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Single-Cell Profiling Reveals Functional Heterogeneity and
Serial Killing in Human Peripheral and Ex Vivo-Generated
CD34+ Progenitor-Derived Natural Killer Cells

Nikita Subedi, Liesbeth Petronella Verhagen, Paul dejonge, Laura C. Van Eyndhoven,
Mark C. van Turnhout, Vera Koomen, Jean Baudry, Klaus Eyer, Harry Dolstra,

and Jurjen Tel*

Increasing evidence suggests that natural killer (NK) cells are composed

of distinct functional subsets. This multifunctional role has made them an
attractive choice for anticancer immunotherapy. A functional NK cell reper-
toire is generated through cellular education, resulting in a heterogeneous
NK cell population with distinct capabilities responding to different stimuli.
The application of a high-throughput droplet-based microfluidic platform
allows monitoring of NK cell-target cell interactions at the single-cell level
and in real-time. A variable response of single NK cells toward different target
cells is observed, and a distinct population of NK cells (serial killers) capable
of inducing multiple target lysis is identified. By assessing the cytotoxic
dynamics, it is shown that single umbilical cord blood-derived CD34+ hemat-
opoietic progenitor (HPC)-NK cells display superior antitumor cytotoxicity.
With an integrated analysis of cytotoxicity and cytokine secretion, it is shown
that target cell interactions augment cytotoxic as well as secretory behavior

or cancer cells. Unlike other lymphocytes,
these cells do not need prior antigen sen-
sitization and induce rapid lysis of target
cells upon identification without harming
healthy tissue.l Apart from cytotoxicity, NK
cells also secrete immune-stimulating mole-
cules that modulate the functions of other
immune cells.”! This functional versatility
has enhanced the popularity of NK cells for
anticancer immunotherapy.®l The allogenic
infusion of NK cells derived from different
sources has now become a popular mode of
NK cell-based therapy with positive clinical
outcome in hematological malignancies.*°!

Although NK cell immunotherapy has
made progress over the past decade, a
better understanding of NK cell biology

of NK cells. By providing an integrated assessment of NK cell functions by
microfluidics, this study paves the way to further functionally characterize NK

cells ultimately aimed to improve cancer immunotherapy.

1. Introduction

Natural killer (NK) cells are a subgroup of type 1 innate lymphoid
cells capable of inducing cytolytic activity against virus-infected

and heterogeneity will provide knowledge
to improve current therapies and develop
future treatment strategies. The high
degree of heterogeneity within the NK cell
population have been shown to impact
the overall efficacy of NK cell-based anti-
cancer therapy.®® Advancing single cell-based technologies
have allowed detailed monitoring of individual cells associating
the variations within effector functions in NK cells as one of
the potential reasons for lower clinical impact of NK cell-based
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immunotherapies.'”) Additionally, mass cytometry-based data
demonstrated that the overall function of NK cells results from
the combined efforts of multiple diverse individual cells.!!!
Recent single-cell RNA sequencing-based studies identified spe-
cific markers within NK cell transcriptomes that could eventu-
ally be clustered into different functional subpopulations. 681213l
Furthermore, using a microwell-based single-cell platform, Van-
herberghen and co-workers identified rare serial killer NK cells
with superior cytotoxic behavior which accounted for more than
50% of total lysis.l Hence, single-cell-based tools lay the basis
for a new era in dissecting heterogeneity within the immune
cells to address the functional ability of individual cells.[*!]

Innovation in microsystems and microfluidics facilitated the
integration of numerous complex functions on-chip to dynami-
cally monitor immune cell activities in real time.l'®! However,
the challenge of adopting microsystems/microfluidics tech-
nology with such interaction-based immunoassays still remains
efficient cell pairing together with the high throughput ability
of the systems.”] The studies involving highly dynamic cells,
such as NK cells, require efficient screening tools that could
accurately identify potent cytotoxic cells among the heterog-
enous population and allow their characterization.'”) To meet
these requirements, we have presented a high throughput
droplet-based microfluidics platform to provide a combinatorial
assessment of cytotoxicity and secretory functions within the
NK cell population. Here, we monitored around 80 000 droplets
over 10 h in real-time to probe the phenotypical and functional
heterogeneity of single human Peripheral Blood (PB)-NK cells
and ex vivo-generated UCB-derived CD34+ HPCs NK cells. Fur-
thermore, we observed a subpopulation within these NK cell
sources with superior serial killing ability. By pairing NK cells
with distinct target cells, we demonstrated that NK cell-medi-
ated cytotoxicity and cytokine secretion are dynamic processes
restricted to a percentage of single NK cells equipped with this
ability. In this way, we provide an integrated analysis that paves
the way towards phenotypical and functional characterization
of NK cells (PB and HPC-NK cells) for channeling new avenues
in NK cell-based cancer immunotherapy.

2. Results

2.1. Single-NK Cell Activation in Droplets Using K562 and IL2

To study the diversity within the NK cell compartment, we uti-
lized droplets-based microfluidics for single NK cells activa-
tion with K562 cells and cytokines in an isolated environment
with reduced paracrine interaction within cells. NK cells were
labeled with cytokine catch reagents for IFN-y and TNF-« to
allow for capturing and monitoring cytokine secretion by single
cells.'®191 After 4 h of activation, cells were retrieved from the
droplets by breaking the emulsion with 1H,1H,2H,2H-Per-
fluoro-1-octanol (PFO) and prepared for downstream flowcy-
tometric analysis (Figure 1A). Similar to our previous studies
with other cell types, the viability of NK cells after culturing in
droplets was preserved (Figure S1B, Supporting Information).
We used pipette tips for loading cells in microfluidic chips to
increase the probability of cellular encapsulation and to achieve
optimal cell pairing at a ratio of 1:1 in the oil-water droplets
(=70 pL).2% The cell loading concentrations were adjusted such
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that NK cells were optimally paired with K562 cells, and the
percentage of activated cells reflected the cellular interaction.
With optimal loading conditions, 65% of the cell-containing
droplets showed NK and K562 cell pairing (Figure 1B-D). In
summary, our platform allowed us to probe NK cell activation
at the single-cell level and their interaction with the target cells.

2.2. Functional Variations Among Different PB-NK Cell P
henotypes at Single-Cell Level

Natural killer cells have been categorized into different func-
tional subgroups based on their expression level of CD56 and
CD16 surface markers: 1) Regulatory NK cells (CD56*"CD167),
2) Cytotoxic NK cells (CD56'CD16'"), and 3) Precytotoxic
NK cells (CD56*CD16%/-, Figure 2A). With our platform, we
assessed the distribution of these subsets in freshly isolated
peripheral blood NK cells in both, bulk culture, and single-cell
levels with or without the addition of external stimuli. The com-
position within the population mainly consisted of cytotoxic
subgroups of NK cells, ~90% CD56* phenotypes (Figure 2B)
mostly when activated together with K562 cells. Even though
we hardly observed the regulatory NK cell phenotype in periph-
eral blood (roughly 3%), activation with IL2 induced a twofold
increase in these phenotypes (Figure 2B; and Figure S2A, Sup-
porting Information).

Next, we studied different functions of PB-NK cells at the
single-cell level to associate them with the respective pheno-
types. IFN-y and TNF-« secretion were included as functional
markers for immune regulation, and CD107a (degranulation
marker) as a measure for cytotoxicity.?'2*l No difference was
observed in CD107a expression upon stimulation with the
cytotoxic phenotypes while the precytotoxic phenotype domi-
nated the CD107a expression, thus showing enhanced cytotoxic
behavior (Figure 2C; and Figure S2B, Supporting Information).
The combined stimulation with IL2 and K562 induced the
most secretion of IFN-y by regulatory phenotypes (Figure 2D;
and Figure S2C, Supporting Information). Notably, precyto-
toxic phenotypes were also observed to secrete intermediate
levels of IFN-y compared to cytotoxic phenotypes. All the sub-
groups showed positive TNF-o secretion when stimulated with
IL2 (Figure 2E). Furthermore, the precytotoxic phenotype also
formed a major component of the PB-NK cell compartment and
expressed intermediate levels of NKp46, generally expressed in
mature NK cells (Figure S3A, Supporting Information). These
findings strengthen the notion that this subset could be the
precursor of the cytotoxic population. As expected, the regula-
tory phenotypes showed higher expression of NKG2A, while
NKp46 was highly upregulated by a more mature regulatory
and cytotoxic phenotype (Figure S3A,B, Supporting Informa-
tion). Collectively, we showed variation among different PB-NK
cell phenotypes upon stimulation at single-cell level indicative
of heterogeneity within the NK cell compartment.

2.3. NK Cell-Mediated Cytotoxicity is a Dynamic Process and
Highly Dependent upon Target Cell Interaction

The interaction dynamics of single NK cells with different target
cell types were closely monitored to improve the understanding
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Figure 1. Experimental schematics showing NK cell activation and cytokine secretion assay in droplet: A) Freshly isolated human peripheral blood NK
cells were labeled with IFN-yand TNF-« catch reagent and encapsulated together with stimulants (K562/1L2) into oil /water droplets using a 3-inlet flow-
focusing droplet chip with 25 um height. After 4 h, the droplets were dissolved using PFO solution to retrieve the cells, which were thereafter labeled
for FACS analysis. B) The distribution of cellular encapsulation of NK cells C) or K562 cells in the droplets. D) Cell pairing distribution in droplets.
Results are shown as the mean £ SEM of n = 3 independent experiments with different donors.

of cytolytic function. Previously, we developed a droplet-based
single-cell platform for high throughput and real-time analysis
of cellular cytotoxicity.?! We used this platform to monitor over
80,000 droplets per experiment which approximately contained
3,500 droplets with a 1:1 NK cell: target cell ratio (Figure 3A).
Individual droplets were monitored for 10 h and subsequently
analyzed with an automated script to identify possible cytotoxic
events (Figure 3B). During incubation, we observed around 3%
target cell division (data not shown), however, all the E:T ratios
were defined based on observation at t = 0.

PB-NK cells showed a significant variation in the cytolytic
function upon interaction with different target cells (Figure 3C).
Where single PB-NK cells lysed around 25% (+£2.25; n = 3) of
K562 cells, only 10% (+4.318; n = 3) of THP-1 and 8% (+0.271;
n = 3) of Daudi cells were killed by single PB-NK cells. We
observed similar variations using a bulk-based cytotoxicity
assay, thereby benchmarking our single-cell findings. For K562
and Daudi cells, most of the cytotoxic events were observed
within the first 4 h of cellular interaction, while lysis of THP-1
cells occurred at later time points (Figure 3D). This variation in
Iytic abilities of PB-NK cells could be linked with the differen-
tial expression of the MHC-I molecules expressed by different
target cells (Figure S4, Supporting Information).

Zooming in on the killing events revealed that 42% of NK
cells (fast killers) induced killing as early as 1 h. In total 69%

Adbv. Biology 2023, 7, 2200207 2200207 (3 of 12)

of NK cells were able to kill K562 cells during 4 h of interac-
tion (Figure 3E). The remaining 31% of cells (slow killers) only
induced cytotoxicity at later time intervals. The observation of
these early and late lytic events implies differential regulation
in target cell recognition and the involvement of different cyto-
toxic mechanisms shown by different NK cells with regard to
different target cells. Two distinct cytotoxic mechanisms were
shown to act on different time scales, with rapid granule-medi-
ated cell death and slower CD95-induced or TRAIL-induced
apoptosis.?’l These striking differences in lytic ability observed
between individual NK cells, together with their variation in
killing behavior toward different target cells further strengthen
the notion toward the existence of heterogeneity within the
PB-NK cell population.

2.4. Identification of Rare Serial Killing Events Executed by NK
Cells Using the Droplet-Based Single-Cell Platform

There exists a small fraction of NK cells endowed with an
immense capacity to kill and handle most of the target cell
lysis.'*] These cells, also known as serial killers, can kill
over 3 target cells consecutively and are a pursued pheno-
type for application in cancer immunotherapy. The fraction of
serial killer NK cells is however relatively low and other than
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Figure 2. Phenotypical and functional heterogeneity within peripheral blood NK cells: A) Schematics of NK cell heterogeneity with different functional
subgroups within the NK cell population. B) Graphs showing distribution of different subgroups of PB-NK cells (regulatory, precytotoxic, and cytotoxic)
in droplets. C—E) Graphs showing the percentage of NK cells population positive for: C) CD107a, D) IFN-% E) TNF-¢;, when stimulated in droplets with
IL2, K562, or IL2 and K562 combination. Results are shown as the mean £ SEM of n = 4 independent experiments with different donors; blue, green,
and red bars represent regulatory, precytotoxic, and cytotoxic phenotypes, respectively. Statistical significance was determined by two-way ANOVA fol-

lowed by posthoc Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, ***

their superior killing ability, not much is yet known about
them.

We, therefore, adapted the microfluidic platform by tuning
the droplet size and cell loading concentrations and utilized
the strength of our approach to study these potent serial killers
in high throughput. With larger droplets (1.2 nL volume) we
increased the fraction of droplets containing multiple target
cells (23) with single NK cells to around 3% (242 droplets)
(Figure 4A,B). Exploring different E:T ratios, ie., 1:1, 1:2, 2:1,
and 3:1, variations in lysis of target cells were distinctly observed
(Figure 4C). At a 1:1 ratio, a lower fraction of death in K562 cells
was seen in bulk than compared to droplets at a 1:1 ratio. In
contrast, at a 1:2 ratio around 50% (+4.7; n = 4) of paired K562
cells were killed by single encapsulated NK cells in the droplet
and this was higher than observed in bulk-based measure-
ments. When single K562 cells were paired with either 2 or 3
NK cells in droplets, the percentage of cell death increased and
was somewhat higher than the corresponding bulk-based assay.
By comparing the significantly low killing events with unpaired
K562 (in-droplet controls), we ruled out the possibility of spon-
taneous cell death in the droplets (Figure 4C).

We defined serial killing activity as a single NK cell that
could consecutively lyse >3 target cells within 10 h. Zooming
in on droplets with 1 NK cell and 3 or more target cells, we
observed 12% (+0.736, n = 3) serial killing events by PB-NK
cells (Figure 4D,E; and Figure S5, Supporting Information).

Adv. Biology 2023, 7, 2200207 2200207 (4 of 12)

p < 0.001, *+%p < 0.0001.

Additionally, we observed in 49% (+8.06, n = 3) of droplets with
less than 3 K562 cells target cell lysis and 37% (+9.68, n = 3)
droplets showed no target cell lysis. To ensure multiple cell
encapsulation, we enhanced the droplet size which however
resulted in later cellular interactions between NK and target
cell, thus decreasing the percentage of early positive events
upon incubation. 2%

Interestingly, using our droplet-based assay we segregated
and created multiple conditions with a high-throughput reso-
lution to investigate the killing properties of NK cells. This
enabled us to identify a rare serial killer subset in the PB-NK
cell population where single NK cells are capable of lysing over
three K562 cells. This is a first and important step to opening
the possibility of studying these highly searched-for cell types.

2.5. Single Ex Vivo-Generated HPC-NK Cells Display Superior
Antitumor Cytotoxicity

A major hurdle in utilizing allogenic PB-NK cells for thera-
peutic purposes is that only a small fraction of peripheral blood
mononuclear cells comprises NK cells, and thus generating
them in sufficient numbers to meet clinical requirements can
be challenging.”’l Recently, other sources for NK cells, such
as umbilical cord blood (UCB) have therefore been success-
fully explored?®-3% As a major advantage, UCB-derived CD34+
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Figure 3. NK cell-mediated cytotoxicity at the single-cell level: A) Schematic representation of single-cell cytotoxicity. PB-NK cells were labeled with Cal-
cein Red AM dye (red cells) and K562 cells with Cell Tracker Blue (blue cells) and paired together in 70 pL droplets in presence of viability dye (Sytox green
and Cell event Caspase 3/7; yellow cells). Cells were incubated at 37 °C and 5% CO, for 10 h. B) Microscopic overview of NK cell-mediated cytotoxicity
in droplets. Over the interval of 10 h, NK cells interacted with target cells inducing cytotoxicity. The dead cells were stained with the viability dye turning
yellow. Scale bar = 50 um. C) Bulk versus droplets cytotoxicity assay with K562 (Blue), THP-1 (Red), and Daudi cells (Green). Light and dark colors rep-
resent bulk and drop experiments respectively. D) Graph representing the dynamics of cytotoxic events in droplets for different donors. The dynamics
were determined for the killer fraction of NK cells, thus showing the percentage of the fast and slow killer population in NK cells. Blue, green, and red
lines represent K562, THP1, and Daudi cells, respectively; data analysis was performed on E:T 1:1; Each time point represents new events per hour.
E) Heat Map showing the dynamics of cytotoxicity within an experiment. Each line represents individual cells. The graph does not include the droplets
with 0, or 1 cell and droplets with dead cells at t = 0 h. Results are shown as the mean £ SEM of n = 3 independent experiments with different donors.
Statistical significance was determined by two-way ANOVA followed by posthoc Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, ***#*p < 0.0001.

hematopoietic progenitor cells (HPCs) are more easily available
and have several NK cell progenitors with fewer requirements
for HLA matching compared to T cells.?Y This makes UCB-
derived HPCs a flexible and attractive source for NK cells.?”]
Upon expansion, these cells display significantly more cyto-
toxicity in bulk experiments compared to their blood-derived
counterparts.l?!

Given the potency and high translational efficacy of HPC-NK
cells, we next sought to determine their tumoricidal activity at
single cell level. We observed an enhanced IFN-y and TNF-«
secretion by HPC-NK cells in droplets when paired together
with target cells thus ensuring their activation in droplets
Figure5A). In total 53% (+775; n = 4) of total lytic events were
observed for these NK cells with an increasing trend of lytic
events over the period of 10 h (Figure 5B). HPC-NK cells were
able to induce significantly higher lytic ability in comparison
to PB-NK cells (Figure 5C). At different E:T ratios, both in bulk
and at the single-cell level, there was a significant increase in
the percentage of cytotoxic events compared to unpaired target
cells (Figure 5D). At 1:1, the cytotoxic event in both bulk (51%;

Adbv. Biology 2023, 7, 2200207 2200207 (5 of 12)

174; n = 4) and at the single-cell level (54%; +2.4; n = 4) was
similar, but with other E:T ratios the number of cytotoxic events
increased in droplets despite the number of effector or target
cells inside. A large fraction of NK cells with serial killing
ability was identified in HPC-NK cells compared to PB-NK cells
(Figure 5E,F). Of the total droplets with over 3 target cells, we
observed around 34% (£3.2; n = 4) of HPC-NK cells had lysed
over 3 target cells successively. We also observed a higher per-
centage of droplets with positive cytotoxic events (48%; +4.0;
n = 4), while the droplets with no cytotoxic events remained at
a minimum. In conclusion, we showed that ex vivo-generated
HPC-NK cells are equipped with superior cytotoxic potential
both at the population as well as at the single-cell level.

2.6. NK and Target Cell Coencapsulation Augments IFN-y
Secretion
To obtain insight into the distinct functional abilities of NK

cells, we designed an in-droplet immunoassay to correlate two
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by two-way ANOVA followed by posthoc Tukey's multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001, **

important functions: cytotoxicity and IFN-y secretion. To the
best of our knowledge, we report for the first time on a droplet-
based platform that allows monitoring both functions in single
primary NK cells simultaneously in real-time. A similar plat-
form was developed by Antona et al. that also studied these
functions in droplets, however, their platform was designed
for end-point-based analysis and thus cannot address the tem-
poral dynamics of cellular interactions.’3! We adapted the “In-
drop sandwich immunoassay,” as described by Eyer et al.3+3]
to allow the combinatorial investigation of IFN-y release and
NK cell cytotoxicity in a time-dependent manner. In essence,
each droplet functions as a bio-nanoreactor containing NK
cells coencapsulated together with target cells, soluble viability
dyes, functionalized magnetic nanoparticles (~3000 per 70 pL
droplets), and detection antibodies in solution. Within a mag-
netic field, the nanoparticles form a uniform bead line. Thus,
making each droplet a screening chamber in which cytotoxicity
and secretion can be investigated together (Figure 6A,B). To
validate our approach, we first generated two batches of drop-
lets that both contained the magnetic capture beads and fluo-
rescently labeled IFN-ydetection antibodies and coencapsulated

Adbv. Biology 2023, 7, 2200207 2200207 (6 of 12)

“p < 0.0001.

either 0 nm IFN-yor 50 nm soluble IFN-y. During microscopy,
we clearly observed a strong positive signal for the droplet
batch with soluble IFN-y (Figure 6C). The detection limit of the
assay now is 1 nM and the secretion below the amount could be
detected but not accurately quantified (Figure S6A, Supporting
Information).

Next, we integrated this technological advancement in our
NK cell killing platform which yielded droplets with 7 different
possible combinations (Figure 6D; and Figure S6B, Supporting
Information). To examine whether target cell-induced secre-
tory and cytolytic functions were associated with individual NK
cells, we monitored the secretion dynamics of an NK cell upon
pairing with target cells in real-time. Approximately, 33% of
droplets were positive when paired with K562, while only 5%
of droplets without target cells showed positive IFN-y secre-
tion (Figure 6E). Among the total number of droplets with E:T
pairing, only 22% (£1.12; n = 2) showed both cytotoxicity and
secretion, 13% (£2.9; n = 2) were positive only for cytolysis, and
10% (£1.6; n = 2) for secretion only (Figure 6F). To investigate
how the dynamics of contact with target cells could regulate
cytolysis and secretion in single NK cells, the droplets with
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Figure 5. Functional assessment of HPC-NK cells at single-cell level: A) Activation of HPC-NK cells at the single-cell level with different stimulants (IL2,
K562, or IL2+K562) to measure the secretion of IFN-y (Blue bars) and TNF-o (Green Bars). n = 4 activation with IL2 and K562; n = 3 activation with 1L2
and K562. B) Graph representing the dynamics of cumulative cytotoxic events in droplets for different donor-derived HPC-NK cells. The dynamics were
determined for the killer fraction of HPC-NK cells; data analysis was performed on all possible E:T. C. Comparison between cytotoxic events between
UCB-derived (HPC) NK cells (Black bars) and PB-NK cells (grey bars); n = 3. D) Bulk (blue) versus droplets (black) cytotoxicity assay with K562 (at 0:1;
1:1; 1:2, 1:3; 21, 3:1 E:T ratio, respectively. E) Graph depicting the percentage of no dead K562, <3 dead K562, and > 3 dead K562 within the droplets
containing > 3 K562 cells. F) Comparison between the percentage of serial killers NK cells in HPC-NK cells (UCB-derived; black bars) and PB-NK cells
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tical significance was determined by D) Two-way ANOVA followed by posthoc Tukey's multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001,

*xk%kp < 0.0001. C&F. Student t-test **p < 0.01.

positive events for both cytolysis and secretion were monitored
closely. On average, an NK cell would already induce a lytic
event within the first 3 h of interaction (data not shown), while
the secretion followed at around 4.7 h. The highest fraction of
IFN-yproducing cells (=67%) was observed positive within 3-6 h
(Figure 6G). Hence these results suggest that secretion follows
the lytic event upon interaction with target cells, however, the
underlying mechanistic mode of action needs to be further
explored.

3. Discussion

Cellular heterogeneity within the NK cell compartment is well
appreciated, however, how functional cellular properties are
tied to this phenotypical diversity remains largely understudied.
It is important to study single cells in a noise-free environment
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to exclude juxtacrine or paracrine interactions to fully com-
prehend NK cell diversification and their ability to induce dif-
ferent effector functions. Therefore, an optimal experimental
approach requires both stimulation and analysis with single-
cell resolution. By activating NK cells in picolitre size droplets,
we ensured that external noise is reduced, and that observed
cellular responses reflect intrinsic behavior.

Using our microfluidic platform, we present the functional
assessment of ex vivo-generated HPC-NK cells and compared
them with peripheral blood NK cells at single-cell level. We
successfully demonstrated that HPC-NK cells, upon expansion
with cytokines, are significantly more cytotoxic than individu-
ally stimulated primary NK cells isolated from peripheral blood.
Furthermore, we showed that HPC-NK cells harbor a larger
pool of serial killers which is consistent with the percentage of
serial killers in HPC-NK cells identified in a recent study using
a microwell-based platform.?? Interestingly, for all E:T ratios
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Figure 6. Combinatorial assessment of the cytotoxic and secretory function of PB-NK cells upon target cell interaction: A) Schematics of the in-droplet
combinatorial assay. PB-NK cells were labeled with Cell tracker Blue (10 um) and encapsulated together with target cells and nanoparticles mixed at the
concentration of 10 million cells mL™". A mixture of viability dyes (Sytox green and Cell event caspase3/7 green) was added together with the cells. Oil/
water droplets were immobilized in an observation chamber in presence of a magnetic field and monitored for 10 h at 37 °C. Each image was captured
at an hour interval. B) The magnetic nanoparticle coated with streptavidin allowed binding of biotinylated catch antibody. When secreted IFN-y binds
to the catch antibody, the freely floating detection antibody is relocated into the beads thus forming a fluorescent bead line. C) Microscopic overview
of the droplet with fluorescent breadline (left) and zoomed-in view of a droplet with 0 nm IFN-y (upper right) or with 50 nm IFN-y (lower right). Scale
bar 50 um. D) Microscopic overview of several conditions analyzed inside droplets; 1) Droplets with only NK cells that secreted IFN-% 2) droplets
with NK cells and K562 cells positive for both cytotoxicity and IFN-y secretion, 3) droplets with NK and K562 and positive only for IFN-y secretion,
4) droplets with K562 and NK cells positive only for cytotoxicity. Scale bar = 50 um. E) Graph representing the percentage of NK cells secreting IFN-y
in droplets when incubated only with I1L2 (white bars) or with IL2 and K562 (gray bars). F) Graph representing the percentage of droplets with cell pair
showing secretion only (white), lysis only (light gray); lysis and secretion (dark gray), and no secretion or lysis (black). G) Dynamics of IFN-ysecretion
by NK cells measured over the period of 10 h. Each vertical bar represents independent events per hour. Results are shown as the mean = SEM of

n = 2 independent experiments with different donors.

tested (except for 1:1), we observed a higher percentage of cyto-
toxicity similar to or higher than bulk-based analysis. These
results suggest that the confinement within droplets enhances
NK cells’ probability of interacting with a target cell compared
to a crowded microwell-based setup.?®l Similar cytotoxic events
at different E:T ratios, for example, a similar percentage of lysis
with 2:1 and 1:2 (or 3:1 or 1:3) was also observed. This suggests
that NK cells within a small group (as inside the droplets),
operate independently to mediate the lysis of a single target cell
and do not show cumulative cytolytic effect by cooperating with
neighboring cells as observed in bulk based cocultures.l*®!
Serial killers have been studied previously for population-
based IL-2-activated human PB-NK cells."*”38 However, it
is still not studied how NK cell activation at a single-cell level
affects the phenomenon. We identified 12% serial killing events
where a single NK cell (upon single-cell activation) could lyse
>3 target cells consecutively. The percentage of serial killers
identified in our study is higher than what had been observed
in resting NK cells, as shown by Guldevall et al., suggesting
that IL2 can enhance the serial killer behavior in NK cells.[:3)
In line with earlier studies, around 25% of NK cells showed
positive cytotoxic events while the remaining other NK cells
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did not induce target cell lysis.?2#3] In contrast to the work

described by Sarkar et al., we did not observe 100% NK cell-
mediated killing in droplets. We believe 100% killing in an ear-
lier study could be due to the characteristics of the utilized dye
being actively pumped out by the target cell.[*]

The FACS-based data from single-cell activation showed
an augmented secretory activity of CD56+ phenotypes (both
cytotoxic and precytotoxic) upon interaction with their target
cells.!) We further investigated the correlation between target
interaction-induced cytotoxic event and secretory behavior of
individual NK cells by incorporating an innovative in-droplet
sandwich immunoassay together with our in-droplet cytotox-
icity assay. This combinatorial platform provides a unique
ability for high throughput monitoring of cytokine secretion
in real-time together with cytotoxicity at the single-cell level. To
this end, we identified 74% of total lytic events in droplets that
showed positive secretory function as well. In this way, we dem-
onstrated a correlation between cytotoxic and secretory function
of NK cells, which others were not able to find.[333% We believe
that this discrepancy is explained by a short experimental pro-
tocol of 4 h leading to a missed cytolytic fraction that also tests
positive for IFN-y.
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The dynamics of NK cell-mediated cytotoxicity are dependent
on several factors such as the maturation state of NK cells, phe-
notypical variation based on the expression of several surface
molecules, and lytic content of NK cells.*?) Besides these NK
cell-specific factors, the expression of NK-responsive factors in
target cells also determines the nature and speed of cell death.
In our study, we presented the comparison of NK cell-mediated
cytotoxicity with two leukemia (K562 and THP-1) and one lym-
phoma (Daudi) cell lines, known to show different sensitivity
toward NK cells.*l Along with the number of cytotoxic events,
the differences were also observed in the timeline of the cytotox-
icity. This variation could be linked to the surface arrangements
of these cells (expression patterns of different activating and
inhibitory molecules) which eventually leads to the activation of
different killing mechanisms. In agreement with the literature,
we observed upregulated expression of HLA molecules by all
cell types.'>1 NK cells lyse K562 target cells primarily by deliv-
ering perforin/granzyme-loaded cytolytic granules into the lytic
synapse. However, the lysis of THP-1 cells was more dependent
on cytokines, such as IFN-y which could lead to an increase in
ICAM-1 molecule upon exposure.*#1 NK cells also kill THP-1
cells by forming nanotubes that generally occur after certain
hours of interaction.”*®! Involvement of all these different path-
ways leads to the later killing of THP-1 cells compared to K562.

This study has facilitated studying the functionality of the
single-cell immunoassays by incorporating the temporal aspect
in the overall assay. The temporal function of the assay sug-
gested that NK cells can kill their target cell in a fast or slow
manner. However, this study could not identify the exact mech-
anism (Perforin-granzyme B based or TRAIL based) involved
that could be associated with variation in cytotoxic dynamics.
The easiest approach for studying NK cell lytic pathways could
be in-droplet proteolytic degradation or drug induced inhibi-
tion of perforin to prevent the granzyme-mediated killing or
blocking of the TRAIL-Death receptors on the target cells to
identify the pathways involved.”>*! However, this platform
momentarily lacks in terms of further downstream analysis.
Droplet sorting with integrated transcriptomic profiling of
NK cells with varying killing abilities will provide wider infor-
mation on the relevance of NK cell heterogeneity ultimately
making phenotypic connections with functional characteristics.

Our research emphasizes unraveling the complex functional
and phenotypical heterogeneity within the NK cell population.
This research provided an integrated analysis of NK-target cell
interactions and their implications on the cytolytic and secre-
tory behavior of single NK cells. By adopting the droplet-based
cytotoxicity platform, we identified rare serial killers, thus chan-
neling exciting ways for easy identification and characterization
of these rare cell types in the future. We believe that our data on
functional heterogeneity underlying NK cells, both peripheral
NK cells as well as CD34+ HPC-derived NK cells, provides valu-
able contributions towards developing and elevating the efficacy
of NK cell-based cancer immunotherapy.

4. Experimental Section

Cell Isolation and Culture: K562 cells were cultured in a 1:1 v/v mixture
of RPMI 1640 (Gibco, Catalog no. 22400 089) and IMDM (Gibco,
Catalog no.12 440 053) supplemented with 10% fetal bovine serum (FBS;
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Gibco) and 1% penicillin/streptomycin (PS; Gibco). THP-1 and Daudi
cells were cultured in RPMI, supplemented with 10% FBS and 1% PS.
All the cell lines were regularly tested for mycoplasma contamination.
PB-NK cells were obtained from buffy coats of healthy donors (Sanquin)
after written informed consent according to the Declaration of Helsinki
and all experimental protocols concur with institutional guidelines. In
short, peripheral blood mononuclear cells (PBMCs) were isolated from
donor blood via density gradient centrifugation using Lymphoprep
Density Gradient Medium (Stem cell). The NK cells were subsequently
isolated using magnet-activated cell sorting (MACS) by negative
selection using an NK cell isolation kit (Miltenyi Biotech, Catalog no. 130-
092-657) following the manufacturer’s instructions. Cells were counted
and purity was routinely assessed using flow cytometry by cell surface
marker staining for 10 min at 4 °C, using PE-CY7-labeled anti-CD56
(Biolegend, Catalog no. 362 509), PE-labeled anti-CD16 (Biolegend,
Catalog no. 302 007), and PerCP-labeled anti CD3 (Biolegend, Catalog
no. 300 328) antibodies (50 uL) FACS buffer (2% FBS in PBS). The NK
cells were identified as CD16*CD56"CD3", and purity was on average
91%. Subsequently, isolated NK cells were encapsulated into droplets
with K562 in presence of L2, as a stimulant (Peprotech, Catalog no. 200-
02; 1400 ng mL™).

HPC-NK Cell Culture and Expansion: Cryopreserved UCB CD34+
progenitor-derived HPC-NK cells from different donors were kindly
provided by Dr. Harry Dolstra (Radboudumc, Nijmegen).5 The cells
were thawed in a medium with 71% Human Serum (HS; Sanquin),
0.03% DNAse, and 0.1%MgCL, and were washed (at 300 g for 15 min)
after 10 min of resting. The cells were then resuspended in NK MACS
medium (Miltenyi, Catalog no. 130-107-209) supplemented with 10%
HS and 1% NK MACS supplement (Miltenyi) at the concentration of
3 million cells mL™. The cells suspension (1.5 mL) was loaded into
the 6 well plates and supplemented by IL15 (Immunotools, Catalog
no. 352 310; 50 ng mL™) and IL12 (Miltenyi, Catalog no. 130-096-704;
0.2 ng mL™"). On every second day, NK MACS medium (1 mL; with
10%HS, 1% NK MACS Supplement, 50 ng IL15, and 0.2 ng mL™" IL12)
was added to the cells, thus allowing them to expand for 7 days. All the
assays were performed after the 6th day of expansion. The culture was
kept for 2 weeks after thawing.

Microfluidic Chip for Droplet Production: The three-inlet microfluidic
device was developed following the protocols described in Sinha et al.?%l
The microfluidic device was molded using a SU-8 photoresist structure
on a silicon wafer and a commercially available polydimethylsiloxane
silicone elastomer (Sylgard 184, Dow Corning), mixed with a curing
agent at the ratio of 10:1 w/w and allowed to cure for 3 h at 60 °C.
The surface of the Sylgard 184 was activated by exposure to plasma
and sealed with a plasma-treated glass cover slide to yield closed
microchannels. Channels were subsequently treated with a 5% v/v
silane (TH,1H,2H,2H-Perfluorooctyltriethoxysilane; Fluorochem, Catalog
no. S13150) solution in fluorinated oil (Novec HFE7500, 3 m, Catalog
no. 51 243) and thermally bonded for 12 h at 60 °C. The dimensions of
the microfluidic channels are 40 x30 um? at the first inlet, 60 x30 um?
at the second inlet and the production nozzle, and 100x30 pum? at the
collection channel.

Assembly of Droplet Observation Chamber: Glass microscopy slides
(76 x 26 x 1 mm; Corning) were used as top and bottom covers
(76 x 26 x 1 mm). Two access holes of 1.5 mm diameter were drilled
in the top glass. Both slides were thoroughly cleaned using soap,
water, and ethanol, and were exposed to air plasma (60 W) for 5 min. A
cutout sheet of 60 um thick double-sided tape (ORAFOL) was carefully
placed above the bottom glass slide. Afterward, the glass slides were
stacked on top of each other, and the assembly was pressed using
Atlas Manual 15T Hydraulic Press (Specac) for 5 min at 155 °C at
400 kg m~2 pressure load. Next, two nano ports (Idex) were attached
to the holes using UV curable glue (Loctite 3221 Henkel) which was
cured under UV light for 5 min. Subsequently, the surface of the 2D
chamber was treated with a 5% v/v silane solution. Finally, the chamber
was dried, filled, with fluorinated oil, and sealed until use. The chamber
was reused multiple times and cleaned after each experiment by
flushing fluorinated oil to remove droplets and was stored until the
next use.
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Cell Loading in a Microfluidic Chip: Droplets were produced with a
three-inlet microfluidic device. The protocol for loading cells in the
microfluidic chips is described in Subedi et al.?l The droplets of =50 um
diameter were generated using flow speeds of 30 uL min~' for oil and
5 uL min™' for each sample inlet. For serial killer experiments, droplets
of =130 um diameter were produced using flow speeds of 20 puL min™
for oil and 5 uL min~' for each sample inlet. The droplets were produced
for around 5-10 min, thus generating 700 000 droplets in total. For the
stability of droplets, 2.5% v/v Pico-Surf surfactant (Sphere Fluidics,
Catalog no. C024) was used in fluorinated oil.

Bulk Activation Assay: NK cells were incubated at 1 million cells per
100 pL in PBA containing IFN-y Catch Reagent (Miltenyi, Catalog no.
130-090-443) and TNF-« Catch Reagent (Miltenyi, Catalog no. 130-091-
268) at 4 °C for 20 min. Next, cells were washed and resuspended in
RPMI cell culture medium supplemented with 2% HS, and 1% PS, at
25 000 cells per 100 pL in U-bottom microwell plates together with
stimulants (K562 cells at E:T 1:1 or IL2 50 ng mL™" or K562+IL2 at above-
mentioned concentrations). The cells were incubated at 5% CO, and
37°C temperature for 4 h.

Single NK Cell Activation Assay: NK cells were incubated at 1 million
cells per 100 pL in PBA containing IFN-y Cytokine Catch Reagent and
TNF ¢ Cytokine Catch Reagent at 4 °C for 20 min. Cells were then washed
and resuspended in RPMI culture medium supplemented with 2% HS
and 1%PS, at 2 million cells mL™ for single-cell encapsulation. Next, the
NK cells were encapsulated in 70 pL (=50 um) droplets together with the
stimulus (final concentration of K562 cells, 15 million cells mL™ or IL2,
700 ng mL~" or K562+1L2, earlier mentioned concentrations) loaded from
another inlet. The concentrations of stimulus have been adjusted such
that every single cell received the same absolute number of molecules
as in bulk-based experiments. Droplet production and encapsulation
rates were carefully monitored using a microscope (Nikon) at 10x
magnification and a high-speed camera. The droplet emulsion was
collected and covered with a culture medium to protect droplets from
evaporation. The encapsulated cells were incubated in Eppendorf tubes
with a few punched holes to allow gas exchange, at 5% CO, and 37°C
temperature. After 4 h of incubation, the droplets were de-emulsified by
adding 20 v/v% PFO (Sigma-Aldrich, 370 533; 100 pL) in HFE-7500 and
stained for FACS analysis.

FACS-Antibody Staining: Cells were washed once with PBS and dead
cells were stained with Zombie Green fixable viability dye (Biolegend,
423111, 1:10.000 in PBS, 50 pL) at 4 °C for 20 min. Subsequently, cells
were washed once with PBS and incubated with antihuman antibodies
against CD3 (PerCP-Cy5.5, Biolegend), CD56 (BV510, Biolegend),
CD16 (BV605, Biolegend), CD11b (PE-Cy5, Biolegend) CD27 (AF700,
Biolegend) NKp46 (PE, Biolegend), NKg2A (PE-Dazzle 594, Biolegend),
IFN-y (FITC, Miltenyi), and TNF-o (APC, Miltenyi) at 4 °C for 30 min.
Next, the cells were washed twice with PBS buffer with 0.5% BSA and
analyzed via BD FACS Ariall.

Single NK Cell Cytotoxicity Assay: NK cells and target cells were
labeled with Calcein red (ATT Bioquest; 5 um) and Cell tracker blue,
CMAC (Invitrogen; 10 um), respectively. The labeled NK cells and
target cells were then loaded into droplet chips via different inlets
at the concentration of 7 and 10 million cells mL™, respectively. The
viability dyes Sytox Green (Invitrogen) and Cell Event Caspase-3/7
Green (Invitrogen) were loaded at the final concentration of 5 and 7 um,
respectively, along with the cells, and droplets were collected in the
observation chamber. Droplets were generated at room temperature,
while collected into the observation chamber over a warm water bath.
The immobilized droplets were incubated in a stage top incubator set
at 5% CO, and 37 °C. Image acquisition was performed at every hour
interval for 10 h.

Bulk NK Cell Cytotoxicity and Serial Killing Assay: Target cells were
labeled with Cell tracker Blue, (CMAGC; 10 um; Invitrogen) for 30 min at
37 °C and washed after 30 min. PB or HPC-NK cells were cocultured with
labeled target cells at different E:T ratio (1:0; 0:1; 1:1; 1:2; 1:3; 2:1;3:1) in a
96-well plate in presence of IL2 (50 ng mL™). In total, 50 000 cells were
maintained in an individual well at a volume of 100 pL. After 8-10 h of
incubation, the target cell death was analyzed with FACS using 7AAD
viability dye (2 puL per 100 uL cell solution; Stemcell).
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Nanoparticle Functionalization: Paramagnetic nanoparticles (Bio-
Adembeads Streptavidin Plus 300 nm, Ademtech; 50 uL) were washed
with PBS(Gibco; 50 pL)) using a magnet. The supernatant was
removed, and the nanoparticles were resuspended in PBS (990 pl)
with biotinylated anti-IFN-y (Biolegend) antibodies and incubated for
30 min at room temperature while mixing. Biotin (10 pL) was added
with a final concentration of 1 mm in the solution and incubated for
10 min at room temperature. The beads were washed again with PBS
using magnets and resuspended in 5% Pluronic F-68 (Gibco) PBS
solution and incubated for 30 min at room temperature. The beads were
washed and resuspended in assay buffer containing RPMI 1640 (Gibco,
life technologies), 5% Human Serum (HS) (Sanquin), and HEPES
(Gibco; 25 mm) and incubated for 10 min at room temperature. The
nanoparticles were washed again and finally resuspended in the of assay
buffer (100 pL) containing fluorescently labeled AlexaFlora568-detection
antibody for IFN-y (Biolegend).

When performing time-lapse experiments with cells, the final
nanoparticle suspension contained 1L-2 stimuli (Peprotech; 700 ng mL™)
and Sytox Green (Invitrogen; 10 pum) as a final concentration in droplets.
For experiments concerning the calibration curve and optimization
steps, IFN-y (Peprotech) cytokine samples ranging from 0.001 to 100 nm
were prepared in assay buffer. All calculations were made considering
the final concentration inside the droplets.

Image Acquisition and Analysis: Fluorescence imaging was performed
using a Nikon Eclipse Ti2 microscope, using a 10X objective and
mCherry, DAPI, and FITC/YFP filters every hour. The images were
viewed using NIS Element and Image |. Automated Image analysis was
performed using custom-made in-build MATLAB script (Mathworks),
DMALAB (available with submission). The script generated a droplet
mask that was overlaid onto the fluorescence images, and each
droplet was analyzed separately. Over 80 000 droplets were analyzed
using this script. The output received is in terms of droplet index,
cell count, fluorescence intensity, and dead cell count. A detailed
description of the image analysis script is provided in Subedi et al.?4
For the experiments with serial killers, microscopy images were analyzed
manually.

Statistics and Software: The graphs were generated using GraphPad
Prism 9.0.0. The results are expressed as mean £ SEM. “n” represents
biological repeats with different donors. No technical repeats were
performed given the platform only allows a single experiment under
given conditions. Significant differences between the two groups were
analyzed by a two-way ANOVA followed by Tukey’s multiple comparison
test. p values < 0.05 were considered statistically significant. Flow
cytometry data were analyzed using FlowJo X (Tree Star). Flourescence
Minus One staining served as a control for the gating strategy. For
the gating strategy, the readers are referred to Figure S1A (Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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