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1. Abstract

1. Abstract

Natural killer (NK) cells are killer cells from the innate immune system responsible for
eliminating pathogen-infected or tumorigenic cells. T cells are the central players in the
adaptive immune system, including T helper CD4" T cells and cytotoxic CD8" T cells. However,
how the interaction between NK cells with T cells influences NK cell killing efficiency still
largely unknown. To tackle this question, in this work, I co-cultured primary NK cells with
activated T cells and examined NK cell killing efficiency. | found that an in vitro co-culture
with activated T cells, both CD4" and CD8", greatly enhances the Kkilling efficiency of
homologues NK cells against different types of tumor cell lines. Co-culture with T cells did not
affect NK cells on the expressions of cytolytic proteins (perforin and granzymes) or the
degranulation of lytic granules. Instead, T cell co-culture greatly enhanced speed and
persistence of NK cell migration as well as NK cell infiltrating capability into 3D collagen
matrices. The T cell-induced NK activation can be achieved in 24-hour-co-culture and lasts for
several days. | have further identified that physical contact between NK and T cells is
indispensable. Blockade of IL-2 receptor using neutralizing antibody abolished enhancement
in NK cell killing boosted by T cells. Nether conditional medium from activated T cells nor
addition of IL-2 could resemble the extent of T cell boosted NK cell killing, indicating that
local IL-2 plays a critical role in this regard. Moreover, ICAM-1/LFA-1 interaction is also
involved in boosting NK cell functions by T cells. Surface molecule profiling from CyTOF
analysis revealed distinct subsets in T cell boosted NK cells. RNAseq data show that
cytoskeletal elements and related molecules as well as metabolic pathways were significantly
altered by T cell co-culture. These findings extend the understanding of the T-NK cell
interaction mechanism and provide valuable insights into the link between important players

from both innate and adaptive immunity.



1. Zusammenfasung

1. Zusammenfasung

NatUrliche Killerzellen (NK) sind zellul&e Bestandteile des angeborenen Immunsystems, die
eine wichtige Rolle bei der Beseitigung von mit Krankheitserregern infizierten oder
tumorbildenden Zellen spielen. Auf der anderen Seite sind T-Zellen die Hauptakteure des
adaptiven Immunsystems, zu denen CD4" T-Helferzellen und zytotoxische CD8" T-Zellen
geh&en. Obwohl die Interaktion zwischen NK-Zellen und T-Zellen die TGungseffizienz der
NK-Zellen beeinflusst, ist dieser Mechanismus noch weitgehend unerforscht. Im Rahmen
dieser Studie habe ich prim&e NK-Zellen mit aktivierten T-Zellen in einer Ko-Kultur
untersucht, um die Auswirkungen auf die Tdungseffizienz der NK-Zellen zu untersuchen. Die
Ergebnisse zeigen, dass die In-vitro-Kokultur mit aktivierten T-Zellen, sowohl CD4" als auch
CD8", die TAungseffizienz der NK-Zellen gegen verschiedene Tumorzelllinien signifikant
erhcht. Es wurde festgestellt, dass diese Ko-Kultur weder die Expression von zytotoxischen
Proteinen wie Perforin und Granzyme noch die Degranulation der lytischen Granula beeinflusst.
Stattdessen erh&ht die Ko-Kultur mit T-Zellen die Geschwindigkeit und Ausdauer der
Migration der NK-Zellen sowie deren Fé&higkeit, in dreidimensionale Kollagenmatrizes
einzudringen. Die Aktivierung der NK-Zellen durch T-Zellen kann bereits innerhalb von 24
Stunden in der Ko-Kultur erreicht werden und h&t mehrere Tage an. Des Weiteren wurde
festgestellt, dass der direkte physische Kontakt zwischen NK- und T-Zellen unerl&slich ist.
Die Blockade des IL-2-Rezeptors mit einem neutralisierenden Antik&per hebt die Verstéakung
der NK-Zellabt&ung durch T-Zellen auf. Weder das konditionierte Medium von aktivierten T-
Zellen noch die Zugabe von IL-2 allein konnten das Ausmaf3der verstékten NK-Zellabt&ung
durch T-Zellen erreichen, was darauf hinweist, dass lokales IL-2 in diesem Zusammenhang
eine entscheidende Rolle spielt. Dariber hinaus spielt die Interaktion von ICAM-1/LFA-1 eine
bedeutende Rolle bei der Verstakung der NK-Zellfunktionen durch T-Zellen. Durch die
Anwendung der CyTOF-Analyse konnten Oberfl&henmolekUprofile erstellt werden, die
unterschiedliche Untergruppen in den NK-Zellen aufzeigten, die durch T-Zellen verstékt
wurden. Zusdzlich zeigten RNAseqg-Daten signifikante Veranderungen in Elementen des
Zytoskeletts, verwandten MolekUen und Stoffwechselwegen durch die Ko-Kultur mit T-Zellen.
Diese Erkenntnisse erweitern das Verstandnis des Interaktionsmechanismus zwischen T- und
NK-Zellen und liefern wertvolle Informationen (ber die Verbindung zwischen den

mafgeblichen Akteuren des angeborenen und des adaptiven Immunsystems.



2. Introduction

The immune system, an exquisite “defense line” generated in millions of years of evolution,
has helped us human beings to survive countless threats opposed by pathogenic microbes and
abnormal cell proliferation like tumors. Our bodies' health relies on an effective immune
response which requires a sophisticatedly orchestrated network involving more than 10 major
types of immune cells. Previous investigations about how immune cells collaborate, locate
targets and eliminate threats have helped us to make great progress on immunotherapy against
tumor. In this study, we focus on the T cell-induced NK cell function promotion. Investigations
were carried out to expand our knowledge about how the two major players from both adaptive
and innate immunity interact and achieve a higher NK killing efficiency against tumor cells.

These findings may provide positive insights for future anti-tumor research.

2.1 An overview of the immune system

The immune system is a well-developed network that involves sophisticated cellular and
molecular orchestration among immune cells or between the immune system and somatic cells
in the host body. For the survive of the host, there are three challenges for the immune system
to take: 1) to recognize non-self or abnormal cells and mount destructive reaction
correspondingly; 2) to form immunologic memory in order to response promptly when the body
is re-exposed to the same pathogens; 3) to avoid immune response against self which is known
as the immune tolerance. To address these challenges, a large number of immune cells with
diverse functions are derived. Most of the immune cells are produced and matured in bone
marrow (T cells complete development in thymus) after early childhood. Some of these cells
undergo a process of sophisticated secondary education and then circulate in the extracellular
fluid to patrol the body -2,

There are two fundamental arms of the immune system, innate immunity and adaptive
immunity. Innate immunity is an organization of cells and molecules that take effect
immediately or shortly (within several hours) after the host is exposed to infectious agents &,
In spite of how many times the host encounters the pathogen, the innate responses occur to the
same extent. Besides the constitutively active physical barriers formed by epithelium, fatty
acids, mucus, and cilia that reject inhaled or ingested particles, the innate defense mainly
depends on cellular components include phagocytic cells such as neutrophils, monocytes, and
macrophages; cells that produce inflammatory mediators including basophils, mast cells, and
eosinophils (exert anti-parasite activities); antigen-presenting dendritic cells; natural killer (NK)
cells %1, The molecular components of innate immunity are comprised of soluble factors

including cytokines such as the interferons (modulate immune cell functions), acute-phase
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proteins, and complement cascade proteins 729,

Adaptive immunity, on the other hand, depends on antigen-specific defense mechanisms
anchored by the antigen-driven clonal expansion of T and B lymphocytes * . B cells are
matured in bone marrow @ responsible for producing antibodies, which neutralize pathogens
or induce ADCC to destroy pathogen or aberrant cells. T cells are matured in thymus 2. They
are phenotypically characterized by the surface expression of the transmembrane T-cell
receptors (TCR) that specifically bind to antigens presented by antigen-presenting cells (APCs)
(13151 T cell populations are comprised of CD4* and CD8" T cells. In cell-mediated immune
responses, T cells are activated by the foreign antigen presented by APCs. Most activated CD4"
T cells serve as helper cells to facilitate activation of other immune cells, for example B cells,
NK cells, and CD8" T cells by their cytokine secretion . While activated CD8" T cells, also
known as cytotoxic T lymphocytes, can directly eliminate aberrant cells in an antigen-

dependent manner &7,

2.2 All for kill: Killing machinery of natural killer cells

To eliminate pathogen-infected or tumorigenic cells, two particular groups of immune cells act
as key players: cytotoxic T lymphocytes (CTLs) and NK cells. CTLs are effector CD8" T cells,
belonging to the adaptive immune system. Using TCRs and CD8 molecules, cytotoxic T
lymphocytes recognize antigens presented by MHC class | molecules on the target cell surface.
In comparison, NK cells kill target cells in an antigen-independent manner. Despite of the
difference in the mechanisms for target recognition, cytotoxic T lymphocytes and NK cells
share very similar killing machineries to eliminate their target cells.

NK cells, as the name suggests, possess cytotoxic capacity without prior activation by any
antigen. NK cells have a pivotal role in eradicating tumorigenic and pathogen-infected cells.
NK cells are phenotypically characterized by the absence of TCR/CD3 on their surface 8 and
the surface expression of CD16 (Fc-yRIII, binds to the Fc region of 1gG) and CD56 (neural cell
adhesion molecule) . To find their target cells, NK cells need to patrol tissues, where they
encounter complicated and dynamic three-dimensional (3D) environments "% NK cells
recognize the cognate target cells by a sophisticated repertoire of activating and inhibitory
receptors 24, Once target cells are identified, NK cells form a tight contact with the target cells,
termed immunological synapse (IS), to orient their killing machinery towards the target cells
[25.28] 'NK cells mainly adopt two killing mechanisms to eliminate targets: cytotoxic protein-
containing lytic granules as well as Fas/FasL pathway. NK cells can also initiate killing via

ADCC, i.e., forming an IS with antibody-bound target cells through the Fc receptor CD16.
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2.2.1 To kill or not to Kill: target cell recognition by NK cells

There are many models proposed to explain how NK cells recognize their target cells. One of
the first theories is the “missing-self” hypothesis, which is based on the fundamental concept
that NK cells can be activated when encountering viral-infected or malignant cells with
diminished or absent “self” MHC I molecule expression #7281, However, experimental evidence
shows how NK cells respond to their target cells is determined by a sophisticated balance
between the intracellular signals triggered by serials of germline-encoded activating and
inhibitory receptors expressed on the NK cell surface . The MHC I receptors on NK cells do
not regulate the NK activation in a binary behavior. They act like “rheostat” to dampen the
signal of activating receptors rather than a “switch-off” *. NK cells are found capable to
eliminate target cells when the activating signals from the engagement of multiple or highly
potent activating NK receptors overwhelm the inhibitory signal from MHC | ligation %2,
Later, a sophisticated model suggests that NK cell activation is a result of competition between
activating versus inhibitory signals mediated by activating and inhibitory receptors,
respectively. To date, a wide repertoire of activating receptors has been defined on NK cells %
331 In humans, the activating receptors mainly include natural cytotoxicity receptors (NCRS),
NKG2D, and the Fc-y receptor CD16. NCRs encompass NKp30 (CD337), NKp44 (CD334)
and NKp46 (CD335). Engagement of NK activating receptors with their ligands triggers
recruitment of downstream effector molecules to further transduce activation signals. For
instance, CD16 binds to CD3{ or FcRy, NKp30 and NKp46 binds to CD3(, and NKp44 binds
to DAP12 [%6:37]

Inhibitory mechanisms to harness activation of activating receptors are necessary since normal
cells could also express ligands of the activating receptors under some circumstances £, To
this purpose, NK cells express a panel of inhibitory receptors that bearing immunoreceptor
tyrosine-based inhibition motifs (ITIMs). The majority of inhibitory receptors fall to two
categories: C-type lectin domain family (e.g., NKG2A/CD159a, CD161/NKR-P1) and
immunoglobulin superfamily (e.g., KIRs, LIRs) [2% 34394 The jnhibitory receptors usually
bind to MHC class | molecules that are expressed by most healthy somatic cells to prevent NK
cells from destroying innocent cells. Under physiological circumstances, healthy cells express
adequate number and density of inhibitory receptor ligands that provide sufficient inhibitory
signal even when some activating signals are triggered at the same time 1. In comparison,
on abnormal cells, expression of inhibitory receptor ligands is downregulated while expression
of activating receptor ligands is upregulated, tipping the balance towards activation to initiate

the corresponding killing events.
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2.2.2 Engaging target: Immunological synapse (IS) formation

The formation of an IS is a prerequisite for NK killing “®-471. IS formation involves a series of
continuous and subsequential events. When NK cells get in contact with their cognate target
cells, fundamental changes take place in NK cells. Surface molecules at the contact site are
quickly attributed to spatially segmented structures, termed supramolecular activation clusters
(SMAC:s). Depending on the distance from the center, there are central SMAC (cSMAC) and
peripheral SMAC (pSMAC) 16 %8 41 Meanwhile, the cytoskeleton undergoes considerably
radical rearrangements. Cortical actin forms a ring-like structure at the pSMAC. Microtubule
organizing center (MTOC) is translocated from the uropod (rear part of NK cells) to the vicinity
of the IS. Cytotoxic protein-containing lytic granules are also concentrated at the IS and are
subsequently released into the cleft, leading to the destruction of target cells.

A tethering-like contact between the NK and the target is formed upon target recognition.
Though still not yet well understood, selectin family members and CD2 are believed to play
important roles in initiating the contact ©%%2, CD2 is found accumulated at the NK-target
contact site within 5 minutes “® and suggestively contribute to potentiate activation signals in
NK cells % %1 The transient contact can be converted to a stable conjugation if activation
signals over-compete inhibitory signals. Compelling evidence shows that the interaction
between lymphocyte function-associated antigen 1 (LFA-1) on NK cells and ICAM-1 on target
cells is indispensable to stabilize/seal the contact (¢ and the subsequent actin reorganization at
the pPSMAC 1%,

Actin network plays a key role in maturation and functionality of the IS. Actin can be
polymerized into a branched meshnetwork mediated by Arp2/3 or into bundle arrays mediated
by formins %581, Actin nucleator Arp2/3 is recruited to the side of an existing actin filament by
associating transiently with the activator Wiskott—Aldrich syndrome protein (WASP) %, And
after the detachment of the WASP, the Arp2/3 complexes nucleate a new branched actin
filament t at a 70> angle ®® % Therefore, WASP is of necessity to the characteristic shape
changes that NK cells adopt soon after IS formation [ 61631 Formin-mediated formation of
actin bundles relies highly on profilin-dependent transport of actin monomer on the barbed end
for actin elongation 4 .

Polarization of MTOC to the IS is one of the hallmarks of IS formation, essential for enrichment
of lytic granules at the IS. Upon target recognition, prior to MTOC polarization, lytic granules
are rapidly converged to the MTOC and in a dynein dependent manner . Consequently, along
with MTOC polarization towards the IS, lytic granules are also enriched at the IS. By inserting
the microtubule plus-ends into the actin network accumulated at the IS, forces are generated to
facilitate the MTOC reorientation ©°!,

Intact functionality of the cytoskeleton is also required for delivery of Iytic granules to dock on

the plasma membrane at the IS and the subsequent release. Studies using CTLs shows that
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transport lytic granules to the IS can be dependent or independent of plus-end microtubule
motor protein kinesin 78, |n the latter case, lytic granules delivery is suggestively mediated
by myosin 11 %, Release of lytic granules in NK cells is dependent on intact activity of myosin
I1A, but myosin A is not involved in MTOC reorientation and lytic granule enrichment at the
IS % Actomyosin contractility would provide sufficient mechanical forces to allow lytic
granules to pass through the F-actin meshwork.

2.2.3 Bullets: cytotoxic proteins

Lytic granules are the major mechanism employed by NK cells to eliminate their target cells
[25. 28] | ytic granules contain cytotoxic proteins mainly pore-forming perforin and serine
protease granzymes, which are indispensable to lyse target cells. To avoid lysing NK cells
themselves, perforin is stored in an inactivate form in lytic granules mainly owing to the acidic
environment. Once released into the cleft, the neural pH in vicinity of target cells allows
perforin to insert into target cell plasma membrane and oligomerize to form pores. Granzymes
are internalized into target cells to activate caspase cascades and induce target cell apoptosis
[26]_

The pore-forming protein perforin was first discovered in 1985 ™. Perforin precursor is
synthesized in the ER. With 555 amino acids, 65 kDa, perforin is composed of multiple domains
[ The N-terminal sequence of perforin is comprised with a signal peptide and the membrane
attack complex/perforin (MACPF) domain, which is responsible for cytolytic activity 2. The
N-glycosylation sites are required for locating the perforin molecules from Golgi to lytic
granules [*]. The C-terminus, on the other hand, is composed of an EGF-like domain and a CD2
domain, which facilitate perforin to incorporate into plasma membranes in a calcium-dependent
way ", Once being sorted into lytic granules, the last 20 amino acids of the perforin C-terminus
are cleaved by cathepsin L, resulting in the full activation of perforin ™®). However, in the lytic
granules, perforin is inactivated mainly due to the acidic pH. If the acidic pH is elevated to
neutral pH by concanamycin A, perforin is hydrolysed by DFP-sensitive proteases in the lytic
granules I8, Furthermore, in the lytic granules, the perforin activity is additionally inhibited by
calreticulin and binding to serglycin [,

In NK cells, the perforin gene is transcribed constitutively ['® ™). However, subsets of NK cells
differ in the perforin expression level. Compared to CD56""™ NK cells, CD56%™ subset express
higher level of perforin and are more cytotoxic. It is reported that engagement of NK activating
receptor NKp30 drastically induces nuclear factor-kB (NF-«B) activity %, which contributes
to regulating perforin expression in NK cells 4. Transcription factor Eomesodermin (Eomes)
is responsible for the perforin expression in cooperation with T-bet. The perforin mRNA level

is found drastically reduced in Eomes-deficent murine NK cells [62 831,
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Granzymes belong to the serine protease family. So far, five granzymes have been identified in
humans with different substrate specificity 4. Granzyme A and granzyme K display tryptase-
like activity; granzyme B (GzmB) is an asp-ase; granzyme H and granzyme M have
chymotrypsin-like (chymase) activity. All granzymes are synthesized as pro-enzymes. Among
all granzymes, GzmB is the most apoptotic one ). Through the mannose-6-phosphate receptor
(MPR) pathway, the inactive precursor of GzmB is sorted to the lytic granules %87 where two
amino acids at the N-terminus of GzmB are cleaved predominantly by cathepsin C and possibly
also by cathepsin H to gain the full protease activity 8%, The active GzmB is tightly packed
in a complex with serglycin, which is a proteoglycan with protease-resistant peptide core, to
inhibit GzmB cytolytic activity in lytic granules .

When released into a cytolytic 1S, GzmB enters the target cells to induce apoptosis. There are
mainly two pathways mediating GzmB entry: GzmB can be transferred into the cytoplasma of
the target cells by going through the pores made by perforin % or by endocytosis. Compelling
evidence shows that perforin is necessary for GzmB entry but not sufficient. Intracellular Ca?*
influx in target cells induced by formation of perforin pores is also required for GzmB to enter
target cells [*31, Interestingly, GzmB mutants, which cannot bind to heparan-sulfate-containing
membrane receptors for endocytosis, can enter the cytosol of target cells with a similar efficacy
as wild type GzmB ¥, suggesting that endocytosis mediated by heparan sulphate containing
receptors on target cell membrane is dispensable for GzmB delivery into target cells 41,
GzmB mainly initiate apoptosis of the target cells by triggering caspase activation. GzmB
directly cleave caspase 3 and also release caspase inhibition, both of which are required for
GzmB-dependent apoptosis . By cleaving caspase substrates such as Bid (BH3-interacting
dominant death agonist), GzmB unleashes cytochrome ¢ into the cytoplasma ¢, where
cytochrome ¢ interacts with apoptosis proteinase-activating factor (Apaf)-1 and caspase 9 to
further activate caspase 3 to trigger apoptosis !, Furthermore, GzmB can directly cleave Rho
associated coiled-coil containing protein kinase 2 (ROCK?2) to induce blebbing of target cells
independent of caspase activation & and is also found play a role in the 70 kilodalton heat

shock protein 70 (Hsp 70)-mediated perforin-independent apoptosis °%,

2.3 NK cell migration

NK cells have to infiltrate and patrol tissues in order to locate their target cells. An intact
motility is of great importance for NK cells to execute their killing function 2%, The migration
of NK cells relies heavily on the integrity and rearrangement of their cytoskeleton. During
migration, actin-rich protrusions are formed at the leading edge, whereas the MTOC is located
at the uropod, the rear part of the cells. Myosin IIA mediated actomyosin contractility is

required for retraction of uropod to allow cells move forward. Under physiological conditions,
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NK cells need to migrate in 3D environments in most cases. Physical and chemical features of

3D environments can also greatly modulate NK migration.

2.3.1 Cytoskeleton is a key factor of cell migration

The cytoskeleton consists of three major types of protein: actin filaments, microtubules and
intermediate filaments. Functions of actin filaments and microtubule network in immune killer
cells especially CTLs have been intensively investigated. Actin cytoskeleton along with
actomyosin contractility is essential to maintain the cell shape and generate forces for cell
migration 1%, Microtubules serve as intracellular tracks with help of the motor proteins to
enable transportation of intracellular organelles or vesicles to their desired destinations.
Intermediate filaments are involved in maintaining cell shape and withstand mechanical stress
(04 However, the role of intermediate filaments in CTLs or NK cells remains largely
unexplored.

Actin is one of the main components of the NK cell cytoskeleton. During NK cell migrating or
conjugating with target cells, actin is found undergo polymerization and depolymerization and
switch between the globular monomer stage (G-actin) and the filamentous stage (F-actin)
bidirectionally %2, As a highly conserved protein that expressed abundantly in most eukaryotic
cells, actin participates and plays critical roles in many aspects of cell functions such as cell
migration, cell shape maintenance and transcriptional regulation of polarity ™% In NK cells,
the actin filaments are dynamically reorganized according to the signals from the surface
activating or inhibitory receptors. The activity of central nucleating factors such as the actin-
related protein 2 and 3 (Arp2/3) complex and formins controls the direct nucleation of actin -
1021 'Nucleating-promoting factors, for example, Wiskott—Aldrich Syndrome protein (WASp)
family and WAVE?2 are in responsible for regulation of nucleating factors %1%, proteins like
Coronin 1A work as the depolymerizing factors that antagonize Arp2/3-induced actin
branching which is found crucial for NK lytic granule release 27!,

Actomyosin contractility is essential for killer cell migration. Myosin IIA, an actin motor
protein, plays a critical role in regulating the functions of T-cells and NK cells %!, Abrogation
of myosin 1A activity suppresses T-cell motility through a deficient uropod retraction [,
Myosin Il is considered to play central roles in the generation of the contractile force essential
for cell migration B8 110 1 Myosin 11 activity relies on the myosin light chain (MLC)
phosphorylation. Myosin light chain kinases (MLCK) as well as Rho-associated protein kinase
(ROCK) are the two major types of enzymes that participate in the MLC phosphorylation 1?
114]'

Microtubule filaments also play critical roles in NK effector function. They are expressed in all

eukaryotic cells and are involved in intracellular trafficking, cell mitotic, cell migration, and
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cell shape maintenance %1, Microtubules are long (up to 5 mm) polymers that of the highest
stiffness in cytoskeleton components %1, A single microtubule is a hollow cylinder-shaped
molecule with a diameter of 24 nm that is assembled with 13 protofilaments made up of a and
B-tubulin heterodimers. The microtubules are originated from the MTOC M. The end which
anchored at the MTOC is defined as the microtubule minus-end and in contrast, the end in
which the microtubule grows is defined as the plus-end. When the microtubule extends, o and
B-tubulin heterodimers are added to the plus-end. After the tubulin dimer is incorporated into
the microtubule, a B-tubulin-bound guanosine triphosphate (GTP) cap of stabilizing properties
is formed upon the growing tip. Due to the GTPase activity of tubulin, the GTP-tubulin under
the cap is converted to guanosine diphosphate (GDP)-tubulin which is unstable M€, Molecular
motor proteins such as Dynein can help to the stabilize the plus-end *. On the other hand,
microtubule depolymerases such as proteins from Kinesin family (Kinesin-13, 8, and 14) can
remove the cap at the plus-end which leads to enhanced microtubule depolymerization 19121,
These molecules regulating the stabilizing and destabilizing of microtubules are called
microtubule-associated proteins (MAPs) [?2 1281 The synergy of a broad range of MAPs
determines the dynamic of microtubules 123121,

Among the three major types of cytoskeleton components, intermediate filaments (IFs) are the
softest. They are distributed in cytoplasm widely and can crosslink with each other or with other
cytoskeletal proteins such as actin and microtubule filaments 22!, In human genome, a large
family with over 65 genes that each are cell-type specific, encodes IF proteins, in both cytosol
and nucleus 27 1281 These IFs are classified into six groups according to the similarities
between their sequence of rod-like domain %, The type 111 IF protein vimentin, is a major IF
component found in fibroblasts, smooth muscle cells, and leukocytes 2712, In smooth muscle
cells and fibroblasts, the deficiency of vimentin reduces the cell moving velocity and cell
contraction force while an upregulation of vimentin expression promotes cell motility 29132,
Vimentin is also reported to regulate the focal adhesion dynamics at the protrusions of moving
cells *21, In human PBMCs and mouse lymphocytes, the absence of vimentin is related to an
impaired trans-endothelial migration and downregulated adhesion molecule "%, Besides
vimentin, lamins from the type IV IF proteins, a major component of the nuclear membrane, is
reported to regulate the nucleus rigidity in tumor cells (128 1331341 Since the size of the nucleus
affects the migration efficiency when the cell is squeezing through 3D matrix fibers. Evidence
suggests that lamins impact cell motility by regulating the nucleus rigidity. However, the role

of IFs in NK function remains largely elusive.

2.3.2 Other factors that affect NK migration

Optimized motility is a prerequisite enabling NK cells to locate their target cells in a timely
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manner. Cell migration modes fall into two main categories: mesenchymal and amoeboid
migration. Leukocytes including NK cells often employ the amoeboid migration mode. During
migration, the cell can switch between some submodes such as blebbing and gliding -3¢,
Notable, the core of the amoeboid migration anchored on the cell-scale retrograde actin flow
driven by the contractile forces in the actin network from the rear ¥4 The cell locomotion
is driven by the unspecific friction force generated from the indirect interaction between the
actin filaments flow and the surrounding ECM. The MTOC is found always located at uropod
of migrating T cells 2. It’s worth noting that cells can switch migration strategies plastically
under the influence of the properties of the environment 71421 such as substrate stiffness 4%
144 geological confinement 23241 or adhesion complexes 371461,

To locate their target cells in vivo, NK cells have to infiltrate and patrol various of tissues. The
3D environments that NK cells pass through are mainly composed of extracellular matrix
(ECM). The interaction between cells and ECM has been demonstrated plays critical roles in
many vital cellular processes X1, The major component of ECM is collagen which mainly
presents as branch-like network of fibers 18], Besides growth factors and chemical mediators
diffusing inside, the physical characteristics of ECM such as dimensionality, stiffness, fibre
thickness, and pore size between fibres also influences cellular functions 4%, By physically
interacting with ECM, cell functions are mediated by mechanosensing and related signal
cascades %% 1% On the other hand, cell migration is mediated by body reshaping due to
guidance and confinement from ECM %151 CTLs are found to substantially reduced killing
efficiency in high density of collagen due to an impaired migration. The nuclei deformation
regulated by microtubules contributes to the velocity of a migrating CTL . Cell-ECM
interaction is also crucial in tumor research since significant structural changes in tumor-
surrounding collagen tissues has been visualized 8 15,

In mammals, type | collagen composes up to 90% of the protein content of connective tissues
(1581 Therefore, reconstituted type | collagen matrices is often used to mimic an in vivo cellular

environment for in vitro cell experiments 4!,

2.4 Maximazation of NK killing efficiency

To defend our bodies from diseases, the innate and adaptive immune systems collaborate
complementarily I, Theoretically, when exposed to invading microbes, the innate immune
cells response almost immediately. Within minutes, phagocytes (e.g. neutrophils, macrophages,
and dendritic cells) approach the corresponding site and remove pathogens or foreign particles
via phagocytosis. Meanwhile NK cells are recruited to the battlefield to eliminate pathogen-
infected cells. In between, dendritic cells and macrophages act as professional antigen-

presenting cells (APCs). After having collected pathogen-derived antigens, these professional
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APCs home to lymph nodes and present the antigens to naive T cells to initiate their activation
and proliferation. T-lymphocytes population encompasses CD4" T cells and CD8* T cells.
CD4" T cells make up to 60-70% of the T cell population and are therefore the most abundant
cell type %% Once upon activation, most CD4* T cells differentiate into T helper cells, which
secrete an array of cytokines that can in turn shape functions of innate immune cells. For
example, CD4" Th cells can convert infected macrophages into more potent antimicrobial
effector form via IFNy %Y activate CD8" T cells in killing infected cells, and help B cells in
producing antibodies to mediate humoral immune responses!*®?. Notably, emerging evidence
indicates CD4" T cells also crosstalk with NK cells and they do so very likely through their IL-
2 production.

Among the cytokines secreted by CD4" effector T cells, IL-2 is of great importance and has
been well studied. Identified in 1976, IL-2 is the first type 1 cytokine that has been cloned [,
IL-2 is a 15.5 kDa protein that bear a four a-helical bundle %4, In human, IL-2 is mainly
produced by CD4" T cells upon activation by antigen. Three distinct IL-2 receptor chains have
been described. IL-2 receptor a chain (IL-2Ra), also known as CD25, is uniquely expressed on
activated lymphocytes. Though is ligand-specific, the bind between IL-2Ra and IL-2 is of low
affinity; On NK cells and memory T cells, IL-2Rp (CD122) and IL-2Ry (CD132) combine with
each other and form a complex that binds IL-2 with intermediate affinity; The highest affinity
with IL-2 is achieved when the three receptor chains are expressed together on activated T cells
(1641 When binds with a high affinity receptor, IL-2 is firstly captured by the IL-2Ra domain,
following the recruitment of IL-2Rp, the IL-2Ry chain is the last to take part in %], Both the
intermediate and the high affinity receptor can trigger functional IL-2 signals. IL-2R3 domain
is also shared by the IL-15 receptor as a key component. The IL-2Ry chain is actually found a
common chain shared by for the receptors of IL-2, IL-15, IL-7, IL-21, IL-9, and IL-4 B! [t’s
therefore also known as the common cytokine receptor y chain (yc). Nowadays, IL-2 is widely
used to enhance the cytotoxic capacity of NK cells in vitro cultures %7, IL-2 treatment
significantly alters the surface receptor expression on NK cells. When exposed to IL-2, an
upregulation of activating receptors, such as NKp44, DNAM-1 (CD226), and KLBR1 has been
recorded while the expression of inhibitory receptors like KIR2DL2 and KIR3DL3 are found
downregulated 2%, Adhesion molecules that play important roles in IS formation and cell
migration are also upregulated on IL-2-stimulated NK cells, resulting in a tighter conjugate
between individual cells than cells in the resting stage %%, This promoted intercellular adhesion
may partly contribute to the enhanced NK-mediated cytotoxicity upon IL-2 stimulation.
Impacted by a low dose of IL-2 for a long time, NK cell population can be specifically expanded
[170].

Evidence shows that T cell-derived IL-2 plays a central role in NK cell activation in vivo. IL-

12/15/18—preactivated NK cells were demonstrated performed rapid proliferation when
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exposed to IL-2 produced by CD4* T cells in a mouse model X7, In Leishmania major-infected
mice, antigen-specific CD4" T cells are found required to potentiate NK killing via IL-2 721,
In presence of APCs and recombinant IL-12, endogenous IL-2 secreted by antigen-activated
CD4" T cells are able to stimulate CD56""9" NK cell IFN-y production, which is related to NK
cytotoxic functionality 7%, This T cell-mediated NK activation is abolished by neutralization
of 1L-2 74171 In human secondary lymph organs, CD56”""CD16™ immature NK cells are
enriched in close proximity to the T cell area. These NK cells can be converted into killing
potent subsets upon IL-2 activation phenotypically similar to the peripheral blood NK cells 27
176.177] Deficiency in CD4* T cells leads to failure in NK activation in an infection mouse model
(721 Though the interaction between NK cells and IL-2-producing T cells has been defined in
vivo which suggests a link between the innate and adaptive immune responses, the underlining

mechanism of endogenous IL-2-mediated NK cell activation is still elusive 173178171,

2.4 Goals

As elaborated above, NK cells are crucial effector cells to eradicate tumorigenic or infected
cells and CD4" T helper cells are essential to potentiate NK killing capacity in an IL-2
dependent manner. Of note, 1L-2 production by Th cells is transient % and administration of
high doses of IL-2 in patients leads to severe side effects mainly from vascular leakage ™Y,

In this case, how exactly T cells potentiate NK killing function is still not fully understood. This
thesis is aimed to address this question in the following aspects:

1) To determine how activated T cells impact NK cell cytotoxicity;

2) To reveal the mechanism of the T-boosted NK killing;

3) To analyze the intrinsic change in NK cells by T-boosting.
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Figure 1. Schematic of the NK functions and NK-T crosstalk. NK cells can exert receptor-mediated
cytotoxicity and antibody-dependent cytotoxicity against virus-infected cells or tumor cells. The NK
killing functions are based on the synergy of activating/inhibitory receptors, IS formation, cytolytic
protein release, and cell migration. The cytoskeleton plays important role in these aspects. It has been
demonstrated that stimulated CD4" T helper cells can activate NK cells via cytokine, especially 1L-2,
secretion. How T cells impact NK functions needs to be further studied.
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3. Materials and Methods

3.1 Reagents and antibodies

Reagents

Designation Source Reference
Calcein-AM Thermo Fisher C3100MP
CellTrace™ CFSE Cell Proliferation Kit Thermo Fisher C34554
Dynabeads® Human T-Activator CD3/CD28 ThermoFisher 11131D

NK Cell Isolation Kit, human Miltenyi Biotec 130-092-657
CD4* T Cell Isolation Kit, human Miltenyi Biotec 130-096-533
CD8" T Cell Isolation Kit, human Miltenyi Biotec 130-096-495
CD56 Microbeads, human Miltenyi Biotec 130-050-401
FibriCol® Type | Collagen Solution, 10 mg/ml (Bovine) Advanced BioMatrix ~ #5133
LEGENDplex™ Human CD8/NK Panel Biolegend 741065
NucleoSpin® RNA Plus Macherey-Nagel 740984.50
ML7, myosin light chain kinase inhibitor Abcam ab120848
Y27632 dihydrochloride Biomol LKT-Y1000.1
Cell ID™ 127 IdU Fluidigm 201127
penicillin/streptomycin Sigma-Aldrich P4333-100ML
Human Recombinant IL-2 VWR PHC0023
Propidium iodide (PI) VWR BTIU40016
G418 Sulfate Merck 345810-5GM
AIM V™ Medium, liquid (research grade) Thermo Fisher 12055083
RPMI 1640 Medium Thermo Fisher 21875034
MEM Thermo Fisher 31095029
fetal calf serum (FCS) Thermo Fisher 10270106
DPBS, no calcium, no magnesium Thermo Fisher 14190094

All the other chemicals not mentioned in this table were purchased from Sigma-Aldrich (highest grade).

Antibodies

Designation Clone Source Reference

Rituximab (biosimilar, Rixathon, Hexal Pharma) - local pharmacy -
Efalizumab

anti-Integrin alpha-L (ITGAL) antibody /hull124 Antibodies-online  ABIN5668045

IL2RA recombinant monoclonal antibody Basiliximab ~ Abnora RABO00048

PerCP anti-human CD3 Antibody HIT3a Biolegend 300326

Brilliant Violet 421™ anti-human CD3 Antibody UCHT1 Biolegend 300434

APC/Cyanine7 anti-human CD3 Antibody SK7 Biolegend 344818
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Alexa Fluor® 488 anti-human CD16 Antibody  3G8 Biolegend 302019
PerCP anti-human CD16 Antibody B73.1 Biolegend 360720
Alexa Fluor® 647 anti-human Perforin Antibody dG9 Biolegend 308110
PE anti-human/mouse Granzyme B Recombinant

Antibody QA16A02 Biolegend 372207
Brilliant Violet 421™ anti-human CD107a

(LAMP-1) Antibody H4A3 Biolegend 328626
PE anti-human CD178 (Fas-L) Antibody NOK-1 Biolegend 306407
Alexa Fluor® 647 anti-human IL-2 Antibody MQ1-17H12 Biolegend 500315
Alexa Fluor® 488 anti-human CD3 Antibody UCHT1 Biolegend 300415
APC Mouse Anti-Human CD56 (NCAM-1) B159 BD Biosciences 555518
3.2 Cells

3.2.1 Cell lines

The cell line culture and separation were carried out by our technician team: Cora Hoxha ,
Kathrin F&derer, Sandra Janku, and Gertrud Schwa. K562 cells, Raji cells, K562 pCasper
cells, OSU cells, MECL1 cells, SK-MEL 5 cells and SK-MEL 28 cells were cultured in RPMI
1640 medium supplemented with 10% of FCS and 1% of Penicillin-Streptomycin at 37°C with
5% CO,. To culture K562 pCasper cells, 2.5 mg/ml of G418 was added in the culture medium.

3.2.2 Peripheral blood mononuclear cell (PBMC) preparation

The PBMC preparation was carried out by our technician: Carmen H&ssig. Leukocyte reduction
system (LRS) chambers from healthy donors were used to recover PBMCs. Cells in LRS
chambers were carefully flushed out using Hanks’ Balanced Salt Solution (Sigma-Aldrich) into
a 50 ml tube prefilled with 16 ml of lymphocyte isolation medium (LSM). The tubes were
centrifuged at 450 g (acceleration: 1, deacceleration: 0) for 30 min at 4 <C, and the mononuclear
cells desired were accumulated as a ring, which was carefully collected into another 50 ml tube
and the tube was filled to 50 ml with HBSS for washing (300g, 15min, RT). The pellet was
gently resuspended in 2-3 ml of erythrocyte lysis buffer (155 mM NH4Cl, 10 mM KHCOs and
0.1 mM EDTA, pH 7.3) and kept at room temperature for 1-2 min to lyse the remaining red
blood cells. Then the tube was filled with HBSS to 50 ml and centrifuged (250 g, 15 min, RT).
The pellet was resuspended in PBS/0.5% BSA and kept on ice for subtype isolation. The
research conducted in this study involving human materials has received approval from the

local ethics committee.
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3.2.3 NK cell negative isolation
The NK cell isolation was carried out by our technician: Carmen H&sig. Primary human NK
cells were isolated negatively from PBMCs using NK Cell Isolation Kit human (Miltenyi
Biotec, Cat. 130-092-657) according to the protocol provided by the manufacturer. The
isolations were conducted manually or automatically with autoMACS® Pro Separator
(Miltenyi). The steps for manual isolation are as follows (for 10 million PBMCs, each
preparation maximum 200 million PBMCs):
Resuspend PBMCs in 40 u | of pre chilled (4°C) PBS/0.5% BSA
e Add 10 pl of NK Cell Biotin-Antibody Cocktail and incubate at 4°C for 5 min
e Add30 ulof PBS/0.5% BSA and 20 1 | of NK Cell MicroBeads. Incubate at 4°C for
10 min.
o Load the mix into a column attached to the magnetic separation system. Collect the
elute and count the cells.
Isolated primary human NK cells were firstly resuspended in AIM V medium with 10%

FCS at a density of 2x10° cells/ml for later treatment.

3.2.4 T cell negative isolation and stimulation
The T cell isolations were also carried out by our technician: Carmen H&ssig. Primary human
CD4" T cells and CD8" T cells were isolated from the autologous donors that provide the NK
cells using CD4" T Cell Isolation Kit human (Miltenyi Biotec, Cat. 130-096-533) and CD8" T
Cell Isolation Kit human (Miltenyi Biotec, Cat. 130-096-495) respectively according to the
protocol provided by the manufacturer. The isolations were conducted manually or
automatically with autoMACS® Pro Separator (Miltenyi Biotec). The steps for manual
isolation are as follows (for 10 million PBMCs, each preparation maximum 200 million
PBMCs):
Resuspend PBMCs in 40 u | of pre chilled (4°C) PBS/0.5% BSA
e Add 10 pl of CD4" /CD8" T Cell Biotin-Antibody Cocktail and incubate at 4°C for 5
min
e Add 30 ul of PBS/0.5% PBS and 20 ul of CD4" /CD8" T Cell MicroBeads. Incubate at
4°C for 10 min.
e Load the mix into a column attached to the magnetic separation system. Collect the
elute and count the cells.
Isolated primary human CD4" /CD8" T cells were firstly resuspended in AIM V medium
with 10% FCS at a density of 310° cells/ml for later treatment.
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3.3 NK positive isolation from NK-T co-culture
NK cells from NK-T co-culture were positively isolated using Human CD56 MicroBeads
(Miltenyi Biotec, Cat. 130-050-401) according to the manufacturer’s instruction. The steps are
as follows (maximum 10 million total cells for one isolation):
o  Filter the cell mix with 30 pm nylon mesh (moistened with PBS/0.5% BSA before used)
into a tube.
e Put the cells on centrifugation (300 g, 10 min, RT) and resuspend the pellet with 80 pul
of PBS/0.5% BSA.
e Add 20 ulof CD56 MicroBeads. Mix well and rotate the tube at 4°C for 15 min.

e Add 1 ml of PBS/0.5% BSA and put the tube on centrifugation (300 g, 10 min, RT)

o Resuspend the pellet with 500 pl of PBS/0.5% BSA and load the mix onto a MS column
(pre-moistened with 500 ul PBS/0.5% BSA). Attach the column to the magnet for xx
min.

e  Wash the column three times using 500 pl of PBS/0.5% BSA.

e Remove the column from the magnet and collect the elute in a 1.5 ml tube.

o Centrifuge the tube (300 g, 10 min, RT) and resuspend the pellet in AIM V medium
(with10% FCS) for counting.

3.4 Plate reader-based real time Killing assay

The real-time killing assay was performed as reported previously 82, The steps are as follows:
e Target cells (K562 for normal killing and Raji for ADCC) were loaded with 500 nM
calcein-AM (in AIM V medium with 10 mM HEPES) at RT for 15 min on a tilter

(slow speed). Density applied was 5x10° cells/ml.

e Centrifuge (200g, 5min, RT) and wash the pellet twice with AIM V/10 mM HEPES.

e Resuspend the pellet in AIM V/10 mM HEPES at a density of 1.25x10° cells/ml (For
ADCC, add 1.25 pg/ml of Rituximab at this step).

e Transfer the cell suspension into a 96-well black with clear flat bottom plate (Corning)
with a multi-channel pipette (200 pd/well). Resuspend the cells well in the reservoir
before transfer.

o Fill the outer wells with sterilized ddH»O and keep the plate in dark for 20 min at RT.

e Suspend the effector cells in AIM V/10 mM HEPES according to the desired E:T
ratio. Carefully transfer the effector cells into the plate (50 pd/well).

e Put the plate into pre-warmed microplate reader (GENios Pro, TECAN). Measure the
fluorescence every 10 minutes for 4 hours at 37 <C with the following settings: the
bottom read function (Ex 488/Em 520 nm), 3>3, 2 flashes per read.
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e The following controls are included: Medium (AIM V/10 mM HEPES), live control,
Medium+Triton (20 i of 10% Triton-X100/well), total lysed control (20 i of 10%
Triton-X100/well)

¢ Index should be calculated to normalize the variation of pipetting:

_ Flive(o)
" Fey(0)

o Killing efficiency is shown as the fraction of killed cells for each time point. The

Index

fraction is calculated by the following equation:
Finve()-Index* Fy,(t)
Fiive(t)- Flysea(?)
(Fiive: Fluorescence of target cells in live control; Fexp: Fluorescence of the

%Killing(t) =

experimental well; Fiyseq: Fluorescence of lysed target cells in total lysed control; All
fluorescence values are subtracted by the corresponding medium controls. All killing

assays were done in duplicate).

3.5 Co-culture of NK and T cells

For the 3 day-co-culture, each 1x10° NK cells were co-cultured with 2x10° homologous T cells
in1-1.5 ml AIM V /10% FCS (scale up/down according to circumstances). To stimulate T cells,
prewashed Dynabeads® Human T-Activator CD3/CD28 (Thermo Fisher Scientific) were
added at a bead to T cell ratio of 0.8. After 2 days of stimulation, the beads were removed from
the co-culture by magnet (2 min, RT).

For the 1 day-co-culture, NK cells (2>10%/ml) were along cultured firstly while homologous T
cells (2-3<10%ml) were stimulated with prewashed Dynabeads® Human T-Activator
CD3/CD28 (Thermo Fisher Scientific) at a bead to T cell ratio of 0.8. The beads were removed
from the T cell culture by magnet (2 min, RT) after 2 days of stimulation. Subsequently, each
1x10° NK cells were co-cultured with 2x10° stimulated T cells in 1-1.5 ml fresh AIM V /10%
FCS (scale up/down according to circumstances) for 24 h.

For experiments using transwell (Fig. 20), Corning® Transwell® polyester membrane cell
culture inserts (pore size: 0.4 um) were used. NK cell and CD4" T cells cultured in the inserts
(5x10° cells/250 |i) and the outer wells (1<10° cells/1.25 ml), respectively. To ensure the
exchange of soluble factors between the inserts and the outer wells, 125 pl of supernatant in the
inserts was carefully transferred into the outer wells. Then, 125 ul of supernatant in the outer
wells was carefully transferred back into the inserts. The medium was manually exchanged

every 24 hours for 3 days during co-culture.
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3.6 NK proliferation assay

To determine the NK proliferation during co-culture with T cells, NK cells were loaded with
CFSE (5 uM CFSE) prior to co-culture with autologous CD4" T cells. According to the official
protocol. After negative isolation, NK cells were loaded with CFSE (5 uM in PBS/5% FCS) in
dark at room temperature for 15 min with gentle tilting. Wash one time with AIM V/10% FCS
(200g, 5min, RT). The pellet was resuspended in AIM V/10% FCS and co-cultured with
autologous CD4" T cells for 3 days in a 48 Well plate (750 i for each well: 5x10° NK cells,
1x10° T cells). The proliferation of NK cells was determined according to the data acquired
with FACSVerse™ flow cytometer (BD Biosciences). The CFSE" cells were gated as the NK
cells. The detections were based on 10,000 sorted events. Data were analyzed with software
FlowJo V10 (FLOWJO, ICC). A discrete peak on a fluorescence histogram presents a
generation in NK cell proliferation.

3.7 Determination of NK subsets

To determine the NK subsets, NK/ T co-culture cells were first washed with 500 i of pre-
chilled PBS/0.5% BSA (200g, 5 min, RT) twice, and were subsequently incubated with Alexa
488 anti-human CD16 antibody (1:50), APC mouse anti-human CD56 antibody (1:50), and
PerCP anti-human CD3 (1:50) in PBS/0.5% BSA for 30 min at 4 T in the dark. Then the cells
were washed with 500 |i of pre-chilled PBS/0.5% BSA (200g, 5 min, RT) twice. The samples
were measured with FACSVerse™ flow cytometer (BD Biosciences). The resulting data was
analyzed with software FlowJo V10 (FLOWJO, ICC). Gates were set based on the FMO control.
CD3'CD16*CD56" in lymphocytes population were defined as NK cells.

3.8 Determination of cytotoxic protein expression

NK cells cultured alone or co-cultured with T cells were fixed in 500 A of freshly prepared
pre-chilled 4% PFA for 15 min at RT. After centrifugation (200g, 5 min at RT), the pellet was
resuspended in 500 A of 0.1% saponin in PBS/ 0.5% BSA/5% FCS for 1 hour at RT for
permeabilization. After one time wash with 500 I of PBS/0.5% BSA (200g, 5 min at RT), the
cells were stained with the following panels: Alexa 647 anti-human Perforin (1:50) (Clone:
dG9) / PerCP anti-human CD3 (1:50), PE anti-human Granzyme B (1:50) (Clone: QA16A02)
/ PerCP anti-human CD3 (1:50). The samples were measured with FACSVerse™ flow
cytometer (BD Biosciences). The detections were based on 10,000 sorted events. The sesulting
data was analyzed with software FlowJo_V10 (FLOWJO, ICC). Gates were set based on the
FMO control. CD3 populations in lymphocytes were gated as NK cells. The experiments were

done by Wenjuan, Yang.
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3.9 Degranulation assay

The degranulation level of NK cells was quantified according to the amount of exocytosed
CD107a on the cell surface by FACs staining. In each well, effector cells (2.5x10°) were seeded
into a V-bottomed 96-well plate with or without target cells (1>10°) in 25 pl of complete AIM
V medium with 10% FCS. Brilliant Violet 421™ anti-human CD107a (LAMP1) antibody (1:25)
and GolgiStop™ (1:200) were added and mixed with the cells in the master tube. For ADCC,
1 pg/ml of Rituximab was presented in the medium. The plate was kept at 37 <C with 5% CO,
for 4 hours. Afterwards, the plate was centrifuged (200g, 5 min at RT) and washed twice with
100 i of PBS/0.5% BSA for each well. Alexa 488 anti-human CD16 antibody (1:50), APC
mouse anti-human CD56 antibody (1:50) and PerCP anti-human CD3 (1:50) were added into
each well (50 I of PBS/0.5% BSA) and kept for 30 min at 4<C in the dark. The samples were
measured with a FACSVerse™ flow cytometer (BD Biosciences). The resulting data was
analyzed with FlowJo v10 (FLOWJO, LLC). Gates were set based on the FMO control. CD3"
CD16°CD56" in lymphocytes population were defined as NK cells. Wenjuan, Yang helped the

experiments.

3.10 Determination of IL-2 concentration in culture supernatant

To test how much IL-2 was released by CD4" T cells, the culture supernatant of conditions to
be tested was collected after the cells were spun down. To get rid of cell debris, the supernatant
was centrifuged at 1000 g for 5 min and transferred into aliquot tubes (150 A for each tube).
Extra aliquots were kept at -80°C. The IL-2 concentration in culture supernatant was determined
using LEGENDplex™ Human CD8/NK Panel (Biolegend) according to the manual provided
by the manufacturer. Renping Zhao carried out the measurement. The assay was performed in
a 96-well V-bottom plate. The data was acquired with FACSVerse™ flow cytometer (BD
Biosciences) by reading the plate with autosampler. 4000 events were acquired for each sample.
The data was finally processed and analyzed using LEGENDplexTM Data Analysis Software
(Biolegend).

3.11 Preparation of collagen matrices

Type | Bovine collagen (Advanced BioMatrix) was stored at 4°C with an origin density of 10
mg/ml. To make neutralized collagen solution (8 mg/ml), for each 400 4 10 mg/ml collagen
solution, 50 Ml of pre-chilled 10>PBS solution was firstly added. After the collagen solution
was fully homogenized by gently shaking the tube. Pre-chilled 1M NaOH solution (usually
41.6 ) was then added and well mixed with the collagen solution. The pH value of the
neutralized collagen solution was checked with pH stripes. The pH value was adjusted to

approximate 7.4. All steps were carried out on ice. The neutralized collagen can be further
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diluted to desired density (usually 2 mg/ml) with medium or PBS. Extra neutralized collagen

can be kept at 4°C for at least 2 weeks.

3.12 Live cell imaging

High content imaging was conducted on ImageXpress Micro XLS Widefield High-Content
Imaging System (Molecular Devices) for 2D and 3D scenarios. K562 pCasper cells, K562 or
Raji cells were used as target cells as indicated in the figure legend. K562 and Raji cells were
loaded with 500 nM calcein-AM as elaborated in Real-Time Killing Assay. For ADCC, 1 pg/ml
of Rituximab was added in the medium. For each well, 2.5x10* target cells and 6.25x10* NK
cells were used.

For 2D killing, target cells were plated into a 96-well black with clear flat bottom plate (Corning)
(200 I of AIM V/10 mM HEPES each well) and settled for 20 min at RT in dark. Effector
cells were subsequently added (50 I of AIM V/10 mM HEPES each well). The killing process
was visualized at 37°C with 5% CO; for 4 hours with an interval of 10 min. The efficiency of
2D killing was is shown as the fraction of killed cells for each time point.

For 3D Kkilling, target cells were resuspended in 2 mg/ml pre-chilled of neutralized collagen
type 1 solution (Advanced Biomatrix) at a density of 6.25>10°/ml and seeded in a 96-well black
with clear flat bottom plate (Corning) (40 ul collagen solution/well). The plate was kept at 37°C
with 5% CO- for 40 min and then effector cells were added on top of the collagen at an E: T
ratio of 2.5 : 1. The killing was visualized at 37°C with 5% CO- for 24 h to 40 h with an interval
of 10 to 20 min. Half well Falcon® 96-well black with clear flat bottom plates (Corning) were
also used. In this case, volume and cell number were scaled down to half. The images were
processed and analyzed using Image J (NIH Image). The efficiency of 3D killing was evaluated
according to the total area of live cells for each time point.

For visualization of NK/CD4 contact, CFSE labeled NK cells and unlabeled stimulated CD4*
T cells awere used. 25 mm coverslips were coated with fibronectin (10 pg/ml in ddH.0) at RT
for 30 min in a humidity chamber (150 mm petri-dish with moisturized tissue paper). After
removal of the fibronectin with a pump, the cell suspension (5x10° NK cells with 110° CD4"
T cells in 100 pl of AIM V without FCS) was settled on the coated area and kept in the humidity
chamber at 37 <C with 5% CO, for 20 min. Then the samples were washed gently with AIM V
without FCS (1 ml/coverslip). The coverslips were mounted onto sample chamber and 1 ml of
AIM V without FCS was added into the chamber. The samples were visualized at 37 <C with
5% CO; for 30-60 min with a time interval of 10 sec using Cell Observer (Zeiss) with a 40>or
a 63> objective. The settings for each channel are as follows: bright field channel, voltage: 4.8
V, exposure time: 50 ms; GFP channel for CFSE (Ex 495/ Em 519 nm), laser intensity: 25%,

exposure time: 100-150 ms. The images were processed and analyzed with Fiji (NIH Image).
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3.13 NK migration

NK cell migration was visualized using light-sheet microscopy as described previously [,
NK cells were stained with CellTrace™ CFSE as described in 3.6 NK proliferation assay. The
CFSE-labeled NK cells were either cultured alone or co-cultured with autologous CD4" T cells
in AIM V medium with 10% FCS for 24 hours. The cells were resuspended in 2 mg/ml of pre-
chilled neutralized collagen type | solution (Advanced Biomatrix) at a density of 3.125>10%ml

(0.5x10° NK cells in 160 1 I). The collagen-cell mix was sucked into a glass capillary (BRAND
™ Glass Transferpettor Caps, ref. 10303731) and kept at 37 °C with 5% CO; for 40 min.
Afterwards, the samples were immersed in AIM V medium for 1 h for NK cell recovery. The
samples were then visualized at 37°C with 5% CO, for 30-60 min with an interval of 30 sec
using the Z.1 light-sheet microscope (Zeiss). For the acquisition, Laser 488-30 was used, laser
intensity: 0.2-1, laser block filter: LBF 405/488/561/640, beam spliter: SBS LP 490/BP 505-
545, exposure time: 29.97-99.87 ms, acquisition mode: single illumination, objective: 20x Z-
stacks with a step-size of 1 um for 201 slices were obtained for each sample. Cell trajectories
were tracked with Imaris 9.0.2 (Bitplane). Translational drift correction was carried out for all
the images and objects. Cell coordinates, track speed mean and track straightness data were
exported and analyzed by Graphpad Prism 9. For comparison between alone cultured NK and
T-boosted NK, the cells were visualized for 60 min and the tracks with a duration less than 30
min were excluded. For comparison between T-boosted NK and IL-2 receptor inhibitor treated
T-boosted NK, the cells were visualized for 30 min and the tracks with a duration less than 10

min were excluded.

3.14 Immunocytochemistry (ICC) for endogenous IL-2 vesicles
13 mm coverslips were coated with fibronectin (100 pg/ml in ddH20) at RT for 30 min in a 24

well plate. After removal of the fibronectin with a pump. The cell suspension (5x10° unlabeled
NK cells with 1x10° unlabeled CD4* T cells in 100 pl of AIM V/10% FCS) was settled on the
coated area and kept at 37 <C with 5% CO, for 20 min. Afterwards, the cells were washed gently
with 500 i of PBS to remove the floating cells and the medium. After removal of PBS using a
pipette, freshly made pre-chilled 4% PFA (500 i) was immediately added in the well and the
plate was kept at RT for 20 min in a chemical hood. PFA was transferred to a special waste and
PBS (500 pi/well) was used to wash the samples (5 min, three times). Then the permeabilization
solution (PBS/0.3% Triton 100/ 5% FCS, 500 i/well) was added and the plate was kept at RT
for 1 hour. Alexa 488 anti-human CD3 Antibody and Alexa 647 anti-human IL-2 antibody in
PBS/1% BSA (1:50, 50 /coverslip) was carefully added on the coverslip and kept at RT for
2 hours in dark. Then the samples were washed three times with PBS (500 pd/well, 5 min at
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RT). Before mounting, the coverslip was quickly immersed into sterilized ddH-O and the side
without cells was dried with lens tissue and mounted on a glass slide with 20 I of mounting
medium (Thermo Fisher, ref. 9990402). ICC images were obtained with the Cell Observer
using a 63> objective. The settings for each channel are as follows: bright field channel,
voltage=4.8 V, exposure time: 50 ms; GFP channel for Alexa 488 (Ex 495/ Em 519 nm), laser
intensity: 25%, exposure time: 50-150 ms; deep red channel for Alexa 647 (Ex 650/Em 668
nm), laser intensity: 25%, exposure time: 500-600ms. The images were processed and analyzed
with Fiji (NIH Image).

3.15 NK infiltration

A Falcon® 96-well black with clear flat bottom plate (Corning) was coated with 2 mg/ml pre-
chilled neutralized collagen type I solution (40 pA/well) and centrifuged at xx g for xx min at
4<C. Then the plate was kept at 37°C with 5% CO; for 40 min. NK cells were labeled with
CFSE after isolation (for details please refer to 3.x xxx) and cultured alone or with stimulated
autologous CD4" T cells in AIM V medium with 10% FCS at 37°C with 5% CO; for 24 h. To
examine infiltration, 6.25x10* NK cells (with or without CD4" T cells) in 250 u | of AIM V/10%
FCS were added on top of the collagen. The plate was visualized for 24 h with an interval of
20 min at 37°C with 5% CO> supply using ImageXpress Micro XLS Widefield High-Content
Imaging System (Molecular Devices). The settings for each channel are as follows: bright field
channel, intensity: 20%, exposure time: 50-100 ms; GFP channel (Ex 488/ Em 525 nm), laser
intensity: 25%, exposure time: 50-100 ms. The number of NK cells recognized within the focus
plane at each time point was analyzed automatically using Image J (NIH Image). Half well
Falcon® 96-well black with clear flat bottom plates (Corning) were also used. In this case, all

volume and cell number were scaled down to half.

3.16 Cytometry by time of flight (CyTOF)
The Cytometry by time of flight (CyTOF) tests were carried out and analyzed by J&&me

Paggetti, Etienne Moussay, and Anne Largeot in Luxembourg Institute of Health. Briefly,
1.5x10° NK cells cultured alone and 3x10° NK cells co-cultured with two times of CD4* T cells
were stained for the mass cytometry analysis. All the antibodies used are listed in the table
below (Antibodies for CyTOF). The cells were incubated with 50 M of Cell-IDTM 127 1dU
(Fluidigm) in 5 ml of complete RPMI media/10% FCS/1% P/S for 30 min at 37 T with 5%
CO; supply to stain the proliferating cells. The cells were then washed with PBS (no Ca®* and
Mg?") followed by a 500 g centrifugation at RT for 5 min. 5 |Vl Cell-ID cisplatin (Fluidigm)
was then added into the cells. After a 5 min incubation, the cells were washed with PBS/10%

FCS and spun down at 500 g for 10 min. The staining of extracellular surface was carried out
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in 96-well plates. FC block Human TruStain FcX™ (Biolegend) was added at 5 pl/well for 10
min at RT. The cells were incubated with a cocktail of antibodies (No. 1-30) 30 min at RT.
After the 30 min incubation with the antibodies, the cells were washed with PBS/10% FCS to
get rid of the excess antibodies. Subsequently, a cocktail of the secondary labeling antibodies
(No. 31-34) was added for 30 min incubation at RT followed by a washing step with PBS/ 10%
FCS to remove the remaining antibodies. The cells were then fixed and permeabilized using
the Fixation/Permeabilization kit (eBioscience) based on the manufacturer’s instructions. To
stain the intracellular molecules, the cells were incubated with a cocktail of pre-conjugated
antibodies (No. 35-39) for 30 min at RT followed by a washing step with PBS/10% FCS to
remove the excess antibodies. Afterwards, the cells were treated with 50 nM cell-ID
Intercalator-Ir (Fluidigm) in Maxpar® Fix & Perm buffer (Fluidigm) overnight following the
manufacturer’s instructions. Before the acquisition, the fixed cells were washed twice with PBS
and then twice with deionized water. The cells were diluted at a density of 1.5x10%/ml in
deionized water containing 10% EQ Four Element Calibration Beads (Fluidigm). The samples
were analyzed with the Helios mass cytometer (Fluidigm) at a flow rate of 0.030 ml per minute.
After acquisition, with the CyTOF software version 6.7, Normalization Passport EQ-
P13H2302_ver2, the fcs files were normalized by utilizing EQ four elements calibration beads
(Fluidigm) and randomized. Using FlowJo software, samples were pre-gated for cells including
proliferating and non-proliferating (Idu +/-) cells, singlets and live cells. Respective .fcs files

were exported and then uploaded to Cytosplore for advanced analysis.

Antibodies for CyTOF

No. Designation Clone Source Reference
1 Anti-Human CD11a (H1111)-142Nd HI111 Fluidigm 3142006B
2 Anti-Human CD117/c-kit (104D2)-143Nd 104D2 Fluidigm 3143001B
3 Anti-Human CD69 (FN50)-144Nd FN50 Fluidigm 3144018B
4 Anti-Human CD25 (2A3)-149Sm 2A3 Fluidigm 3149010B
5 Anti-Human CD2 (TS1/8)-151Eu TS1/8 Fluidigm 3151003B
6 Anti-Human CD185/CXCR5 (RF8B2)-153Eu RF8B2 Fluidigm 3153020B
7 Anti-Human TIGIT (MBSA43)-154Sm MBSA43 Fluidigm 3154016B
8 Anti-Human CD56 (B159)-155Gd B159 Fluidigm 3155008B
9 Anti-Human CD85j (GHI/75)-156Gd GHI/75 Fluidigm 3156020B
10  Anti-Human CD337/NKp30 (Z225)-159Tb 725 Fluidigm 3159017B
11 Anti-Human CD186/CXCR6 (K041E5)-160Gd KO041E5 Fluidigm 3160016B
12 Anti-Human CD335/NKp46 (BAB281)-162Dy BAB281 Fluidigm 3162021B
13 Anti-Human CD161 (HP-3G10)-164Dy HP-3G10 Fluidigm 3164009B
14 Anti-Human CD314/NKG2D (ON72)-166Er ON72 Fluidigm 3166016B
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15  Anti-Human NKB1 (DX9)-167Er DX9 Fluidigm 3167013B
16  Anti-Human CD127/IL-7Ra (A019D5)-168Er A019D5 Fluidigm 3168017B
17 Anti-Human CD159a/NKG2A (Z199)-169Tm Z199 Fluidigm 3169013B
18  Anti-Human CD122/IL-2Rb (Tu27)-170Er Tu27 Fluidigm 3170004B
19  Anti-Human CX3CR1 (2A9-1)-172Yb 2A9-1 Fluidigm 3172017B
20  Anti-Human CD158b (DX27)-173Yb DX27 Fluidigm 3173010B
21 Anti-Human CD57 (HCD57)-176Yb HCD57 Fluidigm 3176019B
22 Anti-Human CD16 (3G8)-209Bi 3G8 Fluidigm 3209002B
23 Anti-Human CD132 (TUGh4)-148Nd TUGh4 Fluidigm 3148014B
24 PE anti-human CD197 (CCRY7) GO043H7 Biolegend 353203

25  FITC anti-human CD54 (ICAM-1) HA58 Biolegend 353111

26 APC anti-human CD336 (NKp44) P44-8 Biolegend 325109

27  Biotin anti-human CD126 (IL-6Ra) uv4 Biolegend 352808

28  *Anti-Human CD3 (UCHT1)-141Pr UCHT1 Biolegend 300402

29  *Anti-Human CD4 (RPA-T4)-145Nd RPA-T4 Biolegend 300502

30  *Anti-Human CD8a (RPA-T8)-146Nd RPA-T8 Biolegend 301002

31 Anti-PE (PE001)-165Ho PEOO1 Fluidigm 3165015B
32 Anti-FITC (FIT-22)-174Yb FIT-22 Fluidigm 3174006B
33 Anti-APC (APC003)-163Dy APC003 Fluidigm 3163001B
34 Anti-Biotin (1D4-C5)-150Nd 1D4-C5 Fluidigm 3150008B
35  Anti-Human TNFa (Mab11)-152Sm Mab11 Fluidigm 3152002B
36  Anti-Human IFNg (B27)-158Gd B27 Fluidigm 3158017B
37  Anti-Human/Mouse Thet (4B10)-161Dy 4B10 Fluidigm 3161014B
38  Anti-Human Granzyme B (GB11)-171Yb GB11 Fluidigm 3171002B
39  Anti-Human Perforin (B-D48)-175Lu B-D48 Fluidigm 3175004B

Antibodies marked with * were conjugated with heavy-metal in-house using the Maxpar® X8

Multimetal Labeling kit (Fluidigm, ref. 201300) according to the manufacturer’s instructions.

3.17 RNA extraction and RNAseq

NK cells were positively isolated with CD56 microbeads from NK/T co-culture. The same
procedure was also applied on NK alone condition. Isolated NK cells (1-2 <10°) from each
condition were harvested at 300 g for 10 min. After removal of the supernatant, the pellets were
directly frozen with liquid nitrogen and kept at -80°C. RNA from all samples was extracted at
the same time using commercial kit NucleoSpin® RNA Plus (Macherey-Nagel) according to
the manufacturer’s instruction. The RNA concentration was determined with NanoDrop™
OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher). Samples with A260/A280
ratio of 2.0-2.2 were regarded as pure. The quality of RNA samples was also checked with 1 %

agarose gel. Samples with sharp, clear 28S and 18S rRNA bands were regarded as intact. The

26



3. Materials and Methods

RNA sequencing was carried out by Novogene using Illumina platforms, based on mechanism
of SBS (sequencing by synthesis). The gene expression levels were estimated by Fragments
Per Kilobase of exon model per Million mapped fragments (FPKM) which takes the effects
into consideration of both sequencing depth and gene length on counting of fragments 184,
Readcount obtained from gene expression analysis is used for differential expression analysis.
Differential expression analysis of the two groups (NK alone/T-boosted NK) was carried out
using the DESeq2 R package ®!. This tool offers statistical routines for differential expression
identification in digital gene expression data based on the negative binomial distribution model.
The Benjamini and Hochberg's method was introduced to adjust the obtained P-values in order
to control the false discovery rate. The adjusted P-values were presented as padj. Genes with
padj<0.05 were defined as differentially expressed (DEGs) ¢,

Functional annotation and enrichment analysis of the DEGs including Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed using a
web-based functional annotation tool, DAVID database ™ ¥81, For GO analysis, the GO Fat

mappings were selected for each category to gain more specific terms.

3.18 Data analysis

Data were analyzed using GraphPad Prism 9 (GraphPad Software), ImageJ v1.53Kk, Fiji, Imaris
9.0.2 (Bitplane), ZEN black edition (Zeiss), AxioVision (Zeiss), Microsoft Excel (Microsoft),
OriginPro (OriginLab), and R Studio. Heatmaps and enrichment plots were generated by
http://www.bioinformatics.com.cn, an online platform for data analysis and visualization.
Values were presented as mean * S.E.M if not mentioned otherwise. Unpaired two-sided
student’s t-test was used to test the differences between two groups when data points were
normally distributed. In cases the normality of data can’t be determined, Mann-Whitney U test,
a non-parametric test can be used to compare the distributions of two independent groups. P-

values are stated in the figures.
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4. Results

4.1 Killing efficiency of NK cells is significantly improved by activated
T cells

To investigate whether T cells aid NK killing function, we firstly examined the impact of co-
culture NK cells with T cells on NK Kkilling efficiency. To this end, primary human CD4* T
cells and NK cells were negatively isolated from the same healthy donors. Negative isolation
minimizes pre-activation of these two cell types. NK cells were cultured either alone or with T
cells in presence with anti-CD3/anti-CD28 antibody-coated beads (hereafter referred to as
CD3/CD28 beads) for three days (Fig. 2A), as it takes three days for T cells to gain full effector
function %), NK killing efficiency was determined using a plate-reader based real-time killing
assay. In this assay, target cells were loaded with a green fluorescent dye calcein-AM and plated
in a 96-well plate. When target cells were lysed by NK cells, the fluorescent dye is released
into the supernatant, leading to a drop of fluorescence intensity at the bottom. The fluorescence
intensity was measured using a micro-plate reader with the bottom-reading mode at 37 C every
10 min for 4 hours (Fig. 2B). K562 cells, a myelogenous leukemia cell line, were used as target
cells as they don’t express MHC-I molecules and can be therefore directly recognized by NK

cells.
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Figure 2. NK cells co-cultured with CD4* T cells exhibited significantly higher Kkilling capacity. (A)
Schematic diagram of cell culture. NK cells were cultured alone or co-cultured with CD4* T cells which
were stimulated with CD3/CD28 beads for 3 days. (B) Sketch of real-time killing assay. The target cells
were fluorescently labeled with Calcein-AM. The fluorescence loss due to effector mediated target cell
lysis was recorded at 488/525 nm with plate reader. The sketch is adapted from Kummerow et al. 2014
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11821 (C) Real-time killing assay results reveal NK killing efficiency is boosted in both natural cytotoxicity
(right panel) and ADCC (left panel). Calcein-loaded target cells were plated at 2.5 x10* cells/well. The
E:T ratio was 2.5:1. The plates were measured with plate reader at a time interval of 10 min for 4 h. n=20.

Using this real-time killing assay, we found that compared to NK cells cultured alone, the NK
cells co-cultured with CD4" T cells exhibited substantially accelerated killing kinetics and
overall enhanced Killing efficiency against K562 cells (Fig. 2C, left panel).

Next, we examined NK killing capacity mediated by antibody-dependent cellular cytotoxicity
(ADCC). To this purpose, we used Raji cells, a human B lymphoblastoid cell line original
derived from a Burkitt lymphoma patient, as target cells. Raji cells cannot be directly
recognized by NK cells due to their expression of MHC-I molecules (inhibitory KIR ligand)
and lack of NK activating receptor ligands. To induce ADCC, Rituximab ™, an anti-CD20
antibody, clinically applied to treat non-Hodgkin B-cell lymphoma, was used to link Raji cells
and NK cells as rituximab binds to CD20 on Raji cells and its Fc fragment can be engaged with
Fc receptors on NK cells. Results of the real-time killing assay show that ADCC of NK cells
was also drastically boosted by co-culture with CD4" T cells compared to NK cultured alone
(Fig. 2C, right panel).

CD8" T cell, as another important subpopulation in T cells, are considered to primarily carry
out antigen-specific killing as a complement to NK killing. Whether CD8" T cells could
perform as helper cells to enhance NK killing is also of interest. To test this, NK cells were co-
cultured with autologous CD8" T cells in the presence of CD3/CD28 beads. Both natural
cytotoxicity (Fig. 3A) and ADCC (Fig. 3B) of the NK/CD8 co-culture cells were examined
with real-time killing assay. Remarkably, a similar boosted NK killing as the case for NK/CD4
co-culture cells was verified.

Distinct from CD4" T cells, CD8" T cells are cytotoxic cells. Theoretically, the presence of
CD8" T cells does not react efficiently to the target cells in this study, for K562 cells lack MHC
class Il molecules on their surface while Raji cells could only be recognized when pulsed with
superantigen. To address the concern about a possible artificial effect from CD8" T cells, CD8"
T cells were stimulated with CD3/CD28 beads for 3 days and applied to real-time killing assay.
Compared to NK cell culture alone, CD8" T cells didn’t mediate a higher killing efficiency
which is far away from the level that NK/CD8 co-culture cells made (Fig. 3C, D). Thus, for the
first time, CD8" T cells are discovered to ‘help’ NK killing capacity. Given the hypothesis that
CD8"and CD4" T cells boost NK killing in a similar way, we used only CD4" T cells to conduct

further investigation.
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Figure 3. NK/CD8 co-culture also exhibited significantly higher Killing capacity compared to NK
alone. The killing efficiency of NK/CD8 co-culture cells was much higher than alone-cultured NK cells
in both natural cytotoxicity (A) and ADCC (B). Stimulated CD8" T cells were unable to mediate highly
efficient killing against K562 (C) and Raji cells (D). Calcein-loaded target cells were plated at 2.5 %< 10*
cells/well. The E:T ratio was 2.5:1. The plates were measured with plate reader at a time interval of 10
min for 4 h. n=4.

To exclude possible artifacts from the real-time killing assay based on plate reader, this T cell-
boosted NK killing was also determined with live-cell imaging using a high-content imaging
system. Target cells were labeled with calcein-AM and Killer cells were not labeled. Time lapse
and quantification show that compared to NK cell cultured alone, NK/T cell co-culture
exhibited faster killing Kinetics and increased killing efficiency against K562 cells (natural
cytotoxicity, Fig. 4A, B) and Raji cells (ADCC, Fig. 4C, D), which is in very good agreement
with real-time killing assay based on plate reader.
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Figure 4. T cell-boosted NK Killing is also verified with live-cell imaging on ImageXpress Micro
XLS widefield high-content imaging system. (A) Time-lapse of a 4 h natural cytotoxicity test
visualized with ImageXpress Micro XLS widefield high-content imaging system. A representative donor
is shown as overlay of brightfield + GFP channels. Calcein-AM loaded K562 cells are of green color in
GFP channel obtained at 488/525 nm. (B) Killing quantification from 4 donors. Live target cells were
recognized with imageJ as detectable particles in GFP channel. The killing efficiency is evaluated
according to the particle number change along the time series. (C) Time-lapse of a 4 h ADCC test
visualized with ImageXpress Micro XLS widefield high-content imaging system. A representative donor
is shown as overlay of brightfield + GFP channels. Calcein-AM loaded Raji cells are of green color in
GFP channel obtained at 488/525 nm. (D) Killing quantification from 4 donors. Live target cells were
recognized with imageJ as detectable particles in GFP channel. The killing efficiency is evaluated
according to the particle number change along the time series. All target cells were plated at 2.5 <104
cells/well. The E:T ratio maintains at 2.5:1. The plates were measured at a time interval of 10 min for 4
h. Scale bars are 40 pm.

To test whether different ratios of T cells over NK cells can influence the enhancement in NK
killing efficiency, we examined three T:NK ratios 1:1, 2:1 and 4:1. Results from the real-time
killing assay show that T:NK ratio of 1:1 was efficient to significantly enhance NK Killing,
which was only very moderately further increased by higher ratios (2:1 and 4:1) for natural
cytotoxicity (Fig. 5A) and ADCC (Fig. 5B). Since the previous experiments were done with a
T: NK ratio of 2:1, which showed stable enhancement in NK killing, this ratio was selected for

further experiments.
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Figure 5. Increasing T to NK ratio did not further promote NK Kkilling efficiency. NK cells that co-
cultured with CD4* T cells at T to NK ratios of 0:1, 1:1, 2:1, and 4:1 were tested with real-time killing
assay against K562. In both natural cytotoxicity (A) and ADCC (B), T to NK ratio 2:1 gave outcoming
good enough while 4:1 did not make it better. Calcein-loaded target cells were plated at 2.5 x 10*
cells/well. The E:T ratio was 2.5:1. The plates were measured with plate reader at a time interval of 10
min for 4 h. n=4.

The period of NK/CD4 co-culture is therefore further explored and the same level of
NK killing enhancement as the 3 days of co-culture is demonstrated can be achieved
within 24 h. As shown in Fig. 6A, CD4" T cells were activated with CD3/CD28 beads
for 2 days. After the beads were removed on day 2, the activated CD4" T cells were co-
cultured with NK cells for 24 h. The NK killing in natural cytotoxicity (Fig. 6B, upper
panel) and ADCC (Fig. 6B, lower panel) was elevated to a comparable level as the 3
day-co-culture. This 24 h-co-culture method was selected for further experiments if not

otherwise mentioned.
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Figure 6. A duration of 24 h co-culture is sufficient to boost NK killing. (A) Schematic diagram of
the 24 h-co-culture. CD3/CD28 beads were added to activate CD4* T cells and were removed on day 2.
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NK cells were then co-cultured with activated CD4* T cells for 24 h. (B) 24 h-co-culture is sufficient for
fully established T-boosted NK Kkilling. in both natural cytotoxicity (upper panel) and ADCC (lower
panel). Calcein-loaded target cells were plated at 2.5 x<10* cells/well. The E:T ratio was 2.5:1. The plates
were measured with plate reader at a time interval of 10 min for 4 h. n=5.

How long the boosted NK killing mediated by NK/CD4 co-culture lasts was also investigated.
The NK/CD4 co-culture duration was elongated to 7 days from day 0. The NK killing was
tested on day 3 (72 h) and day 7 (168 h). During the 7 day-co-culture, half of the culture
supernatant was exchanged with fresh medium every 2 days. The results of real-time killing
assay show that NK/CD4 co-culture result in a long-lasting NK function promotion. In both
natural cytotoxicity (Fig. 7A) and ADCC (Fig. 7B), though the Killing efficiency was reduced
globally on Day 7 compared to that on Day 3, the NK/CD4 co-culture mediated much higher
killing efficiency over the alone-cultured NK cells. The long-lasting NK killing enhancement

indicates an intrinsic change in NK cells.
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Figure 7. The NK/CD4 co-culture result in a long-lasting NK function promotion. The NK/CD4 co-
culture duration was elongated to day 7 from day 0. NK killing was tested on day 3 (72 h) and day 7 (168
h). Real-time killing assay results reveal that T-boosted NK killing maintains for at least 4 days in both
natural cytotoxicity (A) and ADCC (B). Calcein-loaded target cells were plated at 2.5 %< 10* cells/well.
The E:T ratio was 2.5:1. The plates were measured with plate reader at a time interval of 10 min for 4 h.
n=20.

To prove that NK/CD4 co-culture leads to intrinsic enhancement in NK cell functions, NK cells
were isolated from the NK/CD4 co-culture. In the previous experiments, T cells were always

presented in the NK/CD4 co-culture conditions. Utilizing the Human CD56 Microbeads
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(Miltenyi), the CD56" NK cells were positively isolated from the one-day-co-culture. To
determine apoptosis and necrosis of target cells, | used K562-pCasper cell line established by
Christian S. Backes, etc. This is a stable K562 cell line expressing an apoptosis reporter pCasper,
a GFP/RFP FRET pair linked by a caspase-3 recognition sequence *Y. A high-content imaging
system was used to visualize the killing processes. Results show that it took isolated NK cells
from NK/CD4 co-cultured considerably shorter time to initiate killing and they induced more
apoptosis and necrosis compared to NK cells cultured alone (Fig. 8A, B). No significant
difference in the apoptosis/necrosis ratio was found between the killing mediated by alone-
cultured NK and T-boosted NK cells (Fig. 8C). Taken together, | conclude that the intrinsic
killing capability of NK cells is significantly enhanced by co-culture with activated CD4" T

cells.
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Figure 8. The intrinsic Killing capability of NK cells is significantly enhanced by NK/CD4 co-
culture. (A)After one day co-culture with stimulated CD4* T cells, the NK cells were positively isolated
with Human CD56 Microbeads (Miltenyi). Live-cell imaging shows that the isolated T cell-boosted NK
cells (Iso NK) conducted higher target cells lysis ratio. A stable K562 cell line expressing an apoptosis
reporter pCasper were used as the target cells and were plated at 2.5 %10 cells/well. Cells were imaged
with the ImageXpress Micro XLS widefield high-content imaging system at a time interval of 10 min
for 4 h, and overlays of brightfield + GFP + FRET. Loss of signal in FRET channel and corresponding
gain in GFP channel indicates the apoptosis of the target cell while signal reduction in both channels
indicates necrosis of the target cells. The E:T ratio was 2.5:1.Scale bars are 40 um. (B) Quantification
from four donors is shown. n=4. (C) One representative out of four is shown, green and grey areas
correspondingly represent the portion of apoptosis and necrosis. The ratio between apoptosis and necrosis
was similar in the NK and Iso NK conditions.

Both K562 and Raji cells are derived from liquid tumors, can T-boosted NK cells also eliminate
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solid tumor more efficiently? To this end, we used two melanoma cell lines, SK-MEL-5 and
SK-MEL-28, which were established from patient-derived tumor samples. SK-MEL-5 cell line
was obtained from a metastatic site (axillary lymph node) in a female patient with malignant
melanoma in 1974. While SK-MEL-28 cell line was isolated from the skin tissue of a male
malignant melanoma patient. Results from real-time killing assay reveal that killing efficiency
of NK cells against both SK-MEL-5 and SK-MEL-28 cells was drastically enhanced after co-
culture with CD4" T cells (Fig. 9A, B).

For a possible clinical application, to isolate sufficient quantity of primary T cells and NK cells
requires large amount of peripheral blood from patients or donors, which is not feasible. We
came up with a strategy to simulate T cells in PBMCs to enhance NK killing. We cultured
PBMCs with or without the presence of CD3/CD28 beads for 3 days and conducted Killing
assay. Using K562 and Raji cells as targets, we found that CD3/CD28 bead-stimulated PBMCs
exhibited a significantly enhanced killing efficiency (Fig. 9C, D). As proof of concept, we

demonstrate that stimulating T cells in PBMCs can drastically boost NK Killing activity.
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Figure 9. T cell-boosted NK cells destory tumor cells more efficiently. (A) NK cells against both SK-
MEL-28 and SK-MEL-5 cells was drastically enhanced after CD4-boosting. Two melanoma cell lines,
SK-MEL-28 and SK-MEL-5, were used as target cells and were plated at 25 = 10° cells/well. the E:T
ratio was 5:1, n=4. (B) CD3/CD28 bead-stimulated PBMCs exhibited a significantly enhanced killing
efficiency in both natural cytotoxicity and ADCC. For PBMC, PBMCs were cultured alone without any
treatment. For PBMC+beads, PBMCs were activated with CD3/CD28 beads for 3 days. The E:T ratio
was 20:1.

NK cells are surrounded in a 3D physiologic environment in vivo. | further verified th T-boosted

NK killing in 3D scenario. NK cells were isolated from the NK/CD4 co-culture using the
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Human CD56 Microbeads and the isolated NK cells were subsequently applied to 3D killing
visualized using a high-content imaging system. As target cells, K562-pCasper cells were
incorporated in 2 mg/ml collagen matrix. After collagen solidification, NK cells were added on
the top of the matrix. In this setting, NK cells have to infiltrate and migrate in the 3D collagen
matrix to locate and kill the target cells. Results show that the isolated T cell-boosted NK cells
eliminated the target cells high efficiently while the alone-cultured NK cells failed to control
the proliferation of the target cells (Fig. 10A, B). This result indicates that the T-boosted NK
cells function the same in 3D matrix and further implies that the T cell-boosted NK killing may

be highly relevant to a promoted NK migration.
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Figure 10. T-boosted NK cells can eliminate target cells high efficiently in 3D scenario. (A) NK cells
were positively isolated with Human CD56 Microbeads (Miltenyi) from the NK+CD4 co-culture and
applied to 3D killing against K562pCaper cells which were incorporated in 2 mg/ml collagen matrix.
The killing processes were visualized with ImageXpress Micro XLS widefield high-content imaging
system for 24 h and overlays of brightfield + GFP + FRET. Results show that the isolated T-boosted NK
cells (labeled as 1so NK) conducted a much higher target cells lysis ratio while the alone-cultured NK
cells failed to contain the target cell proliferation. Target cells were plated at 2.5 %< 10* cells/well. Loss
of signal in FRET channel and corresponding gain in GFP channel indicates the apoptosis of the target
cell while signal reduction in both channels indicates necrosis of the target cells. The E:T ratio was 2.5:1.
One representative out of four is shown. Scale bar is 40 pm. (B) Quantification of four donors is shown.
The killing efficiencies were evaluated according to the live cell area. n=4.

To figure out whether the highly efficient killing mediated by NK/CD4 co-culture is indeed
attributed to an enhancement of NK functions or actually a recovery of the original NK abilities,
the killing efficiency of alone-cultured NK cells were tested on Day 0 (right after the isolation),
Day 1, and Day 2. As shown in Fig 11, compared to Day 0, NK killing efficiency on Day 1

maintained at the same level while the killing efficiency on Day 2 was indeed reduced. However,
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even the NK cells on Day 0 were not able to perform a high killing efficiency comparable to
the NK/CD4 co-culture did. This fact indicates that the NK Kkilling function per se was promoted
by co-culture with CD4* T cells.
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Figure 11. Co-culture with CD4* T cells indeed boosted NK Killing efficiency. Though the killing
efficiency of alone-cultured NK cells descended along culture time. The optimal killing efficiency
mediated by NK cells cultured alone on Day 0 and Day 1 is still incomparable to the NK/CD4 co-culture
did, which indicates a substantial enhancement on NK killing functions. Calcein-loaded K562 cells were
plated at 2.5 x<10* cells/well as the target cells. The E:T ratio was 2.5:1. The plates were measured with
plate reader at a time interval of 10 min for 4 h. n=4.

To rule out the possibilities that stimulated CD4" T cells alone could kill the target cells and
CD3/CD28 beads also activated NK cells, NK cells stimulated by CD3/CD28 beads and
activated CD4" T cells alone were tested with real-time killing assay. Theoretically, NK cells
can’t be activated by the CD3/CD28 activator beads as they lack CD3 and CD28 molecules on
their surface. CD4" T cells, on the other hand, are mostly T helper cells that exhibit no
cytotoxicity. As shown in Fig. 12, NK killing against K562 (Fig. 12A) and Raji (Fig. 12B) cells
were not enhanced by co-culture with CD3/CD28 beads. While CD4" T cells alone could not
mediate cytotoxicity against K562 (Fig. 12A) and Raji (Fig. 12B).
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Figure 12. CD4" T cells mediate no cytotoxicity and CD3/CD28 beads don’t affect NK Killing.
Neither CD3/CD28 stimulated NK cells nor stimulated CD4* T cells alone were able to mediate highly
efficient killing against K562 (A) and Raji cells (B). Calcein-loaded target cells were plated at 2.5 x10*
cells/well. The E:T ratio was 2.5:1. The plates were measured with plate reader at a time interval of 10
min for 4 h. n=4.

To test whether the highly efficient killing mediated by NK/CD4 co-culture is attributed to
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activated CD4" T cells. NK cells were co-cultured with unstimulated CD4" T cells for 3 days.
Results of real-time killing assay against K562 cells (Fig. 13) suggest that unstimulated CD4*
T cells are not capable of boosting NK Kkilling, which indicates the stimulis that activate NK
cells were from the stimulated CD4" T cells.
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Figure 13. The highly efficient killing mediated by NK/CD4 co-culture is attributed to activated
CD4* T cells. Co-culture with unstimulated CD4" T cells didn’t promote NK killing efficiency at a
comparable level as the activated CD4* T cells did. Calcein-loaded K562 cells were plated at 2.5 < 10*

cells/well as the target cells. The E:T ratio was 2.5:1. The plates were measured with plate reader at a
time interval of 10 min for 4 h. n=4.

A previous work from our group shows that the presence of non-target bystander cells can also
enhanced NK cell killing efficiency ™%, Thus, I next examined whether T cells had this
bystander effect to enhanced NK cell killing. To address this question, CD4" T cells stimulated
for 3 days were mixed with NK cells cultured alone freshly before the Killing assay started. In
this scenario, NK Killing was only marginally increased in a similar range as the bystander
effect reported (Fig. 14A, B, green curve). These results suggests that bystander effect only
contributed to a marginal, if not negligible, extend to the T cell-boosted NK Kkilling.
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Figure 14. The bystander effect is ruled out from the T-boosted NK killing. Freshly added stimulated
CD4* T cells just before the killing assay started could not enhance NK killing in natural cytotoxicity (A)
and ADCC (B). Calcein-loaded target cells were plated at 2.5 x<10* cells/well. The E:T ratio was 2.5:1.
The plates were measured with plate reader at a time interval of 10 min for 4 h. n=4.
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4.2 NK motility is substantially enhanced by CD4" T cells

4.2.1 NK viability, differentiation and lytic granule pathway are not altered by T
cell co-culture

The next upcoming question is how NK cell killing efficiency was boosted by activated T cells.
First, apoptosis of NK cells was examined using propidium iodide (PI) staining. Pl is a small
fluorescent molecule that binds to DNA but is unable to pass through intact cell plasma
membrane. Dead cells can be distinguished by Pl uptake. Flow cytometry results show that no
significant Pl-positive populations were detected in T cell-cocultured NK cells (Fig. 15 left
panel). Next, NK cell proliferation was tested using CFSE. CFSE is a fluorescent dye that
covalently binds inside cells to provide a stable, well-retained signal for long term. The cell
proliferation generations can be traced by dye dilution with flow cytometry. NK cells did not
exhibit detectable proliferation a lone or co-cultured with T cells (Fig. 15 right panel). Together,

these results suggest that NK cell numbers are not changed by T cell co-culture.
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Figure 15. The NK cell number is not altered by T cell co-culture. NK cell viability (left panel) and
proliferation (right panel) were demonstrated unaffected by co-culture with CD4* T cells by flow
cytometry. Pl was excited with 488 nm laser and the emission was collected with 630/22 filter. CFSE
was excited with 488 nm laser and the emission was collected with 527/32 filter. One representative
donor is shown. n=4. The data acquisition and analysis were facilitated by Wenjuan Yang, and Denise
Dolgener.

To determine which factor in the T-boosted NK cells plays central role in the promoted NK
killing, the NK subpopulations and NK cytotoxic protein expressions were firstly checked. NK
cells consist of two distinct subpopulations: the cytokine-releasing CD56"9" subset and the
more killing competent CD16""CD56%™ subset. We compared the subpopulation distribution
of the T-boosted NK cells with alone-cultured NK cells based on flow cytometry. No difference

was determined in the fractions of the subpopulations (Fig. 16A, B).
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Figure 16. Co-culture with CD4* T cells didn’t affect NK subpopulation distribution. (A) The
distribution of the two major NK subpopulations of one representative donor. Cytokine-releasing
CD5619" subset and the more cytotoxic CD16P9"CD569™ subset were not affected by the co-culture
with activated CD4* T cells. The subpopulation was analyzed via flow cytometry. (B) Quantification of
all 8 donors. The data acquisition and analysis were facilitated by Wenjuan Yang, and Archana
Yanamandra.

The major killing machinery employed by NK cells is the lytic granules (LGs). The expressions
of corresponding cytolytic proteins, such as granzyme B, perforin, and pro-apoptotic molecule
FasL, are therefore analyzed with flow cytometry. Surprisingly, cytolytic proteins were not
upregulated in the T-boosted NK cells compared to the alone-cultured NK cells and (Fig. 17A-
C). The T-boosted NK cells expressed less granzyme B while perforin and FasL were also
slightly downregulated.

Besides the expression of cytolytic proteins, the delivery of the LGs could also affect the NK
killing efficiency. The target recognition-induced LG release was subsequently quantified
utilizing CD107a degranulation assay. CD107a is also referred to as LAMP1 (lysosome-
associated membrane protein-1), which would be integrated into the plasma membrane after
LG release !, Though a significant increase in CD107a expression upon encountering target
cells was observed which indicates a functional NK LG release, there was no alternation
identified in the T-boosted NK cases. (Fig 17D).

Apparently, co-culture with activated CD4" T cells doesn’t alter the NK subpopulation
distribution. Furthermore, neither the NK LG protein expression nor the NK degranulation can
explain the T-boosted NK Kkilling. There must be some other factor is responsible for the

drastically enhanced NK killing capacity.
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Figure 17. The LG protein expressions and LG release can’t explain the T-boosted NK killing. The
expressions of LG proteins were analyzed via flow cytometry. Granzyme B (A), perforin (B) and FasL
(C) expressions were all reduced in T-boosted NK cells. (D) CD107a degranulation assay was introduced
to test the LG release in NK cells via flow cytometry. A significantly increased CD107a expression in
encountering with target cells was observed indicating a functional LG release machinery in NK cells,
but it was not altered by co-culture with CD4* T cells. For all results, the left panel displays the results
from one representative donor out of four, while the right panel shows the quantification from all four
donors. The data acquisition and analysis were facilitated by Wenjuan Yang, and Renping Zhao.

4.2.2 Co-culture with CD4* T cells enhances NK cell motility

Since NK cells locate and afterward kill their targets depending on intact migration ability, and
we’ve verified T-boosted NK Killing in 3D scenario (Fig. 9), we turned our focus to the motility
of NK cells. To mimic a physiologically relevant scenario, NK cells were incorporated into a
3D collagen matrix. The migration of NK cells was thereafter visualized, tracked, and
quantified using light-sheet microscopy. We found that trajectories of T-boosted NK cells were
much longer compared to alone-cultured NK cells (Fig. 18A, B).

The migration velocity of NK cells was substantially increased by the co-culture with activated
CD4" T cells (Fig. 18C left panel). Concerning the fast-migrating fraction (speed above 0.05
pm/s), only less than 10% of alone-cultured NK cells was in this range, whereas 60% of the T-
boosted NK cells fell in this category. In addition, The NK migration persistence, indicating
how directed the cells move, was also slightly enhanced by CD4" T cells (Fig. 18C right panel).

These data suggest that NK cell motility is enhanced by T cell co-culture.
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Figure 18. Co-culture with CD4* T cells substantially boosts motility of NK cells. (A) NK cells were
labelled with CFSE (GFP) after 2 days culture. CFSE labelled NK cells were then cultured alone or co-
cultured with stimulated autologous CD4* T cells for 24 h. For both conditions, 0.5 x<10° NK cells were
incorporated into 100 pL. 2 mg/ml Type 1 bovine collagen. Samples were observed with light-sheet
microscopy for 60 min at 37 <C with 5% CO,. The cell migration was tracked and visualized with
software Imaris. Green dots are NK cells and lines are cell migration tracks. Result show that T-boosted
NK cells were much more mobile than NK cells alone. (B) Trajectory plots show the T-boosted NK cells
searched a much larger area in 30 min than the alone-cultured NK cells which suggest that T-boosted
NK cells tend to move longer distances in a more directed way. One representative donor is shown. 30
cells were randomly chosen for each condition. (C left panel) Both the mean velocity of NK cell
migration and the fraction of highly mobile NK cells were significantly enhanced by co-culture with
activated CD4* T cells. (C right panel) NK migration persistence was also slightly enhanced by T cells.
574 cells for NK alone and 597 cells for T-boosted NK with a track duration longer than 30 min were
included. n=4. The data acquisition and analysis were facilitated by Renping Zhao, Rouven Schoppmeyer.
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4.2.3 Myosin Il activity is essential for the T-boosted NK migration

Myosin 11, as a major cytoskeleton component expressed in lymphocytes, is reported essential
for generating contractile forces that facilitate cell migration. The Myosin Il activity is based
on the myosin light chain (MLC) phosphorylation. Since the Myosin light chain kinases
(MLCK) and the Rho-associated protein kinase (ROCK) are the two major types of enzymes
that regulate the MLC phosphorylation, MLC inhibitor ML7 and ROCK inhibitor Y27632 were
introduced to analyze how Myosin Il takes effect in the T-boosted NK migration. To test the
NK migration ability in different conditions, CFSE-labeled NK cells were loaded on the top of
prepared 2 mg/ml Type 1 bovine collagen. The NK cell infiltration was observed with
ImageXpress Micro XLS widefield high-content imaging system for 24 h. NK cells that
infiltrated into the collagen and reached the focus plane were recorded. Based on the cell
numbers recorded, the NK infiltration efficiency, indicating the migration ability of NK cells,
was evaluated (Fig. 19A). For the inhibitor-treated T-boosted NK cells, inhibitors were
presented in the medium at desired concentration throughout the whole acquisitions. As shown
in Fig 19B, T-boosted NK cells exhibited much higher infiltrating ability than the alone-culture
NK cells, in accordance with the results of migration analysis shown in Fig. 18. Treatment of
Myosin ll-related kinase inhibitors significantly affected the T-boosted NK infiltration. As
shown in Fig 19C, MLC inhibitor ML7 suppressed the T-boosted NK infiltration in a dose
dependent manner. 5 uM of ML7 slightly reduced the infiltration, 15 pM of ML7 suppressed
the infiltration significantly, and 30 uM of ML7 almost eliminated the infiltration. Rock
inhibitor Y27632, on the other hand, abolished the T-boosted NK infiltration at a concentration
of 10 pM. The depletion of MLC phosphorylation kinase activities leads to NK migration

failure indicating Myosin Il an indispensable factor for the T-boosted NK motility.
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Figure 19. A depleted MLC phosphorylation kinase activity leads to vanished T-boosted NK
migration. (A) One representative sample is shown to illustrate how NK cells infiltrated the collagen.
NK cells were labelled with CFSE (GFP) after 2 days culture. CFSE labelled NK cells were then cultured
alone or co-cultured with stimulated autologous CD4* T cells for 24 hours. For all the conditions, same
quantity of NK cells was loaded on top of 2 mg/ml Type 1 bovine collagen. Samples were observed with
ImageXpress Micro XLS widefield high-content imaging system for 24 h at 37 <C with 5% CO,. The
NK cells which infiltrated the collagen and migrated to the focus plane in GFP channel (green dots with
clear edge) were recorded. The NK infiltration efficiency was evaluated according to the recorded cell
numbers in time serials. Scale bar is 40 um. (B, C) T-boosted NK cells infiltrated the collagen with much
higher efficiency compared to the alone-cultured NK cells. This T-boosted NK infiltration was
eliminated in the presence of MLCK inhibitor ML7 and ROCK inhibitor Y27632. Quantification of four
donors is shown. All conditions for one donor were tested in the same independent experiment. The
infiltration percentages were calculated based on the maximum cell number recorded in the independent
experiment.

4.3 Physical contact between NK cells and T cells are essential for the
T-boosted NK killing

4.3.1 Physical contact is indispensable for the T-boosted NK killing

To test how CD4" T cells boosted NK functions, the necessity of cytokine secretion by Th cells
was first examined since it is believed to be the primary mediator to facilitate activation of other
immune cells including NK cells *4. For the NK/CD4 co-culture, NK cells not only have
access to the CD4-released cytokines but also physical contact with the CD4™ T cells. To test

whether the CD4-release cytokines per se independent of the physical contact between NK and
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CD4" T cells is sufficient to boost NK killing efficiency, a transwell system was introduced to
avoid the NK-CD4 physical contact without affecting the accessibility of NK cells to the CD4-
release cytokines. With transwells, NK cells were cultured in the inserts with porous bottom
that only permit permeation of molecules like cytokines while the CD4" T cells were cultured
in the outer wells. The reverse way, namely NK cells were in the outer wells while CD4* T
cells were in the inserts, was also tested (data not shown). Interestingly, the presence of CD4*
T cells (no matter in inserts or in outer wells) activated with beads for 3 days could only slightly
elevate the NK killing efficiency, incomparable to the NK/CD4 co-culture with physical contact
(Fig. 20A). This fact indicates that NK-CD4 physical contact plays a critical role in the T-
boosted NK killing.

To fully demonstrate the importance of the NK-CD4 physical contact, two artificial possibilities
were ruled out. First, concerning that NK cells might not have complete accessibility to the
CD4-release cytokines, the supernatant in the insert and the outer well was manually mixed
during the 3 day-cultures, which are found did not boost NK Kkilling efficiency (Fig. 20B).
Second, to exclude the possibility that NK or T cells were in a suboptimal status in the inserts,
NK cells were also cultured with the medium from 3-day activated CD4" T cells for 1 day. In
this scenario, the NK Killing efficiency was still not boosted (Fig. 20C). Thus, the physical

contact between T cells and NK cells is demonstrated essential for the T-boosted NK killing.
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Figure 20. Evidence for the necessity of the NK-CD4 physical contact in the T-boosted NK killing.
(A) To test how physical contact takes effect in the T-boosted NK Kkilling, transwell system was
introduced. NK cells were cultured in the transwell insert while the activated CD4* T cells were cultured
in the transwell outer well to avoid the NK-CD4 physical contact without affecting the accessibility of
NK cells to the CD4-release cytokines. NK killing can’t be boosted without physical contact between
NK cells and T cells. (B) The supernatant between the insert and the outer well was manually mixed to
guarantee that NK cells have complete accessibility to the CD4-release cytokines, which did not
ameliorate NK killing efficiency. (C) To rule out the possibility that NK or T cells were in a suboptimal
condition in the inserts, the medium from 3-day activated CD4* T cells (CM) was taken to culture NK
cells for 1 day. The killing efficiency of the NK cells cultured in CM was no better than alone-cultured
NK cells. K562 cells were used as target cells for natural cytotoxicity. Raji cells were used as target cells
for ADCC. The E:T ratio was 2.5:1. n=4.

4.3.2 Characterization of the physical contact between NK and T cells

We utilized live-cell imaging to visualize the NK/CD4 contact to have a better insight of the
NK/CD4 physical interaction. Activated CD4" T cells were unlabelled and NK cells were
labelled with CFSE. The NK/CD4 interaction was visualized using Zeiss Cell Observer with
GFP channel (for CFSE labeled NK cells) and brightfield channel. As one representative shown
in Fig. 21A, the CD4" T cell formed dynamic leading edge when migrating and touch the NK
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cell actively. The contact between the NK and the CD4" T cell is tight but mobile which slid
from the leading edge to the rear part of the CD4" T cell. The two cells departed from each
other after a dynamic contact last around 240 s.

The duration of the contact between NK and T cells was quantified (Fig. 21B). The result
reveals that the interaction between NK and T cells was in general very transient, lasting 470.54
s on average, which is much shorter than the contact between T cells and their target cells that

last range from tens of minutes to hours %/,
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Figure 21. The visualization of the physical contact between NK cells and T cells. The interaction
between NK and CD4* T cells was visualized using live-cell imaging with Zeiss Cell Observer. NK cells
were labelled with CFSE (detectable in GFP channel). CD4* T cells were unlabelled. (A) One
representative of NK/CD4 interaction is shown. The CD4* T cell migrated fast and actively approached
the NK cell. Transient but close contact was formed between the T cell and the NK cell. Scale bar is 10
um. (B) The contact between NK and T cells was in general very transient, lasting 470.54 s on average.
36 cells from 4 independent experiments were analysed. The data acquisition and analysis were
facilitated by Renping Zhao.

4.4 T cells boost NK cell killing function via locally released IL-2
Do the CD4" T cells activate NK cells only by physical contact or by a synergy of physical

contact and other factors? It has been reported previously that NK cells can be activated by IL-
2 which is a major cytokine released by activated CD4" T cells !, Moreover, the results of
CyTOF and RNAseq reveal that subunits of IL-2 receptor on NK cells were upregulated upon
co-culture with CD4" T cells. However, our previous data has shown that conditional medium
from activated CD4" T cells were unable to promote NK Kkilling efficiency (Fig. 20E, F). To
examine whether the physical contact-dependent T-boosted NK killing is IL-2 independent, the
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function of IL-2 receptor on NK cells were blocked using Basiliximab, a neutralizing antibody
against IL-2 receptor alpha chain (CD25), during the 24 h-co-culture. Unexpectedly, in this
case, T-boosted NK killing against K562 cells was abolished to the basal level as NK cells
cultured alone (Fig. 22A). On the other hand, for ADCC mediated by NK cells treated with
Basiliximab, the fast-killing phase was suppressed to the basal level as alone-cultured NK cells,
whereas the slow killing phase seemed not to be affected (Fig. 22B). Moreover, though co-
culture with CD4" T cells doesn’t affect the NK subsets distribution, a treatment of 5 pg/ml
Basiliximab for 24 h drastically reduced the high killing competent CD16"""CD56%™ subset
in NK/CD4 co-culture (Fig. 22C) while the CD56"" subset was left unaffected (data not
shown). These results indicate that, besides the NK-CD4 physical contact, IL-2 receptor-
mediated signaling is essential for the T-boosted NK killing function, especially for the natural

cytotoxicity.
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Figure 22. IL-2 receptor-mediated signaling is essential for the T-boosted NK killing function. (A)
T-boosted NK killing against K562 cells was abolished to the basal level as NK cells cultured alone by
blocking IL-2 receptor using Basiliximab. Basiliximab is a neutralizing antibody against IL-2 receptor
alpha chain (CD25). For +Bas condition, autologous primary human CD4* T cells and NK cells were
first cultured separately and T cells were activated with activating beads for 2 days. After the removal of
the beads from T cells, the NK cells, and the activated T cells were mixed and co-cultured in freshly
prepared AIMV medium with 5 pg/ml Basiliximab for 24 h. Real-time Killing results show that NK cells
killing efficiency can’t be boosted by co-culture with stimulated T cells without IL-2 receptor
functionality. (B) In the presence of Basiliximab, the fast-killing phase of ADCC mediated by NK cells
was suppressed to the basal level as NK cells cultured alone, whereas the slow killing phase seemed not
to be affected. n=4. (C) Flow cytometry results show that the distribution proportion of the more
cytotoxic CD16P9"CD56%™ subset was significantly reduced by the Basiliximab-treated NK/CD4 co-
culture. Quantification of 5 donors is shown. The acquisition and analysis of the FACS data were
facilitated by Wenjuan Yang.

Since previous data has shown that the T-boosted NK killing is due to a promoted NK motility
and IL-2 receptor-mediated signaling plays key roles in the T-induced NK activation. Whether
the absence of IL-2 receptor function abolish the T-boosted NK migration was tested (Fig. 23).
5 ng/ml Basiliximab was presented in the 24- NK/CD4 co-culture to block the IL-2 receptor-
mediated signaling. The NK migration was visualized with light-sheet microscopy. Trajectory
plots (Fig. 23A) show that blocking IL-2 receptor eliminates the T-boosted NK motility. The

velocity as well as straightness of NK cell migration were not enhanced by activated CD4* T
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cells in the presence of Basiliximab (Fig. 23B, C). Thus, the T-boosted NK migration is highly

associated with intact 1L-2 receptor-mediated signaling.
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Figure 23. Neutralization of IL-2 receptor abolishes the T-boosted NK motility. (A) NK cells were
labelled with CFSE (GFP) after 2 days culture. CFSE labelled NK cells were then co-cultured with
stimulated autologous CD4* T cells for 24 h. For the Basiliximab-treated condition, the co-culture was
carried out in AIMV medium with 5 pg/ml Basiliximab. For both conditions, 0.5 x 10 NK cells were
incorporated into 100 pL 2 mg/ml Type 1 bovine collagen. Samples were observed with light-sheet
microscopy for 30 min at 37 <C with 5% CO.. Black lines are cell migration tracks. Results show that
NK cells killing migration can’t be boosted by co-culture with stimulated CD4* T cells without IL-2
receptor functionality. One representative donor is shown. 30 cells were randomly chosen for each
condition. (B) Both the migration velocity of NK cells and the fraction of highly mobile NK cells were
significantly reduced by blocking IL-2 receptor with Basiliximab. (C) NK migration persistence was also
significantly reduced by the treatment of Basiliximab. n=2. The data acquisition and analysis were
facilitated by Renping Zhao.

Since the presence of IL-2 is essential for the T-boosted NK killing function, the next question
is how much IL-2 is required? To test this, supernatant of cell cultures under different
conditions was collected. The concentration of IL-2 in the supernatant released by activated
CD4" T cells was determined using a flow cytometry-based multiplex cytokine assay. The
quantification shows that the IL-2 in the supernatant from 3 day-co-culture of NK and CD4* T
cells was at a comparable level as the 3-day-stimulated CD4" T cells; IL-2 released by NK cells
alone (NK) was very low and close to the low detection limit (Fig. 24A right panel). From the

1 day-NK/CD4 co-culture however, a low dose of IL-2 close to the low detection limit was also

49



4. Results

determined (Fig. 24A right panel). To determine the corresponding concentration for
recombinant human IL-2, we also cultured NK cells with different concentrations of
recombinant human IL-2 (rhiL-2, 0.5 ng/ml, 5 ng/ml, and 50 ng/ml) for 3 days and harvested
the supernatant. We found that 50 ng/ml and 0.5 ng/ml of rhIL-2 is close to IL-2 concentration
in the supernatant from 3 day-co-culture and 1 day-co-culture, respectively (Fig. 24A).
Therefore, to mimic 1 day-co-culture boosting effect, NK cells were cultured in presence of 0.5
ng/ml of rh1L-2 for 1 day. NK killing was not enhanced (data not shown). The culture time was
even extended to 3 days, no NK killing enhancement was detected (Fig. 24B). Since has been
demonstrated that CM of 3-day-activated CD4" T cells was incapable of boosting NK killing
in 24 h (Fig. 20E, F). We then used 50 ng/ml of rhIL-2 to boost NK cells for 3 days. We found
that 3 day-boosting reached the level of CD4-boosting in three-fifths of the cases (6 out of 10).
These results suggest that NK killing is not boosted by IL-2 released into the supernatant.
Combined with the fact that physical contact is also essential for the CD4-mediated NK
activation. It’s reasonable to hypothesize that CD4" T cells boost NK function by IL-2 released

into the cleft of contact site, where a very high local concentration can be reached.
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Figure 24. T-boosted NK Killing is not attributed to the IL-2 distributed in the culture supernatant.
(A) A flow cytometry-based multiplex cytokine assay was used to determine the IL-2 concentration in
the supernatant of the cell cultures. The results of 3 day-NK/CD4 co-culture, 3 day-stimulated CD4* T
cells, and 3 day-NK alone are shown in the left panel. The results of 1 day-NK/CD4 co-culture, and NK
cells cultured in presence of 0.5 ng/ml of rhIL-2 (+), 5 ng/ml of rhIL-2 (++), and 50 ng/ml of rhIL-2
(+++) are shown in the right panel. 3 day-NK/CD4 co-culture and 3 day-stimulated CD4* T cells secreted
IL-2 into supernatant in a comparable level whereas 3 day-NK alone and 1 day-NK/CD4 co-culture both
released much less IL-2 very close to the detection limit. n=4. Error bars, S.D. (B) NK cells were cultured
in AIMV with 0.5 ng/ml of rh1L-2 (Which is demonstrated close to IL-2 concentration in the supernatant
from 1 day-NK/CD4 co-culture) to mimic 1 day-co-culture boosting effect. No enhancement in NK
killing was detected in such case. n=4. The acquisition and analysis of the multiplex cytokine assay data
were contributed by Renping Zhao.

To examine the hypothesis that IL-2 is released at the NK/CD4 contact site, immunostaining
was carried out to localize the IL-2-containing vesicles in CD4" T cells upon contact with NK
cells. NK cells and activated CD4" T cells were co-cultured for 30 min and fixed subsequently.
CD4 cells were labeled with Alexa Fluor® 488 anti-human CD3 Antibody. The endogenous
IL-2 in CD4" T cells was labeled with Alexa Fluor® 647 anti-human IL-2 Antibody. With a
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brightfield channel, unlabeled NK cells, labeled CD4" T cells and IL-2-containing vesicles are
therefore distinguished (Fig. 25A, left panel). To quantified the localization of the IL-2-
containing vesicular structures in CD4" T cells, as shown in Fig. 25A (right panel), the CD4" T
cells were divided evenly in diameter into 3 regions and the region closest to the NK/CD4
contact site was defined as vicinity of the contact site (V). The CD4"T cells with an approximate
sphere shape were analyzed. If the vesicular structures containing endogenous IL-2 tend to
accumulate at the NK/CD4 contact site, the mean fluorescence intensity (MFI) of Alexa 647 of
the V region should be higher than that of the rest part of the cell body. Results show that the
MFI of the Alexa 647 channel in the V region was significantly higher than that in the resting
region (Fig. 25B). Among the 65 cells examined, 5 cells presented higher MFI in the V regions.
IL-2-containing vesicles were enriched in the vicinity of the NK/CD4 contact site in 92.3% of
the CD4" T cells. This data supports the hypothesis that IL-2 is released locally at the NK/CD4

contact site.
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Figure 25. The IL-2-containing vesicular structures in CD4* T cells tend to accumulate at the
NK/CD4 contact site. (A) The location of IL-2-containing vesicular in CD4* T cells upon contact with
NK cells was analyzed. CD4* T cells were labeled with Alexa Fluor® 488 anti-human CD3 Antibody
(GFP). IL-2-containing vesicular was labeled with Alexa Fluor® 647 anti-human IL-2 Antibody. NK
cells were unlabeled. Cells were imaged with Cell Observer (Zeiss). One representative is shown. The
body of the CD4* T cell was separated evenly in diameter into 3 areas as displayed in the right panel.
The area closest to the NK/CD4 contact site was defined as “vicinity to the contact site ” (the area from
the left dashed line to the left solid line). The rest areas of the CD4* T cell was defined as “Rest.”. (B)
The MFI of the Alexa 647 channel in the vicinity to the contact site region and the Rest. region of 65
cells from 4 donors were analysed. CD4* T cells with roundish shape, significant IL-2 expression, and
contact with a single NK cell were selected. Scale bar is 5 um. The data acquisition was facilitated by
Renping Zhao.

4.5 Functionality of LFA-1 is essential for the T-boosted NK Killing

Physical contact is mainly initiated/mediated by adhesion molecules, among which LFA-
1/ICAM-1 interaction plays a critical role in IS formation ¥8 1271, To examine the impact of
LFA-1 on T-boosted NK Killing, the functionality of LFA-1 was blocked using Efalizumab
during the 24 h-NK/CD4 co-culture. Efalizumab is an antibody binding to the alpha-like |
domain/subunit of LFA-1 (CD11a), which blocks LFA-1/ICAM-1 interaction and is once used
to psoriasis treatment %1, Results show that in presence of Efalizumab, stimulated CD4* T

cells were not able to boost NK killing against K562 cells any more (Fig. 26A). Given the fact
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that Efalizumab can block LFA-1/ICAM-1 interaction, the remaining Efalizumab on NK cell
surface might reduce killing by interfering the IS formation. To rule out this possibility, the T-
boosted NK cells were pre-incubated with Efalizumab for 15 minutes and the antibody was
washed away before the killing assay started. In this scenario, T-boosted NK killing against
K562 was not affected at all (Fig. 26B). Furthermore, though co-culture with CD4* T cells
doesn’t affect the NK subsets distribution, a treatment of 5 pg/ml Efalizumab for 24 h
sigfinicantly reduced the high killing competent CD16°"9"CD56%™ subset in NK/CD4 co-
culture (Fig. 26C) while the CD56"9" subset was left unaffected (data not shown). Together,
these results suggest that functionality of LFA-1 plays a critical role in the T-boosted NK killing.
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Figure 26. Functionality of LFA-1 is essential for natural cytotoxicity of the T-boosted NK cells.
(A) CD4* T cells were not able to boost NK killing against K562 cells any more once the functionality
of LFA-1 was blocked by Efalizumab during the 24 h-NK/CD4 co-culture. Efalizumab is an antibody
binding to the alpha-like | domain/subunit of LFA-1 (CD11a), which blocks LFA-1/ICAM-1 interaction.
For the Efalizumab-treated condition, autologous primary human CD4* T cells and NK cells were
cultured separately for the first 2 days. During this period, CD4* T cells were activated with CD3/CD28
activating beads. After the first 2 days, the beads were removed from T cells. NK cells and activated
CD4* T cells were then co-cultured in freshly prepared AIMV medium with 5 pg/ml Efalizumab for 24
h before he real-time killing assay started. NK killing can’t be boosted by co-culture with CD4* T cells
without the LFA-1/ICAM-1 interaction. (B) The possibility that the remaining Efalizumab on NK cell
surface could reduce killing was excluded. For the condition with pre-incubate of Efalizumab, no
Efalizumab was used during the 24 h-NK/CD4 co-culture. T-boosted NK cells were only pre-incubated
with 5 pg/ml Efalizumab for 15 min before the real-time killing assay. In this case, T-boosted NK killing
against K562 was not affected at all. (C) Addition of Efalizumab during 3 day-culture substantially
reduced IL-2-boosted NK killing to a level even lower than NK cells alone. For the IL-2-activated NK
cells, 50 ng/ml rhlL-2 was presented in the culture medium for 3 days. For the Efalizumab-treated
condition, 5 pg/ml Efalizumab was presented to the IL-2-activated NK cells for 3 days. The presence of
Efalizumab during culture fully suppressed the IL-2 induced elevation on NK killing. n=4. The
acquisition and analysis of the FACS data were facilitated by Wenjuan Yang.

The next question is whether LFA-1 is equally important for NK-mediated ADCC. To surprise,
the presence of Efalizumab during 24-h-NK/CD4 co-culture rather slightly enhanced ADCC
mediated by T-boosted NK cells instead of impairing (Fig. 27A). Efalizumab bears Fc
framework. It is considered that monoclonal antibody aggregates have potential risk for
activating Fcy receptor series (FcyRI, FcyRIIA, FeyRIIB, and FeyRIIIA) on immune cells 199,
Thus, we postulated that the remaining Efalizumab on NK surface was responsible for this

further enhancement. Similar as above, we mimicked this situation by pre-incubated T-boosted
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NK cells with Efalizumab for 15 minutes and wash the antibody away. Indeed, in this case, a
further enhancement in ADCC mediated by T-boosted NK cells was observed (Fig. 27B). It
implicates that the LFA-1 function influence the NK killing in a more complicated way. Instead
of impacting the killing machinery in NK cells per se, it rather impacts the NK recognition of
MHC-1 negative target cells, presumably inhibitory and/or activating receptor pathway.
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Figure 27. 24 h-Efalizumab treatment didn’t impair the ADCC mediated by T-boosted NK cells.
(A) The presence of Efalizumab during 24-h-NK/CD4 co-culture slightly enhanced ADCC mediated by
T-boosted NK cells instead of impairing. Cells were treated in the same way as (Fig. 32A). (B)
Remaining Efalizumab on NK surface was responsible for this further enhancement for ADCC. Cells
were treated in the same way as (Fig. 32B). n=4.

Concerning Efalizumab blocks LFA-1 on both T cells and NK cells, to distinguish LFA-1 on
which cell type is decisive, we replaced CD4" T cells with I1L-2 to boost NK killing in presence
of Efalizumab for 3 days. We found that although IL-2 could efficiently elevate NK killing to
a similar level as CD4" T cells, killing of 1L-2-boosted NK cells was substantially reduced to
the level even lower than NK cells alone with addition of Efalizumab (Fig. 28A, B), which
suggest that the LFA-1 on NK cells is responsible for the T-boosted NK function.

Interestingly, although it seemed like functionality of LFA-1 was not crucial for ADCC, at least
for 24 h-NK/CD4 co-culture (Fig. 28A, B), the NK-mediated ADCC was also abolished even
with 3 day-I1L-2-stimulation (Fig. 28B). The long-term absence of LFA-1 signaling results in a
loss of NK Kkilling activity indicating that intact LFA-1 function is indispensable for NK-
mediated cytotoxicity. Combining the results shown above, the functionality of LFA-1 on NK

cells is suggested essential for the T-boosted NK killing.
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Figure 28. The long-term absence of LFA-1 signalling results in a loss of NK Kkilling activity.
Incubated with Efalizumab for 3 days abolished NK natural cytotoxicity (A) NK-mediated ADCC (B)
even with 50 ng/ml IL-2 stimulation at the same time. Cells were treated the same way as (Fig. 32C).
The data was show as relative target lysis (%) for clarity. n=4.

4.6 Surface molecule profiling of T cell-boosted NK cells

To define the immune signatures of the T-boosted NK cells, 36 molecules including surface
markers, cytotoxic proteins, activating/inhibitory receptors, adhesion molecules, transcription
factors, and chemokine receptors on/in NK cells are examined using cytometry by time-of-
flight (CyTOF, also referred to as mass cytometry) by our collaborators, J&&ne Paggetti,
Etienne Moussay, and Anne Largeot in Luxembourg Institute of Health. CyTOF is a powerful
tool that allows simultaneous analysis of more than 30 cellular markers of samples consisting
of millions of cells. The data was analyzed with software Cytosplore %! and Cytofast 2%, 0.5
X 10° NK alone cells and 1.5 x10° NK/CD4 co-culture cells from 5 donors were analyzed.
Based on the expression patterns of the CD-markers, perforin, and IdU, the NK and CD4* T
cells were identified. 1dU was a cell cycle marker that was introduced to facilitate the single
cell gating. 1dU marks the S phase of the cell cycle by inserting into the DNA of proliferating
cells. In presence of 1dU, a proper single cell gating can be performed without excluding the
single cells in late S %2, The T-boosted NK cells have distinct maker profile from the NK alone
cells. The NK cells (NK alone and T-boosted NK) were selected and explored in higher
resolution embedding of the hierarchy and finally embedded at the full single-cell data level.
The distribution of the landmarks at the data level reveals 21 clusters within the NK cells.
According to the heatmap based on all of the 36 marker expressions and all the identified 21
clusters shown in Fig. 29A. interesting clusters with unique immune signature can be identified
in the T-boosted NK cells which express high level of CD3, CD4, CD69, CD2, CD25, CD126,
CD127, and perforin (highlighted in Fig. 29A). CD3 and CD4 are T cell receptors and usually
absent on NK cells. In human, NK cells are typically defined as CD3'CD56" cells 12!, Up-
regulation of CD69, CD2, and CD25 is corelated to NK cell activation 2% 2% CD127
expression on NK cells is associated with a low level of GzmB (in accordance with the result)

and of a high potential for self-renewal and increased TNF and IFN-y production upon
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stimulation with IL-12 and 1L-18 %! CD126, also known as interleukin-6 receptor subunit
beta (IL-6Rp), is a component of the IL-6 receptor complex. Previous studies, however, have
shown a low expression or an absence of CD126 on human NK cells 7). How the expression
of CD126 affects NK function is still elusive. Meanwhile, these cells are CD16”""CD56%™,
indicating they are highly killing competent. Half of these cells express high amount of CD57,
which identifies a final maturation of the CD56%™ cells with optimal cytotoxic activities 2%,
The interesting T-boosted NK subtypes mainly belong to cluster 19 and 21. Cluster 19 is the
CD57"9" one. The heatmap of relative abundance for each cluster in each individual sample is
shown in Fig. 29B. Cluster 19 and 21 are particularly enriched in sample 2. Whether they are

in responsible for the T-boosted NK killing requires further analysis.
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Figure 29. CyTOF-based analysis reveals that NK cells were polarized into distinct subtypes upon
co-culture with CD4* T cells. (A) Heat map representing the expression patterns in the identified 21
NK clusters. A single column corresponds to the expression data of a single cluster, and a single row
corresponds to a single maker. The color ranging from red to blue indicates marker expressions from
large to small. Cluster 21 and 19 are highlighted with red frames; The highly expressed markers in Cluster
21 and 19 are highlighted with red arrows. (D) Heat map representing the cluster distribution in the NK
and T-boosted NK samples. A single column corresponds to the cluster distribution of a single sample,
and a single row corresponds to a single cluster. The color ranging from green to red indicates cluster
distribution from low to high. Cluster 21 and 19 are highlighted with red frames. This figure was
contributed by J&&me Paggetti, Etienne Moussay, and Anne Largeot in Luxembourg Institute of Health.

The NK proliferation, subpopulation distribution, cytotoxic protein expression, and
degranulation were examined using flow cytometry above (Fig. 15-17). These results are
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further verified with data from CyTOF. Results show that the expression of CD16 and CD56
on NK cells were not affected by the co-culture with CD4* T cells (Fig. 30A), indicating there
was no subpopulation shift. CD57, as a hallmark indicates the final maturation of NK cells, was
also left unaffected (Fig. 30A).

From the overview level of the CyTOF data, IdU expression was only visualized in a cluster of
CD4" T cells (Fig. 29A). The mean signal intensity if IdU in all the 5 donors shows no
difference between the NK alone cells and T-boosted NK cells (Fig. 30B), further verified that
the proliferation of NK cells is not affected by co-culture with CD4" T cells.

The expression of cytotoxic proteins and the cytokine release of NK cells were then examined.
CyTOF data shows down-regulated GzmB and unaffected perforin (Fig. 30C). No difference
of TNFa and IFNg production were determined (Fig. 30D).
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Figure 30. NK cell subpopulation, maturation, proliferation, cytotoxic protein, and cytokine
release were not affected by co-culture with CD4* T cells. (A) CD16, CD56 and CD57 expression on
NK cells were not affected by co-culture with CD4* T cells. (B) The unaffected IdU expression indicates
co-culture with CD4* T cells doesn’t affect NK proliferation. (C) In T-boosted NK cells, GzmB
expression was down-regulated while the perforin expression was intact. (D) The TNFa and IFNg
production were not affected by the co-culture with CD4* T cells.

The NK recognition is regulated by serial of activating and inhibitory receptors 4. The
expressions of these receptors were analyzed using CyTOF. The results are shown in Fig. 31.
For activating receptors, NKp46, NKp44, NKp30, and NKG2D were examined. NKp46 and
NKp44 expressions were significantly reduced in the T-boosted NK cells while NKp30 and
NKG2D expressions were left unaffected (Fig. 31A). On the other hand, among inhibitor
receptors including NKG2A, KIR2DL2_L 3, KIR3DL1, LILRB1, CD161, and TIGIT, only the
expression of TIGIT was slightly enhanced. No difference was determined in the expressions

of the other inhibitory receptors (Fig. 31B). The balance of the activating/inhibitory receptors
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is unlikely to be the reason of the T-boosted NK Killing.
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Figure 31. CyTOF data reveals how the co-culture with CD4* T cells affected the expression of
activating/inhibitory receptors on NK cells. (A) The expressions of the activating receptors. (B) The
expressions of the inhibitory receptors.

It has been reported that the NK activation is associated with up-regulation of IL-2 receptor,
chemokine receptors, CD69, and adhesion molecules [16% 2042092101 ‘e therefore examined the
expressions of these molecules. As shown in Fig. 32A, IL-2 receptor subunit CD25 expression
was significantly enhanced on T-boosted NK cells, which indicates activation of the NK cells.
The expression of CD132 was also up-regulated. However, the expression of CD122 was down-
regulated.

Chemokine receptor expressions on NK cells were also altered due to the co-culture with CD4*
T cells (Fig. 32B). CXCR5 and CCRY7 expression were enhanced while the CX3CR1 expression
was reduced. The acquisition of CCR?7 indicates a fully activating stage of NK cells 24,
CXCR5 and CX3CR1 expressions are responsible for the recruitment of the CD56%™ NK cells
to inflamed tissues 2% 2191,

Notable, the CD69 expression on NK cells was significantly promoted (Fig. 32B). CD69 is an
early activation marker expressed on many cell types in the human immune system human. The
up-regulation suggests activation of NK cells both in-vitro and in-vivo %4,

Moreover, the CyTOF data reveals how the co-culture with CD4" T cells affected the
expressions of adhesion molecules on NK cells. Adhesion molecules play important roles in
cell migration and IS formation > 2121, As shown in Fig. 32C, interestingly, the expression of
LFA-1 was down-regulated while the ICAM-1 expression was up-regulated. CD2 expression,

on the other hand, was left unaffected.
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Figure 32. Expressions of IL-2 receptor subunits, chemokine receptors, CD69, and adhesion
molecules on NK cells are altered upon co-culture with CD4* T cells. (A) The expressions of the IL-
2 receptor subunits. (B) The expressions of the chemokine receptors and CD69. (C) The expressions of
the adhesion molecules.

Together, all these results indicate that the T-boosted NK cells are in a higher activating statue
compared to the alone-culture NK cells. And it has been further supported that the proliferation,
subpopulation distribution, cytotoxic protein expression, and activating/inhibitory receptors are
not the reason for the enhanced NK killing, which indirectly highlights the importance of the

NK migration.

4.7 Analysis of gene expression in T-boosted NK cells

4.7.1 An overview of changed pathways and cellular functions

To examine how the co-culture with CD4" T cells affected the gene expressions of NK cells on
transcriptional level, we generated RNA-sequencing libraries of the alone-cultured NK cells
and the T-boosted NK cells. 6130 differentially expressed genes (DEGSs) with corrected P value
(padj)<0.05 were identified. Compared to the alone-cultured NK cells, 3689 genes were
upregulated while 2441 genes were downregulated in T-boosted NK cells (Fig. 33).
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Figure 33. Volcano map of the differentially expressed genes (DEGSs) in T-boosted NK cells
compared to NK alone. The horizontal axis represents the fold change of genes in in T-boosted NK
cells compared to NK alone, while the vertical axis shows the degree of statistically significant changes
in gene expression. The Benjamini and Hochberg's method was introduced to adjust he obtained P-values
in order to control the false discovery rate. The adjusted P-values are displayed as padj. A lower padj
value indicates a more significant difference. Up-regulated genes are denoted by red dots, down-
regulated genes by green dots, and blue dots indicate no significant difference in gene expression.

The expression patterns of the DEGs were presented in the clustering heat map (Figure 34).
Hierarchical clustering analysis was carried out of log2(FPKM+1) of union DEGs, within the
two comparison groups of T-boosted NK and NK alone cells. FPKM stands for Fragments Per
Kilobase of transcript per Million mapped reads, a commonly used unit for measuring gene
expression levels in RNA sequencing data, represents the number of fragments or reads that are
mapped to a gene, normalized by the length of the gene and the total number of fragments in
the sample. FPKM values are proportional to the abundance of the gene in the sample, and can
be used to compare gene expression levels across different samples [184 2131,

Functional enrichment analysis was carried out to further study the DEGs. Gene Ontology (GO)
enrichment analysis were performed using a web-based functional annotation tool, DAVID
database ™" 181 Three categories, biological process (BP), cellular component (CC) and
molecular function (MF) were detected. The 20 most significantly enriched terms (padj<0.05)
in each category are presented in Fig. 35. For BP category, DEGs were particularly enriched in
cellular response to stresssDNA damage stimulus, cell cycle related process, cellular protein
modifications, positive regulation of metabolic process, and cellular component organization;
For CC category, in cytosol, ribosome, mitochondrion, nuclear, envelop, and notably, in T cell
receptor complex, MTOC, and anchoring/adherens junction. For MF category, in
enzyme/Kinase binding, nucleotide/RNA binding, nucleoside phosphate/ATP binding,

ion/anion binding, organic cyclic compound binding, and structural constituent of ribosome.
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Figure 34. The clustering heat map of DEG expression profiles for T-boosted NK cells. Heat map
representing the expression patterns of all the 6130 DEGs across T-boosted NK and NK alone datasets.
The data was clustered using the log2(FPKM+1) value. A single column corresponds to the genetic data
of a single sample, and a single row corresponds to a single gene. The gene expressions were indicated
by the color of each cell, red is upregulated and blue is downregulated in the corresponding sample. The
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references to expression levels, gene length, gene types, and chromosome locations are displayed in
different colors and on the figure's right side.



4. Results

cellular response to stress 4

mitotic cell cycle

protein modification process -

cellular protein modification process 4

mitotic cell cycle process -

cell cycle -

phosphorus metabolic process 4

phosphate- containing compound metabolic process 4
cytoplasmic translation -

cellular response to DNA damage stimulus

cellular localization -

regulation of organelle organization 4

chromosome organization

cell cycle process -

positive regulation of metabolic process -
phosphorylation

positive regulation of cellular metabolic process -
regulation of cellular component organization 4
positive regulation of macromolecule metabolic process 4
regulation of cell cycle 4

dg

cytosol

nucleoplasm <

cytosolic ribosome o
mitochondrion -

T cell receptor complex -
ribosomal subunit

cytosolic large ribosomal subunit -
chromosomal region -
mitochondrial part 4

ribasome

envelope -

organelle envelope -
extracellular exosome 4
nucleoplasm part 5

anchoring junction 4

nuclear body 1

microtubule organizing center 4
adherens junction 4

spindle -

cytosolic part 4

afa

enzyme binding -

organic cyclic compound binding 4
heterocyclic compound binding -
nucleoside phosphate binding -
nucleotide binding

nucleic acid binding

RNA binding -

small molecule binding -

purine ribonucleoside triphosphate binding
ATP binding -

ribonucleotide binding -

adenyl nucleotide binding -

ion binding -

purine nucleotide binding 4

adeny! ribonucleotide binding -
purine ribonucleotide binding 4
anion binding 4

structural constituent of ribosome
kinase binding 4

carbohydrate derivative binding 4

4N

61

15 2.0 25
Fold enrichment

Figure 35. GO terms enrichment analysis of the DEGs. GO enrichment analysis of DEGs was
conducted using DAVID. The top 20 significantly enriched (padj<0.05) GO terms in biological process
(BP), cellular component (CC), and molecular function (MF) are displayed.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was further investigated.
The 20 most significantly enriched pathways (padj<0.05) are presented in Fig. 36. Notably, in
Metabolism pathways, there were 510 DEGs enriched in Metabolic pathways while 39 DEGs
in Biosynthesis of amino acids and 21 DEGs in Fructose and mannose metabolism. In Genetic
information processing pathways, 86 DEGs were enriched in Ribosome, 23 DEGs in DNA

replication and 21 DEGs in Base excision repair. In Cellular processing, 64 DEGs were
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enriched in Apoptosis, besides DEGs were enriched in Cell cycle/Oocyte meiosis, p53 signaling
pathway, and Cellular senescence. DEGs were also enriched in terms under the pathways of

Environmental information processing, Organismal systems, and Human diseases.
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Figure 36. The 20 most enriched pathways in KEGG pathway analysis. KEGG pathway enrichment
analysis of DEGs was conducted using DAVID. The top 20 significantly enriched (padj<0.05) pathway
terms in Metabolism, Genetic inforamtion processing, Environment information processing, Cellular
processes, Organismal systmens, Human diseases categories are displayed.

4.7.2 Cytoskeletal elements in NK cells were altered by the co-culture with T cells
Cytoskeleton play central roles in cell migration 4. To examine how the co-culture with CD4*
T cells affected cytoskeleton protein expressions on transcriptional level, we performed GO
enrichment analysis to explored the DEGs enrichment in cell migration, cytoskeleton, and cell
adhesion related terms using DAVID (Fig. 37). In biological processes (BP), gene changes were
significantly (padj<0.05) enriched in 11 terms related to organization and regulations of
cytoskeleton organization, and 7 terms associated with Leukocyte and T cell migration. In cell
component (CC), DEGs were mainly enriched in cytoskeleton including microtubule, actin and
kinesin complex, focal adhesion, and cell-cell/cell-substrate junctions. In molecular function
(MF), gene changes were enriched in cell adhesion molecule binding, cytoskeletal protein

binding, and myosin phosphatase activity.
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Figure 37. GO enrichment analysis shows DEGs enriched in cytoskeleton and cell migration
related terms. The significantly enriched (padj<0.05) cytoskeleton and cell migration related GO terms
in biological process (BP), cellular component (CC), and molecular function (MF) are displayed.

The expressions of single genes related to cytoskeleton and cell migration were further
examined. As the major component of NK cell skeleton, actin, actin nucleating factors, as well
as actin nucleation promoting factors were firstly analyzed. As shown in Fig. 38A, ACTA2
(encoding actin alpha 2), ACTB (encoding actin beta), ACTG1 (encoding actin gamma 1) were
expressed in NK cells with FPKM values >1 in at least one experimental group. Among these
genes, ACTB and ACTGL1 were highly expressed with FPKM values >1000 in at least one
group. Notably, the expression of ACTG1 was greatly enhanced (>1 fold). The two main

classes of actin nucleating factors, Arp2/3 complex and formins family, were checked (Fig.
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38B, C). The Arp2/3 complex is involved in the formation of branched actin networks, while
formins are involved in the formation of unbranched actin filaments ***!. In the T-boosted NK
cells, 3 Arp2/3 subunit genes were found differently expressed. ARPC5L (encoding actin
related protein 2/3 complex subunit 5 like) was significantly upregulated while in contrast,
ARPC4 (encoding actin related protein 2/3 complex subunit 4) and ARPC5 (encoding actin
related protein 2/3 complex subunit 5) were slightly downregulated (Fig. 38B). Among the
formin family, 3 members were found expressed differently in T-boosted NK cells. The
expression of INF2 (encoding inverted formin, FH2 and WH2 domain containing) was
significantly enhanced. DIAPH1 (encoding diaphanous related formin 1) and FHOD1
(encoding formin homology 2 domain containing 1) were also upregulated but expressed at
relatively low level (Fig. 38C). Moreover, expressions of 7 actin nucleation promoting factors
and 1 formin binding proteins were revealed altered in T-boosted NK cells (Fig. 38D). For actin
nucleation promoting factors, the expressions of WASF2 (encoding WAS protein family
member 2), WASHC2A/ WASHC2C/ WASHC3/ WASHC4/ WASHCS5 (encoding WASH
complex subunit 2A/2C/3/4/5), and BRK1 (encoding BRICK1, SCAR/WAVE actin nucleating
complex subunit) were changed. WASF2, WASHC3, and BRK1 were upregulated while
WASHC2A, WASHC2C, WASHC4, and WASHC5 were downregulated in T-boosted NK
cells. Formin binding protein, FNBP1 (encoding formin binding protein 1) was significantly
upregulated. Notably, WASF2, BRK1, and FNBP1 were highly expressed in NK cells.
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Figure 38. Expressions of actin related genes. Gene expressions are presented as FPKM. Genes with
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FPKM values >1 in at least one experimental group are shown. (A) Gene expressions of actin subunits.
(B) Gene expressions of Arp2/3 complex subunits. (C) Gene expressions of formins. (D) Gene
expressions of actin nucleation promoting factors and formin binding proteins. padj values are indicated
in plots.

In our study, we’ve demonstrated Myosin Il and corresponding MLC phosphorylation kinase
activities indispensable factors for the T-boosted NK motility (4.2.3, Fig. 19). The expressions
of Myosin molecules as well as enzymes regulating MLC phosphorylation, MLCK and ROCK,
were checked. Myosin subunit genes MYL6B (encoding myosin light chain 6B), and MYO1G
(encoding myosin 1G) were significantly upregulated while MYL12A (encoding myosin light
chain 12A), and MYOLF (encoding myosin IF) were downregulated (Fig. 39A). Surprisingly,
the 4 MYLK genes in NK cells, MYLK, MYLK2, MYLKS3, and MYLK4, were all found
unexpressed or expressed at very low levels (Fig. 39B). The expressions of ROCK genes
showed no significant difference, though ROCK1 was expressed at a relative higher level (Fig.
39C).
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Figure 39. Expressions of myosin subunits, MYLK and ROCK. Gene expressions are presented as
FPKM. (A) Gene expressions of Myosin subunits. (B) Gene expressions of MY LK. (C) Gene expressions
of ROCK. padj values are indicated in plots.

Another major cytoskeleton component is Microtubule. Since microtubules are cylinder-shaped
molecules made up of o and B-tubulin heterodimers. The expressions of tubulin subunits were
checked (Fig. 40). TUBA1B (encoding tubulin alpha 1b), TUBA4A (encoding tubulin alpha
4a), and TUBB (encoding tubulin beta class 1) were significantly upregulated. Notably,
TUBAI1B and TUBB were highly expressed (with FPKM value >100 in at least one

experimental group) and enhanced by more than 2 folds.
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Figure 40. Expressions of tubulin subunits. Gene expressions of tubulin subunits are presented as
FPKM. padj values are indicated in plot.

A wide variety of microtubule-associated proteins (MAPS) regulate the dynamics of
microtubules. We further defined 38 MAPs genes that expressed (with FPKM values >1 in at
least one experimental group) and significantly (padj<0.05) changed in NK cells (Fig. 41A).
Compared to NK alone, the T-boosted NK cells presented distinguish MAPs expression
patterns. 13 differentially expressed MAPs (FPKM value>10 in least one experimental group)
are listed in Fig. 41B. Among the typical microtubule stabilizers, MAP4 (encoding microtubule
associated protein 4) and TPX2 (encoding TPX2, microtubule nucleation factor) were
upregulated. A typical microtubule destabilizer, STMN1 (encoding stathmin 1) was also
upregulated. On the other hand, a serial of Kinesin super family members, including KIF2A,
KIF2C, KIF21B, KIF22, KIFC1, and KIFC3 (encoding kinesin family member 2A, 2C, 21B,
22, C1, and C3) were altered in T-boosted NK cells. Among these Kinesin members, only
KIF21B was slightly downregulated while others were upregulated. MAPs that interact with
Dynein, DCTN2 (encoding dynactin subunit 2) and MAPREL (microtubule associated protein
RP/EB family member 1) were upregulated. Notably, elongation factor 1 alpha, EEF1A1 and
EEF1AZ2 (encoding eukaryotic translation elongation factor 1 alpha 1 and 2), were significantly
upregulated. EEF1A1 was expressed in T-boosted NK cells at very high level (FPKM>4000).
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Figure 41. Expressions of MAPs genes were altered in T-boosted NK cells. (A) Heat map representing
the expression patterns of 38 differentially expressed MAPs. The data was clustered using the
log2(FPKM+1) value. A single column corresponds to the genetic data of a single sample, and a single
row corresponds to a single gene. The gene expressions were indicated by the color of each cell, red is
upregulated and blue is downregulated in the corresponding sample. The log2(FPKM+1) values (from
large to small) were represented as color gradients from red to blue. The references to the gene expression

levels are on the figure's right side. (B) Gene expressions of 13 highly expressed MAPs are presented as
FPKM. padj values are indicated in plot.

Last but not the least important, the expressions of intermediate filaments in NK cells were
checked (Fig. 42). Interestingly, the expression of VIM (encoding vimentin) was highly
expressed (FPKM>100) and significantly enhanced by more than 2 folds. In lamin family,
LMNBL1 (encoding lamin B1) and LMNA (encoding lamin A/C) were upregulated. We also
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defined a downregulated expression of KRT10 (encoding keratin 10) in T-boosted NK cells

which is considered primarily expressed in epithelial cells.
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Figure 42. Expressions of intermediate filaments. Gene expressions of intermediate filaments are
presented as FPKM. padj values are indicated in plot.

4.7.3 T-boosted NK cells expressed TCR and related molecules

Through the CyTOF data analysis, we found significantly upregulated expressions of CD3 and
CD4 molecules on T-boosted NK cells while these molecules were absent on NK alone cells
(Fig. 29, Fig. 43A). On mRNA level, the RNAseq data also revealed that a serial of T cell
receptor molecules were differentially expressed on T-boosted NK cells (Fig. 43B). CD3D
(encoding CD3d molecule) and CD4 (encoding CD4 molecule) mRNA expressions were highly
upregulated (FPKM>100) in agreement with the corresponding surface molecule expressions
revealed by the CyTOF data. Besides, 7 TCR variable region genes, including TRAV13-1,
TRAV12-2, TRAV12-3 (encoding T cell receptor alpha variable 13-1, 12-2, and 12-3),
TRBV7-2, TRBV2, TRBV6-1, and TRBV6-2 (encoding T cell receptor beta variable 7-2, 2, 6-
1, and 6-2) were significantly upregulated on T-boosted NK samples while these molecules
were absolutely absent on NK alone samples (Fig. 43B).
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Figure 43. Upregulated TCR molecule expressions on T-boosted NK cells. (A) CyFOF data revealed
upregulated CD3 and CD4 expression on the surface of the T-boosted NK cells. Molecule expressions
are presented as mean signal intensity (MSI) (B) RNAseq data revealed upregulated mRNA expressions
of TCR molecules in T-boosted NK cells. Gene expressions are presented as FPKM. padj values are
indicated in plots.
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This study demonstrated that the killing capacity of NK cells can be substantially boosted by
co-culture with activated T cells in-vitro. The T-boosted NK cells are in an activated state and
possess high mobility, enabling them to infiltrate bio-matrix and destroy target cells more
efficiently. Expressions of many cytoskeleton molecules associated with cell migration are
found modulated in the T-boosted NK cells. CD4" T cells are demonstrated to achieve this via
their IL-2 release and transient but close contacts with NK cells. Evidence shows that CD4" T
cells release IL-2 locally at the NK/CD4 contact site. Signaling of adhesion molecules, LFA-1
and ICAM-1, is also revealed to play roles in this CD4-induced NK activation.

5.1 Significance of the T-boosted NK killing

NK cells and CD4" T cells are both major “pillars” of the immune system. NK cells play vital
roles in innate immunity to be responsible for eliminating tumorigenic and pathogen-infected
cells without prior activation while CD4" T cells are the central players of adaptive immunity
that facilitate other immune cell functions via their cytokine secretion based on antigenic
activation ', Evidence in-vivo has been reported that NK cells can be found in the vicinity of
the T cell area in the secondary lymph organs and be potentiated by T cell-derived 1L-2 73],
Based on the knowledge up now on, the CD4" T cell-mediated NK activation in secondary
lymph organs is briefed as a sequential model: First, the APCs such as dendritic cells present
antigenic peptides to CD4" T cells which leads to the priming of T cells. The T cell priming
then results in T cell activation followed by the IL-2 secretion. The stimulated CD4" T cells
enhance the expression of CD25 to gain a more efficient response to IL-2. The IL-2 derived by
T cells directly activates NK functions and leads to the upregulation of high-affinity IL-2
receptors in NK cells which eventually amplifies the IL-2-induced NK activation. According
to this model, NK activation due to memory CD4" T cell-derived endogenous IL-2 upon a
secondary challenge is predictable 7). An enhanced NK cell response by CD4" T cells has
been determined in PBMCs from vaccinated individuals re-exposed to the inactivated rabies
virus 1. However, beside the input, the output and the mediator (IL-2) of the NK/CD4
interaction, the underlying mechanism of how exactly CD4* T cells potentiate NK killing
function is still not fully understood.

We examined the T-boosted NK cells in multiple aspects in-vitro which provides evidence to
depict the CD4" T cell-mediated NK activation in more detail. We demonstrated that the T-
boosted NK cells perform highly efficient killing capacity against different types of tumor cell
lines. By analyzing serial marker expressions in NK cells using flow cytometry-based methods,

we further prove that the T-boosted NK cells are at activated state, but the enhanced NK killing
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function is closely associated with a drastically promoted NK migration instead of cytotoxic
protein expressions. T-boosted NK cells are highly motile and capable of infiltrating ECM like
collagen matrix and migrate at higher speed and straightness. IL-2 release and close physical
intercellular contact are demonstrated essential for the CD4" T cells to boost NK function. CD4*
T cells and NK cells form transient but close contact when encountering each other. The
endogenous IL-2-containing vesicles in CD4" T cells are enriched towards the NK/CD4 contact
site, indicating I1L-2 is locally released at the contact site. Thus, a high local concentration of
IL-2 may be formed at the NK/CD4 contact site which enables NK activation without creating
a high global IL-2 concentration that induces side effects. Intact adhesion molecule LFA-
1/ICAM-1 interaction is required for a complete CD4-induced NK activation, especially in
long-term cases.

These results provide us with more detailed insight into the CD4-induced NK activation and
the underlying mechanism. By connecting two important players in both innate and adaptive
immunity, our work underlies the importance of interaction between CD4 and NK cells,
shedding light on developing new strategies to enhance efficacy of NK-based adoptive

immunotherapy.

5.2 Greatly enhanced NK migration and killing capacity by T cells

With the name of “killer”, NK cells exert their function by eliminating the tumorigenic or
pathogen-infected cells. To arrest “criminals”, the “policeman”, NK cells, have to patrol the
host body to locate the targets. An intact migrating ability that enables NK cells to infiltrate
tissues and biomatrix from the blood vessels is therefore a critical part of their core functions
[19.21-23] | this study, we tested the killing efficiency of the T-boosted NK cells against human
leukemia cell line K562, human B lymphocyte cell line Raji (ADCC), and human melanoma
cell line SK-MEL-5, SK-MEL-28. The T-boosted NK cells showed greatly enhanced killing
capacity against these tumor cell lines. We further revealed that the T-boosted NK cells neither
recognized target cells more efficiently nor released more cytotoxic protein to destroy the target
cells, but migrate much faster and more directly. The enhanced migration and killing capacity
of the T-boosted NK cells suggest their potential value in immunotherapy. To overcome tumors,
immunotherapy including immune checkpoint inhibitors and Chimeric antigen receptor (CAR)
T-cell that enlist and strengthen the power of a patient's immune system to attack tumor cells,
has been rapidly developed over the past decade 1**°. CAR T therapy utilizes activated T cells
and also possesses an IL-2 secretion. Given the fact that T cell-boosted NK cells show potential
anti-tumor activities (both liquid and solid tumor cell lines) and optimized migration ability in
this study, combining NK cells with CAR T cells may lead to positive outcomes. Tumor cells

generate immunosuppressive microenvironment that leads to NK dysfunction in order to escape
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from immunity. The NK infiltration and surveillance are found impaired when exposed to the
inhibitory molecules released by tumor cells 22!, T-boosted NK cells, with optimized migration
ability, may located and infiltrate tumors more efficiently. To test this, further experiments have
to be carried out in future. For instance, to test the killing efficiency of the T-boosted NK cells
against tumor cell spheroid in-vitro. The anti-tumor efficiency of T-boosted NK cells can be
further examined in in-vivo experiments in animal models.

Our RNAseq data reveals expression changes on many cell migration-related genes and
provides hints about the key factors that are responsible for the enhanced NK migration due to
T cells. Go enrichment analysis revealed DEG enrichment in a serial of terms associated with
actin, myosin, microtubule, and intermediate filaments. For actins, the RNAseq data revealed
highly upregulated expressions of actin subunits ACTA2 and ACTG1, as well as expressions
of actin nucleating factors and nucleation promoting factors in T-boosted NK cells. These
changes could lead to an acceleration in generation rate of actin and therefore influence the
consequent migration. For microtubules, Go enrichment analysis shows enrichment in
microtubule organizing center in CC category, and gene expressions of tubulin subunits,
TUBALB, TUBA4A, and TUBB were significantly upregulated. Besides, 38 MAP genes
including microtubule stabilizers/destabilizers, motor proteins, and elongation factors were
found differentially expressed in T-boosted NK cells. These results may indicate a promoted
microtubule dynamic. Our RNAseq data also identified upregulation of IFs including vimentin,
lamin B1, and lamin A/C genes. The major function of vimentin is to preserve the structural
integrity of cells, stabilize interactions within the cytoskeleton, and provide resistance to
prevent cells from damage ??1. On the other hand, lamin A/C is primarily responsible for the
mechanical stiffness of nuclei while lamin B1 functions to maintain the integrity of nuclear
instead of stiffness 1?2, The upregulated vimentin, lamin A/C, and lamin B1 may result in better
cell resistance and protect the nuclear from damage which helps the NK cells to survive during
the boosted migration. Besides, according to KEGG pathway analysis and GO enrichment
analysis, DEGs were enriched in many metabolism-related terms. Moreover, GO enrichment
analysis also shows DEGs were highly enriched in terms related to ribosome functions.
Ribosomes are in responsible for protein synthesisi??®l. Since the T-boosted NK cells acquire
high motility, they naturally need more energy and cytoskeleton dynamic to fuel their
movement. A promoted metabolism and ribosome activity is therefore predictable.

However, the mRNA expression is not necessarily correlated to the protein expression level
and cell behavior outcomes 2%, For example, though we demonstrated in our research that
Myosin Il and corresponding MLCK activities are indispensable factors for the T-boosted NK
motility (4.2.3, Fig. 19), RNAseq data revealed upregulation of some Myosin subunit genes but
no changes in MYLK and ROCK expressions. In further, the interested gene expression results

might be further tested on protein level using real-time PCR. Whether T-boosted NK cells
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generate larger contractile force during their migration can be measured using traction force
microscopy (TFM), micropillar arrays, or atomic force microscopy (AFM). Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) of the NK cells could also
be measured using metabolic analyzers such as Seahorse XF Analyzer. OCR reflects
mitochondrial respiration and ATP production, while ECAR indicates glycolytic activity #%!,
Changes in OCR and ECAR can provide insights into the metabolic state of the T-boosted cells.
We may further examine the cell migration outcomes using computational models with the
inputs including more actin subunits, upregulated nucleation factors/nucleation promoting
factors, altered microtubules/MAPSs, enhanced IFs, and enhanced energy metabolism, to test

whether these factors finally result in enhanced NK migration.

5.3 Locally released IL-2

In this study, we demonstrated that IL-2 and NK/CD4 physical contact play pivotal roles for
the CD4-boosed NK killing. On one hand, blockage of IL-2 receptor function completely
abolishes the T-boosted NK killing indicating IL-2 is indispensable. On the other hand,
transwell experiments and NK cells cultured in CD4" T cell culture supernatant revealed that
IL-2 alone is not sufficient for CD4" T cells to boost NK killing which highlights the necessity
of the physical contact between NK and CD4" T cells. Combining the IL-2 and the physical
contact, CD4" T cells can boost NK killing within 24 hours at very low global concentration of
IL-2 in the culture supernatant (<0.5ng/ml). Presenting NK cells with global IL-2 concentration
of 0.5 ng/ml for one day cannot elevate NK killing at all. These data suggest the hypothesis that
IL-2 is locally released at the NK/CD4 contact site, where a high concentration of IL-2 may be
generated. Evidence that supports this hypothesis was revealed with ICC staining, IL-2-
containing vesicles in CD4" T cells were found accumulated in the vicinity of the NK/CD4
contact site.

IL-2 has been long approved for the treatment of tumors 2. However, high dose of IL-2 (600-
720 1U/ml) will induce many side effects in vivo including vascular leak syndrome (VLS),
which is observed in cancer patients treated by IL-2 as an immunotherapeutic reagent to
stimulate effector function of T cells and NK cells %), We also tried to stimulate NK cells
using I1L-2 with 50 ng/ml, a concentration reached only in cytokine storm in vivo % for 3
days. Two-thirds of cases (4 out of 6) reached the level of T-boosted NK Killing. In our study,
we demonstrated that the NK/CD4 physical contact can provide an optimal venue to activate
NK cells at a high dose of local-secreted IL-2 without a high global IL-2 affecting the other
cells in vicinity. However, the local concentration of IL-2 at the contact site, presumably
exceeding 50 ng/ml, still needs to be determined.

In this study, the expression of IL-2 receptor components on NK cells were examined using
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CyTOF and RNAseq. Our data shows that, upon co-culture with CD4" T cells, the IL-2Ra
(CD25) and the IL-2Ry (CD132) expressions on NK cells were significantly up-regulated while
the IL-2Rp (CD122) expression was down-regulated. On transcriptional level, however, all
three domains were significantly up-regulated. CD25, CD122, and CD132 are the three
identified distinct chains of I1L-2 receptor. CD132 is also known as the common y chain (yc) for
it’s being shared by serial cytokine receptors including IL-2, IL-15, IL-7, IL-21, IL-9, and IL-
4 %81 CD122, on the other hand, is shared by IL-2 and IL-15 receptors. Only CD122 and
CD132 are involved in the signal transduction due to their large intracellular domains. There
are two functional IL-2 receptor forms have been identified, the dimeric low-affinity receptor
comprised of only CD122 and CD132, and the trimeric high-affinity receptor involves all three
domains ?2%, On NK cells, the low-affinity IL-2 receptor is revealed at a high level while only
a low level of CD25 is identified 2%, To form a high-affinity receptor, IL-2 is believed to bind
CD25 initially, CD122 and CD132 are then recruited subsequently and finally come into a
stable quaternary structure. After a rapid internalization of the final quaternary structure,
CD122, CD132 as well as IL-2 are degraded promptly in the lysosome while CD25 is recycled
back to the cell surface 4. With this model, the up-regulated CD25 expression in T-boosted
NK cells indicates the presence of high-affinity IL-2 receptor form. The down-regulation of
surface CD122 and the up-regulation of CD122 mRNA may be due to the rapid internalization
of the high-affinity receptor. In our study, we utilized Basiliximab to competes with IL-2 to
bind to CD25 in order to neutralize IL-2 receptor function. However, we can’t block the IL-2
receptor on NK cells specifically with the antibody. IL-2 receptor on CD4* T cells may also
play roles in the NK/CD4 interaction. To further confirm on which side (NK or CD4) the IL-2
receptor is responsible for the T-boosted NK function, we plan to use siRNA to silence 1L-2
receptor expression in cells. Considering the primary human NK cells are technically difficult
to be transfected, transfecting CD4" T cells with IL-2 receptor siRNA may provide indirect
evidence to address this issue.

Our results also implicate a potential directional IL-2 release of the CD4" T cells. CD4" T cells
are known to release cytokines in a multidirectional manner. IL-4, TNF, and CCL3 are found
secreted through this multidirectional pathway which seems to tend to influence bystander cells
by the molecule gradients %2, However, it has been observed in both in vivo and in vitro
immunocytochemistry staining that some critical cytokines accumulate towards the IS site
inside CD4" T cells stimulated by APCs. Evidence suggests that activated CD4" T cells release
cytokines at the synapse which explain the target specificity of cytokine secretion [233-2%],
Cytokines such as IL-2, IFN-y, and IL-10 are found delivered via this antigen-specific pathway.
How the CD4" T helper cells deliver their cytokine secretion specifically to the effector cells
without affecting bystander cells in the surrounding environment is not so clear. The NK/CD4

interaction is different from conventional IS. Whether CD4* T cells deliver IL-2 to NK cells in
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a similar pathway is left to be further explored.

Imaging technology with high resolution like Total internal reflection fluorescence microscopy
(TIRFM) or Scanning electron microscope (SEM) may provide better insight into the NK/CD4
contact site and the local IL-2 secretion.

5.4 The contacts between NK and CD4 cells are not conventional IS

In this study, we found that the NK/CD4 contact is quite different from a conventional 1S
between NK or T cells with their target cells/APCs in the following aspects: 1) Duration. The
former is very transient lasting only for tens of seconds to minutes, whereas the latter is stable
for tens of minutes to hours or even days 72, 2) Morphology. Upon recognition of target
cells, NK or T cells will stop migrating and spread symmetrically to form a stable synapse 2%
2801 \When NK and T cells come into contact, neither formed symmetric shape and they tend to
keep moving. Especially T cells, they were polarized and asymmetrical in shape and formed
lamellipodium at the leading edge, and trailing uropod in the rear, which are typical structures
for migration **1. Moreover, NK/CD4 contact is asymmetric and dynamic, starting with the
engagement at the T cell leading edge and ending with the interaction between the NK cell and
the T cell uropod. This interaction mode is in good agreement with the highly dynamic
interactions reported happened between T cells and APCs or tissue stroma %Y, The short-lived
interaction between T cells and APCs is named by Michael L. Dustin as “Kinapses” for its
characterization that lacks stability and polarity ?*. The differences between the NK/CD4
interaction and conventional IS suggest that the molecular pathways involved in establishing
physical contact between NK and CD4" T cells are very likely distinct from the ones for IS
formation.

During establishment of the IS between NK or T cells with their target cells, MTOC will is
actively reorientated towards the contact site from the cell rear 1. MTOC is associated with
Golgi complex which release several secreted proteins including IL-2 2. And in migrating T
cells, MTOC is located in the uropod ™43, We found in our study that CD4* T cells tended to
form “Kinapses”-like interaction with NK cells using their uropod and the IL-2-containing
vesicles in CD4" T cells were accumulated in the vicinity to the NK/CD4 contact site. We can
therefore hypothesize that during the NK/CD4 contact, MTOC in CD4" T cells is left in the
uropod directly in the vicinity of NK cells along with IL-2-containing vesicles adjacent to
MTOC. To test this, we may fluorescently label the microtubules and IL-2 in CD4" T cells by

transfection to locate the MTOC and the IL-2-containing vesicles.

5.5 What does the marker profiling of T-boosted NK cells tell us?
Firstly, the subsets of the T-boosted NK cells revealed by our CyTOF data indicate that the co-
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culture with CD4" T cells polarizes NK cells into activated state. To attain their maximum
functional status, NK cells must undergo a process of maturation %4, In human, the presence
of CD56 indicates the final step that NK cell precursors (NKPs) differentiate into NK cells.
Based on the expression level of CD56, human NK cell maturation is categorized into CD56°"9"
stage and CD56%™ stage. CD56°"9" NK cells are considered to be immature, and with the
acquisition of CD16, they can finally develop into CD56%™ NK cells **°!. The expression of
CD57 defines the final maturation of CD56%™ NK cells with the optimal cytolytic activity,
higher sensitivity to CD16 and natural cytotoxicity receptors (NCRs) signal, and suppressed
sensitivity to cytokines 2% 241 By interacting with M1 macrophages, CD56%™ NK cells can be
polarized into fully activated stage characterized by the acquisition of CCR7, a potent secretion
of IFN-y, and high expression of CD69 as well as CD25 (IL-2Ra) 2%, Although our data shows
that co-culture with CD4" T cells doesn’t affect the expressions of CD56, CD16, and CD57 on
NK cells, expressions of CCR7, CD69, and CD25 (IL-2Ra) were significantly upregulated
which suggest that the T-boosted NK cells are polarized into an activated state.

It’s also interesting but confusing that the CyTOF data shows expressions of CD3 and CD4
molecule on the surface of the T-boosted NK cells. The RNAseq data, on the other hand, shows
a high transcriptional level (RPKM>100) of CD3 delta subunit of T-cell receptor complex
(CD3D) as well as CD4 molecule in the T-boosted NK cells. The CyTOF data of the T-boosted
NK cells were obtained from NK+T cell mixture and the NK cells for RNAseq were isolated
positively from NK+T co-culture using CD56 microbeads. Yet we can’t rule out the possibility
that these signals were from CD4" cell contaminations due to unperfect gating or purification,
but were can’t exclude other possible sources of the CD3/CD4 molecules in T-boosted NK cells
such as NKT cells neither. Unlike traditionally defined CD56"/CD3" NK cells ! invariant
NKT (iNKT) cells and NKT-like cells are some T cell subsets that share the characteristics
from both NK and T cells. iNKT cells are a unique subpopulation of T lymphocytes that
featured by the simultaneous expressions of serial TCR variable region genes as well as the NK
cell marker NK1 4 (NKR-P1C) *71, The majority of iNKT cells express a semi-invariant TCR
that is comprised of an identical a-chain (Va24-Jal8 in human, Val4-Jal8 in mouse) and a
restricted number of B-chains (VP11 in human, VB8, VB7, VB6 or VB2 in mouse) 2482491 NKT-
like cells, on the other hand, are conventional T cells that express NK-associated receptors
(NKRs) such as CD56, CD16, CD57, CD161, NKG2D, NKG2A, NKp46, or CD94 %, Once
upon activation via TCR recognition, iNKT cells proliferate, produce cytokines and regulate
immune responses against pathogens 25 while NKT-like cells can mediate cytotoxicity and
cytokine production %2, Given the characteristics of the NKT cells, if the CD3/CD4 signal
were really from NK cells, it’s still hard to tell whether the current data indicates the presence
of NK cells bearing CD3/CD4 molecules or T cells bearing NK markers. Since our RNAseq

data shows no expression of the typical semi-invariant TCR molecules for iNKT cells in the T-
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boosted NK cells, the CD3*/CD4*/CD56" are more likely to be the NKT-like cells. However,
according to the available literature, it’s also possible that there were NK subsets upregulated
CD3 and CD4 molecule expressions on their surface after co-culture with activated T cells.
CD4" NK cells have been reported in humans and enriched in lymphoid tissue at a substantially
higher level than that in peripheral blood. In-vitro experiments showed that IL-2/PHA-induced
CD4'/CD3/CD56" NK cells can mediate effective cytotoxicity, enhance cytokine production
upon CD4 ligation, and migrate in response to IL-16 1. CD3 gamma, delta, and epsilon
subunits were also found in the cytoplasm of the cloned human fetal liver NK cells. These
subunits can form CD3-epsilon/gamma and CD3-epsilon/delta dimers in the NK cytoplasm but
can’t be transported to the cell surface 2. Therefore, to make further insight into the elusive
CD3*/CD4*/CD56" cell population found in our study, their expressions of NKT-specific
surface markers and their cytokine profiles upon activation should be checked. The detailed
identification of these cells may reveal new NK subpopulations or provide new sight into the
source and functions of NKT cells. Moreover, whether the CD3/CD4/CD56 molecule-
expressing cells are associated with the boosted NK cytotoxicity and migration is worth to be
studied. In future study, we may upregulate/downregulate the expression of CD3/CD4

molecules in NK cells to investigate the impact on NK cytotoxicity and motility.

5.6 How do adhesion molecules participate in the NK/CD4 interaction?
For the formation of both the IS and the “Kinapses”, LFA-1 is indispensable Y. LFA-1 is an

adhesion molecule abundantly expressed in NK and T cells, which binds to ICAM-1 or
extracellular matrix proteins such as fibronectin and collagen 12°* 2. A blockage or deficiency
of LFA-1 diminishes expression of cytotoxic proteins and killing capacity of NK cells [2%¢],
Interaction between LFA-1 and ICAM-1 is required to seal the IS, preventing leakage of
cytotoxic proteins to jeopardize irrelevant neighboring cells 7. LFA-1 could serve a similar
role concerning NK/CD4 contacts to concentrate IL-2 at the contact site. Notably, blockade of
LFA-1 by its neutralizing antibody during 24-hour NK/CD4-co-culture does not impede T-
boosted NK killing machinery, but rather affects target recognition. Alteration in expression of
inhibitory and/or activating receptors on NK cells could contribute to this deficiency in target
recognition. Interestingly, if LFA-1 is blocked for three days, neither IL-2 nor CD4* T cells
could elevate NK killing anymore, suggesting that LFA-1 signaling is upstream of IL-2 and act

as a switch to govern IL-2-mediated NK activation.

5.7 Summary

In this study, we aimed to investigate whether and how T cells from the adaptive immune

system influence the killing efficiency of NK cells from the innate immune system. Using
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human primary T cells and NK cells, we conducted real-time killing assay, live cell imaging,
FACS staining, ICC staining, CyTOF, and RNAseq to examine the T cell-induced NK function
changes and the underlying mechanism. Our data shows that an in-vitro co-culture with
activated T cells, both CD4" and CD8", can result in a boosted killing efficiency of homologues
NK cells against different types of tumor cell lines. This T-induced NK activation was found
not attributed to altered expressions of cytolytic proteins (perforin and granzymes) or the
degranulation of lytic granules. Instead, the co-culture with T cells greatly enhanced the speed
and persistence of NK cell migration as well as NK cell infiltrating capability into 3D collagen
matrices. The T-induced NK activation can be achieved in 24-hour-co-culture and lasts for
several days. By transwell experiment, | identified physical contact between T cells and NK
cells as an indispensable factor for the T-induced NK activation. Blockade of IL-2 receptor
using neutralizing antibody abolished the T-boosted NK killing. Nether conditional medium
from activated T cells nor addition of IL-2 could resemble the extent of the T-boosted NK
killing, indicating that local IL-2 plays a critical role in this regard. Moreover, the ICAM-
1/LFA-1 interaction is also involved in boosting NK cell functions by T cells. Our CyTOF data
reveals distinct subsets in the T-boosted NK cells and RNAseq data indicates the boosted NK
migration is likely related to cytoskeleton molecules and cell metabolism. These results provide
us valuable insights into the T-NK cell interaction. By connecting important players from both
innate and adaptive immunity, our work underlies the significance of interaction between T and
NK cells, shedding light on developing new strategies to enhance efficacy of NK-based
adoptive immunotherapy.

It is important to acknowledge the limitations of our study. We used neutralizing antibodies to
examine the I1L-2 receptor and IFA-1 signaling in the T-induced NK activation. However, both
T cells and NK cells express IL-2 receptor and IFA-1 molecules. To further clarify on which
side (NK or T) the IL-2 receptor or the LFA-1 is responsible for the T-induced NK activation,
siRNA silencing of these molecules may help to address the issue. However, human NK cells
are technically difficult to be transfected. Transfecting T cells with corresponding sSiRNA may
provide indirect evidence; Though we explored the mechanism of how T cells boost NK killing
and examines the NK cell changes using RNAseq, the data was not solid enough to support any
conclusion, and yet we can’t establish clear links between the gene expression changes with the
NK function promotion. Further analysis focus on candidate molecules revealed by RNAseq
data can build upon the current study's findings; Additionally, we only examined the T-NK
interaction in vitro, we therefore lack evidence to conclude that they perform the same in vivo.
Future research such as in vivo experiments in mouse models is recommended; A detailed test
of the CD8-boosted NK killing may further complete our understanding of the T-NK interaction

and advance the immunotherapy field.
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