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Introduction

Antigen presenting cells

(APCs)

Time-resolved microwell cell-pairing array reveals
multiple T cell activation profiles}

Anna Desalvo, 3° Faith Bateman,? Edward James,?®
Hywel Morgan**© and Tim Elliott*2°

The differences in behaviour between individual cells in a large population are often important, yet are
masked in bulk analyses where only average parameters are measured. One unresolved question in the
field of immunology important immunological phenomena such as
immunodominance to cancer antigens correlates with the average activity of a population of antigen-
specific T lymphocytes, or with the activity of individual “outlier” cells. Despite progress in single cell
technologies, few platforms are available that can deliver time-resolved, functional analysis at single cell
resolution, for these investigations. We have developed an accessible high-throughput platform to measure
single T cell signalling in real time following time-controlled stimulation by live antigen presenting cells.
The cell-trap array consists of thousands of individual microwells cast in an agarose block, which is
biocompatible and permeable to nutrients. Single T cells are isolated in wells via passive sedimentation and
size exclusion, achieving up to 90% occupancy. The device enables simultaneous activation of thousands
of single CD8" cells. Stimulation with soluble reagents (ionomycin, anti-CD3 antibodies) or antigen
presenting cells leads to changes in intracellular calcium concentrations which were measured using
calcium-chelating fluorophore dyes. The platform was used to demonstrate a range of activation profiles
among individual cells of a cloned, antigen specific CD8" T cell hybridoma in response to both nonspecific
stimuli and specific, physiologically relevant antigen stimulation. The presence of two different activation
profiles was demonstrated, together with rare outlier behaviour among cells that are essentially clonal.

is the extent to which

be that clearing a viral infection or fighting cancer. Indeed,
there are physiologically relevant differences between

degrade proteins that  different CTLs with the same pMHC specificity; the precise

originate from pathogens or cancer cells, loading peptide
fragments, called epitopes, onto newly synthesised major
histocompatibility complex (MHC) molecules. The resulting
peptide : MHC (pMHC) complexes are then transported to the
cell surface where they can be recognized by specific CD8"
cytotoxic T lymphocytes (CTL). Upon contact with APCs
loaded with pathogenic antigens, these lymphocytes become
activated, and can release granules containing cytotoxins into
infected cells, killing them and preventing the spread of an
infection to neighbouring cells, or the spread of cancer
(Fig. 1). Cytotoxic T cells have receptors that are specific for a
particular pMHC and growing evidence indicates that the
precise specificity of CTL is important for its in vivo efficacy,
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mechanism underpinning this is not fully understood.
Therefore, tools to measure T cell function at the single cell
level are badly needed in order to fully investigate the
correlation between CTL specificity and in vivo activity.

Microfluidics and single cell technologies have provided new
tools to investigate time-resolved single cell activation."° High-
throughput approaches include devices where two cell
populations are sequentially trapped to create cell-cell contacts,
or aqueous droplets where two cells are co-encapsulated and
thereby interact. However, the transferability of such platforms
to biomedical laboratories remains a challenge, particularly
where specialist equipment or personnel are required.

Amongst the various technologies that allow isolation and
analysis of single cells, three high throughput methods are
used for single cell pairing, namely hydrodynamic trapping in
a flow (closed system),"*® sedimentation in micro-well arrays
(open format)'””** and containment in microfluidic
droplets.>>>* Of these techniques, hydrodynamic traps and
microwell arrays are the only techniques where the cell-cell
contact time can be synchronised.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic diagram demonstrating CD8* T cell activation. 1. A pathogen enters an antigen presenting cell (APC); 2. its proteins are
degraded into fragments called epitopes; 3. some epitopes (antigens) are bound to MHC molecules and exposed onto the cell surface; 4. T cells
specific to the exposed epitopes contact the peptide-loaded APC, creating an immunological synapse; 5. the activated T cell secretes cytokines
and cytotoxic granules; 6. cytotoxic granules induce apoptosis in the APC, and the T cell moves to kill the next infected cell (serial killing); 7.
activated T cells undergo clonal expansion and acquisition of effector function; 8. after the expansion phase, up to 95% of the clone T cells
become apoptotic, and the remaining clones differentiate to become memory T cells, providing long-lasting protection to the host.

Voldman et al developed a microfluidic trapping
technology that can both couple and retrieve pairs of
cells."®*>?® voldman and Dura also reviewed the range of
microfluidic tools for the study of immune cell interactions®
and concluded that the open design of microwell arrays
provides an easy method for single cell retrieval using
micromanipulators. Compartmentalisation of the wells also
enables analysis of excreted cytokines. However,
disadvantages include limits on single wells occupancy
(dictated by Poisson statistics) which lead to lower
throughput per footprint compared to closed systems.
Furthermore, microwells have been rarely considered for
studies that involve time controlled cell-cell interactions.
Synchronized vertical cell-cell contact using microwells has
been achieved via centrifugation,’”'® but this doesn't allow
analysis of the very first seconds of contact between cells,
due to the time needed to wash the device and move it to a
microscope. In fact, T cell activation occurs within seconds®’
after encountering a target antigen, highlighting the need for
a system that allows synchronized cell-cell contact with real-
time recording of the first few minutes of interaction.

This paper describes a simple system that can be used to
study multiple cell-cell interactions, enabling investigation of
single cell activation in response to soluble reagents and
epitope-presenting cells. The system consists of an agarose
multi-well array that is used to trap thousands of individual
lymphocytes. Epitope presenting cells are cultured as a
monolayer on an opposing surface as shown in Fig. 2. The
two surfaces are brought into contact to initiate signalling

This journal is © The Royal Society of Chemistry 2020

which is recorded using fluorescence. Microwell arrays are
easy to fabricate and use; they do not require specialist
equipment or fabrication techniques and can be scaled to
accommodate a range of cell sizes and numbers, which can
be an order of magnitude greater than typically screened with
microfluidic devices. Multi-wells arrays have been used to
capture single cell cytokines using capture antibodies
patterned onto a lid,*® or to pair two cell populations using
sequential centrifugation.’”'® However, this technology is
particularly amenable to real-time measurement of single T
cell activation upon synchronized contact with APCs. The
novelty of the platform lies in its simplicity together with
synchronised, timed control of multiple cell-cell interactions.

Methods

Cell size measurement

Cell trapping is based on size exclusion. Design optimisation
required accurate determination of cell size, which was
measured by single cell microfluidic impedance cytometry
calibrated against polystyrene beads (see ESIT 1). For the cells
used in this work, the average diameters were 12.84 + 1.53
pm for B3Z (3 samples, 254 cells) and 12.37 + 1.18 um for
K89 (3 samples, 725 cells).

Cell culture

RPMI 1640 culture medium (with i-glutamine, Gibco) was
supplemented with 10% v/v heat-inactivated FBS (standard
quality, EU approved, GE Healthcare), 1% v/v penicillin-
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Fig. 2 Working principle of the cell pairing platform. A suspension culture of T cell hybridoma cells are layered onto the agarose array (a), and
excess cells washed away leaving up to 90% cell trapped (b). Adherent APC are grown to confluence on a flat (glass) surface (e) then pulsed with
antigenic peptide epitope before being inverted (f). T cells are activated by either soluble stimulants pipetted onto the plate (c) or via contact with
the monolayer of APCs (g); the time resolved activation of single cells is recorded with fluorescence microscopy (d, or h).

streptomycin (Sigma-Aldrich), 1% v/v HEPES Buffer (1 M,
Lonza), 1% v/v sodium pyruvate solution (100 mM, Sigma-
Aldrich) and 500 nM p2-Mercaptoethanol (Sigma-Aldrich).
Adherent K89 and suspension B3Z were cultured in complete
RPMI at 37 °C, 5% CO, and harvested as necessary to keep
them in their log phase. 1 mM EDTA (Biowhittaker) was
added in the passaging of K89, and the population was gently
detached from the flasks mechanically, using a Pasteur
pipette. Limiting dilution sub-cloning was initially used on
the lymphocytes population to select for cells that were
highly sensitive to SIINFEKL (SL8) epitope, and sensitivity
assays were periodically run to ensure the functionality of the
cell model (see ESIt 2).

Staining protocols

An early response to T cell activation is associated with an
increase in intracellular levels of Ca®*.>* Lymphocytes were
stained with calcium-dependent fluorophores to monitor
activation. B3Z T cells were stained with Fluo-8AM (Abcam;
excitation 490 nm, emission 520 nm, Kd = 390 nM), which
binds to free calcium in the cytoplasm. This dye is suitable
both for flow cytometry and fluorescence microscopy. Cells
were incubated in growth media containing 5 pM Fluo8-AM
for 30 minutes at 37 °C, then a further 30 minutes at room

temperature. B3Z cells were then washed in fresh culture

3774 | Lab Chip, 2020, 20, 3772-3783

media 3 times before being resuspended. There is always a
non-zero intracellular calcium level, so that the stained cell
population has a non-zero basal fluorescence (referred to as
mean fluorescence intensity zero, MFI,). Fluctuations in the
cytoplasmic ion concentration result in a shift in the
fluorescence signal.

Where specified, K89 cells were stained using a red
membrane dye (PKH26; excitation 551 nm, emission 567
nm). Staining both cell populations helped in gating during
flow cytometry and to confirm co-localization of activated T
cells and APCs by imaging. In these cases, K89 were
resuspended in 250 pl of diluent C; the suspension was
mixed at a 1:1 ratio with 4 pM PKH26 solution prepared in
diluent C, and the sample was left for 3.5 minutes with
shaking at room temperature, followed by addition of 500 pl
FBS. After another minute at room temperature, 1 ml of fresh
media was added and the sample washed twice with fresh
PBS.

Flow cytometry

Cells were analysed by Flow cytometry (BD Accuri™ C6) at
35 ul min™"; data was analysed with FlowJo. Viable cells
were gated on forward scatter:side scatter (FSC:SSC), and
single cells selected from the forward scatter-height: forward
scatter-area (FSC-H:FSC-A) graph. B3Z were gated based on

This journal is © The Royal Society of Chemistry 2020
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their basal green fluorescence MFI,, and their fluorescence
signal monitored over time to assess any change in MFI
(i.e. activation) after stimulation. Soluble stimulants
(antiCD3 antibodies and ionomycin ionophores) were added
to the sample after an initial measurement of MFI,. Flow
was stopped, stimulant added to the sample with vortexing
and the flow re-started. T cell signalling was monitored for
3 minutes after stimulation. For stimulation with antiCD3,
the flow was stopped a second time, followed by addition
of ionomycin then measurement for a final minute.

For biological stimulation with antigen presenting cells,
K89 were pulsed with SL8 peptide by incubating the sample
in growth media supplemented with different concentrations
of epitope for 1 hour at 37 °C, 5% CO,. Cells were
subsequently washed to remove unbound peptides and
resuspended at the desired concentration in fresh medium.
The minimum incubation time for optimal loading was 20
minutes. A chase experiment to test the duration of epitope
exposure showed that 120 minutes after washing the cells (to
remove unbound peptide), the exposed concentration was
reduced by approximately 30% (see ESIT 3). For flow
cytometry experiments, after recording the basal fluorescence
of the B3Z population, data acquisition was stopped and K89
were added to the sample at a 1:1 cell ratio in 50 pl of
media. To initiate cell-cell interactions, the sample was then
spun at 2000 rpm (371 g) for 3 minutes, and quickly
resuspended before restarting recording.

Serial dilution experiments were performed to define the
appropriate concentrations of soluble stimulants (antiCD3
and ionomycin) and antigen concentrations for the single cell
experiments (see ESIT 4 and Results).

Device design and fabrication

The cell trap consisted of 324 separate arrays with each array
containing 4200 individual traps arranged in a hexagonal
close packed grid as shown in Fig. 3a. Based on cell size
measurements, the well diameter was set at 20 um to ensure
a single B3Z could be trapped. The horizontal shift between
centres was 35 um, and vertical shift between rows 30.31 pm.
Trap arrays were made by pouring molten agarose onto a
master made from SU8 (see ESIT 5). 2% w/v agarose solution
was prepared by dissolving agarose powder (UltraPureTM
Agarose, Invitrogen) in DPBS (Dulbecco's phosphate buffered
saline, Sigma-Aldrich). The agarose was then cooled to 50 °C
with continuous stirring and poured onto a master mould, to
give a uniform thickness of approximately 4 mm. After
cooling, the solid hydrogel edges were cut to size and the gel
flipped onto a plastic support, where it was further diced into
single devices to fit a 2 x 2 x 0.2 cm holder. The agarose
devices could be stored at 4 °C for several days, without loss
of feature definition.

Cell seeding

Cell trapping occurred by sedimentation of single cells into
wells. The agarose microwell array was cut into 2 cm®

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

squares, each square consisted of 105000 wells in total. A cell
suspension was carefully pipetted onto the trapping array
and the plate was incubated for 30 minutes at 37 °C, 5%
CO,. Excess cells were removed from the surface by
repeatedly washing the agarose surface with PBS using a
wash bottle with the gel tilted at roughly 30°, and draining
excess solution with absorbing paper from the bottom edge
of the gel. Agar plates were checked with a microscope to
make sure that there were no floating cells left
(Fig. 3a and b). The agar array was then placed onto a
customized holder. Cell loading was optimised by testing
different seeding concentrations (see ESIt 6). For B3Z this
was one million cells in 300 ul of culture media giving a 10:1
cell: well ratio. This led to 90% occupancy.

Coupling lid

Single cell activation experiments using antigen presenting
cells were performed using a confluent layer of K89 cells
grown on a glass slide (76 x 52 mm, VWR). Ultra-Thin
Silicone Films (ELASTOSIL®, Silex) were cut to the size and
bonded to the glass slide using oxygen plasma. After plasma-
activating the unbound surface of the PDMS layer, a drop of
20 ug ml™* fibronectin (Gibco) was spread on the surface and
the slide was incubated for 30 minutes at room temperature,
before washing off the excess solution with PBS. This
substrate preparation was optimal for cell adhesion and
subsequent displacement upon contact with the agarose
wells. A suspension of K89 in media containing 1% FBS was
then added to the substrate. Following a 2 hour incubation at
37 °C/5% CO,, unattached cells were washed away using
fresh medium and the slide was ready for the imaging
experiments. In experiments that required staining of the
cells, K89 were stained with PKH26 membrane dye before
being adhered onto the glass/PDMS surface.

Device assembly and image capture

The microwell array was placed in the holder shown in
Fig. 4a and b, which consisted of a 5-axis aligner (New Focus,
9082, Newport) mounted onto a PMMA holder fitted for the
microscope stage; on top of the aligner, a rotation stage
(RPO1, Thorlabs) was added, to give an extra degree of
freedom in the positioning of the agarose array. Given that
the agarose device is homogeneously flat, the only strict
requirement is control in the Z-axis. For the experiment,
initially the Z-axis was set to the lowest position. The inverted
lid with the K89 cells (loaded with peptide) was magnetically
clamped to the holder, and the latter carefully positioned on
top of the agarose device, using spacers of the appropriate
thickness, again held in position by magnets. The device was
placed on the stage of a Zeiss Axiolmager M2m confocal
microscope fitted with a Zeiss EC Plan-Neofluar 5x objective,
giving a final magnification of 50x. We used a lower
magnification in order to maximise the throughput of our
analysis. With the AxioCam MRm Rev.3 firewire digital cooled
monochrome camera we were able to cover a field of view of

Lab Chip, 2020, 20, 3772-3783 | 3775
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Fig. 3 Experimental images of a T cell: APC array. (a) Image of an assembled trapping array containing B3Z T cells imaged using Fluo8-AM
staining. (b and c) Schematic of the assembly mechanism: (b) Single T cells labelled with Fluo8-AM (green) are trapped in the hydrogel plate; (c)
antigen presenting cells stained with PKH26 dye (red) are adhered to a flat surface and pulsed with SL8 antigen; (c and d) the slide is then flipped
to face the T cell array. Cell contacts are formed by lifting the hydrogel plate against the flat surface. Scale bar is 100 um.

1789.23 um % 1340.31 pum, having 1 pixel = 1.29 ym and a
maximum lateral resolution of 2.082 um. The microscope
was focused onto the adherent cell layer, and the T cell array
moved into contact by slowly moving the Z-axis of the
micromanipulator. Contact between the surfaces
evaluated visually (an image of the surfaces before and after
contact is shown in Fig. 4c and d), and once it was achieved,

was

a time series (frame rate 2 fps, duration 2-5 minutes,
exposure time approx. 100 ms) of images (FITC channel) was
recorded.

Stimulation with soluble reagents

Experiments with soluble stimulants (anti-CD3 antibodies
and ionomycin), were performed without the need for the lid.
20 pl of soluble reagent were directly pipetted at the required

3776 | Lab Chip, 2020, 20, 3772-3783

concentration on top of the array. The fluorescence signal
from single cells was recorded following stimulation, with
time zero set as the point of stimulant addition. After
approximately 3 minutes after anti-CD3 stimulation, 1 uM
ionomycin was added to the same spot, and fluorescence
recording continued for a further 1.5 minutes.

Data processing

The time series of fluorescent images was post-processed
using Image] and MATLAB. Following background
subtraction, cells were automatically located from their
fluorescent signal using the “Find Maxima” built-in function
of Image]. Circular ROIs were automatically designated
around the maxima using a macro, adapted from the
“DesignROI” macro, and assigned an arbitrary number of

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Diagram and photograph of the cell trapping array mounted onto a fluorescence microscope stage (a and b). Sequential images of the
same plate pair before (c) and after (d) the agarose plate is sealed against the glass slide using the Z-axis control of the aligner, with the focus kept
on the K89 cells. The K89 are naturally displaced to align with the wells when the agarose array is brought in contact, initiating synchronous

contact between APC and single T cells. Scale bars 100 um.

pixels as a diameter (using a 5x objective, 14 pixels was
optimal for B3Z cells, see ESI{ 7). The “Time Series Analyser”
plug-in from Image] was used to extract the average
fluorescence signal of each single cells over time as a matrix.
The table, containing maxima coordinates with
corresponding cell labels and their MFI, was processed in
MATLAB. Signals were normalized to the initial value and the
percentage increase in fluorescence above the basal signal
was determined from (MFI - MFI,)/MF], x 100. Normalized
data were corrected to compensate for gradual loss of
fluorescence due to photobleaching and/or dye degradation
inside the cell. This was done by using non-responding cells
as a reference. The reduction in fluorescence signal from
these cells was used to normalise the signals from cells of
interest (responders). For the figures shown in this paper, all
cells were manually selected. Automatic selection criteria
using two methods were tested. A threshold method
identified responders as cells with signals that, at any point,
had a fluorescence value higher than an arbitrarily selected
threshold. Alternatively, the slope method was based on two
manually selected parameters: the intensity shift and the
number of frames over which the shift occurred (time
window). Cells were classified as responders when, at any
point during the recording, an intensity shift greater than the
selected one happened within the selected time window.
These methods provided similar data but the manual

This journal is © The Royal Society of Chemistry 2020

selection method proved easier at identifying trends in
response. In all cases, responders were automatically
identified to a geometric location on the plate. Manual
identification of hundreds of single cells of interest amongst
thousands of traces could be performed within less than 30
minutes.

Results and discussion

T cell activation with ionophore and soluble anti-CD3
antibody

For this study, a biological model comprising two cell lines
was used: the murine CD8" T cell hybridoma B3Z and the
mouse fibroblast cell line K89. B3Z has a T-cell receptor
(TCR) specific for the hen egg ovalbumin (OVA) derived
peptide SIINFEKL (single amino acid nomenclature, also
referred to as SL8), presented by the H-2K® MHC class I
alloantigen molecules on the surface of antigen presenting
cells. K89 expresses H-2K®, and hence can be used as an APC
in B3Z stimulation assays.***

T cells can also be stimulated using anti-CD3 antibodies
which bind to the T cell receptor signalling complex,
bypassing the need for cognate (pMHC) recognition.**™**
Ionomycin is a calcium ionophore that binds to
extracellular ions, transporting Ca®>" across the cell
membrane. It also triggers generation of IP; in the cells,

Lab Chip, 2020, 20, 3772-3783 | 3777
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(a) Heatmap of fluorescent signals (MFI) recorded from a population of B3Z cells. Each row represents the time signal for a different

lymphocyte, and the traces were sorted based on their average signal in the time window 30-180 s. (b-d) Signals were normalized as (MFI - MFlg)/
MFlp x 100 from the instant of antiCD3 addition (t = 25 s). Two activation profiles were classified from the dataset, by manually selecting traces
belonging to the subgroups: “fast” and “slow” activators; the average signals of the two subpopulations are overlaid in (b) (blue = fast, red = slow)
and shown separately in (c) “fast” and (d) “slow”. Correlation between key parameters was calculated from plots of: calcium released by anti-CD3
(AUC antiCD3) versus maximum reached during anti-CD3 activation (e and f); calcium released by anti-CD3 (AUC antiCD3) versus total calcium
store (AUC antiCD3 + AUC iono) (g and h) for fast (e and g) and slow (f and h) responders.
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prompting the release of internal stores of calcium through
the IP;, thereby activating T cells non-specifically. For this
reason, intracellular calcium increase after ionomycin
addition was used to validate the experimental system.

Fluo-8AM dosed B3Z T cells were arrayed into the trap,
and stimulated with anti-CD3 antibody, followed by a
second stimulation with ionomycin. Fig. 5a shows that
anti-CD3 activation leads to an increase in cytosolic
calcium release with a delay of approximately one minute
for all responding cells, consistent with results obtained
using flow cytometry (see ESIf 4). While only a fraction
of the population of B3Z responded to anti-CD3, the
response to the calcium ionophore ionomycin was
widespread. For analysis, traces were normalized to MFI
values at ¢ = 25 s (addition of antiCD3). Therefore, the
timescale in Fig. 5b-d was rearranged with a horizontal
shift of 25 s.
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Two different response profiles were observed as shown in
Fig. 5b-d. A minority of cells (13.54 + 1.24% of a total 2446
cells observed in 3 experiments) responded to anti-CD3 with
a steep leading edge, a defined peak and a shallow trailing
edge. Around 50% of the cells, however, showed a slow and
steady increase in fluorescence (Fig. 5a). Subpopulations such
as these could not be distinguished by flow cytometry, and
illustrate the additional information achieved by continuous
single-cell analysis.

The two types or responders seen in Fig. 5a (“fast” and
“slow”) were manually binned into separate populations (see
Fig. 5b-d), and three activation parameters were calculated
for each population: (i) calcium release in the time window
50-180 s was quantified from area under curve following
antiCD3 stimulation (AUC antiCD3); (ii) calcium release in
the time window 190-250 s quantified as area under curve
following ionomycin stimulation (AUC iono); (iii) peak
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Fig. 6 Activation profiles of single B3Z T cells following pairing with K89-covered lids. Heatmap of B3Z fluorescent signals after contact with K89,
in absence (a) or presence (b) of 1 uM SIINFEKL. B3Z were trapped in agarose devices, while K89 were grown confluent onto a flat surface, flipped
onto the hydrogel array. Comparison of two kind of T cell responses. B3Z profiles were sorted based on the peak value of their signalling profile,
and (c) illustrates that cells that showed higher responses generally peaked earlier (Pearson correlation coefficient 0.6365). Two subpopulations of
responders were selected, “fast” responders, gated in red and plotted in (d), and “slow” responders, gated in blue and plotted in (e). In both plots
(d and e) the average of the responses is highlighted in red. Examples of cell traces that showed multiple peaks in response to K89 pulsed with 1

uM SL8 are reported in (f) in a heatmap format and in (g) as single traces.
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Fig. 7 B3Z T cell activation after contact with K89 cells pulsed with different concentrations of SL8 peptide. Percentage of activators against
different SL8 concentrations (events after pelleting the sample that are exceeding the basal fluorescence gate on MFI-FITC drawn on the sample
before addition of K89, n = 3) are shown in (a), and an example of fluorescence histograms for each concentration in (b). “NO” represents the
control of B3Z exposed to K89 in absence of peptide. Activation profiles of single B3Z T cells following pairing with K89-covered lids, where K89
were pulsed with different concentrations of SL8, were sorted based on the AUC after cell-cell pairing. The AUC of the top 350 responders for
each concentration is shown in (c): the box plot covers data from 25th to 75th percentiles (with median highlighted), the whiskers include data
from 10th to 90th percentiles. Heatmaps of single T cell activation profiles are shown in (d-f): (d) responders to K89 pulsed with 100 uM peptide
(results from 5 recordings from different arrays, 9.77% responders identified); (e) activators stimulated with 1 pM epitope (results from 3 recordings
from different arrays, 46.7% responders identified); (f) activators stimulated with 10 nM SL8 (results from 3 recordings from different arrays, 24.4%

responders identified).

calcium (antiCD3 peak) was calculated as the highest signal
recorded in the time window following anti-CD3 stimulation
(50-180 s).

Correlation analysis was performed for: calcium
released with anti-CD3 (AUC antiCD3) vs. peak calcium
(antiCD3 peak), to metricise the degree of similarity in
the activation profiles of all T cells in the group
(Fig. 5e and f); calcium released with anti-CD3 (AUC
antiCD3) vs. total calcium store (AUC antiCD3 + AUC
iono), to assess whether anti-CD3 triggers the release of
the same proportion of the total calcium store across the
population (Fig. 5g and h).

Generally, the correlation was good for the parameters
selected. Homogeneity in activation profiles seemed to be
higher in slow responders compared to fast responders (r =
0.789 vs. r = 0.565), and the proportion of total calcium store
released following anti-CD3 stimulation seemed consistent in
both groups (r = 0.872 for fast and r = 0.767 for slow
responders). This may be physiologically relevant because it
suggests that, especially in the minority of T cells that are
“fast responders”, the likelihood of activation following a
given input signal via TCR may be higher for T cells with a
stochastically higher capacity for storing intracellular
calcium.

3780 | Lab Chip, 2020, 20, 3772-3783

T cell activation with live antigen presenting cells (APC)
using flow cytometry

After recording the basal fluorescence of the B3Z population,
K89 cells pulsed with SL8 peptide at a 1:1 cell ratio were
added to the sample. The T cell - APC contact was induced
by spinning down the sample, which was then resuspended
and the fluorescence signal measured post stimulation.
Different centrifugation speeds and durations resulted in
different percentages of T cell activators (see ESIt 8),
suggesting that the contact force plays a role in T cell
activation (as supported by the literature®®~°).

Synchronised T cell activation with live antigen presenting
cells (APC)

Synchronous activation of B3Z T cells with monolayers of live
APCs (cell line K89) were explored as outlined above. A
control experiment using a cell-free PDMS substrate failed to
elicit any response from T cells indicating that mechanical
disturbance of the cells was not an issue (see ESIt 9).

The specificity of the APC response was demonstrated by
comparing single-cell Ca®* signals after contact with APCs and
no peptide epitope with APC pulsed with 1 pM of the cognate
epitope SIINFEKL. 70% of the B3Z cells trapped in the array

This journal is © The Royal Society of Chemistry 2020
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and exposed to K89 pulsed with 1 uM SIINFEKL epitope (over a
total of 1200 individual cells measured in a single field of view)
showed a response, with very little background activation as
shown in Fig. 6a and b (and in ESI 9).

Similar to observations with anti-CD3 stimulation, two
kinds of responses were observed (Fig. 6¢c—e): fast responders
(with rapid calcium accumulation occurring 30 s after
stimulation, rising to a peak over the next 20 s followed by a
slow decrease) and slow responders (where the fluorescence
signal increased at 80 s from stimulation but to a lower level,
which was reached at 150 s). In some experiments, a third
type of activation profile was observed in the form of
multiple peaks recorded during the 240 s window
(Fig. 6f and g). Although individual activation “spikes” for
these cells occurred in the same time window as for cells
displaying a fast activation profile, the response of this
population seems refractory to stimulation.

To confirm that activation only occurred in cells that were
in close contact with APCs, the APCs were labelled with the
red membrane dye PKH26 to enable co-visualisation with the
T cells. ROIs were created around each individual K89 cell to
filter the FITC time series, proving that the activated T cells
shared the well with antigen presenting cells. Similarly, after
analysing calcium oscillation of lymphocytes (from the FITC
time series) and determining responders, their ROIs were
superimposed on the PKH26 dye-labelled cell image, to
identify the positions of K89 cells. As expected, activated B3Z
cells could only be spotted in ROIs with PKH26 (red) signal,
meaning that antigen presenting cells were in contact with
the responders during the recording (see ESIT 10).

T cell activity is frequently quantified as a dose-response
relationship using in vitro functional assays in which peptide
ligand is titrated over 2 orders of magnitude or more in
concentration. Therefore, the correspondence between the
average activation of the bulk population versus activation at
the single-cell level for B3Z was investigated. This experiment
would reveal whether the measured activity of the bulk T cell
population was dominated by the average activation profile
or the activation profile of a particular subpopulation.
Fig. 7a and b show the activation profile of B3Z cells in
response to peptide in the 10 uM to 10 pM range measured
by flow cytometry. The results are also presented as the % of
cells exceeding an arbitrary threshold of fluorescence
intensity (see Methods). In this experiment, the concentration
of peptide required for half-maximal activation was between
1 and 100 nM.

B3Z arrays were exposed to K89 pulsed with different
concentrations of SIINFEKL peptide (100 uM, 1 uM and 10
nM) as shown in Fig. 7d-f. In these experiments, the dose-
response relationship was clear when comparing the
activation profiles of the top 350 responding cells in each
array (Fig. 7c). However only a small percentage of trapped
B3Z (9.77%) were activated in response to 100 uM peptide
compared to 46.7% for 1 uM and 24.4% for 10 nM peptide. It
is not clear whether this observation is significant, but it is
consistent with a pro-zone effect observed in the literature,

This journal is © The Royal Society of Chemistry 2020
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and described with mathematical models as bell-shaped T
cell activation dose-response curves.*®

When the activation profiles of individual B3Z were
analysed in response to different concentrations of peptide,
there were qualitative as well as quantitative differences.
Most (93%) of the responders to APC pulsed with 100 uM
peptide had a fast activation profile, with a single peak over
the window of 240 s. At 1 uM, fewer (65%) of the responders
had a single-peak profile, with 35% having a multiple-
activation profile. This population was distinguished by
multiple activation peaks with various amplitudes and rates
(often 2-3 spikes during the recording time window,
separated by approximately 100-150 s). When arrays were
exposed to APC pulsed with 10 nM peptide, the percentage of
single-peak profiles dropped further (47%), with the majority
displaying multiple-activation profiles. This illustrates the
increased depth of mechanistic detail that can be captured
using single cell array measurements, and may indicate that
at low levels of peptide antigen, as would be expected in a
living organism, T cells are likely to achieve a critical
activation threshold via the accumulation of multiple sub-
threshold spikes rather than a single major spike. The
pulsatile behaviour has been described previously in the
literature,"*> and very few systems'> can effectively show
this heterogeneity in such a high-throughput yet simple way.

Conclusions

Biological heterogeneity is a fundamental property of cellular
responses often masked by the use of a Gaussian distribution
and mean parameters.”® Furthermore, it is becoming
increasingly clear that individual cell behaviours are often
more relevant for defining the biological property of the
population than the average behaviour.*

With the goal of isolating and analysing single cells,
several approaches have been developed in the past,
including hydrodynamic traps,*>>° microwell arrays,"®'%°1~>3
droplet encapsulation,>****° dielectrophoretic traps,
digital microfluidics,**®* adhesion onto functionalized
patterned substrates®”*>*° and optical,”*”"* magnetic®*”® or
acoustic*®’®”7® manipulation. Of these methods, only
hydrodynamic trapping in a microfluidic chamber,'™
sedimentation in micro-well arrays'”*° and co-encapsulation
in droplets®*>* can be considered for high-throughput
screening of cell-cell interactions.

60-62

While synchronized vertical cell-cell contact using
microwells has been achieved by centrifugation,'”'® our
platform is the first microwell device that allows

synchronized cell contact and cell-cell interaction data to be
captured from a well-defined time zero.

Our high-throughput cell array linked to a synchronised,
physiologically relevant activation stimulus, and time-
resolved response measurements, allowed us to distinguish
three qualitatively different activation profiles among
individual clonal T lymphocytes: fast, slow and pulsatile.

Lab Chip, 2020, 20, 3772-3783 | 3781
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Similar patterns have been reported in the literature,*
also in response to other stimuli,””*° but never at this scale
of single cell analysis, with a throughput approximately 10-
fold higher than that offered by existing platforms."
Although the distinction between fast and slow responders
could be prone to bias due to manual classification, the
correlation between the abundance of stimulatory peptide:
MHC present on APC and the fraction of responding T cells
that show a “pulsatile” response profile suggests that in the
presence of a low abundance of epitopes, cells are more likely
to reach the activation threshold through multiple sub-
threshold spikes.

Inter-cell variability within a clonal population could
originate from stochastic differences in gene expression,
growth phase of the cells or epigenetic alterations. To
address this, an additional layer of information could be
extracted from the current platform by integration with
downstream analysis of individual T cells: for example with
in situ lysis of lymphocytes and subsequent single cell
western blotting.®' Alternatively, micromanipulators could
be used to isolate the relevant T cells for expansion or
further analysis using RNAseq, western blot and cytokine
profiling.

Such high-density molecular information linked to time-
resolved functional data achieved at single cell resolution will
undoubtedly drive forward the wunderstanding of
physiologically relevant T cell responses to virus or tumours,
and may prove vital for the development of therapeutics such
as vaccines or immunomodulatory therapeutics.
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