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The capture and activation of individual T cells on functionalised surfaces enables real-time analyses of the
magnitude and rhythm of intracellular calcium release. Application of Haarlet transformations generate a
calcium flux ‘threshold’, with the frequency of the ‘threshold crossings’ correlating with the strength of the
original T cell stimulus. These findings represent a new method to evaluate graduations in T cell activation
in real time, and at a single-cell level.

nterrogating the magnitude and quality of T cell responses’* depends on ex vivo analyses of individual T cell

function, usually by using T cell antigen receptor-specific tetramers>, with subsequent analysis of their

functional potential®. Patterns of individual T cell cytokine secretions upon ex vivo antigen-specific stimu-
lation is often utilised’, but despite recent efforts to improve the specificity and consistency of these methods,
consensus on the best approach to ‘standardise’ these types of analyses is lacking®. Other functional responses
such as cytolytic enzyme release, phenotypic surface marker expression patterns and changes in intracellular
calcium (Ca®*) concentration are also commonly used to predict effector characteristics®, however these
approaches only allow for population-based analyses’, and it is of crucial importance when using ex vivo analyses
to infer in vivo efficacy that functionally-relevant T cells can be distinguished from those that are irrelevant.

Calcium flux is a pivotal signalling event that controls a plethora of T cell functions. Upon T cell receptor (TCR)
engagement, formation of the proximal signalling complex facilitates PLCy1-mediated hydrolysis of PIP, into
inositol triphosphate (IP;) and diacylglycerol. When IP; binds the IP; receptor on the endoplasmic recticulum
(ER) membrane, calcium stores are released and trigger store operated calcium entry (SOCE) via calcium-release
activated calcium (CRAC) channels®’. This is achieved when the STIM1 molecule in the ER membrane ‘senses’
stores depletion, and undergoes conformational changes for oligomerisation, and translocation to the plasma
membrane (PM). Interactions between STIM1 and the CRAC channel subunits, Orail proteins, result in an open
channel conformation and subsequent calcium influx'>"". The STIM-Orail interactions appear as ‘puncta’ at the
ER-PM junction however recent reports describe ‘cap-like’ structures of highly dense protein regions at the distal
end of TCR engagement'”. The physiological significance of these caps have not been fully elucidated but have
been proposed to allow rapid shift in machinery upon additional simulation, or alternatively, may sequester
CRAC channels to control calcium flux and downstream T cell responses'®. This corroborates the highly con-
trolled mechanisms calcium movement in an oscillatory manner, which result from a complex interplay of many
receptors and ion channels that can produce specific patterns for directing responses’™"°.

A new method for real-time analyses of intracellular calcium flux in T cells enabling individual and population-
based assessment of ligand-induced oscillations is described. Such oscillations occur in different cell types'®, with
emerging data suggesting they may be an important regulator of subsequent downstream T cell effector function'”
and contribute to the inherent functional plasticity of T cells. For instance, calcium oscillations are thought to be
responsible for driving distinct patterns of gene transcription by triggering differential nuclear localisation of

| 5:7760 | DOI: 10.1038/srep07760 1


mailto:john.hayball@unisa.edu.au
mailto:john.hayball@unisa.edu.au

NFAT and NFxB'". These oscillations may also sensitise T cells in
situations of limited or low affinity antigen'®, with cytolytic activity
only instilled in CD8" T cells after several calcium flux events®.
Elegant in vivo studies of antigen-specific CD4™ T cells also reported
that calcium patterns were different amongst T cells in the presence
or absence of peptide stimulation, and varied in mobile vs. stationary
T cells®. Therefore, whilst the magnitude of changes in intracellular
calcium concentration is an important arbiter of T cell effector
potential, the ‘rhythm’ of these responses may yet yield valuable
information that has been under-investigated. This is in no small
part because of the requirement for real-time analyses of individual
responding T cells and the technical complexities associated with this
approach. Our solution to this problem utilises a platform with the
capacity to capture and activate T cells and present them for real-
time analyses of intracellular calcium flux over time. Furthermore,
algorithms developed to analyse images of these fluxing cells can
clearly differentiate between those which have been strongly or
weakly stimulated. We believe that this provides a new way to mea-
sure T cell responses and T cell response potential, in real-time and
on an individual cell basis.

Results

Solid-state platforms can detect activation in T cells stimulated by
lower affinity ligands compared to bulk population analysis. Our
platform uses plasma polymerisation to immobilise ligands on
material surfaces to capture and activate CD3" T cells causing
intracellular calcium flux and has been previously validated*-*>*
(shown schematically in Supplementary Fig. S1). To determine
whether this platform could be used to differentiate the strength of
CD3*-mediated T cell activation based on the changes in the
observed patterns of calcium flux, we compared whole bivalent
antibody (anti-CD3) and lower avidity fragmented variants (anti-
CD3(gq1)), with and without CD28 co-stimulation. Activation of
naive T cells using anti-CD3 * anti-CD28 generated a steady
increase in fluorescence when detected using flow cytometry
(Fig. 1a(i) and b(i)) or averaged from individual cell fluorescence
collected by confocal microscopy (Fig. la(ii) and b(ii)). To
equivalently represent a ‘population’ of cells between flow
cytometry and confocal microscopy, both ‘responding’ and ‘non-
responding’ cells were graphed in the latter, to demonstrate the
tracking of individual cells for assessing response potential and
capacity. The use of solid-state platforms for this purpose is
advantageous over flow cytometry whereby responding cells may
be lost due to its ‘snap-shot’ nature of detection. The results from
these analyses suggest that when T cells respond to high affinity
bivalent antibodies, irrespective of co-stimulation, the sum of
calcium flux patterns elicited in response to platform-immobilised
antibodies is comparable to the response profiles of a bulk population
stimulated with soluble ligands and analysed by flow cytometry.

To further investigate the role of CD28 co-stimulation, we ‘sensi-
tised’ the T cells prior to anti-CD3 exposure, which has been shown
to augment calcium responses through independent ERK signal-
ling®”. When naive T cells were stimulated in this manner, there
was a similar increase in calcium flux detected by flow cytometry
(Fig. 1c(i)). The combined average of individual cells (Fig. 1c(ii)) had
a slightly higher release of calcium between 180-500 seconds, but
followed the similar pattern previously seen with anti-CD3 * anti-
CD28 (Fig. la(ii) and b(ii)). In comparing the responses elicited by
soluble and immobilised low avidity anti-CD3g,p,), with and without
CD28 co-simulation, an increase in the calcium signal was evident
only when individual cells were analysed (Fig. 1d(ii) and e(ii)) and
not in whole populations (Fig. 1d(i) and e(i)). Interestingly, the anti-
CD28-sensitised T cells did not exhibit an increase in calcium flux
(Fig. 1f(i) and (ii)) as was seen with anti-CD3-coated surfaces
(Fig. 1c(ii)). This may suggest stoichiometric limitations of anti-
CD3gap) interactions when there are additional proteins bound onto

a single cell. However, even with additional CD28 co-stimulation, the
signal elicited by immobilised anti-CD3g,,) was weaker than that
seen with immobilised bivalent anti-CD3 (Fig. 1d(ii) and e(ii), com-
pared to, a(ii)). Notwithstanding contributions from anti-CD28, it
was evident that soluble anti-CD3 g, failed to elicit any response
from T cells when analysed by flow cytometry (Fig. 1d-f(i)). These
results allow for a distinction to be made between platform-immo-
bilised low avidity monovalent antibodies, where calcium responses
were still detectable, and the same antibodies in solution, where
regardless of co-stimulation, no T cell responses could be detected.
Interestingly, calcium responses were detected on the platform to
both forms of anti-CD28 co-stimulation either immobilised (adh)
(Fig. 1g(ii)) or sensitised (sens) prior to activation (Fig. 1h(ii)).
Whilst these increases were moderate, T cell signalling through
CD28 or cross-linking of anti-CD28 may result indirectly in intra-
cellular calcium increases, as previous studies have demonstrated
anti-CD28 alone can upregulate proximal proteins in T cell activa-
tion signalling upstream of calcium flux**. Importantly, these
results highlight the limitation of using flow cytometry for detecting
weak TCR interactions, whereas two dimensional platforms enable
planar cell binding and facilitate detection of calcium responses.
Hence, these results also provide a defined suite of ligands that dis-
play decreasing ability to stimulate T cells in the following order:
immobilised anti-CD3 + anti-CD28 (sens) > anti-CD3 = anti-
CD28 > anti-CD3(g,,) + anti-CD28 > anti-CD3g,p). Conse-
quently, we show that the patterns of calcium flux correlate with T
cell signalling strength.

The strength of TCR stimulation affects the rate of calcium
oscillations. To this end, algorithms to quantify gross changes in
the calcium release (oscillations) were developed using a Haarlet
transformation (Supplementary Fig. S2, and described in the
‘Methods’ section). The use of a threshold allowed the detection of
frequencies of ‘threshold crossings’, correlating to large spikes in
calcium concentration as seen by increases in the fluorescence
ratio (Supplementary Fig. S2). Individual cells displaying hetero-
geneous responses (Fig. 2a) were similarly analysed, and the
corresponding time to first oscillation (Fig. 2b) was further plotted
as an empirical cumulative distribution function (ECDF).

Assessment of the total population (responders and non-respon-
ders) revealed that a stronger ligand-receptor interaction was able to
enhance the rate of calcium release (Fig. 3a). There was a significant
increase in the rate of calcium release between anti-CD3 and its anti-
CD3 gap) counterpart as determined through Cox regression analysis
(p = 2.77 X 107**%), with a four-fold increased probability of a faster
time to first oscillation (Supplementary Table S2). However, no stat-
istical differences were observed with the addition of co-stimulation
(Supplementary Fig. S3). The calcium rates for anti-CD3 g,p) + anti-
CD28(sens) T cells were shown to be significantly reduced (p =
0.0064) compared to anti-CD28(sens) alone resulting from nonspe-
cific cross-linking on streptavidin surfaces (Supplementary Fig. S4).
As observed for the population analysis (Fig. 1f), the hindrance of
multi-protein interactions may have limited subsequent analyses of
the anti-CD3,,) + anti-CD28(sens) data sets. Unexpectedly, the
time to first oscillation for anti-CD28 sensitised, anti-CD3 activated
T cells were significantly reduced in comparison to co-stimulation
with immobilised anti-CD28 or anti-CD3 alone (p = 1.36 X 107°
and p = 1.74 X 1077, respectively).

To evaluate whether the changes were directly attributed to the
proportion of responding cells, or rather, an intrinsic ability to ‘sense’
ligands, the responding population alone was subjected to the ana-
lysis (Fig. 3b). Similarly, we observed a statistical increase in calcium
release amongst anti-CD3 vs anti-CD3 g,y stimulation with or with-
out anti-CD28 (p = 1.03 X 107* and p = 9.84 X 1077, respectively).
We also observed that CD28 co-stimulation slightly increased the
rate of calcium release for anti-CD3 (g,), however this was not sig-
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Figure 1| Functionalised material surfaces can effectively activate T cells to calcium flux. Calcium flux was detected in naive T cells probed with Fluo-4
AM (Fgm:525 nm) and Fura Red AM (Fg.660 nm) Upon stimulation with (a) anti-CD3, (b) anti-CD3 + anti-CD28, (c) anti-CD3 + anti-CD28(sensitised),
(d) anti-CD3g,p,), () anti-CD3 gap) + anti-CD28, (f) anti-CD3 g, + anti-CD28(sensitised), (g) anti-CD28, or (h) anti-CD28(sensitised) ligands by
flow cytometry (i) or confocal microscopy (ii). (i) T cells were labelled with anti-CD3, anti-CD3 + anti-CD28, anti-CD3g,p), or anti-CD3 g,y + anti-
CD28, biotinylated ligands. In some cases, T cells were sensitised with purified hamster anti-mouse CD28 followed by cross-linking with anti-hamster
IgG. Baseline fluorescence was recorded for 30 seconds before the addition of streptavidin, and fluorescence was measured for an additional 300 seconds.
(ii) Fluorescence was recorded every second using confocal microscopy, and the Fgp:505 nm t0 Femisso nm ratio calculated for individual cells using Fiji
software. The following numbers are expressed as n = number of individual cells collected [responding cells]; (a) n = 250 [175], (b) n = 208 [128],

(c)n =209 [78], (d) n = 425 [148], (e) n = 300 [106], (f) n = 57 [21], (g) n = 210 [54] and (h) n = 112 [28], which were combined to generate a

population average.

nificant (p = 0.67). Anti-CD3 + anti-CD28(sens) T cells appeared to
have a profile more similar to anti-CD3 = anti-CD28(adh), however
the oscillatory response was marginally reduced (p = 0.04092). It is
interesting to note differences in the individual calcium traces
observed by several representative cells (Fig. 4). Whilst there were
cells that follow similar patterns to anti-CD3 traces, there were also
cells that exhibited lower oscillatory potential, but appeared to main-
tain a more consistent and higher calcium concentration. This could
be interpreted to mean that T cells that have a more robust stimu-
lation do not require frequent oscillations to reach a threshold of
calcium signalling to proceed.

To further investigate oscillation frequency, we analysed the time
between first and second oscillation, which revealed less variance
between different TCR ligands at early time points (Fig. 3c). The
overall calcium rate in anti-CD3 stimulated cells remained statist-
ically greater as compared to anti-CD3gmp) (p = 0.0055).
Interestingly, it appeared an equal proportion of the populations
for all stimulation conditions followed a similar rate between the first

and second oscillation. However, distinct divergences were seen
around 100-110 seconds, and earlier for anti-CD3g,p) * anti-
CD28(adh). The rate for anti-CD3 + anti-CD28(sens) was signifi-
cantly decreased as compared to anti-CD3 (p = 0.0219) with a
relative risk (ratio of the probability of first oscillations between
stimulations) of 1.45, in favour of a faster calcium response for
anti-CD3 (Supplementary Fig. S3). The overlapping graphs for
anti-CD3g,p) * anti-CD28(adh) is in contrast to the differences
observed for the time to first oscillation, and surprisingly, appear
to follow a similar trend to anti-CD3 + anti-CD28(sens). Whilst
the algorithm limits the ability to mechanistically explain reduced
oscillatory potential, it is important to make note of the magnitude of
the response, evidently expressed at both the population level
(Figure 1c-e(ii)) and individual cell level (Fig. 4). When compared
with anti-CD3, anti-CD3 + anti-CD28(sens) had moderately, but
significantly, reduced time to first oscillation and time between first
and second oscillation. Nonetheless, the consistently disparate
curves for divalent vs monovalent binding indicates the original
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Figure 2 | Example of heterogeneous calcium patterns of individual responding cells activated on material surfaces functionalised with anti-CD3g,p,
+ anti-CD28. (a) Three examples are shown here, with individual fluorescence channels highlighting the simultaneous increase and decrease in
FEm:s25 nm (green) and Fep.e60 nm (red), respectively. (b) Wavelet transformations were applied to individual calcium graphs to quantify threshold

crossings

TCR interaction can modulate the rate of calcium signalling as deter-
mined through single cell analysis.

Discussion
Our results demonstrate that there are distinct patterns in the mag-
nitude and rhythm of calcium flux oscillations in T cells directly
relating to the strength of stimulus. The rate of calcium flux was
consistently higher in stronger bivalent antibody stimulation com-
pared to its monovalent Fab counterpart. Interestingly, the addition
of anti-CD28 co-stimulation reduced oscillatory potential but
demonstrated a sustained calcium flux. Material surfaces functiona-
lised with a suite of anti-CD3 variants were shown to capture and
activate T cells as seen by the increase in intracellular calcium con-
centration. We observed that the sum of individual calcium flux
patterns elicited in response to platform-immobilised bivalent anti-
bodies was comparable to the response profiles of a bulk population
stimulated with soluble ligands. The results also demonstrated that
calcium responses by low avidity stimulation were only detected
when monovalent ligands (anti-CD3 g,p) * anti-CD28) were immo-
bilised onto the platform and not measurable in solution using flow
cytometry. Although flow cytometry is the standard method of cal-
cium detection, it is evident that the ‘snap-shot’ nature of bulk ana-
lysis masks interpretable and valuable response heterogeneity>”*.
Consistent with previous studies, single T cells displayed a broad
spectrum of calcium patterns with varying frequency and magnitude
of oscillations. The classification of responses based on these para-
meters are widely reported, however the ability to reach that initial
oscillation is a striking and deliberate effort by the T cell. For this
reason we developed automated algorithms that could quantify the
time to first oscillation upon cell adhesion on the stimulating plat-
form. Importantly, the large numbers of cells collected are ideal for
statistical comparisons and exceed the data currently reported in the
literature. When directly comparing bivalent and monovalent

ligands (anti-CD3 vs anti-CD3 g,y)), it was not surprising to observe
that higher TCR binding affinity demonstrated a faster time to first
oscillation in the total population, and in the responding population,
which was also analysed to negate the directly confounding effect of
different proportions of responders (70% vs 35%, respectively).
Therefore, when analysing the responding population only
(Fig. 3b), it was evident that the rate of calcium release was a function
of both binding strength and the number of T cells contributing to
the response. Equivalent human anti-CD3 g, ligands have shown
an affinity constant that is two-three times weaker than that of dival-
ent anti-CD3?. The ability to stimulate T cells with anti-CD3 g,y is
considered poor*>*°, however binding is sufficient to induce TCR
conformational changes***" that result in the activation of proximal
T cell signalling molecules*®*'"*, oscillatory calcium signals®, and
IL-2 production in vitro**>** but minimal cytokine responses in vivo™.
Akin to these observations, physiological manipulation of ligand
affinity through altered peptide ligands have demonstrated that
higher affinity ligands allow for ‘full’ T cell activation through
optimal TCR interaction®**. Therefore, the delay and reduced mag-
nitude of calcium responses by weak ligands is a product of binding
conditions that generate suboptimal signalling pathways upstream of
calcium flux*-*'.

However, given these results, it was expected that anti-CD28 co-
stimulation would increase the calcium response through enhancing
signalling pathways as well as strengthening the affinity between the
T cell and the platform. In the case of adherent anti-CD28, we were
surprised to find no significant difference in calcium responses when
stimulated with anti-CD3 ligands (whole antibody or Fab). This
result however could be attributed to suboptimal binding ratios
between the two ligands on the platform surfaces. Therefore, we
explored a recently described method of sensitising T cells prior to
activation. Byrum et al (2013) demonstrated that cross-linking anti-
CD28 on Jurkat T cells potentiates the calcium response upon anti-
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CD3 activation in an ERK-dependent manner®. Unexpectedly, we
did not observe a substantial increase in the response magnitude of
the overall population when T cells were sensitised with anti-CD28
co-stimulation prior to anti-CD3 activation (Fig. 1c(i)). However,
single cell analysis revealed a slower time to first and second oscil-
lation (anti-CD3 = anti-CD28(sens), Fig. 3b and c), indicative of
reduced oscillatory potential and a more sustained calcium response
(Fig. 4). This is in accordance with numerous studies that dem-
onstrate weaker ligands utilise oscillatory patterns to enhance effi-
ciency for crossing the activation threshold*”*’. Interestingly, the
pattern of oscillations has shown to differentially control NFAT
and NFkf transcription factors that regulate cytokine produc-
tion'®'>*~**, NF«f is more sensitive to infrequent oscillations when
compared to NFAT, which requires sustained calcium signals to
prevent phosphorylation and translocation from the nucleus***.
One possible explanation for differential calcium kinetics as a
function of TCR ligand binding is taken from observations of a study

by Chen et al (2010) that demonstrated the initial spike is a result of
ER store release, and the subsequent signals result from influx
through CRAC channels via SOCE¥. Furthermore, it has been estab-
lished that the capacity of influx is directly proportional to the ER
store depletion, a model that forms the basis of SOCE**~*°. The lin-
earity of the capacity to deplete ER calcium stores to determine the
subsequent degree and timing of influx may offer an explanation for
oscillatory vs sustained patterns in weak and strong ligands, respect-
ively. Based on our observations and that of others**, we propose the
hypothesis that anti-CD28 sensitised T cells induce partial or full ER
store depletion of calcium ions, which causes partial ERK activation,
thereby ‘priming’ the T cell for a more robust and sustained influx
upon TCR stimulation, subsequently enhancing the recruitment of
downstream effectors. This is also validated by several lines of obser-
vations; (1) previous studies have demonstrated anti-CD28 alone can
up-regulate proximal proteins in T cell activation signalling
upstream of calcium flux**?¢, (2) platform immobilised anti-CD28
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Figure 4 | Individual calcium traces for T cells sensitised to anti-CD28 prior to activation on anti-CD3 immobilised surfaces. The calcium traces of nine
representative were plotted, whereby differences in adhesion time are attributed to various times of deposition onto the surface between cell addition

(t = 0 secs) to the end of recording (t = 800 secs).

alone could induce detectable calcium responses in our hands
(Fig. 1g(ii)), (3) the distal activation of ERK in T cells** appears to
be calcium-dependent through the balance of Ras GEF and GAP
functionality®’, and (4) unpulsed target cells have the capacity to
cause weak influx in conjugated T cells®*, however this is insuf-
ficient for activation®. Assessment of ER depletion mechanisms
would also warrant the study of proteins involved, namely STIM1
and Orail. It would be interesting to assess the involvement, if any, of
‘distal caps’ in this system to gain an understanding of how differ-
ential TCR signalling can directly affect cap formation and sub-
sequent influx'. Nevertheless, further investigation is required to
confirm and detail the molecular pathways activated upon anti-
CD28 binding alone, as well as deducing the resultant calcium flux
patterns when co-stimulation is received prior to, or in conjugation
with TCR signals.

This study in summary describes a novel algorithm for detecting
the rate of calcium flux in activated T cells. The calcium flux of
individual T cells revealed heterogeneous patterns, represented by
various rhythms or ‘oscillations’. These data sets were used to gen-
erate a computational algorithm to plot the rate of calcium release to
first and second oscillations over time, a process which cannot be
reproduced for bulk-analysed flow cytometric data. This method
therefore presents an assay for assessing calcium flux that is amen-
able to altered activation parameters as demonstrated here with
bivalent antibody and monovalent Fab fragments binding the
TCR. The data highlight that stronger primary stimulation can result
in significantly faster times to first and second oscillations and a
greater magnitude of calcium flux.

Methods

Plasma polymerisation. Gas plasma polymerisation was conducted using a custom-
built plasma unit driven by a 13.56 MHz power generator with a matching network.
Propanal (propionaldehyde, >99% purity; Sigma) was used as the process gas to
deposit a plasma polymer layer of aldehyde groups approximately 30 nm thick onto a
microscope slide (operating pressure of 0.21 mbar, 40 W input power, and process
time of one minute). Slides were then cleaned with ethanol, rinsed with MilliQ water,
and dried with filtered nitrogen gas.

Animals. Six to ten week old C57Bl/6 mice were used in this study, and were housed at
the Reid Animal Facility, University of South Australia (Adelaide). All experimental
protocols were approved by the Animal Ethics Committees of SA Pathology (Project
Number 113/10) and the University of Adelaide (Project Number M204/11). All
methods were performed in accordance to the guidelines of the University of South
Australia (South Australian Animal Welfare Act 1985). The obtain naive T cells,
lymph nodes were harvested and a single cell suspension prepared. Naive T cells were
maintained at 37°C (5% CO2 and air) in complete RPMI (Gibco) supplemented with
10% heat-inactivated foetal calf serum, 100 U/ml penicillin, 100 ug/ml gentamycin,
2 mM B-mercaptoethanol (2 mM), 2 mM L-glutamine and 10 mM HEPES.

Generating anti-CD3 g,p,) fragments. The anti-CD3 g, fragments were prepared as
previously described**. Briefly, anti-CD3¢ antibody was purified from supernatants of
cultured 145-2C11 hybridomas on a protein G-sepharose column using affinity
chromatography. The antibody solution was concentrated on a 30,000 MWCO spin
column (Merck Millipore), and stored in PBS. To fragment the whole antibody, no
greater than five milligrams was digested at one time with a papain solution (Sigma)
for eight hours before being stopped with 0.03 M iodoacetamide (Sigma).
Fragmented antibody solution was run on a protein A-sepharose column several
times to remove Fc antibody fragments, and further purified using 30, 000 and 100,
000 MWCO spin columns. The anti-CD3 g,y solutions were regularly checked with
coomassie staining of SDS-PAGE gels. The anti-CD3 g, ligands were then
biotinylated using the EZ-Link Sulfo-NHS-Biotin kit (Thermo Scientific) as per
manufacturer’s instructions, and verified by western blot.
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Preparing functionalised material surfaces. Twelve-well flexiPERM culture masks
(Greiner Bio-one) were fixed to the plasma polymerised slides and incubated with
streptavidin (Sigma; 5 pg/ml, 4°C, overnight). Wells were then washed (seven times,
1 X PBS), blocked (0.01% BSA, 30 mins) and washed again (seven times, 1 X PBS).
Saturating levels of biotinylated ligands were incubated on streptavidin-coated
surfaces for 90 mins at room temperature, and washed seven times with 1 X PBS. The
biotinylated ligands included anti-CD3 (5 pg/ml, clone 145-2C11; eBioscience), anti-
CD28 (2.5 pg/ml, clone 37.51; eBioscience) and anti-CD3 g, (1/50 dilution, clone
145-2C11; as prepared above).

Probing intracellular calcium. For ratiometric detection of intracellular calcium
flux, naive T cells (3 X 10°) were stained with 4 uM Fluo-4 AM (Molecular
Probes), 10 pg/ml Fura Red AM (Molecular Probes) and 0.02% Pluronic F-127
(AAT Bioquest) in HBSS for 30 mins at 37°C with gentle agitation. Following one
wash in HEPES buffered saline (HBS) solution, the cells were resuspended at 1 X
10° cells/ml and incubated for 45 mins at room temperature to allow sufficient
cleavage of AM esters rendering the probes cell impermeable. The cells required
for flow cytometry experiments were subsequently incubated with anti-CD3-
biotin and or anti-CD28-biotin (10 pg/ml; 20 mins, room temperature), washed
(three times, HBS) and resuspended at 1 X 10° cells/ml. All cells were maintained
at 37°C until required.

Anti-CD28 sensitisation prior to T cell stimulation. Naive T cells were sensitised to
anti-CD28 signalling prior to anti-CD3 activation, as previously described®. Briefly,
probe-loaded T cells were resuspended in 100 pl of 1 X PBS and incubated with
7.5 ug of purified hamster anti-mouse CD28 for 45 mins on ice. Purified anti-
hamster IgG was incubated for an additional 30 mins on ice, before the cells were
washed and resuspended at 1 X 10° cells/ml in HBS.

Flow cytometric detection of calcium flux. Intracellular calcium flux was detected
using the FACSCanto II flow cytometer (BD Bioscience). Fluorescent probes were
excited with a single 488 nm excitation laser, and emission collected in the 530/30 nm
filter for Fluo-4 AM and 670 nm filter for Fura Red AM. The ratio of Fluo-4 AM
(FEm:s25 nm) and Fura Red AM (Fg 660 nm) fluorescence was used to detect changes in
calcium concentration as a function of fluorescence intensity. Baseline fluorescence of
antibody-bound naive T cells (2 X 10°) was measured for 30 seconds before the
addition of streptavidin (final concentration of 1 pg/ml) to induce T cell receptor
cross linking and T cell activation. Data was collected using the FACSDiva v6.1.3
software (BD Bioscience) and Flow]Jo 7.6.4 software (Tree Star) was used for analysis
of mean fluorescence over time.

Confocal imaging acquisition and ratiometric calcium analysis for single cells.
The Bio-Rad Radiance 2100 confocal microscope was used to collect time lapse
images of naive T cells activated on ligand-functionalised surfaces. The calcium
probe-loaded T cells were added to the well of interest, and immediately focused
to allow accurate fluorescence detection. The cells were then excited with an
Argon 488 nm laser, and emission viewed through a HQ515/30 nm narrow band
filter for Fluo-4 AM and 660 nm long pass filter for Fura Red AM. The
transmission detector was used to visualise moving cells, with transmission and
fluorescence images simultaneously collected and automatically merged. Images
were taken using a 20 X long working distance objective lens (NA 0.7) at one
second intervals for a total of 800 images. Data was analysed using Fiji (Image J,
NIH) by selecting individual cell regions with appropriate gating tools, then
plotting mean fluorescence over time for each fluorescent channel (Fluo-4 AM,
FEm:660 nm> Fura Red AM, Fgm.660 nm) €xclusively for the selected region. Stringent
criteria were used to assess fluorescence changes as a function of calcium flux
(Supplementary Table S1). Microsoft Excel was used to calculate the Fluo-4 AM to
Fura Red AM ratio for individual cells, and the resulting data was graphed using
GraphPad Prism v5.

Computational analysis of single cells. Software for calcium oscillations detection
and statistical analysis were written in Matlab™. A numerical approach provided a
consistent method to identify calcium transients. The calcium signal was filtered with
the wavelet transform using a Haar basis function. The Haar Wavelet transformation
is a mathematical technique that is used to transform signals of a time series into a
‘wavelet’ formulation. The Haar wavelet is a form of signal processing with an
orthonormal system, which means the information of the original signal is preserved
in the transformed data and simply offers an alternative representation of the same
mathematic entity. The information to be gained in Haar transformations are: (1) the
frequency spectrum, which show the frequencies that exist (i.e., oscillations), and (2)
the location information, which details the instants (ie, time) when a change in
frequency occurs. Using this method, a wavelet scale factor of 40 was selected to reject
high frequency noise and low frequency baseline variations (Supplementary Fig. S2).
Local minima of the transformed data corresponded to the upstroke of calcium spikes
(green trace, Supplementary Fig. S2). A threshold crossing value of —0.5 was used to
identify the time intervals used to find local minima. The empirical cumulative
distribution function (ECDF) for the time to the first spike was calculated with right
censoring (no spike detected during the period of observation). The time-dependence
and large sample size of the data advocates the use of ECDF as an effective plot, which
in the case of survival, is equivalent to the expression of data seen on a Kaplan-Meier
or survival curve. Therefore, over a time domain, the accumulated proportions of cells
that have achieved a first oscillation are plotted. Statistical analysis was performed

using cox regression to determine if the various stimulation groups influenced the
time to the first calcium spike.
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