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Abstract

The immune system provides defense against infectious agents such as viruses,
bacteria and parasites. Besides eliminating extracellular agents, the immune
system also constantly monitors our own cells for signs of transformation, in-
cluding tumor development and virus infection. This process, called immune
surveillance, is mediated in part by natural killer (NK) cells. NK cells sense
transformation through the interaction of surface receptors with proteins on
the surface of the diseased cell. The efficient binding of these receptors results
in the formation of a tight contact between the two cells, called an immune
synapse. If danger signals dominate in the synapse, the NK cell has the po-
tential to deliver toxic compounds and to bind to specific death receptors at
the target cell surface, resulting in the induction of target cell death. Apart
from the ability to eliminate transformed cells, NK cells also have an immuno-
regulatory function by directly killing other immune cells and by secreting pro-
and anti-inflammatory cytokines.

Because of these roles, NK cells are of special interest in the growing field of
cancer immunotherapy, where the function of immune cells is enhanced to defeat
tumor cells. Clinical trials using NK cell-centered therapy have shown promising
results against blood-borne cancer, yet progress has been limited against solid
tumors. One possible explanation is related to the locally immuno-suppressive
environment created by the solid tumor, for which improved research models
are necessary. Besides, there is growing evidence of pronounced heterogeneity
in the function of individual cells amidst the NK cell pool. Improving our
understanding of NK cell biology thus requires advances in dedicated single-



cell assays. For this purpose, our research group has previously developed
miniaturized multi-well chips where individual cells can be confined and followed
by microscopy over periods of several days. Using these microchips, a peculiar
group of highly potent NK cells has been identified, which are able to kill several
target cells in a row and contribute disproportionately to the overall cytotoxicity,
and are therefore referred to as serial-killing NK cells.

The work presented in this thesis is focused on developing and applying
microscopy-based single-cell assays to the study of NK cell functional hetero-
geneity, with a particular focus on the mechanistic aspects of cytotoxicity. In
Paper I, we investigated the formation and outcome of immune synapses in
single cells, using micro-patterning to create distinct spatial distributions of lig-
ands. We observed that synapse formation was guided by the overall shape of
the ligands while local signaling regulated the final steps of exocytosis. Paper
II is dedicated to the study of the cytotoxic mechanisms used by individual
NK cells and their regulation, in particular comparing serial-killing NK cells and
moderate killers. Using dedicated fluorescent reporters, we identified a switch
between two commonly used killing pathways, degranulation and death ligand
engagement, and proposed a model for the underlying process. This topic was
further detailed in Paper III, where the contribution of these cytotoxic mech-
anisms under additional antibody stimulation was studied. The investigation
was conducted in a newly developed single-use plastic microchip, designed to
enable the generation of multiple simultaneous two- and three-dimensional cell
cultures while retaining high imaging performance. In Paper IV, we imple-
mented single-cell retrieval from the silicon-glass microwells. We characterized
the performance of our setup and demonstrated its potential at identifying and
retrieving rare populations defined by functional readouts.

Together, these studies further demonstrate the importance of single-cell
analysis in the field of immunology. Besides advancing our understanding of
NK cell biology, these developments may prove valuable in developing improved
immunotherapies.
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Sammanfattning

Immunsystemet skyddar oss mot främmande patogener som virus, bakterier
och parasiter. Dessutom söker det regelbundet igenom kroppens egna celler för
att upptäcka tecken p̊a transformation orsakad av tumörutveckling eller virus-
infektion. Denna s̊a kallade immunövervakning utförs bland annat av en typ av
medfödd immuncell som kallas NK-celler (fr̊an engelskans Natural Killer cells
eller p̊a svenska naturliga mördarceller). NK-celler identifierar transformerade
celler genom igenkänning av särskilda proteiner p̊a den sjuka cellens yta. När
dessa binds, skapas en tajt kontakt, kallad immunsynaps, mellan de tv̊a cellerna
och om signalerna som skapas i kontakten indikerar att målcellen är sjuk, lev-
ererar NK-cellen toxiska ämnen till kontaktpunkten vilka inducerar celldöd i
den transformerade cellen. Utöver förmågan att förstöra transformerade celler
kan NK-celler även reglera andra immunceller genom att direkt döda dem, eller
genom att utsöndra pro- eller anti-inflammatoriska cytokiner.

Eftersom NK-celler har förmågan att känna igen och döda cancerceller,
finns nu ett stort intresse av att utnyttja dessa för immunterapi, en behan-
dlingsmetod där immunceller förstärks och används för att bekämpa cancer.
Kliniska prövningar med NK-celler har visat lovande resultat mot flera former
av blodcancer men effekten mot solida tumörer har förblivit begränsad. Detta
kan delvis förklaras av att den lokala miljön som r̊ader kring solida tumörer har
visat sig ha kraftigt negativ p̊averkan p̊a flera immuncellers funktion. För att
studera vilka faktorer i denna miljö som p̊averkar NK-celler krävs utveckling
av förbättrade in vitro-modeller av solida tumörer. Dessutom har individuella
NK-celler visat sig ha varierande respons mot samma tumörcell, vilket indikerar
en heterogenitet i cellpoolen. För att undersöka en s̊adan heterogenitet krävs
användande av s̊a kallade encellsmetoder. Därför har v̊ar forskningsgrupp tidi-
gare utvecklat ett mikrochip där tusentals enstaka celler kan separeras i mikro-
brunnar och sedan följas med hjälp av fluorescensmikroskopi. Detta system har
tillämpats för att identifiera en population av väldigt effektiva NK-celler som
kan döda flera tumörceller i sekvens och därför kallas för seriemördare. Genom
att först̊a varför dessa celler är särskilt effektiva, kan vi i framtiden förbättra
NK-cellsbaserad immunterapi för att f̊a fler celler att bli seriemördare.

Denna avhandling fokuserar p̊a utveckling och tillämpning av mikroskopibaser-
ade encellsmetoder för att studera NK-cellers funktionella heterogenitet, särskilt
vad gäller cytotoxisk kapacitet. I Artikel I undersöks förmågan att bilda im-
munsynapser genom bindning till proteiner organiserade i utvalda former p̊a
en glasyta. Vi kunde visa att uppbyggandet av immunsynapser beror p̊a den
generella formen av proteinerna medan det slutgiltiga steget av utsläpp av
toxiska molekyler krävde lokal signalering. Artikel II fokuserade p̊a analys
av de dödsmekanismer som används av NK-celler. Vi upptäckte att NK-celler
initialt släpper ut toxiska proteiner för att sedan istället binda till dödsreceptorer



p̊a målcellens yta och inducera död genom dessa. Denna studie fördjupades i
Artikel III där vi undersökte huruvida bindning av antikroppar har en effekt p̊a
vilken dödsmekasism som används. I samband med detta utvecklade vi ett nytt
eng̊angschip i plast, i vilket vi demonstrerade tv̊a- och tredimensionell cellkultur
samt högkvalitativ mikroskopi av dessa kulturer. I Artikel IV, stärkte vi ytligare
potentialen av v̊art chipsystem för encellsstudier genom att utveckla en metod
för isolering av enstaka, specifikt utvalda celler, fr̊an mikrobrunnarna.

Sammanfattningsvis demonstrerar denna avhandling behovet för encellsme-
toder inom immunologi. Förutom att bidra till fördjupad kunskap kring NK-
cellsbiologi, kan dessa resultat bidra till utvecklingen av förbättrade immunter-
apier.

Nyckelord
Immunologi, NK-celler, mikroskopi, encells metoder
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Résumé

Le système immunitaire est une ligne de défense primordiale contre les agents
infectieux dont les virus, les bactéries et les parasites. En outre, son rôle con-
siste également à surveiller en permanence les autres cellules du corps, afin de
détecter des signes de transformation subversive, indiquant le développement
d’une tumeur ou d’une infection. Ce processus appelé surveillance immunitaire
est notamment effectué par les lymphocytes NK (de l’anglais natural killer cells,
cellules tueuses naturelles), qui appartiennent au système immunitaire inné. Les
lymphocytes NK peuvent identifier une cellule transformée grâce à l’interaction
de récepteurs avec des protéines à la surface de la cellule malade. Lorsque
ces molécules se lient, une interface de contact appelée synapse immunitaire
se forme entre les deux cellules. Si le lymphocyte NK reçoit majoritairement
des signaux de danger, il est capable de larguer des protéines lytiques par un
procédé de dégranulation, ainsi que de se connecter à des récepteurs spécialisés
à la surface de la cellule cible, causant ainsi sa destruction. De plus, les lympho-
cytes NK ont un rôle de régulation du système immunitaire, soit en détruisant
d’autres cellules immunitaires, soit en produisant des cytokines pro- et anti-
inflammatoires.

Ces rôles variés confèrent aux lymphocytes NK une importance partic-
ulière dans le contexte du développement de thérapies immunitaires, au cours
desquelles des cellules du système immunitaire sont améliorées de différentes
manières pour combattre le cancer. Jusqu’ici, les essais cliniques qui se sont
concentrés sur l’emploi de lymphocytes NK ont montré des résultats encour-
ageants contre certains types de cancers du sang, mais avec un succès plus
limités contre des tumeurs solides. Une explication possible vient de la niche
immuno-suppressive créée par les tumeurs, dont l’étude requiert de meilleurs
modèles de culture de tumeurs solides en laboratoire. De plus, de nombreuses
études ont démontré que les lymphocytes NK diffèrent individuellement dans
leur réponse contre la même tumeur. Des méthodes à l’échelle de la cellule
individuelle sont donc nécessaires pour pouvoir étudier cette hétérogénéité en
détail. Dans ce but, notre groupe de recherche a construit une puce miniaturisée
sur laquelle des milliers de cellules peuvent être séparées dans des puits et ob-
servées pendant plusieurs jours grâce à un microscope. Ces micro-puces ont par
exemple déjà été utilisées pour démontrer l’existence d’un sous-groupe de lym-
phocytes NK possédant des propriétés cytotoxiques particulières, puisqu’ils sont
capables de tuer plusieurs cellules cancéreuses à la suite, d’où leur dénomination
de cellules tueuses en série. Comprendre ce qui rend ces cellules exceptionnelle-
ment efficaces peut aider à concevoir de nouvelles thérapies immunitaires où
une plus grande proportion de lymphocytes contribueraient à éliminer la tumeur.

Le travail de recherche décrit dans ce mémoire de thèse concerne le dévelop-
pement et les applications de méthodes d’imagerie de cellules individuelles pour



étudier l’hétérogénéité fonctionnelle parmi les lymphocytes NK, en particulier
au sujet des mécanismes gouvernant la cytotoxicité. Dans l’Article I, nous
avons étudié la formation et la progression de synapses immunitaires contre des
ligands déposés selon des motifs différents. Nos résultats ont démontré que
la formation d’une synapse est dirigée selon la forme globale de la répartition
des ligands, mais que la dernière étape de dégranulation requiert l’interaction
locale de récepteurs avec leurs ligands. L’Article II est dédié à l’analyse des
mécanismes cytotoxiques utilisés par chaque lymphocyte NK, au cours de laque-
lle nous avons en particulier comparé les cellules tueuses en série avec leurs pairs
tuant modérément. Nous avons utilisé des capteurs fluorescents pour décrire
la transition entre deux mécanismes couramment utilisés, la dégranulation et la
stimulation de récepteurs de mort à la surface des cellules cibles. Ce phénomène
a été approfondi dans l’Article III, dans lequel nous avons étudié la contri-
bution des différents mécanismes lytiques dans le contexte de la cytotoxicité
dépendante des anticorps. Cette analyse a été effectuée dans de nouvelles
puces en plastique à usage unique, dont nous démontrons la compatibilité avec
de l’imagerie microscopique et des cultures de cellules en deux et trois dimen-
sions. Enfin, dans l’Article IV, nous étendons le champ des techniques acces-
sibles avec notre micro-puce, grâce au développement d’un outil de sélection et
d’isolation de cellules individuelles directement des puits où elles sont confinées.

Les travaux présentés dans cette thèse soulignent l’importance d’effectuer
des charactérisations de cellules individuelles, en particulier dans le domaine de
l’immunologie et l’étude des cellules NK. Non seulement ces progrès contribuent
à notre compréhension de la biologie des lymphocytes NK, mais ils peuvent aussi
s’avérer utiles au développement de meilleures thérapies immunitaires.

Mots-clés
Immunologie, lymphocytes NK, microscopie, analyse de cellules individuelles
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Preface

The work presented in this thesis concerns the development and application
of functional assays for the study of lymphocytes and especially natural killer
(NK) cells, with single cell resolution.
Chapter 1 gives an introduction to the background of this work. The biology
of the immune system is presented, with emphasis on NK cells. We describe
cell analysis methods commonly used for immunological studies, before detail-
ing the microscopy techniques at the core of the present work.
In Chapter 2, experimental considerations are discussed, focusing on approaches
developed or modified in the context of this work.
Chapter 3 presents the main findings from the studies included in this thesis.
These results are discussed in Chapter 4 and set into perspective for future
studies.
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Chapter 1

Background

1.1 Immune System
1.1.1 Innate & Adaptive Immune System
The human body is constantly threatened by pathogens or other harmful agents
in the environment. Physical and chemical barriers such as the skin, mucus and
acidity in the gut are among the first lines of defense protecting against entry
of foreign substances [70]. Should a threat manage to cross these barriers,
it will then be confronted to the immune system, a collection of dedicated
cells called leukocytes, and defensive proteins, which include antibodies and the
complement system. The immune system plays a crucial role in the defense
against bacteria, viruses and parasites, but also in surveilling and repressing
transformed host cells including virus-infected and tumor cells [25].

The immune system is commonly divided into two arms, the innate and the
adaptive immune system. These complementary parts react to different signals
and with a different time course. The innate immune system, so-called because
it mostly remains similar throughout an individual’s life, comprises cells capable
of recognizing well-conserved patterns [28]. As these signals are common to
many pathogens and function as hallmarks of cell stress or disease, individual
cells of the innate immune system can respond to a broad range of threats.
Innate immune cells include myeloid cells such as monocytes, macrophages,
dendritic cells and neutrophils, but also some lymphoid cells such as natural
killer (NK) cells. When they identify a pathogen or transformed cell, these
leukocytes react by secreting chemokines and cytokines, signaling molecules
which alert other cells of the danger and trigger inflammation. Some innate
immune cells are also able to spontaneously destroy the threat by means of
phagocytosis or cytotoxicity. Since innate immune cells can respond directly to
the threat, the innate response is fast, taking place within the first week after
exposure, and paves the way for the adaptive immune response to intervene.
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CHAPTER 1. BACKGROUND

The adaptive response takes a longer time to develop, from 4 days up to
several weeks after pathogen entry. Contrary to the innate immune system,
the adaptive immune response is directed against a specific threat. Adaptive
immune cells, B and T cells, each possess a unique receptor which recognizes a
single antigen with high specificity [37, 124]. Thanks to a remarkable process of
somatic recombination, B and T cell receptors are extremely variable between
cells, with the result being that healthy individuals possess millions of B and T
cell clones each recognizing a different antigen [90].

In order to carry out their effector function, T cells require to engage their T
cell receptor with the matching antigen presented on dedicated surface proteins
called Major Histocompatibility Complex (MHC) [173]. MHC molecules exist
in two forms, MHC class I (MHC-I) and MHC class II (MHC-II). All nucleated
healthy cells possess MHC-I at their surface, where they constantly present
cytosolic peptides for recognition by cytotoxic T cells. When a cell gets trans-
formed, foreign or abnormal peptides are presented on its MHC-I molecules.
These can then be detected by antigen-specific T cells, resulting in T cell-
mediated lysis of the transformed cell. Antigen-dependent cytotoxicity by T
cells is a major contribution to the clearance of the disease, but it can only be
carried out by activated T cells. To undergo this activation, naive cytotoxic T
cells require to have their specific antigen presented on MHC-I at the surface of
dedicated cells called antigen-presenting cells (APCs), which include dendritic
cells, macrophages and B cells. This interaction induces the maturation and
proliferation of the antigen-specific clone of T cells, a process known as clonal
expansion [26]. The resulting pool of effector T cells migrates to the site of
infection to perform their cytotoxic function.

While MHC-I is broadly expressed, MHC-II is only present at the surface
of APCs [172]. T cells that recognize peptides presented on MHC-II are called
helper T cells. Upon binding peptides on MHC-II molecules, antigen-specific
helper T cells also clonally expand but adopt a more supportive role. Helper T
cells provide cytokines and co-stimulatory signals important for the activation
of APCs and cytotoxic T cells, as well as for the maturation of antigen-specific
B cells.

B cells, on the other hand, do not require MHC presentation to recognize
antigens. Instead, the B cell receptor can directly bind with its specific antigen
on extracellular agents, whereby the B cells internalizes and degrades the agent,
then presents the resulting peptides on MHC-II molecules [197]. If an already
expanded helper T cell recognizes the MHC-II:peptide complex, the B cell gets
fully activated and induced to clonally expand and differentiate into antibody-
producing plasma cells. Short-lived plasma cells can also be obtained by initial
B cell receptor engagement when supported by a secondary signal [195]. B cells
are thus specialized cells with a single purpose, producing antibodies, the soluble
form of their highly specific B cell receptor. Naturally occurring antibodies are

2



1.1. IMMUNE SYSTEM

Y-shaped proteins composed of three main regions, the central, invariant Fc
region, flexibly linked to two identical so-called Fab regions which contain the
variable chains that confer the antibody its specificity. Antibodies exist in
several isoforms, but their common role is to coat toxins, pathogens or target
cells, possibly inhibiting the activity of the target molecule, alternatively by
working as a label for other parts of the immune system to identify targets and
thereby facilitating their destruction [160]. Macrophages can bind to antibody-
coated cells and engulf them, a process known as antibody-dependent cellular
phagocytosis (ADCP) [194]. Other immune cells (including NK cells) binding
to the antibodies can directly lyse the target cells, thereby exerting antibody-
dependent cellular cytotoxicity (ADCC) [169]. Antibodies can also activate
complement factors to cause target cell death during complement-dependent
cytotoxicity (CDC) [212].

These processes of antigen recognition or presentation, clonal selection and
clonal expansion explain the delay in the onset of the adaptive response com-
pared to its innate counterpart. However, during clonal expansion of both B and
T cells, some of the expanded cells differentiate into long-lived memory cells,
conferring the advantage of making the adaptive immune response quicker and
stronger upon re-exposure to the same antigen, which is the working principle
behind vaccines.

1.1.2 Natural Killer Cells
NK cell biology

Leukocytes present the particularity of both reacting to foreign (so-called “non-
self”) cells and substances, as well as transformed cells from the body (“self”
cells). NK cells were first identified for their ability to clear tumor cells from
a culture dish, without prior exposure – thus the term of natural killing [162,
163]. More than four decades later, it is now clear that NK cells play a crucial
role in surveillance and control of both tumor-transformed and virus-infected
cells, especially via direct cytotoxicity, but also in immunoregulation by secret-
ing cytokines [69, 165]. In recent years, this dual role of NK cells has been
exemplified at the placental interface, where decidual NK cells protect the fetus
from infections while also maintaining immune tolerance to this foreign body
[2].

NK cells develop from an immature cell type known as a common lymphoid
progenitor, which gives rise to all so-called lymphocytes, i.e. B cells, cytotoxic
T cells, regulatory and helper T cells, as well as their innate homologues, the
newly discovered Innate Lymphoid Cells (ILCs). Most NK cells develop in the
bone marrow and some in secondary lymphoid tissues (including lymph nodes,
the spleen and tonsils). Mature NK cells are commonly found circulating in the
peripheral blood, representing 5 to 20% of all blood lymphocytes in humans, and
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in lower numbers in the spleen and liver, where they are known as tissue-resident
NK cells [60, 73, 216]. NK cells share many basic features with cytotoxic T
cells, which has been of great help when driving the early NK cell research – yet
it is today appreciated that key differences in their signaling pathways provide
them with complementary roles in the immune response [218]. On a similar
note, although NK cells exist in a similar form in mice, their developmental
pathways and receptors are crucially different [152, 153] and we exclusively
focused on human NK cells in the work presented in this thesis.

NK cell activation

As is often the case within the immune system, the activity of NK cells is closely
related to that of other immune cells. One crucial channel of communication
between these cells is the use of chemokines and cytokines to guide cells to
the site of inflammation and modulate the immune response, respectively. The
development and activity of NK cells is regulated by various cytokines. These
include pro-inflammatory interleukins (IL), notably IL-2, IL-12, IL-18 and IL-
21, released by dendritic cells and T cells, and IL-15 by monocytes, but also
tolerance-inducing cytokines such as IL-10 and Tumor Growth Factor β (TGF-
β) [6, 222]. IL-2 and IL-15 are structurally related and both prime the NK cell
response, resulting in NK cell proliferation and dramatically enhanced cytolytic
activity and cytokine production in NK cells [6, 61, 186, 222]. IL-12, IL-18
and IL-21 also drive higher cytokine release by NK cells, accompanied with
further maturation and even differentiation into memory-like phenotypes [39,
145]. Cytokines produced by NK cells upon stimulation include Interferon γ
(IFN-γ), which activates macrophages and promotes antigen presentation, and
Tumor Necrosis Factor α (TNF-α), which induces the maturation of dendritic
cells [27, 38].

NK cell receptors

NK cell surveillance of healthy cells relies on the engagement of a multitude
of receptors at the surface of the NK cell with their cognate ligands on the
potential target cell [220]. When a healthy cell undergoes virus infection or
tumor transformation, its machinery becomes dysregulated, resulting in altered
expression of certain ligands at the cell surface, which can be sensed by the
NK cell [185]. The NK receptors are generally classified into activating or
inhibitory receptors. Activating receptors include adhesion molecules such as
L-selectin (CD62L), CD2, DNAM-1 and LFA-1, the natural cytotoxicity recep-
tors NKp46, NKp44 and NKp30, and other strongly stimulating receptors such
as CD16, 2B4 and NKG2D [85, 119]. Inhibitory receptors expressed by NK
cells are mostly of two families, the Killer-cell Immunoglobulin-like Receptors
(KIRs) and CD94/NKG2 heterodimers, among which NKG2A and NKG2B are
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inhibitory and NKG2C and NKG2E are activating [152, 164, 207]. Depending
on the balance between these opposite signals, the NK cell will either consider
the target cell as healthy and spare it (if inhibitory signals dominate), or be trig-
gered and attempt to destroy it while also producing inflammatory cytokines (if
activating signals dominate) [119, 120]. Individual NK cells in the population
possess a stochastic repertoire of receptors and thus respond to different sig-
nals, which in turn confers the entire NK cell pool sensitivity to a broad variety
of stimuli [168].

Maybe the most remarkable receptor-ligand pair stems directly from the
need for NK cells to tell non-self (foreign or transformed) cells from healthy
self cells. One way for healthy cells to signal that they belong to the body
is through expression of the MHC-I molecules [154]. In NK cells, the MHC-I
molecules are recognized by receptors of the KIR family, most of which act
as inhibitory receptors [164]. We have previously described the role of MHC-I
in antigen presentation to cytotoxic T cells. A virus-infected or transformed
cell can present non-self or abnormal peptides on its MHC-I molecules, which
is sensed by antigen-specific T cells and results in the cell getting destroyed.
Thus, a common tumor and virus evasion mechanism is to down-regulate MHC-
I molecules at the cell surface, a way to avoid having the host cell identified and
destroyed [44, 144]. This tactic is efficient against recognition by adaptive im-
mune cells, yet NK cells have evolved a counter-strategy by being able to sense
the very down-regulation of MHC-I molecules. Since KIRs act as inhibitory
receptors when binding the correct MHC-I molecule, then in the absence or
down-regulation of MHC, their lack of inhibition can help shift the signaling
balance towards cytotoxicity, a process known as the “missing-self” hypoth-
esis [98]. Generally, this signal alone is not sufficient to trigger cytotoxicity.
However, it may be decisive in combination with other up-regulated activating
ligands due to the infection or transformation [83].

Two receptors are of importance to the work presented in this thesis. First,
CD16, also known as FcγRIII, is an NK cell receptor that binds to the Fc portion
of IgG antibodies. The ligation of CD16 induces a potent activating signal in the
NK cell, making it one of the few receptors whose signaling alone is sufficient to
induce cytotoxicity[143, 147]. CD16 is highly expressed on cytotoxic NK cells
and up-regulated during NK cell activation. Second, LFA-1 (for lymphocyte
function-associated antigen 1) is an integrin, a receptor facilitating cell-cell and
cell-extracellular matrix adhesion. It is composed of two subunits referred to as
CD11a (α-subunit) and CD18 (β-subunit). LFA-1 is ubiquitously expressed on
NK cells, while its ligands, notably ICAM-1 and ICAM-2, are commonly found
on healthy cells. For this reason, LFA-1 has a broad role in mediating adhesion
during NK cell surveillance of healthy cells [16, 219]. LFA-1 binding is generally
transient because of its low affinity for its ligands. However, it can be enhanced
by a conformational change induced by inside-out signaling upon engagement
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of other activating receptors on the NK cell, including CD16 and 2B4 [45, 219].

Cytotoxicity and the immune synapse

The engagement of NK cell receptors with their ligands at the target cell surface
leads to signaling cascades which are enhanced by the formation of an immune
synapse between the NK cell and its target [94]. The immune synapse is a
stabilized cell-cell junction where receptors and ligands gather for improved
signaling. This structure was first discovered for helper T cells forming an
immune synapse during antigen presentation by APCs [56, 72, 142]. Early
studies of T cell synapses describe concentric circular structures where receptors
and signaling molecules organize according to their role in the synapse, so-called
supramolecular activation clusters (SMAC) [1]. Most commonly reported are
a central SMAC (cSMAC) concentrating activating receptors, surrounded by a
peripheral SMAC (pSMAC) dedicated to adhesion, and finally a distal SMAC
(dSMAC) containing molecules excluded from the synapse [1]. The immune
synapse is mechanically stabilized by intensive f-actin polymerization at the
dSMAC [48].

When it comes to NK cells, the immune synapse has so far been described
as a dedicated structure for recognition of potential target cells. Broadly, the
balance between activating and inhibitory signals determines the outcome of
the interaction, resulting in either an inhibitory synapse if the NK cell decides
to spare the target or a cytotoxic synapse otherwise. The formation of a cyto-
toxic immune synapse is a tightly regulated stepwise process where the NK cell
polarizes towards its target, while reorganizing the cellular machinery towards
the interface (Figure 1.1). Circular signaling structures at the synapse have also
been observed in NK cells, with receptors often focused towards the central part
of the immune synapse (corresponding to the cSMAC) or in a surrounding ring-
shaped assembly (corresponding to the pSMAC) [48]. Once a cytotoxic immune
synapse is formed between the NK cell and its potential target, NK cells can
cause target cell death by several means, including the exocytosis of specialized
acidic vesicles called lytic granules, a process known as degranulation, and the
engagement of death ligands at the target cell surface [158].

NK cells’ lytic granules contain a number of cytotoxic components, mainly
perforin, granzymes and granulysin [158]. Perforin acts by forming pore com-
plexes in the membrane of the target cell [182]. Its activity is dependent on
local pH and on the binding of Ca2+ [159, 208, 209]. The granzyme family
contains several members, A, B, H, K and M – with A and B being best de-
scribed. The pores formed by perforin facilitate the entry of granzymes into the
target cell, where apoptosis can be induced by cleavage and activation of pro-
apoptotic substrates such as caspase-3, caspase-7 and Bid, or by production
of mitochondrial reactive oxygen species (ROS) and DNA damage [64, 131,

6



1.1. IMMUNE SYSTEM

192]. The steps leading to degranulation include convergence of the lytic gran-
ules to the microtubule-organizing center (MTOC) [91, 137]; extensive f-actin
polymerization at the edge of the synapse to form an enclosed synaptic cleft
[125, 126, 133, 171]; polarization of the lytic machinery (MTOC and granules)
towards the contact site [32]; and finally fusion of the lytic granules with the
NK cell membrane to release their content into the cleft [8, 117]. Taken in-
dividually, different NK cell receptors are able to trigger specific steps of the
cytotoxic process, suggesting that some steps are independently regulated [23].
For instance, engagement of LFA-1 alone induces granule convergence towards
the MTOC; without polarization or degranulation. On the other hand, ligation
of only CD16 results in unfocused degranulation, without polarization or con-
vergence. Combining these two signals leads to degranulation in the direction
of the target cell [23].

Figure 1.1: The formation of an immune synapse is a step-wise process leading
to target cell lysis. (A) First contact between the NK cell and the target. Receptors
at the membrane of the NK cell interact with their ligands on the target cell surface,
and the balance of activating and inhibitory signals determines the outcome of the
synapse. (B) NK cell commitment to the synapse. The synaptic interface is trans-
formed by flattening of the NK cell at the contact, intensive actin polymerization and
reorganization of the signaling molecules into SMACs. The lytic granules converge
to the MTOC. (C) Polarization of the MTOC and lytic granules to the synaptic in-
terface. (D) Degranulation. The lytic granules dock and fuse at the NK cell plasma
membrane, releasing their cytotoxic content into the synaptic cleft. Death ligands
at the NK cell surface bind to their cognate ligands on the target cell and induce
apoptosis. (E) Target cell death and NK cell detachment, possibly to proceed with
serial killing.
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Besides the cytotoxic molecules contained in lytic granules, NK cells also
express death ligands at their surface, including Fas ligand (FasL) and TNF-
related apoptosis-inducing ligand (TRAIL) [221]. Engagement of these with
their cognate receptors at the target cell surface triggers a signaling cascade
involving a death-inducing signaling complex, which in turn activates caspase-8
and 10, leading to target cell death [100, 156]. NK and T cell populations
have been shown to use degranulation and death ligand engagement concur-
rently albeit with different time scales [82, 99, 121]. However, it is unclear
whether separate lymphocyte subsets use either mechanisms, or if individual
cells can employ both pathways. Besides, the contribution of other modes of
delivery as described for cytotoxic T cells, such as exocytosed FasL and the
recently described supramolecular attack particles (SMAPs) containing perforin
and granzymes inside a glycoprotein shell [14, 122], also remains to be assessed.

Functional heterogeneity

Individual NK cells are able to respond to different stimuli thanks to their
stochastically expressed receptor repertoire, providing the entire NK cell pool
the means to respond to multiple threats with high sensitivity. Traditionally,
NK cell subsets have been defined according to their expression pattern of cell-
surface receptors, which is associated with certain functional differences [168].
The main sub-populations include CD56bright and CD56dim NK cells, which
correspond to a regulatory and cytotoxic phenotype, respectively [40]. Most
NK cells in circulation are of the CD56dim subset, while CD56bright cells often
reside in secondary lymphoid organs [40]. Besides, NK cell maturation stages
have been related to the expression of a variety of surface molecules, including
CD57, KIR, NKp80 and DNAM-1 [4, 130]. In recent years, technical advances
in omics and multidimensional clustering analysis have helped defining new NK
cell subsets, now often characterized by a combination of differentially regulated
intracellular and surface proteins as well as transcription factors. While these
techniques can suggest ever narrower subpopulations of cells, there remains a
crucial need in investigating functional differences between subgroups to ensure
a meaningful classification.

In contrast, functional characterizations have been used to define new clas-
sifications of NK cells, some of which have not yet been translated to the
consistent expression of any set of markers. These include the education sta-
tus of NK cells, which provides NK cells with enhanced effector functions and
self-tolerance [9]. Education was first thought to be exclusively related to a
cell’s history of KIR-MHC interactions but the current understanding has been
extended to include other receptor-ligand pairs and cytokine stimulation [9, 96,
104]. A molecular signature of education has yet to be defined. An interesting
observation stemming from NK and T cell functional assays is that even within
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a supposedly homogeneous population, it is rarely observed that all cells re-
spond, and the potency of the response varies strongly between individual cells.
Taking the example of cytotoxicity assay, a small population of highly potent
”serial-killing” cells has been repeatedly detected [20, 89]. Examining this pop-
ulation in NK cells revealed specific contact and killing kinetics, suggesting the
existence of an unknown set of parameters governing the strength of response
in individual cells [199]. In CAR T cells, TIM-3 and 4-1BB have recently been
proposed to be part of a signature of responsive cells, but these results remain
to be extended to other T and NK cell populations [15].

1.1.3 Immunotherapy
Because of its inherent role in protecting the body against pathogens and trans-
formed cells, there is a clear potential in enhancing and harnessing a patient’s
own immune response to fight off disease, a strategy known as immunother-
apy. This approach has been particularly explored against tumors, building
upon immune mechanisms to surveil and repress malignant transformation. The
promise of improved patient survival and quality of life has driven immunother-
apy research into reaching clinical milestones in the last two decades [55, 93,
196]. Better understanding of so-called immune checkpoints, notably the PD-1
and CTLA-4 axis, has led to the first FDA-approved immunotherapies. These
molecules expressed at the surface of activated T cells effectively act as brakes
to control the extent of the immune response, and are often exploited by tumor
cells as a defense mechanism to evade T cell attack [55, 79, 107]. Blocking PD-
1/PD-L1 or CTLA-4 using monoclonal antibodies (or a combination of these
treatments) is now approved as first or second-line treatment for a variety of
advanced or refractory cancers, including melanoma, non-small-cell lung cancer,
renal cell carcinoma and bladder cancer. In addition, numerous clinical trials
are currently attempting other blockade therapies, alone or in combination with
these approved strategies, hoping to extend this progress to other cancers and
to help even the non-responding fraction of patients [179]. So far, immunother-
apy has been most successful against malignancies with high immunogenicity,
i.e. the capacity for the cancer to induce anti-tumor immune responses. These
include for instance skin melanoma, colon adenocarcinoma, head and neck as
well as lung squamous cell carcinoma [31].

Blocking a central immune checkpoint although comes at the cost of po-
tentially serious adverse effects, most commonly in the form of autoimmunity
caused by over-activated T cells in 15-90% of patients [59, 110]. Generally
increased risk for such complications has been observed for anti-CTLA-4 ther-
apy compared to anti PD-1/PD-L1 [110, 196]. Blockade therapies targeting
other axis have mixed effects, some providing mild clinical benefits (such as
anti-TIGIT therapy) and others resulting in dramatic autoimmunity, as in the
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anti-CD28 phase I trial which had to be interrupted in 2006 after all 6 volun-
teers were admitted to intensive care with multi-organ failure, within 24 hours
of the first infusion [57, 81].

An alternative approach to checkpoint blockade is adoptive cell therapy, in
which immune cells are infused into cancer patients. This strategy was pio-
neered with hematopoietic stem cell transplantations against leukemia, where
the T cells developing from the allogeneic graft mediated a clinical response,
a phenomenon known as graft-versus-tumor response [50]. Adoptive cell ther-
apy has since been extended to the infusion of specifically targeted lympho-
cytes, such as autologous tumor-infiltrating lymphocytes and T cells engineered
against a certain tumor antigen via induction of a Chimeric Antigen Receptor
(CAR), now FDA-approved for some B cell malignancies including B cell acute
lymphoblastic leukemia (B-ALL) [97, 177]. Both autologous and allogeneic
lymphocyte infusions are currently being tested, the main advantage of an au-
tologous graft being the tolerance of the patient’s immune system to the trans-
planted cells, also avoiding the need for heavy immuno-suppressive medication.
Allogeneic cells, on the other hand, bear the promise of an ”off-the-shelf” al-
ternative, cheaper and immediately available, with possibly more performant
cells since they come from a healthy donor [123]. Yet another possibility being
explored is the use of induced pluripotent stem cells (iPSC) to generate off-the-
shelf T or NK cell pools with a tailored profile, but scaling up the manufacturing
process to clinical scales has currently been a limiting factor [146].

Common adverse effects associated with T cell therapy include severe au-
toimmunity (cytokine release syndrome) and in the case of allogeneic T cell
infusion, graft-versus-host disease (GVHD), where the infused T cells start at-
tacking healthy tissue in the immunosuppressed patient [18]. This, combined
with the need to find tumor-specific antigens that are ubiquitously expressed
on tumor cells and only marginally on healthy cells, has led to a rising in-
terest in developing similar therapies using NK cells instead, which are not
antigen-restricted in recognizing their targets, nor do they induce GVHD [203].
Allogeneic NK cells have thus the potential to become an “off-the-shelf” prod-
uct, which could be prepared in advance and delivered to multiple patients.
Currently, NK cell adoptive therapy trials have had encouraging results against
hematological malignancies but limited efficacy against solid tumors [203].

1.2 Cell analysis for immunology
1.2.1 Population-based methods
Many in vitro cell analysis methods conventionally used in immunology can be
described as population-based approaches, which provide an average readout
for a given population of cells. Such methods, often referred to as bulk assays,
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can provide information on the general effect of a drug on a cell culture for
example. By performing such assays in multi-well plates, multiple conditions
or sub-populations can be investigated simultaneously at the cost of increased
handling complexity.

The functional potential of NK cells is commonly studied using population-
based methods. Cytotoxicity can be measured by loading target cells with a
radioactive (51Cr) or fluorescent agent (luciferase), then measuring its release in
the supernatant as the target cells get killed. Bulk assays also make it possible
to investigate the secretion of cytokines and other molecules, directly using
ELISA or by collecting the culture supernatant and running it through a mass
spectrometer.

1.2.2 Single-cell approaches
Population-based approaches provide an average measurement for the condi-
tions studied, for instance a general overview of the effect of a treatment or a
comparison between two cell populations. However, they fail to describe cell-
to-cell variation within the population. As an example, bulk cytotoxicity assays
can not distinguish between even tumor cell killing or cytokine production from
all effector cells, and a disproportionate contribution from a small fraction of
the cells [20, 34]. To address this shortcoming, single-cell approaches have been
developed that provide detailed information on individual cells and help resolve
intra-population heterogeneity. These techniques typically build upon spatial
segregation of the cells, either statically (in microwells or liquid droplets) or in
a liquid flow (in flow and mass cytometry), or upon using barcodes to trace
back the readout to the cell of origin (used in single-cell RNA sequencing).

Flow cytometry

The single-cell method most commonly used in immunology studies is arguably
flow cytometry. Both intracellular and cell surface proteins can be labelled using
fluorescently-tagged antibodies. The cells are then run though a flow cell and
passed through one or several detection lasers, allowing for multiple readouts to
be obtained simultaneously for an individual cell. A wide range of parameters
can thus be measured, including cell size and granularity, viability, and protein
and gene expression [134].

Flow cytometry is routinely used to identify sub-populations by their com-
bined expression of a set of surface markers, a process known as gating. For
instance, in whole blood, NK cells are typically defined as CD45+ (leukocytes)
CD3- (not T cells) CD56+ cells. Besides, flow cytometry can also be applied to
perform functional assays on NK cells. Using flow cytometry, cytotoxicity can
be measured at the population level by quantifying live and dead target cells
in a co-culture with NK cells. An alternative, more common measurement is
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to gate NK cells on the expression of CD107a, which is upregulated during NK
cell degranulation [7]. This approach is a single-cell measurement which can
be correlated with other parameters. However, it is only an indirect measure-
ment of cytotoxic potential since degranulation does not necessarily indicate
cytotoxicity. Cytokine production in NK cells can be assessed directly in flow
cytometry by chemically preventing their release into the supernatant followed
by intracellular staining.

The number of parameters that can be analyzed in parallel in a flow cy-
tometer is limited by the spectral overlap between individual fluorescent labels
[175]. Although clever improvements to fluorescent dyes and detectors have
helped resolve more colors, new techniques that avoid the use of fluorescent
dyes have also been developed to address that issue. In mass cytometry, the
spectral overlap problem is eliminated by using heavy metal-conjugated anti-
bodies and running the samples through a mass spectrometer, including time-
of-flight detectors in CYToF [101, 150]. Both flow and mass cytometry allow
the measurement of numerous parameters simultaneously in single cells with
a high throughput. However, neither technique makes it possible to follow a
given cell over time, nor to analyze transient cell behaviors.

Microfluidics and microwell-based assays

To broaden the measurements that can be performed on single cells and en-
able longitudinal studies, different approaches have been proposed to spatially
segregate cells and thus ensure that the same cell is being followed over time.
Contrary to the millimeter-sized chambers used in standard multi-well plates,
single-cell approaches often build upon using cell-sized channels or chambers
to manipulate the cells, a field known as microfluidics. Fabrication processes
adapted from those used for electronics and microsystems make it possible to
generate complex structures and build several sample processing steps into a
single miniaturized, so-called ”lab-on-a-chip” device. By scaling down the di-
mensions of the device, both reagent volumes and processing times can be
reduced, thereby allowing more biological conditions to be investigated in par-
allel [92, 184].

Two types of such devices are relevant for the study of single cells over time,
either microwell-based or droplet-based. In microwell-based assays, cells are kept
physically separated by the boundaries of microchambers arranged in an array.
Thousands of single cells, exposed to different environments or from multiple
biological samples, can be studied simultaneously [103]. Different well sizes,
materials and designs have been proposed for a variety of dedicated applications
[33, 115, 170]. Silicon-glass microwell arrays have successfully been applied to
investigate NK cell functionality, including cytotoxicity and migration [35, 75,
199]. The cytokine production by individual T and NK cells and its relation
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to cytotoxicity have been investigated in microarrays in polydimethylsiloxane
(PDMS), a soft polymer [113, 200]. Monitoring the cells in their wells requires
screening of the array with a microscope which limits the amount of cells that
can be followed with the necessary time resolution.

An alternative approach is to encapsulate live cells in picoliter-sized droplets
of culture medium, surrounded by a continuous oil phase permeable to gas
exchange [36, 187]. Screening of the droplets is then performed by guiding the
droplets through the optical path of a detection system. Droplet microfluidics
have been used to for instance measure chemokine secretion, and is routinely
applied to perform single-cell RNA sequencing in commercial instruments [13,
92]. However, this technique offers limited support for repeated measurements
of the same cell, as is required to study migration or cell-cell interactions.

Single-cell manipulation

The approaches presented above allow for measurements on single cells, yet they
lack the potential to select individual cells and retrieve them for further analysis.
One such method builds upon flow cytometry to separate the cells according to
the readout from a gating strategy. After passing through the excitation lasers,
single cells are encapsulated in liquid droplets which are deflected differently
depending on the expression profile obtained at the detectors. This way, live
cells can be sorted into sub-populations or according to the expression of a
certain marker, a technique known as fluorescence-activated cell sorting (FACS,
Figure 1.2).

Micromanipulation methods have also been developed that enable direct
handling of single cells. Arguably, the oldest technique is micropipette aspi-
ration, whereby cells or even colonies of cells are sucked into the opening of
a micropipette for subsequent deposition. The spatial precision and exquisite
volume control required for such applications often leads to trained personnel
performing these operations manually rather than relying on automated systems
[86, 105, 181, 211].

A different approach to cell manipulation relies on contactless technologies,
where external force fields are applied to control the cells in space with high
precision. Optical tweezers are produced by focusing a laser beam onto a
single cell, which is then held in the center of the focus by the forces resulting
from the gradient of light intensity [11, 141]. A similar working principle is
used in acoustic trapping, where the pressure gradient induced by an ultrasonic
standing wave causes particles to be displaced towards the pressure node [58,
151, 214, 217]. Other contactless approaches to cell manipulation include
magnetic tweezers and dielectrophoresis [49, 109, 128, 210, 215].
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Figure 1.2: Single-cell manipulation techniques. (A) In fluorescence-activated cell
sorting, cells flow through a detection laser then are electrically charged and sorted
according to the detection readouts. (B) A range of techniques derived from patch-
clamping rely on micropipette aspiration to capture single cells or groups of cells. (C)
Contactless approaches utilize force fields to trap cells, such as radiation trapping
forces in optical tweezers illustrated here.

1.2.3 Multicellular tumor spheroids
The traditional approaches to cell cultures typically involve the use of Petri
dishes, culture flasks or multi-well plates. For adherent cells, these types of
vessels mediate the growth of a flat layer of cells at the bottom of the culture
chamber, a type of culture known as monolayers. In terms of for instance cell-
to-cell interactions and nutrient accessibility, these cultures only poorly reflect
the in vivo spatial organization of the cells [62]. This difference could help
explaining why numerous drugs that show promising pre-clinical results do not
translate into successful clinical results [88, 136].

Multiple approaches have been proposed to generate in vitro multicellular
structures that better reflect the in vivo three-dimensional cell arrangement.
Solid tumor tissues are of particular interest because of their dysfunctional vas-
culature, which results in strongly uneven environmental factors across the tu-
mor volume, including hypoxia, acidity and nutrient starvation [30, 67]. Besides
directly generating cultures from sensitive patient tumor material, a more acces-
sible alternative to model solid tumors is to create multicellular tumor spheroids
from immortalized cancer cell lines [62]. Tumor spheroids are three-dimensional
aggregates of either homogeneous or heterogeneous cells, which provide some
key aspects of a solid tumor micro-environment in a reproducible culture format.
As the cells are densely packed, gradients of nutrients, acidity and metabolic
waste form between the surface and the core of the spheroid (Figure 1.3) [42].
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These gradients associate with metabolic changes in the cells, switching from
oxidative phosphorylation to glycolysis, but also with altered proliferation and
survival deeper in the spheroid [174]. Beyond a certain critical size, spheroids
present a necrotic core and a layer of senescent cells, features also described in
patients’ solid tumors [111, 157].

Figure 1.3: Three-dimensional spheroids create spatial gradients reproducing
the growth conditions in in vivo tumors. (A) Monolayer cell culture. All cells
receive identical culture conditions and free nutrient access. (B) Multicellular tumor
spheroid. The spherical geometry creates gradients of nutrient access and waste.
Beyond a critical spheroid size, several cell layers can be identified according to their
proliferation and survival.

Methods to generate tumor spheroids usually build upon promoting cell-to-
cell contact while avoiding cell adhesion to the culture vessel. The geometry of
the vessel can be exploited to let gravitation bring cells in close proximity then
rely on spontaneous aggregation into spheroids. This approach is used in low-
adherence culture plates such as U- and V-bottom multiwell plates, or in the
hanging-drop technique where culture medium droplets are freely suspended
from a surface [118, 166]. A major drawback with these methods is that
a spherical vessel bottom prevents efficient microscopic imaging and imposes
spheroid retrieval to perform analysis of the culture. To retain good optical
accessibility, an alternative is to use low-adhesion plates with a flat bottom, but
these often give rise to tumors of heterogeneous size and shape [135]. Other
approaches include cell embedding in a three-dimensional scaffold mimicking
the extra-cellular matrix, or actively bringing the cells together, for instance
using ultrasonic trapping [63, 148].
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1.3 Imaging techniques
1.3.1 Label-free light microscopy
Microscopy generally designates the use of optical elements to achieve magni-
fication of small specimens. Label-free light microscopy, where refractive index
differences in the sample generate contrast in the resulting image, is routinely
used for inspection of cell cultures for instance. In bright-field imaging, ar-
guably the simplest light microscopy technique, the sample is illuminated by
a light source from one side and the transmitted light is collected, either by
the user’s eye or a detector, a CMOS camera or photomultiplier (PMT) for
instance. This approach provides limited contrast in thin living specimen such
as cells but can be sufficient to find for instance object borders. It is often
used as a complement to other imaging modalities such as fluorescence, as the
low incident power limits the risk of photodamage even after several days of
imaging.

Other commonly used label-free microscopy methods exploit phase shifts
between individual light rays crossing the specimen to generate contrast in
the image. Such shifts can for instance be induced by local differences in
refractive index or specimen thickness. In phase-contrast imaging, the incident
light is ring-shaped before focusing on the specimen, so that scattered and
unaffected light rays can be processed differently. Adding a phase-shift ring
after the specimen allows to correct the phase difference between background
and specimen rays, and these interfere constructively in the detection plane
to further improve the brightness in regions containing samples compared to
the background. Differential interference contrast (DIC) microscopy involves
phase shifts between orthogonal polarization planes to generate contrast and an
appearance of relief in the final image. Such methods provide enhanced contrast
compared to bright-field imaging, yet the need for specific optical elements in
the light path restricts their use in combination with other imaging modalities
such as fluorescent microscopy.

1.3.2 Fluorescence microscopy
Fluorescence is a phenomenon that occurs when electrons in certain molecules
absorb incoming light which leads them to an excited state, and when relax-
ing back to the ground state, radiate new light. Molecules which can elicit
fluorescence are known as fluorophores. Because of vibration losses at the ex-
cited state, the emitted light is always of lower energy (i.e. longer wavelength)
compared to the incident light, a difference known as the Stokes shift . This
wavelength shift implies that it is possible to filter out the emitted light from
the excitation. Excellent imaging specificity can thus be achieved by specifi-
cally labelling structures of interest with fluorophores and only collecting emit-
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ted fluorescent light. Furthermore, using spectrally separated fluorophores and
dedicated filtering optics, multi-color fluorescence imaging can be performed.

Probes used for fluorescent microscopy come in a myriad of variants, de-
pending on the structures to be labelled and the wavelengths involved. Anti-
body staining, a technique known as immunofluorescence, can be used to flu-
orescently label structures of interest, known as epitopes, with high specificity.
Extracellular epitopes can be efficiently labelled in live cells. However, since
antibodies cannot penetrate intact cell membranes, the staining of intracellu-
lar structures requires chemical fixation (using paraformaldehyde or methanol)
and permeabilization of cell samples, i.e. clearing up lipid membranes with a
detergent. Either directly fluorophore-coupled antibodies, or a combination of
a primary antibody against the target structure and a secondary, labelled anti-
body recognizing the primary antibody, are then added to the sample. Using
secondary antibodies confers more flexibility in labelling strategies and reduces
the required amount of the expensive primary antibody, although with a higher
risk for off-target fluorescent staining.

To achieve intracellular labelling of living specimen, other cell membrane-
permeable fluorophores have been developed. Such labels can be directed to the
cytoplasm, nucleus, mitochondria, lysosomes or even cytoskeleton of live cells.
More specific labelling of proteins or structures in live cells can be achieved by
transfection of genes encoding for fluorescent markers directly into the cells of
interest. This is commonly performed using viral transfection, electroporation
or more recently CRISPR-Cas9.

1.3.3 Confocal microscopy
Traditionally, specimen excitation in fluorescence microscopy is achieved using
arc lamps which deliver strong illumination in several spectral lines. These
and the recently developed LED illumination sources excite the entire imaging
field of view simultaneously, thus falling into the wide-field fluorescence imaging
category. An inherent effect of the imaging setup is that specimen planes above
and below the focus plane also get excited by the illumination light, and their
fluorescent emission is also collected in the detection path, resulting in blurred
edges in the final image.

Confocal microscopy builds upon the working principle of fluorescence mi-
croscopy to improve imaging resolution and sectioning along the optical axis,
reducing this blurring effect by excluding out-of-focus fluorescence. This result
is achieved by adding pinholes in the focal plane of both the excitation and
detection optics (Figure 1.4). These pinholes effectively limit excitation of out-
of-focus specimen planes (excitation pinhole) and block fluorescence emitted by
out-of-focus plane from entering the detector (emission pinhole). This layout
has since been improved by the use of laser sources instead of the traditional
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arc lamps, which by providing highly collimated, point illumination, remove the
need for an excitation pinhole. Instead, the point illumination needs to be ap-
plied to all parts of the imaging plane, which is commonly done using either
galvanometer mirrors to scan the light beam in x and y, a process known as
laser-scanning microscopy, or circularly organized arrays of microlenses form-
ing several simultaneous excitation foci (in spinning disk confocal microscopy).
Since fluorescent emission from out-of-focus planes is blocked by the emission
pinhole, a single image represents a given slice of the sample. By sweeping the
focus plane through the sample, numerous such slices can be obtained and the
three-dimensional volume reconstituted as a stack of confocal slices. Confocal
microscopy is commonly applied to investigate intracellular details with high res-
olution, for instance the spatial re-organization of the NK cell lytic machinery
upon cytotoxicity [91, 127].

Figure 1.4: Working principles of wide-field and confocal fluorescence mi-
croscopy. (A) In wide-field fluorescence microscopy, the entire imaging field of view is
illuminated simultaneously, and its fluorescent emission collected in the detector along
with the emission from flurophores through the entire thickness of the specimen. (B)
In confocal microscopy, the excitation is confined to a single point, commonly achieved
through laser illumination, and the fluorescent emission from out-of-focus planes is
eliminated by a pinhole in the detection light path.

1.3.4 Super-resolution microscopy
The imaging resolution of a microscope, i.e. its potential to separate two
adjacent emitting points, is intrinsically limited by diffraction in the microscope
optics. This phenomenon can be directly measured by capturing an image of
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light spots smaller than the wavelength of the light. Instead of reproducing
sharp dots comparable to the original sample, the microscope will transform
each dot into a Gaussian-like pattern in the image focus plane, with successive
bright and dark rings around a central, brighter peak. This distribution, named
the Airy disc, is generally described by its radius until the first dark ring:

d = 1.22λ
2n · sinα = 1.22λ

2NA
for an illumination light of wavelength λ and incident cone of half-angle α in a
medium of refractive index n, summarized as the numerical aperture NA.

This optical limit has led to progress towards using illumination sources of
shorter wavelength and objectives of higher numerical aperture to improve the
microscope resolution. However, developments in the 1990s have introduced
ways to increase resolution of light microscopes beyond this limit. Stimulated
Emission Depletion (STED) microscopy builds upon confocal microscopy to add
a second, red-shifted depletion laser right after excitation of the fluorophores
[213]. Fluorophores reached by this second laser are forced to relax to their
ground state and thus depleted of their fluorescence. By shaping the deple-
tion beam into a donut shape with a central hole, fluorescent emission around
the central spot is extinguished and the emitting spot is shrunk beyond the
diffraction limit. In Structured Illumination Microscopy (SIM), multiple images
are acquired with differently oriented illumination patterns, and mathemati-
cal reconstruction is used to improve the resolution of the final image [77].
In Photo-Activated Localization Microscopy (PALM) and Stochastical Optical
Reconstruction Microscopy (STORM), commonly referred to as single-molecule
localization microscopy, only a well-separated subset of molecules is emitting
at a given time, thus increasing the precision with which they can be localized
[19, 84, 178]. Practically, this is achieved by switching dedicated fluorophores
towards an ”off” state, either by means of light or chemicals.

Other approaches to mathematically improve resolution rely on deconvo-
lution. Since the diffraction-limited image is the mathematical result of the
convolution of the original sample with the point-spread function (PSF) of the
microscope, an improved image can be obtained by means of deconvolution.
The PSF of the microscope can be either analytically estimated, or measured
using sub-diffraction light sources. A special confocal detector array called
the AiryScan even spreads out and captures the entire PSF at each pixel for
improved deconvolution [106].

1.3.5 TIRF microscopy
The principle behind Total Internal Reflection Fluorescence (TIRF) microscopy
is to restrict the excited region in the specimen to obtain higher sectioning along
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the optical axis. By offsetting the incident laser beam laterally in the objective,
oblique illumination of the specimen is achieved. When the illumination angle
passes a certain critical value, total internal reflection is reached at the coverslip-
specimen interface and hence maximum reflection of the incident light back into
the glass. In that situation, the only incident light into the specimen is the so-
called evanescent wave, a short-field excitation with exponentially decreasing
intensity as the light penetrates the specimen [65]. This way, only a thin
section of the specimen (typically around 100nm thick) closest to the coverslip is
excited and its fluorescence collected in the objective (Figure 1.5). By avoiding
fluorescent emission from the bulk of the specimen, high signal-to-noise ratio
can be achieved in the imaging plane. This results in drastically improved
sectioning compared to that achieved with for instance confocal microscopy. As
the illumination plane is limited to that closest to the coverslip, this technique
is commonly used to gather detailed information about processes at the cell
membrane, or in some cases deeper into an embedded specimen by imaging
individual ultra-thin sections.

Figure 1.5: Principle of TIRF microscopy. (A) In wide-field microscopy, the entire
depth of the sample is excitated simultaneously and the resulting fluorescence collected
in the objective. (B) In TIRF microscopy, the incident light beam is angled to achieve
total internal reflection in the coverslip. The only excitation light penetrating the
sample is the near-field evanescent wave produced at the reflective interface, and only
a thin section of the sample closest to the coverslip is excited and its fluorescence
detected.

1.3.6 Electron microscopy

We have so far described light microscopy techniques, which involve the use of
visible or near-visible excitation and emission wavelengths to capture images.
As described earlier, the diffraction-limited resolution is proportional to the
wavelength of the electromagnetic wave. Quantum physics and the theory of
particle-wave duality stipulate that particles in motion behave as a wave with
a wavelength given by the de Broglie equation:
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λ = h

m · v
with h Planck’s constant and m and v the mass and velocity of the particle.

Accordingly, electrons accelerated to 106m/s present a wavelength close to
10−10m, several orders of magnitude lower than that used in light microscopy.
In the last two decades, improvements in dedicated optics, detectors and sam-
ple preparation protocols have made electron microscopy a possible alternative
to light microscopy to investigate both biological and inorganic specimen. The
most commonly used imaging modalities are transmission electron microscopy,
where structural differences in the specimen create contrast, and scanning elec-
tron microscopy, which also gives information about the topography of the
sample. As with light microscopy, specific staining can be obtained in electron
microscopy using antibodies coupled with gold or heavy metal particles. How-
ever, possible applications are still restricted by several practical drawbacks,
including the complexity of sample preparation, the cost of the instruments and
the manipulation requiring trained personnel.

1.3.7 Image analysis
Advancements in the automation of high-resolution imaging systems have re-
sulted in an explosion of the amount of microscopy data available to researchers,
with a single experiment resulting in hundreds or thousands of frames – of-
ten a combination of several z-planes, time points and fluorescence channels.
Such multi-dimensional data can be difficult to navigate for the user and the
sheer number of images makes it practically impossible to process manually,
as has traditionally been done for histology slides by pathologists. Instead of
the trained eye of an expert, focus has now been put on developing automated
image processing pipelines aiming at identifying features of interest for mea-
surement. This has initially been done by user-guided low-level pixel processing
but more recently, supervised machine learning approaches have become more
widely accepted as a future standard in image analysis.

Segmentation

After pre-processing the images i.e. enhancing features for easier identification,
the common first step to most image analysis pipelines is the segmentation of
objects of interest, for instance cells or intracellular organelles. Segmentation
aims at creating a binary map of each image, where each pixel is labelled as
either background or foreground [155]. More classes can be created if several
object groups need to be identified but for each class, the classification remains
a binary process. If the structure to segment is fluorescently labelled in the
dataset, pixel classification becomes a rather straightforward process where
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background pixels can be excluded by thresholding the fluorescent intensity
in the image. In other more complicated datasets, compound rules can be
defined spanning several channels or involving other image parameters than
pixel intensity, such as local texture [155].

The segmentation result often needs correcting as clustering objects can be
detected as one. The separation of partially overlapping objects is commonly
performed using implementations of a watershed algorithm (Figure 1.6), where
the pixel intensities in the image are viewed as height differences in a topological
map [176]. Finding individual objects amounts to “flooding” catchment basins
and setting watersheds where rising liquid levels meet i.e. drawing lines between
adjacent objects. This algorithm can be applied using fluorescent intensities as
pixel values, for objects with a higher intensity in the center and lower towards
the edges. Instead, for regular, convex objects, pixels inside objects can be
attributed a value corresponding to the distance to the closest pixel below the
segmentation threshold. The distance map thus obtained reflects the shape of
the objects and can then be used as pixel values for the watershed algorithm.

Figure 1.6: Principle of object segmentation using a water-shed algorithm. (A)
Raw fluorescence image. (B) Thresholded image, where pixels intensities over a certain
value are given a value of 1, and 0 otherwise. (C) Distance map, where each white
pixel in the thresholded image is attributed a measure of its closest distance to the
edge of the object. (D) Water-shed transformation, obtained by ”filling” the distance
map, starting at the points of highest intensity and drawing lines when the filled basins
meet. (E) Segmented objects.

Cell tracking during migration

Migration is a crucial part of the activity of cells and especially immune cells, as
it allows them to circulate the body during immune surveillance and to access
sites of inflammation from the bloodstream. In imaging terms, tracking cells
during migration is performed by linking objects in one image with the corre-
sponding objects in the previous and following frames, thus drawing cell tracks
across a time-lapse dataset. For non-randomly moving objects such as NK cells,
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tracking is performed by minimizing an energy function involving the relative
distance between objects in consecutive frames, as well as the displacement
derivative of the object at the previous frame [193]. This autoregressive model
describes an object being likely to be found close to the position predicted by
the trajectory it has been following over the last frames. More dedicated track-
ing algorithms can also be tuned to include other morphological and intensity
parameters, which are changing over a time scale markedly longer than the
interval between frames [87].

Machine learning

Machine learning has recently emerged as a powerful tool to perform computation-
heavy operations and assist in decision-making tasks. For difficult segmentation
tasks, it has already proven to be a great asset in designing new compound
rules, especially using supervised machine learning [140]. In this case, the user
provides training data to the neural network by manually classifying pixels in
a sample dataset. The network then determines a set of transformations and
rules that provide results in good agreement with the manual segmentation.
By crossing information from multiple intermediate low-level transformations of
the original dataset, the neural network is able to generate advanced decision-
making schemes without added complexity for the user, making it an attractive
tool for processing difficult datasets [140]. Machine learning can also be ap-
plied for multiple-parameter optimization, for instance when tuning algorithms
for cell tracking.
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Chapter 2

Methods

2.1 Microcontact printing
2.1.1 Artificial immune synapses
The formation of an immune synapse between an NK cell and its target is a com-
plex step-wise process, during which NK cell receptors and signaling molecules
reorganize into circular supra-molecular assemblies. Initially observed by im-
munofluorescent labeling of receptors redirected to the synapse, these structures
have proven challenging to study in spontaneous interactions. In particular, the
entire process is sensitive to perturbations and even small attempts at affecting
the synapse result in drastically altered outcomes. Artificial immune synapses
(AIS), where the NK or T cells interact with ligands or antibodies presented on
an inert substrate instead of a target cell, have been proposed as an alternative
approach to investigate the unfolding of the synapse. Protein-coated cell-sized
beads, lipid bilayers and patterned surfaces have successfully been applied for
this purpose [24, 43, 53, 54, 72, 74, 132, 201].

2.1.2 Printing process
In Paper I, we investigated the influence of the spatial distribution of ligands
at the immune synapse on NK cell recognition and response. For this purpose,
we generated arrays of cell-sized patterns containing antibodies or natural lig-
ands against the NK cell activating ligands CD16 and LFA-1. We compared
two spatial distributions of ligands, either an evenly-coated disk (”dot”) or a
ring with a central void of proteins (”donut”). The ligands were patterned
using micro-contact printing [108]. A micro-structured stamp of PDMS, an
elastomeric polymer, was created by casting the monomer mix onto a silicon
master containing the inverse surface structures. The stamp was then loaded
with the ligand solution supplemented with a fluorescent label for visibility. The
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patterns were transferred onto a poly-L-lysine-coated glass substrate by simply
applying the stamp for an hour with the structures facing down. When the
stamp was gently lifted, the ligands were deposited on the glass according to
the micro-structured pattern.

Figure 2.1: Antibodies and natural ligands stimulating LFA-1 and CD16 were pat-
terned into artificial immune synapses using micro-contact printing. (A) Micro-
contact printing process. A PDMS stamp is creating by casting the monomer-solvent
mix onto a micro-structured silicon master. After releasing from the mold, the stamp
is loaded with a protein or antibody solution, then applied on the glass substrate with
the structures facing down. The proteins remain deposited in place when the stamp is
subsequently lifted. (B-C) Example fluorescence images of dot- (B) and donut-shaped
AIS (C). Scale bars: 10µm.

2.1.3 Master fabrication
The silicon master used as a mold for PDMS casting defines the structures
that are patterned on the substrate. The masters used in Paper I were pro-
duced by photolithography and deep reactive-ion etching (DRIE, Figure 2.2).
A chromium mask was produced with openings at the sites of etching. A thin
layer of photoresist was spin-coated onto silicon wafers, then illuminated with
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UV light through the photomask. The photoresist layer in UV-exposed regions
was removed by a developer solution. Etching into the silicon wafer was then
performed by alternating isotropic plasma etching and passivation steps with a
fluorocarbon layer. The nearly vertical ion bombardment leaves the passivated
side walls mostly untouched, resulting in etching almost exclusively downwards.
These two steps were repeated until desirable depth (50µm for PDMS casting)
was achieved. The resulting structured silicon wafer was coated with a final
fluorocarbon layer for easier PDMS release from the mold.

Figure 2.2: Deep reactive-ion etching for silicon micro-structuring (Bosch pro-
cess). (A) A thin layer of photoresistant polymer is spin-coated on silicon wafers. (B)
The photoresist is illuminated by UV light through a mask transparent at the sites
of etching. (C) The illuminated photoresist is dissolved, exposing the silicon below.
(D) Vertical etching is performed by a sulfur hexafluoride ion plasma, attacking the
silicon where not covered by the photoresist. (E) A passivation layer is deposed on all
surfaces. (F) Etching is repeated, with the passivation layer limiting lateral spread of
pits. (D-F) are repeated until the desired depth is reached.

2.2 Silicon-glass microchips
2.2.1 Silicon-glass microchip designs
To enable long-term longitudinal functional studies of NK cells, our research
group has previously developed silicon-glass microchips (Figure 2.3) [68, 76].
NK cells and target cells are confined in wells with a transparent bottom allow-
ing constant monitoring by wide-field or confocal microscopy. Since the wells
are also deep enough to prevent cells from climbing over to adjacent wells, they
address one of the main hurdles to conducting long-term microscopy studies of
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single NK cells, by preventing highly motile cells from leaving the field of view
and therefore risking getting mixed up. The microchips have a small footprint
(22x22mm2) and fit in custom holders with standard Petri dish sizes, making
them compatible with typical microscope stage inserts. The microchip produc-
tion has previously been performed in-house but has recently been transferred
to the SciLifeLab Customized Microfluidics facility. Two microchip designs were
used in the work presented in this thesis.

Figure 2.3: Silicon-glass microwells chips optimized for microscopy. (A) Microchip
assembly. The silicon-glass microchip (middle) is completed with a PDMS gasket
(top) creating a reservoir over the wells, and mounted in a holder (bottom) compatible
with most microscope stages. (B) Microwell designs. Top: 80µm-wide hexagonal
wells in a honeycomb layout, suitable for cytotoxicity screening. Bottom: 350µm-
wide wells suitable for migration and serial killing studies. (C) Illustration of a side
cut of a microchip. The glass bottom of the microwells makes the chips compatible
with high-resolution microscopy. Scale bars: 100µm.

In Paper II, 350µm-wide wells were used to follow NK cells during serial
killing. These wells are designed to fit within the field of view of a wide-field
microscope with 20x magnification and 13x13mm2 camera sensor area. The
wells have a rather large width compared to the size of most NK cells (350µm
compared to 5-10µm) and are used to study NK cell migration and sequential
interactions with target cells. Such applications require tight time-lapse images
(1-3min between frames), with the positive consequence that several NK cells
can be seeded in the same well and still successfully tracked over the duration
of the assay (6-18hrs). In the additional Paper A, we present a new version of
this chip which enables 16 parallel biological conditions and ultrasound-induced
spheroid formation in the wells.

In Paper IV, we opted for a microchip with smaller wells. We have previously
described microchips with 50µm-wide square wells, typically used to confine a
single NK cell with a few target cells and to study cytotoxicity. Since NK cells
are physically separated, the interval between imaging frames can be extended
without the risk of losing track of the cells, and therefore a larger number of
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wells can be screened at each frame – a crucial parameter to detect rarely
occurring events. The microchips used in Paper IV were developed for better
compatibility with single-cell isolation. The 80µm-wide hexagonal wells offer an
increased accessible area for isolation, and a high number of wells (over 20000)
can still be achieved on the microchip thanks to the greater fill factor of the
honeycomb layout. A singular well was given a different shape in each tile (i.e.
field of view) for easier navigation in the microarray.

The microchips of either design were completed with a PDMS gasket, which
creates a culture medium reservoir over the wells, and can be used to divide
the microwell array into several chambers. The chips were primed with culture
medium, before adding the cells as a suspension and letting them sediment
stochastically into the wells.

2.2.2 Microfabrication
The silicon-glass microchips were produced by photolithography and DRIE, in
a process similar to the one described for fabricating molds for microcontact
printing. The microwells were etched into 300µm-thick silicon wafers by alter-
nation of etching and passivation steps, until through-holes were formed. The
bottom of the wells was then created by anodic binding of a glass layer, with a
thickness matching that of a #1.5 coverslip. The silicon-glass wafer was then
diced into 9 square chips. The resulting chips were cleaned and reused between
experiments. The PDMS gaskets were created by casting the monomer mix into
a milled mold, then either dry-mounted onto the chip prior to each experiment,
or steadily bonded to the chip by oxygen plasma treatment of the two surfaces
and curing of the assembly.

2.3 Thermoplastic microchips
2.3.1 Thermoplastic microchip design
As already demonstrated in earlier publications, the silicon-glass microchips
described above offer excellent optical properties and are perfectly suited for
single-cell cytotoxicity screening and migration studies [102, 199]. However,
the manufacturing process is challenging and costly, and the porous nature
of PDMS can result in the absorption of liquid and small molecules, which
restricts its use with harmful chemicals in a reusable platform. To improve the
accessibility of our microwell platform, we introduce in Paper III a single-use
alternative to the silicon-glass chip in the form of a thermoplastic microchip.
The microwell grid is divided into 4 independent chambers, with all 169 wells
in each chamber sharing the same culture medium. The well arrangement is
optimized for use with a wide-field microscope with 13x13mm2 camera sensor
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area, with one well fitting in the field of view of a 20x magnification objective,
and four wells within the corresponding 10x magnification field of view. All
wells in the chip are accessible by even stepping from any corner position.
The 450µm-deep microwells with a 330µm diameter at the base are round and
slightly conical, with dimensions compatible with migration and serial killing
studies.

Figure 2.4: Thermoplastic microchip design. (A) Photograph of the microchip
from a perspective view. (B) Photograph of the microchip from a top view, showing
the four separate chambers. (C) Scanning electron micrograph of the microwell array.
(D) Side view of a single microwell.

2.3.2 Injection molding
The key specifications of this microchip were affordability and optical properties
comparable to that of silicon-glass chips. We opted for a one-piece thermoplas-
tic microchip formed by injection molding, with a private company entrusted
for the manufacturing. Briefly, a steel mold with inverse well structure was
produced by milling, and the molten plastic was injected into the cavity before
solidifying. The well geometry was chosen to facilitate chip release from the
mold. One advantage of using injection molding is that the main production
cost comes from fabricating the mold, but all units produced after that are
extremely inexpensive and reduce the overall per-unit production cost.

Several bio-compatible polymers and well bottom thicknesses were investi-
gated with respect to their optical performance, as presented in Paper III, and
COC (cyclic olefin copolymer) with a bottom thickness of 200µm was selected
for further studies.

2.3.3 Two- and three-dimensional cell culture
Since untreated COC poorly supports cell adhesion, the surface of the mi-
crochips was treated with an oxygen plasma prior to cell culture experiments
with monolayers. The culture media shared between the wells can be exchanged
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by manual pipetting without affecting the cells in the wells, allowing cell cul-
tures to be successfully kept for periods of days to weeks, with growth rates
comparable to that in a standard multiwell plate. As the individual sub-cultures
remain physically separated and can be followed over time in their respective
wells, we also investigated the possibility to generate clonal expansions of tumor
cells in the wells. Both adherent and suspension immortalized cells were seeded
at a low density into the wells, and the wells containing a single cell at start
were monitored for a 7-day period, after which most cells had formed a colony.

Building upon the low-adhesion character of the untreated chips, we devised
a protocol for three-dimensional cell culture in the microwells. The surface of
the chip was treated with an anti-adherence rinsing solution and adherent cells
were found to spontaneously form several spheroids of various size in each well.
We found that single spheroids of relatively homogeneous size could be obtained
in all wells by adding a slight tilt to the chip during culture, with the geometry of
the well corner helping to bring separate cell clusters together. Here again, we
established clonal expansions by low density seeding into the wells, with single
cells growing into clonal spheroids over the course of 7 to 15 days. Compared to
other commonly used spheroid formation assays, we retained microscopy access
through the microchip at all times. As imaging deep into large spheroids can be
challenging due to strong scattering from multiple interfaces, we implemented
an optical clearing protocol in the microchip, where spheroids still contained
in their respective wells are embedded in a refractive index-matching medium.
We obtained improved fluorescent intensity and resolution throughout the entire
spheroid volume.

2.4 Single-cell isolation
Multi-well microchips have already proven to be a valuable asset in estimating
the functional variability between individual cells in a given population [102,
199]. By confining single cells in spatially separated chambers, longitudinal
functional studies can be conducted without the risk of losing track of the cells,
even without continuous monitoring on a microscope. For instance, the silicon-
glass microchips have successfully been applied to investigate the heterogeneity
among NK cell populations, where a small subset of highly potent serial-killing
NK cells was identified. This analysis could then be extended to other imaging-
based functional readouts, including the migration profile, contact dynamics and
cytotoxic kinetics of individual NK cells. However, the scope of such studies
remains limited by the available tools, and further analysis or possibly expansion
of the cells would require the isolation of the cells from the microwells. To
extend the range of readouts that can be obtained, we have implemented a
workflow for selective single-cell retrieval from the microwells, the latest version
of which is presented in Paper IV.
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2.4.1 Critical aspects
The need for compatibility with our microwell chip set strict requirements on the
design of a cell isolation device. The deep and narrow well geometry imposes
retrieval to be conducted from above. Since the vertical axis is also used as
microchip imaging axis, there is a risk that the isolation device above and
inside the well would obstruct the optical path. For this reason, we imposed
the compatibility of the system with continuous imaging during isolation.

We identified single-cell aspiration as best suited for this purpose, whereby a
long, narrow micropipette is aimed at the microwell of interest from above, then
lowered until the tip come overs the designated cell (Figure 2.5). The cell, along
with a limited volume of cell culture medium, is sucked into the micropipette
then released into a different container for further analysis. Key parameters for
this approach to be successful are the spatial precision when manipulating the
micropipette, and the sensitivity of fluid control. We investigated the fluid flow
profiles for the aspiration induced by a micropipette diving into a well by finite
elements simulations.

Figure 2.5: Single-cell isolation from the microwells. (A) Isolation principle. A
glass micropipette is used to reach into the well of interest and aspirate the selected
cell. (B) Three critical moments: the approach phase as the pipette is lowered into
the well, directly over the cell of interest; the picking phase, where the cell is gently
lifted into the pipette; the release phase, as the cell is released into a different culture
or analysis vessel.

2.4.2 Prototypes
To confirm the feasibility of selective single-cell aspiration from the microwells,
we designed several prototypes of the isolation device. In its first implementa-
tion, fluid control was achieved through actuation with a syringe pump. The
100µL glass syringe was connected to plastic tubing guided to the microchip by
a horizontal metallic arm, which was mounted on a three-dimensional manual
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micromanipulator (Figure 2.6). The plastic tubing was led into a 90-degrees
bend downwards and completed with a nozzle used for entering the wells. The
nozzle was initially manufactured with a succession of flexible plastic tubing
of decreasing diameters. This approach showed promising results at retriev-
ing cell-sized polystyrene beads from 350µm-wide microwells. However, scaling
down the nozzle to enter 50µm-wide wells, i.e. bringing the diameter of the end
tubing down from 120µm to 30µm, proved to be a limiting step due to poor
mechanical stability. For this reason, we moved on to using glass micropipettes,
whereby the nozzle is generated from a single glass piece and is therefore rigid
regardless of its diameter at the tip.

Figure 2.6: First prototype for single-cell isolation. (A) Working principle. A plastic
nozzle is manually directed into the well of interest, and flow actuation is performed
using a syringe pump. (B) Illustration of the isolation setup. (C) Photograph of the
isolation device mounted on the microscope. (1) Syringe pump; (2) Plastic nozzle;
(3) Micromanipulator.

Concerning fluid control, the actuation with a syringe pump resulted in a
slow flow induction and even slower flow arrest and return to equilibrium –
thus making controlled fluid movements challenging. To address this issue,
we implemented a different design aimed at creating pressure pulses instead of
a progressive pressure build-up and release. A syringe pump was still used to
create the pressure difference but its effect on the fluid at the tip was modulated
using two valves. Opening the first valve applied the underpressure to create
suction; opening the second valve, leading to a freely moving, air-filled syringe,
terminated the pulse and reset the hydrostatic pressure. To release the cell, the
same actuation steps were applied but using increased pressure. This setup,
completed with a glass micropipette with an inner diameter of 15µm, was used
to demonstrate the feasibility of bead retrieval from 50µm-wide microwells.
However, the tedious and demanding manual handling of the system restricted
its practical usability.

33



CHAPTER 2. METHODS

2.4.3 Twin-valve semi-automated isolation
Looking into automating single-cell isolation, we decided to proceed with a
commercial system with a similar working principle to our latest prototype.
Likewise, a blunt-end glass micropipette, mounted on a metallic arm reaching
over the culture dish, was lowered over the cell of interest, and suction was
created by opening a valve towards a syringe pulled to generate underpressure.
The opening of a second valve towards an open liquid-air interface reset the
pressure to its hydrostatic level and thereby completed the suction pulse. The
main improvements between this setup and our custom-made prototype laid
in the increased precision and motorization of the micromanipulator, and in
the device control software orchestrating micropipette movements and valve
openings into a functional cell isolation workflow. The metallic arm was also
equipped with LED illumination, which used the glass micropipette as a light
guide for improved visualization of the pipette tip.

This system was primarily designed to isolate single cells from open culture
vessels such as Petri dishes [105, 198]. Once again, we found that the transfer
towards using narrower pipettes compatible with our microwells proved to be
challenging. The main difficulties arose due to clogging of micropipettes with
an inner diameter at the tip below 15µm, in particular due to spontaneously
forming fibers in serum-containing medium. This problem was alleviated by
changing to silicon-glass microchips with wider hexagonal wells. This new chip
design allowed the use of micropipettes with 20-30µm diameter, through which
most fibers flow freely. A related challenge with using micropipettes with a
thinner opening than the system was designed for was that the same pressure
difference resulted in a greater force and flow rate at the tip. This effect could
be compensated for when setting up the underpressure, yet it also made the
system more sensitive to height differences between the liquid chambers. In
particular, the liquid height in the open syringe at hydrostatic pressure had
to be carefully adjusted before each experiment. Since this syringe is used to
reset displacement pulses, the height difference between the open surface and
micropipette tip can instead have the contrary effect and induce a sensible flow.
This phenomenon complicated picking and release between different culture
vessels as the micropipette was commonly placed at different heights during
picking and release.

2.4.4 Piezo-electric actuation
In its latest iteration, the single-cell isolation system was upgraded with piezo-
electric actuation. Entrance into the wells was still achieved with a blunt-ended
glass micropipette, but the tubing and multi-valve apparatus had been replaced
with a closed liquid chamber directly attached to the pipette. At the top, the
chamber was sealed by a thin layer of mineral oil at the interface with the

34



2.4. SINGLE-CELL ISOLATION

Figure 2.7: Twin-valve single-cell isolation device. (A) Working principle. A glass
micropipette mounted on a motorized metallic arm is used to enter the wells. The fluid
flow is induced by briefly opening a valve towards a syringe set at underpressure, and
stopped by opening a second valve towards an open liquid surface at hydrostatic pres-
sure. The device control software synchronizes micropipette and valve movements.
(B) Illustration of the glass micropipette mounted on the metallic arm. (C) Photo-
graph of the isolation setup. (1) Glass micropipette; (2) Built-in LED illumination.

piezo-electric actuator. The actuator was in constant contact with a rubber
O-ring, so that voltages applied to the piezo-electric element induced a slight
compression or dilatation of the O-ring and thus a change in the total volume
of the liquid chamber. The resulting fluid displacement at the tip has been
shown to be linearly dependent on the voltage within the operating range of
the device, thus providing excellent fluid control, with displaced volumes as
small as 300pL. Since the liquid chamber was closed on all sides except the
pipette tip, the system was not sensitive to height differences, and the removal
of all tubing drastically shortened the flow induction. Compared to the previous
setup, where the micropipette was mounted on a metallic arm external to the
microscope stand, the piezo-actuated device was instead directly mounted in
place of the microscope console, which sensibly reduced mechanical and thermal
drift of the micropipette tip. Phase-contrast illumination was provided by LED
rings around the micropipette, and the system was driven using an updated
version of the device control software. All isolation experiments described in
Paper IV were conducted with the piezo-actuated system.

2.4.5 Integration in screening workflow
We have previously described a custom-built image analysis software optimized
for the processing of microchip assay data. In Paper IV, we had the objective
of establishing a workflow for single-cell functional screening in microwells and
directed isolation. For this purpose, we designed a user interface bridging our
image analysis program with the isolation device control software, thus allowing
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Figure 2.8: Piezo-actuated single-cell isolation device. (A) Working principle. A
glass micropipette is led into the well by a single-axis micromanipulator and fluid
movement is induced by piezo-electric actuation. (B) Illustration of a cut-view of
the piezo-electric head. The micropipette and channel above form a closed liquid
chamber. Applying voltages to the piezo-electric element causes the compression of
an O-ring and thereby a change in the volume of the liquid chamber, resulting in
a controlled fluid flow in the pipette. (C) Photograph of the piezo-electric isolation
setup mounted in an environment control chamber. (1) Piezo-electric actuator; (2)
O-ring; (3) Channel; (4) Built-in LED rings providing phase-contrast illumination; (5)
Glass micropipette; (6) Single-axis micromanipulator.

the use of microchip assay results to target the isolation system (Figure 2.9).
The workflow begins with microchip calibration and microwell detection, to
generate a map of stage coordinates to all microwells in the chip. This step
makes it possible to perform microchip screening on a different microscope or
even imaging modality, as the rows and columns provides a consistent set of
coordinates for each well. The results of the screening assay, in form of a
standardized result data format, are then imported, and individual wells can be
selected either manually or according to filtering criteria, such as the number of
target cells per well or the outcome of the interaction. The selected wells can
then be imaged and the NK cells detected. Their stage coordinates are used
to generate a map of positions used for isolation, exported in a data format
compatible with import with the device control software.
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Figure 2.9: Integration of single-cell isolation into a functional screening work-
flow. The custom-built interface (dashed frame) bridges our dedicated image analysis
software with the isolation device control software. The chip calibration makes it pos-
sible to perform screening on a different microscope, while the mapping of the array
allows for any microwell geometries.

2.5 NK cell functional readouts
2.5.1 NK cell migration
Migration is crucial for NK cells to conduct immune surveillance, since it allows
them find new target cells to probe and potentially kill. In Papers I and III, NK
cell were tracked during their migration on activating AIS or among target cells
using tracking parameters optimized through machine learning, and the different
conditions were compared with respect to the median migration speed of the NK
cells. In Paper I, we further characterized the migratory behavior of individual
NK cells by dividing their tracks into periods of directed migration, temporary
arrest (transient migration arrest periods, TMAPs) or random migration [102,
149]. The two-dimensional mean square displacement (MSD) along the tracks
was calculated over a sliding window of n imaging frames corresponding to a
duration tn = n∆t (with ∆t the interval between frames):

MSD(tn) = 1
N − n

N−n∑
i=1

(
(xi+n − xi)2 + (yi+n − yi)2)

with (xi, yi) the coordinates of the NK cell over the N frame-long track. In
Paper I, we used a sliding window of 20min and excluded shorter tracks from
the analysis.
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The MSD in this window was then compared to tα where t is the time
elapsed since a reference time point. For a randomly migrating cell, the MSD
increases linearly with time (α = 1) and the constant of proportionality is
used to calculate the migration coefficient M , analog to a diffusion constant
for molecules. TMAPs were identified by the NK cell exhibiting a migration
coefficient below that of a randomly moving sphere of similar diameter [66, 149].
Periods of directed migration were defined as the NK cell exhibiting an MSD
superior to that of a randomly migrating cell, set as α > 1.5 for a minimum
number of consecutive frames. The remaining time points were considered as
random migration.

2.5.2 Infiltration in solid tumors
Infiltration is a specific case of migration where the NK cell enters an infected
tissue or a solid tumor. Understanding the mechanisms of NK cell infiltration
of tumors is of particular interest since high levels of tumor-infiltrating NK cells
have been shown to correlate with favorable disease outcomes, for instance in
colorectal carcinoma and squamous cell lung cancer [206]. The capacity for
NK cells to infiltrate solid tumors was investigated in Paper III. NK cells were
exposed to multicellular tumor spheroids grown in microwells and monitored
by time-lapse imaging during their interaction. The spheroid structure, which
includes numerous scattering surfaces, complicates live-cell imaging deep inside
the spheroid volume [22]. Nevertheless, we found that the optical sectioning
provided by confocal imaging was sufficient to quantify infiltrating NK cells in
live, unprocessed spheroids (Figure 2.10). However, collecting large z-stacks is
a slow process, hence restricting the number of spheroids that can be followed in
a given experiment. Instead, we opted for following the NK-spheroid cocultures
by wide-field microscopy and measuring NK cell cytotoxicity over time, then
performing an end-point measurement of infiltration. For this purpose, the
spheroids were fixed, embedded in a refractive index-matching medium and
imaged by confocal microscopy [148]. Individual NK cells were segmented
in the resulting three-dimensional reconstruction and an outer surface of the
tumor spheroid was defined, according to which NK cells were mapped as either
infiltrating or not. In the additional Paper B, a method for real-time NK cell
infiltration analysis into spheroids is presented, using light-sheet fluorescence
imaging of NK cells and tumor spheroids embedded in a collagen matrix.

2.5.3 Contact analysis
We have earlier described the main steps involved in the establishment of an
immune synapse. In Papers I, II and III, individual contacts between NK cells
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Figure 2.10: Assessment of NK cell infiltration in tumor spheroids. (A) Live
assessment in time-lapse confocal z-stacks. Light scattering by the tumor spheroid
reduces the fluorescent intensities of cells at the top of the spheroid. (B) End-point
assessment by confocal microscopy of co-cultures embedded in a refractive index-
matching medium, resulting in mostly unchanged intensities throughout the spheroid
volume. Scale bars: 100µm.

and either AIS or target cells were investigated in detail with respect to their
morphology, duration, and outcome. On AIS, the initiation of a contact could
be identified by physical overlapping of the NK cell with the fluorescent print.
The commitment of the NK cell to the synapse was then manually reported ac-
cording to morphological changes in the NK cell, including membrane flattening
and polarization of the NK cell body towards the contact interface. When inter-
acting with adherent target cells (Papers II and III), the NK cells are constantly
migrating on top of the cell layer and membrane overlap is difficult to assess.
Instead, morphological changes were used to define the onset of a synapse.

In Paper I, the timing of NK cell commitment to the synapse was further
investigated by monitoring intracellular Ca2+ signaling (Figure 2.11). NK were
labelled with fluorescent reporters of intracellular Ca2+ uptake. The relative
abundance of the Ca2+-bound (fluo4) and Ca2+-free dyes (FuraRed) was used
to monitor Ca2+ entry in the cell. The normalized ratio between the fluorescent
intensities of the two dyes could be followed along NK cell migration tracks,
resulting in Ca2+ activity curves over time. To define an activation threshold,
a representative population of NK cells exhibiting clear Ca2+ activation (true
positives) and NK cells showing spontaneous Ca2+ fluctuations without inter-
acting with AIS (true negatives) were selected. The threshold was chosen using
receiver operating characteristic (ROC) curves to maximize the true positive
rate (probability of detection) while minimizing the false negative rate (prob-
ability of false alarm) [180]. Ca2+ signaling measurements were also applied
in Paper II to confirm that the morphological changes used to define the on-
set of a contact indeed correlated with the timing of NK cell activation and
commitment.

The advancement of NK cell synapses on AIS was further investigated by
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Figure 2.11: Morphological changes and Ca2+ activity during immune synapse
formation by NK cells. (A) Classification of synapse morphological phases by mor-
phological criteria and associated intracellular Ca2+ activity. (B) Corresponding Ca2+

activity curve, defined as the normalized ratio between the fluorescent intensities of
the calcium-bound (fluo4) and calcium-free (FuraRed) dyes. Scale bar: 10µm.

checking for hallmark steps of a cytotoxic immune synapse. These include
the formation of a close contact at the interface between the cell and the AIS,
which was evaluated by TIRF imaging; the reorganization of the lytic machinery
was assessed by intracellular labelling of perforin and α-tubulin, whereby the
packing of the lytic granule cloud, the convergence of the granules towards the
MTOC and the polarization of the MTOC towards the AIS could be measured
as relative distances between the segmented objects (Figure 2.12). To adjust
for clustering effects, distances to granules were weighted to the corresponding
integrated fluorescent intensity in a variant of Shepard’s Method [137]:

d =

N∑
i=1

di · Ii

N∑
i=1

Ii

with N the number of segmented granules, di the distance to individual granules
and Ii the pixel-wise sum of fluorescent intensities in the corresponding granule.
Similar weights were used to define the centroid of the lytic granule cloud and
the centroid of the degranulation spots on AIS.

2.5.4 Cytotoxicity measurements
The cytotoxic behavior of NK cells was assessed in a variety of ways in the course
of this work. In Paper I, a method for capture of perforin released by NK cells
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Figure 2.12: Fluorescent labeling of the NK cells’ lytic machinery. (A-D) Maxi-
mum intensity projections of confocal z-stacks of NK cells interacting with a surface
activating CD16 and LFA-1. (A) Filamentous actin. (B) α-tubulin, with the bundles
focusing at the MTOC. (C) Perforin contained in the lytic granules. (D) The lytic
granules are converged at the MTOC. Scale bar: 10µm.

interacting with AIS was implemented (Figure 2.13). In a protocol derived from
that used for protein capture in sandwich ELISA, we both supplemented the
loading protein solution and coated the surface between patterns with antibodies
against perforin [188]. NK cells were monitored by time-lapse microscopy during
their interaction with the prints then enzymatically detached from the substrate.
Perforin degranulated by the NK cells during this process was captured by
the antibodies on the surface, and could be detected by a secondary antibody
against perforin followed by fluorescent labelling. This way, the amount and
spatial distribution of degranulation by single NK cells could be related to the
dynamics of their interaction with the print, and to the shape of the patterned
ligand distribution.

This approach has the advantage of directly reporting NK cell degranula-
tion, in a quantifiable, spatially resolved fashion and during a given synapse.
However, its implementation in spontaneous interactions between NK and tar-
get cells is difficult. Instead, in Paper II, NK cell degranulation was evaluated
in flow cytometry by the surface expression of CD107a, which is contained in
lytics granules and transiently present at the plasma membrane after degranula-
tion. CD107a expression was used as a proxy for the NK cell having responded
against the target cells. Yet, as discussed earlier, the expression of CD107a
does not necessarily imply successful target cell killing by the NK cell, nor does
it provide information about which or how many contacts led to degranulation.

To directly assess the cytotoxic behavior of NK cells, target cell death events
were manually determined in Paper II according to morphological changes in
the target cell. In Paper III and IV, we opted for cell death reporters loaded into
the target cells. These fluorophores bind to nuclear DNA, though only after
cleavage by caspase 3/7 (CellEvent, BioTracker NucView) or membrane rupture
(SYTOX), thereby labelling either apoptotic or dead cells. In Paper III, we
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Figure 2.13: Perforin released by NK cells interacting with AIS was captured at
the surface. (A) Working principle of the perforin capture protocol. The AIS and
surrounding surface are coated with capture antibodies against perforin. While NK
cells are interacting with the AIS, any perforin released is immobilized in place. The
cells are then detached and captured perforin is marked with a biotinylated detection
antibody, with the capture and detection antibodies recognizing different epitopes on
perforin. Fluorescently labelled streptavidin is then used to visualize captured perforin.
(B) Example fluorescent images of the NK cell interacting with AIS and the resulting
perforin spots.

used these dyes to quantify NK cell cytotoxicity against tumor cell monolayers
and spheroids. By measuring the cumulated fluorescent intensity from the
death marker over each well, we could follow the kinetics of cytotoxicity, similar
to a bulk assay as would be performed in a standard multiwell plate. Bulk
measurements are effective at comparing co-cultures where the same target cell
is used, for instance when considering time-lapse series of the same co-culture.
However, since different cell lines exhibit distinct rates of death reporter uptake
and final fluorescent intensity, which are also related to the modalities of cell
death, comparisons across cell lines and absolute quantification require careful
normalization. Instead, as the cells were still confined in their wells at the end
of the assay, we could quantify the number of NK and dead target cells in the
final image of the time lapse and thus assess the average number of kills per
NK cell. For 3D killing assays, at the end of the assay, we proceeded to fix,
mount and image the co-cultures by confocal microscopy, before segmenting
individual NK cells and dead target cells in the resulting 3D reconstruction. This
approach provides absolute cell counts and is made possible by the confinement
of co-cultures in the wells.

2.5.5 Lytic mechanisms
As described earlier, NK cells mostly mediate cytotoxicity through either the
release of lytic molecules including perforin and granzyme B, or the engagement
of death ligand with their receptor on the target cell surface. To distinguish
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between these two processes, we stably transfected adherent tumor cell lines
with two co-expressed fluorescent intracellular reporters (Figure 2.14). These
reporters each consist of a nuclear export signal and a fluorescent label, joined
by a cleavage site specific for either granzyme B (thus reporting for degranu-
lation) or caspase-8 (activated downstream of death ligand engagement) [17,
114]. At rest, the reporters are exclusively expressed in the cytoplasm of the
cells, as confirmed by the fluorescent signal from the two distinct labels. How-
ever, upon NK cell attack, the reporter gets cleaved at either site by their
respective enzyme. The corresponding fluorescent label is released from its nu-
clear export domain, and the fluorescent signal can be measured in the nucleus
of the cell. The nuclear fluorescence was normalized to the intensity in the cy-
toplasm at all time points, to adjust for different expression levels and potential
photobleaching.

Figure 2.14: Fluorescent constructs reporting for the lytic mechanisms used by
NK cells. (A) Construct containing a nuclear export signal (NES) linked to a fluo-
rophore by a linker containing a cleavage site specific for granzyme B or caspase 8.
(B) At rest, transfected tumor target cells are exclusively fluorescent in the cytoplasm.
During NK cell attack, if one or both of the reporters get cleaved by their respective
enzymes, the corresponding fluorophore diffuses into the nucleus. (C) Example micro-
graphs of HeLa cells showing granzyme B (left) or caspase 8 (right) reporter activity
during NK cell killing (white arrow). Scale bars: 20µm.

In Paper II, individual cytotoxicity events were further characterized with re-
spect to the morphology changes in the target during cell death (Figure 2.15).
We identified three different morphologies: the first one consistent with apop-
tosis, as manifested by membrane blebbing and cell shrinkage; a phenotype
with no blebbing but a collapse of the cytoplasm, suggesting a rupture of the
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plasma membrane; finally, some cells showed intermediate features, with cells
shrinking but with no clear blebbing of the membrane [12]. Since the intermedi-
ate phenotype more closely resembled apoptosis and these could be difficult to
distinguish, we grouped the morphologies into apoptosis-like and non-apoptotic.

Figure 2.15: Morphologies of cell death. (A) Apoptotic cell death, with charac-
teristic membrane blebbing and cell shrinkage. Cytoplasmic fluorescence is retained
after cell death. (B) Non-apoptotic cell death showing a collapse of the cytoplasm
and subsequent loss of fluorescent intensity. Scale bar: 20µm.

2.5.6 Serial killing
The cytotoxic potential of individual NK cells was evaluated by following NK
cells during their sequential interactions with target cells. In Papers II and
III, NK and target cells were confined in 300µm-wide microwells fitting within
the imaging field of view. Thereby, single cells could be monitored during the
entire duration of the assay, provided that the time interval was short enough
to keep track of the cells and record all interactions (Figure 2.16). NK cells
were stratified depending on the number of kills performed during the assay,
thus identifying highly potent serial-killing NK cells. The lytic mechanisms used
and associated morphology could then be related to the event number in the
cytotoxic sequence.

In Paper IV, serial-killing NK cells were identified through screening in the
smaller hexagonal microwells of a silicon-glass microchip. Since only wells con-
taining a single NK cell and several target cells are considered, the risk of losing
track of the cells is eliminated and the imaging frames can be spread out, to
instead collect data from a larger number of wells and limit photodamage. One
drawback with this approach is that NK-target interactions mostly happen be-
tween frames, and individual target cell death events can rarely with certitude
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Figure 2.16: Assessment of the serial-killing potential of individual NK cells. (A)
Confining NK and target cells in microwells fitting within the microscope field of view
makes it possible to monitor all interactions between cells. (B) The consecutive kills
by a single NK cell can be identified. In the example shown here, the NK cell (white
arrow) has killed 5 tumor cells in sequence. Scale bars: (A), 50µm; (B), 15µm.

be imputed to NK cell-mediated cytotoxicity. Considering a given well, this
issue can only be addressed by increasing the number of imaging frames in the
assay. Instead, we designed statistical corrections performed at the population
level which account for the probability for a certain number of target cells in
each well of dying of other causes. As the cells were stochastically seeded into
the wells, some wells contained target cells but no NK cell and were be used
to quantify spontaneous target cell death over the course of the assay. From
these wells, the probability p for a single target cell to die without NK cell inter-
vention between two given consecutive time frames was calculated, assuming
that each target cell dying was an independent event. In wells containing both
NK and target cells, spontaneous target cell death was considered to happen
independently of NK cell killing. In a well containing n target cells, the prob-
ability p(k, n) for exactly k cells to die spontaneously between the two frames
was then given by the binomial law:

p(k, n) =
(
n

k

)
pk(1 − p)n−k

This probability was then be used to correct the assay results. The number of
wells where an NK cell had killed exactly k cells could be calculated from the
number of wells where k new dead cells were found and 0 cell died sponta-
neously; k + 1 new dead cells were found and 1 cell died spontaneously; k + 2
new dead cells were found and 2 cells died spontaneously; etc. This could be
generalized as the number of wells with exactly k kills out of n, compensated
for spontaneous death:
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Ncomp(k, n) =
n∑
i=k

Ndet(i, n) · p(i− k, n)

with Ndet(i, n) the number of wells where i dead cells out of n live targets were
detected, and p(i−k, n) the probability that exactly i−k out of n targets died
spontaneously (i.e. that the remaining k cells did not die spontaneously and
were killed by the NK cell). This correction should be particularly effective in
case NK cell killing and target cell spontaneous death exhibit different kinetics
and is currently being implemented.
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Results

3.1 Method development
3.1.1 Thermoplastic microchips
In Paper III, we designed and characterized an accessible alternative to our
silicon-glass multiwell microchips in the form of a single-use, thermoplastic
microchip produced by injection molding.

Material selection and optical performance

To decide upon the thermoplastic material to use for our chips, we produced
microchips with several bio-compatible polymers and evaluated their optical
performance. The chips were compared with respect to the lateral and axial
resolution, transparency and chromatic aberrations they induced (Figure 3.1).
We identified cyclic olefin copolymer (COC) as the best alternative as it gave
results closest to #1.5 glass coverslips, for which most standard microscope
objectives are optimized. The sufficient optical quality of the COC microchips
was confirmed by performing STED microscopy of signaling microclusters in NK
cells interacting with antibodies on the well bottom. COC was thus retained
for all chips used in the rest of the study.

Cell culture

We confirmed the potential of our thermoplastic microchips for two-dimensional
cell culture. The microchip surface was prepared by oxygen plasma treatment
to promote adherent cell binding, and we could successfully grow a variety of
adherent and suspension cell lines in the chip (Figure 3.2), with growth rates
comparable to that experimentally determined on a standard multiwell plate or
previously reported. With our NK cell applications in mind, we also cultivated
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Figure 3.1: Optical characterization of the thermoplastic microchips. (A)
Diffraction-limited fluorescent beads were used to compare the different materials
and bottom thicknesses (B) Axial spread of the PSF obtained for 100nm-wide beads.
(C) Chromatic aberration, measured as the axial offset of the yellow (561nm) and red
(633nm) channels compared to the green (488nm). (D) COC was selected and further
validated by performing STED microscopy. Signaling micro-clusters of PKC-θ were
labeled in NK cells interacting with antibodies at the surface of the COC microchip
and imaged by confocal or STED microscopy. (E) Diffraction-limited micro-clusters
could be resolved by STED microscopy. (F) Fluorescence intensity plot profiles along
the lines indicated in (E). Scale bars: (A), 500nm; (E), 100nm.

peripheral blood mononuclear cells (PBMCs) and NK cells from healthy donors
and could see proliferation as expected.

Since the cells remain confined in the microwells they were initially seeded
in, we investigated whether our microchip platform could be used to form clonal
populations of cells. Indeed, we generated clonal pools from single cells in wells
after 7 days of culture, for both adherent and suspension cells. These results
confirm the compatibility of our thermoplastic microchip with two-dimensional
cell culture, even of sensitive primary cells.

48



3.1. METHOD DEVELOPMENT

Figure 3.2: Plasma-treated COC microchips support cell adhesion and growth.
(A) Example fluorescent micrographs of tumor cell lines growing in the microwells. (B)
7-day clonal expansion in the microwells. As the cells remain confined in the microwells
according to initial seeding even during medium exchange, clonal populations can be
generated from single cells expanding in the wells, even of suspension cells. Scale
bars: 50µm.

Multicellular spheroids

The thermoplastic microchips were designed to enable the formation and culture
of multicellular spheroids while retaining microscope access into the wells. We
established a simple protocol involving anti-adherence surface treatment and
tilting of the microchip to obtain a single microtumor of comparable size in
each well. This protocol was tested with a range of adherent cell lines and after
48h of culture, we obtained smooth, spherical aggregates for most cell lines, as
confirmed by full-volume confocal imaging of optically cleared spheroids (Figure
3.3). As with 2D cell cultures, we investigated the possibility to form clonal
spheroids in the wells. Indeed, we monitored wells containing a single cell at
seeding and found that most cells had expanded into a microtumor after 7 days.
These results confirm that our thermoplastic microchip is fully compatible with
3D cell culture with maintained imaging potential.

3.1.2 Single-cell isolation

Paper IV is dedicated to the implementation of a single-cell isolation workflow
from silicon-glass microwells. For this purpose, we designed 80µm-wide hexag-
onal wells in a honeycomb pattern which are used in all microchip isolation
experiments.
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Figure 3.3: Generation of multicellular tumor spheroids in the thermoplastic
microchip. (A) Example transmission micrographs of tumor spheroids formed with
different cell lines. (B) The spheroids in the microwells were fixed, fluorescently
labelled and mounted in a refractive index-matching solution. Left: 3D reconstruction
of complete z-stack. Right: Single plane image. (C) 14-day clonal expansion of single
cells into spheroids in the microwells. Scale bars: 50µm.

Isolation performance

The isolation performance of the device from both microwells and open dishes
was characterized using cell-sized silica beads (Figure 3.4). Object retrieval was
divided into two phases, first picking from the initial dish, then release into a
different container. We identified the picking phase as critical, with an average
success rate of 80% in open dishes. The success rate of picking and release
was independent of the bead number in 10-bead isolation sequences. For beads
seeded in microwells, we obtained a success rate of picking of 73% for the object
aimed at. As suggested by fluid flow simulations, we measured a diminished
success rate within 15µm from the well walls. The radius of effect of suction
was measured to be 23µm, with a maximal success rate obtained within 19µm
from the pipette center. For two beads laying within the area of effect of the
pipette, we found the rate of isolation of one or two objects to be conform to
that predicted by assuming that the picking of the two beads are independent
events. We have thus confirmed the potential of our system to isolate single
cell-sized objects from the silicon-glass microwells.

NK cell isolation

We went on to demonstrate single NK cell isolation with our setup (Figure 3.5).
Two cell culture media were tested for isolation, L-15 and one commonly used
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Figure 3.4: Isolation performance with microbeads. (A) System calibration with
silica microbeads in an open dish. (B) Success rate of the two main phases of isolation
during calibration, with picking identified as critical. (C) Picking outcome as a func-
tion of the bead distance from the pipette, considering both targeted and neighboring
beads. The probability of success was estimated as a four-parameter logistic curve
(black line) and used to determine the radius of effect of the pipette (purple).

for magnetic separation of NK cells (MACS). We measured no difference in the
overall success rate achieved with both media, with around 60% of the NK cells
aimed at successfully retrieved. The survival and division rate of isolated primary
NK cells was found to be comparable to that of NK cells manually seeded at an
identical density. These results indicate that the system can successfully isolate
viable primary NK cells from the microwells.

Workflow for functional screening and targeted isolation

Cell population subsets are traditionally defined by the combined expression of
surface receptors rather than the functional differences between subsets. The
implementation of single-cell isolation is key to achieving a workflow of func-
tional screening in microchip followed by directed retrieval of cells, thus making
it possible to identify new subsets according to their functional read-outs. We
demonstrated the proof-of-concept of such a workflow by performing a cytotox-
icity screen of primary NK cells (Figure 3.6). Serial-killing NK cells, a minority
of the population, were identified and selected for single cell isolation. Their
release in a separate culture vessel paves the way for downstream character-
ization of these cells of interest. These results establish the capacity of our
workflow for single-cell screening, identification of subsets by their functionality
and directed isolation for further analysis.
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Figure 3.5: Isolation of primary human NK cells. (A) Two culture media were
compared with respect to their isolation performance. (B) Single NK cells released in
microwells were monitored by time-lapse microscopy for 18hours after isolation. Top
row: the cell divides; bottom row: one cell dies. (C) Viability of isolated NK cells,
compared to manually seeded cells at matching density. Scale bar in (B): 50µm.

Figure 3.6: Workflow for single-cell functional screening and directed isolation.
(A) Overview of the microchip assay, here conducted in two of the four compartments.
(B) Imaging field of view containing 143 wells. (C) Time-lapse sequence of a serial-
killing NK cell in the selected well. (D) Retrieval of the selected cell. (i) The NK
cell in its well prior to isolation. (ii) the NK cell has been lifted into the micropipette
opening. (iii) The NK cell is released into a different culture vessel for analysis. (iv)
The NK cell has indeed been removed from its original well. Scale bars: (A) 2mm,
(B) 200µm, (C, D) 20µm.
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3.2 Biological results
3.2.1 NK cell signal integration
In Paper I, we investigated how the formation and outcome of an NK cell
immune synapse was influenced by the spatial distribution of ligands. For this
purpose, we generated arrays of thousands of AIS by microcontact printing,
with each print containing antibodies against or the natural ligands to LFA-
1 and/or CD16, distributed into an even ”dot” shape or a centrally depleted
”donut” shape.

Contact formation and commitment

Following NK cells building contacts with dot-shaped AIS, we found that LFA-1
induces a migratory phenotype, with NK cells frequently interacting with sev-
eral prints simultaneously. The combination of LFA-1 with CD16 delivers a stop
signal, with NK cells spreading out and rounding up on what is commonly the
first print they encounter. Focusing on AIS with both LFA-1 and CD16 signal-
ing, we introduced the dot and donut geometries. We observed that NK cells
built shorter contacts on donut-shaped AIS, which we found to associate with
a larger fraction of partial, asymmetrical contacts that resulted in continued
migration (Figure 3.7). Complete, symmetrical contacts over the entire prints
lasted as long on donut as on dot-shaped AIS. We then monitored Ca2+ signal-
ing in NK cells engaging with AIS and observed a Ca2+ peak coinciding with
morphological changes characteristic of NK cell commitment to the synapse.
We measured higher Ca2+ peak amplitude for cells that went on to form a com-
plete contact, while the spreading time over the print inversely correlated with
the Ca2+ peak amplitude. However, no correlation was found with the decay
profile of the Ca2+ activation. We thus identified two different responses to
prints, either short-lived partial contacts or stable complete contacts, with the
reorganization of ligands into donut-shaped AIS resulting in a larger proportion
of partial contacts.

Re-organization of the lytic machinery

We examined the complete contacts formed by NK cells on AIS engaging both
LFA-1 and CD16. Using TIRF microscopy, we found that the synaptic interface
was tight across the synapse, both in the presence and absence of central ligand
engagement. The radial distribution of F-actin at the interface was also compa-
rable in both situations. We then proceeded to assess lytic granule convergence
and MTOC polarization, and here again observed a similar reorganization of the
lytic machinery in both situations, with the MTOC often found over a region
devoid of ligand engagement on donut-shaped AIS (Figure 3.8). These results
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Figure 3.7: Contact formation with AIS. (A) Two types of contacts were identified,
either complete (top) if a NK cell proceeded to cover the entire AIS, or partial (bottom)
otherwise. (B) Proportion of NK cells forming complete contacts on dot- and donut-
shaped AIS. (C) Duration of the partial and complete contacts on either AIS shape.
(D) Amplitude of the Ca2+ peak in NK cells engaging in partial or complete contacts
on AIS. Scale bars in (A): 10µm.

suggest that NK cells are able to integrate spatially separated signals when
building an immune synapse, and respond to the overall shape of the synapse
rather than local signaling when directing the lytic payload.

Degranulation

To evaluate how NK cell degranulation is affected by the spatial distribution
of ligands at the synapse, we designed an assay to capture released perforin on
AIS. By relating the NK cell contact dynamics to the resulting perforin spots, we
found that NK cells less frequently degranulated in complete contacts on donut-
shaped AIS compared to dots, yet the amount of perforin was similar in both
cases (Figure 3.9). We examined the radial distribution of perforin and found
that it almost exclusively located over ligands, with perforin spots being evenly
distributed over dot-shaped AIS and mostly over the ring in donut-shaped AIS.
This observation suggests that even if the lytic machinery is directed according
to spatially integrated signals, the final step of degranulation requires local
ligand engagement to succeed. To test this hypothesis, we considered NK
cells having degranulated on dot-shaped AIS, and excluded those where the
perforin cloud was centered over what would be the region devoid of ligands
for a donut-shaped AIS. The remaining proportion of degranulating cells and
resulting spatial distributions were consistent with those measured for NK cells
interacting with donut-shaped AIS, and thus coherent with our proposed model.
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Figure 3.8: Re-organization of the lytic machinery in complete contacts on AIS.
NK cells interacting with AIS and for NK cells in a complete contact, the relative
position of the MTOC and lytic granules were measured. (A) MTOC polarization,
defined as the shortest distance between the MTOC and the AIS surface. (B) MTOC
lateral position compared to the center of the AIS. A lateral distance less than 3µm on
a donut-shaped AIS places the MTOC over the central, empty region. (C) Distance
between the centroid of the granule cloud and the MTOC. (D) Granule cloud spread,
defined as the intensity-weighted average of the distance between individual granules
and the centroid of their cloud.

3.2.2 NK cell lytic mechanisms
In Papers II and III, we characterized the lytic mechanisms and killing dynamics
used by individual NK cells, and related them to the nature of the stimulus and
the cytotoxic potential of the cell. For this purpose, we transfected HeLa cells,
an adherent tumor cell line, with fluorescent constructs reporting simultaneously
for the intracellular activity of granzyme B (i.e., for NK cell degranulation) and
caspase 8 (i.e., for death ligand engagement).

Timing and morphology of cell death

We compared the kinetics of caspase 8 and granzyme B reporter cleavage in co-
cultures of NK and target cells and observed three patterns, corresponding to
either single reporter dominating or both increasing simultaneously. Caspase 8
events were observed to start later in the assay and to associate with significantly
slower cell death than those mediated by granzyme B activity (Figure 3.10).
These results point towards a model where individual NK cells would first kill
through degranulation then use death ligand engagement at later encounters.

We characterized the morphology of cytotoxic events and identified three
distinct behaviors. Most cells showed evidence of apoptosis with cell shrink-
age and membrane blebbing; some cells underwent a non-apoptotic death with
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Figure 3.9: Degranulation by NK cells forming complete contacts on AIS. NK
cells were monitored during their interaction with AIS and the secreted perforin was
captured at the surface. (A) Proportion of complete contacts leading to degranulation
on either AIS shape. (B) The AIS area was divided into five concentric regions. (C)
Radial distribution of captured perforin on dot- and donut-shaped AIS.

membrane rupture and cytoplasmic collapse, but without blebbing; the remain-
ing cells showed an intermediary phenotype with shrinkage but no clear bleb-
bling. Almost all caspase 8-mediated kills displayed a clear apoptotic profile,
while the non-apoptotic phenotype was mostly observed in kills with equal or
greater granzyme B activity.

Contribution during serial killing

To detail the lytic mechanisms used by individual NK cells during sequential
killing, we seeded target cells transfected with the reporters and NK cells into
silicon-glass microwells. The cells were thus prevented from exiting the field
of view and single NK cells could be followed by time-lapse microscopy. We
discovered that NK cells mostly killed the first target they encountered, and in
almost all cases with clear granzyme B activity (Figure 3.11). However, from
the second kill and onwards, an increasing proportion of caspase 8-mediated
kills could be observed. Surprisingly, we noticed that NK cells rarely proceeded
to perform another kill after a caspase 8-mediated kill, yet they engaged in
multiple non-cytotoxic contacts.

Following individual NK cells over time, we observed that some NK cells, so-
called serial killers, proceeded to kill as many as 6 sequential targets, while the
majority of NK cells killed 3 cells or fewer (moderate killers). To understand how
the lytic pathways are orchestrated during serial killing, we compared the first
kills performed by serial-killing NK cells and by moderate killers. No difference
was seen in the killing mechanisms used by these two groups for their first
kill, but serial killers proceeded to use granzyme B for the next kills, while
that proportion in moderate killers dropped in favor of a sizable fraction of
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Figure 3.10: Kinetics of usage of different lytic mechanisms by NK cells. NK
cells were exposed to HeLa target cells transfected with reporters for granzyme B and
caspase 8 activity. Cell death: time point in the assay of cell death; Contact: time
point in the assay of the first encounter between the target cell and an NK cell; Time
span: duration between the first contact and the death of the target cell.

caspase 8-mediated kills. These results confirm that single NK cells use both
degranulation and death ligand engagement during serial killing, and switch
from early granzyme B-mediated to later caspase 8-mediated kills.

The morphology of cell death was also documented. We found a domi-
nating apoptosis-like phenotype for all kills, with a smaller proportion of non-
apoptotic events restricted to the first few kills. Interestingly, serial-killing NK
cells induced most often a non-apoptotic morphology for their first kill, yet no
difference with moderate killers was observed for the corresponding lytic mecha-
nisms. This observation suggests that serial-killing NK cells may deliver a larger
perforin payload during the first degranulation events, which has been shown
to induce necrosis in target cells [199].

Regulation of lytic pathways

We then sought to understand how the switching between lytic mechanisms
was regulated. NK cells interacting with tumor cells were analyzed by flow
cytometry, identifying degranulating NK cells by gating on CD107a. We found
that the perforin and granzyme B content in responding cells decreased over
time, consistently with their degranulation, while the expression of FasL at their
surface increased (Figure 3.12). In contrast, non-responding cells showed un-
changed perforin and granzyme B levels and no FasL expression at the surface.
TRAIL expression was reduced over time in both NK cells compartments. These
results suggest that the transition from granzyme B-mediated early kills to a

57



CHAPTER 3. RESULTS

Figure 3.11: Differential use of lytic mechanisms during serial killing. (A) Re-
porter activity in killed target cells, plotted as a function of the number of the event
in the NK cell killing sequence. (B) Morphology of cell death. (C-D) The lytic
mechanisms (C) and death morphology (D) were compared for kills 1-3 performed by
serial-killing NK cells (4 kills or more) and moderate killers (fewer than 3 kills).

final death ligand-dominated kill could be related to the progressive depletion
of the granule cargo of the NK cells, while FasL accumulates at the surface
with increasing degranulation events.

We confirmed the contribution of these pathways by deleting perforin from
primary NK cells by CRISPR/Cas9, whereby all granzyme B-mediated killing
was abolished. Interestingly, almost all NK cells instead proceeded to perform a
single death ligand-mediated kill. Knocking out Fas from the target cell resulted
in a strongly reduced proportion of caspase 8-mediated kills, yet they were not
entirely absent, probably due to a contribution of TRAIL-induced cytotoxicity.

Antibody-dependent stimulation

In Paper III, we built upon the previous results and investigated how the cy-
totoxic mechanisms employed by NK cells differed depending on the nature of
the stimuli. For this purpose, we transfected A498 tumor cells with the flu-
orescent reporters for granzyme B and caspase 8 activity. A498 possess the
epidermal growth factor receptor (EGFR) at their surface, which is the target
of the monoclonal antibody Cetuximab. We established that the addition of
Cetuximab increased A498 killing by NK cell, both against 2D and 3D A498
cultures. Surprisingly, when following single NK cells, we found that the overall
increased cytotoxicity with Cetuximab depended on a greater number of cyto-
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Figure 3.12: Regulation of granule content and death ligands expression during
prolonged killing. NK cells were exposed to HeLa target cells in presence of an
antibody against CD107a, and harvested at the indicated times before staining for
death ligand expression (extracellularly) and lytic granule content (intracellularly). (A)
Mean or relative fluorescent intensity for CD107a+ NK cells. (B) Mean or relative
fluorescent intensity for CD107a− NK cells.

toxic NK cells, but that cytotoxic NK cells performed the same average number
of kills. The proportion of serial-killing NK cells among cytotoxic cells was
also unaffected by the addition of Cetuximab. This suggests that the added
antibody-dependent signaling helped more NK cells reach the threshold to start
killing, but that the resulting cytotoxic process was unchanged.

To test this hypothesis, we measured the lytic mechanisms used by NK
cells in both situations (Figure 3.13). Indeed, we found that NK cells used the
two killing pathways to the same extent, despite the induction of ADCC when
adding Cetuximab. Similar to what we found with HeLa cells, the first kill was
most commonly induced through granzyme B activity, while the contribution
of caspase 8 increased at later kills. We measured the kinetics of cytotoxicity
through the two pathways and once again found no difference related to the
addition of Cetuximab, which tends to indicate that also the content of the
lytic cargo delivered by the NK cell was unchanged. Together, these results
confirm that against A498 target cells, the addition of Cetuximab prompted a
larger proportion of NK cells to kill, but that the resulting cytotoxic behavior
was comparable.
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Figure 3.13: Lytic mechanisms used during antibody-mediated serial killing. NK
cells were exposed to A498 target cells expressing the reporters for granzyme B and
caspase 8 activity, in the presence of the monoclonal antibody Cetuximab (Cet) or
an isotype control (Ctrl). (A) Proportion of cytotoxic NK cells. (B) Individual killing
potential, defined as the average number of kills per cytotoxic NK cell. (C-D) Contri-
bution of the two lytic mechanisms during serial killing mediated by natural cytotoxicity
receptors (C) or in combination with CD16 (D).
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Chapter 4

Discussion and perspectives

Integration of local signaling in the immune synapse
By monitoring NK cells interacting with micropatterned ligands, we have ana-
lyzed the influence of the spatial distributions of activating signals on the for-
mation and outcome of immune synapses. Altering the organization of ligands
from evenly distributed dots to centrally depleted donut-shaped AIS resulted
in a fraction of short-lived, unilateral contacts resulting in continued NK cell
migration. This observation is consistent with a role for symmetrical contractile
forces in migration arrest and maintained synapse stability [43, 52, 183, 204].
The cells that managed to spread evenly across AIS of either shape showed
a very similar phenotype in terms of Ca2+ signaling, membrane flattening and
actin polymerization, down to re-organization of their intracellular lytic machin-
ery. The NK cells were thus able to integrate spatially separated signals across
the AIS when preparing their response, as illustrated by the MTOC often found
over a region void of ligands on donut-shaped AIS.

However, when capturing the perforin released by NK cells in complete con-
tacts, we found that it distributed differently on dot and donut-shaped AIS, and
that it almost exclusively localized to regions of ligand engagement. Together
with the overall lower frequency of degranulation on donut-shaped AIS, these
results suggest the existence of a late checkpoint for degranulation, whereby
local activating signaling would be required for successful granule release. Such
a checkpoint could be related to the formation of hypodensities in the actin
meshwork [29, 167], or to the assembly of SNAP receptor (SNARE) com-
plexes required for granule docking and fusion [191]. For the latter, we propose
Munc18-2 and Syntaxin-11 as two potential candidates. Munc18-2 is involved
in stabilizing Syntaxin-11 [51], which in turn is part of the SNARE complex
on the plasma membrane side [10, 80], along with VAMPs on the lytic granule
side [129]. Both Munc18-2 and Syntaxin-11 have been shown to be crucial
for NK and T cell cytotoxicity [41, 189, 190], and are recruited to the plasma
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membrane by recycling endosomes [46] similar to those providing reinforcing
signaling molecules to the T cell immune synapse [21, 47]. Understanding the
influence of local signaling in lytic granule exocytosis could be key to unraveling
the complex mechanisms regulating degranulation.

Our results confirm a role for the distribution of ligands in influencing the
outcome of the synapse. This effect warrants further investigation, as it could
be used as a mean of defense by target cells, as for instance suggested for breast
cancer cells that have been shown resist NK cell attack by mobilizing actin at
the immune synapse and thereby affecting the local concentration of ligands
[5].

Orchestration of lytic mechanisms
The relative contribution of different lytic mechanisms to NK cell killing was
investigated in Papers II and III using fluorescent reporters specific for granzyme
B and caspase 8 activity. Although we cannot exclude the contribution of other
means of delivery of lytic molecules [14, 122], we generally used granzyme B
activity as a proxy for degranulation-mediated killing, and caspase 8 activity as
the result of death ligand engagement. We found that the majority of killing
events exhibited activity of either or both reporters, and discovered a transition
between early kills performed using granules and a final death ligand-mediated
kill. This switch correlated with reduced amounts of perforin and granzyme
B in degranulating cells, while FasL was upregulated at the NK cell surface.
Experiments using perforin knock-out NK cells showed that almost all cytotoxic
cells killed the first target they encountered using death ligands. Rather than
a binary switch between killing mechanisms, our results thus point towards
a model where both lytic pathways are concurrently active during cytotoxic
interactions. In early kills, the difference in kinetics between granzyme B and
death ligand-mediated cell death results in granzyme B activity dominating in
most killing events and thereby masking the effect of death ligand engagement.
However, as the NK cells progress in their killing sequence, they reach a point
when degranulation is not sufficient to induce target cell death, and the slower
death-ligand activity triggers apoptosis instead. Some aspects of this model
yet remain unexplained and would warrant further investigation, such as what
causes NK cells to stop using degranulation, and why NK cells are so rarely
able to perform two death ligand-mediated kills in a row, even when depleted
of perforin.

Interestingly, serial-killing NK cells showed prolonged degranulation-mediated
killing compared to more moderate killers, making the comparison an interesting
model to understand the mechanisms underlying exhaustion. Extended granule
use in serial-killing NK cells could be due to their possession of a larger granule
pool, the more efficient use of their granular content, or a more effective replen-
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ishment of lytic content during sequential killing. Examining the morphology
of target cell death, we found that serial-killing NK cells more commonly in-
duced a non-apoptotic cell death, characterized by the rupture of the target
cell membrane and the collapse of its cytoplasm. This phenotype resembles the
necrotic death which can be induced through the sole activity of perforin, in
which case the fraction of non-apoptotic cell death we observed could be the
result of NK cells, and in particular serial-killing cells, delivering larger amounts
of perforin during early kills. This observation argues against the hypothesis
that serial-killing NK cells have a more efficient use of their lytic cargo.

In cytotoxic T cells, active mitochondrial translation has recently been pro-
posed as an important mechanism for sustained killing by enabling de novo
protein synthesis [116]. Whether these results are directly applicable to NK
cells remain to be demonstrated. Highly potent T cells have previously been
shown to proceed with burst killing, whereby a single T cell kills several targets
in quick succession after a longer interruption, as long as 10 hours after the first
interaction with a target [202]. In contrast, as shown in Paper II, primary NK
cells mostly stop killing after 8 hours [199], which indicates that the dynamics
of serial killing by NK and T cells might be regulated differently. Nevertheless,
mitochondria have been shown to polarize to the immune synapse in both NK
and T cells [3, 161], and their role in supporting sustained killing by NK cells
remains to be studied.

Our third hypothesis for the mechanism of prolonged granule usage by serial-
killing NK cells is that they would possess a larger initial pool of granules. This
idea echoes the recent reports that NK cell education, whereby repeated in-
hibitory signaling provides NK cells with enhanced functionality, is imprinted
in the cells in the form of dense-core secretory granules [71]. NK cells have
been suggested to release as little as 10% of their granule content per killing
event [78], and the remaining intracellular granzyme B and perforin found in
our experiments after 4 hours of co-culture could indicate that depletion of
the lytic cargo might not be the principal driver for lytic mechanism switching
and interruption of killing in moderate killers. Yet, the existence of distinct
intracellular pools of lytic molecules has been previously demonstrated and we
can not exclude that the remaining perforin and granzyme B content might be
non-functional [71]. If depletion of the lytic content is not either instrumental
in the interruption of killing, other possible factors include the down-regulation
of activating receptors, for instance through shedding, internalization or tro-
gocytosis, and the dampening of NK cell response through up-regulation of
immune checkpoints or inhibitory receptors [95, 138, 139, 188]. The regulation
of the different lytic pathways thus requires further examination, particularly by
comparing cytotoxic cell types and activating stimuli.

In Paper III, we address a piece of this puzzle by comparing the lytic mecha-
nisms used in sequential killing induced solely by natural ligand engagement, or
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that in combination with antibody-mediated signaling. Surprisingly, we found
that although the number of cytotoxic NK cells almost doubled when ligating
antibodies, the average number of kills per cytotoxic NK cell and the lytic mech-
anisms involved did not differ. These results are consistent with a model where
signaling through CD16 brings more NK cells over the threshold of activation
but the downstream activating cascade sets an identical lytic machinery in mo-
tion, independently of the nature or strength of the stimuli involved. Previous
reports indicate that NK cell exhaustion due to cleavage or down-regulation of
activating receptors can be partially rescued by switching to a different receptor
[188], yet in our setting, NK cells performed the same number of kills despite
the addition of ADCC. A possible explanation would be that the supplemen-
tary activating signals triggers NK cells to degranulate more in each interaction
and thus get exhausted as early. Our observations warrant further investigation
into the strength of response in individual NK cells when different activating
receptors are involved.

Serial-killing NK cells

Serial killing has now been described as a major contribution to the cytotoxicity
carried out by NK and T cells, and present across a variety of subsets [20, 89,
188, 199]. In the studies presented in this thesis, new characteristics of serial-
killing NK cells have been identified, yet the driving mechanisms behind serial
killing remain unknown. The simplest explanation would be that the functional
heterogeneity observed between cells reflects the variation in activating receptor
expression at their surface is unlikely. Using the silicon-glass microchips, we
have previously demonstrated that a wide range of functional read-outs differed
between serial-killing NK cells and moderate killers, including the contact and
killing dynamics, cell size, and in Paper II, the regulation of lytic mechanisms.
The correlation of such a variety of parameters could suggest the existence of
an underlying program of cytotoxic functionality, which might yet relate to the
expression or engagement of certain surface markers. An argument against the
role of the repertoire of activating ligands in driving serial killing comes from
the field of CAR T cells, where every cell is theoretically equipped to recognize
its target and perform cytotoxicity, yet only around 20% are typically found to
respond. Functional screening of CAR T cells in microwells was recently used
to identify CD137, an inducible co-stimulatory receptor also known as 4-1BB,
as a surface marker up-regulated in responsive CAR T cells and even more
so in serial-killing cells [15]. The authors demonstrated metabolic changes
in the CD137pos subset and showed that the engagement of CD137 with its
ligand enabled prolonged killing of tumor cells. The validity of these results in
conventional T cells and NK cells remains to be assessed [205].
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Functional screening
Across the work included in this thesis, we have demonstrated the potential
of multiwell microchips for the functional analysis of single cells. We have
improved the accessibility of our microchip platform by developing a disposable
variant with excellent optical performance, and expanded the available assays
by enabling multicellular spheroid culture with retained high-quality imaging.
Building upon the high level of confinement offered by our deep microwells,
we have established protocols for fixation and optical clearing of the content
of the wells. This way, longitudinal measurements obtained from time-lapse
imaging can be directly related to phenotypic readouts at the end-point of
the assay. In Paper IV, the range of available analysis techniques is further
increased by introducing directed single-cell isolation of live cells. Performed
in small wells containing only a single cell of interest, this system allows for
functional screening across tens of thousands of cells and subsequent retrieval.
We consider this platform ideal for the in-depth characterization of functionally
distinct subsets, including cells responding to a certain stimulus (e.g., antigen-
specific T cells), or in a given environment (e.g., hypoxia, low pH, nutrient
deprivation), or as discussed here, responding more potently than its peers
(e.g., serial-killing NK cells).

A similar approach was recently applied to study the functional heterogeneity
among the cell line NK92-MI, whereby the increased expression of a number
of markers was shown to associate with a higher killing potential [112]. Even
if these markers were to only correlate with the functional profile of the cells
rather than play a mechanistic role, there is a need for labels that can help
demarcate populations of interest in other high-content assays. For this reason,
besides the direct isolation of the cells presented in Paper IV, we are also
currently investigating using other cellular parameters as a signature to pin-
point serial-killing NK cells across cell analysis modalities. One such read-out
is the metabolic profile of the cells, which can for instance be assessed using
live mitochondrial dyes in both microscopy and flow cytometry, and could thus
be used to link population identification between the two.

Imaging-based methods for cell analysis: Concluding remarks
In recent years, biomedical research has seen a tremendous change due to the
blooming of omics approaches, which provide high-content and often high-
throughput single-cell analysis. The output from such experiments are typically
large multi-dimensional datasets which require high-order clustering to define
new population subsets. These methods have already been instrumental in
revealing unappreciated heterogeneity within tissues and cell populations, in-
cluding immune cells. However, the clusters thus defined remain meaningless
in the absence of related functional differences. As demonstrated in this thesis,
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we believe that imaging-based single-cell functional assays have a role to play in
the changing landscape of research. Nevertheless, microscopy also needs updat-
ing to keep up with the throughput and content requirements set by other omics
approaches. Some of the main challenges that currently need to be addressed
lay in:

1. The limited throughput;

2. The complexity of image analysis;

3. The coupling to other analysis modalities.

In the present thesis, these challenges have been approached in the following
ways:

1. We have further improved single-cell microchip assays which offer the nu-
merous parallel replicates of biological experiments, and the possibility to
screen tens of thousands of single cells at each time frame. We have made
the microchips compatible with two and three-dimensional cell culture to
increase the range of possible functional assays and available read-outs.

2. We have designed and applied dedicated image analysis pipelines for the
quantification of NK cell functional read-outs, including migration and
infiltration, intracellular Ca2+ signaling, reorganization of the lytic ma-
chinery, degranulation, cytotoxicity and usage of different lytic mecha-
nisms. Automatization was systematically encouraged by identifying bot-
tlenecks of analysis pipelines, reducing manual inputs to the minimum
and implementing machine learning-based approaches where applicable.

3. We have integrated a solution for single-cell isolation from the microwells,
making a direct link between functional read-outs from screening in the
microwells and downstream analysis.

In conclusion, the methods and results presented in this thesis contribute to both
the advancement of our knowledge of NK cell biology, and the development of
new methods for future immune cell studies. The field of immunotherapy is
still growing and we are confident that microscopy-based assays will be at the
core of exciting new discoveries.
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68



rarely get the chance to meet these days (maybe it was expected given that we
were brought together around travels), but I cherish all the memories we have
together and I look forward to making new ones.

Finally, to my family, who has supported me in all my decisions, even when
it meant settling down thousands of kilometers away from home. Your love
crosses borders.

Bitte, Erik, I am very thankful for my second family. You have welcomed
me with open arms and I hope I get the chance to give you back as much.

Last, Hanna, for making me a better person, both professionally and pri-
vately. Thank you for your support through all hardships and for always being
my number 1 fan (not in a creepy way). You inspire me every single day and I
can’t wait to see what the future will bring.

69





References

[1] Grakoui A et al. “The immunological synapse: a molecular machine
controlling T cell activation”. In: Science (New York, N.Y.) 285.5425
(July 1999), pp. 221–227. issn: 0036-8075. doi: 10.1126/SCIENCE.
285.5425.221.

[2] Moffett A and Colucci F. “Uterine NK cells: active regulators at the
maternal-fetal interface”. In: The Journal of clinical investigation 124.5
(2014), pp. 1872–1879. issn: 1558-8238. doi: 10.1172/JCI68107.

[3] Edgar Abarca-Rojano et al. “Re-organization of mitochondria at the
NK cell immune synapse”. In: Immunology Letters 122.1 (Jan. 2009),
pp. 18–25. issn: 0165-2478. doi: 10.1016/J.IMLET.2008.10.008.

[4] Alex M. Abel et al. “Natural killer cells: Development, maturation, and
clinical utilization”. In: Frontiers in Immunology 9.AUG (Aug. 2018),
p. 1869. issn: 16643224. doi: 10.3389/FIMMU.2018.01869/BIBTEX.

[5] Antoun Al Absi et al. “Actin cytoskeleton remodeling drives breast can-
cer cell escape from natural killer-mediated cytotoxicity”. In: Cancer Re-
search 78.19 (2018), pp. 5631–5643. issn: 15387445. doi: 10.1158/
0008-5472.CAN-18-0441.

[6] Freud AG and Caligiuri MA. “Human natural killer cell development”. In:
Immunological reviews 214.1 (Dec. 2006), pp. 56–72. issn: 0105-2896.
doi: 10.1111/J.1600-065X.2006.00451.X.

[7] Galit Alter, Jessica M. Malenfant, and Marcus Altfeld. “CD107a as a
functional marker for the identification of natural killer cell activity”.
In: Journal of Immunological Methods 294.1-2 (Nov. 2004), pp. 15–22.
issn: 0022-1759. doi: 10.1016/J.JIM.2004.08.008.

[8] Milena M. Andzelm et al. “Myosin IIA is required for cytolytic granule
exocytosis in human NK cells”. In: Journal of Experimental Medicine
204.10 (Oct. 2007), pp. 2285–2291. issn: 0022-1007. doi: 10.1084/
JEM.20071143.

71

https://doi.org/10.1126/SCIENCE.285.5425.221
https://doi.org/10.1126/SCIENCE.285.5425.221
https://doi.org/10.1172/JCI68107
https://doi.org/10.1016/J.IMLET.2008.10.008
https://doi.org/10.3389/FIMMU.2018.01869/BIBTEX
https://doi.org/10.1158/0008-5472.CAN-18-0441
https://doi.org/10.1158/0008-5472.CAN-18-0441
https://doi.org/10.1111/J.1600-065X.2006.00451.X
https://doi.org/10.1016/J.JIM.2004.08.008
https://doi.org/10.1084/JEM.20071143
https://doi.org/10.1084/JEM.20071143


REFERENCES

[9] Nicolas Anfossi et al. “Human NK Cell Education by Inhibitory Receptors
for MHC Class I”. In: Immunity 25.2 (Aug. 2006), pp. 331–342. issn:
10747613. doi: 10.1016/J.IMMUNI.2006.06.013/ATTACHMENT/
4A7F4E8D-6919-45BC-A1FB-8F321F36BFFB/MMC1.PDF.

[10] Laura N. Arneson et al. “Cutting Edge: Syntaxin 11 Regulates Lymphocyte-
Mediated Secretion and Cytotoxicity”. In: The Journal of Immunology
179.6 (Sept. 2007), pp. 3397–3401. issn: 0022-1767. doi: 10.4049/
jimmunol.179.6.3397.

[11] A. Ashkin et al. “Observation of a single-beam gradient force optical
trap for dielectric particles”. In: Optics Letters, Vol. 11, Issue 5, pp.
288-290 11.5 (May 1986), pp. 288–290. issn: 1539-4794. doi: 10.
1364/OL.11.000288.

[12] Christian S. Backes et al. “Natural killer cells induce distinct modes
of cancer cell death: Discrimination, quantification, and modulation of
apoptosis, necrosis, and mixed forms”. In: Journal of Biological Chem-
istry 293.42 (Oct. 2018), pp. 16348–16363. issn: 1083351X. doi: 10.
1074/JBC.RA118.004549.

[13] Josephine Bageritz and Gianmarco Raddi. “Single-Cell RNA Sequencing
with Drop-Seq”. In: Methods in Molecular Biology 1979 (2019), pp. 73–
85. issn: 19406029. doi: 10.1007/978-1-4939-9240-9{\_}6.

[14] Bálint et al. “Supramolecular attack particles are autonomous killing
entities released from cytotoxic T cells”. In: Science 368.6493 (2020).
issn: 10959203. doi: 10.1126/science.aay9207.

[15] Irfan N. Bandey et al. “Designed improvement to T-cell immunotherapy
by multidimensional single cell profiling”. In: Journal for ImmunoTherapy
of Cancer 9.3 (Mar. 2021). issn: 20511426. doi: 10.1136/JITC-2020-
001877.

[16] Domingo F. Barber, Mathias Faure, and Eric O. Long. “LFA-1 Con-
tributes an Early Signal for NK Cell Cytotoxicity”. In: The Journal
of Immunology 173.6 (2004), pp. 3653–3659. issn: 0022-1767. doi:
10.4049/jimmunol.173.6.3653.

[17] J. Beaudouin et al. “Caspase-8 cleaves its substrates from the plasma
membrane upon CD95-induced apoptosis”. In: Cell Death & Differenti-
ation 2013 20:4 20.4 (Jan. 2013), pp. 599–610. issn: 1476-5403. doi:
10.1038/cdd.2012.156.

[18] Amy J. Beres and William R. Drobyski. “The Role of Regulatory T Cells
in the Biology of Graft Versus Host Disease”. In: Frontiers in Immunol-
ogy 4.JUN (2013). doi: 10.3389/FIMMU.2013.00163.

72

https://doi.org/10.1016/J.IMMUNI.2006.06.013/ATTACHMENT/4A7F4E8D-6919-45BC-A1FB-8F321F36BFFB/MMC1.PDF
https://doi.org/10.1016/J.IMMUNI.2006.06.013/ATTACHMENT/4A7F4E8D-6919-45BC-A1FB-8F321F36BFFB/MMC1.PDF
https://doi.org/10.4049/jimmunol.179.6.3397
https://doi.org/10.4049/jimmunol.179.6.3397
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1074/JBC.RA118.004549
https://doi.org/10.1074/JBC.RA118.004549
https://doi.org/10.1007/978-1-4939-9240-9{\_}6
https://doi.org/10.1126/science.aay9207
https://doi.org/10.1136/JITC-2020-001877
https://doi.org/10.1136/JITC-2020-001877
https://doi.org/10.4049/jimmunol.173.6.3653
https://doi.org/10.1038/cdd.2012.156
https://doi.org/10.3389/FIMMU.2013.00163


REFERENCES

[19] Eric Betzig et al. “Imaging intracellular fluorescent proteins at nanome-
ter resolution”. In: Science 313.5793 (Sept. 2006), pp. 1642–1645. issn:
00368075. doi: 10.1126/SCIENCE.1127344/SUPPL{\_}FILE/PAP.
PDF.

[20] Rauf Bhat and Carsten Watzl. “Serial killing of tumor cells by human
natural killer cells - Enhancement by therapeutic antibodies”. In: PLoS
ONE 2.3 (2007). issn: 19326203. doi: 10 . 1371 / journal . pone .
0000326.

[21] Grégory Bonello et al. “Dynamic recruitment of the adaptor protein
LAT: LAT exists in two distinct intracellular pools and controls its own
recruitment”. In: Journal of Cell Science 117.7 (Mar. 2004), pp. 1009–
1016. issn: 00219533. doi: 10.1242/jcs.00968.

[22] Tijmen H. Booij, Leo S. Price, and Erik H.J. Danen. “3D Cell-Based
Assays for Drug Screens: Challenges in Imaging, Image Analysis, and
High-Content Analysis”. In: SLAS Discovery 24.6 (July 2019), pp. 615–
627. issn: 24725560. doi: 10.1177/2472555219830087.

[23] Yenan T. Bryceson et al. “Cytolytic granule polarization and degranula-
tion controlled by different receptors in resting NK cells”. In: Journal of
Experimental Medicine 202.7 (2005), pp. 1001–1012. issn: 00221007.
doi: 10.1084/jem.20051143.

[24] Yenan T. Bryceson et al. “Synergy among receptors on resting NK cells
for the activation of natural cytotoxicity and cytokine secretion”. In:
Blood 107.1 (Jan. 2006), p. 159. issn: 00064971. doi: 10 . 1182 /
BLOOD-2005-04-1351.

[25] F. M. Burnet. “The Concept of Immunological Surveillance”. In: Progress
in experimental tumor research. 13 (1970), pp. 1–27. doi: 10.1159/
000386035.

[26] Kumar BV, Connors TJ, and Farber DL. “Human T Cell Development,
Localization, and Function throughout Life”. In: Immunity 48.2 (Feb.
2018), pp. 202–213. issn: 1097-4180. doi: 10.1016/J.IMMUNI.2018.
01.007.

[27] Biron CA et al. “Natural killer cells in antiviral defense: function and
regulation by innate cytokines”. In: Annual review of immunology 17
(1999), pp. 189–220. issn: 0732-0582. doi: 10.1146/ANNUREV.IMMUNOL.
17.1.189.

[28] Janeway CA. “Approaching the asymptote? Evolution and revolution in
immunology”. In: Cold Spring Harbor symposia on quantitative biology
54 Pt 1.1 (1989), pp. 1–13. issn: 0091-7451. doi: 10.1101/SQB.1989.
054.01.003.

73

https://doi.org/10.1126/SCIENCE.1127344/SUPPL{\_}FILE/PAP.PDF
https://doi.org/10.1126/SCIENCE.1127344/SUPPL{\_}FILE/PAP.PDF
https://doi.org/10.1371/journal.pone.0000326
https://doi.org/10.1371/journal.pone.0000326
https://doi.org/10.1242/jcs.00968
https://doi.org/10.1177/2472555219830087
https://doi.org/10.1084/jem.20051143
https://doi.org/10.1182/BLOOD-2005-04-1351
https://doi.org/10.1182/BLOOD-2005-04-1351
https://doi.org/10.1159/000386035
https://doi.org/10.1159/000386035
https://doi.org/10.1016/J.IMMUNI.2018.01.007
https://doi.org/10.1016/J.IMMUNI.2018.01.007
https://doi.org/10.1146/ANNUREV.IMMUNOL.17.1.189
https://doi.org/10.1146/ANNUREV.IMMUNOL.17.1.189
https://doi.org/10.1101/SQB.1989.054.01.003
https://doi.org/10.1101/SQB.1989.054.01.003


REFERENCES

[29] Alexandre F. Carisey et al. “Nanoscale Dynamism of Actin Enables Se-
cretory Function in Cytolytic Cells”. In: Current Biology 28.4 (2018),
pp. 489–502. issn: 09609822. doi: 10.1016/j.cub.2017.12.044.

[30] Carlos Carmona-Fontaine et al. “Emergence of spatial structure in the
tumor microenvironment due to the Warburg effect”. In: Proceedings
of the National Academy of Sciences of the United States of America
110.48 (Nov. 2013), pp. 19402–19407. issn: 00278424. doi: 10.1073/
PNAS.1311939110/-/DCSUPPLEMENTAL.

[31] Daniel S. Chen and Ira Mellman. “Elements of cancer immunity and the
cancer–immune set point”. In: Nature 2017 541:7637 541.7637 (Jan.
2017), pp. 321–330. issn: 1476-4687. doi: 10.1038/nature21349.

[32] Xi Chen et al. “CD28-stimulated ERK2 phosphorylation is required for
polarization of the microtubule organizing center and granules in YTS
NK cells”. In: Proceedings of the National Academy of Sciences of
the United States of America 103.27 (2006), pp. 10346–10351. issn:
00278424. doi: 10.1073/pnas.0604236103.

[33] Vicki I. Chin et al. “Microfabricated platform for studying stem cell
fates”. In: Biotechnology and Bioengineering 88.3 (Nov. 2004), pp. 399–
415. issn: 1097-0290. doi: 10.1002/BIT.20254.

[34] Paul J. Choi and Timothy J. Mitchison. “Imaging burst kinetics and
spatial coordination during serial killing by single natural killer cells”. In:
Proceedings of the National Academy of Sciences 110.16 (Apr. 2013),
pp. 6488–6493. issn: 0027-8424. doi: 10.1073/PNAS.1221312110.

[35] Athanasia E. Christakou et al. “Live cell imaging in a micro-array of
acoustic traps facilitates quantification of natural killer cell heterogene-
ity”. In: Integrative Biology (United Kingdom) 5.4 (2013), pp. 712–719.
issn: 17579694. doi: 10.1039/c3ib20253d.

[36] Jenifer Clausell-Tormos et al. “Droplet-Based Microfluidic Platforms for
the Encapsulation and Screening of Mammalian Cells and Multicellular
Organisms”. In: Chemistry & Biology 15.5 (May 2008), pp. 427–437.
issn: 1074-5521. doi: 10.1016/J.CHEMBIOL.2008.04.004.

[37] MAX D. COOPER, RAYMOND D. A. PETERSON, and ROBERT A.
GOOD. “Delineation of the Thymic and Bursal Lymphoid Systems in
the Chicken”. In: Nature 1965 205:4967 205.4967 (Jan. 1965), pp. 143–
146. issn: 1476-4687. doi: 10.1038/205143a0.

[38] Megan A. Cooper, Todd A. Fehniger, and Michael A. Caligiuri. The
biology of human natural killer-cell subsets. Nov. 2001. doi: 10.1016/
S1471-4906(01)02060-9.

74

https://doi.org/10.1016/j.cub.2017.12.044
https://doi.org/10.1073/PNAS.1311939110/-/DCSUPPLEMENTAL
https://doi.org/10.1073/PNAS.1311939110/-/DCSUPPLEMENTAL
https://doi.org/10.1038/nature21349
https://doi.org/10.1073/pnas.0604236103
https://doi.org/10.1002/BIT.20254
https://doi.org/10.1073/PNAS.1221312110
https://doi.org/10.1039/c3ib20253d
https://doi.org/10.1016/J.CHEMBIOL.2008.04.004
https://doi.org/10.1038/205143a0
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1016/S1471-4906(01)02060-9


REFERENCES

[39] Megan A. Cooper et al. “Cytokine-induced memory-like natural killer
cells”. In: Proceedings of the National Academy of Sciences 106.6 (Feb.
2009), pp. 1915–1919. issn: 0027-8424. doi: 10.1073/PNAS.0813192106.

[40] Megan A. Cooper et al. “Human natural killer cells: a unique innate im-
munoregulatory role for the CD56bright subset”. In: Blood 97.10 (May
2001), pp. 3146–3151. issn: 0006-4971. doi: 10.1182/BLOOD.V97.
10.3146.
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[128] Nicoló Manaresi et al. “A CMOS Chip for Individual Cell Manipulation
and Detection”. In: IEEE Journal of Solid-State Circuits 38.12 (Dec.
2003), pp. 2297–2305. issn: 00189200. doi: 10.1109/JSSC.2003.
819171.

[129] Misty R. Marshall et al. “VAMP8-dependent fusion of recycling endo-
somes with the plasma membrane facilitates T lymphocyte cytotoxic-
ity”. In: Journal of Cell Biology 210.1 (July 2015), pp. 135–151. issn:
15408140. doi: 10.1083/jcb.201411093.

[130] Ludovic Martinet et al. “DNAM-1 Expression Marks an Alternative Pro-
gram of NK Cell Maturation”. In: Cell Reports 11.1 (Apr. 2015), pp. 85–
97. issn: 2211-1247. doi: 10.1016/J.CELREP.2015.03.006.

[131] Denis Martinvalet et al. “Granzyme A Cleaves a Mitochondrial Complex
I Protein to Initiate Caspase-Independent Cell Death”. In: Cell 133.4
(2008), pp. 681–692. issn: 00928674. doi: 10.1016/j.cell.2008.
03.032.

83

https://doi.org/10.1093/INTIMM/8.1.57
https://doi.org/10.1093/INTIMM/8.1.57
https://doi.org/10.4049/JIMMUNOL.1101988
https://doi.org/10.3390/CANCERS11060769
https://doi.org/10.1146/ANNUREV.IY.04.040186.002525
https://doi.org/10.1146/ANNUREV.IY.04.040186.002525
https://doi.org/10.1038/icb.2013.96
https://doi.org/10.1182/BLOOD-2009-12-261487
https://doi.org/10.1182/BLOOD-2009-12-261487
https://doi.org/10.4049/jimmunol.1201296
https://doi.org/10.1109/JSSC.2003.819171
https://doi.org/10.1109/JSSC.2003.819171
https://doi.org/10.1083/jcb.201411093
https://doi.org/10.1016/J.CELREP.2015.03.006
https://doi.org/10.1016/j.cell.2008.03.032
https://doi.org/10.1016/j.cell.2008.03.032


REFERENCES

[132] Viveka Mayya et al. “Durable Interactions of T Cells with T Cell Recep-
tor Stimuli in the Absence of a Stable Immunological Synapse”. In: Cell
Reports 22.2 (2018), pp. 340–349. issn: 22111247. doi: 10.1016/j.
celrep.2017.12.052.

[133] Fiona E. McCann et al. “The Size of the Synaptic Cleft and Distinct
Distributions of Filamentous Actin, Ezrin, CD43, and CD45 at Activat-
ing and Inhibitory Human NK Cell Immune Synapses”. In: The Journal
of Immunology 170.6 (2003), pp. 2862–2870. issn: 0022-1767. doi:
10.4049/jimmunol.170.6.2862.

[134] Katherine M. McKinnon. “Flow Cytometry: An Overview”. In: Current
Protocols in Immunology 120.1 (Jan. 2018), pp. 1–5. issn: 1934-368X.
doi: 10.1002/CPIM.40.

[135] Geeta Mehta et al. “Opportunities and challenges for use of tumor
spheroids as models to test drug delivery and efficacy”. In: Journal of
Controlled Release 164.2 (Dec. 2012), pp. 192–204. issn: 01683659.
doi: 10.1016/J.JCONREL.2012.04.045.

[136] Styliani Melissaridou et al. “The effect of 2D and 3D cell cultures on
treatment response, EMT profile and stem cell features in head and
neck cancer 11 Medical and Health Sciences 1112 Oncology and Car-
cinogenesis”. In: Cancer Cell International 19.1 (Jan. 2019), pp. 1–10.
issn: 14752867. doi: 10.1186/S12935-019-0733-1/FIGURES/6.

[137] Ashley N. Mentlik et al. “Rapid Lytic Granule Convergence to the MTOC
in Natural Killer Cells Is Dependent on Dynein But Not Cytolytic Com-
mitment”. In: Molecular Biology of the Cell 21 (2009), pp. 2241–2256.
doi: 10.1091/mbc.E09âĂŞ11âĂŞ0930.

[138] Aimee Merino et al. “Chronic stimulation drives human NK cell dys-
function and epigenetic reprograming”. In: The Journal of Clinical In-
vestigation 129.9 (Sept. 2019), pp. 3770–3785. issn: 0021-9738. doi:
10.1172/JCI125916.

[139] Aimee M Merino et al. “Unraveling exhaustion in adaptive and conven-
tional NK cells”. In: Journal of Leukocyte Biology 108.4 (Oct. 2020),
pp. 1361–1368. issn: 1938-3673. doi: 10.1002/JLB.4MR0620-091R.

[140] Erick Moen et al. “Deep learning for cellular image analysis”. In: Nature
Methods 16.12 (2019), pp. 1233–1246. issn: 15487105. doi: 10.1038/
s41592-019-0403-1.

[141] Jeffrey R. Moffitt et al. “Recent Advances in Optical Tweezers”. In:
https://doi.org/10.1146/annurev.biochem.77.043007.090225 77 (June
2008), pp. 205–228. issn: 00664154. doi: 10.1146/ANNUREV.BIOCHEM.
77.043007.090225.

84

https://doi.org/10.1016/j.celrep.2017.12.052
https://doi.org/10.1016/j.celrep.2017.12.052
https://doi.org/10.4049/jimmunol.170.6.2862
https://doi.org/10.1002/CPIM.40
https://doi.org/10.1016/J.JCONREL.2012.04.045
https://doi.org/10.1186/S12935-019-0733-1/FIGURES/6
https://doi.org/10.1091/mbc.E09–11–0930
https://doi.org/10.1172/JCI125916
https://doi.org/10.1002/JLB.4MR0620-091R
https://doi.org/10.1038/s41592-019-0403-1
https://doi.org/10.1038/s41592-019-0403-1
https://doi.org/10.1146/ANNUREV.BIOCHEM.77.043007.090225
https://doi.org/10.1146/ANNUREV.BIOCHEM.77.043007.090225


REFERENCES

[142] Colin R.F. Monks et al. “Three-dimensional segregation of supramolec-
ular activation clusters in T cells”. In: Nature 395.1998 (1998), pp. 82–
86.

[143] Maelig G. Morvan and Lewis L. Lanier. “NK cells and cancer: you can
teach innate cells new tricks”. In: Nature Reviews Cancer 2016 16:1 16.1
(Dec. 2015), pp. 7–19. issn: 1474-1768. doi: 10.1038/nrc.2015.5.

[144] Barel MT et al. “Human cytomegalovirus-encoded US2 and US11 target
unassembled MHC class I heavy chains for degradation”. In: Molecular
immunology 43.8 (Mar. 2006), pp. 1258–1266. issn: 0161-5890. doi:
10.1016/J.MOLIMM.2005.07.005.

[145] Jing Ni et al. “Sustained effector function of IL-12/15/18–preactivated
NK cells against established tumors”. In: Journal of Experimental Medicine
209.13 (Dec. 2012), pp. 2351–2365. issn: 0022-1007. doi: 10.1084/
JEM.20120944.

[146] Alexandros Nianias and Maria Themeli. “Induced Pluripotent Stem Cell
(iPSC)–Derived Lymphocytes for Adoptive Cell Immunotherapy: Recent
Advances and Challenges”. In: Current Hematologic Malignancy Reports
2019 14:4 14.4 (June 2019), pp. 261–268. issn: 1558-822X. doi: 10.
1007/S11899-019-00528-6.

[147] E. OJO and H. WIGZELL. “Natural Killer Cells may be the Only Cells in
Normal Mouse Lymphoid Cell Populations Endowed with Cytolytic Abil-
ity for Antibody-Coated Tumour Target Cells”. In: Scandinavian Journal
of Immunology 7.4 (Apr. 1978), pp. 297–306. issn: 1365-3083. doi:
10.1111/J.1365-3083.1978.TB00457.X.

[148] K. Olofsson et al. “Acoustic formation of multicellular tumor spheroids
enabling on-chip functional and structural imaging”. In: Lab on a Chip
18.16 (Aug. 2018), pp. 2466–2476. issn: 14730189. doi: 10.1039/
C8LC00537K.

[149] Per E. Olofsson et al. “Distinct migration and contact dynamics of rest-
ing and IL-2-activated human natural killer cells”. In: Frontiers in Im-
munology 5.MAR (2014), p. 80. issn: 16643224. doi: 10.3389/FIMMU.
2014.00080/ABSTRACT.

[150] Olga Ornatsky et al. “Highly multiparametric analysis by mass cytome-
try”. In: Journal of Immunological Methods 361.1-2 (Sept. 2010), pp. 1–
20. issn: 0022-1759. doi: 10.1016/J.JIM.2010.07.002.

[151] Adem Ozcelik et al. “Acoustic tweezers for the life sciences”. In: Nature
Methods 2018 15:12 15.12 (Nov. 2018), pp. 1021–1028. issn: 1548-
7105. doi: 10.1038/s41592-018-0222-9.

85

https://doi.org/10.1038/nrc.2015.5
https://doi.org/10.1016/J.MOLIMM.2005.07.005
https://doi.org/10.1084/JEM.20120944
https://doi.org/10.1084/JEM.20120944
https://doi.org/10.1007/S11899-019-00528-6
https://doi.org/10.1007/S11899-019-00528-6
https://doi.org/10.1111/J.1365-3083.1978.TB00457.X
https://doi.org/10.1039/C8LC00537K
https://doi.org/10.1039/C8LC00537K
https://doi.org/10.3389/FIMMU.2014.00080/ABSTRACT
https://doi.org/10.3389/FIMMU.2014.00080/ABSTRACT
https://doi.org/10.1016/J.JIM.2010.07.002
https://doi.org/10.1038/s41592-018-0222-9


REFERENCES

[152] Parham P. “MHC class I molecules and KIRs in human history, health
and survival”. In: Nature reviews. Immunology 5.3 (Mar. 2005), pp. 201–
214. issn: 1474-1733. doi: 10.1038/NRI1570.

[153] Parham P and Moffett A. “Variable NK cell receptors and their MHC
class I ligands in immunity, reproduction and human evolution”. In: Na-
ture reviews. Immunology 13.2 (Feb. 2013), pp. 133–144. issn: 1474-
1741. doi: 10.1038/NRI3370.

[154] Parham P et al. “Human-specific evolution of killer cell immunoglobulin-
like receptor recognition of major histocompatibility complex class I
molecules”. In: Philosophical transactions of the Royal Society of Lon-
don. Series B, Biological sciences 367.1590 (2012), pp. 800–811. issn:
1471-2970. doi: 10.1098/RSTB.2011.0266.

[155] Nikhil R. Pal and Sankar K. Pal. “A review on image segmentation
techniques”. In: Pattern Recognition 26.9 (Sept. 1993), pp. 1277–1294.
issn: 0031-3203. doi: 10.1016/0031-3203(93)90135-J.

[156] M E Peter and P H Krammer. “The CD95(APO-1/Fas) DISC and be-
yond”. In: Cell Death & Differentiation 2003 10:1 10.1 (Mar. 2003),
pp. 26–35. issn: 1476-5403. doi: 10.1038/sj.cdd.4401186.

[157] Bárbara Pinto et al. “Three-Dimensional Spheroids as In Vitro Pre-
clinical Models for Cancer Research”. In: Pharmaceutics 2020, Vol. 12,
Page 1186 12.12 (Dec. 2020), p. 1186. issn: 19994923. doi: 10.3390/
PHARMACEUTICS12121186.

[158] Isabel Prager and Carsten Watzl. “Mechanisms of natural killer cell-
mediated cellular cytotoxicity”. In: Journal of Leukocyte Biology 105.6
(June 2019), pp. 1319–1329. issn: 1938-3673. doi: 10.1002/JLB.
MR0718-269R.

[159] Tilen Praper et al. “Human perforin permeabilizing activity, but not
binding to lipid membranes, is affected by pH”. In: Molecular Immunol-
ogy 47.15 (Sept. 2010), pp. 2492–2504. issn: 0161-5890. doi: 10.
1016/J.MOLIMM.2010.06.001.

[160] Parren PW and Burton DR. “The antiviral activity of antibodies in vitro
and in vivo”. In: Advances in immunology 77 (2001), pp. 195–262. issn:
0065-2776. doi: 10.1016/S0065-2776(01)77018-6.

[161] Ariel Quintana et al. “T cell activation requires mitochondrial translo-
cation to the immunological synapse”. In: Proceedings of the National
Academy of Sciences 104.36 (Sept. 2007), pp. 14418–14423. issn:
0027-8424. doi: 10.1073/PNAS.0703126104.

86

https://doi.org/10.1038/NRI1570
https://doi.org/10.1038/NRI3370
https://doi.org/10.1098/RSTB.2011.0266
https://doi.org/10.1016/0031-3203(93)90135-J
https://doi.org/10.1038/sj.cdd.4401186
https://doi.org/10.3390/PHARMACEUTICS12121186
https://doi.org/10.3390/PHARMACEUTICS12121186
https://doi.org/10.1002/JLB.MR0718-269R
https://doi.org/10.1002/JLB.MR0718-269R
https://doi.org/10.1016/J.MOLIMM.2010.06.001
https://doi.org/10.1016/J.MOLIMM.2010.06.001
https://doi.org/10.1016/S0065-2776(01)77018-6
https://doi.org/10.1073/PNAS.0703126104


REFERENCES

[162] Kiessling R, Klein E, and Wigzell H. “”Natural” killer cells in the mouse.
I. Cytotoxic cells with specificity for mouse Moloney leukemia cells.
Specificity and distribution according to genotype”. In: European jour-
nal of immunology 5.2 (1975), pp. 112–117. issn: 0014-2980. doi:
10.1002/EJI.1830050208.

[163] Kiessling R et al. “”Natural” killer cells in the mouse. II. Cytotoxic cells
with specificity for mouse Moloney leukemia cells. Characteristics of the
killer cell”. In: European journal of immunology 5.2 (1975), pp. 117–
121. issn: 0014-2980. doi: 10.1002/EJI.1830050209.

[164] Rajalingam R. “Overview of the killer cell immunoglobulin-like receptor
system”. In: Methods in molecular biology (Clifton, N.J.) 882 (2012),
pp. 391–414. issn: 1940-6029. doi: 10.1007/978- 1- 61779- 842-
9{\_}23.

[165] Wehner R et al. “The bidirectional crosstalk between human dendritic
cells and natural killer cells”. In: Journal of innate immunity 3.3 (Apr.
2011), pp. 258–263. issn: 1662-8128. doi: 10.1159/000323923.

[166] Shreya Raghavan et al. “Ovarian cancer stem cells and macrophages
reciprocally interact through the WNT pathway to promote pro-tumoral
and malignant phenotypes in 3D engineered microenvironments”. In:
Journal for ImmunoTherapy of Cancer 7.1 (July 2019). issn: 20511426.
doi: 10.1186/S40425-019-0666-1.

[167] Gregory D. Rak et al. “Natural Killer cell lytic granule secretion occurs
through a pervasive actin network at the immune synapse”. In: PLoS
Biology 9.9 (2011). issn: 15449173. doi: 10.1371/journal.pbio.
1001151.

[168] David H. Raulet, Russell E. Vance, and Christopher W. McMahon. “Reg-
ulation of the Natural Killer Cell Receptor Repertoire”. In: https://doi.org/10.1146/annurev.immunol.19.1.291
19 (Nov. 2003), pp. 291–330. doi: 10.1146/ANNUREV.IMMUNOL.19.
1.291.

[169] Mitchell E. Reff et al. “Depletion of B cells in vivo by a chimeric mouse
human monoclonal antibody to CD20”. In: Blood 83.2 (Jan. 1994),
pp. 435–445. issn: 00064971. doi: 10.1182/blood.v83.2.435.435.

[170] Alexander Revzin et al. “Development of a microfabricated cytometry
platform for characterization and sorting of individual leukocytes”. In:
Lab on a Chip 5.1 (2005), pp. 30–37. issn: 14730197. doi: 10.1039/
b405557h.

87

https://doi.org/10.1002/EJI.1830050208
https://doi.org/10.1002/EJI.1830050209
https://doi.org/10.1007/978-1-61779-842-9{\_}23
https://doi.org/10.1007/978-1-61779-842-9{\_}23
https://doi.org/10.1159/000323923
https://doi.org/10.1186/S40425-019-0666-1
https://doi.org/10.1371/journal.pbio.1001151
https://doi.org/10.1371/journal.pbio.1001151
https://doi.org/10.1146/ANNUREV.IMMUNOL.19.1.291
https://doi.org/10.1146/ANNUREV.IMMUNOL.19.1.291
https://doi.org/10.1182/blood.v83.2.435.435
https://doi.org/10.1039/b405557h
https://doi.org/10.1039/b405557h


REFERENCES
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