly from patients’ tumour tissue, different expansion
protocols to grow NK cells in vitro were tested. PBMCs from healthy donors (donor G, H and 1) were
used and four different cytokine combinations were tested (IL-2+IL-15+IL-21; IL-2; IL-2+IL-15 and IL-
15) in the presence or absence of K-562 cell stimulation. The CD3- population was obtained from
PBMCs and cultured for 7 days under the eight expansion protocols, after which NK cells were sorted
and maintained at the same conditions for more 7 days. To compare the expansion protocols’ efficiency
the total cell number, cell viability and NK cells’ frequency were assessed over time (Figure 8.1 in
Supplementary material). The stimulation with K-562 cells resulted in higher total cell numbers (Figure
8.1 A in Supplementary material), cell viabilities (Figure 8.1 B in Supplementary material) and NK
cells’ frequencies (Figure 8.1 C in Supplementary material). IL-2+IL-15 appeared to be the most
effective cytokine combination. However, irrespective of the expansion protocol, the total cell numbers
obtained were generally low. Thus, the influence of different time points to sort NK cells (at day 0, after
a 7- or 14-day expansion of the CD3- population) was evaluated using all the previously tested culture
conditions. However, since the use of K-562 cell stimulation enhanced NK cell expansion, only these
results are shown in Figure 8.2 in Supplementary material. Almost no differences were detected in
the NK cell percentage-fold increase (approximately 3-fold, Figure 8.2 C in Supplementary material),
however, the time point chosen to isolate NK cells influenced the cell viability (Figure 8.2 B in
Supplementary material) and the total cell number-fold increase (Figure 8.2 A in Supplementary
material). The highest cell viabilities (98-99%) were obtained when NK cells were sorted from the CD3-
population after a 14-day expansion, whereas the highest total cell number-fold increase was obtained
when the sorting was performed at day 0. A model was fit to data to determine the variables (cytokine
combination, presence or absence of K-562 cell stimulation and time point to sort NK cells) that were
affecting each assessed parameter (total cell number, cell viability and NK cells’ frequency). The total
cell number was statistically significantly higher with the K-562 cell stimulation (p<0.001) and when NK
cells were sorted after a 14-day expansion of the CD3- population (p<0.001). Cell viability also
demonstrated a statistically significant increase with the K-562 cell stimulation (p<0.01) and the use of
IL-2+IL-15 (p<0.05), however, the sorting of NK cells after the 14-day expansion of the CD3- population
contributed to its decrease (p<0.05). Finally, the NK cells’ frequency only showed to be affected by the
time point in which NK cells were sorted, decreasing when cells were obtained following the culture of

the CD3- population (p<0.001). In conclusion, isolation of NK cells at day 0 and subsequent culture with
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IL-2+IL-15 and K-562 cell stimulation for 14 days appeared to result in the best trade-off between total

cell number, cell viability and NK cells’ frequency.

3.2. Ex vivo expanded NK cells express CD107a and produce IFN-ywhen co-cultured

with the MHC-I negative cell line K-562

Although different expansion protocols were tested to grow in vitro NK cells, all conditions
resulted in low total cell numbers, ranging from 0.003x10° (IL-2+IL-15+IL-21) to 0.182x108 total cells (IL-
2+IL-15+K-562 cell stimulation, Figure 8.1 A in Supplementary Material). The most suitable protocol
(IL-2+1L-15 and K-562 cell stimulation) was used a) to determine the influence of different initial cell
concentrations in the total cell numbers obtained and b) to evaluate the phenotype and the effector
capacity of the NK cells grown under these conditions. For this purpose, NK cells were isolated from
PBMCs of three healthy donors (donor J, K and L) and co-cultured for 14 days with irradiated K-562
cells (at a 10:1 immune cell:target cell ratio) in the presence of IL-2+IL-15 at different cell densities
(0.5x108, 1x10° and 2x1068 cells/mL). Cell number and cell viability were evaluated at different time points
and showed that the initial cell concentration did not influence cell viability and is not a determinant factor
in the fold-expansion reached by NK cells, although, as expected, higher initial cell densities result in
higher cell numbers at the end of the expansion (Figure 8.3 in Supplementary data). The frequency
of the different NK cell subsets was determined at the beginning (day 0) and end of the experiment (day
14, Figure 3.1). Irrespective of donor-dependent differences, the CD564™ was the main NK cell subset
detected at day 0 in NK cells from donors J (26.2%) and L (28.31%), whereas donor K presented more
CD56bright (28.45%) than CD569™ NK cells (9.70%). After a 14-day expansion, NK cells showed an
increase in the CD56 expression and CD569" NK cells represented the main NK cell subset in cells
from all donors, comprising between 88.8 (donor L) and 96.1% (donor J) of all NK cells. In the beginning
of the expansion, CD16* NK cells (CD569mCD16* and CD569""CD16*) were the most frequent within
each NK cell subset. However, after 14 days in culture, CD569™ NK cells lost their CD16 expression
and the CD569mCD16- became the main CD56%™ subset, whereas CD569"MCD16* continued to
represent the majority of the CD56P19ht NK cells.
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Figure 3.1 — Ex vivo expansion of NK cells with IL-2+IL-15 and K-562 cell stimulation promotes the CD56"ght
phenotype. NK cells isolated from the PBMCs of three healthy donors (donor J, K and L) through a positive sorting
were cultured in the presence of IL-2+IL-15 and stimulated with irradiated K-562 cells at an immune cell:target cell
ratio of 10:1. The frequency of the NK cell subsets was determined by flow cytometry at the beginning (day 0) and

end of the culture (day 14).

NK cells contribute to the anti-tumour immunity by promoting tumour cell death through the
death ligand TRAIL, the release of cytolytic molecules, such as perforin and granzymes, or by secreting
the pro-inflammatory cytokine IFN-y (Pegram et al., 2010). Any of the previously mentioned mechanisms
can be used as an indicator of the effector capacity of NK cells. Here, the functionality of the NK cells
after 14 days of ex vivo expansion was evaluated by assessing the expression of the CD107a and the
IFN-y production after NK cells co-culture with the MHC-I negative cell line K-562. NK cells from all
donors were isolated through a positive sorting and co-cultured with the K-562 cell line at different
effector cell:target cell ratios (1:1, 3:1 and 10:1), when the total cell number obtained was sufficient. The
expression of CD107a was evaluated by flow cytometry, whereas the IFN-y produced by NK cells in
response to different target cell lines was evaluated through an ELISA for IFN-y (Figure 3.2).

CD107a is a protein expressed in the cytolytic granules that contain perforin and granzymes.
The fusion of the cytolytic granules with the immune cell membrane upon cell activation leads CD107a
to be located in the cell surface. The evaluation of CD107a expression through antibody binding can be
used as an indicator of the immune cell effector capacity and has already been shown to be a good
marker for NK cell activation and function (Alter et al., 2004). Here, CD107a expression was determined
after the co-culture for 6 h of the expanded NK cells with the K-562 cell line in the presence of the anti-
CD107a antibody and monensin. Due to the low cell numbers obtained, this assay was only performed
for cells from donor L at a 1:1, 3:1 and 10:1 effector cell:target cell ratios, and donor J at an effector
cell:target cell ratio of 1:1. Ex vivo expanded NK cells showed to be capable of degranulating in response
to target cell stimulation (Figure 3.2 A). Irrespective of the effector cell:target cell ratios, unstimulated
NK cells from both donors expressed CD107a, presenting between 0.57 and 3.06% CD107a* NK cells,
revealing that these cells were activated during culture. PMA stimulation only led to a considerable
increase in the percentage of CD107a* NK cells in cells from donor L ata 1:1 (7.99% CD107a* NK cells)
and 10:1 (3.52% CD107a* NK cells) effector cell:target cell ratios. Upon culture with K-562 cells, the
frequency of CD107a* NK cells increased in cells from both donors, independently of the tested effector
cell:target cell ratio, which demonstrate the capacity of the expanded NK cells to respond to target cells.
The highest percentage of CD107a* NK cells was 60.53% and it was observed in cells from donor L at
a 1:1 effector cell:target cell ratio. In cells from donor L, the frequency of CD107a* NK cells appeared to
be inversely correlated with the effector cell:target cell ratio once 60.53%, 30.63 % and 13.61% CD107a*
NK cells were obtained at a 1:1, 3:1 and 10:1 effector cell:target cell ratios, respectively. However, it is
premature to correlate these two factors, being necessary to analyse more patients.

In addition to NK cell capacity to secrete cytolytic proteins, the release of IFN-y is also
fundamental in anti-tumour directed immune responses since NK cells were shown to infiltrate into
tumour-developing lesions at an early stage during cancer progression/malignant transformation and

they have been suggested to contribute to the early anti-tumour activity through the production of high
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amounts of IFN-y (Kurosawa et al., 1993). Thus, the capacity of the expanded NK cells to produce IFN-
y in response to the MHC-I negative cell line K-562 after a 5-day co-culture at different effector cell:target
cell ratios (1:1, 3:1 and/or 10:1) was also investigated. Ex vivo expanded NK cells presented the ability
to recognize target cells and consequently produce IFN-y (Figure 3.2 B). Irrespective of the effector
cell:target cell ratios, unstimulated NK cells from all donors showed some basal production of IFN-y,
ranging between 12.90 and 365.98 pg/mL/5days, which indicates that these cells were activated during
culture by the stimuli provided. Although PMA stimulation should induce maximum cell activation, only
NK cells from donor J at an effector cell:target cell ratio of 10:1 produced IFN-y (145.84 pg/mL/5 days)
in response to PMA stimulation. The K-562 cell line was recognized and induced NK cells from all donors
to produce IFN-y, however not at all effector cell:target cell ratios. Although NK cells from donor J
produced IFN-y in response to K-562 cells at an effector cell:target cell ratio of 10:1 (63.84 pg/mL/5
days), NK cells from donor K and L produced only IFN-y at a 1:1 effector cell:target cell ratio (270.17
and 897.02 pg/mL/5 days, respectively).
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Figure 3.2 - Ex vivo expanded NK cells express CD107a and produce IFN-y in response to the MHC-I
negative cell line K-562. NK cells isolated through a positive sorting from PBMCs of donor J, K and L were cultured
in the presence of IL-2+IL-15 and stimulated with irradiated K-562 cells at an immune cell:target cell ratio of 10:1.
After 14 days in culture, NK cells were harvested, and their functional activity was determined by their ability to
degranulate and produce IFN-y in response to the K-562 cell line. The capacity of NK cells to degranulate was
evaluated by the expression of CD107a in CD3-CD569"dmCD16*- cells upon 6 h of co-culture with K-562 cells.
Unstimulated NK cells were used as negative control, while NK cells stimulated with PMA for 2 h were used as
positive control (A). IFN-y production was assessed by ELISA after a 5-day co-culture with K-562 cells. Unstimulated

NK cells were used as negative control, while NK cells stimulated with PHA were used as positive control (B). To
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determine the optimal effector cell:target cell ratios for each assay, different effector cell:target cell ratios (1:1, 3:1
and/or 10:1) were used, when possible. In donor J grahps (A and B), the dashed line represents the threshold at

which a response is considered positive (at least three-fold the value obtained in the negative control).

Altogether, these results show that ex vivo expanded NK cells maintain their effector capacity,
degranulating and producing IFN-y in response to target cell stimulation.

3.3. NK cells can be isolated directly from patients’ tumour tissue

After established the most suitable protocol to grow NK cells in vitro, our goal was to ascertain
whether NK cells could be isolated and expanded directly from patients’ tumour tissue. Patients’ tumour
tissue was stimulated with irradiated K-562 cells and cultured with IL-2+IL-15. After 10 days, the tumour
tissue was removed from culture and the isolated cells were maintained at the same conditions and
stimulated more four times with irradiated K-562 cells, completing a total of five stimulations. To evaluate
the feasibility of isolating and expanding NK cells from patients’ tumour tissue, the total cell number, cell
viability and frequency of NK cells and respective subsets were assessed over time (Figure 3.3).

Irrespective of patient-associated differences, IL-2+IL-15 combined with the K-562 cell
stimulation allowed to isolate and grow NK cells in vitro. Only cells from patient D162 exhibited an
expansion between the first and last time point assessed, increasing from 3.38x106 to 4.10x108 total
cells (Figure 3.3 A). Although the total cell number has mostly decreased over time, two of the four
patients (patients D155 and D162) showed an increase between the 4t and 5% stimulation, reaching
approximately 4.10x10° cells. The highest total cell number (7.10x108 cells) was obtained after the 2
stimulation by cells from patient D155. The peak of the total cell number was not consistent between
patients since patients D155 and D171 presented it after the 2" stimulation, whereas patients D157 and
D162 exhibited it after the 3™ and 5™ stimulation, respectively.

Cell viability initially varied between 48.58 and 78.08% however, like the total cell numbers, this
parameter showed a decrease over time, reaching values between 27.66 and 67.21% at the end of the
expansion (Figure 3.3 B). Similarly, NK cells’ frequency has also mostly decreased over time, ranging
between 2.43 (patient D155) and 57.54% (patient D171) at the end of the expansion (Figure 3.3 C).
The maximum NK cells’ frequencies were observed after the 3 stimulation and varied between 25.12
(patient D162) and 76.99% (patient D171). The frequency of each NK cell subset (CD569m™CD16,
CD569mCD16*, CD5619"CD16- and CD569"CD16*) during culture was also determined (Figure 3.3
D). Irrespective of the time point, the CD56%9" was the main NK cell subset, always comprising more
than 95% of the NK cells, except for cells from patient D162 after the 3 stimulation (90.3%) and patient
D155 after the 5™ stimulation (83.3%). The CD56%™ NK cells always represented a minority of NK cells
(<5%). Within each NK cell subset, the CD16- NK cells (CD569m™CD16  and CD56"9"CD167) were the
most frequent.
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Figure 3.3 — NK cells can be isolated directly from the tumour tissue of patients with cancer and after in
vitro culture present a CD5619"t phenotype. IL-2+IL-15 was used to isolate NK cells directly from the tumour
tissue of four patients with cancer: patient D155 (rectal cancer), patient D157 (colon metastasis from ovarian
cancer), patient D162 (colon adenocarcinoma) and patient D171 (rectum adenocarcinoma). Cells were stimulated
every 10 days with 0.10x10° irradiated K-562 cells. A total of five stimulations with K-562 cells was performed and
from the 2" stimulation on, between stimulations, the total cell number (A), cell viability (B), NK cells’ frequency
within  the  lymphocyte  population (©) and NK  cell subsets (D) were  assessed.

N/A: not applicable.
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3.4. Ex vivo expanded NK cells from patients’ tumour tissue recognize the
autologous tumour and/or allogeneic cancer cell lines and produce IFN-y
To evaluate the functional capacity of the NK cells expanded from patients’ tumour tissue, their
ability to produce IFN-y in response to different target cells was assessed. NK cells from all patients
were isolated through a negative sorting procedure and co-cultured for 5 days with three different types
of allogeneic tumour cell lines (lymphoblastoid, pancreatic and colorectal cancer cell lines), and when
available with autologous cells (tumour cells and/or CAFs). The IFN-y produced by NK cells in response
to the different target cells was evaluated through an ELISA for IFN-y.
Ex vivo expanded NK cells were capable of producing IFN-y in response to target cell stimulation
(Figure 3.4). Independently of patient-associated differences, unstimulated NK cells from all patients,
except patient D171, showed a basal production of IFN-y, ranging between 25.04 and 219.80 pg/mL/10*
cells/5 days, which suggests that these cells were activated during their expansion. Although PMA
stimulation should induce maximum cell activation, no IFN-y was produced in response to PMA
stimulation, which raised some concerns about the functional state of the expanded NK cells, suggesting
the entry into anergy or activation-induced cell death. These hypotheses appeared not only to explain
the basal production of IFN-y by cells from patient D162 in all tested conditions (Figure 3.4 C), but also
the total absence of IFN-y production by cells from patient D171 in any of the tested conditions (data
not shown). Thus, only cells from two of the four patients (patients D155 and D157) responded to target
cell stimulation (Figure 3.4 A and B), demonstrating to be functionally active. K-562 and Daudi cells
were the common targets recognized by NK cells from patients D155 (957.55 and 409.14 IFN-y
pg/mL/10* cells/5 days, respectively) and D157 (364.89 and 364.46 IFN-y pg/mL/10% cells/5 days,
respectively). NK cells from patient D157 demonstrated to be also capable of producing IFN-y in
response to all the other allogeneic target cells, as well as recognized and responded to the autologous
tumour cells (117.88 IFN-y pg/mL/104 cells/5 days) and CAFs (141.63 IFN-y pg/mL/104 cells/5 days).
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D162 NK cells

Interferon-y concentration

Figure 3.4 — Ex vivo expanded NK cells produce IFN-y in response to autologous and/or allogeneic tumour cell
lines. IL-2+IL-15 was used to isolate NK cells from the tumour tissue of four patients with cancer: patient D155 (rectal
cancer), patient D157 (colon metastasis from ovarian cancer), patient D162 (colon adenocarcinoma) and patient D171
(rectum adenocarcinoma). Stimulation with 0.10x108 irradiated K-562 cells was performed every 10 days and after five
stimulations the expanded NK cells were harvested, negatively sorted and co-cultured for 5 days with autologous cells
(tumour cells or CAFs) and lymphoblastoid (K-562 and Daudi), pancreatic (PANC-1, Panc 10.05 and CFPAC-1) and
colorectal (HKe-3, SW480 and LoVo) allogeneic cancer cell lines at an effector cell:target cell ratio of 1:1. Graphs show
the concentration of IFN-y (pg/mL/10* cells/5 days) produced by NK cells from patients D155 (A), D157 (B) and D162
(C) in response to target cell stimulation. In all graphs, the dashed line represents the threshold at which a response is
considered positive (at least three-fold the value obtained in the negative control).

Collectively, these results demonstrate that NK cells expanded directly from patients’ tumour tissue
are capable of producing IFN-y in response to target cell stimulation and are able to recognize
autologous tumour cells and CAFs. The capacity to recognize and attack MHC-I negative cell lines (K-
562 and Daudi), autologous tumour cells and CAFs highlight the contribution that NK cells may have to

cancer immunotherapy, complementing ap T-cells’ effector function(s).

3.5. yb T-cells infiltrate into tumour tissues of different origins

yo T-cells are found at low frequencies in lymphoid tissues and blood, yet they are abundant in
epithelial and mucosal tissues. Since most of the patients involved in this study presented cancer in
mucosal tissues, we analysed the infiltration of y® T-cells in primary or metastatic tumours (Figure 3.5).
Paraffin sections of patients’ tumour tissue(s) were used for immunohistochemistry of the TCR & chain.
Prior to this analysis, the TCR & chain antibody was titrated and the immunohistochemistry conditions
were optimized, namely the pH value for the antigen retrieval and the duration of the incubation with the
chromogen (data not shown).

Independently of the tumour type, yd T-cells were found in most of the available tumour tissues
tested, except for three samples: the glioblastoma from patient D82, the peritoneal metastasis from
patient D83 and the rectum adenocarcinoma from patient D171 (Figure 3.5). Colon and rectal cancer
samples presented a higher number of tumour-infiltrating yd T-cells in comparison with the other tumour
types. The colon metastasis from patient D157 was the sample with the highest number of tumour-

infiltrating yd T-cells.
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Figure 3.5 — y& T-cells infiltrate into primary and metastatic lesions of patients with cancer.
Immunohistochemical detection of the TCR & chain (arrows) in paraffin sections of primary or metastatic tumours.

Scale bar corresponds to 50 pm.

Collectively, these data confirm yd T-cell infiltration into tumour tissues of different origins. This
is of particular interest since an intra-tumoral y® T-cell signature is strongly associated with a favourable

prognosis (Gentles et al., 2015), supporting the use of yd T-cells in a cellular immunotherapy context.

3.6. yb T-cells can be isolated directly from patients’ tumour tissue

The main goals of the ex vivo expansion of yd T-cells for adoptive cellular immunotherapy are
to yield high cell numbers and to obtain a yd T-cell product characterized by a T helper cells type 1 (Th1)
phenotype and an increased cytotoxic capacity that confers high anti-cancer reactivity. During ex vivo
expansion, yd T-cells need to be stimulated to proliferate and reach sufficient numbers to be infused
into patients. Cytokines are the primary stimulus determining y® T-cell proliferation, survival, and
phenotype. However, yd T-cells reach higher expansion levels when the use of cytokines is combined
with phosphoantigens, e.g. IPP, or aminobiphosphonates, such as zoledronic acid (Van Acker et al.,
2015). To determine the best stimuli to expand yd T-cells ex vivo directly from patients’ tumour tissue,
different cytokine combinations were tested, namely a) IL-2+IL-15+IL-1B, b) IL-2+IL-7 and c) IL-7+IL-
18. In addition, yd T-cells were stimulated five times with irradiated allogeneic PBMCs. In the first two
stimulations, PBMCs were pre-treated with zoledronic acid, while the others alternated between addition

of PBMCs along with OKT3 (anti-human CD3 antibody) and PBMCs pre-treated with zoledronic acid.
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To compare the expansion protocols’ efficiency, the total cell number, cell viability and yd T-cells’
frequency in the expanded lymphocytes were assessed between stimulations, whenever it was possible
(Figure 3.6).

Irrespective of patient-associated differences, IL-2+IL-15+IL-1f and IL-2+IL-7 were the cytokine
combinations that led to the highest total cell numbers during culture (Figure 3.6 A). Only cells from two
of the four patients exhibited an expansion in the total cell number between the first and last time point
assessed. Cells from patient D157 demonstrated a total cell number expansion independently of the
cytokine combination used, revealing their maximum total cell number-fold increase (53-fold) when
cultured with IL-7+IL-1pB, increasing from 0.04x108 to 2.13x10° cells between the first and last time point.
On the other hand, cells from patient D171 only showed an expansion in the total cell number when
cultured with IL-2+IL-7, exhibiting an increase from 1.36x10° to 2.45x10° cells between the first and last
time point. Although cells from patient D155 did not expand between the first and last time point
assessed, it was possible to observe an increase from 8.68x10° to 36.1x10° cells between the 2" and
3 stimulation in the presence of IL-2+IL-15+IL-1B. Due to the high cell number obtained, after the 3™
stimulation, 26x10° cells from patient D155 were frozen and only 9x108 cells were maintained in culture,
which explains the high decrease verified in the total cell number between the 3@ and 4% stimulation.

IL-2+IL-15+IL-1 and IL-2+IL-7 were also the cytokine combinations resulting in the highest cell
viabilities (Figure 3.6 B), except for cells from patients D155 and D157 at the end of the culture, in which
IL-7+IL-1p resulted in the highest cell viabilities (54.4 and 83.3%, respectively). The percentage of viable
cells decreased over time, never recovering the initial values.

The highest yd T-cells’ frequencies during culture were obtained in the presence of IL-2+IL-
15+IL-1B (Figure 3.6 C). However, at the end of the culture, the highest yd T-cells’ frequencies were
obtained when cells from all patients, except patient D155, were cultured with IL-7+IL-1B. Only cells
from two of the four patients (patients D155 and D171) showed an increase in yd T-cells’ frequency
between the first and last time point. Cells from patient D155 showed an increase in yd T-cells’ frequency
between the first and last time point when cultured with IL-2+IL-15+IL-1 (from 13.00 to 16.30%) or IL-
7+IL-1B (from 1.80 to 3.37%). In contrast, cells from patient D171 only demonstrated an increase in yd
T-cells’ frequency (from 1.79 to 6.98%) between the first time point and the end of the culture in the
presence of IL-2+IL-7. Although the low number of cells in some expansion conditions limited the
number of time points assessed, it was possible to observe that in the presence of IL-2+IL-15+IL-1(3, yd

T-cells’ frequency reached its peak after the 3 stimulation and then decreased until the end of the

culture.
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Figure 3.6 — Three different expansion protocols allow the isolation of yd T-cells from the tumour tissue of
patients with cancer. IL-2+IL-15+IL-1f3, IL-2+IL-7 and IL-7+IL-1p were used to expand yd T-cells from the tumour
tissue of four patients with cancer: D155 (rectal cancer), D157 (colon metastasis from ovarian cancer), D162 (colon
adenocarcinoma) and D171 (rectum adenocarcinoma). Cells were stimulated five times (every 10 days) with
irradiated allogeneic PBMCs pre-treated with zoledronic acid (1%, 2" and 4" stimulation) or irradiated allogeneic
PBMCs along with OKT3 (3 and 5" stimulation). The total cell number (A), cell viability (B) and yd T-cells’
frequency (C) were evaluated in all expansion conditions tested after the 29, 39, 4" and 5" stimulation (when the

total cell number was sufficient).

A model was fit to data to determine the impact of the different cytokine combinations in the
evaluated parameters, namely total cell number, cell viability and yd T-cells’ frequency. The different
cytokine combinations revealed to statistically influence the total cell number and cell viability. IL-7+IL-
18 demonstrated to lead to a significant decrease in the total cell number (p<0.001) and cell viability
(p<0.001) over time, while no differences were found between IL-2+IL-15+IL-18 and IL-2+IL-7. In
contrast, the yd T-cells’ frequency was not significantly affected by any cytokine combination, however
IL-7+IL-1B and IL-2+IL-15+IL-1B were the culture conditions resulting in a higher yd T-cells’ frequencies.

Altogether, these results prove that it is possible to isolate yd T-cells directly from patients’
tumour tissue and expand them in vitro. The ideal strategy to expand y® T-cells should promote the
maximum a) total cell number, b) cell viability and c¢) yd T-cells’ frequency. Despite this was not robustly
possible, the best cytokine combination appeared to be IL-2+IL-15+IL-1B, however it needs to be

explored in future studies.

3.7. yd T-cells can be expanded from TIL and PBMCs in the presence of IL-2, IL-15
and IL-1B and with feeder cell stimulation

Once IL-2+IL-15+IL-13 appeared to be the best cytokine combination to expand yd T-cells from
patients’ tumour tissue, we investigated the feasibility of using the same expansion conditions to expand
yo T-cells from frozen TIL and PBMCs from patients with cancer. To test our hypothesis, PBMCs from
patient D83 and TIL from patients D82 and D126 (detailed description in section 2.2.2) were thawed
and cultured with medium supplemented with IL-2+IL-15+IL-1B. Cells were stimulated with irradiated
allogeneic PBMCs every 10 days. A total of five stimulations were performed, whereas in the first two
rounds of stimulation, allogeneic PBMCs were pre-treated with zoledronic acid, in the following
stimulations allogeneic PBMCs along with OKT3 (anti-CD3 antibody) were alternated with allogeneic
PBMCs pre-treated with zoledronic acid. The total cell number, cell viability and yd T-cells’ frequency
were assessed between stimulations, whenever it was possible (Figure 3.7).

The combination of IL-2, IL-15 and IL-13 resulted in the expansion of cells from two of the three
patients (patients D82 and D83) between the first and last time point. While PBMCs from patient D83
presented an increase from 6.56x10° to 7.55x10° cells between the first and last time point, TIL from
patient D82 exhibited the highest total cell number fold-expansion (approximately 3.9-fold), showing an
increase from 4.54x105 to 1.75x1068 cells (Figure 3.7 A). Cells from all patients demonstrated to reach

the maximum total cell number after the 4™ stimulation, exhibiting 2.25x10° (patient D82), 1.41x107
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(patient D83) or 1.05x107 total cells (patient D126). Of note, due to the high cell number obtained after
the 3 stimulation (2.99x107), 2.10x107 TIL from patient D126 were frozen and only 8.90x10°¢ cells
remained in culture, which explains the high decrease verified in the total cell number between the 31
and 4™ stimulation, and the reason why the total cell number peak in this patient was considered after
the 4t stimulation, since in fact the total cell number increased from 8.90x10° to 1.05x107.

Cell viability showed a decrease over time in cells from all patients. Cells from patients D82,
D83 and D126, at the end of the culture, only exhibited 35.90%, 36.00% and 31.50% viability,
respectively (Figure 3.7 B). In contrast, yd T-cells’ frequency increased over time in cells from all
patients, except in cells from patient D126 (Figure 3.7 C). PBMCs from patient D83 demonstrated an
increase from 0.55 to 1.55% yo T-cells between the 3 stimulation and the end of the culture, while TIL
from patient D82 exhibited the highest yd T-cells’ frequency of the three patients at the end of the culture,
showing an increase from 0.11 to 2.73% y® T-cells. TIL from patient D126 demonstrated the opposite
trend, presenting the highest yd T-cells’ frequency after the 3™ stimulation (4.00%) and then exhibiting

a decrease over time, ending with the lowest yd T-cells’ frequency after the 5" stimulation (0.24%).
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Figure 3.7 —yd T-cells can be expanded from frozen TIL and PBMCs. IL-2+IL-15+IL-1B was used to expand yd
T-cells in vitro from PBMCs of patient D83 (pancreatic cancer) and TIL of patients D82 (glioblastoma) and D126
(PDAC). Cells were stimulated five times (every 10 days) with irradiated allogeneic PBMCs pre-treated with
zoledronic acid (1%, 2" and 4" stimulation) or irradiated allogeneic PBMCs along with OKT3 (3" and 5™ stimulation).
The total cell number (A), cell viability (B) and y& T-cells’ frequency (C) were evaluated after the 2", 319, 4t and 5t
stimulation (when it was possible).

SSC-A: Side scatter area.

In summary, these results show that yo T-cells can be expanded from frozen TIL and PBMCs

using as stimuli IL-2+IL-15+IL-1B and allogeneic PBMCs pre-treated with zoledronic acid or allogeneic
PBMCs along with OKT3.

3.8.In vitro expanded yd T-cells produce IFN-y after recognizing autologous
transformed cells and/or allogeneic tumour cell lines

IFN-y production is one of the most well-analysed mechanism used by y® T-cells to fight
infections and tumours and can be used as an indicator of their effector capacity. Thus, to evaluate the
functional capacity of the yd T-cells expanded from patients’ tumour tissue, their IFN-y production in
response to different target cells was assessed. yd T-cells expanded with IL-2+IL-15+IL-1B were
isolated through a negative sorting using an af3 TCR antibody. When the total cell number was sufficient,
yo T-cells were also isolated from the other culture conditions, which was only possible for cells from
patients D157 and D171 expanded with IL-2+IL-7. y® T-cells were co-cultured for 5 days with three
different types of allogeneic tumour cell lines (lymphoblastoid, pancreatic and colorectal cell lines), and
when available with transformed autologous cells (tumour cells, CAFs or EBV-transformed B-cell lines).
The co-culture was also performed in the presence of a yd TCR blocking antibody or an IgG1 isotype
control antibody to determine whether target cell recognition was being driven by the yd TCR, since yd
T-cells may recognize their targets through the yd TCR or NK-like receptors, e.g. NKG2D. The IFN-y
produced by yd T-cells in response to the different target cell lines was evaluated through an ELISA for
IFN-y as a way of assessing the effector capacity of the expanded cells.

Ex vivo expanded yd T-cells in the presence of IL-2+IL-15+IL-1f or IL-2+IL-7 demonstrated to
produce IFN-y in response to target cell stimulation (Figure 3.8). Independently of the culture conditions,
unstimulated yd T-cells from all patients, except patient D171 (Figure 3.8 E and F), showed some basal
production of IFN-y, ranging from 94.92 to 214.14 pg/mL/10* cells/5 days, which indicates that these
cells were activated during culture by the stimuli provided. Although PMA stimulation should induce
maximum cell activation, only yd T-cells from patient D171 (IL-2+IL-15+IL-13) demonstrated to produce
IFN-y (293.13 pg/mL/10* cells/5 days) in response to PMA stimulation (Figure 3.8 E). These results
raised some concerns about the functional state of other patients’ yd T-cells, suggesting the entry into
anergy or activation-induced cell death. Irrespective of the culture conditions, yd T-cells from all patients,
except patients D157 (IL-2+IL-7, Figure 3.8 C) and D171 (IL-2+IL-15+IL-1f3 and IL-2+IL-7, Figure 3.8
E and F), did not show to produce IFN-y in response to any of the allogeneic or autologous cells used
as targets. yd T-cells from patient D157 (IL-2+IL-7) revealed to be activated by the K-562 (leukaemia)
and LoVo (colorectal) cancer cell lines, demonstrating an IFN-y production of 615.86 and 684.35

pg/mL/10* cells/5 days, respectively (Figure 3.8 C). The recognition of the K-562 cell line appeared to
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occur in a TCR-independent manner as IFN-y only decreased from 615.86 to 475.88 pg/mL/10* cells/5
days in the presence of the yd TCR blocking antibody, and with the IgG1 isotype control antibody an
IFN-y production of 293.43 pg/mL/10* cells/5 days was observed (Figure 3.8 C). Similarly, LoVo cells
also appeared to be recognized in a TCR-independent manner since although the IFN-y production
decreased from 684.35 to 81.70 pg/mL/10* cells/5 days in the presence of the yd TCR blocking antibody,
a similar amount of IFN-y (99.20 pg/mL/10* cells/5 days) was obtained in the presence of the IgG1
isotype control antibody. yd T-cells from patient D171, independently of the culture conditions,
demonstrated to be also activated by the K-562 cell line, presenting an IFN-y production of 121.36
pg/mL/104 cells/5 days in the presence of IL-2+IL-15+IL-1B (Figure 3.8 E) and 11.43 pg/mL/10* cells/5
days in the presence of IL-2+IL-7 (Figure 3.8 F). yd T-cells from patient D171 (IL-2+IL-7) appeared to
recognize the K-562 cell line through the y®& TCR since the IFN-y production was impaired in the
presence of the yd TCR blocking antibody (0 pg/mL/104 cells/5 days) and recovered in the presence of
the IgG1 isotype control antibody (27.02 pg/mL/10* cells/5 days; Figure 3.8 F), however the IFN-y
production was low for this TIL line.

The effector capacity of yd T-cells expanded from frozen PBMCs (patient D83) and TIL (patients
D82 and D126) was also evaluated through the IFN-y production assay (Figure 3.8 G, H and I). The
experimental design was similar to the one used for yd T-cells expanded from patients’ tumour tissue.
yo T-cells from all patients showed a basal production of IFN-y, suggesting their activation during culture
by the stimuli provided. PMA stimulation did not lead any patients’ yd T-cells to produce IFN-y, despite
all cells have demonstrated to be functionally active, recognizing at least one of the target cells used.
yo T-cells from patients D82 and D83 showed to be activated by the K-562 cell line, exhibiting an IFN-y
production of 401.71 (Figure 3.8 G) and 761.97 pg/mL/10* cells/5 days (Figure 3.8 H), respectively. K-
562 cells were recognized by y® T-cells in a TCR-independent manner since the presence of the yd
TCR blocking antibody did not impair the IFN-y production (Figure 3.8 H), and even when it induced a
slight decrease, the IFN-y production was not recovered in the presence of the IgGL1 isotype control
(Figure 3.8 G). Besides K-562 cells, yd T-cells from patient D82 also recognized the autologous tumour
cells, reaching its maximum IFN-y production (451.59 pg/mL/10* cells/5 days, Figure 3.8 G). The
presence of the yd TCR blocking antibody led to a decrease in the IFN-y production (from 451.59 to
92.98 pg/mL/10* cells/5 days), which was almost totally recovered in the presence of the IgG1 isotype
control antibody (345.86 pg/mL/10* cells/5 days), indicating that the recognition of the autologous
tumour by yd T-cells from patient D82 involves the yd TCR. Although the IFN-y values have not reached
the threshold to be considered a positive response (642.42 pg/mL/10* cells/5 days), yo T-cells from
patient D83 also demonstrated to considerably increase their IFN-y production in the presence of both
autologous tumour cell lines PC4 (486.39 pg/mL/10* cells/5 days) and PC5 (489.38 pg/mL/104 cells/5
days, Figure 3.8 H). Moreover, the presence of the yd TCR blocking antibody resulted in a decrease in
the levels of IFN-y produced (from 486.39 to 102.44 and from 489.38 to 55.02 pg/mL/10* cells/5 days,
respectively), which were recovered in the presence of the IgG1 isotype control (366.69 and 564.40
pg/mL/104 cells/5 days, respectively), indicating that the recognition of both autologous tumour cell lines
involves the y® TCR. yd T-cells from patient D126 showed to produce IFN-y only in response to the
autologous B-cell line (634.74 pg/mL/10* cells/5 days), revealing to recognize it in a TCR-independent

35



manner since the presence of the yd TCR blocking antibody did not impair the IFN-y production (Figure

3.81).
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Figure 3.8 - In vitro expanded y& T-cells produce IFN-y in response to autologous and/or allogeneic tumour
cell lines. yd T-cells were expanded in vitro with IL-2+IL-7 and/or IL-2+IL-15+IL-1( from: the tumour tissue from
patients D155 (rectal cancer, A), D157 (colon metastasis from ovarian cancer, B and C), D162 (colon
adenocarcinoma, D) and D171 (rectum adenocarcinoma, E and F); TIL from patients D82 (glioblastoma, G) and
D126 (PDAC, I) and PBMCs from patient D83 (pancreatic cancer, H). The expanded yd T-cells were co-incubated
for 5 days at an effector:target cell ratio of 1:1 (A, B, C, D, E, F, H, ) or 4:1 (G) with transformed autologous cells
(tumour cells, CAFs or EBV-transformed B-cell line) and/or lymphoblastoid (K-562 and Daudi), pancreatic (PANC-
1, Panc 10.05 and CFPAC-1) and colorectal (HKe-3, SW480 and LoVo) allogeneic cancer cell lines. Graphs show
the concentration of IFN-y (pg/mL/10* cells/5 days) produced by yd T-cells in response to target cell stimulation
(NIL) and in the presence of an anti-yd TCR blocking antibody or an anti-IlgG1 isotype control antibody. The dashed
line represents the threshold at which a response is considered positive (at least three-fold the value obtained in

the negative control).

Altogether, these results show that ex vivo expanded yd T-cells are capable of producing IFN-
y in response to target cell stimulation and recognizing autologous tumour cells in a TCR-dependent
manner. Furthermore, these results highlight the contribution that yd T-cells may have to cancer
immunotherapy due to their capacity to recognize and attack autologous tumour cells that may not be

detected by af3 T-cells.
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4. Discussion

ap T-cell-based ACT have been showing promising results, however, they only target MHC-I positive
cancer cells, which implies that tumour cell clones that downregulate or lose MHC-1 expression remain
in the body and may lead to cancer recurrence. There is therefore an urgent need to complement af8 T-
cell-based ACT through the development of new therapies that target MHC-I negative tumour cells. NK
cells or yd T-cells would fill that gap since they may be able to recognize MHC-I or -1l negative tumour
cells. Due to their target cell recognition characteristics and more innate role in tumour immune
surveillance, NK cells and yo T-cells started to receive an increased attention and several NK cell and
yd T-cell-based immunotherapies have been developed during the last years. Both types of therapies
(NK or yd T-cells) demonstrated to be successful in targeting haematological malignancies (Table 9.1
and Table 9.2 in appendix; (Bachanova et al., 2014; Bjorklund et al., 2018). In contrast, this was not the
case for solid cancers. Besides negative factors, such as the presence of inhibitory signals within the
TME and altered immunogenicity of tumour cells, the lack of access of immune cells to tumour lesions
is considered one of the major factors that contribute to the failure of ACT for solid tumours. The
interaction between chemokine receptors and ligands is responsible for cell infiltration into tissues. NK
cell and yd T-cell subsets express distinct chemokine receptor repertoires (Berahovich et al., 2006;
Campbell et al., 2001; Glatzel et al., 2002; Lanca et al., 2013; Wendel et al., 2008; Ye et al., 2013) and
are differently distributed in blood and tissues. Most NK cell or yd T-cell therapies often use PBMCs to
obtain the effector cells, which in fact may result in a cell product with low anti-tumour reactivity and/or
homing capacity due to the expression of a chemokine receptor repertoire that does not correspond to
the ligands expressed by tumour cells. Based on the assumption that tumour-infiltrating NK cells and yd
T-cells are tumour-reactive and may indeed exhibit homing receptors that enable them to access more
easily into tumour lesions, the isolation and expansion of these cells from the patients’ tumour tissue for
ACT may be a good alternative. Thus, the main goals of this work were: a) explore the feasibility of
isolating and expanding NK cells and yd T-cells directly from the patients’ tumour tissue (yet the homing
markers of the NK cells or yd T-cells populations examined in this master thesis have not been tested)

and b) determine whether these immune cells exhibited reactivity against autologous tumour cells.

4.1. NK cells

Tumours presenting NK cell infiltration and high expression of genes encoding NK cell stimuli,
such as the cytokine IL-15, were found to be associated with improved survival in patients with
metastatic cutaneous melanoma (Cursons et al., 2019). More recently, in several types of solid tumours,
high levels of NK cell markers, e.g. CD56, CD57, NKp30 and NKp46, were correlated with a better
prognosis in patients with solid malignancies (Zhang et al., 2020). Thus, NK cell-based immunotherapies
receive now more attention, despite their exploration in the cancer immunotherapy field had started
some time ago when their involvement in tumour immunosurveillance, especially through the recognition
and killing of MHC-I negative tumour cells, was discovered. Although NK cell expansion and activation

may be promoted in vivo through cytokine infusion or the use of monoclonal antibodies, most NK cell-
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based therapies expand and activate autologous or allogeneic NK cells ex vivo and infuse them into the
patient.

Several protocols to culture and expand NK cells have been tested using different cytokines
(e.g. IL-2, IL-12, IL-15, IL-18 and IL-21) and co-stimulation with feeder cells of different origins (target
cell lines, autologous or allogeneic PBMCs) (Granzin et al., 2017), however none is currently considered
the “standard protocol”. Therefore, before determining the feasibility of isolating and expanding NK cells
directly from patients’ tumour tissue, different expansion protocols were tested. Four different cytokine
combinations were analysed (IL-2+IL-15+IL-21; IL-2; IL-2+IL-15 and IL-15) in the presence or absence
of K-562 cell stimulation. Different time points to sort NK cells (at day 0, after a 7- or 14-day expansion
of the CD3- population) were also evaluated for each condition. PBMCs from healthy donors (donor G,
H and 1) were used and a 14-day expansion was performed, during which the total cell number, cell
viability and NK cells’ frequency were assessed to evaluate the effectiveness of the different expansion
protocols. None of the expansion protocols showed to promote simultaneously an expansion in the total
cell number, NK cells’ frequency and at the same time to maintain cell viability. However, the isolation
of NK cells at day 0 and subsequent culture with IL-2+IL-15 and K-562 cell stimulation appeared to result
in the best trade-off between total cell number, cell viability and NK cells’ frequency. It is not surprising
that IL-2+IL-15 led to the most promising results since several studies have previously reported that the
combination of these two cytokines promotes NK cell expansion from PBMCs of healthy donors or
patients with cancer, showing NK cell expansion-folds ranging between 15.7 and 993 (Peragine et al.,
2015; Siegler et al., 2010; Torelli et al., 2015). Peragine and colleagues demonstrated that the
stimulation of NK cells with IL-2+IL-15 or only with autologous feeder cells results in lower fold-
expansions than the combination of both (Peragine et al., 2015). This observation is in line with our
results, despite we used the K-562 cell line as feeder or ‘stimulator’ cells, and also with the necessity of
cell-to-cell contact beyond humoral signals to maintain NK cell proliferation (Miller et al., 1992;
Robertson et al., 1997). However, while Peragine et al. obtained 24.4x10% CD3-CD56* cells (Peragine
et al., 2015), we only obtained approximately 0.182x108 CD3-CD56*CD16"* cells. Thus, due to the low
cell numbers obtained, the influence of different initial cell concentrations was ascertained by co-
culturing for 14 days in the presence of IL-2+IL-15 NK cells isolated from PBMCs of three healthy donors
(donor J, K and L) with irradiated K-562 cells at different cell densities (0.5x106, 1x10% and 2x10°¢
cells/mL). Cell number and cell viability were assessed at various time points and although, as expected,
higher initial cell densities result in higher cell numbers at the end of the expansion, the initial cell
concentration did not show to be a determinant factor in the fold-expansion reached by NK cells. As
Peragine and colleagues suggested, the variability in the NK cell expansion may be ascribed to the
effectiveness of the protocol used in supporting NK cell expansion and activation, the source of feeder
cells used, the use of animal-derived reagents and grading of culture components, e.g. culture media,
growth factors and serum components (Peragine et al., 2015).

In addition to their use to assess the effect of different initial cell densities on the expansion of
NK cells, cells from donors J, K and L were also used to evaluate the NK cell subsets obtained with our
expansion protocol and the effector potential of the expanded cells. The frequency of each NK cell

subset was determined at the beginning and end of the experiment. Except for one donor in which most
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NK cells presented a CD56g"t phenotype, CD56%™ was the main NK cell subset detected in NK cells
at day 0, which is in line with the fact that this is the dominant population in peripheral blood (Ferlazzo
et al., 2004). Most NK cells from both subsets expressed CD16, so CD569m"CD16*and CD5619"MCD16*
were the most frequent phenotypes. The CD56 expression increased during culture and at day 14
CD56"r9"t was the main NK cell subset in cells from all donors as it has already been shown by Torelli
and colleagues (Torelli et al., 2015) and Nhung et al. (Nhung et al., 2018). Although CD569"CD16- NK
cells were observed, CD56P9"CD16* represented the most common phenotype among the expanded
NK cells, which is consistent with the results obtained by Peragine and colleagues (Peragine et al.,
2015). Moreover, Takahashi et al. also demonstrated that stimulation of CD569"CD16 - and
CD569mCD16- NK cells with cytokines promotes a CD56P9"CD16* phenotype (Takahashi et al., 2007).
In contrast, Luhm et al. (Luhm et al., 2002) and Klingemann and Martinson (Klingemann and Martinson,
2004) reported that expanding CD56* NK cells leads primarily to a high expansion of the CD16-
population. However, our results showed that the only donor presenting CD56ight NK cells at the
beginning of the culture, after expansion presented both populations CD16* and CD16-, revealing
inclusive a higher frequency of CD16* NK cells.

CD56ight gnd CD564m NK cell subsets differ not only in their CD56 expression but also in their
effector functions: while CD569™ are more effective promoting cytolysis due to the high amounts of
perforin and granzyme A that are contained in their cytolytic granules, CD5619" NK cells are more
efficient producing pro-inflammatory cytokines, such as IFN-y and TNF-a (Jacobs et al., 2001).
Accordingly, since CD569" was the main NK cell subset in cells from all donors, it would be expected
that these cells, upon target cell recognition, would respond through the production of pro-inflammatory
cytokines. However, Poznanski et al. recently demonstrated that degranulation, cytotoxicity and IFN-y
production increase with the increase of CD56 brightness, revealing that CD56%ia"t NK cells may be
cytotoxic or regulatory cells (Poznanski et al., 2018). Moreover, CD569™ NK cells showed also to be an
important source of cytokines and chemokines upon recognition of aberrant cells (Fauriat et al., 2010),
for example through the release of high amounts of IFN-y very early after activation (De Maria et al.,
2011). Thus, CD56 expression does not distinguish regulatory from cytotoxic NK cells (Poznanski et al.,
2018).

To determine the functional capacity of the expanded NK cells, they were co-cultured with the
MHC-I negative cell line K-562 at different effector:target cells ratios (1:1, 3:1 and 10:1) - when possible
- and CD107a expression as well as IFN-y production were assessed. The analysis of the expanded NK
cells revealed their ability to respond to target cell stimulation after 14 days of in vitro expansion.
Irrespective of the effector cell:target cell ratio, NK cells from both donors J and L showed to degranulate
in response to K-562 cell stimulation, revealing to maintain their degranulation ability after ex vivo
expansion as it has been already reported in previous studies (Alter et al., 2004; Knorr et al., 2013;
Spanholtz et al., 2011; Torelli et al., 2015). However, at the same effector cell:target cell ratio, the
frequency of CD107a* NK cells obtained was not consistent between donors. These donor-associated
differences may occur because although the K-562 cell line is a “gold standard” target for NK cells, the
capacity of a certain stimulus to induce NK cell priming is donor-dependent (Hood et al., 2019). For

example, Hood et al. induced NK cell priming with two different stimuli (IL-2 or CTV-1 cell line) and

41



observed that only NK cells from approximately 50% of the patients responded to each stimulus (Hood
et al., 2019). Moreover, the same activation stimulus only resulted in certain subpopulations of NK cells
from an individual to respond since different NK cell subpopulations express different combinations of
activating and inhibitory receptors (Horowitz et al., 2013). Therefore, NK cell function is determined by
a) which subpopulations of resting NK cells are present and their respective phenotype; b) the type of
stimulus used to activate NK cells and c) the effect that this stimulus is going to have on the NK cells,
which ultimately determines the ability of these cells to lyse or not their targets. The nature of the stimuli
to which NK cells were previously exposed in each donor, may also condition their response since
memory-like NK cells may have been generated. Memory-like NK cells are characterized by a long-
lasting and specific memory, presenting a more robust response after restimulation. These cells were
reported to be generated upon stimulation with haptens (O’Leary et al., 2006), viral pathogens (Sun et
al., 2009) or cytokines (Romee et al., 2012, 2016), and to be characterized by the lack of KIRs and
CD57, and an increased expression of CD94, NKG2A, NKp46 and CD69 (Romee et al., 2012). Thus,
future experiments should include the analysis of these cell markers.

CD107a expression occurs in concert with target cell lysis, but also with cytokine secretion,
being significantly associated with the production of IFN-y and TNF-a (Alter et al., 2004). In agreement
with this, our results demonstrated that NK cells from donor J (effector cell:target cell ratio of 10:1) and
L (effector cell:target cell ratio of 1:1), besides expressing CD107a in response to K-562 cell stimulation,
secreted IFN-y. Thus, ex vivo expanded NK cells revealed to maintain also their capacity to produce
IFN-y in response to target cells, as it was shown in previous studies (Lee et al., 2017; Masuyama et
al.,, 2016). Although NK cells from all donors demonstrated to be functionally active through the
production of a considerable amount of IFN-y in response to K-562 cell stimulation, this was not verified
in all effector cell:target cell ratios tested. Lower effector cell:target cell ratios appeared to be associated
with a higher production of IFN-y, which may probably be explained due to a faster recognition of the
target cells at higher effector cell:target cell ratios and consequently an earlier release of IFN-y that
suppress K-562 cell proliferation and induce apoptosis by increasing the expression of Fas and FasL
(Xia et al., 2017).

IL-2+IL-15 combined with K-562 cell stimulation was the protocol leading to the most promising
results in the in vitro expansion of NK cells. Thus, this protocol was used to ascertain the feasibility of
isolating and expanding NK cells directly from patients’ tumour tissue. Due to the use of patients’ tumour
tissue instead of PBMCs as cell source, two main alterations in the protocol were performed, namely
NK cells were not sorted before expansion and the culture lasted approximately 50 days instead of 14,
which resulted in a total of five stimulations with K-562 cells instead of one. The feasibility of isolating
and expanding NK cells from patients’ tumour tissue was assessed by evaluating over time the total cell
number, cell viability and the frequency of NK cells and respective subsets. The combination of IL-2+IL-
15 and K-562 cell stimulation allowed to isolate and grow NK cells in vitro. Cells from all patients
demonstrated a decrease in their total cell numbers over time. At the end of the expansion, only cells
from one of the four patients exhibited an expansion in the total cell number. The maximum total cell
number obtained was observed after the 2™ stimulation and corresponded to 7.49x10°6 cells. In

comparison with the results from other studies, this value is very low for the total cell number since
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usually values in the order of 10° NK cells are obtained (Granzin et al., 2015; Masuyama et al., 2016),
however using PBMCs of healthy donors. NK cells expanded from PBMCs of healthy donors have
demonstrated higher fold-expansions than NK cells expanded from PBMCs of patients with cancer (Kim
et al., 2013). However, Nhung et al. expanded NK cells from PBMCs of patients with cancer using a 21-
day expansion method involving simulation with IL-2 (700 1U/mL) and Picibanil (a lyophilized mixture of
group A Streptococcus pyogenes treated with Benzylpenicillin) in culture flasks-coated with an anti-
CD16 monoclonal antibody and also obtained values in the order of 10° NK cells, namely 3.5874x10°
NK cells in a total of 4.1372x10° cells (Nhung et al., 2018). In contrast, Peragine et al. expanded NK
cells from PBMCs of patients with cancer using a 14-day expansion protocol combining IL-2+IL-15 with
autologous feeder cell stimulation and obtained 18.6x10¢ NK cells (Peragine et al., 2015). This value is
much lower than the one reported by Nhung and colleagues (Nhung et al., 2018), however it is still very
high in comparison with our results, especially because we are considering the total cell number and
not the number of NK cells obtained. Some factors that may have contributed to the low total cell
numbers obtained and that must be considered and investigated in future experiments are: the duration
of the culture, the size of the tumour sample used and the initial number of NK cells infiltrated in the
tumour, which is very challenging to determine. Although larger tumour samples may provide a much
higher cell number, the fact that cells from all patients showed their highest total cell numbers after the
2d stimulation suggests that the long-term culture may also be a main factor contributing to the low total
cell numbers obtained.

IL-2 and IL-15 have a very important role in NK cell activation and survival. IL-2 promotes NK
cell survival by inhibiting mitochondrial-mediated apoptosis through the induction of Bcl-2 expression
(Armant et al., 1995), whereas IL-15 limits Bim expression through extracellular-signal-regulated kinase
1 (Erkl) and 2 (Erk2), and promotes Mcl-1 expression, which is necessary and sufficient for NK cell
survival (Huntington et al., 2007). Although the expansion protocol used include both cytokines, the
viability from cells of all patients at the end of the expansion varied between 27.66 to 67.21% compared
to >90% usually reported in other studies (Nhung et al., 2018; Peragine et al., 2015). Similarly, at the
end of the expansion, the NK cells’ frequencies obtained were also low, varying between 2.43 and
57.54%. The highest NK cells’ frequencies were detected after the 3 stimulation and ranged between
25.12 and 76.99%. Although these values are still low, they are more similar to the ones reported for
example by Nhung et al. that after a 21-day expansion from PBMCs of patients with cancer obtained
between 54 to 96.7% NK cells (Nhung et al., 2018). In general, the low NK cells’ frequency was not that
surprising since the expansion carried out in this study was performed in a long-term culture, which has
shown to have a direct impact in the NK cell expansion and viability. While Berg et al. demonstrated that
the viability and expansion rates of NK cells reach their peak 9 to 15 days after the beginning of the
culture and start to decline after 21 days (Berg et al., 2009), Fujisaki and colleagues showed that NK
cells after 8 to 15 weeks of continuous proliferation enter into a senescent state (Fujisaki et al., 2009).
Besides the long-term culture, the constant stimulation with IL-2 and IL-15 for a long period may also
have negatively affected NK cell expansion and survival. The consecutive stimulation of NK cells with
IL-15 has been shown to induce a functional NK cell change consistent with exhaustion, with these cells

presenting an increased expression of cell cycle checkpoint inhibitors and arrest genes, and becoming
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more susceptible to cell death (Felices et al., 2018). This susceptibility to cell death may have been
more potentiated since IL-2 was used in combination with IL-15, and NK cells expanded and activated
by IL-2 for more than 2 days have shown to upregulate Fas and other death receptors, resulting in a
higher susceptibility to apoptosis mediated through these receptors (Betters et al., 2010). In addition,
since IL-2 is known to be the “gold standard” cytokine used to expand T-cells, these cells may have also
been stimulated to proliferate. Immunosuppressive Treg cells are comprised in the TME of several
tumours, such as gastric (Mao et al., 2017) or breast cancer (Khaja et al., 2017), and their possible
proliferation may have been a limiting factor in NK cell expansion since Treg cells are known to inhibit
NK cell proliferation and cytotoxicity (Ghiringhelli et al., 2005). Thus, in future experiments the presence
of Treg cells should be investigated. Moreover, a growth curve considering earlier time points should be
performed to optimize the duration of the culture guaranteeing that NK cells are harvested in the peak
of the exponential phase of growth and do not enter in senescence.

The frequency of NK cells in TIL varies according to the tumour histology. For example, NK cells
are frequently found among TIL in bladder cancer (Mukherjee et al., 2018), but are scarce in the tumour
infiltrate of endometrial cancer (Degos et al., 2019). Similarly, CD569"t and CD56%™ NK cell subsets
are found in different frequencies among intra-tumoral lymphocytes. Apart from some exceptions, such
as late stages of bladder cancer (Mukherjee et al., 2018), a higher prevalence of CD56d"t NK cells is
found in TIL from solid malignancies, e.g. melanoma, breast and colon cancers (Levi et al., 2015),
NSCLC (Bruno et al., 2013), gastrointestinal sarcoma (Delahaye et al., 2011), endometrial cancer
(Degos et al., 2019) and RCC (Schleypen et al., 2003, 2006). In agreement with these findings, the main
NK cell subset detected in the first time point assessed in cells from all patients was the CD56"righ,
Independently of the time point, this NK cell subset was always the most frequent, comprising more than
95% of all NK cells. Most NK cells were CD16- (CD569™CD16- and CD56"9"CD16-) and during culture
the CD56P9CD16° NK cell subset was the most well-represented. Although the assessment of the NK
cell subsets was performed for the first time after approximately 20 days of the beginning of the in vitro
culture and not right after the tumour biopsy collection, these results are consistent with the prevalence
of CD56P1MCD16- NK cells in solid malignancies, such as melanoma, breast and colon cancers (Levi
etal., 2015), NSCLC (Bruno et al., 2013) and gastrointestinal sarcoma (Delahaye et al., 2011). However,
since in vitro culture may have led to the preferential expansion of the CD5619"CD16- NK cell subset,
an immunofluorescence for CD3 and CD56 could be performed in paraffin sections of patients’ tumour
tissue to offer an overview of the frequency of CD3-CD56* NK cells infiltrated into the tumour tissue prior
to the ex vivo expansion.

NK cells expanded and activated with IL-2 alone or combined with IL-15 have demonstrated the
capacity to kill cancer stem cells from breast cancer (Ames et al., 2015; Yin et al., 2016), PDAC, sarcoma
(Ames et al., 2015), CRC (Tallerico et al., 2013) and glioblastoma (Castriconi et al., 2009). NK cells
contribute to the killing of tumour cells through different mechanisms, however, the production of IFN-y
is one of the most important since these cells are an early source of this cytokine in tumour-developing
lesions, contributing to an early anti-tumour response (Kurosawa et al., 1993). Thus, the functional
capacity of the expanded NK cells was evaluated by their ability to produce IFN-y in response to target

cell stimulation. This analysis showed the capacity of NK cells to maintain their effector phenotype
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almost after three months of in vitro culture. Only cells from two of the four patients (patients D155 and
D157) responded to target cell stimulation, both recognizing the cell lines K-562 and Daudi. The
activation of NK cells comprises two stages: the priming and the triggering (North et al., 2007). The
priming phase is characterized by the activation of NK cells by a non-specific signal, such as an
activating cytokine (e.g. IL-2 or IFN-y) or a target cell expressing the proper intensity and combination
of ligands for the activating receptors (North et al., 2007; Sabry and Lowdell, 2013). The triggering phase
requires the co-engagement of at least one additional NK cell activating receptor, which should be
specific to the recognition of stressed cells in order to prevent autoreactivity (North et al., 2007; Sabry
and Lowdell, 2013). Tumour cells usually evade NK cell-mediated cytotoxicity through the lack of a
priming or triggering signal (North et al., 2007). An example is the human leukemic cell line CTV-1 that
avoids its lysis by NK cells by priming but not triggering them (North et al., 2007). Thus, the targeting of
K-562 cells by the expanded NK cells was not surprising since according to their ligand profile, these
cells can stimulate NK cells through different activating receptors, e.g. NKG2D, NKp30, NKp44 and
DNAML1 (Tremblay-Mclean et al., 2019). In contrast, Daudi cells express fewer ligands for the NK cell
activating receptors (Sabry et al., 2019) and despite they present low to no MHC-I expression, they fail
to prime NK cells, being resistant to NK cell activity (North et al., 2007). However, when NK cells are
prior primed with an activating cytokine or an appropriate target cell, such as the CTV-1 cell line, Daudi
cells become susceptible to NK cell lysis (North et al., 2007). Therefore, the unexpected targeting of
Daudi cells may have resulted from the priming of NK cells with IL-2 and IL-15 during their in vitro culture.

Besides K-562 and Daudi cell lines, NK cells from patient D157 produced IFN-y not only in
response to all the other allogeneic target cells but also to the autologous tumour cells and CAFs. The
new observation in these results was the recognition of the autologous tumour by NK cells expanded ex
vivo directly from the patient’s tumour tissue and not from the PBMCs of patients with cancer as it has
been already reported in previous studies (Poznanski et al., 2018; Turin et al., 2018; Voskens et al.,
2010). Besides reporting the recognition of an autologous tumour with the same histology (ovarian
cancer) than the one that we report here, Poznanski et al. described a new NK cell subset, the
CD56surerbristC D16+ (Poznanski et al., 2018). These NK cells demonstrated an enhanced activation state
and anti-tumour function compared with IL-2 activated NK cells, suggesting that these capacities
increase with the increase of CD56 expression. Although it was not possible to evaluate the NK cell
subsets in cells of patient D157 before the IFN-y assay, considering the results from the last time point
available and the gating strategy used by Poznanski et al. (Poznanski et al., 2018), approximately half
of the CD56%19"t NK cells from patient D157 were CD56superbright. This fact may explain the capacity of
NK cells from patient D157 to target the autologous tumour and CAFs, but also their ability to produce
IFN-y in response to all the tumour cell lines tested. On the other hand, this high effector capacity may
suggest that our protocol promoted the differentiation of lymphokine-activated (LAK) cells, which are
characterized by a potent in vitro cytotoxicity against syngeneic and autologous tumours and NK-
resistant cells (Grimm et al., 1982; Lotze et al., 1981; Yron et al., 1980). LAK cells are a population of
killer cells generated through the incubation of lymphocytes with high-dose IL-2 (800-1000 U/mL)
(Grimm et al., 1982; Lotze et al., 1981; Yron et al., 1980). This cell population present MHC non-
restricted anti-tumour activity (Chadwick and Miller, 1991; Phillips and Lanier, 1986) and is mainly
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composed of CD3-CD56* (NK cells), CD3*CD56* (NKT cells) and CD3*CD56" cells (T-cells) (West et al.,
2011). The markers of LAK cells are similar to the ones exhibited on T-cells, despite LAK progenitor
cells lack both T-cell and NK cell markers (Grimm et al., 1983; Rosenstein et al., 1984). After IL-2
activation, all cells included in the LAK cell population increase the expression of the adhesion molecule
LFA-1 and the activation markers CD69, NKG2D and DNAM1. NK cells show also an increase in the
expression of CD16 and their NK-specific activation markers, namely NKp30, NKp44 and NKp46,
whereas T-cells present an increase in CCR7 expression (West et al.,, 2011). Due to their potent
cytotoxic capacity, LAK cells together with high-dose administration of IL-2 were explored in the cancer
immunotherapy field, first revealing some promising results in patients with renal cancer and melanoma
(Rosenberg et al., 1985). However, Law et al. demonstrated that the therapeutic benefit achieved with
LAK cells and high-dose administration of IL-2 could be obtained with the administration of IL-2 alone
(Law et al., 1995). In future experiments, a more extensive analysis of cell surface markers must be
performed to determine the type of cells that are being expanded with our protocol. Moreover, a tumour
piece may be cultured using IL-2 to promote the differentiation of LAK cells and then compare their
effector capacity with the one presented by the cells expanded with IL-2+IL15.

In contrast with cells from patients D155 and D157, NK cells from patients D162 and D171 did
not respond to any target cell stimulation. However, while NK cells from patient D162 showed a basal
production of IFN-y not only when unstimulated but also in the presence of any target cell line, NK cells
from patient D171 did not produce IFN-y in any of the conditions tested. The basal production of IFN-y
by NK cells from patient D162 indicated that these cells were activated during their in vitro culture,
despite they were unresponsive to target cell stimulation. NK cell activation is regulated through a
balance between activating and inhibitory receptors. These two types of receptors are expressed in NK
cells in different combinations, resulting in distinct NK cell populations according to the receptors
expressed (Horowitz et al., 2013). Therefore, target cells may have expressed activating ligands for
which the expanded NK cells lacked the corresponding activating receptors. However, at least K-562
cells should have induced NK cells to produce IFN-y and although it cannot be considered a positive
response, a considerable increase in the IFN-y production relatively to the negative control was
observed. This fact suggests that during expansion NK cells may have downregulated their activating
receptors, which would make them less responsive or even unresponsive to any target cell stimulation.
This is commonly observed in the dysfunctional NK cells isolated from patients with cancer (Costello et
al., 2002; Healy et al., 1998; Konjevic et al., 2007; Kono et al., 1996). The unresponsiveness may have
also been enhanced by the constant stimulation of NK cells with K-562 cells during culture since it has
been shown to lead NK cells less responsive to further stimulation (Cavalcanti et al., 1999; Jewett and
Bonavida, 1995, 1996). Another hypothesis that cannot be excluded is the expression of any type of
inhibitory ligands (summarized in Table 9.5 in Appendix) in target cells, which would impair NK cell
activation.

In contrast, none of the previously mentioned hypothesis consistently explains the
unresponsiveness of NK cells from patient D171. The total absence of IFN-y production may indicate
that NK cells were producing other cytokines instead of IFN-y. Generically, activation responses result
in the expression of IFN-y, TNF-a, MIP-1a and MIP-13 (Brady et al., 2010; Fauriat et al., 2010). However,
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the cytokine secreting profile presented by NK cells is strongly influenced by the surrounding cytokine
milieu. Some reports have demonstrated that solid tumours induce an immunoregulatory phenotype in
NK cells, which impairs their cytotoxic ability and consequently leads to the lack of therapeutic efficacy
observed in NK-cell based immunotherapies for solid malignancies (Belisle et al., 2007; Krneta et al.,
2016; Parkhurst et al., 2011). For example, CD5619MCD16° NK cells within different solid tumours, such
as melanoma, breast and colon cancers (Levi et al., 2015) and NSCLC (Bruno et al., 2013), present a
pro-angiogenic phenotype, expressing e.g. VEGF, PIGF and IL-8 (Bruno et al., 2013), and contributing
to tumour progression. According to their cytokine secreting profile, NK cells are commonly described
as NK1 or NK2 due to their similarities to Thl and Th2. The NK1 phenotype is characterized by the
production of IFN-y and IL-10 and may be induced by stimulation with IL-12, whereas the NK2
phenotype is known for the secretion of IL-5 and IL-13 and may be induced by stimulation with IL-4
(Deniz et al., 2002; Peritt et al., 1998). NK cells may also present a third phenotype known as NK17/NK1
and characterized by the production of IL-17 in concert with IFN-y upon IL-2 activation (Pandya et al.,
2011). Thus, although the absence of IFN-y production by the NK cells from patient D171 may be
explained by a different cytokine secreting profile, it does not exclude the possible entry into a state of
functional anergy. However, it is important to consider that NK cell activation requires the correct
stimulus to achieve a functional response, so the lack of response to one stimulus or target cell does
not imply the failure to respond to another (Hood et al., 2019). Therefore, it is premature to conclude
that the expanded NK cells had impaired cytotoxicity without performing more functional tests, such as
the CD107a assay and evaluate the production of other cytokines. Of note that the production of
angiogenic factors should also be assessed to confirm whether the expansion protocol used was
inducing pro-tumoral NK cells. The results could also be complemented by analysing the NK cell ligands
and receptors expressed in target and NK cells, respectively.

NK cells isolated from patients with cancer are usually reported to be dysfunctional (Costello et
al., 2002; Healy et al., 1998; Konjevi¢ et al., 2007; Kono et al., 1996). Platonova et al. have inclusive
demonstrated that intra-tumoral NK cells have an impaired cytotoxicity, not being able to degranulate or
produce IFN-y in response to K-562 cell stimulation (Platonova et al., 2011). However, although NK cell
functionality was not evaluated before in vitro culture, our results show that after in vitro activation intra-
tumoral NK cells are functionally active, producing IFN-y in response to target cell stimulation. Moreover,
the capacity to recognize and attack MHC-I negative cell lines (K-562 and Daudi), autologous tumour
cells and CAFs highlight the contribution that NK cells may have to cancer immunotherapy,

complementing af T-cells’ effector functions.

4.2.yd T-cells
yd T-cells can be found in peripheral blood or as tissue-resident cells, being particularly
abundant in the epithelium and mucosa (Bonneville et al., 2010). Tumours located in epithelial or
mucosal tissues are found to be more frequently infiltrated by yd T-cells, which may contribute to tumour
eradication. In fact, yd T-cell infiltration into tumours was shown to be the most favourable prognostic
marker in many cancers (Gentles et al., 2015). To evaluate y® T-cell infiltration in primary or metastatic

lesions from all patients involved in this study, immunohistochemistry for the TCR & chain was performed
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in the respective paraffin tumour sections. Independently of the tumour histology, yd T-cells were found
in most analysed tumours, except for three samples: glioblastoma from patient D82, peritoneal
metastasis from patient D83 and rectum adenocarcinoma from patient D171. The absence of yd T-cells
in a tumour section of a patient does not imply that this tumour does not feature yd T-cells. Tumours
have a high heterogeneity, so despite the stained section may not show yd T-cells, it does not invalidate
that these cells may have infiltrated other areas of the tumour. This was the case of the glioblastoma
from patient D82 and the rectum adenocarcinoma from patient D171, since although yd T-cells were
hardly or not detectable in these patients’ tumour sections, it was possible to expand them from patients’
TIL or tumour tissue, respectively. The yd T-cell ability to infiltrate into tumour tissues of different origins
combined with the fact that an intra-tumoral yd T-cell signature is the most positive prognostic marker
in many cancers (Gentles et al., 2015) supports the use of yd T-cells in cellular immunotherapy.

yd T-cell-based immunotherapies, either promoting activation and expansion of yd T-cells in
Vivo or ex vivo, have been shown to be feasible and safe (Fournié et al., 2013). Most clinical protocols
expand yd T-cells with IL-2 and zoledronic acid (Hoeres et al., 2018), resulting in the expansion of the
yo T-cell subset Vy9*Vd2* (Meraviglia et al., 2010). Several other protocols, mainly for V&2+ yd T-cell
expansion, have already been tested. Besides the combination of IL-2 and zoledronic acid (Kondo et
al., 2008, 2011) or BrHPP (Bennouna et al., 2008; Kobayashi et al., 2011), some other protocols
explored the use of a) IL-2+IL-18 (Domae et al., 2017), b) IL-2+IL-15 (Klimpel et al., 2003), c) IL-2+IL-4
(Dokouhaki et al., 2010) or d) IL-7+IL-13 (Maeurer et al., 1996b). However, a 21-day two-step protocol
using IL-1B, IL-4, IL-21 and IFN-y with anti-CD3 stimulation in the first 14 days, and IL-15 and IFN-y with
anti-CD3 stimulation in the last 7 days, was shown to be the most successful using PBMCs of patients
with CLL as starting point. This protocol promoted the expansion of Vd1* yd T-cells with high cytotoxic
activity against CLL cells, as well as reported the highest expansion until now (in plastic culture plates)
of Vo1*yd T-cells from PBMCs of patients with cancer (Almeida et al., 2016). Despite the progress made
in the development of protocols with some success in the expansion of y® T-cells, currently none is
widely accepted. Therefore, in the present study, to isolate yd T-cells directly from patients’ tumour
tissue, we tested three expansion protocols differing in the cytokine combinations used: a) IL-2+IL-
15+IL-1B3, b) IL-2+IL-7 or c) IL-7+IL-18. Moreover, irradiated allogeneic PBMCs pre-treated with
zoledronic acid were used as a second stimulus since zoledronic acid demonstrated to successfully
promote yd T-cell expansion in previous studies (Kondo et al., 2008, 2011). Cells were stimulated five
times with irradiated allogeneic PBMCs pre-treated with zoledronic acid (1st, 2" and 4% stimulation) or
irradiated allogeneic PBMCs along with OKT3 (3 and 5t stimulation). To compare the effectiveness of
the different expansion protocols tested, the total cell number, cell viability and yd T-cells’ frequency
were evaluated at different time points.

Our study reports for the first time, to our best knowledge, the isolation of yd T-cells directly from
patients’ tumour tissue. The ideal expansion protocol should lead simultaneously to high cell numbers,
cell viabilities and y® T-cell percentages. None of the cytokine combinations tested demonstrated the
capacity of providing these three requirements simultaneously. IL-2+IL-15+IL-1 and IL-2+IL-7 were the
cytokine combinations that resulted in the highest total cell numbers. Higher cell numbers in the

presence of IL-2 are not surprising since IL-2 is known to be the “gold standard” cytokine used to expand
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T-cells. However, this raises the possibility that af T-cells have also been stimulated to proliferate.
Although one could hypothesize that this may have resulted in competition between aff and yd T-cells,
it may have also contributed to y® T-cell expansion since Siegers et al. demonstrated that y& T-cell
expansion is higher in the presence of aff T-cells as compared to af T-cells deprived cultures (Siegers
et al., 2013). Only cells from two of the four patients (patients D157 and D171) showed an expansion in
the total cell number between the first and last time point assessed, both reaching the highest total cell
numbers (2.21x10° and 2.45x106 cells, respectively) in the presence of IL-2+IL-7. However, the highest
total cell number (36.1x10°¢ cells) was obtained in TIL from patient D155 after the 3 stimulation in the
presence of IL-2+IL-15+IL-1B. Other studies usually present values in the order of the 36x10°¢ cells for
the total number of yd T-cells. For example, Kondo et al. obtained a total of 44.8x10° yd T-cells from
PBMCs after a 14-day expansion using IL-2 and zoledronic acid (Kondo et al., 2008). This reveals that
the total cell numbers and consequently the final number of y® T-cells obtained with our expansion
protocols were low. Some factors that may have contributed to these results and that must be
considered and investigated in future experiments are: the duration of the culture, the size of the tumour
sample used and the initial number of tumour-infiltrating y T-cells.

IL-2+IL-15+IL-1B and IL-2+IL-7 were the cytokine combinations leading to the highest cell
viabilities during culture. The viability of the expanded cells decreased over time and at the end of the
culture, cells in the presence of IL-2+IL-15+IL-1B, IL-2+IL-7 and IL-7+IL-13 presented values varying
from 29.7 t0 60.9%, 34.0 to 66.3% and 15.2 to 83.3%, respectively. The long-term culture and persistent
exposure of yd T-cells to their antigens have been shown to lead to a downregulation of the nuclear
factor-kB (NF-kB) level in yd T-cells, resulting in a higher sensitivity to activation-induced cell death
(Ferrarini et al., 2008). This may explain the low cell viabilities obtained with any of the expansion
protocols. It may also justify the low total cell numbers observed since long-term culture and persistent
exposure of yd T-cells to their antigens was also associated with lower cell proliferation (Ferrarini et al.,
2008). Another hypothesis is that the expansion protocols tested, as most of the available protocols,
have preferentially expanded yd T-cells with a terminally differentiated phenotype (CD27-CD45R0%),
which are characterized by low proliferative capacity and reduced survival (Dieli et al., 2003; Salot et
al., 2007).

IL-2+IL-15+IL-1 led to the highest yd T-cell percentages during culture, which presented their
maximum value after the 3" stimulation (ranging between 7.59 and 15.50%). At the end of the culture,
it was the combination of IL-7 and IL-1B that resulted in the highest y® T-cell percentages in cells from
all patients, except patient D155. Although IL-7+IL-1B has shown to significantly contribute for the
decrease of the total cell number and cell viability, it appears to promote the highest yd T-cells’ frequency
after long-term culture. This is supported by a study that used a 3-month expansion protocol using IL-
7+IL-1P3 to expand yd T-cells from TIL, revealing a yd T-cells’ frequency of 96 to 98% after 2 months of
culture (Maeurer et al., 1996b). In addition, IL-7 was already shown to be essential to prolong the life
span of mature yd T-cells, despite it is not required for their proliferation (Laky et al., 2003). At the end
of the culture, the highest yd T-cells’ frequencies were 16.3 (patient D155 IL-2+IL-15+IL-183) and 29%
(patient D162 IL-7+IL-1B) compared to more than 60% obtained by Almeida and colleagues (Almeida

et al., 2016), who showed to achieve the highest expansion of V&1* yd T-cells recorded in vitro using a
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two-step protocol to expand yd T-cells from PBMCs of patients with CLL. Besides the low values
observed between the first and last time point performed, only cells from two of the four patients (patients
D155 and D171) demonstrated an increase in yd T-cells’ frequency, namely in the presence of IL-2+IL-
15+IL-1B and IL-2+IL-7, respectively. Together these results may be explained by the fact that yd T-
cells of some patients are refractory to zoledronic acid stimulation, which was shown to be directly
associated with the frequency and number of yd T-cells present at culture initiation (Kondo et al., 2008).
Another possible explanation is that Treg cells have co-expanded with yd T-cells and limit their
expansion since Treg cells have been shown to inhibit yd T-cell in vitro proliferation (Kunzmann et al.,
2008). Although none of the tested protocols allowed a robust yd T-cell expansion, our results are the
first proof of concept that yd T-cells can be directly isolated from patients’ tumour tissue and that the
best cytokine combination among those tested appears to be IL-2+IL-15+IL-1.

yd T-cells are divided into different subsets according to the V& chain expressed (mainly V61+*
or V&2*) and their effector capacity (naive, CD45RA*CD27+; memory, CD45RA-CD27+* or effector cells,
CD45RACD27-). Most of the clinical protocols developed until now are based in the use of stimulants,
e.g. aminobiphosphonates, which promote the preferential expansion of Vo2*yd T-cells. Zoledronic acid
is an example of a commonly used aminobiphosphonate that is a strong activator of Vy9+Vd2*yd T-cells
(Gober et al., 2003). The in vivo use of zoledronic acid showed to promote a decrease in the proliferative
capacity of yd T-cells, characteristic of naive and memory cells, while it led to an increase in the IFN-y
production (Dieli et al., 2003). Although it was not possible to determine the V® chain expressed in the
expanded cells, we can assume that independently of the cytokine combination used, our protocols
promoted the preferential expansion of effector V62+yd T-cells, possibly Vy9+V2+, since all protocols
used zoledronic acid as a stimulus. This may explain the low y® T-cells’ frequency obtained since
although effector yd T-cells are excellent IFN-y-producers, they present a low proliferative capacity. On
the other hand, the low yd T-cells’ frequency may also be explained by the fact that in comparison to
V&1+* yd T-cells, Vo2* yd T-cells are usually found in lower levels in the tissue (Bonneville et al., 2010),
despite in patients with melanoma, V&2* yd T-cells were shown to be recruited to the tumour tissue and
found at the same level than V51* yd T-cells (Cordova et al., 2012).

yd T-cells have the capacity to kill tumour cells of different origins, namely hematopoietic tumour
cell lines (Ferrarini et al., 1995; Fisch et al., 1997; Gober et al., 2003; Selin et al., 1992), colon carcinoma
cells (Corvaisier et al., 2005), breast cancer cells (Wu et al., 2019), prostate tumour cells (Liu et al.,
2005) or glioma cells (Nakazawa et al., 2014). yd T-cells participate in the anti-tumour immune response
through the production of IFN-y, constituting an important early source of this cytokine (Gao et al., 2003).
Thus, the effector capacity of the expanded yd T-cells was evaluated by assessing their ability to
produce IFN-y in response to target cell stimulation. The analysis of the expanded yd T-cells revealed
their capacity to maintain the functional effector phenotype almost after three months of in vitro culture.
Both IL-2+IL-15+IL-13 and IL-2+IL-7 were shown to induce the differentiation of IFN-y-producing yo T-
cells. However, only cells from two of the four patients (patient D157 IL-2+IL-7 and patient D171 IL-2+IL-
15+IL-1B and IL-2+1L-7) produced IFN-y in response to target cell stimulation. The K-562 cell line was
recognized by yd T-cells from both patients, despite the dependence on the TCR to trigger yd T-cells
was unclear. K-562 cells are known to be lysed by y® T-cells due to the triggering of the yd TCR (Di
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Fabrizio et al., 1991), which is consistent with the recognition pattern of TIL obtained from patient D171
(IL-2+1L-7), despite the low levels of IFN-y production observed. Besides K-562 cells, the CRC cell line
LoVo was the only target recognized, namely by yd T-cells from patient D157 (IL-2+IL-7). Although LoVo
cells appeared to be recognized in a TCR-independent manner since the impairment of IFN-y production
was not recovered in the presence of the IgG1 isotype control, it is well known that CRC cell lines are
recognized by Vy9*V&2* yd T-cells through their TCR (Corvaisier et al., 2005). NKG2D had also been
reported to participate in the targeting of CRC cell lines by yd T-cells, namely as a co-stimulatory
molecule (Corvaisier et al., 2005). Consistent with this, CRC cell lines present high expression levels of
NKG2D ligands, e.g. MICA (Corvaisier et al., 2005; Viey et al., 2005), MICB (Viey et al., 2005), ULBP1
(Corvaisier et al., 2005), ULBP2 (Corvaisier et al., 2005) and ULBP3 (Corvaisier et al., 2005). NKG2D
was also shown to be involved in the targeting of metastatic RCC by yd T-cells (Viey et al., 2005).
Most target cells did not induce yd T-cells to produce IFN-y, which may be explained through
different factors. One hypothesis is that tumour cells impaired yd T-cell effector function, leading to a
downmodulation or even abolishment of cytokine production as Schilbach et al. demonstrated after
challenged V&2* yd T-cells with neuroblastoma cells (Schilbach et al., 2008). Although the results may
also suggest that cells entered anergy or underwent activation-induced cell death due to the long-term
culture, they may also indicate that the expanded yd T-cells were producing other cytokines instead of
IFN-y. For example, in patients with SCC, tumour-infiltrating V&1* and V62* yd T-cells showed to
preferentially produce IL-17 but not IFN-y (Lo Presti et al., 2017). The cytokine production pattern is
usually associated with the effector phenotype presented by yd T-cells, namely Thl, Th2, Th17 or Treg.
yd T-cells default toward a Thl phenotype, which is characterized by IFN-y production upon activation.
However, the polarization into other cytokine-producing subsets may occur, according to the stimuli that
yo T-cells receive from the environment. The cytokine milieu imprints on the effector phenotype fate.
For example, IL-7 fails to induce Th1 y& T-cells, yet was found to be important for the induction of a
Th17 phenotype (Michel et al., 2012). The combination of IL-183, IL-6, IL-23 and TGF-3 together with
TCR triggering lead to the expression of the transcription factor RORC, resulting in the polarization to
IL-17-producing yd T-cells (Caccamo et al., 2011). Although these cells have shown some anti-tumour
properties (Ma et al., 2011), more recently they have been associated with the promotion of tumour cell
proliferation and metastasis (Coffelt et al., 2015; Rei et al., 2014; Wu et al., 2014). In contrast, a Thl
response has been shown to be essential for tumour regression (Dai et al., 2018). IL-15 and IL-2 induce
the polarization of y® T-cells into a Thl phenotype (Ribot et al., 2014). However, IL-2 also promotes
Th17 yd T-cell proliferation even though it does not support their survival since it induces the
downregulation of the IL-7 receptor (Rei et al., 2014). The cytokine release pattern is also correlated
with the disease clinical stage. IL-17-producing yd T-cells showed to be more abundant in patients with
advanced SCC (stage Il and I1V), whereas IFN-y-producing yd T-cells were mainly found in patients with
early stage disease (stage | and Il) (Lo Presti et al., 2017). In human CRC, Vd1* yd T-cells producing
IL-17A showed to be positively correlated with a more advanced tumour stage, which has been
attributed to an inflammatory regulatory axis established between dendritic cells, IL-17-producing y& T-
cells and myeloid derived stem cells (Wu et al., 2014). Thus, for immunotherapeutic purposes, IFN-y

and TNF-a-producing yd T-cells are preferable, which results in the necessity of determining the cytokine

51



release pattern of the ex vivo expanded yd T-cells before their infusion into the patient. This is an
important missing piece in our work since it was only possible to evaluate the IFN-y production. The
evaluation of IL-17 production by the expanded yd T-cells in response to target cell stimulation would
have been extremely helpful to determine whether the tested expansion protocols were inducing a Th17
phenotype.

IL-2+IL-15+IL-13 was the cytokine combination leading to the most promising results in the
isolation of yd T-cells from patients’ tumour tissue. Thus, the feasibility of using this protocol to expand
yd T-cells from frozen TIL and PBMCs of patients with cancer was also investigated. The total cell
number, cell viability and yd T-cells’ frequency were evaluated to address the effectiveness of the
expansion protocol, whereas the IFN-y production assay was performed to determine the effector
potential of the expanded cells. Cells from two of the three patients (patients D82 and D83)
demonstrated an expansion in their total cell numbers between the first and last time point assessed. At
the end of the culture, the total cell numbers obtained ranged between 1.75x10° to 7.55x10° cells.
However, the total cell number peak was observed after the 4 stimulation (2.25x106, 1.41x107 and
1.05x107 total cells) and the maximum total cell number obtained was detected after the 3™ stimulation
and corresponded to 2.99x107 cells. These values are similar to those recorded in the expansion of yd
T-cells from patients’ tumour tissue, which as previously mentioned, are very low, especially for an
expansion using as starting material PBMCs and TIL. Values in the order of the ones we report are
usually obtained for the total number of yd T-cells in other studies. Numerous studies have already
demonstrated to grow 10° yd T-cells from PBMCs of patients with cancer, despite the level of expansion
has shown to be influenced by the disease stage and/or the y® T-cells’ frequency (Bennouna et al.,
2008; Bouet-Toussaint et al., 2008; Burjanadzé et al., 2007; Cabillic et al., 2010; Khan et al., 2014;
Kobayashi et al., 2007, 2011; Kondo et al., 2008; Kunzmann et al., 2008; Nicol et al., 2011; Salot et al.,
2007; Sugie et al., 2013; Yamasaki et al., 2011).

Cells of the three patients showed a decrease over time in cell viability, exhibiting at the end of
the culture values ranging between 31.50 and 36.00%. In contrast, in cells from two of the three patients
(patients D82 and D83), the yd T-cells’ frequency increased over time. At the end of the culture, the y&
T-cells’ frequency varied between 0.24 and 2.73%, which is very low in comparison with several previous
studies that independently of the protocol used demonstrated always to reach between 29 and
approximately 100% yo® T-cells after expansion (Bouet-Toussaint et al., 2008; Burjanadzé et al., 2007;
Khan et al., 2014; Kunzmann et al., 2008; Nicol et al., 2011; Salot et al., 2007; Sugie et al., 2013;
Yamasaki et al., 2011). The only exceptions were found in cells from patients that did not respond to
zoledronic acid stimulation. For example, while an expansion of yd T-cells from cells of a non-responder
patient only resulted in 1.1% yd T-cells, an expansion from cells of a responder patient resulted in 49%
yd T-cells (Kunzmann et al., 2008). As previously explored, the initial yd T-cells’ frequency may also be
an obstacle to their expansion. An example was the poor expansion detected in cells from patients with
breast cancer that initially only exhibited 1% or less V&2* yd T-cells (Sugie et al., 2013). Some other
probable causes for the low total cell numbers, cell viabilities and yd T-cells’ frequency were already
explored in the discussion of the yd T-cell expansion from patients’ tumour tissue and may reflect the a)

long-term culture, b) persistent exposure of y® T-cells to their antigens, ¢) promotion of a terminally
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differentiated phenotype (CD27-CD45R0*) and/or d) inhibition of yd T-cell proliferation by Treg cells.
Another important consideration is that the PBMCs and TIL used were not fresh, but thawed, and this
may have influenced cell expansion. Siegers et al. demonstrated that the expansion of Vd2* yd T-cells
from frozen PBMCs was lower than that from fresh PBMCs (Siegers et al., 2013).

As for yd T-cells expanded from patients’ tumour tissue, certainly the use of zoledronic acid
promoted the preferential expansion of the V62* y® T-cell subset. Although the protocol does not
promote Vo1* yd T-cells’ growth, it would be also unlikely to expand them because they appear to not
recover from freezing and thawing since Siegers et al. showed that was only possible to expand Vo2+
yd T-cells from frozen PBMCs even when these presented a V&1* yd T-cell predominance (Siegers et
al., 2013).

The effector capacity of the yd T-cells expanded from frozen PBMCs or TIL of patients with
cancer was also evaluated through their ability to produce IFN-y in response to target cell stimulation.
This analysis revealed that these cells maintained their effector capacity almost after three months of in
vitro culture and were capable of targeting transformed autologous cells. Among all allogeneic target
cells tested (lymphoblastoid, pancreatic and colorectal cancer cell lines), only K-562 cells were
recognized, namely by y® T-cells from two of the three patients (patients D82 and D83). The yd T-cell
triggering appeared to occur in a TCR-independent manner, however it is well described that the K-562
cell line is lysed by yd T-cells due to the activation of the TCR (Di Fabrizio et al., 1991). The transformed
autologous cells used as targets included the autologous tumour cells from patients D82 (glioblastoma
cells) and D83 (pancreatic tumour cells), and the EBV-transformed B-cell line from patient D126. yd T-
cells from patient D126 produced IFN-y only in response to the autologous EBV-transformed B-cell line.
Although y® T-cells are capable to detect virus-infected cells through their TCR, for example, due to the
recognition of viral glycoproteins (Sciammas et al., 1994), yd T-cells from patient D126 showed to be
activated in a TCR-independent manner by the autologous B-cell line. In addition, the absence of
recognition of Daudi cells, also an EBV-transformed cell line, suggests that the activation by the
autologous transformed B-cells did not occur due to the recognition of EBV-encoded components,
implying a non-specific recognition mechanism as it was also described in a previous study (Orsini et
al., 1993). Thus, the recognition of the autologous EBV-transformed B-cell line by yd T-cells from patient
D126 possibly involved a Toll-like receptor or an NK receptor. NKG2D is an example of an NK receptor
that has been already reported to be involved in the recognition of virus-infected cells by human
Vy9*Vo2+ yd T-cells (Qin et al., 2009).

Although the level of IFN-y produced did not reach the threshold to be considered a positive
response, yd T-cells from patient D83 exhibited an increase in the IFN-y production in response to the
autologous pancreatic tumour cell lines PC4 and PC5. The ability of ex vivo expanded yd T-cells to
recognize autologous pancreatic cancer cells was already demonstrated in a previous study, which
showed that yd T-cells present a stronger lytic activity than CD8* aff T-cells (Kitayama et al., 1993). yd
T-cells target pancreatic carcinoma cells through two different mechanisms depending on whether yd
T-cells were or not previously stimulated by phosphoantigens: phosphoantigen-activated yd T-cells
present a TCR-dependent recognition mechanism of pancreatic tumour cells (Kabelitz et al., 2004),

while yd T-cells not stimulated by phosphoantigens depend almost completely on the NKG2D to target
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pancreatic tumour cells (Marten et al., 2006). yd T-cells from patient D83 recognized both autologous
tumour cell lines through a TCR-dependent mechanism, despite they have not been stimulated with
phosphoantigens. Therefore, the alternated stimulation with allogeneic PBMCs pre-treated with
zoledronic acid and allogeneic PBMCs along with OKT3 also appears to influence the mechanism used
by y® T-cells to target tumour cells, in this case by favouring the expansion of yd T-cells that recognize
pancreatic tumour cells via the yd TCR.

The autologous glioblastoma cells activated patient D82 yd T-cells in a TCR-dependent manner
and resulted in the production of a higher amount of IFN-y than that obtained in response to the K-562
cell line. Previous studies had already demonstrated the ability of ex vivo expanded yd T-cells to
recognize autologous glioblastoma cells in vitro (Fujimiya et al., 1997; Yamaguchi et al., 1997). In
comparison with the previously mentioned studies, our major experimental achievement was the
expansion from TIL instead from PBMCs of yd T-cells capable to recognize autologous glioblastoma
cells. In addition to their capacity of being activated by glioblastoma cells in a TCR-dependent manner
and to produce IFN-y, previous studies showed that yd T-cells can eradicate glioblastoma cells through
the granzyme/perforin axis (Cimini et al., 2011; Joalland et al., 2018). Their activation occurs not only
through the TCR but also involves the NKG2D (Chauvin et al., 2019; Cimini et al., 2011). Besides the
numerous studies revealing the capacity of yd T-cells to recognize glioblastoma cells (Bryant et al.,
2009, 2011; Chauvin et al., 2019; Cimini et al., 2011; Joalland et al., 2018; Nakazawa et al., 2014), the
efficacy of yo T-cell-based immunotherapy was already shown in preclinical models (Bryant et al., 2011;
Chauvin et al., 2019; Jarry et al., 2016) and is also being addressed in a phase | clinical trial
(NCT04165941). However, here we raise another hypothesis for the future of cellular immunotherapy in
cancer treatment rather than a yd T-cell-based immunotherapy. The fact that yd T-cells from patient D82
were expanded from the TIL infused in the patient as part of his cellular immunotherapy and their
capacity to recognize the autologous tumour cells suggests that TIL-based immunotherapies may
contain low numbers of yd T-cells that cooperatively help ap T-cells fighting the tumour. This encourages
the application of yd and aff T-cells as a combined therapy for the cellular treatment of patients with

solid cancers.
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5. Conclusion

Our results prove the feasibility of isolating and expanding tumour-infiltrating NK cells and y® T-cells
from patients with solid cancers. The protocol used for the isolation of tumour-infiltrating y® T-cells (IL-
2+IL-15+IL-1B and alternated stimulation with allogeneic PBMCs pre-treated with zoledronic acid and
allogeneic PBMCs along with OKT3) also revealed to be effective in the isolation of yd T-cells from
frozen TIL and PBMCs. Therefore, our data highlight the potential of using tumour tissues of patients
with solid cancers as a new source of NK cells and yd T-cells for ACT-based cancer immunotherapies.
This new platform for ACT will allow to offer a personalized therapy with tumour-reactive NK cells or yd
T-cells that will have a set of characteristics that facilitate their infiltration into tumours. However,
expansion protocols require improvement since ACT requires a large number of cells.

Our data also suggest that NK cells and yd T-cells isolated from patients’ tumour tissue, after in vitro
culture, present a functional effector phenotype, producing IFN-y in response to autologous transformed
cells and/or allogeneic cancer cell lines of different origins (e.g. lymphoblastoid, pancreatic and
colorectal cancer cell lines). Moreover, although the y® T-cell receptors and tumour antigens interactions
are not completely defined, our results show that tumour-infiltrating y® T-cells use their TCR to target
autologous tumour cells. Altogether, these data point out the biological relevance of both NK cells and
yd T-cells in cancer treatment and encourage their use not only as single therapies but combined with
other cancer immunotherapies, especially with af§ T-cell-based ACT. A therapy combining a3 T-cells
with NK cells or yd T-cells may lead to better clinical responses in patients with cancer since it will allow
to target both MHC positive and negative tumour cells, resulting in the complete eradication of the
tumours. However, in vitro and preclinical studies are needed to evaluate in detail the synergistic action
of NK cells and yd T-cells with a T-cells.

Finally, although tumour-infiltrating NK cells and y& T-cells were explored in early clinical trials to
treat patients with primary solid tumours, they may also represent a very promising treatment for patients
with an advanced clinical condition characterized by the presence of multiple tumours (primary and/or
metastatic). Since metastases are the major cause of death in patients with solid tumours, cancer
immunotherapies based on tumour-infiltrating NK cells and yd T-cells may offer a glimpse of hope for a
better clinical outcome. Thus, this study provides the first proof of concept necessary to start exploring

tumour-infiltrating NK cells or yd T-cells ACT in cancer immunotherapy.
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6. Future perspectives

Although our work opens a new chapter in the ACT-based cancer immunotherapies, there is still

much more to be explored. Some of the investigational lines to follow as a complement of this work are:

1)

2)

3)

Analysing the TCR in tumour-infiltrating yd T-cells

Although the use of zoledronic acid in our expansion protocols may lead us to assume that
the obtained y® T-cell product is enriched in V&2* yd T-cells, the TCR analysis will allow to
confirm this hypothesis, as well as to determine whether the obtained cell product corresponds
to a monoclonal or polyclonal y® T-cell population. Since y® T-cells from some patients
recognized the autologous tumour cells, would also be interesting to determine the Vy and V&
repertoires present in the PBMCs to ascertain whether tumour-specific yd T-cells were only

located at the tumour site or also in circulation. This can be done using deep TCR yd sequencing.

Improving expansion protocols

After successfully isolating NK cells and yd T-cells directly from patients’ tumour tissue, the
ultimate goal is to improve the expansion protocols to yield higher cell numbers. Tumour tissues
from patients with solid cancers will be cultured with the cytokine combination reported here as
the best to expand NK cells and yd T-cells. With less cytokine combinations being tested, larger
tumour tissue pieces will be used to isolate and expand each cell type, which will certainly allow
to yield higher cell numbers. In addition, the tumour tissue sample will be removed from culture
at day 3 instead of day 10. This will allow NK cells and yd T-cells to expand without the presence
of the TME, which may contribute to higher yields since TME is usually immunosuppressive and
thus its presence may impair NK cell and y® T-cell proliferation. Moreover, the duration of the in
vitro culture will also be reduced to 14-21 days since most ex vivo expansion protocols for both
cell types range this duration and at least the NK cells’ growth peak was shown to occur during
this period.

Exploring protocols to expand V51" instead of V52* yd T-cells

Our data provide the first proof of concept that yd T-cells can be directly isolated from patients’
tumour tissue. After demonstrating this by using a protocol that is commonly employed to
promote the preferential expansion of V82* yd T-cells, due to the use of feeder cells pre-treated
with zoledronic acid as stimulus, our ultimate goal is to develop a protocol that promotes the
expansion of tumour-infiltrating V&1* yd T-cells. In comparison with V&2* yd T-cells, Vd1* yd T-
cells present certain characteristics that make them much more attractive for cancer
immunotherapies, namely: a) exhibit a broader expression of adhesion molecules, which confers
them a greater potential to migrate and be retained in the tumours, as it was demonstrated in
SCC (Thomas et al., 2001); b) present CCL2-mediated chemotaxis toward tumours (Lanca et
al., 2013) and c) are less susceptible to activation-induced cell death (Siegers et al., 2011). V&1+
yd T-cells were shown to directly interact with lipids presented by CD1d, such as a-
galactosylceramide (Uldrich et al., 2013). Since cardiolipin binds to human CD1d (Cox et al.,
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4)

5)

2009) and it was already reported in murine to activate yd T-cells (Dieudé et al., 2011), we plan
to isolate and expand Vo1* yd T-cells from patients’ tumour tissue by using the best cytokine
combination reported here (IL-2+IL-15+IL-18) but instead of feeder cells treated with zoledronic

acid, we would like to use cardiolipin.

Determine chemokine receptors and perform migration assays

The interaction between chemokine receptors and their ligands is a critical factor for the proper
homing of immune cells into tumour sites, a point that has been one of the main challenges of
the ACT-based cancer immunotherapies for solid tumours. Although theoretically our work
provides a promising alternative, it is still necessary to perform some chemotaxis assays that
confirm the migration capacity of the expanded tumour-infiltrating NK cells and yd T-cells into
the tumour. Firstly, a transwell migration assay should be performed where the chemoattractant
gradient can be established by the autologous tumour cells, or when these are not available,
allogeneic tumour cell lines with similar histology to the patient’s tumour can be used. Besides
the staining and further counting of the migratory cells, a live imaging video could also be
performed to capture the migratory process. Further this first validation, an in vivo chemotaxis
assay should also be carried out. To complement these in vitro and in vivo assays, the
chemokines released by the autologous tumour could be determined through an ELISA, allowing
to further confirm through RNA-sequencing or flow cytometry whether the respective chemokine
receptors are expressed by the expanded tumour-infiltrating NK cells and yd T-cells. Perhaps a
more biologically relevant, but also more technically challenging way to study immune cell
homing and tissue interaction is to use the so-called ‘thick tumour section’, which would allow to
keep the TME intact and study the direct interaction of ex vivo added autologous immune cells

with the tumour tissue.

Study the combined action of NK cells and yd T-cells with af T-cells

This work aimed to explore a new cell source for NK cells and yd T-cells-based cancer
immunotherapies that allows the expansion of tumour-reactive cells with a higher tumour-homing
capacity. The improvement of these ACT as single therapies will allow their future combination
with af T-cells in a unique cell-based cancer immunotherapy, which will offer the simultaneously
targeting of MHC positive and negative tumour cells, resulting in tumour eradication. Thus, it
would be interesting to first demonstrate in vitro the synergistic action of NK cells and yd T-cells
with a3 T-cells. For this, the three cell types should be isolated and expanded directly from
patients’ tumour tissue and cultured with autologous tumour cells individually or combined (NK
cells and ap T-cells or yd and af3 T-cells). Then, besides evaluating the IFN-y production, IL-17
production, CD107a expression and tumour cell death could also be determined. Moreover, it
would also be interesting to observe the live interactions between tumour cells and the different
immune cell types, individually or combined, since y® T-cells have been suggested to take up

killed tumour cells and to cross-present them to afg T-cells (Brandes et al., 2009).
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8. Supplementary material

8.1. Supplementary methods
8.1.1. Optimization of NK cells expansion conditions

Peripheral blood samples from six healthy donors were provided by the Transfusion Medicine
Department of the Champalimaud Foundation and PBMCs were isolated after separating whole venous
blood over a Ficoll-Hypaque gradient (GE Healthcare, Uppsala, Sweden). Cells were then washed twice
with PBS (Corning Life Sciences), resuspended in culture medium and incubated overnight in a T-flask
25 cm? (Thermo Fisher Scientific) at 37°C in a humidified atmosphere containing 5% CO2. Next day, the
cell populations of interest were isolated from PBMCs through FACS (section 8.1.2) and then cultured
under different conditions.

PBMCs from the first three healthy donors received (donor G, donor H and donor I) were used to
evaluate the best conditions to expand NK cells, namely: a) the cytokine combination, b) the use or not
of feeder cell stimulation and c) the time point to isolate NK cells (summarized in Figure 9.1). Four
different cytokine combinations were tested: a) IL-2 (1000 IU/mL, Miltenyi Biotec), IL-15 (180 1U/mL,
Miltenyi Biotec) and IL-21 (1 IU/mL, Miltenyi Biotec); b) IL-2 alone (1000 IU/mL, Miltenyi Biotec); c) IL-2
(2000 IU/mL, Miltenyi Biotec) and IL-15 (180 IU/mL, Miltenyi Biotec) and d) IL-15 alone (180 IU/mL,
Miltenyi Biotec). To investigate the effect of feeder cell stimulation in NK cell expansion, NK cells were
co-cultured with the MHC-I negative leukemic cell line K-562. K-562 cells were irradiated at 55 Gy before
being co-cultured with NK cells or the CD3- population isolated from the PBMCs. The immune cell:target
cell ratio used was 1:10 and the stimulation was performed every 10 days. NK cells were isolated
through FACS (section 8.1.2) in three different time points: a) at day 0, b) after expanding the CD3-
population for 7 days or c) following the expansion of the CD3- population for 14 days. NK cells obtained
following the expansion of the CD3- population were maintained in culture after their positive sorting for
at least more 7 days, while NK cells obtained at day 0 were expanded at least for 14 days. Independently
of the condition being tested, at day 0, cells were cultured in a 24-well plate (Corning Life Sciences) at
a cell density of 0.20x10%-0.25x106 cells/well. After the second sorting, cells were maintained in the
same culture conditions, however if the cell number obtained was lower than 0.10x10¢, cells were
cultured in a 96-well plate (Corning Life Sciences). Total cell number, cell viability and NK cells’
frequency were assessed at different time points. Results are shown as the mean of the three donors.
Total cell number and NK cells’ frequency-fold increases were calculated by dividing the values obtained
at day 14 by the ones obtained at day 0.

PBMCs from the other three healthy donors (donor J, donor K and donor L) were used to determine:
a) the optimal cell concentration to start NK cell expansion, b) the NK cell subsets expanded and c) the
effector capacity of the expanded cells. NK cells were obtained from PBMCs through a positive sorting
(section 8.1.2) at day 0 and cultured in a 24-well plate (Corning Life Sciences) at three different cell
densities: a) 0.5x108, b) 1x108 and c) 2x108 cells/mL/well. Cells were expanded in culture medium
supplemented with IL-2 (1000 IU/mL, Miltenyi Biotec) and IL-15 (180 IU/mL, Miltenyi Biotec) and
stimulated in the beginning of the culture with K-562 cells irradiated at 55 Gy (at a 10:1 immune

cell:target cell ratio). Total cell number and cell viability were determined at different time points and
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results are shown as the mean of the three donors. The frequency of NK cells and respective subsets
were evaluated by flow cytometry at the beginning and end of the expansion. After a 14-day culture, the
effector potential of the expanded cells was evaluated in a degranulation assay (section 2.8.1) and/or
an IFN-y production assay (section 2.8.2). In both assays, different effector cell:target cell ratios were

assessed, when the final number of NK cells was sufficient.

8.1.2. FACS to isolate NK cells

Three different time points to isolate NK cells by FACS were tested: a) at day 0, b) after expanding
the CD3- population for 7 days and c) following the expansion of the CD3- population for 14 days. For
strategy b) and c), PBMCs at day 0 were stained with the LIVE/DEAD™ Fixable Aqua Dead Cell Stain
Kit (Thermo Fisher Scientific) and the anti-human CD3 PE-Cy™7 (clone UCHT1, BD Biosciences), and
the CD3- population was isolated through a negative sorting. To isolate NK cells directly from PBMCs
at day O - strategy a) - or after the expansion of the CD3- population - strategies b) and c) —, cells were
stained with the LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific), the anti-
human CD3 PE-Cy™7 (clone UCHT1, BD Biosciences), the anti-human CD56 PE (clone NCAM16.2,
BD Biosciences) and the anti-human CD16 BV785 (clone B73.1, BioLegend), and a positive sorting of
the NK cells was performed. Briefly, cells were washed with PBS (Corning Life Sciences) and incubated
for 20 min with a master mix containing the viability dye and the respective antibodies (according to
each strategy). After the staining, cells were washed with FACS buffer, resuspended in 200 yL of FACS
buffer and sorted by FACS (FACSAria™ Fusion, BD Biosciences). The gating strategy used to sort NK

cells is presented in Figure 9.2 A in Supplementary data.

8.2. Supplementary figures
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Figure 8.1 — Expansion protocols using K-562 cell stimulation allows the in vitro growth of NK cells. Four
different cytokine combinations (IL-2+IL-15+IL-21, IL-2, IL-2+IL-15 and IL-15) in the presence or absence of K-562
cell stimulation were used to determine the best protocol to expand NK cells in vitro. PBMCs from three healthy
donors (G, H and 1) were used to obtain the CD3" population, which was cultured with the different expansion
protocols and after 7 days, NK cells were positively sorted and cultured for more 7 days in the same culture
conditions. The total cell number (A), cell viability (B) and NK cells’ frequency (C) were assessed at different time
points. Graphs represent the mean of the three donors + standard deviation.
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Figure 8.2 — The sorting of NK cells before in vitro culture allows to yield a higher total cell number-fold
increase. PBMCs of three healthy donors (G, H and I) were used to isolate NK cells in three different time points.
In the first strategy, NK cells were positively sorted from the PBMCs at day 0 and expanded for 14 days. The second
strategy consisted in the isolation of the CD3" population from the PBMCs at day 0 through a negative sorting and
its subsequent culture for 7 days, after which NK cells were isolated through a positive sorting and further cultured
for more 7 days. The third strategy is similar to the second, however, the CD3" population was maintained in culture
for 14 days and NK cells were isolated through a positive sorting at day 14. Independently of the strategy, cells
were stimulated with irradiated K-562 cells (at a 1:10 effector cell:target cell ratio) and cultured with different cytokine
combinations, namely IL-2+IL-15+IL-21, IL-2 alone, IL-2+IL-15 and IL-15 alone. The total cell number, cell viability
and NK cells’ frequency were evaluated at the beginning (day 0) and end of the culture (day 14). Graphs show the
total cell number-fold increase (A), cell viability at the end of the expansion (B) and NK cells’ frequency-fold increase

(C). Graphs represent the mean of the three donors + standard deviation.
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Figure 8.3 — In vitro expansion of NK cells is not affected by the initial cell density. NK cells were isolated
from the PBMCs of three healthy donors (J, K and L) through a positive sorting and cultured at different cell densities
(0.5x108, 1x10° and 2x108 cells/mL/well) with IL-2+IL-15 and stimulated with irradiated K-562 cells (at a 10:1 effector
cell:target cell ratio). During the 14-day expansion, the total cell number (A) and cell viability (B) were assessed at

different time points. Graphs represent the mean of the three donors * standard deviation.
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9. Appendix
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Figure 9.1- NK cell expansion conditions. PBMCs of three healthy donors (G, H and I) were used to evaluate
the effect of different time points to isolate NK cells on the total cell number, cell viability and NK cells’ frequency.
NK cells were isolated from the PBMCs of the three healthy donors in three different time points: after a 7-day
expansion of the CD3- population (A), after a 14-day expansion of the CD3" population (B) and at day 0 (C). The
first isolation strategy consisted in the isolation of the CD3- population from the PBMCs at day 0 through a negative
sorting and its subsequent culture for 7 days, after which NK cells were isolated through a positive sorting and
further cultured for more 7 days (A). The second isolation strategy is similar to the first one, however, the CD3"
population was maintained in culture for 14 days and NK cells were isolated through a positive sorting at day 14
(B). In the third NK cell istolation strategy, NK cells were positively sorted from the PBMCs at day 0 and expanded
for 14 days (C). Independently of the strategy, cells were stimulated with 55 Gy-irradiated K-562 cells (at a 1:10
effector cell:target cell ratio) and cultured with different cytokine combinations, namely IL-2+IL-15+IL-21, IL-2 alone,
IL-2+IL-15 and IL-15 alone. lllustration created with BioRender.com.

Live dead

03 2 Live dead"

T
150K 200K 250K 50K 100K 150K 200K 250K 50K 100K 150K 200K 250K

FSC-A FSC-A FSC-A

CD56

NK cells

T Al al e J T T T = T T
) T RN 50K 100K 150K 200K 250K

CD16 FSC-A

84



100K ] Lo
. 250K ¢
80K -
P 00k 3
K
< 60K - %
[s) Q) 150K p
0 40K+ (2] >
(7} L o}
100K -
20K ol §
b 50K o1 = " Live dead-
5 T T T T T T T T T T
150K 200K 250K 50K 100K 150K 200K 250K 50K 100K 150K 200K 250K
FSC-A FSC-A FSC-A
10% 4 . e
)
(=]
(8}
T T T T T
50K 100K 150K 200K 250K
FSC-A
250K 250K
\ 105'
200K 200K 4
°
3
g 150K 150K = S
[
8 100K 100K 4 5
50K 50K 0
0 Lymphocytes 0 Single cells SR Live dead-
50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
FSC-A FSC-A FSC-A
Alpha beta TCR*|
14
(8]
[
©
-
[
=]
]
&
=3
<
16?4 * « ¥ioy’ Afpha beta TCR

T T T T
100K 150K 200K 250K

FSC-A
Figure 9.2 — Gating strategies to sort NK cells and yd T-cells by FACS. Gating strategy to isolate NK cells from

T
0 50K

PBMCs of healthy donors, through a positive sorting, to determine the best expansion protocol to grow NK cells in
vitro (A). Gating strategy to isolate NK cells expanded from the tumour tissue of patients with cancer through a
negative sorting (B). Gating strategy to isolate yd T-cells expanded from the tumour tissue of patients with cancer,

through a negative sorting (C). SSC-A: Side scatter area; FSC-A: Forward scatter area; FSC-H: Forward scatter
height.
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Table 9.1 - Completed clinical trials using yd T-cell therapies for cancer treatment.

Enrolled Clinical trial ID or
Cancer type Phase Year Treatment . Results
patients reference

Autologous yd T-cells, DC-
NSCLC I 2019 o 40 N/A NCT02425748
CIK or combination

Ad d i IRE surgery as monotherapy - 132 patients with late-stage cancer, including lung, liver, NCT03180437
vanced pancreatic i
p m 2019 or combined with allogeneic 60 pancreatic, breast or other types of tumours.
cancer
vd T-cells - Only 18 patients with cancer (8 with liver cancer and 10 with
Cryosurgery/IRE lung cancer) received more than 5 infusions and were followed.
Breast cancer I/l 2019 surgery/surgery, autologous 100 NCT03183206
& T-cells or combination - Therapy prolonged survival in 7 of the 8 patients with liver
M cancer and in 9 of the 10 patients with lung cancer to at least 10
Cryosurgery/IRE surgery, months.
Liver cancer I 2019 autologous yd T-cells or 30 NCT03183219
binati - 3 liver cancer and 2 lung cancer patients were alive between
combination 30 and 35 months after ACT.
Cryosurgery/IRE surgery, o
Lung cancer I/l 2019 autologous yd T-cells or 30 - No significant adverse effects. NCT03183232
combination (Xu et al., 2020)
Melanoma, NSCLC,
RCC 1l 2018 Autologous yd T-cells 8 N/A NCT02459067
- No severe adverse effects were obviously related to the yd T-
Pancreatic cancer, Gemcitabine as cell therapy.
invasive intraductal [ 2017 monotherapy or combined 28/48 (Aoki et al., 2017)
papillary-mucinous with autologous v& T-cells - No significant differences in recurrence-free survival or overalll
carcinoma (IPMC) gous ¥ survival were detected between gemcitabine as monotherapy or
combined with autologous yd T-cell therapy.
- The combination of chemotherapy with cellular immunotherapy
Chemotherapy as was well-tolerated.
Gastric cancer (stage monotherapy or combined
1l 2017 ) 169 — . . (Wang et al., 2017)
1y with autologous NK, CIK and - The combination of chemotherapy with cellular immunotherapy
significantly improved the clinical outcome (3-year disease-free
Y5 T-cells survival and overall survival rates) of patients with stage 11/I1

gastric cancer when compared with chemotherapy alone.

Ovarian cancer, Tubal
) ) Autologous yd T-cells and
carcinoma, Primary I 2017 7 N/A UMIN000015233
. zoledronate
peritoneal cancer
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Hepatocellular Liver

I

Autologous yd T-cells, DC-

- A case report of a patient with recurrent mediastinal lymph
node metastasis after liver transplantation due to
cholangiocarcinoma (stage 1V) involved in this clinical trial
demonstrated the safety (no adverse effects were observed) and

cancer 2016 CIK or combination 40 efficacy (peritoneal lymph node metastasis was depleted) of NCT02425735
allogeneic yd T-cell treatment.
(Alnaggar et al., 2019)
Autologous yd T-cells, DC-
Breast cancer I 2016 40 N/A NCT02418481

CIK or combination

- Adoptively transferred Vy9*V&2* T-cells recognize tumour cells
and exert anti-tumour effector activity in vivo when they access to
the tumour cells.

Pilot Autologous Vy9*Vd2* T-cells R ili
Gastric cancer 2014 7 Therapy had acceptable tolerability. (Wada et al., 2014)
study and zoledronate
- Therapy demonstrated a clinical benefit for local control of
malignant ascites caused by peritoneal dissemination of gastric
cancer.
Lymphodepleting
chemotherapy (fludarabine - 3 of the 4 patients achieved complete remission, which lasted
Advanced . . between 2 and 8 months.
) Pilot and cyclophosphamide) )
haematological 2014 _ ) 4 (Wilhelm et al., 2014)
study followed by haploidentical yo

malignancies

T-cell infusion, zoledronate
and IL-2

- No signs of GVHD.

CRC

2013 Autologous Vy9Vo2 T-cells 6/12

- y0 T-cells maintained their effector phenotype and function in
vivo.

(Izumi et al., 2013)

Advanced RCC

11

Autologous yd T-cells,
2011 11
zoledronic acid and IL-2

- 1 patient exhibited a complete response, 5 presented stable
disease and the remaining 5 experienced disease progression.

- 10 out of the 11 patients developed adverse reactions,
although most symptoms reverted to normal during treatment.

(Kobayashi et al., 2011)
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Advanced or recurrent
NSCLC refractory to

- No severe adverse effects were detected.

- No objective responses were observed, 6 patients had stable

disease and 6 patients experienced disease progression 4 weeks

or intolerant of current 2011 Autologous yd T-cells 15 after the sixth transfer of autologous yd T-cells. (Sakamoto et al., 2011)
conventional
- Median survival of 586 days.
treatments
- Median progression-free survival of 126 days.
- Of the 15 patients treated with autologous Vy9Vd2 T-cells and
zoledronate, most experienced disease progression while 3
presented stable disease.
Metastatic solid Autologous Vy9Vaé2 T-cells )
| 2011 18 . ) (Nicol et al., 2011)
tumours and zoledronate - Of the 3 patients treated with autologous Vy9Vd2 T-cells and
zoledronate combined with other therapies, 2 experienced partial
remission and 1 had complete remission.
- No severe toxicity was observed.
- In 4 of the 5 patients treated only with autologous, 2 patients
presented stable disease for 12 weeks, while the other 2
Solid tumours | 2011 Autologous & T-cells 25/57 experienced disease progression. (Noguchi et al., 2011)
- In 10 of the 20 patients treated with combined therapy, 3
patients had a partial response, 1 presented stable disease and 6
experienced disease progression.
- Neither complete nor partial response was achieved in any
patient.
Recurrent NSCLC I 2010 Autologous yd T-cells 10 - Four weeks after six consecutive injections of autologous y5 T-  (Nakajima et al., 2010)
cells, 3 patients presented stale disease and 5 experienced
disease progression.
- No severe treatment-related adverse effects.
) Pilot
Multiple myeloma stud 2009 Autologous Y5 T-cells 6 - No clear-cut correlation between the total amount of y3 T-cells (Abe et al., 2009)
Y infused and clinical outcomes.
Hepatocellular
| 2009 Autologous yd T-cells 2 N/A NCT00562666

carcinoma
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Autologous Vy9*Vd2* T-cells

- Therapy was well-tolerated.

- 6 patients exhibited stable disease and 4 patients experienced

Metastatic RCC | 2008 10 disease progression. (Bennouna et al., 2008)
and low-dose IL-2 _
- Time to progression was 25.7 weeks.
- No severe adverse events were observed.
. - Therapy was well-tolerated.
Pilot Autologous yd T-cells and IL- )
Advanced RCC 2007 7 (Kobayashi et al., 2007)
study 2 - Of the 5 patients showed an increase in the number of y5 T-
cells in peripheral blood and a prolongation of tumour doubling
time.
N PepTivator(R) WT1-added
WT1 positive tumours N/A 2017 5 N/A UMINO00015410
autologous yd T-cells
Advanced
Autologous yd T-cells and
hepatocellular N/A 2016 ) ) 15 N/A UMINO00011184
) zoledronic acid
carcinoma
Table 9.2 - Completed clinical trials for cancer treatment using stimulants for yd T-cell expansion in vivo.
Enrolled Clinical trial ID or
Cancer type Phase Year Treatment . Results
patients reference
- Therapy is well-tolerated.

Refractory I 2016 Zometa and IL-2 4/29 - Therapy restored yd T-cell counts to the range observed in (Pressey et al., 2016)

neuroblastoma healthy volunteers and promoted a moderate expansion of NK
cells.
Neoadjuvant chemotherapy - Zometa administration demonstrated a higher breast
Breast cancer I 2014 as monotherapy or combined 53 conservation rate when compared to chemotherapy, but no NCTO01367288;
Py significant pathologic response or effect on circulating tumour cells.  (Lgligvre et al., 2018)
with Zometa

Neuroblastoma | 2014 Zoledronic acid and IL-2 4 N/A NCT01404702
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Advanced Prostate

cancer

2013

Gonadotropin-releasing
hormone analogue,
androgen ablation therapy

and Zometa

44

- After one week of zoledronic acid administration, no patient
showed a decreased in prostate-specific antigen.

- One month after zoledronic acid administration, no patient had
changes in yd T-cell frequencies or function.

NCT00582556

RCC, malignant

melanoma and AML

I

2012

Zoledronic acid and low-
dose IL-2

21

- Therapy was well-tolerated.
- Therapy promoted activation and expansion of yd T-cells in vivo.

- No objective responses were observed in patients with solid
tumours.

2 partial remissions were detected in patients with acute myeloid

leukaemia.

(Kunzmann et al.,
2012)

Metastatic RCC

Pilot
study

2011

Zoledronic acid and low-
dose IL-2

12

- No objective clinical responses were observed, however, 2
patients experienced prolonged stable disease.

- 4 out of the 9 patients that received at least one cycle of therapy
exhibited a modest increase in Vy9Vd2 T-cell frequency at day 8 of
therapy.

- Repeated administration of IL-2 and zoledronic acid resulted in an
in vivo decrease of the percentage of Vy9Vd2 T-cells.

(Lang et al., 2011)

Advanced metastatic

breast cancer

2010

Zoledronate and low-dose
IL-2

10

- 2 patients exhibited stable disease and 1 experienced partial
remission.

(Meraviglia et al.,
2010)

Solid tumours

2010

BrHPP (IPH1101) and IL-2

28

- IPH1101 combined with low-dose IL-2 demonstrated to be safe
and well-tolerated.

- IPH1101 combined with low-dose IL-2 induced yd T-cell
expansion.

- After three cycles of treatment, 12 patients had stable disease
and 16 experienced disease progression.

(Bennouna et al.,
2010)

Metastatic RCC

2008

Zoledronic acid and IL-2

12

- 5 of the 8 patients presented an anti-tumour response.

- No patient presented changes in the CD3 or yd T-cell
populations.

NCT00582790
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- None of the treatments showed appreciable toxicity.

- 6 of the 9 patients treated with zoledronate combined with IL-2
exhibited favourable clinical responses: 2 patients had a partial
remission and 4 presented stable disease for 14 to 16 months.

Metastatic hormone- Zoledronate alone or in

refractory prostate 2007 combination with low-dose 9/18

cancer IL-2 - Only 2 of the 9 patients treated with zoledronate alone showed

a clinical response (stable disease over 14 months and a partial

(Dieli et al., 2007)

remission).
Table 9.3 - Suspended or not yet recruiting clinical trials using yd T-cell therapies for cancer treatment.
Enrolled Recruitment Clinical trial ID or
Cancer type Phase Year Treatment )
patients status reference
Hepatocellular carcinoma | 2019 Autologous yd T-cells 20 Not yet recruiting NCT04032392
Relapsed or refractory solid
tumours (CRC, triple negative breast ) ) )
Haploidentical NKG2DL-targeting N
cancer, sarcoma, nasopharyngeal | 2019 10 Not yet recruiting NCT04107142
) ) CAR-yd T-cells
carcinoma, prostate cancer, gastric
cancer)
Chemotherapy (fludarabine and
AML | 2018 cyclophosphamide) and allogeneic yd T- 9 Suspended NCT03790072
cells
) Lymphodepleting chemotherapy and
Leukaemia and lymphoma | 2017 48 Unknown NCT02656147

allogeneic CD19 CAR-yd T-cells
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Table 9.4 — Ongoing clinical trials for cancer treatment using stimulants for yd T-cell expansion in vivo.

Enrolled Recruitment Clinical trial ID or
Cancer type Phase Year Treatment .
patients status reference
) o Humanized anti-BTN3A monoclonal
Advanced solid or hematopoietic ) ) .
. 2020 antibody ICTO1 as monotherapy or in 150 Recruiting NCT04243499
umours
combination with a checkpoint inhibitor
Breast cancer 2016 Alendronate 6 Suspended NCT02781805
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Table 9.5 — NK cell inhibitory receptors and ligands.

Inhibitory receptors

Inhibitory ligands

NKG2A/KLRD1 HLA-E
KIR2DL1 HLA-C2
KIR2DL2/3 HLA-C1/ HLA-B®
KIR2DL4 HLA-G
KIR2DL5 ?
2 MHC-1 / HLA-A-Bw4 / HLA-B-
55 KIR3DL1
s} Bw4
g
o KIR3DL2 HLA-A*03 / HLA-A*11
§ ILT2/LIR-1 Different MHC-I alleles
= LAG-3 MHC-II
% KLRB1/CD161/NK1.1 MHC-I
= LLT1
LILRB1 MHC-I
LILRB2
LFA1 HLA-I
NKG2A HLA-E
TIM3 MHC-II
Siglec-7 Ganglioside DSGb5
a-Herpes virus
Pseudorabide virus
IRP60 . .
Phosphatidylserine
Phosphatidylethnolamine
Tactile PVR
ILIR8 IL-37
E-cadherin
. KLRG1 N-cadherin
o
o R-cadherin
)
& Siglec-9 Sialic acid
8 2B4/CD244 CD48
g LAIRL Ep-CAM
Z CD96 CD155
o
5 CD73 Antibodies
O X -
I PD-1 PD-L1/2
= TIGIT PVR
PCNA
NKp44
NID1
CD39 )
Adenosine
A2AR
Galectin 9
Phosphatidylserine
TIM3 P Y
HMGB1
CEACAM1
TGFBR Il TGFB

94



