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A B S T R A C T

Immune-targeted therapies that activate effector lymphocytes such as Natural Killer (NK) cells are currently
being investigated for the treatment of Multiple myeloma (MM), the second most common form of hematological
cancer. However, individual NK cells are highly heterogeneous in their cytolytic potential, making it difficult to
detect, quantify and correlate the outcome of dynamic effector-target cell interactions at single cell resolution.
Here, we present a microfluidic bioassay platform capable of activity-based screening of cellular and molecular
immunotherapies. We identified distinct functional signatures associated with NK-MM cell interaction. The
addition of immunomodulatory drug lenalidomide altered responses of NK-susceptible MM cells but not that of
NK-tolerant MM cells. Antitumor cytotoxicity was significantly increased by the blockade of PD1/PDL1 axis as
well as the clinically relevant cell line NK92, which were used to construct molecular logic functions (AND and
NOT gates). A predictive agent-based mathematical model was developed to simulate progressive disease states
and drug efficacy. The findings of the current study validate the applicability of this microfluidic cytotoxicity
assay for immunotherapy screening, biocomputation and for future employment in detection of patient-specific
cell response for precision medicine.

1. Introduction

Immunotherapy is widely considered to be the new frontier of anti-
cancer treatment strategies. While immunotherapy has shown pro-
mising results against certain types of solid tumors (e.g., melanoma,
colorectal), it is particularly suitable against hematological malig-
nancies as the immune and cancer cells are present in the same en-
vironment, increasing the likelihood of immune-mediated anti-cancer
activity [1,2]. Cancer cells, however, develop various approaches to
evade immune surveillance, including the expression of immune
checkpoint pathways such as Programmed Death 1 (PD-1). A number of
molecular (e.g., monoclonal antibody, antibody drug conjugates, bis-
pecific T cell engagers) and cellular immunotherapies (chimeric antigen
receptor (CAR)–T and Natural Killer (NK) cells) have been implemented
or are currently under investigation in clinical trials. Several such ap-
proaches have been specifically designed for patients affected with
multiple myeloma (MM), the second most common type of hematologic
malignancy [3]. This includes immunomodulatory drugs (IMiDs) like
lenalidomide, immune checkpoint inhibitors like anti-PD1/PDL1

antibodies and genetically modified targeted effector lymphocytes (T/
NK cells). MM remains incurable despite the application of several types
of therapeutic approaches. Furthermore, many patients are prone to
relapse or develop therapeutic resistance over time, in which case single
agents can be used in combination to increase their efficacy [4,5].
Understanding the mechanism of interaction between the MM targets
and immunotherapies as well as the potency and efficacy of drugs a
priori would facilitate streamlining treatment options for personalized
medicine. However, at present, it is not feasible to assess MM cell re-
sponses prior to the drug treatment so as to obtain predictive insights
into the expected outcome.

One of the primary mechanisms by which immunotherapies act
against MM is to enhance activation of NK cells, increase NK-mediated
interaction, antibody-dependent cellular cytotoxicity and upregulate
FasL and Granzyme B expressions in NK cells [3,5]. Therefore, a
quantitative in vitro model of drug cytotoxicity for MM should allow
characterization of the interaction between NK and MM cells during
immune-targeted therapeutic screening. The experimental model
should take into consideration the phenotypic and functional
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heterogeneity of NK cells since the cytolytic potential of NK cells varies
widely [6]. NK cell-mediated cytotoxicity is also known to be depen-
dent on effector to target (E-T) cell ratios. Utilizing high E-T ratios, as
often done in conventional cytotoxicity assays, to detect target death in
a short time period may not simulate physiological cell ratios appro-
priately [7]. NK cells are also known to conjugate with and detach from
target cells rapidly and variably, which cannot be determined by end-
point assays. Therefore, monitoring NK-target cell interaction at E-T
ratios of ≤ 1:1 in a sensitive, dynamic assay can inform us of the
characteristics and potency of single effector cells. This is better
achieved by employing microscale sensors and molecular devices cap-
able of assessing single cell functions such as migration, activation,
differentiation and secretion [8–10]. While the interaction of activated
NK cells with model NK-responsive target cell lines have been analyzed
at single cell resolution [11–13], the efficacy of MM-targeted im-
munotherapies or the anti-myeloma activity of NK cells has not been
investigated at single cell level.

We have previously reported a microfluidic droplet-based cyto-
toxicity assay that permits stable co-encapsulation and time-lapse
imaging of heterotypic cells at 1: 1 E-T ratio [14]. In this paper, we
propose a combined experimental and computational drug screening
approach for determining the efficiency of NK-mediated cellular
(clinically relevant NK-92 line) and molecular immunotherapies (le-
nalidomide, anti-PDL1 antibody) against MM. The quantitative results
from discrete NK-MM cell interaction in droplets were used to develop
an agent-based mathematical model of single NK cell lytic interaction
with a target cell. Incorporating the expression of PD-1/PD-L1 axis in
this model, we simulated progressive disease states indicated by in-
creasing levels of PD-1 and PD-L1 and assessed inhibition of the
pathway with anti-PD-1 drugs.

The cytolytic potential of NK cells provides an ideal opportunity to
perform Boolean logical operations due to the evident binary output of
the experimental system, i.e., kill (death of target cells) or no kill
(survival of target cell) using fluorescent viability indicators. The pre-
sence or absence of small molecule or antibody-based drugs further
enhance the response of the model by activating/inhibiting specific
signaling pathways and promoting NK cell cytotoxicity. Various pro-
teins, enzymes, antigens, antibodies, DNA and RNA have been used
previously to design molecular logic gates in the field of biomolecular
computing [15–20]. The logic gates are primarily implemented with
bacterial cells; there are fewer examples of utilizing mammalian cell
functions to realize logic operations [21–23]. Here, we detected an AND
functionality using single NK-target cell interactions in the presence of
anti-PD-L1 antibody, which significantly increased NK cell cytotoxicity.
We further show that the high levels of cytotoxicity exhibited by the
NK-92 cells demonstrate inverter or NOT gate in this platform. These
results are the first step towards building complex whole cell biomo-
lecular computational systems by leveraging single cell-based biosen-
sing approaches.

2. Materials and methods

2.1. Microfluidic device fabrication and droplet generation

The microfluidic devices were fabricated by standard soft-litho-
graphy protocols [14,24]. Briefly, the microfluidic design was etched
on silicon wafers with a negative photo resist SU-8 2100 (MicroChem,
Newton, MA) to obtain features of 150 μm height. Poly(dimethylsi-
loxane) (PDMS) (Sylgard 184, Dow Corning, Midland, MI) devices were
prepared by mixing the pre-polymer with silicone elastomer curing
agent at 10:1 ratio (w/w) and poured over the wafer. The mixture was
degassed and cured for 12 h at 65 °C. Individual PDMS devices were
peeled from the wafer, bonded to microscope slides by heating at 90 °C
for 10min. Each inlet of the device was connected to individual syr-
inges containing aqueous (i.e., cell suspension in media) or oil-based
fluids through Tygon Micro Bore PVC tubing (0.010” ID, 0.030” OD,

0.010” wall, Small Parts Inc., FL, USA). The device was treated with
Aquapel glass treatment (Aquapel, Pittsburg, USA) for 15min, then
flushed with air immediately before experiments. The syringes were
operated by individually programmable syringe pumps (Harvard Ap-
paratus, USA). To obtain optimal droplet sizes the oil to aqueous flow
rates were generally maintained at a ratio of 4:1 in the device. The oil
phase consisted of Fluorinert® FC-40 (Sigma, St. Louis, MO) supple-
mented with 2% w/w surfactant (008-FluoroSurfactant, Ran Bio-
technologies, Beverly, MA).

2.2. Cell isolation and culture

RPMI-8226 (multiple myeloma (MM) cell line) was purchased from
American Type Culture Collection (ATCC, Manassas, VA) and main-
tained in RPMI-1640 medium supplemented with 10% Fetal Bovine
Serum and 1% Antibiotic-Antimycotic solution (Corning Cellgro,
Manassas, VA). NK-92 cells were obtained from Nantkwest Inc
(Woburn, MA) and maintained in X-Vivo 10 media (Lonza, NJ) sup-
plemented with 5% human serum and 500 IU/mL IL-2 (ProSpec Bio,
East Brunswick, NJ). All cells were grown at 37 °C under 5% CO2 in a
humidified atmosphere. Cells were routinely passaged every three days
and harvested at a density of 1×106 viable cells/mL.

Primary human NK cells were sorted via FACS from peripheral
blood of a healthy donor by labeling PBMCs with FITC-conjugated
CD56 antibody (BD Biosciences, San Jose, CA). Freshly isolated cells
were maintained in RPMI-1640 media containing 10% FBS, 1% anti-
biotic and 100 U/mL IL-2 (Roche Diagnostics, Indianapolis, IN).

2.3. Activation of NK cells and NK-mediated cytolysis in droplets

RPMI-8226 cells were labeled with 2μM Calcein AM off-chip for
30min at 37 °C as per manufacturer’s instructions (Live/Dead Viability/
Cytotoxicity assay, Life Technologies, Carlsbad, CA). The labeled cells
were washed and loaded in a syringe at an initial concentration of 1.25
million/ mL. Unlabeled CD56+ NK cells were loaded in a separate
syringe at same concentration for co-encapsulation in droplets. Prior to
PD-L1 blockade experiments, RPMI-8226 cells were pretreated with
500 U/mL Interferon gamma (IFN-γ, R&D Systems) for 24 h [25] and
subsequently incubated with anti-PD-L1 blocking antibody (BPS
Bioscience, San Diego, CA) for 24 h. Lenalidomide was dissolved in
DMSO as per manufacturer’s instructions (Sigma Aldrich, St. Louis,
MO). It was diluted in media to 2.3μM immediately prior to use [26].
The treated RPMI-8226 cells were mixed with lenalidomide in the
syringe and loaded in the microfluidic device following similar proce-
dure as stated above.

2.4. Image acquisition, processing and statistical analysis

The phase/fluorescent images of cells in droplets were captured
using Zeiss Axio Observer.Z1 Microscope (Zeiss, Germany) equipped
with a Hamamatsu digital camera C10600 Orca-R2 and 1 0-4 0× ob-
jectives. The excitation/emission wavelengths of Calcein AM are 494/
517 nm and were imaged using standard FITC filters. The microfluidic
device containing cell-encapsulated droplets was maintained in a hu-
midified microscopic stage-top incubator at 37 °C and 5% CO2 for the
duration of the experiment. All time-lapse images were obtained by
automated software control. The array was scanned to identify loca-
tions containing 1:1 effector: target ratio and the specific x-, y-, and z-
positions were programmed in the Zen imaging program (Zeiss). Images
of these locations were obtained every 5min for a total period of 5 h
using LD Plan-Neofluar 20x/0.4 Corr Ph2 objective (Zeiss). Image
processing and analysis was done with ImageJ (http://rsb.info.nih.gov/
ij/), Microsoft Office Excel 2010, and Origin Pro software. The pro-
portion of dead cells was calculated as a ratio of the number of dead
cells to the total number of cells and expressed as ‘Death (%)’.
Fluorescent intensity of the cells at every time point was analyzed by
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selecting the region of interest (i.e., the cell body) and measuring mean
intensity in ImageJ. Normalized fluorescent intensity (NFI) for each cell
was calculated as a ratio of fluorescent intensity at every time point
with respect to fluorescent intensity at the initial time. NK-mediated
cytolysis of target cells was characterized by decrease of ≥80% in NFI
due to the loss of calcein AM from target cells [14]. All periods of as-
sociation (visible E-T conjugation) and dissociation (non-contact) be-
tween NK and target cells were analyzed for each cell to determine the
number of contacts undergone by each cell pair. Killing time for con-
tact-dependent target death was defined as the time elapsed from the
initiation of contact to loss of fluorescence. All statistical analysis was
performed using non-parametric two-sided Mann Whitney U test, and p
value<0.05 was considered statistically significant.

2.5. Modeling NK contact dynamics

To model single-cell interaction, we coupled agent-based model
(ABM) paradigm with a Monte Carlo simulation, averaging the results
over several interactions. More details about the model and simulation
parameters have been provided in Supporting Information. The entire
model was implemented using Matlab©.

3. Results and discussion

3.1. Dynamic features of NK cell conjugation and target cytolysis

MM cells have been shown to be susceptible to NK-mediated cyto-
lysis in population-averaged assays [27,28]. Here, individual primary
CD56+ NK cells were co-encapsulated with single RPMI-8226 target
cells in microfluidic droplets. The high density droplet docking array
was designed to accommodate 56 droplets per mm2 and allows trapping
of 4000 droplets per experiment (Fig. S1 A,B). The droplet dimensions
were maintained at radii of 45 ± 5 μm and volumes of 380–523 pL. Co-
encapsulation of heterotypic cell pairs in these droplets follows Poisson
probability, resulting in droplets containing 0–4 cells of each type as
well as blank droplets. To reliably measure target-NK cell interaction
and subsequent cytolysis at single cell level, we monitored droplets
containing E-T cell ratio of 1:1 for up to 5 h (Fig. 1A,B).

Co-encapsulation of primary NK cells obtained from healthy vo-
lunteers resulted in increased RPMI-8226 cell death in droplets
(12 ± 4% compared to 1 ± 1% spontaneous RPMI-8226 death, p
value 0.05) (Fig. 1C). MM cell death occurred primarily due to contact-
mediated mechanisms since encapsulation of MM cells in NK cell-con-
ditioned media, collected from IL2-treated and untreated NK cells, did
not change death rates (Fig. 1D). Contact-independent target killing
appears to be cell-type specific, as primary lymphoma cells and cell
lines were killed without direct contact in microfluidic droplets in our
previous study [14]. Leukemia cells were also killed by NK cell-secreted
exosomes in non-microfluidic assays [29].

The different phases of dynamic interaction between NK and MM
targets, as observed in microfluidic droplets, are outlined in Fig. 1A. NK
cells initially depict motility towards the MM cells (Fig. S2 A) and show
morphological changes, including cell elongation and uropod formation
during conjugation (Fig. 1B). Overall, we observed that large numbers
of E-T cell pairs established at least one contact in three independent
experiments (n=101, 129 and 106 pairs respectively) (Fig. 1E-F).
Following immune complex formation with the target, some NK cells
remained conjugated until target cell lysis (Fig. 1B). However, in two
out of three experiments, over 75% of the complexes detached and the
NK cell moved away before the target cell underwent lytic death (Fig.
S2B). Multiple contacts (2–10) occurred between these cell pairs,
lasting anywhere from 5 to 250minutes (Fig. 1E). The total duration of
target cell conjugation was varied not only in each experiment but
across experiments (average values: 132, 97 and 183min; Fig. 1F).

Some of the contacts observed in droplets could be considered a
transient “scanning” motion between NK and target cells instead of

stable synaptic conjugation (Fig. 1A). Here, we separated the contact
periods of cells undergoing multiple contacts into initial contact periods
(TI) and final contact periods (TF; Fig.1G). The final contacts were
significantly longer than the initial contacts in all cases, suggesting that
stable contacts occurred following initial scanning of target cell surfaces
(p < 0.01-0.0001, Fig. 1G).

Cytolytic lymphocytes can kill multiple target cells sequentially
[30]. We observed NK cells making contact with 2–4 target cells at a
frequency of 21 ± 5% out of 148 cell pairs (Movie S1, Movie S2).
There was no difference in total contact duration or death times be-
tween the one-to-one and one-to-many kills. However, we did not assess
serial killing extensively since the primary goal was to monitor cytolysis
at E:T ratio of 1:1.

Functional analysis of primary NK cell interaction with target cells
have been performed previously in microwells, which accommodate up
to 50 cells, and nanowells, which restrict occupancy to 4 cells [11,12].
The findings of these studies suggest significant differences in NK cell
cytotoxic capacity, migratory behavior and phases of interaction. IL-2-
treated NK cells were shown to form>1 contacts [13]. Variability in
contact duration and conjugation has been observed with different cell
lines as targets [12,13]. In vivo contacts formed between NK cells and
tumor cells were shown to be largely transient (up to 10min); in vitro
analysis with non-cancer cells suggested longer contact durations
(∼100min) [12,31]. Our results also demonstrate similar hetero-
geneity at single cell level. While it may be challenging to measure
time-varying interaction of two types of suspension cells (effector and
target) in many macro- and micro-scale platforms, it was robustly
achieved in droplets for long periods without physical restraints (e.g.,
traps, weirs) or adhesive ligands (e.g., antibodies). This makes the
platform suitable for investigating both stable and transient interactions
between various types of immune cells and target cells as well as re-
levant biological events including multiple target killing [24,32]. Serial
killer NK cells have the ability to kill 4 or more targets within 16 h
[30,33,34]. Onfelt and colleagues reported that 20% of the NK cell
population are serial killers, forming 4–8 conjugates over a 12 h time
period [12]. The scope of this study was to investigate MM cell killing at
1:1 E-T ratio in droplets, but it is possible to investigate serial killing by
encapsulating> 1 target cells in droplets by increasing the initial
density of target cell suspension.

3.2. Increased cytolytic potential of NK-92 cells

Since primary NK cells did not kill RPMI-8226 cells with high effi-
ciency, we determined the efficacy of an established NK cell line NK92
against these targets (Fig. 2A). Herein, co-encapsulation of NK92 cells
with RPMI-8226 cells resulted in markedly higher target cell death
(Fig. 2B). In contrast to the variability observed in primary NK cells,
NK92 cells predominantly formed single contacts with target cells
(Fig. 2C). The total contact duration of cells forming single contacts
lasted for significantly shorter period compared to cells forming mul-
tiple contacts (average values: 28 vs. 82 min, p < 0.0001, Fig. 2D). The
death of target cells that required multiple contacts occurred at delayed
time in comparison with single-contact cells (average values: 29 vs.
112min, p < 0.0001, Fig. 2E). The correlation between total contact
duration and time to death was higher (0.9) for cells requiring single
contact compared to cells requiring 2–3 contacts (0.8-0.7). Given the
strong correlation between the two parameters, it is evident that even
short contacts with NK92 cells were sufficient to induce death in target
cells.

In contrast with primary NK cells, NK92 cells showed shorter con-
tact periods with target cells (average duration of 137min vs. 46min
respectively) and required significantly less time to kill targets
(p < 0.05, Fig. 2F). Four fold higher number of NK92 cells remained
conjugated with MM cells at the time of death (NK92: 31 ± 2%, pri-
mary NK: 7 ± 6%). We further assessed the efficacy of effector cell
activity by measuring the time required for NK cells to find the targets
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in droplets and form conjugates. NK92 cells formed conjugates faster
than primary NK cells (average 9 vs. 25min, p < 0.0001) (Fig. 2G).
Thus, NK92 cells outperformed primary NK cells in all quantitative
criteria in the droplets, exhibiting greater cytotoxicity against RPMI-
8226 cells.

NK92 cells have been shown to recognize and kill multiple target

cells in preclinical models and have yielded promising results in phase I
clinical trials against solid tumors (renal cell and lung cancer) and
hematological malignancies [35,36]. NK-92 cells efficiently killed bulk
and clonogenic MM cells [37]. The findings from our microfluidic
bioassay are thus in accordance with these reports and raise the pos-
sibility that NK92 cells can be effective against MM in a clinical setting.

Fig. 1. Cytolysis of MM cells in microfluidic droplets. (A) Annotation of parameters identifying the various interactive phases in droplets: NK and target cells move
freely in droplets before conjugation (Time (T) Before Contact) ; Conjugation (Total Contact) between each NK-MM cell pair, which may occur once or multiple times
throughout experimental period; Occasional detachment of cell pairs before death; and death (indicated by loss of fluorescence; TDeath). Total Contact is defined as
the sum of all contacts between the same cell pair. For cells that undergo multiple contacts, Final Contact (TF) is defined by the last, stable conjugation period while
previous contacts are referred as Initial Contacts (TI). (B) Representative image of RPMI-8226 cell labeled with Calcein AM (green) and Hoechst (blue) and NK cell
labeled with Hoechst interacting in droplet. Cell death occurs at 105min. Scale bar: 20 μm. (C) Death of RPMI-8226 cells in droplets. Data is represented as
Mean ± SEM of three independent replicates. (D) RPMI-8226 cell death in droplets in the presence of conditioned media (CM) obtained from IL-2-treated (CM-IL2)
or untreated (CM-No IL2) NK cells. (E) Frequency of contacts between RPMI-8226 cells and NK cells obtained from three separate donors. N= 101, 129 and 106 NK
cells were assessed respectively. (F) Total contact durations between NK-RPMI-8226 cells. * indicates p value<0.01; *** indicates< 0.00001. (G) Duration of final
contacts (TF) and initial contacts (TI) for cell pairs that demonstrated multiple contacts in droplets. * indicates p value<0.01; ** indicates< 0.0001 (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 2. Quantification of NK-92 cell interaction
with RPMI-8226 cells in droplets. (A)
Representative images of unlabeled NK cells
interacting with, and killing, RPMI-8226 cells
labeled with Calcein AM (green) in droplet.
Scale bar: 20 μm. (B) Death of RPMI-8226 cells
mediated by NK92 cells (n=139 cell pairs) or
primary NK cells (n=336 cell pairs) in dro-
plets. Data indicates mean ± SEM. (C)
Frequency of contacts between RPMI-8226
cells and NK92 cells. (D) Total contact duration
for RPMI-8226 cells that made single or mul-
tiple contacts with NK92 cells. (E) Time of
death for MM cells that made single or multiple
contacts with NK92 cells. (F) Comparing con-
tacts made by all RPMI-8226 cells with NK92
and primary NK cells. (G) Time preceding
conjugation of RPMI-8226 cells with NK92 and
primary NK cells. *** p < 0.0001 (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).
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3.3. Increasing primary NK cell cytotoxicity with lenalidomide

We next assessed the feasibility of screening different types of
therapeutic agents, including small molecule drugs and antibody-based
inhibitors, using our analytical approach. Here we determined the ef-
fect of lenalidomide, a small molecule derivative of thalidomide, in
modifying the efficacy of NK cell activity in droplets [26]. This drug is
known to activate T and NK cells and improve recognition of malignant
cells by NK cells [5,38]. Lenalidomide increased spontaneous death of
RPMI-8226 cells in droplets (8 ± 1% vs. 1 ± 1% in untreated cells). It
increased the cytotoxic potential of primary NK cells significantly
(41 ± 2% vs. 12 ± 4%, p < 0.05, Fig. 3A). The target cells killed by
lenalidomide-treated NK cells depicted contacts of similar duration
compared to the cells that survived (Fig. 3B), thus suggesting that the
decision to kill a target cell is not solely dependent on the duration of
contact between the effector and target cell. In a standard end-point
assay, it is not possible to determine whether the cells that survived did
so due to a lack of contact with NK cells; the droplet-based dynamic
monitoring approach allowed us to rule out this possibility.

We further probed the cell subsets that survived and cells that died
to extract specific functional features and compared them to untreated
cells. First, considering the cells that were not killed by NK cells, we
found that initial contacts were shorter than the final contacts (average
of 12 and 31min, p < 0.01, Fig. 3C). This trend was also observed in
control cells (Fig. 1G). However, lenalidomide treatment eliminated
significant differences in the initial (average: 12min) and final (20min)
contacts of target cells that died, although this trend was detected in the
untreated NK-mediated dead cell subgroup (Fig. 3C). The time required
to find target cells and establish contact was significantly higher in case
of the lenalidomide-treated NK cells (p < 0.001) (Fig. 3D). Con-
comitant to this finding, target cell death occurred at a later time in the

lenalidomide-treated subgroup compared to the untreated control cells
(p < 0.001) (Fig. 3E). Thus, the droplet-based bioassay facilitated
detection of common trends in the observed functional features from
untreated control group to drug-treated subgroup, and further helped
validate the functional cytotoxicity analysis at single cell level.

3.4. Analyzing the effect of checkpoint blockade inhibitor in droplet
bioassay

We also investigated the role of another pertinent im-
munomodulatory agent, the check-point inhibitor PD-L1, in NK-medi-
ated MM cell death [27]. RPMI-8226 were found to express PD-L1,
which was further upregulated by treated with IFN-γ (Fig. 4A). We pre-
treated RPMI-8226 cells with an anti-PD-L1 blocking antibody and
observed a significant increase in target cell death (p < 0.001,
Fig. 4B). However, blockade of the PD-L1 pathway did not change the
basic interactive characteristics of target cells (Fig. 4C). The total
contact times, death times and time required for effector cells to home
in on target cells did not differ between PD-L1-treated and untreated
cell groups. It was not possible to compare live cells between these two
groups as few target cells survived the PD-L1 blockade. Within the PD-
L1 treated cells, we found no difference between the overall contact
times of cells that made single contact and those making multiple
contacts (Fig. 4D). This is unlike NK92 cells, where multiple contacts
occurred over longer periods (Fig. 2D). However, similar to NK92 cells,
there was a significant delay (p < 0.001) in the death of PD-L1 treated
target cells that made multiple contacts with NK cells (Fig. 4E).

Recent evidence indicates that the NK cells of some otherwise
healthy individuals may also express PD-1, possibly due to latent in-
fection [39]. CD56+ CD3− NK cells isolated from healthy donors can be
induced to express PD-1 after IL-2 treatment, while PD-1 expression is

Fig. 3. Effect of lenalidomide treatment in droplets. (A) Death of RPMI-8226 cells mediated by primary NK cells in the presence (n= 144 cells) or absence (n= 384
cells) of lenalidomide. Data indicates mean ± SEM. (B) Comparing total contact duration made by lenalidomide-treated primary NK cells with RPMI-8226 cells. (C)
Duration of final contacts (TF) and initial contacts (TI) for cell pairs that demonstrated multiple contacts. * p < 0.01. (D) Time preceding conjugation of RPMI-8226
cells with primary NK cells prior to cell death. (E) Time of death in droplets. ** p < 0.001.
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upregulated in NK cells from MM patients [28]. Myeloma cell lines such
as U266 and human MM cells express PD-L1 [25]. PD-1 has been shown
to inhibit cytotoxicity, granule exocytosis and secretion of IFN-γ by NK
cells. Blocking PD-1 with a novel monoclonal anti-PD-1 antibody re-
sulted in increased cell migration, Granzyme and IFN-γ secretion and
cytotoxicity [28]. Blocking PD-L1 with anti-PD-L1 antibody also in-
creased survival of mice implanted with myeloma [40]. The increased
cytotoxicity against MM cells due to blocking of PD-L1 in droplets va-
lidate the findings in current literature and suggest that this platform
can be used to determine the efficacy of immunotherapies accurately.

3.5. Computational analysis of individual NK cell function

We further employed a combination of experimental and mathe-
matical techniques to model the effect of PD-1/PDL1 pathway on NK
cell functionality. Based on the variability in lytic interaction between
NK and target cells in droplets, we developed an agent based model

(ABM) to simulate the dynamics of contact-mediated cytolysis by in-
dividual cells (Fig. S3 A). We incorporated a Monte Carlo-type simula-
tion to average the results to get more meaningful data [44]. To si-
mulate the model with varying proportion of cells expressing PD-1 and
PD-L1, we used quantitative data available in current literature. Up to
64% NK cells from multiple myeloma patients have showed expression
of PD-1 [28]. Conversely, PD-L1 was increased significantly in plasma
cells from MM patients (0%–92% range) compared to no expression in
healthy patients [25].

In the absence of anti-PD-L1 antibody, the model simulations show
that the dynamic trends of target death are consistent with experi-
mental findings (Control (in red), Fig. 4F). Contact-mediated target
death increased over time (1 to 10% by 4 h). It has been argued that
there is an inherent delay in NK-mediated target death (5 h), which
could be due to the lag time between lytic hit and actual cell death, or
due to the necessity of priming NK cells [41]. At single cell level, we
observed significant death at≤60min in droplets; therefore, we did not

Fig. 4. Blockade of PD1/PDL1 axis in droplets.
(A) PD-L1 expression in RPMI-8226 cells mea-
sured by flow cytometry. Cells were treated
with IFN-γ for 24 and 48 h. (B) Death of RPMI-
8226 cells mediated by primary NK cells in the
presence (n=230 cells) or absence (n= 336
cells) of ani-PDL1 antibody. Data indicates
mean ± SEM. (C) Frequency of contacts be-
tween RPMI-8226 cells and primary NK cells.
(D) Duration of contact made by anti-PD-L1
antibody-treated RPMI-8226 cells with primary
NK cells. Cell pairs are separated into two ca-
tegories based on the number (single or mul-
tiple) of contacts made. (E) Time of target cell
death in droplets. ** p < 0.001. (F)
Comparing simulation (black lines) with ex-
perimental data (red lines). At 0% drug effi-
ciency (i.e., no PD-L1 drug), NK cell popula-
tions expressing PD1 minimally kill MM cells
expressing PDL1. Increasing the efficiency of
drug binding to 25, 50 and 100% show gradual
increases in MM cell death. Cumulative data
from single-cell experiments (from Fig. 1C and
Fig. 4B) was summed and plotted over time
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).
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include delay time or priming factors in our model. We then modeled
the effect of inhibiting the PD-1/PD-L1 pathway with anti-PD-L1 anti-
body at increasing levels of drug efficacy (Emax). As Emax increases from
0 to 50%, cytolytic effect of NK cells improves markedly (Fig. 4F).
Assuming that the drug operates at maximum efficacy (100%), NK-
mediated cytotoxicity increased to 77%. The model-simulated findings
match the trends of experimental data obtained with the neutralizing
anti-PD-L1 antibody (PDL1 (in red), Fig. 4F).

We subsequently modified this model to characterize varying levels
of cytolytic potency of NK cells. Target cell lines shown as susceptible to
NK cells, such as K562, Jurkat, Daudi, SUDHL10 etc may be killed at
rates ranging from 40 to 95% [14,29,42]. Along this line, NK92 cells
were far more effective against RPMI-8226 cells in our study. Therefore,
we generalized the model to implicate a wider killing activity and
raised the overall baseline cytolytic potential (70–80%). In this situa-
tion, increasing PD-1 expression from 1.4% (assumed to be healthy
cells) to 50% (advanced MM) did not change target death if there was
no corresponding expression of PD-L1 (Fig S3B). As expected, expres-
sion of PD-L1 alone while maintaining constant PD-1 expression at

1.4% did not change myeloma death in the model either (Fig S3C). Next
we simulated different stages of myeloma progression by assuming
variable levels of PD-1+ and PD-L1+ cells in the NK and myeloma
populations respectively. As the results indicate, NK-dependent anti-
tumor effect is governed by the extent of both PD-1 and PD-L1 ex-
pression as well as drug efficiency (Fig. S4).

Various mathematical models have been developed in the past to
analyze and model the immune system. Traditionally, ordinary differ-
ential equations (ODEs) are used for modeling population dynamics, for
example, delay differential equations (DDEs) and stochastic differential
equations (SDEs). We refer to [41,43–45] for more details. In certain
cases, spatial effects are also important and cannot be ignored. Partial
differential equations (PDEs) have been used to explicitly model the
spatial dependence. However, such differential equation-based models
were not considered suitable for this single cell study since we are
studying individual behaviors and interactions rather than averages of
population dynamics. The ABM paradigm is more intuitive and suitable
for modeling individuals (agents) and their interactions with other in-
dividuals and environment [46–48]. Heterogeneity and stochasticity

Fig. 5. Molecular logic operations in droplets. (A–C) NOT gate designed using NK-92 cells as input and target cell survival as output. (A) Survival (%) of target cells in
the absence (0) or presence (1) of NK-92 cells. (B) Schematic of NOT gate showing fluorescence output from target cells. (C) Truth table of NOT gate. (D) Buffer
function using NK92 cells as input and target cell death as output. (E–G) AND gate function using primary NK cells and anti-PDL1 antibody as inputs and target cell
(T) death as output. (E) Quantification of MM cell responses in the presence of PDL1 antibody. The threshold of detection was set at 25% cell death. (F) Schematic of
AND gate showing fluorescence output from target cells. (G) Truth table of AND gate using values and threshold as indicated in (E).
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are easily added into the ABM. Our model considered two cells and
their interactions, which allowed us to focus on the status of the in-
dividuals in a more dynamical way. Standard ABMs have the capability
to model many agents (cells) and their interactions, usually by a com-
plex network. In future this model can be expanded to address complex
biological phenomena (secretion, multiple cell inputs and competing
signaling pathways).

3.6. Boolean functions exhibited by NK-target cell interactions

Biological computation and information processing is an emerging
field that makes use of analytes and whole cells to accomplish various
logical operations and further develop complex networks for different
types of biomedical, chemical and environmental applications. Logic
gates have been previously constructed using genetic transcriptional
circuitry in bacterial colonies but rarely in whole cells. Here, we take a
different approach by harnessing the inherent functionality of NK cells
to achieve logic operations. As discussed above, NK-92 cells showed
high levels of cytotoxicity against MM cells (Fig. 2B). If we consider
target cell survival as the output, NK-92 cells perform as a NOT (In-
verter) gate (Fig. 5A-C). On the other hand, changing the output vari-
able to target cell death, we find that the absence of NK-92 (i.e., input
0) results in minimal (1%) target death (output 0) while the presence of
NK-92 (i.e., input 1) causes 95% target death (≈ output 1). This can be
defined as a single input digital Buffer gate, which does not alter the
logic relationship between input and output (Fig. 5D). In Boolean si-
mulators, a buffer can be used to increase propagation delay. In this
case, the delay induced is 5 h, which is the duration of the experiment.
Thus, the natural cytotoxicity of the immune cells served as a bio-
chemical mechanism to yield variable logic responses in the micro-
fluidic droplets.

Primary NK cells can also be used to define logic gate operations in
droplets. A two input AND gate was devised by considering primary NK
cells and anti-PDL1 antibody as the inputs and MM cell death as the
output (Fig. 5E, F). The application of PD-L1 antibody in the absence of
NK cells resulted in low % death (output ≈ 0) of target cells (Fig. 4B),
while the same was true for primary NK cells in the absence of PD-L1
antibody (Fig. 1C). Only by combining the two inputs could the output
be 1 (96% cell death), thereby satisfying the conditions for an AND gate
(Fig. 5G). Reversibly, a NAND gate can be implemented with the same
inputs and by taking cell survival as a readout. NAND gates are parti-
cularly useful since they are one of two universal gates, that is, any
other logic gate can be designed by various combinations of this gate.
This approach can be further extended with different types of activating
and inhibitory reagents to obtain assorted Boolean operations.

In conclusion, the microfluidic droplet array device provides an
effective technique to evaluate dynamic cell–cell interactions in MM
through functional phenotyping. It is highly beneficial for screening the
efficacy of immunomodulatory treatments, and will be complementary
to existing bulk analytical tools in revealing heterogeneity in individual
cell responses. The experimental platform served as a paradigm, based
on single cell reaction toward immunotherapies, for designing whole-
cell logic gate operations. It can be employed for molecular bio-
computation applications in detecting cell-cell communication, drug
responses and personalized diagnostics. Furthermore, by utilizing the
experimental data to establish a predictive model, we provide a com-
prehensive pipeline to investigate and anticipate the outcome of ther-
apeutic application in a given disease model.
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