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Natural killer (NK) cells are a highly heterogeneous population of innate lymphocytes that
constitute our first line of defense against several types of tumors and microbial infections.
Understanding the heterogeneity of these lymphocytes requires the ability to integrate their
underlying phenotype with dynamic functional behaviors. We have developed and validated
a single-cell methodology that integrates cellular phenotyping and dynamic cytokine secretion based on nanowell arrays and bead-based molecular biosensors. We demonstrate the
robust passivation of the polydimethylsiloxane (PDMS)-based nanowells arrays with polyethylene glycol (PEG) and validated our assay by comparison to enzyme-linked immunospot (ELISPOT) assays. We used numerical simulations to optimize the molecular density
of antibodies on the surface of the beads as a function of the capture efficiency of cytokines
within an open-well system. Analysis of hundreds of individual human peripheral blood NK
cells profiled ex vivo revealed that CD56dimCD16+ NK cells are immediate secretors of interferon gamma (IFN-γ) upon activation by phorbol 12-myristate 13-acetate (PMA) and ionomycin (< 3 h), and that there was no evidence of cooperation between NK cells leading to
either synergistic activation or faster IFN-γ secretion. Furthermore, we observed that both
the amount and rate of IFN-γ secretion from individual NK cells were donor-dependent. Collectively, these results establish our methodology as an investigational tool for combining
phenotyping and real-time protein secretion of individual cells in a high-throughput manner.
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Introduction
Although natural killer (NK) cells were classically defined as pre-activated effector lymphocytes empowered with innate cytolytic functionality, more recent data suggest that NK cells
are also endowed with complex functionalities including cytokine secretion and activation of
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antigen presenting cells, and can thus act as a bridge between innate and adaptive immunity
[1]. NK cells are of pivotal importance in the execution of antiviral and anti-tumor responses
[2]. Human NK cells are identified as CD3-CD56+ cells and are typically classified into different subsets based on the relative expression of the cell surface markers CD56 (adhesion
marker) and CD16 (FcγRIIIA, low-affinity Fc receptor) [3, 4]. The majority of NK cells in
peripheral blood (> 90%) are the CD56dimCD16+ phenotype, which is primarily believed to be
responsible for cytolytic functionality including antibody-dependent cell mediated cytotoxicity
(ADCC) mediated by CD16. By contrast, the CD56brightCD16- phenotype is the minor population in peripheral blood and is described as primarily responsible for secretion of cytokines
like interferon gamma (IFN-γ) [3, 4].
The secretion of the pro-inflammatory cytokine IFN-γ is an important mechanism of
defense mediated by lymphocytes. Unlike cytotoxicity that only influences the target cell that
is directly conjugated to the lymphocyte, IFN-γ secretion has a more profound influence on all
cells within the microenvironment via multiple mechanisms including elevated expression of
HLA-class I molecules [5], induction of chemokines that can promote immune cell infiltration
[6], mediation of angiostasis [7], and prevention of the outgrowth of antigen-loss variants [8].
From a clinical perspective, the secretion of IFN-γ by immune cells is likely an important contributor to the efficacy of immunotherapies including treatment with antibodies against PD-1
and CTLA-4 [9, 10]. Direct measurement of NK cell (or lymphocyte) functions at the singlecell level requires the simultaneous monitoring of multiple parameters including the cell’s phenotype, its migration and interaction with other cells, secretion of proteins, and its survival.
These challenges have been tackled by measuring just a subset of these effector functions and
relying on correlative studies to establish links among cellular functionalities. While multiphoton microscopy is useful for studying lymphocyte motility and cytotoxicity in situ or in vivo
[11–13], the number of immune cells that can be simultaneously tracked is small and limited
to the field-of-view, potentially leading to sampling bias. In contrast, in vitro dynamic imaging
systems [14–17] may be better suited for studying the longitudinal interactions between lymphocytes and target cells at single-cell resolution and in a high-throughput manner. Microfabricated nanowell arrays are ideal for tracking both the motility and interaction between cells
[14, 16, 17]. While elegant methods like microengraving [18, 19] and the single-cell barcode
chip (SCBC) [20–22] have been reported for the analysis of cytokines secreted by single cells
confined in such nanowell arrays, these systems require the capture of the secreted cytokine on
a separate glass substrate via encapsulation thus precluding real-time dynamic measurements
of cytokine secretion [22].
Here, we have developed and validated an integrated methodology that combines nanowell
arrays [15, 17] and bead-based molecular sensors [22–24] for detecting cytokine secretion
dynamically without the need for encapsulation of single T cells/NK cells. We used this methodology to link the phenotype of peripheral blood human NK cells with their dynamic cytokine secretion profiles. Our results demonstrate that contrary to long-term secretion that has
been routinely profiled, human NK cells bearing the CD56dimCD16+ phenotype are immediate
secretors (< 3 h) of IFN-γ upon stimulation. Surprisingly, both the rate and total amount of
IFN-γ secretion from individual NK cells were donor-dependent parameters.

Methods
Human subjects statement
All work outlined in this report was performed according to protocols approved by the Institutional Review Boards at the University of Houston and the University of Texas M.D. Anderson
Cancer Center (IRB# LAB06-0755).
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TILs, PBMCs, primary T cells, NK cells, and reagents
Tumor infiltrating lymphocytes (TILs) from melanoma patients were isolated and expanded
as previously described [25]. Briefly, initial TIL expansion was performed in 24-well plates
from either small 3–5 mm2 tumor fragments or from enzymatic digestion, followed by centrifugation with Ficoll-Paque PLUS (GE Healthcare Life Sciences, USA). TILs were then allowed
to propagate for 3–5 weeks in TIL-complete media containing 6000 IU/mL human recombinant IL-2 (Nestlé Health Science, Switzerland). Once the desired number of TILs was achieved,
Rapid Expansion Protocol (REP) was performed in which TIL was cultured together with
PBMC feeder cells (1 TIL: 200 feeders) preloaded with anti-CD3 (OKT3, eBioscience) in a
G-REX 100M flask until the desired number of cells were achieved and harvested. PBMC isolation from buffy coat was performed by density gradient centrifugation using either FicollPaque PLUS or Lymphoprep™ density gradient medium (Stemcell Technologies, Canada).
Immunomagnetic isolation of T cells from PBMC was then conducted using EasySep™ Human
T Cell Enrichment kit (Stemcell Technologies, Canada). NK cell isolation from PBMC was
accomplished using the RosetteSep™ Human NK Cell Enrichment Cocktail (Stemcell Technologies, Canada), as described previously [26]. S1 Table provides a complete listing of important
reagents used in this study.

Functionalization of beads
1 μl of ProMag™ 3 Series goat anti-mouse IgG-Fc beads (Bangs Laboratories, Inc., USA)
(~2.3×105 beads) in solution was washed with 10 μl of PBS and resuspended in 19.6 μl PBS
(~0.05% solids). Mouse anti-human IFN-γ (1-D1K, Mabtech) was added to the beads at a final
concentration of 10 μg/ml, followed by incubation for 30 min at room temperature (RT), and
then washed and resuspended in 100 μl PBS.
40 μl of LumAvidin1 115 microspheres (Luminex Corp., USA) (~105 microspheres) in
solution was washed with the same volume of PBS and resuspended in 80 μl of PBS. Biotinylated mouse anti-human IFN-γ (7-B6-1, Mabtech) was added to the microspheres at a final
concentration of 10 μg/ml, followed by incubation for 1 h at RT, and was subsequently washed
and resuspended in 40 μl PBS.

PLL-g-PEG solution preparation
Poly(L-lysine) (20 kDa) grafted with poly(ethylene glycol) (2 kDa) (PLL-g-PEG) (SuSoS, Switzerland) was dissolved in 10 mM HEPES buffer at RT (final PLL-g-PEG concentration is 0.1
mg/ml). The PLL-g-PEG solution was filtered using 0.2 μm pore size syringe filter, kept at 4 oC
for use within two weeks of dissolution.

ELISPOT assays
ELISPOT assays were performed with fresh PBMC and TIL as previously described [18, 27].
Briefly, microwell plates (Merck Millipore, USA) were coated with capture antibody antihuman IFN-γ (1-D1K, Mabtech) at 10 μg/ml overnight at 4˚C. The next day, the plates were
washed twice with PBS and blocked with complete culture medium RPMI + 10% FBS (R10)
for 45 min at 37˚C. Cells were prepared as follows in triplicates: (1) 4,000 PBMCs stimulated
with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) and 1 μg/ml ionomycin per well; (2)
4,000 TILs derived from a melanoma patient stimulated with 10 ng/ml PMA and 1 μg/ml ionomycin per well; (3) 200,000 PBMCs stimulated with 2 μg/ml CEF peptide (CEF peptide is a
peptide pool consisting of 23 MHC I-restricted 8–11 mer epitopes from influenza virus, cytomegalovirus, and Epstein-Barr virus; it has been shown to elicit IFN-γ release from CD8+ T
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cells in human PBMCs of the majority of randomly selected healthy donors); and (4) 200,000
corresponding non-stimulated cells. Next, cells were incubated at 37˚C/5% CO2 for 18 h, followed by successive washes and incubation with biotinylated anti-human IFN-γ (7-B6-1, Mabtech), extravidin-alkaline phosphatase (Sigma-Aldrich, USA) and BCIP/NBT (Sigma-Aldrich,
USA) substrate. The plate was subsequently read with an ELISPOT reader (C.T.L. counter)
while taking into account background measurement.

Thin bottom nanowell array fabrication
Standard soft lithography techniques were applied for fabrication of PDMS nanowell arrays.
The nanowell pattern was designed using AutoCAD (Autodesk, USA), as described previously
[14, 15, 17]. The dimensions of the square well were 50 μm×50 μm, while the pitch between
two adjacent wells was set to 100 μm.
The master template of the nanowell array was fabricated by standard photolithography,
using SU-8 3050 (MicroChem Corp., USA) spin-coated on a 4-inch silicon wafer (WRS Materials, USA) to yield 60 μm thickness, according to manufacturer’s directions. Silanization was
achieved by vapor deposition of (Tridecafluoro-1, 1, 2, 2-Tetrahydrooctyl)-1-Trichlorosilane
(UCT Specialties, USA) in a vacuum desiccator chamber overnight.
PDMS (Sylgard 184, Dow Corning, USA) was mixed in 10:1 (base-to-curing agent, weight
ratio), then degassed in a vacuum desiccator chamber for 1 h. 10 ml degassed PDMS mixture
was poured onto the master and spun at 1000 rpm for 30 s with an acceleration of 500 rpm/s.
The silicon master with PDMS thin layer was baked in a convection oven at 80 oC for 3 h.
After curing, the nanowell arrays in PDMS were peeled and cut to fit standard 50 mm Petri
dishes.
The nanowell array was air plasma-oxidized and bonded to the bottom of 50 mm Petri dish
(Ted Pella Inc., USA). Immediately prior to use, the nanowell array was re-oxidized with air
plasma and then incubated with 1.5 ml PLL-g-PEG solution for 20 min at 37 oC. The PLL-gPEG solution was aspirated from the nanowell array, and the array was subsequently rinsed
with R10 before use in cell-based assays.

Finite element simulations
The system of partial differential equations to model the variation of analyte concentrations, C
(in liquid media) and Cs (on bead surface), with time, was solved using the Transport of
diluted species interface, Chemical reaction engineering module in COMSOL Multiphysics
4.1. The mass balance equation involving Cs was solved using its weak form. The relative distance between the bead and the cell within the nanowell was varied systematically across simulations. Changes in cell and bead positions, convective transport, surface diffusion on the bead
(Ds = 10−25 m2/s), non-specific adsorption on walls and analyte degradation were neglected to
simplify numerical simulations.

TIMING assays for the study of NK cells phenotypes and IFN-γ secretion
Functionalized beads and pre-stained NK cells (anti-CD16-PE, 3G8, BD Pharmingen™; antiCD56-biotin, HCD56, BioLegend; streptavidin-Brillant Violet™ 421, BioLegend) were loaded
sequentially onto a nanowell array. The nanowell array was incubated in 1.5 ml R10 that contained 1 μg/ml detection antibody against IFN-γ (1-D1K, Mabtech) conjugated with Alexa
Fluor1 488 (AF488), 10 ng/ml PMA and 1 μg/ml ionomycin. The nanowell array was imaged
using a ZEISS fluorescent microscope with 20× 0.8 NA objectives and a scientific CMOS camera (Orca Flash 4.0). The phenotype of the cells was imaged with 3 channels (brightfield,
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CD16, CD56) at the initial time point and all beads-related channels (brightfield, AF488,
beads) were imaged at subsequent time points for the duration of 6 h with 10 min intervals.

Automated image segmentation
Images at the initial time point were analyzed through in-house algorithms to acquire fluorescent intensities (FIs) of all channels (brightfield, CD16, CD56, beads) and the frequencies of
cells and beads within each well. Nanowells containing single beads were chosen for further
analysis. Analysis of time-lapse for beads was processed by a modified pipeline for FIs from
IFN-γ channel at each time point [17]. Access and Excel (Microsoft, USA) were used for
matching data between cell phenotyping and FI change of beads.
As time increased, the beads FI (IFN-γ channel) followed a sigmoidal trend. Thus, we plotted and fit FI versus time using GraphPad Prism 6 (GraphPad Software Inc., USA) using a
four-parameter logistic curve fit model (log [agonist]–the concentration model [variable
slope]) whose formula was rewritten in order to include all the available data points for fitting,
allowing quantification of the EC50 that reflected the critical secretion time.
MFI ¼ Bottom þ

ðTop

BottomÞ  t h
t þ EC50h
h

Bottom and Top are the corresponding values of the low plateau and high plateau, respectively; t is the time when the imaging was recorded during the time-lapse experiment (t = 0
min represents the first time point); EC50 is the time when the MFI reaches half way between
Bottom and Top; h is the Hill slope.

Results
Thin bottom nanowell arrays
As we and others have previously reported, nanowell arrays fabricated in PDMS offer a convenient route to track the dynamic functional behavior of immune cells but might not be amenable to high-resolution imaging due to the thickness of the bottom of the PDMS array [15, 17].
In order to overcome this limitation, we fabricated nanowell arrays in PDMS by spin-coating
that enabled control over the thickness of the bottom of the PDMS nanowells [16, 28].
S1A Fig shows SEM top view images of the nanowell array obtained by spin-coating. The
depth of the well was measured across multiple regions of a 10 mm×2 mm chip and confirmed
by optical microscopy to be 63±2 μm (N = 136, S1B Fig). Similarly, the bottom thickness of
the PDMS was uniform across the chip (84±2 μm, N = 205, S1B Fig) and this facilitated adaptation of the nanowell array to high-resolution microscopy.
To demonstrate proof-of-principle that the thin bottom nanowell arrays were compatible
with high-resolution imaging, human NK cells were isolated from peripheral blood by immunodensity separation, stained with antibodies directed against the phenotypic markers CD16
and CD56, and then ~50,000 of these cells were loaded onto the nanowell array. Imaging was
accomplished using Nikon confocal microscope using a 100× objective (Fig 1A and 1B).

PLL-g-PEG treatment of PDMS nanowell arrays reduces non-specific
binding
Despite the fact that PDMS is widely adopted for the fabrication of microfluidic devices,
PDMS tends to display a high level of non-specific protein adsorption. Although a partial
reduction in this effect can be accomplished by the oxidation with air plasma that renders
PDMS hydrophilic, a better strategy had to be implemented since we were interested in the
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Fig 1. PLL-g-PEG surface modification of nanowell arrays significantly increases surface passivation. Fluorescence microscopy images of a labeled human NK cell were recorded using a 100× objective:
(A) CD56 and (B) CD16. Previously frozen, human T cells isolated from peripheral blood were thawed and
rested overnight, stained with anti-CD4-Brilliant Violet™ 421 on nanowell arrays either passivated with: (C)
R10 or (D) PLL-g-PEG (exposure time = 500 ms). Scale bar = 50 μm. (E) Background corrected mean
fluorescent intensities of individual cells in either PLL-g-PEG or R10 passivated nanowell arrays. Each dot
represents a single T cell. Non-parametric tests were performed for comparison of populations corrected
fluorescent intensities of CD4+ T cells. ****: p-value < 0.0001; ns: not significant; mean±SEM is shown.
https://doi.org/10.1371/journal.pone.0181904.g001

dynamic secretion of proteins from single cells in PDMS nanowell arrays. In order to reduce
the non-specific adsorption of proteins, we explored the utility of PEG treatment of PDMS.
The ability of PEG and its derivatives to passivate surfaces is well described and a graft copolymer of PEG with poly-L-lysine (PLL-g-PEG) has been previously reported for use in PDMS
microchannels [29].
PDMS nanowell arrays were oxidized using air plasma to render the surface hydrophilic
with silanol groups and incubated with a 100 μg/ml solution of PLL-g-PEG in HEPES. Subsequent to washing, human T cells isolated by immunomagnetic separation from PBMCs were
loaded onto two separate nanowell arrays and stained with mouse anti-human CD4 antibody
conjugated to Brilliant Violet™ 421 (OKT4, BioLegend). In the absence of surface modification,
the signal from the cells was obscured by the background fluorescence from the nanowell
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edges (Fig 1C). By contrast, even a short 20 min treatment with PLL-g-PEG demonstrated excellent surface passivation leading to clearly distinguishable cells and very little background staining
of the nanowell edges (Fig 1D). In order to quantify the differences arising from the signal against the background, the background corrected mean fluorescence intensities (MFI) were computed for at least 30 single cells using ImageJ (NIH, USA). Regardless of the exposure time used
(100–500 ms), PLL-g-PEG-treated nanowell arrays showed consistently enhanced cell-specific
labeling, and an increase in the signal with increasing exposure times (p-value < 0.0001, Fig 1E),
confirming effective surface passivation. These results confirmed that even a short treatment
with PLL-g-PEG was sufficient to reduce non-specific adsorption and thus all our nanowell
arrays were passivated using this method.

The frequency of IFN-γ-secreting T cells enumerated by functionalized
beads within nanowell arrays is correlated to the same responses
determined using ELISPOT
We first tested the ability of functionalized beads to efficiently capture proteins secreted by single cells after incubation in individual nanowells by measuring the limit of detection (LoD) of
functionalized beads at different analyte concentrations. Antibody-coated beads were incubated with varying concentrations of IFN-γ (0.25–5 ng/ml) for a period of 2 h at 37˚C, loaded
onto glass bottom Petri dish, and subsequently detected with a fluorescently labeled secondary
antibody. The background-corrected mean fluorescent intensity (MFI) quantified across a
minimum of 30 beads confirmed that IFN-γ was detectable at a concentration of 2.5 ng/ml
(Fig 2A). Next, the correlation between the nanowell-encapsulated bead assay and ELISPOT
for quantifying frequencies of single immune cells secreting IFN-γ upon activation was determined. To account for variations in stimulus and the diversity of T cell populations, the frequency of IFN-γ secreting single T cells was enumerated under three sets of conditions: (1)
stimulation of PBMCs with PMA/ionomycin; (2) stimulation of in vitro expanded, melanoma
TILs with PMA/ionomycin; and (3) incubation of PBMCs with HLA-class I peptide pools
derived from common viral antigens (CEF peptide pool). An aliquot of 106 cells was stimulated
for a period of 3–5 h, from which an aliquot of ~100,000 cells was loaded onto a nanowell
array. A suspension of 200,000 beads pre-coated with anti-IFN-γ (1-D1K, Mabtech) was subsequently loaded onto the nanowell array and incubated for a period of 2 h at 37˚C. By analyzing
an average of 10,182±8,589 (mean±SD) nanowells containing single cells matched to one or
more beads, the frequency of the activated T cell IFN-γ response was determined to be 0.40–
7.8%. The magnitude of these responses was similar to those recorded by ELISPOT [0.20–
11.2%], and results of both assays were significantly correlated (R2 = 0.87, p-value = 0.0008),
demonstrating that beads can be utilized to capture cytokine secretion from single cells (Fig
2B). In the absence of stimulation, the frequency of IFN-γ beads detected when incubated with
immune cells was < 1 in 10,000 and this result sets the limit of detection of our assay at 0.01%.
In summary, these results established that functionalized beads within nanowell arrays were
capable of detecting IFN-γ secretion from single immune cells at frequencies correlated with
those from conventional ELISPOT assays.

In open-well systems, analyte capture density increases linearly with
time
As opposed to encapsulated systems, open-well configurations can be advantageous for the
long term monitoring of cell fate and function since they allow a continuous exchange of gases
and nutrients. Furthermore, they avoid potential alterations of cellular behavior that can arise
from the artificially high local concentrations of analytes commonly found in closed systems
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Fig 2. The frequency of IFN-γ-secreting T cells enumerated by functionalized beads within nanowell
arrays is correlated to the same responses determined using ELISPOT. (A) Background-corrected mean
fluorescence intensity (MFI) detected from a minimum of 30 IFN-γ-positive beads, as a function of IFN-γ
analyte concentration with functionalized LumAvidin® beads, determined on nanowell arrays. (B) Comparison
of the bead assay against ELISPOT for detection of single effector cells (PBMC or TIL) secreting IFN-γ at
varying level of antigenic stimulation (viral peptide pools or PMA/ionomycin). Linear regressions show that
both approaches are significantly correlated (R2 = 0.87, p-value = 0.0008).
https://doi.org/10.1371/journal.pone.0181904.g002

[30]. A disadvantage of open-well systems is that the analyte secreted by an individual cell
within a nanowell is subjected to persistent diffusion into the bulk medium, potentially lowering the sensitivity. Therefore, we sought to quantify the efficiency of analyte capture on beads
by modeling a simplified open-well system using finite element simulations (Fig 3A). The concentration of analyte in liquid media (C) can be described using Fick’s 2nd law,
@C
¼ Dr2 C
@t
where D represents the diffusion coefficient of the analyte. Since the walls of the PDMS can be
assumed to be largely impermeable to proteins [31], the flux at these boundaries was set to
zero. At a constant rate of analyte secretion from the cell (10 molecules/sec), the mass balance
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Fig 3. Finite element analysis to model the efficiency of capture of analyte secreted from single cells in open-well systems.
(A) Snapshot of heat maps showing analyte concentration in the liquid phase across the well (right) and on the bead surface (left)
after 5 h of secretion in a 40 μm nanowell. The simulation parameters are shown in the table on the right. (B) Fractional occupancy of
5 μm beads as a function of incubation time when the binding site density was varied across three orders of magnitude. For a singlecell secreting at a constant rate, beads with the lowest binding site density possess the highest fractional occupancy. Mean±SEM is
shown. Error bars were determined by varying bead and cell positions relative to each other (shown only if SEM is higher than 2.5%).
(C) The variation in captured cytokine density obtained by varying the density of capture antibodies on the surface of the bead; beads
with higher binding site density (θ0 = 1×10−8 mol/m2, 1×10−7 mol/m2) showed more concentrated cytokine-antibody complexes on the
bead surface, thus likely leading to better fluorescent pixel intensity. Mean±SEM is shown. Error bars were determined by varying
bead and cell positions and weren’t shown if SEM is lower than 1800 molecules/μm2.
https://doi.org/10.1371/journal.pone.0181904.g003

of analyte concentration on bead surface (Cs) was determined by the equation
@Cs
¼ Ds r2 Cs þ kon Cðy0
@t

Cs Þ

kof f Cs

where Ds represents diffusivity of the analyte on bead surface, kon and koff represent kinetic
binding constants determined by the strength of capture antibody-analyte interaction, and θ0
represents the number of capture antibodies available per unit surface area of the bead. The
choice of values for the parameters (Fig 3A) was based on commercially available antibody
binding affinities, the known rates of cytokine secretion from lymphocytes, and previously
reported numerical simulations of closed systems [31]. Initial concentrations of analyte in liquid media and bead surface were set to zero and the increase in fractional occupancy (∯ Cy0s ) on
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the bead with time as the cell secretes the analyte was modeled. Upon validating the model
with previously published data [31], we sought to optimize the density of capture antibody
molecules, one tunable variable to maximize captured cytokine density (and therefore the fluorescent pixel intensity). For a set bead diameter, the simulations showed that the fractional
occupancy (fraction of antibodies bound by cytokines) increased when the total number of
binding sites was decreased (Fig 3B), which is consistent with ambient analyte theory that predicts that higher sensitivity can be achieved by lowering the number of antibodies used to capture the analyte [32]. Ultimately however, the overall fluorescent signal is proportional to the
density of antibody-cytokine pairs. This density is determined by both the fractional occupancy of captured cytokine and binding site density of capture antibodies. As expected, captured cytokine density increased with time (0–6 h) regardless of the density of capture
antibody molecules (1×10−9–1×10−7 mol/m2); during short-term assays ( 2 h), there was not
a significant difference in the various cytokine capture densities profiled. During longer assays
(2–6 h), as expected, beads with smaller density of capture antibody molecules (1×10−9 mol/
m2) tend to saturate cytokine capture quicker. This saturation was only observed at the lowest
density of antibody molecules and subsequent increases in antibody density (1×10−8–1×10−7
mol/m2), did not significantly increase the density of cytokines being captured (Fig 3C). In
summary, the results of these simulations suggested that within the short window of experimental interrogation (0–6 h), the captured cytokine density (and hence fluorescence intensity
on the beads) increased linearly as a function of time. Furthermore, since the captured cytokine density was not significantly altered by increasing the antibody density on the bead, we
chose to experimentally utilize beads with binding site capacities in this density range
(1×10−8–1×10−7 mol/m2).

An open-well system can be used to profile the dynamic secretion of
cytokine molecules from individual NK cells
Since the end-point experiments confirmed the ability to detect IFN-γ from single immune
cells upon activation, and the modeling suggested that the beads should work well in an openwell system, we next wanted to investigate if dynamic secretion of IFN-γ could be detected
from individual NK cells upon activation. Human NK cells isolated ex vivo were stained and
loaded into individual wells of a nanowell array and were incubated in R10 containing the
mitogenic activators PMA/ionomycin; cytokine secretion was quantified by the formation of
immuno-sandwiches on beads (Fig 4A, S2 Fig). We modified our previously-reported image
analysis algorithms to not only enable the automated segmentation and tracking of cells but to
also facilitate the identification of fluorescence intensity on the beads monitoring the secretion
of IFN-γ [17]. Dynamic tracking of the AF488 fluorescence demonstrated that these beadbased sensors could report IFN-γ secretion from individual NK cells incubated within the
same nanowell (Fig 4B). Individual NK cells could be identified as secretors and non-secretors
based on simple thresholding, and the fluorescence intensity of beads incubated with secretors
showed a characteristic sigmoidal response that could readily be fit to a standard dose response
curve to identify the characteristic time of secretion (tSecrete, Fig 4C).

CD56dim CD16+ NK cells are immediate secretors of IFN-γ
Having established the feasibility of our method to detect both the phenotype and the dynamic
cytokine secretion profile of individual NK cells, we next sought to define the subset of human
NK cells that were immediate secretors of IFN-γ upon stimulation. Towards this objective, NK
cells isolated ex vivo from fresh blood were enriched by immunodensity sorting, labeled with
antibodies against CD16 and CD56, and loaded onto a PDMS nanowell array along with pre-
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Fig 4. Bead-based nanowell arrays can enable monitoring the dynamic IFN-γ secretory activity. (A) Schematic of immuno-sandwich
design for detecting IFN-γ secretion from single NK cells using nanowell arrays. (B) Dynamic tracking of the IFN-γ secretory activity of an NK
cell within the same nanowell: tSecrete is 90 min. Scale bar = 10 μm. (C) Four representative examples of dynamic fluorescence intensity
(MFI) of the beads (IFN-γ secretion) upon activation of individual NK cells. The best-fitting response curve is overlaid on top of the raw data
(triangles). The tSecrete (red), Hill slope and MFI ratio are shown for each of the NK cells secreting IFN-γ.
https://doi.org/10.1371/journal.pone.0181904.g004

functionalized beads coated with IFN-γ capture antibodies as cytokine sensors. Our phenotypic classification of NK cell subsets determined by imaging cytometry was consistent with
known NK cell subsets determined by flow cytometry as previously reported (Fig 5A) [4].
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Fig 5. CD56dimCD16+ NK cells are immediate secretors of IFN-γ. (A) Representative phenotypic classification determined by imaging
cytometry (dot plot) of NK cells based on CD16 and CD56 staining. (B) Histograms of tSecrete showed a conserved pattern of distribution
across two different donors. (C) In comparison to the parent population, NK cells that were immediate secretors of IFN-γ were predominantly
the CD16+ phenotype (p-value < 0.0001).
https://doi.org/10.1371/journal.pone.0181904.g005

Control nanowell arrays were set up with stained NK cells and IFN-γ sensor beads, which were
imaged dynamically for a period of 6 h to confirm that the CD16 and CD56 antibodies used
for immunostaining did not enable NK cells activation.
Immediately subsequent to recording the phenotype of the NK cells, the entire nanowell
array was immersed in cell culture media R10 containing PMA/ionomycin to enable mitogenic stimulation. As anticipated, individual NK cells demonstrated a heterogeneous dynamic
IFN-γ secretion profile, as reflected by the distributions of tSecrete (Fig 5B). IFN-γ secretion was
detected as early as 30 min from a small subset of NK cells, and the peak of the distribution of
tSecrete for individual IFN-γ secreting NK cells was around 50–60 min; this behavior was conserved across at least two separate donors (Fig 5B).
Comparison of the phenotype of single NK cells that were immediate secretors (tSecrete 
180 min) to the entire parent population showed a significant enrichment of the CD16+ population (p-value < 0.0001 for donor 1 and p-value = 0.0034 for donor 2, Fig 5C). Since the distribution of tSecrete (Fig 6A and 6B) suggested the potential existence of early secretors
subpopulations within the immediate secretors, we defined early secretors and late secretors
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Fig 6. NK cells that secrete IFN-γ early have higher CD16 surface expression. (AB): The distributions (black columns) of tSecrete of
single-NK cells were positively skewed, indicating the existence of a faster secretor subpopulation within the population of NK cells that
secrete IFN-γ. The corresponding normal distributions (red curve) were plotted using the same mean and standard deviation of tSecrete of
single-NK cells. The relative comparison of CD16 (C) or CD56 (D) surface expression of early secretors (tSecrete < population mean) and late
secretors (tSecrete > population mean). (E) The amount of IFN-γ secreted by NK cells during the 6 h period of observation was statistically
different across two donors. The amount of IFN-γ secreted is inferred from the ratio of fluorescent intensities (ratio of maximum and minimum
value) from the fitting curve; (F) The relative IFN-γ secretion rate was a donor-dependent parameter. The rate of secretion of IFN-γ was
inferred from the Hill slope (MFI versus time) obtained from curve fit on two different donors (donor 1: light red; donor 2: dark red). Error bar:
mean and 95% confidence intervals are shown. Mann-Whitney test was performed, ns: not significant, ***: p-value < 0.001, ****: pvalue < 0.0001.
https://doi.org/10.1371/journal.pone.0181904.g006
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based on the mean of tSecrete (donor 1: 62 min; donor 2: 70 min), and further investigated the
differences in CD16 and CD56 expression of these two subpopulations. There was a trend that
early secretors NK cells from both donors tended to express a higher level of CD16 on the surface (Fig 6C); while no similar trend was found in the comparison of expression of CD56 of
early secretors and late secretors (Fig 6D).
To investigate other parameters besides tSecrete, we also compared total amount and the rate
of IFN-γ secretion from individual NK cells. Consistent with the tSecrete, NK cell populations
from a single donor tended to have individual NK cells with heterogeneous amounts and rates
of secreted IFN-γ. Surprisingly, the donor with the collective population of NK cells secreting
higher amounts of IFN-γ also had individual NK cells with lower rates of IFN-γ secretion (Fig
6F). Collectively, these results suggest that human NK cells isolated from different donors display differences in both the rate of IFN-γ secretion, likely reflective of their activation/memory
state; and the total amount of IFN-γ secreted, likely reflective of the number of preformed
granules containing the cytokine.
Next, the frequencies of IFN-γ secretion in nanowells that contained one, two or three NK
cells were quantified to determine whether increasing NK cells density could lead to synergistic
activation and faster IFN-γ secretion. Not surprisingly, increasing the number of NK cells
within the nanowell increased the frequency of nanowells with IFN-γ+ beads (S2 Table). In
order to investigate evidence of cooperation, we utilized the probability of single IFN-γ secreting NK cells upon activation (regardless of tSecrete), based on the nanowells containing exactly
one NK cell. The experimentally computed frequencies for nanowells containing both 2 and 3
NK cells were lower than the theoretically computed frequencies, indicating that there was no
significant evidence of cooperation or synergistic activation (S2 Table).
In summary, these results obtained by tracking the phenotype and dynamic secretion of
IFN-γ from individual NK cells demonstrated that the NK cells classically defined as cytolytic
(CD16+) were also immediate secretors of IFN-γ, at least upon mitogenic stimulation.

Discussion
We have demonstrated a high-throughput assay for profiling the dynamic secretion of cytokines from individual immune cells while preserving high imaging resolution that was made
possible by the fabrication of thin-bottom (<100 μm) PDMS-based nanowell arrays. This single-cell assay uses nanowell arrays for co-incubating cells with functionalized beads and thus
can be readily integrated with our reported TIMING platforms to enable tracking of the key
functional attributes of immune cells including phenotype, motility, cytotoxicity, and cytokine
secretion; it can also serve as a front-end screen for identifying functional attributes that can
be interrogated at the molecular level using multiplexed transcriptional profiling [15, 17].
Although we have demonstrated the application of this method in the context of NK cell IFNγ secretion, the method can be adapted to other immune cells as well as other cell types for
monitoring combined cellular behaviors, protein secretion, and transcriptional profiling. Furthermore, since the multiplexing of beads based on the Luminex platform [33, 34] is extensively documented, it should be straightforward to expand the number of analytes secreted by
individual cells simultaneously.
PDMS is widely used in microfluidics primarily because it is low-cost, optically transparent,
biocompatible and gas permeant. Despite these advantages, one of the major drawbacks of
PDMS is the non-specific adsorption (NSA) of proteins onto its surface [35–37]. In dynamic
imaging applications akin to what we have outlined, the NSA of both the secreted proteins and
the labeled detection antibodies severely impacts both the detection limit and assay reliability/
reproducibility. PEG, likely because of hydration, behaves as a hydrogel that is effective in

PLOS ONE | https://doi.org/10.1371/journal.pone.0181904 August 24, 2017

14 / 19

Single-cell profiling of dynamic cytokine secretion and the phenotype of immune cells

preventing NSA [38–40]. We sought to take advantage of this property of PEG by employing a
simple protocol that enables the rapid modification (20 min) of oxidized PDMS by commercially available PLL-g-PEG, in aqueous environments. We demonstrate that this simple step
dramatically decreases the NSA of antibody-dye conjugates onto the surface of PDMS. Furthermore, since biotin-derivatized PEG (PLL-g-PEG-biotin) is also commercially available,
this provides an avenue for surface modifying the PDMS to introduce adhesion molecules like
biotinylated ICAM-1, or antibodies against the natural cytotoxicity receptors (NCRs) or CD3
to study lymphocyte activation. We have utilized our platform to profile the phenotype of
human NK cells that respond quickest to stimulation. Although NK cells have been divided
into two separate subsets with reciprocal functionalities—CD56dimCD16+ associated with
cytotoxicity and CD56brightCD16- with cytokine secretion—our data (tracking individual cell
phenotypes with their ability to secrete IFN-γ) demonstrate that the CD16+ NK cells are the
early secretors of IFN-γ upon activation. Our results are consistent with other correlative studies that have also suggested that the CD56dim population might, in fact, be the early cytokine
secretors upon activation through natural cytotoxicity receptors (NCRs) [41]. Since it has also
been shown that the secretion pathway for cytokines, like tumor necrosis factor (TNF) and
IFN-γ in NK cells, is distinct from the pathway used for the secretion of perforin [42], the existence of an elite population of CD16+ NK cells capable of both lytic and rapid cytokine secretion fits with the pivotal role of NK cells in innate immunity.
NK cells also present a clinically appealing avenue for the treatment of tumors. Since the
activation of NK cells is mediated by a panel of activating and inhibitory receptors, they offer
clear translational advantages. First, unlike T cells, NK cells do not require HLA typing or peptide-epitope presentation. Second, NK cells directly recognize and lyse transformed cells either
due to missing HLA expression or due to the elevated expression of stress ligands [43]. Third,
the translation of NK cells as drugs does not require a priori identification of tumor-associated
antigens [44]. Additionally, the infusion of NK cells has been proven to be largely safe with no
major toxicity concerns [44, 45]. The biggest disadvantage of NK cell therapies, however, has
been the disappointing persistence of NK cells. With newer methods of expansion ex vivo [46,
47], and the ability to propagate cytokine-induced memory NK cells, these cells are poised to
join the immunotherapeutic arsenal in our fight against cancers. As our work suggests, the
existence of subpopulations of NK cells that are polyfunctional (CD16+ [cytotoxic] and IFN-γ
secreting) are likely to be of keen interest in immunotherapy.

Supporting information
S1 Fig. Thin bottom nanowell arrays fabricated by spin-coating. Representative SEM images
of top view (A) and side view (B) of nanowell arrays with indications of measured dimensions
shown, and the summary of measurements listed (C). Scale bar = 100 μm.
(TIF)
S2 Fig. Distribution of functionalized beads and pre-stained NK cells in individual nanowell. Representative density matrix indicates the number of nanowells that contain 0–3 beads
and 1–3 NK cells. Both numbers and frequency of wells are shown.
(TIF)
S1 Table. List of reagents described in this manuscript.
(XLSX)
S2 Table. The frequency of IFN-γ secreting NK cells under various cell density conditions.
As the cell density in the nanowell increased, frequencies of IFN-γ secreting NK cells also
increased as expected, however, there was no evidence for significant cooperation or
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synergistic effect.
(XLSX)
S1 Movie. A representative example of an IFN-γ secreting NK cell. Green denotes IFN-γ
(bead) and CD16 (cell). Time is displayed as hh: mm and movie is sped up 1800×.
(MP4)

Acknowledgments
We thank Yufeng Shen and Bryan Alamani from Dr. Rimer’s lab for assisting with the SEM.
We thank JTA for edits and helpful discussion about the curve fitting.

Author Contributions
Conceptualization: XA VGS IL NV.
Data curation: XA VGS IL B. Ramesh GR CH MMP LGR NV.
Formal analysis: XA VGS IL B. Ramesh GR CH MMP YL B. Roysam LGR NV.
Funding acquisition: LGR B. Roysam NV.
Investigation: XA VGS IL B. Ramesh GR CH MMP YL B. Roysam LGR NV.
Methodology: XA VGS IL B. Ramesh YL B. Roysam NV.
Project administration: NV.
Resources: CH LGR.
Software: YL B. Roysam.
Supervision: B. Roysam NV.
Validation: XA VGS IL B. Ramesh GR CH MMP YL B. Roysam LGR NV.
Visualization: XA VGS IL B. Ramesh GR CH MMP YL B. Roysam LGR NV.
Writing – original draft: XA VGS IL CH NV.
Writing – review & editing: LGR GR MMP.

References
1.

Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al. Innate or adaptive immunity?
The example of natural killer cells. Science. 2011; 331(6013):44–9. Epub 2011/01/08. https://doi.org/
10.1126/science.1198687 PMID: 21212348.

2.

Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. Controlling natural killer cell responses: integration of signals for activation and inhibition. Annu Rev Immunol. 2013; 31:227–58. Epub 2013/03/23.
https://doi.org/10.1146/annurev-immunol-020711-075005 PMID: 23516982.

3.

Beziat V, Duffy D, Quoc SN, Le Garff-Tavernier M, Decocq J, Combadiere B, et al. CD56brightCD16+
NK cells: a functional intermediate stage of NK cell differentiation. J Immunol. 2011; 186(12):6753–61.
Epub 2011/05/11. https://doi.org/10.4049/jimmunol.1100330 PMID: 21555534.

4.

Poli A, Michel T, Theresine M, Andres E, Hentges F, Zimmer J. CD56bright natural killer (NK) cells: an
important NK cell subset. Immunology. 2009; 126(4):458–65. Epub 2009/03/13. https://doi.org/10.
1111/j.1365-2567.2008.03027.x PMID: 19278419.

5.

Zaidi MR, Merlino G. The two faces of interferon-gamma in cancer. Clin Cancer Res. 2011; 17
(19):6118–24. Epub 2011/06/28. https://doi.org/10.1158/1078-0432.CCR-11-0482 PMID: 21705455.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181904 August 24, 2017

16 / 19

Single-cell profiling of dynamic cytokine secretion and the phenotype of immune cells

6.

Hu X, Chakravarty SD, Ivashkiv LB. Regulation of interferon and Toll-like receptor signaling during macrophage activation by opposing feedforward and feedback inhibition mechanisms. Immunol Rev. 2008;
226:41–56. Epub 2009/01/24. https://doi.org/10.1111/j.1600-065X.2008.00707.x PMID: 19161415.

7.

Qin Z, Schwartzkopff J, Pradera F, Kammertoens T, Seliger B, Pircher H, et al. A critical requirement of
interferon gamma-mediated angiostasis for tumor rejection by CD8+ T cells. Cancer Res. 2003; 63
(14):4095–100. Epub 2003/07/23. PMID: 12874012.

8.

Gerbitz A, Sukumar M, Helm F, Wilke A, Friese C, Fahrenwaldt C, et al. Stromal interferon-gamma signaling and cross-presentation are required to eliminate antigen-loss variants of B cell lymphomas in
mice. PLoS One. 2012; 7(3):e34552. Epub 2012/04/06. https://doi.org/10.1371/journal.pone.0034552
PMID: 22479645.

9.

Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-Lieskovan S, et al. Mutations
Associated with Acquired Resistance to PD-1 Blockade in Melanoma. N Engl J Med. 2016; 375(9):819–
29. Epub 2016/07/20. https://doi.org/10.1056/NEJMoa1604958 PMID: 27433843; PubMed Central
PMCID: PMCPMC5007206.

10.

Gao J, Shi LZ, Zhao H, Chen J, Xiong L, He Q, et al. Loss of IFN-γ Pathway Genes in Tumor Cells as a
Mechanism of Resistance to Anti-CTLA-4 Therapy. Cell. 2016; 167(2):397–404.e9. http://dx.doi.org/10.
1016/j.cell.2016.08.069. https://doi.org/10.1016/j.cell.2016.08.069 PMID: 27667683

11.

Mempel TR. Single-cell analysis of cytotoxic T cell function by intravital multiphoton microscopy. Methods Mol Biol. 2010; 616:181–92. Epub 2010/04/10. https://doi.org/10.1007/978-1-60761-461-6_12
PMID: 20379876.

12.

Breart B, Lemaitre F, Celli S, Bousso P. Two-photon imaging of intratumoral CD8+ T cell cytotoxic activity during adoptive T cell therapy in mice. J Clin Invest. 2008; 118(4):1390–7. Epub 2008/03/22. https://
doi.org/10.1172/JCI34388 PMID: 18357341.

13.

Chen Y, Ladi E, Herzmark P, Robey E, Roysam B. Automated 5-D analysis of cell migration and interaction in the thymic cortex from time-lapse sequences of 3-D multi-channel multi-photon images. J Immunol Methods. 2009; 340(1):65–80. Epub 2008/11/11. https://doi.org/10.1016/j.jim.2008.09.024 PMID:
18992251.

14.

Liadi I, Roszik J, Romain G, Cooper LJ, Varadarajan N. Quantitative high-throughput single-cell cytotoxicity assay for T cells. J Vis Exp. 2013;(72):e50058. Epub 2013/02/15. https://doi.org/10.3791/50058
PMID: 23407457.

15.

Romain G, Senyukov V, Rey-Villamizar N, Merouane A, Kelton W, Liadi I, et al. Antibody Fc engineering
improves frequency and promotes kinetic boosting of serial killing mediated by NK cells. Blood. 2014;
124(22):3241–9. Epub 2014/09/19. https://doi.org/10.1182/blood-2014-04-569061 PMID: 25232058.

16.

Zaretsky I, Polonsky M, Shifrut E, Reich-Zeliger S, Antebi Y, Aidelberg G, et al. Monitoring the dynamics
of primary T cell activation and differentiation using long term live cell imaging in microwell arrays. Lab
Chip. 2012; 12(23):5007–15. Epub 2012/10/18. https://doi.org/10.1039/c2lc40808b PMID: 23072772.

17.

Liadi I, Singh H, Romain G, Rey-Villamizar N, Merouane A, Adolacion JRT, et al. Individual Motile CD4
(+) T Cells Can Participate in Efficient Multikilling through Conjugation to Multiple Tumor Cells. Cancer
Immunol Res. 2015; 3(5):473–82. Epub 2015/02/26. https://doi.org/10.1158/2326-6066.CIR-14-0195
PMID: 25711538; PubMed Central PMCID: PMC4421910.

18.

Varadarajan N, Kwon DS, Law KM, Ogunniyi AO, Anahtar MN, Richter JM, et al. Rapid, efficient functional characterization and recovery of HIV-specific human CD8+ T cells using microengraving. Proc
Natl Acad Sci U S A. 2012; 109(10):3885–90. Epub 2012/02/23. https://doi.org/10.1073/pnas.
1111205109 PMID: 22355106.

19.

Han Q, Bagheri N, Bradshaw EM, Hafler DA, Lauffenburger DA, Love JC. Polyfunctional responses by
human T cells result from sequential release of cytokines. Proc Natl Acad Sci U S A. 2012; 109
(5):1607–12. Epub 2011/12/14. https://doi.org/10.1073/pnas.1117194109 PMID: 22160692.

20.

Ma C, Fan R, Ahmad H, Shi Q, Comin-Anduix B, Chodon T, et al. A clinical microchip for evaluation of
single immune cells reveals high functional heterogeneity in phenotypically similar T cells. Nat Med.
2011; 17(6):738–43. Epub 2011/05/24. https://doi.org/10.1038/nm.2375 PMID: 21602800.

21.

Lu Y, Xue Q, Eisele MR, Sulistijo ES, Brower K, Han L, et al. Highly multiplexed profiling of single-cell
effector functions reveals deep functional heterogeneity in response to pathogenic ligands. Proc Natl
Acad Sci U S A. 2015; 112(7):E607–15. Epub 2015/02/04. https://doi.org/10.1073/pnas.1416756112
PMID: 25646488.

22.

Son KJ, Rahimian A, Shin DS, Siltanen C, Patel T, Revzin A. Microfluidic compartments with sensing
microbeads for dynamic monitoring of cytokine and exosome release from single cells. The Analyst.
2016; 141(2):679–88. https://doi.org/10.1039/c5an01648g PMID: 26525740.

23.

Chokkalingam V, Tel J, Wimmers F, Liu X, Semenov S, Thiele J, et al. Probing cellular heterogeneity in
cytokine-secreting immune cells using droplet-based microfluidics. Lab Chip. 2013; 13(24):4740–4.
Epub 2013/11/05. https://doi.org/10.1039/c3lc50945a PMID: 24185478.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181904 August 24, 2017

17 / 19

Single-cell profiling of dynamic cytokine secretion and the phenotype of immune cells

24.

Konry T, Golberg A, Yarmush M. Live single cell functional phenotyping in droplet nano-liter reactors.
Sci Rep. 2013; 3:3179. Epub 2013/11/12. https://doi.org/10.1038/srep03179 PMID: 24212247.

25.

Haymaker CL, Wu RC, Ritthipichai K, Bernatchez C, Forget MA, Chen JQ, et al. BTLA marks a less-differentiated tumor-infiltrating lymphocyte subset in melanoma with enhanced survival properties.
Oncoimmunology. 2015; 4(8):e1014246. Epub 2015/09/26. https://doi.org/10.1080/2162402X.2015.
1014246 PMID: 26405566.

26.

Somanchi SS, Senyukov VV, Denman CJ, Lee DA. Expansion, purification, and functional assessment
of human peripheral blood NK cells. J Vis Exp. 2011;(48):2540. https://doi.org/10.3791/2540 PMID:
21339714; PubMed Central PMCID: PMC3180743.

27.

Martinon F, Kaldma K, Sikut R, Culina S, Romain G, Tuomela M, et al. Persistent immune responses
induced by a human immunodeficiency virus DNA vaccine delivered in association with electroporation
in the skin of nonhuman primates. Human gene therapy. 2009; 20(11):1291–307. https://doi.org/10.
1089/hum.2009.044 PMID: 19627235.

28.

Schneider F, Draheim J, Kamberger R, Wallrabe U. Process and material properties of polydimethylsiloxane (PDMS) for Optical MEMS. Sens Actuators A Phys. 2009; 151(2):95–9. http://dx.doi.org/10.
1016/j.sna.2009.01.026.

29.

Marie R, Beech JP, Voros J, Tegenfeldt JO, Hook F. Use of PLL-g-PEG in micro-fluidic devices for
localizing selective and specific protein binding. Langmuir. 2006; 22(24):10103–8. Epub 2006/11/17.
https://doi.org/10.1021/la060198m PMID: 17107006.

30.

Torres AJ, Hill AS, Love JC. Nanowell-based immunoassays for measuring single-cell secretion: characterization of transport and surface binding. Analytical chemistry. 2014; 86(23):11562–9. https://doi.
org/10.1021/ac4030297 PMID: 25347613; PubMed Central PMCID: PMC4255675.

31.

Han Q, Bradshaw EM, Nilsson B, Hafler DA, Love JC. Multidimensional analysis of the frequencies and
rates of cytokine secretion from single cells by quantitative microengraving. Lab Chip. 2010; 10
(11):1391–400. Epub 2010/04/09. https://doi.org/10.1039/b926849a PMID: 20376398.

32.

Ekins RP. Ligand assays: from electrophoresis to miniaturized microarrays. Clin Chem. 1998; 44
(9):2015–30. Epub 1998/09/11. PMID: 9733000.

33.

Elshal MF, McCoy JP. Multiplex bead array assays: performance evaluation and comparison of sensitivity to ELISA. Methods. 2006; 38(4):317–23. Epub 2006/02/17. https://doi.org/10.1016/j.ymeth.2005.
11.010 PMID: 16481199.

34.

Cao J, Seegmiller J, Hanson NQ, Zaun C, Li D. A microfluidic multiplex proteomic immunoassay device
for translational research. Clin Proteomics. 2015; 12:28. Epub 2015/12/23. https://doi.org/10.1186/
s12014-015-9101-x PMID: 26692826.

35.

Yu X, Xiao J, Dang F. Surface Modification of Poly(dimethylsiloxane) Using Ionic Complementary Peptides to Minimize Nonspecific Protein Adsorption. Langmuir. 2015; 31(21):5891–8. https://doi.org/10.
1021/acs.langmuir.5b01085 PMID: 25966872

36.

Dundua A, Franzka S, Ulbricht M. Improved Antifouling Properties of Polydimethylsiloxane Films via
Formation of Polysiloxane/Polyzwitterion Interpenetrating Networks. Macromol Rapid Commun. 2016;
37(24):2030–6. https://doi.org/10.1002/marc.201600473 PMID: 27778416

37.

Liu Y, Zhang L, Wu W, Zhao M, Wang W. Restraining non-specific adsorption of protein using Parylene
C-caulked polydimethylsiloxane. Biomicrofluidics. 2016; 10(2):024126. https://doi.org/10.1063/1.
4946870 PMID: 27158294

38.

Heyes CD, Groll J, Moller M, Nienhaus GU. Synthesis, patterning and applications of star-shaped poly
(ethylene glycol) biofunctionalized surfaces. Mol Biosyst. 2007; 3(6):419–30. https://doi.org/10.1039/
b700055n PMID: 17533455

39.

Nie S, Henley WH, Miller SE, Zhang H, Mayer KM, Dennis PJ, et al. An automated integrated platform
for rapid and sensitive multiplexed protein profiling using human saliva samples. Lab Chip. 2014; 14
(6):1087–98. https://doi.org/10.1039/c3lc51303c PMID: 24448498

40.

Wong I, Ho C-M. Surface molecular property modifications for poly(dimethylsiloxane) (PDMS) based
microfluidic devices. Microfluid Nanofluidics. 2009; 7(3):291. https://doi.org/10.1007/s10404-009-04434 PMID: 20357909

41.

De Maria A, Bozzano F, Cantoni C, Moretta L. Revisiting human natural killer cell subset function
revealed cytolytic CD56(dim)CD16+ NK cells as rapid producers of abundant IFN-gamma on activation.
Proc Natl Acad Sci U S A. 2011; 108(2):728–32. Epub 2010/12/29. https://doi.org/10.1073/pnas.
1012356108 PMID: 21187373.

42.

Reefman E, Kay JG, Wood SM, Offenhauser C, Brown DL, Roy S, et al. Cytokine secretion is distinct
from secretion of cytotoxic granules in NK cells. J Immunol. 2010; 184(9):4852–62. Epub 2010/04/07.
https://doi.org/10.4049/jimmunol.0803954 PMID: 20368273.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181904 August 24, 2017

18 / 19

Single-cell profiling of dynamic cytokine secretion and the phenotype of immune cells

43.

Lanier LL. Up on the tightrope: natural killer cell activation and inhibition. Nat Immunol. 2008; 9(5):495–
502. Epub 2008/04/22. https://doi.org/10.1038/ni1581 PMID: 18425106.

44.

Becker PS, Suck G, Nowakowska P, Ullrich E, Seifried E, Bader P, et al. Selection and expansion of
natural killer cells for NK cell-based immunotherapy. Cancer Immunol Immunother. 2016; 65(4):477–
84. Epub 2016/01/27. https://doi.org/10.1007/s00262-016-1792-y PMID: 26810567.

45.

Rezvani K, Rouce RH. The Application of Natural Killer Cell Immunotherapy for the Treatment of Cancer. Front Immunol. 2015; 6:578. Epub 2015/12/05. https://doi.org/10.3389/fimmu.2015.00578 PMID:
26635792.

46.

Romee R, Rosario M, Berrien-Elliott MM, Wagner JA, Jewell BA, Schappe T, et al. Cytokine-induced
memory-like natural killer cells exhibit enhanced responses against myeloid leukemia. Sci Transl Med.
2016; 8(357):357ra123.

47.

Sakamoto N, Ishikawa T, Kokura S, Okayama T, Oka K, Ideno M, et al. Phase I clinical trial of autologous NK cell therapy using novel expansion method in patients with advanced digestive cancer. J
Transl Med. 2015; 13(1):277. https://doi.org/10.1186/s12967-015-0632-8 PMID: 26303618

PLOS ONE | https://doi.org/10.1371/journal.pone.0181904 August 24, 2017

19 / 19

