SCIENCE ADVANCES | RESEARCH ARTICLE

CELL BIOLOGY

P2X4 and P2X7 are essential players in basal
T cell activity and Ca** signaling milliseconds after

T cell activation

Valerie J. Brock’, Insa M. A. Wolf', Marco Er-Lukowiak?, Niels Lory3, Tobias Stihler?,
Lena-Marie Woelk*, Hans-Willi Mittriicker?, Christa E. Miiller®, Friedrich Koch-Nolte3,
Bjorn Rissiek?, René Werner?, Andreas H. Guse', Bjorn-Philipp Diercks'*

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

Initial T cell activation is triggered by the formation of highly dynamic, spatiotemporally restricted Ca>* micro-
domains. Purinergic signaling is known to be involved in Ca?* influx in T cells at later stages compared to the initial
microdomain formation. Using a high-resolution Ca?* live-cell imaging system, we show that the two purinergic
cation channels P2X4 and P2X7 not only are involved in the global Ca®* signals but also promote initial Ca>* micro-
domains tens of milliseconds after T cell stimulation. These Ca?* microdomains were significantly decreased in T cells
from P2rx4~~ and P2rx7~"~ mice or by pharmacological inhibition or blocking. Furthermore, we show a pannexin-1-
dependent activation of P2X4 in the absence of T cell receptor/CD3 stimulation. Subsequently, upon T cell receptor/
CD3 stimulation, ATP release is increased and autocrine activation of both P2X4 and P2X7 then amplifies initial

Ca®* microdomains already in the first second of T cell activation.

INTRODUCTION

Efficient immune response requires precisely coordinated signaling
pathways, both for cell-to-cell communication and for intracellular
signal transduction. Important examples for these molecules involved
in T cell activation are Ca®" ions that act intracellularly or adenosine
triphosphate (ATP) as a proinflammatory purinergic mediator (1, 2).
The signaling pathways of these molecules are prominent targets for
therapeutics (3-6). As T cell activation and signaling provide many
potential spots for medical intervention, uncovering interactions
between different signaling molecules will improve therapeutical
approaches. T cell receptor (TCR)/CD3 complex-stimulated initial
Ca®" microdomains in T cells are evoked by the production of
nicotinic acid adenine dinucleotide phosphate (NAADP), the most
potent Ca®"-mobilizing second messenger (7), targeting ryanodine
receptor type 1 (RYR1). Furthermore, RYR1 and ORAI1 channels,
the latter activated by clusters of “stromal interacting molecule”
(STIM) 1 and 2, closely collaborate in this process, likely in endo-
plasmic reticulum (ER)-plasma membrane (PM) junctions (8, 9).
These initial Ca*" microdomains are described as short-lived, highly
dynamic Ca®" signals with amplitudes of approximately 200 to 400 nM
in primary mouse T cells arising in tens of milliseconds to seconds
after stimulation of the TCR/CD3 complex (8, 9). Furthermore, pre-
formed clusters of STIM1 and ORAII were found in T cells, result-
ing in lower and less frequent Ca** microdomains already without
direct stimulation of the TCR/CD3 complex, suggesting a low-grade
preactivation of these cells (9). Recently, a long sought-after NAADP
binding protein named “hematological and neurological expressed
1-like protein” (HN1L)/“Jupiter microtubule associated homolog 2”
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(JPT2) was found (10, 11). Knockout (KO) of HN1L/JPT2 signifi-
cantly reduced the number of Ca** microdomains in primary T cells
(10), similar to inhibition of NAADP by NAADP antagonist BZ194
treatment or KO of RYRI (8, 9). Targeting NAADP signaling in a rat
model of experimental autoimmune encephalomyelitis by BZ194
resulted in decreased proinflammatory cytokines and attenuated
clinical symptoms (6).

P2X channels are ligand-gated ion channels activated by ATP
(12-14). The two purinergic channels P2X4 and P2X7 have been
shown to play an essential role in T cell function (15) and to ampli-
fy global Ca®" signaling during T cell activation (16-18). Targeting
P2X7 in a mouse model of contact hypersensitivity, a P2X7-inhibiting
nanobody, namely, 13A7-HLE, decreased local inflammation by
reducing inflammatory cytokine levels (19).

It is known that purinergic signaling is connected to Ca** signaling:
An increasing Ca®* concentration via store-operated Ca** entry (SOCE)
through ORAII during T cell activation promotes the production of
ATP inside the mitochondria immediately after TCR stimulation
(18). ATP is transported to the cytosol and is subsequently released
via pannexin-1 (PANX1) hemichannels, where it activates P2X4 and
P2X7 channels in an autocrine manner, resulting in an influx of Ca*".
These Ca®* signals were visualized several minutes after TCR stimula-
tion (16-18). Impaired purinergic signaling caused by inhibition
of the P2X4 channel in human and mouse T cells prevents T cell
proliferation and migration (20), demonstrating the important
physiological role of purinergic signaling on general T cell function.

In the present study, by using P2rx4”~ and P2rx7 '~ T cells or
inhibiting compounds or nanobodies, we show that P2X4 and P2X7
are already involved in the initial step of T cell activation, the gener-
ation of initial Ca** microdomains tens of milliseconds after TCR
stimulation. By inhibition of PANX1 or degradation of extracellular
ATP, we demonstrate that PANXI delivers ATP for the extracellular
activation of the two P2X channels in this initial step of T cell acti-
vation. Moreover, we show that low-grade preactivation of unstim-
ulated T cells not only is dependent on the interaction of STIM1
and ORAI1 (9) but also relies on basal ATP release via PANX1 and
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autocrine activation of P2X4. Thus, our data indicate that purinergic
signaling not only amplifies global Ca** events during T cell activa-
tion but also plays an essential role in fine-tuning the basal activity
and the initial activation of T cells, opening up advanced possibilities
for clinical interventions.

RESULTS
P2X4 and P2X7 are involved in the formation of initial Ca**
microdomains in primary T cells
To analyze the impact of P2X4 and P2X7 on initial Ca** micro-
domains, we used a high-resolution Ca*" live-cell imaging system
with an acquisition rate of 40 frames/s (8, 9) and freshly isolated
primary CD4" T cells from wild-type (WT), P2rx4 ™~ and P2rx7 "~
mice on a BALB/c background (21). Cells were stimulated with
anti-CD3/anti-CD28-coated beads to mimic an immune synapse and
stimulation via TCR/CD3 complex plus costimulation via CD28
(further termed TCR/CD3 stimulation). Initial Ca®" microdomains
were analyzed in a period from 0.5 s before and up to 15 s after bead
contact (Fig. 1A). Directly (50 to 100 ms) after bead contact, WT
T cells (Fig. 1A, top) showed increasing Ca®* signals, starting with
single local Ca®" microdomains at the bead contact site and result-
ing in Ca”* events spreading through the whole cell after 15 s. In
contrast, T cells from P2rx4”~ and P2rx7”~ mice (Fig. 1A, middle
and bottom) showed decreased Ca®" microdomains directly in the
initial period after bead contact. Ca** microdomains in the first 15 s
occurred in 82% of the WT cells with an amplitude of 329 + 14 nM
and a frequency of approximately 0.29 signals per frame, which is
equivalent to 12 signals per second. In P2rx4™~and P2rx77" T cells,
microdomains only occurred in 55 and 66% of the cells, with a sig-
nificantly lower frequency of approximately 0.08 signals per frame
(3 signals per second) and 0.1 signals per frame (5 signals per sec-
ond; Fig. 1B). Moreover, the Ca>* signals from P2rx4 '~ T cells had
a significantly lower amplitude of 266 + 7 nM compared to the WT
cells. By analyzing every 5 to 25 s after TCR stimulation (Fig. 1C),
we observed a significantly decreased number of Ca** signals for cells
from P2rx4”~ between 5 and 25 s after TCR stimulation, whereas
cells from P2rx7 "~ mice only show significantly decreased Ca** sig-
nals between 5 and 10 s compared to WT cells. The number of these
highly dynamic Ca** microdomains directly at the artificial immune
synapse was also decreased in the KOs 50 to 100 ms after stimulation
compared to the WT (Fig. 1D), revealing an impact of P2X4 and P2X7
on Ca®* microdomains tens of milliseconds after T cell stimulation.
Next, we compared the differences obtained by gene KOs
(WT versus P2rx4”" or P2rx777) to pharmacological inhibition
using the chemical inhibitors for P2X4, 5-BDBD (22, 23) (fig. S1)
and PSB-15417 (24) (Fig. 2), and the inhibitory nanobody against
P2X7, 13A7-dim-Alb (19) (Fig. 2). In control cells, Ca** micro-
domains occurred again directly (50 to 100 ms) after bead contact,
whereas cells with inhibited P2X4 or P2X7 channels just show a
few Ca”* signals (Fig. 2A). In the first 15 s upon TCR stimulation,
the Ca** microdomains were significantly decreased for both
P2X4- and P2X7-inhibited cells, compared to the respective con-
trols (Fig. 2B). The amplitude of the Ca** microdomains from cells
upon P2X4 inhibition was again significantly reduced (Fig. 2B). The
significantly decreased number of Ca®* microdomains by inhibition
of P2X4 and P2X7 as well as the decreased amplitude in cells
upon P2X4 inhibition are in line with the results from P2X4 and
P2X7 KO mice (Fig. 1).

Brock et al., Sci. Adv. 8, eabl9770 (2022) 4 February 2022

Furthermore, between 2.5 s before and up to 25 s after TCR stim-
ulation, a significant and consistent decrease of Ca** signals for the
cells with inhibition of P2X4 (Fig. 2C, left) and P2X7 (Fig. 2C, right)
was observed.

To analyze Ca’* entry at the artificial immune synapse, we fur-
ther compared Ca** microdomains in the outer sublayer of the cells
at the contact site with the stimulating beads. The number of signals
upon P2X4 and P2X7 inhibition was significantly reduced after
TCR/CD3 stimulation compared to controls (Fig. 2D). Our results
of P2X4 inhibition by PSB-15417 were confirmed with a second in-
hibitor for this channel, 5-BDBD (fig. S1). Here, we also observed
significantly reduced Ca®* signals in the first 15 s after TCR/CD3
stimulation (fig. S1B) as well as directly after stimulation at the arti-
ficial immune synapse (fig. S1D). These results substantiate that
initial Ca®" entry events were driven by P2X4 and P2X7 channels,
leading to the question of interaction of the two channels during
this initial phase. P2X4 and P2X7 show the highest sequence simi-
larity compared to other P2X family members, and the P2rx4 gene
is located downstream of the P2rx7 gene on the same chromosome
(25, 26). Moreover, homotrimers of P2X7 were already coimmuno-
precipitated with P2X4 in macrophages, and Boumechache and
colleagues (27) suggested an interaction of the channels inside the
receptor complexes. To analyze colocalization during the formation
of initial Ca** signals at the plasma membrane, superresolution
imaging with optical reassignment (SoRa) was performed using
directly conjugated nanobodies with the fluorophores CF568 and
A647 against P2X4 and P2X7. Colocalization of the proteins was
analyzed only at the plasma membrane of T cells to study the
impact of interaction of P2X4 and P2X7 on Ca** influx (fig. S2A).
During the basal state without stimulation, P2X4 and P2X7 proteins
located at the plasma membrane show a slight colocalization of
about 11%, and after a short (10-s) activation with soluble anti-CD3,
colocalization increased to 15% (fig. S2B). In the first 10 s after
stimulation of the cells, no significant increase in colocalization was
observed, but after a longer activation time of 5 min, a significantly
increased colocalization of P2X4 and P2X7 was observed (fig. S2B).
These results indicate the interaction of P2X4 and P2X7 during
global Ca®* events, but for the generation of the initial Ca®* micro-
domains, an extensive interaction of P2X4 and P2X7 seems not to
be necessary.

Next, we analyze downstream signaling in P2rx4”~ or P2rx7/~
CD4" T cells, as it was reported that CD4" T cells from mice showed
decreased migration upon inhibition of P2X4 and, to a lesser extent,
P2X7 and P2X1 channels (20). Accordingly, we observed a signifi-
cantly decreased and delayed global Ca®" response after T cell stim-
ulation with soluble anti-CD3 in P2rx4”~ and P2rx7”~ compared
to CD4" WT cells (fig. S3, A to C). This further correlates with
decreased expression of immediate early gene Nur77 after 18 hours
for which the expression level closely reflects the strength of TCR
stimulation (28) and decreased proliferation of CD4" T cells for
P2rx7”""; however, expression of activation marker CD69 was not
affected (fig. S3, D to H).

Immediate ATP release following TCR stimulation activates
P2X4 and P2X7

P2X4 and P2X7 are activated by extracellular ATP binding to the
channels, resulting in Ca*" influx into T cell (16, 17, 29). Do we ob-
serve the same effects as above in Figs. 1 and 2 by removing the P2X4
and P2X7 channel activator, the extracellular ATP? To address this
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Fig. 1. Decreased CaZ* microdomains in T cells from P2rx4~~ and P2rx7~’~ KO mice. Ca>* imaging of CD4* T cells of WT or P2rx4~~ and P2rx7”~ mice. Cells were stim-
ulated with anti-CD3/anti-CD28-coated beads. A minimum of 10 different mice were used. (B to D) Data are means =+ SEM; WT, n =46 cells; P2rx4”~, n =47 cells; P2rx7™",
n =39 cells. Statistical analysis by Kruskal-Wallis test. (A) Representative cells of WT or P2rx4~”~ and P2rx7~~ were shown for 0.52 s before and up to 15 s after stimulation
with anti-CD3/anti-CD28-coated beads (scale bar, 5 um) as well as for 0 to 0.65 s in 0.13-s steps zoomed into the region of bead contact (scale bar, 1 um). (B) Quantification
of the first 15 s after bead contact for CD4* T cells of WT or P2rx4™~ and P2rx7~~ mice. The percentage of responding cells, the number of Ca* microdomains per frame for
whole cells (confocal plane), and the average Ca®* concentration of these signals are shown. (C) Quantification of the number of Ca?* microdomains per frame for the period
2.5t0 0 s before and every 5 s after bead contact up to 25 s after bead contact. (D) Analysis of the Ca** microdomains in the first second before and after TCR stimulation
for the sublayers at the contact site (as indicated in red) (left). Quantification of the signals in the first second after bead contact (right). *P < 0.05, **P < 0.005, ***P < 0.001.
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Fig. 2. Reduced Ca®* microdomains in T cells with directly inhibited P2X4 and P2X7 channels. Ca>* imaging of CD4" T cells of WT mice incubated with or without
PSB-15417 (1 uM) for the inhibition of P2X4 or inhibiting nanobody (P2X7-Nb) 13A7-dim-Alb (1 pg/ml) for the inhibition of P2X7. A dimethyl sulfoxide (DMSO) control
(0.01%) or an irrelevant nanobody (Control Nb; dummy-dim-Alb, 1 ug/ml) was used. Cells were stimulated with anti-CD3/anti-CD28-coated beads. A minimum of
five different mice were used. (B to D) Data are means + SEM; DMSO control, n = 28 cells; control nanobody, n = 40; cells treated with PSB-15417, n =29 cells; cells treated with
the P2X7-inhibiting nanobody, n =30 cells. Statistical analysis by an unpaired two-tailed Mann-Whitney test. (A) , inhibited P2X4 and P2X7 channels were shown for 0.52 s
before and up to 15 s after stimulation with anti-CD3/anti-CD28-coated beads (scale bar, 5 um) as well as for 0 to 0.65 s in 0.13-s steps zoomed into the region of bead
contact (scale bar, 1 um). (B) Quantification of the first 15 s after bead contact for CD4" T cells of controls or inhibited P2X4 and P2X7. (C) Quantification of the number of
Ca?* microdomains per frame for the period 2.5 to 0 s before and every 5 s after bead contact up to 25 s after bead contact. DMSO control and cells treated with PSB-15417
were compared (left), as well as the control Nb with the P2X7-Nb (right). (D) Analysis of the Ca®* microdomains in the first second before and after TCR stimulation for the
sublayers at the contact site (as indicated in red) (left). Quantification of the signals in the first second after bead contact (right). *P < 0.05, **P < 0.005, ***P < 0.001.
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question, we added apyrase, which hydrolyzes tri- and diphosphate
groups of nucleotides (30, 31). Three minutes before Ca®* imaging,
WT CD4" T cells were incubated with apyrase (10 U/ml). After 1 min
of measurement, we stimulated the cells with anti-CD3/anti-CD28-
coated beads. WT cells without apyrase incubation showed local Ca**
microdomains increasing more and more after 15 s after bead con-
tact through the cell (Fig. 3A, top). In comparison, cells treated with
apyrase showed decreased local Ca®* microdomains (Fig. 3A, bottom).
In the first 15 s after activation in cells treated with apyrase, micro-
domains occurred with a significantly decreased frequency compared
to the WT (WT, approximately 0.97 signals per frame; apyrase, ap-
proximately 0.25 signals per frame; Fig. 3B). In addition, investigating
5-s periods after TCR/CD3 stimulation also significantly reduced
Ca®* signals in cells treated with apyrase between 0 and 25 s com-
pared to WT T cells not treated with apyrase that were observed
(Fig. 3C). We conclude that the missing extracellular ATP because
of degradation by apyrase (Fig. 3) resulted in decreased numbers of
initial Ca** microdomains. As control, the same experiment was
carried out using apyrase that was inactivated by boiling for 30 min
(fig. S3). T cells incubated with boiled apyrase did not show any
altered Ca”* response (fig. S4). These results suggest a very fast re-
lease of ATP into the extracellular space. In addition, directly at the
artificial immune synapse, we observed a reduced number of Ca**
microdomains tens of milliseconds after stimulation in cells incu-
bated with apyrase (Fig. 3D). Thus, ATP seems to be released
immediately after stimulation of T cells, promoting the activation
of the purinergic channels P2X4 and P2X7 to generate Ca** micro-
domains during the initial phase of Ca®" signaling.

To further understand the mechanism of ATP release, we started
to treat WT CD4" T cells with a mimetic inhibitor peptide for PANX1,
termed '’panx1. PANXI1 is part of a family of glycoproteins, con-
sisting of three family members PANX1 to PANX3 (32), expressed
in CD4" T cells (33) acting as the main ATP-releasing channel
(34, 35). A typical T cell treated with the PANX1 inhibitor showed
less Ca”" signals after bead contact than the WT cell in the first 0.65 s
and at the later time point of 15 s after T cell stimulation (Fig. 4A,
top). Zoomed into the artificial immune synapse seconds after stim-
ulation, only very few signals were detected for cells treated with
panx1 (Fig. 4A, bottom). Quantifying the first 15 s after bead con-
tact, Ca®* microdomains were significantly reduced in cells treated
with ®panx1 compared to WT T cells (Fig. 4B). To compare the
temporal role of ATP release and the activation of the P2X channels
in relation to the formation of Ca®* microdomains, the number of
Ca** microdomains was again analyzed 2.5 s before and in 5-s steps
after T cell stimulation (Fig. 4C). T cells with reduced ATP release
due to the inhibition of PANX1 showed significantly decreased Ca**
signals between 0 and 5 s, 5 and 10 s, and 10 and 15 s. The initial
Ca®* microdomains at the artificial immune synapse significantly
decreased in T cells treated with '’panx1 compared to WT T cells
already in the first second after bead contact (Fig. 4D). Together,
T cells reveal a very fast apyrase- or °panx1-sensitive ATP release
into the extracellular space via PANX1, which is responsible for the
activation of P2X4 and P2X7, resulting in the amplification of initial
Ca** microdomains.

Basal ATP release via PANX1 activates P2X4

in unstimulated T cells

To understand the fine-tuning of the Ca** signals after T cell stim-
ulation, Diercks et al. (9) showed in 2018 that lower and less frequent
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Ca®* microdomains in the absence of TCR/CD3 stimulation were
already produced by preformed clusters of STIM1 and ORAIL.
Therefore, we analyzed these Ca** microdomains using a high-
resolution Ca*" live-cell imaging system (8, 9) in P2X4 and P2X7
KO T cells, in cells treated with the P2X4 inhibitor PSB-15417, or in
cells treated with the PANX1 inhibitor '°panx1 in the absence of
TCR/CD3 stimulation (Fig. 5, A to C). Ca** microdomains occurred
in nonstimulated WT or control T cells already with a lower fre-
quency of approximately 0.07 to 0.2 signals per frame compared to
Ca”* microdomains upon TCR/CD3 stimulation with a frequency
of approximately 0.3 to 1.0 signals per frame (Figs. 1 to 4B and
5, A to C, number of signals per confocal plane per frame). P2X4
KO cells showed, in the absence of TCR/CD3 stimulation, signifi-
cantly reduced Ca** microdomain numbers during a 15-s period
without stimulation, whereas P2rx7~'~ cells showed no altered Ca**
response compared to WT cells (Fig. 5A). The amplitude of the
signals in P2rx7”" T cells did not show differences to WT cells.
Ca®" signals were also significantly reduced in cells upon P2X4 in-
hibition by PSB-15417 (24), but the amplitude of the signals was not
altered (Fig. 5B).

These results indicate a role of P2X4, but not of P2X7, in basal
Ca®" signaling in T cells in the absence of TCR/CD3 stimulation.
Moreover, we demonstrate that the autocrine release of ATP is re-
sponsible for activating P2X4 in unstimulated cells by inhibiting the
ATP release channel PANXI. In T cells treated with °panx1, the
number and amplitude of Ca** signals were significantly decreased
compared to the WT (Fig. 5C).

Together, the results reveal two different mechanisms, one for
T cells in the absence of TCR/CD3 stimulation and one for the
first seconds in activated T cells (Fig. 6, A and B). In the absence of
TCR/CD3 stimulation, lower and less frequent Ca®" microdomains
(Figs. 5, A to C, and 6A) were promoted via STIM1 and ORAII (9),
resulting in the activation of PANX1 (36, 37). Subsequently, a low
basal ATP release via PANXI activates P2X4. After TCR/CD3 acti-
vation, increasing ATP release triggers not only P2X4 but now also
the less sensitive P2X7 channel (38), leading to the formation of
Ca®" microdomains within tens of milliseconds (Figs. 1, 2, and 6B)
comparable to our previous model of Ca** microdomain formation
due to RYR1 or ORAII and STIM1/2 (8-10).

DISCUSSION

T cell Ca** microdomains are evoked upon TCR/CD3 stimulation
by the production of NAADP that binds to HN1L/JPT2 and targets
RYR1, as well as clusters of STIM1/2 with ORAI1 (8-10). Using
specific inhibitors and cells from suitable KO mice, we identified
two purinergic cation channels, namely, P2X4 and P2X7, which are
involved in forming initial Ca*" microdomains in tens of milliseconds
after TCR/CD3 stimulation. In a similar setup to our experiments, a
reduced number of Ca** microdomains within the first second after
TCR/CD3 stimulation was demonstrated for Orail ™", Stim1™",
Stim2™", and Stim17~/27" as well as Ryr1™"~ T cells or by NAADP
antagonism by BZ194 (9) and recently by knocking out the NAADP
receptor HN1L/JPT2 (10). The interaction between STIM1/2 and
ORAI1/2/3 and the alteration in Ca®* signaling profiles (9) are pre-
dicted to have an important influence on downstream effects, like
the activation of the nuclear factor of activated T cells (NFAT) (39).
It was shown that the loss of either STIM1 or STIM2 impairs both the
formation of Ca?* microdomains (9) and translocation of NFAT1
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Fig. 3. Removal of extracellular ATP decreases Ca>* microdomains. Ca®* imaging of CD4" T cells of WT mice incubated with or without 10 U of apyrase. Cells were
stimulated with anti-CD3/anti-CD28-coated beads. A minimum of five different mice were used. (B to D) Data are means + SEM; WT, n =31 cells; cells treated with apyrase,
n =27 cells. Statistical analysis was done using a nonparametric unpaired two-tailed Mann-Whitney test. (A) Representative cells of WT or cells treated with apyrase were
shown for 0.52 s before and up to 15 s after stimulation with anti-CD3/anti-CD28-coated beads (scale bar, 5 um) as well as for 0 to 0.65 s in 0.13-s steps zoomed into the
region of bead contact (scale bar, 1 um). (B) Quantification of the first 15 s after bead contact for CD4" T cells of WT or cells treated with apyrase. The percentage of re-
sponding cells, the number of Ca®" microdomains per frame for whole cells (confocal plane), and the average Ca?* concentration of these signals are shown. (C) Quanti-
fication of the number of Ca®* microdomains per frame for the period 2.5 to 0 s before and every 5 s after bead contact up to 25 s after bead contact. (D) Analysis of the
Ca®* microdomains in the first second before and after TCR stimulation for the sublayers at the contact site (as indicated in red) (left). Quantification of the signals in the
first second after bead contact (right). *P < 0.05, **P < 0.005, ***P < 0.001.
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Fig. 4. Inhibition of PANX1 reduces the formation of Ca?* microdomains. Ca?* imaging of CD4" T cells of WT mice incubated with or without 200 uM PANX1 inhibitor
10panx1 20 min before measurements. Cells were stimulated with anti-CD3/anti-CD28-coated beads. A minimum of 10 different mice were used. (B to D) Data are
means + SEM; WT, n = 39 cells; cells treated with '°panx1, n =48 cells. Statistical analysis by an unpaired two-tailed Mann-Whitney test. (A) Representative cells of WT or
cells treated with °panx1 were shown for 0.52 s before and up to 15 s after stimulation with anti-CD3/anti-CD28-coated beads for whole cells (scale bar, 5 um) as well as
for 0 to 0.65 s in 0.13-s steps zoomed into the region of bead contact (scale bar, 1 um). (B) Quantification of the first 15 s after bead contact for CD4" T cells of WT or cells
treated with '®panx1. The percentage of responding cells, the number of Ca*" microdomains per frame for whole cells (confocal plane), and the average Ca** concentration
of these signals are shown. (€) Quantification of the number of Ca?* microdomains per frame for the period 2.5 to 0 s before and every 5 s after bead contact up to 25 s
after bead contact. (D) Analysis of the Ca®* microdomains in the first second before and after TCR stimulation for the sublayers at the contact site (as indicated in red) (left).
Quantification of the signals in the first second after bead contact (right). **P < 0.005, ***P < 0.001.

and NFAT4 (40). Furthermore, antagonizing NAADP by BZ194  and loss of P2X7 resulted in diminished NFAT activation (17, 42, 43).
results in decreased translocation of NFAT and attenuated clinical  The similarities of downstream effects and alteration in initial Ca**
scores in rat experimental autoimmune encephalomyelitis (6, 41).  signaling between the known channels involved in early T cell ac-
NFAT activation is also known to be triggered by purinergic signaling,  tivation and the two purinergic cation channels P2X4 and P2X7
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Fig. 5. Basal ATP release via PANX1 activates P2X4, promoting the formation of Ca>* microdomains in the absence of TCR/CD3 stimulation. Ca*" imaging of
CD4* T cells of WT mice or P2rx4”~ and P2rx7”~ mice. WT cells were incubated with or without PSB-15417 (1 uM) for the inhibition of P2X4 or 200 uM PANX1 inhibitor
®panx1 20 min before measurements. For the P2X4-inhibiting compound, a DMSO control (0.01%) was used. A minimum of four different mice were used. (A to C)
Percentage of responding cells, number of Ca** microdomains per frame for whole cells (confocal plane), and average Ca** concentration of these signals. Data are
means + SEM; statistical analysis was done by a Kruskal-Wallis test or an unpaired two-tailed Mann-Whitney test. (A) Quantification of 15 s without stimulation for CD4*
T cells of WT or P2rx4™/~ and P2rx7”/~ mice. WT, n =44 cells; P2rx4™~, n =45 cells; P2rx7”~, n =52 cells. (B) Quantification of 15 s without stimulation for CD4* T cells of a
DMSO control or cells treated with PSB-15417. DMSO control, n = 35 cells; cells treated with PSB-15417, n = 26 cells. (C) Quantification of 15 s without stimulation for CD4*
T cells of WT or cells treated with ®panx1. WT, n =40 cells; cells treated with ®panx1, n =47 cells. *P < 0.05, **P < 0.005, ***P < 0.001.

analyzed in this study are notable. Thus, we need to expand our model  after T cell stimulation in the current study indicates no interaction
of initial T cell activation, including the purinergic pathway on a  of these channels in the basal state of T cells and the first tens of
level equivalent to SOCE and NAADP signaling (Fig. 6B). Upon TCR  milliseconds after TCR stimulation. In contrast, at later time points,
stimulation, not only the NAADP/HNI1L-JPT2/RYRI axis together an increased colocalization was observed, consistent with earlier
with SOCE through STIM1/2 and ORAI1 but also P2X4 and P2X7  studies (27, 44). It was not confirmed that P2X4 and P2X7 form
are involved in the formation of initial Ca?* microdomains. stable heteromers (45), and a mutual interaction for global Ca**

An interplay of SOCE with purinergic signaling was already found  signals could be assumed because of the impact of both channels on
by Woehrle and colleagues (16) in Jurkat T cells, revealing colocal- later stages of Ca** signaling (12-14, 16-18, 46) and the increased
ization of ORAI1 and STIM1 with P2X4 within 30 min of stimula-  colocalization of P2X4 and P2X7 after 5 min of TCR stimulation
tion at the immune synapse. The low colocalization of P2X4 and  (fig. S2). In addition, we showed the influence of both channels on
P2X7 during the formation of initial Ca** microdomains beforeand  the initial steps of T cell activation and Ca*" microdomain formation,
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Fig. 6. Summary of Ca>* microdomain formation in preactivated state and milliseconds after T cell activation. Ca*" signaling before and milliseconds after stimu-
lation of the TCR. Blue dots indicate Ca** signals, and dotted arrows indicate lower amounts of Ca®* or ATP compared to solid arrows. Figures were created with BioRender.
(A) A basal activity of T cells is due to preformed clusters of STIM1 and ORAI1 resulting in lower and less frequent Ca** microdomains. PANX1 is probably activated by these
Ca®* microdomains and releases low concentrations of ATP, which activates the sensitive purinergic channel P2X4, which also results in lower and less frequent Ca®* micro-
domains. (B) Upon TCR stimulation, on the one hand, RYR1 is activated, probably by NAADP bound to HN1L/JPT2, resulting in local and transient Ca®*release. NAADP-
evoked Ca®" release through RYR1 contributes directly to highly dynamic Ca** microdomains and promotes the activation of STIM1/2 and thus SOCE through ORAI1
channels, leading to an amplification of initial Ca®* microdomains. On the other hand, increasing Ca** concentrations foster ATP release via PANX1 upon TCR stimulation,
which activates P2X4 and the less sensitive P2X7 channel in an autocrine manner, and further promote again an amplification of initial Ca>* microdomains.

but only P2X4 seems to be necessary for basal T cell activity without
TCR/CD3 stimulation. Together, the results of colocalization and
Ca®" imaging indicate different time slots of P2X4 and P2X7 activity.
Whereas P2X4 seems to be already active during antigen-presenting
cell (APC) recognition and initial T cell activation, P2X7 is activated
not until the initial TCR/CD3 stimulation. The different activation
periods of P2X4 and P2X7 may influence downstream mechanisms,
such as cytokine expression, T cell migration, or proliferation.

Several downstream effects in mice were previously described, for
example, by Ulmann and co-workers (47) for P2X4 and Chessell and
co-workers (48) for P2X7, who analyzed prostaglandin E, and differ-
ent cytokine levels, like interleukin-6 (IL-6), in P2rxd™" or P2rx77"
mice after induced inflammatory pain, suggesting a prominent role
of both purinergic channels during initial inflammatory signaling
pathways. In human Jurkat T cells with silenced P2rx4 or P2rx7, IL-2
transcription after stimulation with anti-CD3/anti-CD28-coated
beads showed a significantly lower response (16, 17). Moreover, in-
hibition of P2X4 and, to a lesser extent, P2X7 or P2X1 leads to
decreased proliferation, and only inhibition of P2X4 reduced the
migration of CD4" T cells from mice (20). When combining these
published and our own data, the following model was generated:
Initial Ca** microdomains of P2rx4™"~ or P2rx7 '~ T cells are de-
creased in the first tens of milliseconds after T cell stimulation, result-
ing in a delayed global Ca** response within minutes and decreased
expression of the activation marker Nur77 after 18 hours, apparently
translating into reduced proliferation in P2rx7" = (fig. S3, Gand H)
and migration of T cells upon P2X4 inhibition (20).

ATP acts as an essential extracellular signaling molecule, with a
crucial role in many cellular processes like cell-to-cell communication,
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inducing apoptosis, inflammatory reactions, or tumor growth (49-53).
For example, human CD4" T cells incubated with 250 nM ATP
showed increased secretion of cytokines like IL-2 (52). Our study
suggests that ATP release through PANXI1 activates P2X4 and P2X7
channels in an autocrine fashion (Figs. 3 and 4), consistent with
earlier investigations (16, 46, 54, 55). Hence, removal of extracellular
ATP or inhibition of ATP release significantly decreased initial Ca**
microdomains that were observed in tens of milliseconds after TCR/
CD3 stimulation (Figs. 3D and 4D), revealing a very fast release of
ATP and activation of the two P2X channels. Mitochondrial ATP
production and release were also shown for this earlZ time period
after T cell stimulation (18), once more connecting Ca”" signaling to
purinergic signaling, whereby ATP production in the mitochondria
depends on initial Ca®" signaling in T cells (56, 57).

More insights into the kinetics of this complex process were ob-
tained by analyzing Ca®* microdomains in T cells in the absence of
TCR/CD3 stimulation. The fast release of ATP can be explained by
the basal activity of PANX1 activating P2X4 to promote Ca>* micro-
domains (Fig. 5C). After TCR/CD3 stimulation, the ATP release
seems to be fostered to fully activate P2X4 and the less sensitive
P2X7 channel (38) to promote Ca®" microdomains. A basal T cell
activity was also shown by preclustered STIM1 and ORAI1, promoting
Ca”* microdomains with lower amplitude and frequency already
before T cell stimulation (9). We are now able to show the involve-
ment of basal ATP release because of PANXI, resulting in P2X4
activation and the formation of less frequent Ca®" microdomains in
unstimulated T cells (Fig. 5, A to C). A basal mitochondrial ATP
production in unstimulated cells claimed by Ledderose and col-
leagues (58) supports our findings of basal ATP release via PANX1
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and preactivation of P2X4. Moreover, another purinergic channel,
P2X1, was recently implicated in this basal phase of CD4" T cell
function, being activated by lower ATP concentrations than P2X4
or P2X7 (58). In unstimulated Jurkat T cells, P2X1 and P2X7 act on
the activity of mitochondria to produce ATP, revealing a positive
feedback loop of purinergic signaling during basal T cell activity
(59). The importance of the precisely regulated ATP homeostasis is
elucidated in cancer cells. Here, the fine-tuning of extracellular ATP
concentrations through the purinergic axis of P2X4, P2X7, and
PANX]1 can decide between a pathway of survival and tumor growth
and a P2X7-mediated cell death (59-61). Different ATP concentra-
tions induce different cellular responses. While ATP in the lower
nanomolar range (1 to 50 nM) does not alter either proliferation or
cell death of activated conventional CD4" T cells and regulatory
T cells, intermediate concentrations of ATP (250 nM) result in the
activation of conventional CD4" T cells. High concentrations (1 mM)
of ATP decrease expression of CD54, CD49d, and CD25 during
activation of conventional CD4" T cells but enhance proliferation,
adhesion capacity, and migration of regulatory T cells (52). A low
permanent ATP release in unstimulated T cells and the formation
of Ca’* microdomains might be necessary, or at least supportive, for
a fast immune response and APC recognition. To this end, the in-
teraction of purinergic and Ca** signaling in T cells not stimulated
via the TCR/CD3 complex might be an early step of the immune
response to be targeted for development of therapeutic interventions.
One issue needs to be addressed at this point: There is a huge differ-
ence in the sensitivity to ATP concentrations in humans and mice.
Cell death is induced in mice by ATP concentrations in the micro-
molar range, whereas in humans millimolar concentrations are
needed (62). One possible explanation might be the missing P2Y11
channel in mice (63). P2Y11 inhibits the P2X7-dependent pore
formation and, to this end, P2X7-mediated cell death, but not Ca**
signaling (64). Interaction between P2X and P2Y receptors seems to
be adjustable key in ATP balance; P2X1 activity, for example, was
shown to be potentiated by coexpression with P2Y1 and P2Y2 (65).
P2X and P2Y interactions during Ca®" signaling and microdomain
formation require further investigations, and the difference between
human and mouse channel expression needs to be kept in mind.

In conclusion, we identify a previously unknown function of
P2X4 that is required for the formation of Ca** microdomains in
the absence of TCR/CD3 stimulation, probably via a low basal ATP
release via PANX1 (Fig. 6A). Moreover, we show that both P2X4
and P2X7 have a central role in initial Ca** microdomain formation
(Fig. 6B) already in tens of milliseconds after T cell stimulation, be-
cause these Ca®* microdomains were blocked by hydrolyzing extra-
cellular ATP or blocking PANXI1. There are several mechanisms of
PANXI activation (35), but how PANX1 is activated during basal T cell
activity is still unclear and needs to be addressed in further investi-
gations. It was recently described that PANXI is activated by in-
creasing Ca*" concentrations (36, 37). To this end, the activation of
PANX]1 in the absence of TCR/CD3 stimulation might be due to
preclustered STIM1 and ORAI1 promoting Ca** microdomains (9).

MATERIALS AND METHODS

Study design

The aim of the study was to analyze the influence of purinergic sig-
naling on the formation of Ca** microdomains in T cells. Primary
murine CD4" T cells were used, and Ca®" imaging was done in cells
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with pharmacological or genetic inhibition of P2X4, P2X7, or PANX1
channels. Ca®* microdomain acquisition and detection was per-
formed as previously described (66). The Ca** microdomain detec-
tion threshold for microdomains after activation was set to 112 nM
and for microdomains without TCR/CD3 stimulation to 90 nM Ca*".
T cells with global and not spatiotemporally restricted Ca** ampli-
tudes above the threshold of 90 nM were considered as preactivated
and not included in this study. Colocalization of P2X4 and P2X7
before and after T cell activation was analyzed using SoRa. Down-
stream effects were analyzed in WT and genetically inhibited P2X4
and P2X7 CD4" T cells using flow cytometry. All Ca** imaging
experiments were done three or more times to achieve cell numbers
of a minimum of 20. All other experiments were done three times.

Reagents

The Ca*" indicators Fluo4-AM and FuraRed-AM were obtained from
Life Technologies. They were dissolved in dimethyl sulfoxide (DMSO),
and aliquots were stored at —20°C until measurements. The mono-
clonal antibodies (mAbs) anti-mouse CD3 and anti-mouse CD28
were obtained from BD Biosciences. The inhibiting compound
5-BDBD was purchased from Tocris; PSB-15417 was provided by
C. Miiller (Department of Pharmacy, University of Bonn); and the
P2X7-inhibiting nanobody 13A7-dim-Alb and the control nanobody
dummy-dim-Alb (19) as well as directly conjugated nanobodies
against P2X4 (dimer + CF568) and P2X7 (dimer + A647) were pro-
vided by F. Koch-Nolte (Department of Immunology, University
Medical Centre Hamburg Eppendorf). All other reagents were
ordered from Sigma-Aldrich.

Animal models

P2rx4™"™ (P2rx4"™R%; MGI (Mouse Genome Informatics):3665297)
and P2rx7”~ mice (P2rx7"1%% MGI1:2386080) were backcrossed for
13 generations onto the BALB/c background and were used for
experiments along with WT BALB/c mice. All mice were bred at the
animal facility of the University Medical Center (UKE). All experi-
ments involving tissue derived from animals were performed with
the approval of the responsible regulatory committee (Hamburger
Behorde fiir Gesundheit und Verbraucherschutz, Veterinarwesen/
Lebensmittelsicherheit, ORG 941).

Isolation of primary T cells

T cells were isolated from freshly dissected spleens and lymph nodes
of WT or KO mice on a BALB/c background. The spleens and
lymph nodes were ground through a cell strainer (@ 40 pm) using
the upturned plunger of a syringe in 30 ml of RPMI 1640 containing
25 mM Hepes and GlutaMAX-1 (Gibco, Life Technologies), adding
penicillin and streptomycin (100 U/ml) and 7.5% (v/v) newborn
calf serum (Biochrom, Merck Millipore). Cell suspension was cen-
trifuged (1200 rpm, 5 min, 4°C), and the cell pellet was dissolved in
5 ml of ammonium-chloride-potassium buffer [4.3 g of ammonium
chloride, 0.5 g of KHCO3, and 0.0186 g of Na,-EDTA in 400 ml of
H,0 (pH 7.2 to 7.4)] for 3 to 5 min for lysis of the erythrocytes.
After incubation, the lysis was stopped by adding 25 ml of RPMI
medium and by centrifuging at 1200 rpm, 5 min, and 4°C. The
supernatant was discarded, and cell pellet was dissolved in 2 ml of
Dulbecco’s phosphate-buffered saline (DPBS) without CaCl,
and MgCl, (Gibco, Life Technologies). CD4" T cells were isolated
using a negative selection kit according to the manufacturer’s
protocol (EasySep Mouse CD4" T Cell Enrichment Kit, STEMCELL
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Technologies Inc.). The purity of cells was analyzed by fluorescence-
activated cell sorting (FACS) and was up to 97 to 98%.

Local Ca®* imaging in primary T cells and Ca*

microdomain detection

Freshly isolated CD4" T cells from WT or P2rx4™ or P2rx7”" mice
were loaded in RPMI (see above) with the two Ca** dyes Fluo4
(10 uM) and FuraRed (20 uM), and Ca>* imaging with a frame rate
of 40 frames/s was done as described in detail by Diercks et al. (66).
Cells were resuspended in Ca** buffer [140 mM NaCl, 5 mM KCl,
1 mM MgSOy, 1 mM CaCl,, 20 mM Hepes (pH 7.4), 1 mM NaH,PO,,
and 5 mM glucose] and imaged for 3 min on coverslips coated with
5 ul of bovine serum albumin (BSA) (5 mg/ml) and 5 pl of poly-L-lysine
(0.1 mg/ml). After the first minute, they were either stimulated or
not stimulated with anti-CD3/anti-CD28-coated beads adding 10 pl
of the bead solution with a pipette, and Ca** changes were recorded
for the last 2 min of measurements. During the postprocessing, all
T cells were normalized on bead contact site and time.

For direct inhibition of P2X4 and P2X7, cells were incubated for
30 min before the Ca®* measurements with a P2X4-inhibiting com-
pound (5-BDBD, 10 uM) as well as PSB-15417 (1 uM) or a P2X7-
inhibiting nanobody (13A7-dim-Alb, 1 ug/ml). The compounds
were resolved in DMSQO; to this end, a DMSO control (0.01 and 0.1%)
for the measurements was used, as well as a nanobody control
(dummy-dim-Alb; 1 pg/ml) for the measurements with the inhibit-
ing nanobody. The addition of apyrase (10 U/ml) 3 min before mea-
surements was used to remove the extracellular ATP. Moreover, a
negative control was produced by heating the apyrase up for 30 min
at 70°C. To inhibit the PANX1 hemichannel, cells were incubated
with the PANX1 mimetic peptide '°panx1 (67) at a concentration of
200 uM for 20 min.

Ca** microdomains, defined as small, compact connected sets of
pixels with high [Ca?*]; values, were detected with a threshold of
112 nM in cells activated with anti-CD3/anti-CD28-coated beads
or without stimulation with a threshold of 90 nM in an automated
MATLAB script (66). To analyze Ca>* microdomains developing
close to the bead contact (as shown in Figs. 1D to 4D), the cell shapes
were approximated to be circular, all cells of the considered group/
condition rotated such that the bead contact sites agreed for the cells,
and the cell areas were subdivided in a dartboard-like manner
detailed in (66). Ca®>" microdomain statistics (number of micro-
domains, associated Ca** concentration) were then computed for
the different dartboard compartments and specified time windows.
For Figs. 1D to 4D, the three outer compartments at the bead con-
tact site that are highlighted in red in figures were analyzed.

Colocalization analysis with SoRa

Primary CD4" T cells from BALB/c mice were left unstimulated or
stimulated with soluble anti-CD3 (0.5 mg/ml) for 10 s or 5 min and
were seeded on slides coated with poly-L-lysine (0.1 mg/ml). The cells
were fixed with 4% (w/v) paraformaldehyde (Alfa Aesar) for 15 min
and permeabilized with 0.05% (v/v) saponin (Fluka) again for 15 min.
They were incubated overnight at 4°C with 10% (v/v) of fetal bovine
serum to block unspecific binding sites. Cells were stained with di-
rectly conjugated nanobodies against P2X4 (dimer + CF568; 1:50)
and P2X7 (dimer +A647; 1:50) (provided by T. Stihler, Department
of Immunology, University Medical Centre Hamburg Eppendorf)
for 1 hour. Slides with fixed cells were mounted on coverslips upside
down with Abberior Mount solid at 4°C overnight. Image acquisition
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was done using a superresolution spinning disk microscope (Visitron),
a CSU-W1 SoRa optic (2.8%; Yokogawa), a x100 magnification
objective (Zeiss), and a scientific Complementary metal-oxide-
semiconductor camera (Orca-Flash 4.0, C13440-20CU, Hamamatsu).
The following lasers and filters were used: aP2X4-CF568: excitation,
561 nm laser; emission filter, 609/54 nm; aP2X7-A647: excitation,
640 nm laser; emission, 700/75 nm. Image deconvolution was based
on the principle of Arigovindan et al. (68) [reimplemented and
adapted by Woelk et al. (69)]. For colocalization analysis, the train-
able weka (Waikato environment for knowledge analysis) segmenta-
tion plugin and a watershed segmentation were used in FIJI (version
2.1.0/1.53¢) to improve the separation of the single proteins, which
were detected. Only proteins near the plasma membrane were
analyzed for colocalization. For the calculation and quantification
of the colocalization of P2X4 and P2X7,a MATLAB script, based on
the published study by Nauth et al. (70), was used.

Global Ca* imaging in primary T cells

Freshly isolated CD4" T cells from W'T, P2rx4”~, or P2rx7 "~ mice
were loaded in 500 pul of RPMI (see above) with 4 uM Fura2-AM for
35 min at 37°C. After 20 min of incubation, 2 ml of medium was
added. After Fura2 loading, cells were washed with Ca** buffer [140 mM
NaCl, 5 mM KCl, 1 mM MgSOy, 1 mM CaCl,, 1 mM NaH,POy,
20 mM Hepes, and 5.5 mM glucose (pH 7.4) (NaOH), sterile-filtered]
(10). Ca** imaging was performed using a Leica IRBE microscope
equipped with a 40-fold objective and an electron-multiplying
charge-coupled device camera (C9100-13, Hamamatsu). As a light
source, a Sutter DG-4 High Speed Wavelength Switcher with the
following filter set was used: excitation, hard-coated (HC) 340/26 nm
and HC 387/11 nm; beam splitter, 400DCLP; emission, 510/84 nm
(10). Cells were imaged with an exposure time of 20 ms for 340 and
380 nm for 10 min on slides coated with 5 pl of BSA (5 mg/ml) and
5 ul of poly-L-lysine (0.1 mg/ml) and stimulated with 10 pl of solu-
ble anti-CD3 after 2 min. Image acquisition was done in 16-bit
mode with Volocity software (PerkinElmer), and postprocessing
like background correction, splitting of the fluorescence channels,
and selection of the regions of interest was performed with FIJI
software (version 2.1.0/1.53c¢).

Flow cytometry

Spleen cells were isolated by pressing the organ successively through
70- and 40-um cell strainers. Erythrocytes were depleted with lysis
buffer [155 mM NH4Cl, 10 mM KHCO3;, 10 uM EDTA (pH 7.2)].
Cells were incubated in 500 ul of Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with fetal calf serum, glutamine,
gentamicin, and 2-mercaptoethanol. Cells were simulated for 18 hours
with anti-CD3e mAb (1 pg/ml; clone 145-2C11, BioLegend, San Diego,
CA) and anti-CD28 mAb (1 pg/ml; clone 37.51, BioLegend). For
extracellular antibody staining, cells were incubated in PBS with
1% rat serum and anti-Fc receptor mAb (10 pg/ml) (clone 2.4G2,
BioXCell, West Lebanon, NH). Cells were incubated with a fixable
dead cell stain (Alexa Flour 750 carboxylic acid, succinimidyl ester,
Invitrogen, Eugene, OR), AF700-conjugated anti-CD4 mAb (clone
RM4-5, BioLegend), and BV605-conjugated anti-CD69 mAbD (clone
H1.2F3, BioLegend) for 20 min on ice. Intracellular antibody staining
was conducted with the Foxp3/Transcription Factor Staining Buffer
Set (Invitrogen) according to the manufacturer’s protocol. Cells were
stained with phycoerythrin-conjugated anti-NUR77 mAb (clone
12.14, Invitrogen). Cells were analyzed using a FACSCelesta flow
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cytometer (BD Biosciences, Franklin Lakes, NJ) and FlowJo software
(Tree Star, Ashland, OR).

For the proliferation assay, spleen cells were incubated for 10 min
at room temperature with carboxyfluorescein diacetate succinimidyl
ester (CFSE) proliferation dye (5 uM; Invitrogen). The cells were
washed twice and then incubated with anti-CD3e mAb (1 pg/ml;
clone 145-2C11, BioLegend) and anti-CD28 mAb (1 pg/ml; clone 37.51,
BioLegend) in supplemented IMDM. After 3 days, cells were stained
with APC-conjugated anti-CD4 mAb (clone RM4-5, eBioscience,
San Diego, CA) and a fixable dead cell stain (Alexa Flour 750 car-
boxvylic acid, succinimidyl ester, Invitrogen) and analyzed by FACS.

Statistics

All data are presented as means + SEM of independent experiments
performed as at least triplicates. Data were analyzed using MATLAB
software (MathWorks) and Prism 9 (GraphPad Software). Groups
were compared using Mann-Whitney U or Kruskal-Wallis tests or
two-way analysis of variance (ANOVA) and Dunnett’s multiple
comparisons test. A P value of 0.05 was considered as significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl9770

View/request a protocol for this paper from Bio-protocol.
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