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X-ray irradiation triggers immune response in human
T-lymphocytes via store-operated Ca%* entry and

NFAT activation
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Radiation therapy efficiently eliminates cancer cells and reduces tumor growth. To understand collateral agonistic and
antagonistic effects of this treatment on the immune system, we examined the impact of x-ray irradiation on human T cells. We
find that, in a major population of leukemic Jurkat T cells and peripheral blood mononuclear cells, clinically relevant radiation
doses trigger delayed oscillations of the cytosolic Ca?* concentration. They are generated by store-operated Ca?* entry (SOCE)
following x-ray-induced clustering of Orail and STIM1 and formation of a Ca?* release-activated Ca?* (CRAC) channel. A
consequence of the x-ray-triggered Ca?* signaling cascade is translocation of the transcription factor nuclear factor of
activated T cells (NFAT) from the cytosol into the nucleus, where it elicits the expression of genes required for immune
activation. The data imply activation of blood immune cells by ionizing irradiation, with consequences for toxicity and

therapeutic effects of radiation therapy.

Introduction

Ionizing radiation (IR) is a universal tool in medical diagnostics
and therapy. At higher doses (>1 Gy), it serves as a major com-
ponent in antitumor treatment (Delaney et al., 2005). A major
dose limitation of radiation therapy is posed by toxic effects on
the surrounding heathy tissue. In that context, peripheral blood
mononuclear cells (PBMCs) cover an interesting population of
cells. They are sensitive to IR (Bauer et al., 2011; Heylmann et al.,
2014) and, while cycling through the bloodstream of the irra-
diated tissue, are unavoidably exposed. Further, high-dose ex-
posure results in a suppression of immune functions (Stoecklein
et al., 2015). This includes, among others, killing of blood cells
(Donnelly et al., 2010), induction of cell cycle arrest of immune
cells (Goans and Waselenko, 2005), but also triggering of
proinflammatory processes (Di Maggio et al., 2015; Lumniczky
et al., 2017). Furthermore, recent findings indicate an immune-
stimulatory effect of high-dose radiation, with several studies
describing a synergistic impact on local and distant tumor con-
trol, in particular when radiation therapy is combined with
anticheckpoint programmed death 1 (PD-1) receptor or its ligand
(PD-L1) immunotherapy (Frey et al., 2017; Sharabi et al., 2015).

Finally, recent data suggest that irradiation at lower doses dis-
plays anti-inflammatory or immune-modulatory effects, with
consequences for immune surveillance of noncancerous cells
(Cuttler, 2020).

A previous study reported that x-ray irradiation at a low to
medium dose elicits cellular responses that are typically asso-
ciated with immune stimulation in naive T-lymphocytes (Voos
et al., 2018). These include an increase in cell diameter, up-
regulation of CD25 membrane expression, IL-2, and INF-y syn-
thesis, enhanced integrin-mediated adhesion of Jurkat cells, as a
model for T cells, or PBMCs to endothelial cells. Since many of
the aforementioned mechanisms are mediated by a Ca2* sig-
naling cascade, we anticipate a causal interrelation between
radiation stress and induction of intracellular Ca?* signaling
cascades (Heylmann et al., 2014; Voos et al., 2018). Here, we
aimed to examine whether clinically relevant x-ray doses be-
tween 0.5 and 5 Gy trigger Ca?* signaling events in T cells and
whether these signal transduction cascades are relevant for
typical immune-stimulating processes. We observed that x-ray
irradiation triggered in Jurkat cells a depletion of intracellular
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Ca?* stores, followed by long-lasting episodes of Ca®*y: oscil-
lations after a delay of some 10 min. These oscillations are
mediated by store-operated Ca®* entry (SOCE) via a radiation-
induced plasma membrane (PM) clustering of calcium release-
activated calcium modulator 1 and the stromal interaction molecule
1 (Orail/STIMI). As in the case of immune stimulation by antigens,
the x-ray-induced formation of calcium release-activated calcium
(CRAC) channels in turn mediates the nuclear translocation of the
transcription factor nuclear factor of activated T cells (NFAT). This
stimulus-induced and Ca?*-dependent nuclear import is a well-
known essential step for cytokine production, proliferation, and
immune competence (Vaeth and Feske, 2018) and can therefore be
used as a criterion for an activation of T cells.

Materials and methods

Cell culture

Jurkat cells (ACC 282) were purchased from the German Collection
of Microorganisms and Cell Cultures. They were grown in RPMI
1640 medium (Thermo Fisher Scientific), supplemented with 10%
heat-inactivated FCS (PAA) and 50 U/ml penicillin plus 5 pg/ml
streptomycin (Sigma-Aldrich). PBMCs were isolated from blood of
healthy volunteers using density-gradient centrifugation (Biocoll
Separating Solution; Biochrom) and maintained in RPMI 1640
medium with 10% FCS, 50 U/ml penicillin and 5 pg/ml strepto-
mycin before assays as described previously (Voos et al., 2018).

Generation of CRISPR-Cas9-mediated Orail knockout

Jurkat cells

Sequence-specific gRNA for 5'-UTR Orail (5'-GTGAGGCCGGGC
CCGCGTAGGGG-3') was designed using an online tool (http://
crispr.dbcls.jp/) and subcloned into pX459 (pSpCas9(BB)-2A-
Puro V2.0; Addgene plasmid 62988) using the Bbsl recognition
site. Jurkat E6.1 T cells were transfected with the generated
CRISPR plasmids using Nucleofector 4D electroporation kit SF
(Lonza) according to the manufacturer’s instructions. Cells were
then cultured for 72 h after transfection in medium containing
1 pug/pl puromycin to select transfected cells. A monoclonal cell
line was generated by infinite dilution, and the efficiency of
protein deletion was evaluated by Western blot analysis. Im-
munoblots were probed with anti-Orail (08264; Sigma-Aldrich).

Cell irradiation and treatments

Cells were exposed to x-ray irradiation in Tj5 Petri dishes using
an Isovolt 160 Titan E source with a voltage of 90 kV and 33.7 mA
(GE Sensing & Inspection Technologies) with a dose rate of
0.055 Gy/s. Ionomycin (abl20370; Abcam), thapsigargin (Tg;
T9033; Sigma-Aldrich), and the cell-permeable Ca2* sensors
Fluo-4 AM (F14201), Fura-2 AM (F1221), and Mag-Fluo-4
(M14206; all Thermo Fisher Scientific) were dissolved in DMSO
and added to external solution immediately before experiments,
with final concentrations mentioned in text. To activate human
T cells, ImmunoCult Human CD3/CD28/CD2 T cell activator
(short T-Ac; 10990; Stemcell Technologies) was added to the cell
culture medium (25 pl per 1 ml cell suspension). The cell-
permeable organelle trackers Mito-Tracker Green FM (M?7514)
and ER-Tracker Red (E34250), nucleus-staining Hoechst dye
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(H1399), and PM tracker CellMaskOrange (C10045; Thermo
Fisher Scientific) were used according to the manufacturer’s
recommendations, diluted in external microscopy buffer, for 30
or 10 min, respectively, at 37°C. Subsequently, cells were washed
and resuspended in dye-free microscopy buffer. CRAC channels
were blocked by inhibitors Synta66 (SML1949; Sigma-Aldrich)
and Pyré (203891L; Sigma-Aldrich) dissolved in DMSO and re-
suspended in medium or microscopic solution with final con-
centrations of 10 or 5 pM, respectively.

Determination of cell diameters

Jurkat cell diameters were measured with an EVE automatic
cell counter (NanoEnTek) and corrected manually using EVE
PC.LNK 1.0.3 software. Cell viability was determined by using
trypan blue exclusion.

Confocal laser scanning microscopy

Confocal laser scanning microscopy was performed on a Leica
TCS SP or SP5 II system (Leica Microsystems) equipped with a
40x 1.30 oil UV (HCX PL APO), a 63x 1.4 oil UV (HCX PL APO
lambda blue), or a 100x 1.44 oil UV objective (HCX PL APO CS).
The external buffer used for microscopy contained (in mM) 140
NaCl, 4 KCl, 1 MgCl,, 5 Mannitol, 10 HEPES, and 2 CaCl,, pH 7.4,
with osmolarity of 310 mosmol/l. Live-cell imaging of changes
in Ca?* and translocation of NFAT-GFP were performed as
described in Voos et al. (2018) and Kehlenbach et al. (1998),
respectively. STIM1-eYFP and ORAI-eCFP were transiently ex-
pressed as described in Zheng et al. (2018). To enable a gentle
adhesion of the cells to the glass coverslips (@ 25 mm), they were
prepared by cleaning in a plasma furnace (Zepto-B; Diener
Electronic) and coated with one layer of PBS/5% BSA in a
spincoater (PIN150; SPS Europe Spincoating) and a second layer
of 0.01% poly-L-lysine (molecular weight 75-150 kD).

For monitoring Ca?*, Jurkat cells were loaded with the cell-
permeable Ca?* sensor Fluo-4-AM, Mag-Fluo-4, or Fura-2-AM.
For recordings of Ca**.y; with Fluo-4 and Ca®* of intracellular
Ca®* stores with Mag-Fluo-4, which is suitable for monitoring
depletion of Ca* from ER (Rossi and Taylor, 2020), cells were
incubated for 30 min in microscopy buffer at a final concen-
tration of 1 uM. The calcium dye was subsequently removed by
washing cells with dye-free buffer. Calcium signals were re-
corded for a time interval of 5 s for 60-240 min in total, with an
image resolution of 1,024 x 1,024 pixels and a scan speed of 400
Hz. Transfection of the immune cells for transiently expressed
proteins was accomplished with lipofectamine 2000 (11668019;
Thermo Fisher Scientific) according to the manufacturer’s in-
structions. Live-cell analysis of heterologously expressed NFATc2-
GFP and STIM1-eYFP/Orail-eCFP localization was performed using
the confocal laser-scanning microscopes mentioned above. The
microscopy settings were as follows: image resolution 1,024 x 1,024
pixels, scan speed 200 Hz, and time interval 30 s for 30-100 min
in total.

For measurements with Fura-2, Jurkat cells were loaded with
1 uM Fura-2-AM in medium on a rocking shaker at room tem-
perature for 20-25 min and seeded on glass coverslips coated
with poly-ornithine (0.1 mg/ml) and allowed to settle for 5 min.
Coverslips were assembled into a self-built perfusion chamber
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with small volume and high solution exchange rate at room
temperature. The external Ca** Ringer solution contained (in
mM): 145 NaCl, 2 MgCl,, 4 KCl, 10 Glucose, 10 HEPES, and 0.5
CaCl, (0.5 Ca?* Ringer) or no CaCl, but 1 EGTA (0 Ca?* Ringer;
pH 7.4 with NaOH). Images were acquired at 0.2 Hz and ana-
lyzed with TILLVision followed by Igor software.

FRET analysis

FRET experiments with Jurkat cells transiently expressing
STIM1-eYFP/Orail-eCFP were examined with a Leica TCS SP5 II
confocal microscope. Filters were set with CFP (458 excitation/
460-490 emission), YFP (514 excitation/530-550 emission), and
FRETraw (458 excitation/530-550 emission). Live-cell images
were obtained every 30 s at room temperature with a 100x 1.44
oil UV objective (HCX PL APO CS) for a time period of 30 min.
Three-channel corrected FRET was calculated based on the fol-
lowing equation: FRETc = Fraw - Fd/Dd - FCFP - Fa/Da - FYFP,
where FRETc represents the corrected total amount of energy
transfer; Fraw is the measured FRET signal; Fd/Dd is the mea-
sured bleed-through of eCFP via YFP filter (0.473); and Fa/Da
represents measured bleed-through of YFP through CFP filter
(0.049). To reduce variations caused by differences in expres-
sion levels of CFP, the FRETc values were normalized to value of
donor fluorescence (FCFP). To minimize the effect of variations
of YFP expression levels on FCFP-normalized FRET signals
(FRETN), and to show the relative changes compared with
resting levels, figures are shown as AFRETN/FRETNrest.

Immunofluorescence staining
Jurkat cells were fixed on BSA/poly-L-lysine-coated glass cov-
erslips 15, 30, 45, 60, or 90 min after treatment using 4% par-
aformaldehyde and stained with primary antibodies for STIM1
(PA1-46217; Thermo Fisher Scientific), Orail (NBP1-75523; No-
vus Biologicals, or 08264; Sigma-Aldrich), and NFATc2 (MAl-
025; Thermo Fisher Scientific). Antibodies were applied at a 1:
200 dilution in PBS, and coverslips were shaken overnight at
4°C. Next, cells were washed and incubated with anti-rabbit IgG
Alexa Fluor 488 (Alx488) secondary antibody (A32731; Thermo
Fisher Scientific), anti-mouse IgG Alx488 secondary antibody
(A32723; Thermo Fisher Scientific), or anti-mouse IgG Alx647
secondary antibody (A32728; Thermo Fisher Scientific).
Formation of Stiml1/Orail clusters in the PM were detected
and quantified as follows: fluorescent images of Jurkat cells
immunostained with Alx647 (magenta Orail) and Alx488 (green
STIM1) were merged in Fiji software. To avoid unspecific locali-
zation of the Alx488 signal in the PM, the global signal intensity
was reduced to 5% of the mean Alx488 fluorescence in the cyto-
plasm, with the effect that only pixels with a high fluorescence
intensity remained. The remaining colocalization of Alx647 and
Alx488 pixels were classified as STIM1/Orail clusters when colo-
calized pixels in direct contact with these settings covered an area
with a diameter between 0.3 and 1 pm. Cells that exhibited five or
more of such clusters were classified as STIM1/Orail positive.

Statistics
Data are expressed as mean = SD or SEM of three or more
independent experiments; number of biological replicates (n)

Tandl et al.
X-ray-triggered Ca?* signaling in T cells

JGP

or independent experiments (N) are given in the figures and/
or text. Significance was estimated by unpaired Student’s
t test.

Online supplemental material

Fig. S1 shows that under resting conditions, Jurkat cells exhibit
STIMI and Orail in the ER and PM, respectively. Additional
experiments confirm that the antibodies used in this study are
specific for STIM1 and Orail in Jurkat cells. Fig. S2 shows that a
knockout of Orail in Jurkat cells abolishes Tg-induced Ca?* re-
lease. Video 1 illustrates the dynamics of x-ray-induced oscil-
lation of Ca®*.y in Jurkat cells. Video 2 presents a Jurkat cell in
which, after x-ray exposure, NFAT is translocating from cytosol
to nucleus.

Results

lonizing irradiation elicits a delayed Ca?* response in

Jurkat cells

It was previously shown that x-ray irradiation triggers partial
immune stimulation in T cells, which is mediated by an oscil-
latory increase in the concentration of free Ca?* in the cytoplasm
(Ca?*cyy; Voos et al., 2018). To unravel a causal relationship be-
tween IR and Ca*y signaling, we monitored the immediate
impact of x-ray exposure on the level of this second messenger
in Jurkat cells. Individual cells loaded with the fluorescent
Ca?*y¢ dye Fluo-4 were imaged in real time with a fluorescence
microscope directly coupled to an x-ray source. The exemplary
data in Fig. 1 A, top, from two cells exposed to x-ray doses of
1 and 10 Gy show that this type of irradiation was not eliciting
any appreciable increase in Ca?*y; during or 10 min after irra-
diation. This absence of a Ca?*.y; response to both doses of ir-
radiation was confirmed by repeating the same experiments
with additional cells. The mean data in Fig. 1 A show that
neither 1 Gy (Fig. 1 A, middle) nor 10 Gy (Fig. 1 A, bottom) of x
rays elicited any appreciable early Ca?*.; responses to irra-
diation beyond the scatter of the data. Combined with the
finding that Ca2*.y can be elevated in the same cells by ion-
omycin (Fig. 1 A, top), these data suggest that IR exposure has
no immediate impact on Ca?*y, in Jurkat cells; the data also
underpin that x-ray irradiation causes no unspecific leakage
of cell membranes.

To capture potentially delayed Ca** ;. responses, Fluo-4 flu-
orescence was monitored over an extended time window. Rep-
resentative recordings in Fig. 1 B indicate that most untreated
cells maintained a constant low Ca®*.y; over 3 h of recording
(Fig 1 Bi). In 130 control cells, we observed in only 20% of the
cells some spontaneous and nonperiodic excursions in Ca®*cy;
the latter were mostly already visible at the start of the imaging
(Fig. 1 Bii). In 89 of the cells exposed to 5 Gy, >50% exhibited
characteristic delayed Ca**.y oscillations. In the representative
example in Fig. 1 Biii, the cell started oscillating after a lag time
of 65 min (Video 1). Similar delayed and long-lasting Ca?*.y
oscillations were observed in 250% of the cells irradiated with
5 Gy (Fig. 1 C). The remaining irradiated cells either maintained
a constant Ca**.y; or showed unspecific Ca**y; excursions like
untreated control cells (Fig. 1, Bi and Bii). For quantifying the
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Figure 1. lonizing irradiation elicits delayed
Ca?*.,, oscillations with distinct frequencies
and amplitudes. (A) Representative Fluo-4
signals report constant Ca?*.y, in individual Ju-
rkat cells (top). Fluorescence was recorded in
real time before, during, and after irradiation
with 1 Gy (red) and 10 Gy (black) x rays at times
indicated by black arrows. The same cells re-
sponded with a maximal fluorescence increase
after addition of 1 uM ionomycin (red arrow).
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Mean Fluo-4 intensity from cells irradiated at
arrow with 1 Gy (middle) or 10 Gy (bottom) x
rays. Data are means (black) + SD (gray) from
experiments as in A, with 15 cells for each dose.
(B) Representative long-term measurements of
Fluo-4 intensity in Jurkat cells, of which two
were not irradiated (i, ii, ctrl, red) and the other
was exposed to 5 Gy x ray (iii, black). Time of
x-ray exposure is indicated by black arrows.
While unirradiated control cells maintain a stable
Fluo-4 signal (i) or reveal irregular oscillations
(ii), the irradiated cell starts to oscillate after a

-
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5r.u.

fmax/ r.u.
I3
1
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lag time (jii). (C) Overlay of Fluo-4 signal from 15
individual cells after irradiation with 5 Gy; time
of x-ray exposure is indicated by black arrow.
(D-F) Latency time between onset of Ca?*.
oscillations after irradiation, oscillation fre-
quency (E), and maximal amplitude of oscillation
# (F) as a function of irradiation dose. The colored
symbols show different levels of Fluo-4 fluo-
rescence intensity: Fluo-4 intensity elicited by
5 Gy in Ca?* free external buffer including 5 mM
EGTA (magenta triangle) and maximal Fluo-4
intensity after adding 1 uM ionomycin (blue di-
A amond). Data are mean values + SD from 225
cells per dose; box plot indicates 25th and 75th

probability (P) of radiation-induced Ca* oscillations (Pcaz.-oscil)
in Fig. 2 A, we consider only repetitive Ca?*.y, spikes (five or
more spikes) that occurred 210 min after start of image acqui-
sition as oscillations. Based on these criteria, the analysis shows
that the probability of observing Ca?* oscillations in a population
of untreated control cells is only ~0.1. In contrast, after irradi-
ation with a dose of 5 Gy, the probability of detecting long-
lasting Ca2* oscillations increased to P = 0.56.

Experiments were repeated over a range of x-ray doses from
0.5 to 5 Gy. These treatments also elicited delayed Ca®*.y; os-
cillations with a high probability (Fig. 2 A). The lag time between
x-ray stimulation and onset of Ca** .y, signaling events varied
considerably from one cell to another. In 70% of the stimulated
cells with 5 Gy, the first detectable Ca?* peak occurred between
10 min (fastest) and 72 min (slowest) after x-ray exposure. A plot
of the average lag times as a function of x-ray dose indicates that
this value did not significantly change with the stimulation dose
(Fig. 1 D). A frequency analysis further reveals that Ca?*.y os-
cillates in response to x rays with 2-4 mHz (Fig. 1 E). This value
remains constant within the large scatter of frequency over the
range of irradiation doses.
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Radiation dose/ Gy

percentiles of data; and whiskers indicate 5%
and 95% limits. All Ca*.,; measurements in re-
sponse to x-ray irradiation were performed in
buffer containing 2 mM Ca?*.

The fluorescence intensity traces depicted in Fig. 1 C show
that the amplitude of the Ca®*.y: excursions increases gradually
with a saturation kinetic after onset of the oscillations. The peak
values of the maximal Ca®*.y; excursions are a function of the
stimulation doses. From a fit of the data with a single saturating
exponential function,

Y= Fmax (1 - e7X/k) + FO; (1)

where Fy,. is the maximal increase in peak fluorescence, F, the
background fluorescence of the control, and k the dose for half-
maximal increase in fluorescence; the half-maximal Ca®*.y peak
is achieved by 1.5 Gy (Fig. 1 F). Notably, the maximal amplitude
of Ca®*y; oscillations in Jurkat cells irradiated with 5 Gy x rays
was in the same range, but still below the corresponding peak
Ca** .y, value measured in the presence of ionomycin (Fig. 1 F).
Because the fluorescence intensity of the Fluo-4 dye saturates at
~1 pM (Dustin, 2000; Gee et al., 2000), we can assume from
these data that the x-ray-induced Ca?* oscillations reach peak
values close to 1 uM. This value is similar to the amplitude of
Ca?*y; oscillations elicited by mitogens in human T cells (Lewis
and Cahalan, 1989).

Journal of General Physiology
https://doi.org/10.1085/jgp.202112865

920z Aeniged 60 uo 1senb Aq ypd-Go8z 1 120z dbl/S052081/5982 1 1.20Z8/S/vS | 4pd-ajone/dBl/Bio sseidny//:dpy woy papeojumoq

40f14


https://doi.org/10.1085/jgp.202112865

A P Cca2+-oscill. B
0O 02 04

0.6

JGP

fluorescence intensity/ r.u.
1 2 3 4

ctrl
0.5
1.5
3 (7/29)
5, 5 - (4/54)
% +EGTA §
T Gd ;
< |5 } * o
+Synta66 (4/69)
+Pyr6 — (3/69)
= ) KO — (5/89) |
C P NFAT location.
0 0.4 0.8
1 1 1 1 |
crtl 410 ({14) B
Tg - e
T-Ac 1 K8

T-Ac+Synta66 - (6)

>F
5&| +EGTA G
To]

x| +Synta66 -

1 02 I

Figure 2. Radiation-induced Ca?*.,; oscillations and nuclear NFAT translocation are triggered by x rays and abolished after inhibition of Ca?* influx.
The probability for detecting Ca?* ., oscillations (Pca®*-osail) in Jurkat cells as in Fig. 1 Biii. A population of cells was imaged under the aspect of finding 10 min
after start of imaging Ca®*.,. oscillations defined as 25 repetitive Ca?*.,. spikes. Cells were either not irradiated (ctrl, open bar) or exposed to x-ray doses of
0.5-5 Gy in the absence (black bars) or presence of 5 mM EGTA (blue bar), 5 uM Gd3* (green bar), 10/5 uM CRAC channel inhibitor Synta66 (magenta), or Pyr6
(orange). The same experiments were also performed with cells in which Orail was knocked out (KO; red bar). (B) Mean fluorescence (+ SD) collected over a
time window of 60-120 min after start of imaging from cells treated as in A. (C) Probability of detecting NFAT in cytosol (gray bar) or in nucleus (black bar) as in
Fig. 6 A in untreated/nonirradiated control cells (crtl) and cells treated with 2 uM Tg or with 25 ul/ml ImmunoCult Human CD3/CD28/CD2 T-Ac without and
with 10 pM Synta66. Other cells were exposed to 5 Gy x rays without or with 5 mM EGTA or 10 pM Synta66. Numbers in brackets in A-C give number of
experiments (N)/total number of cells analyzed (n). Statistical differences between treatments in B analyzed by unpaired Student’s t test, with respective

P values given in the figure.

Ca?*.y oscillations can be suppressed by buffering external
Ca?* and by blocking Ca?* influx

Stimulus-induced Ca?*.y; oscillations can originate from a re-
lease of Ca?* from internal stores or from entry via a plethora of
Ca?*-permeable channels in the PM of T cells (Trebak and Kinet,
2019). To test the contribution of PM channels to this process,
experiments similar to those in Fig. 1 B were repeated in a
nominally Ca?*-free extracellular solution by the addition of
5 mM EGTA to the buffer. In these experiments, the probability
of finding Ca*.y: oscillations was reduced to that of untreated
control cells (Fig. 2 A). We further measured the mean fluo-
rescence from single cells over a time window of 60-120 min in
control cells and after x-ray exposure with and without indi-
cated treatments; this measurement pools data from cells with
Ca*.y, oscillations and cells with a constant Ca*y level. The

Tandl et al.
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value was significantly higher in cells treated with 5 Gy x rays
than that of the sham-irradiated control group (Fig. 2 B). In the
presence of EGTA, this value was greatly reduced and only two
times higher than the control. The results of these experiments
show that the absence of external Ca?* abolishes radiation-
induced Ca?'.y; oscillations but still allows some steady in-
crease in Ca**.y. The results of these experiments suggest a
calcium influx via PM channels as the main trigger of Ca®*.y
oscillations in irradiated cells. The remaining steady increase of
Ca?*yy¢ furthermore suggests that x-irradiation may have a
negative impact on the mechanisms of Ca* . buffering and
Ca?*¢y¢ clearance.

To further test the relationship between Ca?* influx and Ca?*
oscillations, experiments were repeated in a buffer containing
Ca®>* + 5 pM gadolinium (Gd®*), a broad inhibitor of Ca2*-
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permeable channels in T cells (Biagi and Enyeart, 1990; Adding
et al., 2001). In the presence of the inhibitor, the probability of
radiation-induced Ca?*.y, oscillations was reduced close to that
in control cells (Fig. 2 A); as in experiments with EGTA, in this
case a constant increase in Ca?*.; was still visible (Fig. 2 B).
Together, these data underscore the impact of radiation on Ca®* .
and the importance of Ca** influx for the radiation-induced sig-
naling cascade, leading to characteristic Ca®*.y; oscillations. The
data further suggest that x-ray irradiation stimulates some addi-
tional mechanisms, which cause a steady increase in Ca**y;. The
finding that the latter was abolished by neither depletion of ex-
ternal Ca?* nor blocking Ca?* channels with Gd3* suggests that at
least some of this Ca?* originates from internal stores.

Ca?* oscillations are mediated by STIM1/Orail activation

The major mechanism for Ca?* entry to T cells’ interior is pro-
vided by the SOCE pathway (Trebak and Kinet, 2019). In this
system, the calcium level of the ER is monitored by the ER Ca2*
sensor STIMLI. Upon store depletion, STIMIs aggregate and move
to contact points with the PM, where they interact and activate
the Orail channel subunit (Zheng et al., 2018). The active Orail/
STIMI complex, which assembles to the CRAC channel (Gudlur
and Hogan, 2017), is necessary and sufficient to support SOCE.
To test the involvement of this pathway in radiation-induced
T cell stimulation, we monitored the dynamic distribution of
Orail and STIM1 in Jurkat cells and PBMCs. Cells were therefore
fixed for immunostaining 15, 30, and 60 min after x-ray expo-
sure or 15 min after their activation with 2 uM Tg. The repre-
sentative images in Fig. 3 A and Fig. S1 show the typical
distribution of the two CRAC channel components in un-
stimulated cells. The Orail channel subunit is evenly distributed
in the PM, while the STIMI proteins generate a diffuse signal
throughout the cytoplasm (Fig. 3 A, top row). After activating
cells with Tg, STIMI proteins are translocated from the cytosol
to the PM, where they colocalize with the Orail proteins in
distinct clusters (Fig. 3 A, middle row).

The same redistribution of STIMI1 and Orail emerged after
exposing Jurkat cells to doses of 1.5 and 5 Gy. The STIM]1 signal
disappears from the cytosol and concentrates in the PM, where it
forms clusters with Orail (Fig. 3 A, bottom row). Already 15 min
after irradiation, a maximum clustering of both proteins was
observed in ~50% of the cells analyzed before clustering grad-
ually decreased (Fig. 3 B). A similar transient clustering of STIM1
and Orail was evident with 1.5-Gy x-ray exposure.

To confirm x-ray-triggered aggregation of STIMI and Orail,
we coexpressed STIM1::eYFP and Orail::eCFP in Jurkat cells and
measured protein-protein interactions by FRET. Data in Fig. 3, C
and D, show that the FRET signal is small in untreated control
cells. It significantly increased in cells stimulated with 2 uM Tg
or 25 ul/ml ImmunoCult human CD3/CD28/CD2 T-Ac (short
T-Ac). An even larger energy transfer was measured in cells
exposed to a dose of 5 Gy x rays. Together, these data confirm
that STIMI and Orail interact in response to x-ray exposure.

To estimate the time course for stimulus-induced STIM1/
Orail clustering, we coexpressed both fluorescent tagged pro-
teins in Jurkat cells and monitored by live-cell imaging the dy-
namics of colocalization between STIMI and Orail. The images
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in Fig. 4 A show a close-up of the PM with a merger of STIMLI::
eYFP (green) and Orail::eCFP (magenta). The series of images
exhibit a distinct separation of the two signals before stimulation
with 10 pM Tg. After stimulation, the green signal (STIM1)
moved from the cytosol to the PM, which hosts Orail::eCFP,
shown in magenta. To quantify the stimulus-induced redistri-
bution of STIMI-associated fluorescence to the PM, we measured
the Pearson correlation coefficient (PCC) for the two fluorescent
signals in defined regions of interest (ROIs) over the PM (Fig. 4
A). The quantitative analysis shows that mean colocalization
values in untreated control cells were low (PCC = 0.38 + 0.08 in
18 cells). This value was used as a reference for estimating a
progressive colocalization between STIMI and Orail over time.
The data in Fig. 4 B show that the PCC value of untreated control
cells did not change over a period of 24 min. When cells were
stimulated with either Tg or 5 Gy x rays, the PCC value increased
over the time window rapidly (Tg) or slowly (x ray) to new
plateau values. To estimate the time course of changes in PCC
values the mean data were fitted by a logistic equation:

Y=a/ [1 + e—kx(x—xo)] , (2)

where a is the maximal PCC value, k the rate of increase, and x,
the time of maximal increase. The half-maximal increase in
colocalization was achieved in 2 and ~12 min after stimulation
with Tg or 5 Gy x rays, respectively (Fig. 4 B).

To test whether STIM1/Orail-mediated SOCE is crucial for the
radiation-induced Ca?* oscillations, we repeated experiments as
in Fig. 1 B with established CRAC channel inhibitors. Cells pre-
treated with either 10 uM Synta66 (N = 6) or 5 uM Pyré (N = 6)
exhibited in the presence of both blockers a strongly reduced
propensity of Ca2* oscillations after x-ray exposure (Fig. 2 A). To
further test the crucial role of CRAC channels in this signaling
cascade, we generated a knockout of Orail in Jurkat cells by
CRISPR-Cas9. The resulting mutant cells exhibit no-longer-de-
tectable levels of Orail protein in Western blots (Fig. S2 B) or
immunofluorescence staining (Fig. S1 E) and accordingly show a
drastically reduced SOCE profile after Tg stimulation (Fig. S2 A).
Fig. S2 A shows that the peak and the plateau values of Tg-
induced Ca?* influx are greatly reduced in Orail knockout
(KO) cells compared with WT cells. Hence, the knockout of the
Orail isoform is sufficient to greatly reduce SOCE in mutant
cells. When knockout cells were exposed as in Fig. 1 B to 5 Gy x
rays, we no longer observed Ca>* oscillations (Fig. 2 A), while
these cells still exhibited the same elevated increase in Ca®*.y
level that was observed in the presence of the CRAC channel
blockers (Fig. 2 B). The results of these experiments underpin
that radiation-stimulated Ca®*y; oscillations are indeed initiated
by clustering of STIM1 and Orail and by a consequent SOCE.

The STIM/Orai activation pathway is also activated in naive
T-lymphocytes

Jurkat cells are a leukemic T cell line, which serves as a model
system for uncovering the basic signaling events engaged in
T cell activation (Abraham and Weiss, 2004). To test whether
the irradiation-triggered Ca2* signaling cascade also occurs in
naive T cells, we repeated the experiments in Fig. 3 with PBMCs.
The images in Fig. 5 A indicate that the cytosol volume of
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Figure 3. IR triggers Ca®* regulated STIM1/Orail CRAC channel formation. (A) Distribution of endogenous Orail (magenta, first column) and STIM1 (green,
second column) in Jurkat cells immune-stained with Alx647 and Alx488, respectively. Overlays of green and magenta images with magnification of indicated
areas are shown in third and fourth columns. Fixed cells were obtained from untreated/nonirradiated control cells (top row), cells treated for 15 min with 2 uM
Tg (central row), or cells 15 min after 5-Gy x-ray exposure (bottom row). (B) Probability of finding, in a population of Jurkat cells, positive clustering of STIM1/
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Orail (Pstimyorait+) after irradiation with 1.5 Gy (squares) or 5 Gy (circles). Criteria for cluster detection are specified in Materials and methods. For each
condition, >282 cells were analyzed. (C) Representative confocal images of same cells with fluorescent donor molecule Orail::eCFP (magenta, first column),
acceptor molecule STIM1::eYFP (green, second column), and heatmaps of the resulting FRET signals (third column) 15 min after treatment. Images are from
untreated cells (control), cells incubated with 2 pM Tg, 25 pl/ml ImmunoCult Human CD3/CD28/CD2 T-Ac, or irradiated with 5 Gy. All three treatments
generate a visible FRET-signal in the PM. Scale bars, 10 um. (D) Mean FRET signal (+SD, n > 5) from PM of cells as in C: untreated/nonirradiated control cells
(crtl), cells 5 min in 2 pM Tg, 15 min in 25 ul/ml T-Ac, or 20 min after irradiation with 5 Gy. Statistical differences between treatments were analyzed by

unpaired Student’s t test, and respective P values are given in the figure.

nonstimulated lymphocytes is even smaller than that of Jurkat
cells, which makes it more difficult to detect a translocation of
STIM1 from the cytosol to the membrane-resident Orail. A
comparative analysis nonetheless shows that the Orail and
STIMI distribution remains uniform in unstimulated control
cells, whereas they exhibit a distinct clustering after stimulation
with 2 uM Tg. The same clustering is also evident after exposing
cells to 5 Gy x rays (Fig. 5 A). The visual impression from the
representative images was confirmed by quantitative analysis
(Fig. 5 B), which shows that x-ray irradiation and Tg treatment
favor the removal of the green fluorescence from the cytosol. The
results from these experiments underscore that the IR-induced
Ca®* signaling cascade is a general response of resting T cells.

Radiation-induced STIM1/Orail activation is preceded by
depletion of Ca?* stores

Next, we addressed the question whether the observed STIM1/
Orail clustering is a consequence of an x-ray-triggered depletion

of intracellular Ca%* stores. Jurkat cells were therefore loaded
with the fluorescent dye Mag-Fluo-4. Because of a combination
of distinct affinities for Ca%* and Mg>* and due to the prevailing
concentrations of both divalent cations in the ER, the fluorescent
dye can be used for monitoring changes in the high Ca** con-
centration in the ER, but not reliably for changes in the cytosol
(Rossi and Taylor, 2020; Lebeau et al, 2021). Fig. 6 A shows
representative images of Jurkat cells loaded with Mag-Fluo-4
and stained with ER tracker red. The overlay of both images
exhibits a bright Mag-Fluo-4 signal in association with the ER,
confirming that the sensor enters this organelle with its high
Ca?* concentration. While the fluorescent signal remains high
and constant in the ER of control cells (Fig. 6, B and C), it de-
creases in the ER and concomitantly increases in the cytosol
(Fig. 6, D and E) after addition of 2 uM Tg to the bath medium.
The measured decrease in Mag-Fluo-4 fluorescence is consistent
with the expected Tg-induced depletion of Ca?* from these
stores (Lebeau et al., 2021). After confirming that Mag-Fluo-4

A time pi/ min

0 8

16 24

time pi/ min

Figure 4. Time course of stimulus-induced STIM1/Orail colocalization. (A) Fluorescent images of a representative Jurkat cell cotransfected with STIML:
eYFP (green) and Orail::eCFP (magenta) with focus on PM/cytosol interface. Images were taken before (0 min) and 4 and 10 min after treating cells with 10 pM
Tg. White boxes show ROls in membrane/cytosol interface for calculating PCC value of the two fluorescent markers. (B) Change in PCC (APCC) for coloc-
alization of STIM1::eYFP and Orail::eCFP. Data obtained from confocal live-cell real-time acquisition of Jurkat cells as in A, heterologously expressing the two
proteins. In five independent experiments a mean PCC of 3.8 + 0.08 was estimated from 18 untreated control cells (triangle). Changes in PCC values over time
from untreated and treated cells (circles) are shown as deviation from this control value (APCC). The PCC values of untreated cells remain at the same level
(ctrl, black) but increase with different kinetics in cells stimulated with 2 uM Tg (orange) or 5 Gy x rays (5 Gy, magenta). The data were fitted with logistic
equation (Eq. 2, solid lines) yielding the following times for half-maximal increase in STIM1/Orail colocalization: 2 min for Tg and 12 min for x ray. Data for the
three conditions are mean values + SD from N > 4 independent experiments with n > 4 cells each. Scale bars, 2.5 um.
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Figure 5. Calcium-dependent SOCE/NFAT pathway is activated by IR in naive T-lymphocytes. (A) Distribution of endogenous Orail (magenta, first
column) and STIM1 (green, second column) in fixed PBMCs immunostained with secondary antibodies Alx488 and Alx647, respectively. A merge of the two
channels is shown in the third column, with higher magnification of marked areas in the fourth column. The merge of untreated control cells additionally shows
the nucleus stained with Hoechst DNA dye (blue). Images show cells that were fixed as untreated/nonirradiated control cells (ctrl, top row) and cells fixed
15 min after treatment with 2 uM Tg (second row) or after exposing cells to 5 Gy (third row). (B) Mean ratio (+ SD, number of cells in brackets) of green
fluorescence in ROI (inset image, red circle) in cytosol divided by fluorescence in ROI in direct vicinity over PM (black circle). Data from untreated control cells
(ctrl) as well as cells exposed to 2 uM Tg or 5 Gy x rays 60 min after treatment. (C) Confocal images of PBMCs showing nucleus stained with Hoechst DNA dye
(blue, first column) and endogenous NFATc2 (green, second column) stained with Alx488. Overlay of both columns is shown in third column. Cells were fixed
immediately (untreated/nonirradiated control, top row), 15 min after 2 uM Tg Ca?* store depletion (second row) or 60 min after x-ray exposure with 5 Gy
(third/fourth row). All scale bars, 10 um. (D) Mean ratio (+ SD, number of cells in brackets) of GFP fluorescence in nucleus (inset image, magenta circle) divided
by fluorescence of total cell (white circle). Statistical differences between treatments in B and D were analyzed by unpaired Student’s t test, and respective

P values are given in the figure. Source data are available for this figure: SourceData F5.

can be used for monitoring Ca?* store depletion in Jurkat cells,
we followed its fluorescence in cells after irradiation with 5 Gy x
rays. In nine experiments, we observed that the Mag-Fluo-4
signal remained in 40% of the cells after irradiation on the level
of untreated control cells. In the remaining 60% of cells, the
Mag-Fluo-4 fluorescence decreased progressively after irradia-
tion with 5 Gy. The representative images and the correspond-
ing quantitative analysis (Fig. 6, F and G) of the responsive cells
show that irradiation with x ray also elicits a gradual decrease in
Mag-Fluo-4 fluorescence in the ER of exposed cells; this effect of
Ca?* store depletion was already visible at the start of imaging

Tandl et al.
X-ray-triggered Ca?* signaling in T cells

7 min after irradiation. The images show that the Tg- and
x-ray-induced changes in Mag-Fluo-4 fluorescence are a com-
bination of Ca2?* store depletion and concomitant increase in
Ca?*.yt. Because of the mixed nature of this signal, the recorded
decay of fluorescence intensity cannot be taken as a direct
measure of store depletion kinetics. Still, the data indicate that
the x-ray-induced depletion of Ca?* stores and the formation of
STIM1/Orail clusters (Fig. 5) occur during the same time win-
dow of ~20 min after stimulation. Collectively, the results of
these experiments suggest that x-ray irradiation evokes in a yet-
unknown manner a depletion of Ca?* stores in Jurkat cells,
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Figure 6. Fluorescent sensor Mag-Fluo-4 reports depletion of ER Ca?* in Jurkat cells as a response to irradiation. (A) Fluorescent images of repre-
sentative Jurkat cells loaded with Mag-Fluo-4 (green, first column) and stained with ER tracker red (magenta, second column) exhibit colocalization of both
fluorescent signals in merged image (third column). (B) In untreated control cells, the Mag-Fluo-4 fluorescence in the ER remains constant. (C) Challenging cells
with 2 uM Tg (D) or irradiating cells with 5 Gy x rays elicits progressive decrease in Mag-Fluo-4 fluorescence in ER with concomitant increase in cytosol. Times
in images denote time point of imaging after respective treatment. Corresponding mean values of relative Mag-Fluo-4 fluorescence (+ SD) in ROI (white circle
in C) over ER in untreated control cells (E), cells exposed to 2 uM Tg (F), and cells irradiated with 5 Gy x rays (G). Start of imaging after treatments are indicated
by an arrow. Data in E-G were normalized to fluorescence values at start of analysis from >35 cells per treatment in >7 experiments. Scale bars, 10 um.

which may in turn promote the observed clustering of STIM1/
Orail and CRAC channel activation.

Ca?* signaling cascade results in a translocation of NFAT to
the nucleus

Ca?* entry via the SOCE pathway is the main source for acti-
vation of the transcription factor isoforms of NFAT (Dolmetsch
etal., 1998; Tomida et al., 2003). The stimulus-induced and Ca*-
dependent nuclear translocation of NFAT is instrumental for
subsequent cytokine expression, proliferation, and immune
competence (Crabtree and Olson, 2002). Notably, the frequency
of the x-ray-induced Ca®*.y: oscillations of ~4 mHz in Jurkat
cells (Fig. 1 E) is typical for a signaling cascade, which elicits the
activation of the NFAT pathway (Smedler and Uhlen, 2014).

Tandl et al.
X-ray-triggered Ca?* signaling in T cells

To test if the NFATc2 pathway, which is the most prominent
in T cells, is indeed activated by IR, we monitored nuclear
translocation of endogenous NFATc2 labeled with Alx488. The
representative images and the corresponding quantitative
analysis depicted in Figs. 5 and 7 show that the transcription
factor is primarily located in the cytosol in naive T cells (Fig. 5, C
and D) and unstimulated Jurkat cells (Fig. 7, A and B). Stimula-
tion with 2 uM Tg favors a translocation of NFAT into the nu-
cleus in a major population of cells tested (Fig. 2 C). A similar
nuclear translocation is induced in 72% of Jurkat cells irradiated
with 5 Gy (Figs. 7 and 2 C).

To analyze stimulus-induced translocation of NFAT, we
monitored Jurkat cells heterologously expressing GFP-tagged
NFAT by live-cell imaging in real time (Fig. 7 C and Video 2).
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Figure 7. Nuclear translocation of Ca2*-dependent NFAT in Jurkat cells. (A) Confocal images of Jurkat cells in which nucleus was stained with Hoechst
DNA dye (blue, first column) and endogenous NFATc2 immunostained with secondary antibody Alx488 (green, second column). The third column shows a
merge of blue and green channels. Cells were fixed immediately in untreated/nonirradiated control cells (ctrl, first row), 15 min after 2 uM Tg Ca®* store
depletion (Tg, second row), or 15, 30, and 60 min after x-ray exposure with 5 Gy (three bottom rows). (B) Mean ratio (+ SD, number of cells in brackets) of GFP
fluorescence in nucleus (inset, magenta circle) divided by fluorescence of total cell (white circle). Statistical differences between treatments were analyzed by
unpaired Student’s t test, and respective P values are given in the figure. (C) Live-cell imaging of nuclear import of transiently expressed NFATc2-GFP from
cytosol (c) to nucleus (n) in Jurkat cells after stimulation with 2 uM Tg in absence (top) or presence (bottom) of 10 uM CRAC channel inhibitor Synta66.
Numbers indicate time in minutes after treatment. (D) Kinetic analysis of NFATc2-GFP nuclear translocation from cytosol (black) to nucleus (red). Data are
from confocal imaging of Jurkat cells in untreated control condition (crtl), with 2 uM Tg in 25 pl/ml activator (T-Ac), or after 5 Gy x-ray exposure (5 Gy). Data
were obtained without (left) and with (right) 10 uM Synta66. Each time course diagram is the mean + SE of >12 individually measured cells. Addition of Tg and
T-Ac as well as time of x-ray irradiation are indicated by arrows in D. Relative fluorescence values for NFAT in cytosol (black) and nucleus are (red) were

normalized to 1. Source data are available for this figure: SourceData F7.

Again, analyses of NFAT accumulation in the nucleus highlights
distinct response times to different stimuli: after Tg stimulation,
half of the NFAT translocation (in 97% of all cells monitored) is
achieved after 8 + 1.5 min. With T-Ac, it takes 21 + 6.5 min (in
89% of the cells), and with 5 Gy irradiation, 77 + 5 min (in 67%
of all cells) for the same response (Fig. 7 D). The nuclear

Tandl et al.
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translocation of NFAT is causally related to the activation of

CRAC channels for all three stimuli, as treating cells with 10 uM
of the CRAC channel inhibitor Synta66 abolishes its nuclear
translocation (Fig. 7, C and D; and Fig. 2 C) in all cases.

Finally, to examine the consequence of CRAC channel acti-
vation on the physiological response of Jurkat cells, we
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Figure 8. CRAC channel blocker Synta66 inhibits x-ray-stimulated increase in Jurkat cell diameter. (A) Jurkat cells exhibit a dose-dependent increase in
diameter 24 h after irradiation, which can be abolished by 10 uM CRAC channel inhibitor Synta66. Representative images (left, confocal image of fluorescent
stained PM [red]; right, overlay of fluorescent and bright field image) of individual Jurkat cells. Images were taken 24 h after start of experiment with an
untreated control cell (ctrl), a cell exposed to 5 Gy x rays alone (5 Gy) or with 10 uM Synta66 (5 Gy + Synta66). (B) Mean diameters + SD of >300 cells per
treatment (N > 5 independent experiments) 24 h after exposure to 0-5 Gy x rays in the absence (black square) or presence (open square) of 10 uM Synta66.
Statistical differences between treatments + Synta66 were analyzed by unpaired Student’s t test, and respective P values are given in the figure. All scale bars,

10 um.

monitored the effect of 10 pM Synta66 on irradiation-induced
increase in cell diameter, since the morphological change is part of
the radiation-induced immune response (Voos et al., 2018). The
data depicted in Fig. 8 indicate that the >1,000 analyzed cells have
a uniform diameter (9.4 + 0.2 um) under control conditions. Over
24 h, this diameter does not change in the presence of 10 uM
Syntaé6 (9.2 + 0.1 pm) or in the absence of Synta66 (9.3 + 0.3 um).
X-ray irradiation with three different doses (0.5, 1.5, and 5 Gy)
caused a dose-dependent, significant increase in cell diameter of
~4-21%. This increase in cell size was largely abolished in the
presence of the CRAC channel blocker (Fig. 8). The results of these
experiments suggest that the morphological change in Jurkat cells
in response to x-ray stimulation is an endpoint of a signal trans-
duction cascade, which involves SOCE via STIM1/Orail clustering.

Discussion

Stimulus-induced Ca?* signaling cascades are key events in the
activation of T cells. Triggered by antigen binding to the T cell
receptor (Bryceson et al., 2006), a downstream signaling cascade
is initiated that promotes the release of Ca?* from internal stores
and eventually the activation of SOCE. In this process, Ca?* en-
ters the cytoplasm primarily via CRAC channels, generating
Ca?*.y; oscillation patterns with distinct durations and ampli-
tudes according to the stimulus (Salazar et al., 2008; Parekh,
2011). These dynamic changes in the concentration of the sec-
ond messenger molecule are finally decoded by cytosolic Ca**-
dependent target enzymes, including kinases, phosphatases, and
transcription factors such as NFAT (Cifuentes et al.,, 1993;
Kohout et al., 1994; Stemmer and Klee, 1994). With this network
of signaling steps, T cells achieve precise control over essential

Tandl et al.
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lymphocyte functions such as cytokine production, prolifera-
tion, differentiation, and antigen-dependent cytotoxicity. In the
present study, we indicate that the signaling cascades involving
CRAC channel activation, SOCE-mediated Ca* excursions, and
translocation of NFAT from the cytosol to the nucleus can be trig-
gered in a population of about half of the T cells examined by clin-
ically relevant doses of ionizing irradiation. In this regard, IR elicits
effects comparable to Tg and a well-established T-Ac (ImmunoCult
Human CD3/CD28/CD2 short T-Ac). Further, the finding that spe-
cific inhibitors of CRAC channels or the downregulation of Orail by
CRISPR-Cas9 inhibit or even abolish the crucial Ca*; oscillations
underpins that they all use SOCE as the major Ca?* entry pathway.
This is additionally supported by the finding that the CRAC channel
blocker Synta66 abolishes subsequent downstream effects like the
translocation of NFAT and the increase in cell diameter. Other Ca?*
channels in T cells seem to play no primary role in the IR-induced
Ca?* signaling, which regulates these cellular reactions.

It is well established that the form of Ca®*y; signals in T cells
determines their cellular response (Parekh, 2011; Bootman and
Berridge, 1995; Cahalan, 2009; Song et al., 2012). Depending on
the nature and the concentration of the stimuli, the Ca®* signal
can exhibit either a sustained increase in Ca**.y; or periods of
Ca?*.y; oscillations with different frequencies and amplitudes.
This frequency- and amplitude-encoded signature of the Ca?*.y;
oscillations bears information on the subsequent differentiation
of T cells; it can induce either cell proliferation or death
(Orrenius et al., 2003). Different amplitudes and frequencies
also activate different transcription programs in populations of
T cells (Dolmetsch et al., 1997). Scrutiny of IR-induced Ca?* os-
cillations shows that they oscillate independently of the IR doses,
with frequencies of 2-4 mHz. This is exactly in the frequency
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range of antigen-triggered oscillations in T cells that eventually
result in activation of NFAT (Dolmetsch et al., 1998; Smedler and
Uhlen, 2014). Our finding that IR activates the NFAT pathway in
T cells is in good agreement with the view that both stimuli
trigger the same signaling pathways.

An interesting finding in the present study is that IR-induced
depletion of Ca2* stores and the consequent activation of CRAC
channels are not an immediate consequence of radiation expo-
sure; they occur with a delay of several minutes. This delay is
well beyond the lifetime of oxygen radicals, including long-lived
H,0, (Sies, 2017; Mikkelsen and Wardman, 2003), meaning that
Ca?* oscillations are not initiated by radiolysis of water or direct
peroxidation/oxidation of lipids/proteins. This lack of an im-
mediate impact of IR on Ca®*., is consistent with previous high-
resolution imaging experiments that showed that individual
high-energy ions had no immediate impact on the Ca** con-
centration along the track of the ions (Du et al., 2008). The
current data are not sufficient to explain the primary action of IR
and the series of events during the gap between IR exposure and
Ca?* store depletion. In this context, however, it is interesting to
note that x-ray irradiation was causing—even in the presence of
EGTA in the medium—a steady increase in Ca?*., (Fig. 2 B).
Such a negative impact of IR on Ca**.y; buffering and Ca®*
clearance could eventually contribute to the mechanism of Ca**
store depletion, if it includes a downregulation of the SERCA,
e.g., the pump that refills the store with Ca*.

Since immune cells like T cells, which are cycling in the
blood, are inevitably exposed to IR during tumor therapy, it is
important to understand their response to it. The present study
underpins a stimulating role of IR on STIM1/Orail cluster for-
mation and a subsequent activation of these CRAC channels for
SOCE, not only in a T cell cancer cell line (Jurkat), but also in
naive peripheral blood lymphocytes. T-lymphocyte activation is
at the forefront of antitumor cytotoxic effects and the regulation
of an adaptive immune response in healthy and cancerous tissue
(Demaria et al., 2015; Schaue and McBride, 2012). Our findings
thus have implications for the understanding of both radiation-
associated toxicity in normal tissue and the efficacy of radiation
therapy, especially if combined with checkpoint PD-1 and PD-L1
inhibitors in current clinical practice. Further, STIM1 and Orail
proteins are not restricted to T cells but are also expressed in
B cells, as well as in phagocytes such as neutrophilic gran-
ulocytes, macrophages, and dendritic cells (Demaurex and
Nunes, 2016), where they regulate a multitude of cellular re-
actions (Vaeth and Feske, 2018). With a more general functional
importance of these channel-forming proteins in different types
of immune cells, we anticipate that IR activation of CRAC
channels will have even a more global importance in the mod-
ulation of the immune responses following radiation exposure in
tumor therapy.

Acknowledgments
Christopher J. Lingle served as editor.

We thank Donald Gill (Pennsylvania State University, State
College, PA) and Ralph Kehlenbach (University of Géttingen,
Géttingen, Germany) for providing STIMI:eYFP/Orail::eCFP

Tandl et al.
X-ray-triggered Ca?* signaling in T cells

JGP

and NFAT-GFP plasmids, respectively. Special thanks to Chris-
tine Gibhardt (University of Géttingen) for helpful suggestions,
and to Priska Jost, Tobias Schulze, and Rene Lautenschldger for
help with experiments.

This work was supported in part by the German Research
Foundation (DFG: Graduate school 1657) and by the German
Federal Ministry of Education and Research (BMBF; grants no.
02NUKO050A, 02NUKO050C, 02NUKO050D, and GREWISalpha).

The authors declare no competing financial interests.

Author contributions: Experiments, D. Tandl, T. Sponagel, D.
Alansary, S. Fuck, T. Smit, S. Hehlgans, and B. Jakob; data
analysis, D. Tandl, D. Alansary, T. Sponagel, and G. Thiel; con-
ceptualization, C. Fournier, F. Rédel, B. Roth, A. Moroni, and G.
Thiel; writing, original draft preparation, D. Tandl, S. Fuck, B. Roth,
A. Moroni, and G. Thiel; writing, review and editing, F. Rdel, C.
Fournier, B. Roth, A. Moroni, and G. Thiel; funding acquisition, C.
Fournier, F. Rodel, B.A. Niemeyer, and G. Thiel.

Submitted: 13 January 2021
Revised: 25 September 2021
Accepted: 11 February 2022

References

Abraham, R.T., and A. Weiss. 2004. Jurkat T cells and development of the
T-cell receptor signalling paradigm. Nat. Rev. Immunol. 4:301-308.
https://doi.org/10.1038/nri1330

Adding, L.C., G.L. Bannenberg, and L.E. Gustafsson. 2001. Basic experimental
studies and clinical aspects of gadolinium salts and chelates. Cardiovasc.
Drug Rev. 19:41-56. https://doi.org/10.1111/§.1527-3466.2001.tb00182.x

Bauer, M., M. Goldstein, M. Christmann, H. Becker, D. Heylmann, and B.
Kaina. 2011. Human monocytes are severely impaired in base and DNA
double-strand break repair that renders them vulnerable to oxidative
stress. Proc. Natl. Acad. Sci. USA. 108:21105-21110. https://doi.org/10
.1073/pnas.1111919109

Biagi, B.A., and ].J. Enyeart. 1990. Gadolinium blocks low- and high-threshold
calcium currents in pituitary cells. Am. J. Physiol. 259:C515-C520.
https://doi.org/10.1152/ajpcell.1990.259.3.C515

Bootman, M.D., and M.J. Berridge. 1995. The elemental principles of calcium
signaling. Cell. 83:675-678. https://doi.org/10.1016/0092-8674(95)90179-5

Bryceson, Y.T., M.E. March, H.-G. Ljunggren, and E.O. Long. 2006. Synergy
among receptors on resting NK cells for the activation of natural cy-
totoxicity and cytokine secretion. Blood. 107:159-166. https://doi.org/10
.1182/blood-2005blo04-1351

Cahalan, M.D. 2009. STIMulating store-operated Ca(2+) entry. Nat. Cell Biol.
11:669-677. https://doi.org/10.1038/nch0609-669

Cifuentes, M.E., L. Honkanen, and M.]. Rebecchi. 1993. Proteolytic fragments
of phosphoinositide-specific phospholipase C-delta 1. Catalytic and mem-
brane binding properties. J. Biol. Chem. 268:11586-11593.

Crabtree, G.R., and E.N. Olson. 2002. NFAT Signaling: Choreographing the
social lives of cells. Cell. 109:567-S79. https://doi.org/10.1016/s0092
-8674(02)00699-2

Cuttler, J.M. 2020. Application of low doses of ionizing radiation in medical
therapies. Dose Response. 18:1559325819895739. https://doi.org/10.1177/
1559325819895739

Delaney, G., S. Jacob, C. Featherstone, and M. Barton. 2005. The role of ra-
diotherapy in cancer treatment: Estimating optimal utilization from a
review of evidence-based clinical guidelines. Cancer. 104:1129-1137.
https://doi.org/10.1002/cncr.21324

Demaria, S., E.B. Golden, and S.C. Formenti. 2015. Role of local radiation
therapy in cancer immunotherapy. JAMA Oncol. 1:1325-1332. https://doi
.org/10.1001/jamaoncol.2015.2756

Demaurex, N., and P. Nunes. 2016. The role of STIM and ORAI proteins in
phagocytic immune cells. Am. J. Physiol. Cell. 310:c496-c508. https://doi
.org/10.1152/ajpcell.00360.2015

Di Maggio, F.M,, L. Minafra, G.I. Forte, F.P. Cammarata, D. Lio, C. Messa, M.C.
Gilardi, and V. Bravata. 2015. Portrait of inflammatory response to

Journal of General Physiology
https://doi.org/10.1085/jgp.202112865

920z Aeniged 60 uo 1senb Aq ypd-Go8z 1 120z dbl/S052081/5982 1 1.20Z8/S/vS | 4pd-ajone/dBl/Bio sseidny//:dpy woy papeojumoq

13 0f 14


https://doi.org/10.1038/nri1330
https://doi.org/10.1111/j.1527-3466.2001.tb00182.x
https://doi.org/10.1073/pnas.1111919109
https://doi.org/10.1073/pnas.1111919109
https://doi.org/10.1152/ajpcell.1990.259.3.C515
https://doi.org/10.1016/0092-8674(95)90179-5
https://doi.org/10.1182/blood-2005blo04-1351
https://doi.org/10.1182/blood-2005blo04-1351
https://doi.org/10.1038/ncb0609-669
https://doi.org/10.1016/s0092-8674(02)00699-2
https://doi.org/10.1016/s0092-8674(02)00699-2
https://doi.org/10.1177/1559325819895739
https://doi.org/10.1177/1559325819895739
https://doi.org/10.1002/cncr.21324
https://doi.org/10.1001/jamaoncol.2015.2756
https://doi.org/10.1001/jamaoncol.2015.2756
https://doi.org/10.1152/ajpcell.00360.2015
https://doi.org/10.1152/ajpcell.00360.2015
https://doi.org/10.1085/jgp.202112865

ionizing radiation treatment. J. Inflamm. (Lond.) 12:14. https://doi.org/10
.1186/s12950-015-0058-3

Dolmetsch, R.E., R.S. Lewis, C.C. Goodnow, and ].I. Healy. 1997. Differential
activation of transcription factors induced by Ca?* response amplitude
and duration. Nature. 386:855-858. https://doi.org/10.1038/386855a0

Dolmetsch, R.E., K. Xu, and R.S. Lewis. 1998. Calcium oscillations increase the
efficiency and specificity of gene expression. Nature. 392:933-936.
https://doi.org/10.1038/31960

Donnelly, E.H., ].B. Nemhauser, J.M. Smith, Z.N. Kazzi, E.B. Farfan, A.S.
Chang, and S.F. Naeem. 2010. Acute radiation syndrome: Assessment
and management. South Med. J. 103:541-546. https://doi.org/10.1097/
smj.0b013e3181ddd571

Du, G., B.E. Fischer, K.-O. Voss, G. Becker, G. Taucher-Scholz, G. Kraft, and G.
Thiel. 2008. The absence of an early calcium response to heavy-ion
radiation in mammalian cells. Radiat. Res. 170:316-326. https://doi
.org/10.1667/RR1270.1

Dustin, L.B. 2000. Ratiometric analysis of calcium mobilization. Clin. Appl.
Immunol. Rev. 1:5-15. https://doi.org/10.1016/51529-1049(00)00002-7

Frey, B., M. Riickert, L. Deloch, P.F. Riihle, A. Derer, R. Fietkau, and U.S.
Gaipl. 2017. Immunomodulation by ionizing radiation-impact for design
of radio-immunotherapies and for treatment of inflammatory diseases.
Immunol. Rev. 280:231-248. https://doi.org/10.1111/imr.12572

Gee, K.R., K.A. Brown, W.N. Chen, J. Bishop-Stewart, D. Gray, and I. Johnson.
2000. Chemical and physiological characterization of fluo-4 Ca(2+)
-indicator dyes. Cell Calcium. 27:97-106. https://doi.org/10.1054/ceca
.1999.0095

Goans, R.E,, and J.K. Waselenko. 2005. Medical management of radiological
casualties. Health Phys. 89:505-512. https://doi.org/10.1097/01.hp
.0000172144.94491.84

Gudlur, A., and P.G. Hogan. 2017. The STIM-Orai pathway: Orai, the pore-forming
subunit of the CRAC channel. In Store-Operated Ca2* Entry (SOCE) Path-
ways. Advances in Experimental Medicine and Biology. Groschner K., W.
Graier, and C. Romanin, editors. Vol. 993. Springer, Cham.

Heylmann, D., F. Rédel, T. Kindler, and B. Kaina. 2014. Radiation sensitivity of
human and murine peripheral blood lymphocytes, Stem and pro-
genitor cells. Biochim. Biophys. Acta. 1846:121-129. https://doi.org/10
.1016/j.bbcan.2014.04.009

Kehlenbach, R.H., A. Dickmanns, and L. Gerace. 1998. Nucleocytoplasmic
shuttling factors including ran and CRM1 mediate nuclear export of NFAT
in vitro. J. Cell Biol. 141:863-874. https://doi.org/10.1083/jcb.141.4.863

Kohout, S.C., S. Corbalan-Garcia, A. Torrecillas, J.C. Goméz-Fernandéz, and
JJ. Falke. 2002. C2 domains of protein kinase C isoforms alpha, beta,
and gamma: Activation parameters and calcium stoichiometries of the
membrane-bound state. Biochemistry. 41:11411-11424. https://doi.org/10
.1021/bi026041k

Lebeau, P.F., K. Platko, ].H. Byun, and R.C. Austin. 2021. Calcium as a reliable
marker for the quantitative assessment of endoplasmic reticulum stress
in live cells. J. Biol. Chem. 296:100779. https://doi.org/10.1016/j.jbc.2021
100779

Lewis, R.S., and M.D. Cahalan. 1989. Mitogen-induced oscillations of cytosolic
Ca?* and transmembrane Ca?* current in human leukemic T cells. Cell.
1:99-112. https://doi.org/10.1091/mbc.1.1.99

Lumniczky, K., T. Szatmdri, and G. Safrany. 2017. Ionizing radiation-induced
immune and inflammatory reactions in the brain. Front. Immunol. 8:517.
https://doi.org/10.3389/fimmu.2017.00517

Tandl et al.
X-ray-triggered Ca?* signaling in T cells

JGP

Mikkelsen, R.B., and P. Wardman. 2003. Biological chemistry of reactive
oxygen and nitrogen and radiation-induced signal transduction mech-
anisms. Oncogene. 22:5734-5754. https://doi.org/10.1038/sj.0nc.1206663

Orrenius, S., B. Zhivotovsky, and P. Nicotera. 2003. Regulation of cell death:
The calcium-apoptosis link. Nat. Rev. Mol. Cell Biol. 4:552-565. https://
doi.org/10.1038/nrm1150

Parekh, A.B. 2011. Decoding cytosolic Ca?* oscillations. Trends Biochem. Sci. 36:
78-87. https://doi.org/10.1016/j.tibs.2010.07.013

Rossi, A.M., and C.W. Taylor. 2020. Reliable measurement of free Ca?* con-
centrations in the ER lumen using Mag-Fluo-4. Cell Calcium. 87:102188.
https://doi.org/10.1016/j.ceca.2020.102188

Salazar, C., A.Z. Politi, and T. Hofer. 2008. Decoding of calcium oscillations
by phosphorylation cycles: Analytic results. Biophys. J. 94:1203-1215.
https://doi.org/10.1529/biophysj.107.113084

Schaue, D., and W.H. McBride. 2012. T lymphocytes and normal tissue re-
sponses to radiation. Front. Oncol. 2:119. https://doi.org/10.3389/fonc
.2012.00119

Sharabi, A.B., M. Lim, T.L. DeWeese, and C.G. Drake. 2015. Radiation and
checkpoint blockade immunotherapy: Radiosensitisation and potential
mechanisms of synergy. Lancet Oncol. 16:e498-e509. https://doi.org/10
.1016/51470-2045(15)00007-8

Sies, H. 2017. Hydrogen peroxide as a central redox signaling molecule in
physiological oxidative stress: Oxidative eustress. Redox Biol. 11:613-619.
https://doi.org/10.1016/j.redox.2016.12.035

Smedler, E., and P. Uhlen. 2014. Frequency decoding of calcium oscillations.
Biochem. Biophys. Acta. 1840:964-969. https://doi.org/10.1016/j.bbagen
.2013.11.015

Song, S.,J. Li, L. Zhu, L. Cai, Q. Xu, C. Ling, Y. Su, and Q. Hu. 2012. Irregular
Ca(2+) oscillations regulate transcription via cumulative spike duration
and spike amplitude. J. Biol. Chem. 287:40246-40255. https://doi.org/10
.1074/jbc.m112.417154

Stemmer, P.M., and C.B. Klee. 1994. Dual calcium ion regulation of calci-
neurin by calmodulin and calcineurin B. Biochemistry. 33:6859-6866.
https://doi.org/10.1021/bi00188a015

Stoecklein, V.M., A. Osuka, S. Ishikawa, R.M. Lederer, L. Wanke-Jellinek, J.A.
Lederer. 2015. Radiation exposure induces inflammasome pathway
activation in immune cells. J. Immunol. 194: 1178-1189. https://doi.org/10
.4049/jimmunol.1303051

Tomida, T., K. Hirose, A. Takizawa, F. Shibasaki, and M. Iino. 2003. NFAT
functions as a working memory of Ca®* signals in decoding Ca?* oscil-
lation. EMBO J. 22:3825-3832. https://doi.org/10.1093/emboj/cdg381

Trebak, M., and ].P. Kinet. 2019. Calcium signalling in T cells. Nat. Rev. Im-
munol. 19:154-169. https://doi.org/10.1038/541577-01854150110-7

Vaeth, M., and S. Feske. 2018. NFAT control of immune function: New
frontiers for an abiding trooper. FIOOORes. 7:260. https://doi.org/10
.12688/f1000research.13426.1

Voos, P.S., F. Fuck, L. Weipert, D. Babel, T. TandlMeckel, S. Hehlgans, C.
Fournier, A. Moroni, F. Rédel, G. Thiel, and G. Thiel. 2018. Ionizing
radiation induces morphological changes and immunological modula-
tion of Jurkat cells. Front. Immunol. 9:922. https://doi.org/10.3389/
fimmu.2018.00922

Zheng, S., G. Ma, L. He, T. Zhang, J. Li, X. Yuan, N.T. Nguyen, Y. Huang, X.
Zhang, P. Gao, et al. 2018. Identification of molecular determinants that
govern distinct STIM2 activation dynamics. PLoS Biol. 16:e2006898.
https://doi.org/10.1371/journal.pbio.2006898

Journal of General Physiology
https://doi.org/10.1085/jgp.202112865

920z Areniged 60 uo 3senb Aq jpd'98z1 1202 dbl/S052081/598Z 1 L 2028/S/¥S L /Hpd-8oie/dBl/Bio-sseidnij/:dny woy pepeojumoq

14 of 14


https://doi.org/10.1186/s12950-015-0058-3
https://doi.org/10.1186/s12950-015-0058-3
https://doi.org/10.1038/386855a0
https://doi.org/10.1038/31960
https://doi.org/10.1097/smj.0b013e3181ddd571
https://doi.org/10.1097/smj.0b013e3181ddd571
https://doi.org/10.1667/RR1270.1
https://doi.org/10.1667/RR1270.1
https://doi.org/10.1016/s1529-1049(00)00002-7
https://doi.org/10.1111/imr.12572
https://doi.org/10.1054/ceca.1999.0095
https://doi.org/10.1054/ceca.1999.0095
https://doi.org/10.1097/01.hp.0000172144.94491.84
https://doi.org/10.1097/01.hp.0000172144.94491.84
https://doi.org/10.1016/j.bbcan.2014.04.009
https://doi.org/10.1016/j.bbcan.2014.04.009
https://doi.org/10.1083/jcb.141.4.863
https://doi.org/10.1021/bi026041k
https://doi.org/10.1021/bi026041k
https://doi.org/10.1016/j.jbc.2021.100779
https://doi.org/10.1016/j.jbc.2021.100779
https://doi.org/10.1091/mbc.1.1.99
https://doi.org/10.3389/fimmu.2017.00517
https://doi.org/10.1038/sj.onc.1206663
https://doi.org/10.1038/nrm1150
https://doi.org/10.1038/nrm1150
https://doi.org/10.1016/j.tibs.2010.07.013
https://doi.org/10.1016/j.ceca.2020.102188
https://doi.org/10.1529/biophysj.107.113084
https://doi.org/10.3389/fonc.2012.00119
https://doi.org/10.3389/fonc.2012.00119
https://doi.org/10.1016/S1470-2045(15)00007-8
https://doi.org/10.1016/S1470-2045(15)00007-8
https://doi.org/10.1016/j.redox.2016.12.035
https://doi.org/10.1016/j.bbagen.2013.11.015
https://doi.org/10.1016/j.bbagen.2013.11.015
https://doi.org/10.1074/jbc.m112.417154
https://doi.org/10.1074/jbc.m112.417154
https://doi.org/10.1021/bi00188a015
https://doi.org/10.4049/jimmunol.1303051
https://doi.org/10.4049/jimmunol.1303051
https://doi.org/10.1093/emboj/cdg381
https://doi.org/10.1038/s41577-018s4150110-7
https://doi.org/10.12688/f1000research.13426.1
https://doi.org/10.12688/f1000research.13426.1
https://doi.org/10.3389/fimmu.2018.00922
https://doi.org/10.3389/fimmu.2018.00922
https://doi.org/10.1371/journal.pbio.2006898
https://doi.org/10.1085/jgp.202112865

JGP

Supplemental material

A o050 0+Tg 05+Tg  0+Tg
2.0 -

— Jurkat_ WT
= Orai1 Crispr

F340/ F380
o o
1 1
I:340/ l:380
o o
1 1

=

&)}
1
A

o

(&)
1

=Nf S—

1 1
500 1000 1500 2000 Max Plateau

Time [s]

=
o
o
o
|

o

190: o=w o | Calnexin
5 -

37. Orait

Ll
WT Crispr

Figure S1.  Knockout of Orail in Jurkat cells abolishes Tg induced Ca?* release. (A) Average traces showing changes in Ca?*, as indicated by fluorescence
ratio (Fs40/F3so) of ratiometric calcium dye Fura-2 over time in response to Tg-induced ER calcium store depletion and Ca?* readdition by changing extracellular
solutions as shown in the bar above. Measurements were done in control Jurkat cells (WT, black) or in cells where Orail was deleted (Orail-Crispr, gray). The
right panel shows quantification of maximum (Max) and steady-state (Plateau) changes in fluorescence ratio + SD from 135 to 176 cells measured in N = 3
independent experiments. Statistical differences between WT and Crispr cells were analyzed by unpaired Student’s t test, and respective P values are given in
the figure. (B) Western blot analysis of cells measured in A showing deletion of Orail in Crispr-Cas9-treated cells. Source data are available for this figure:
SourceData FSI.
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Figure S2. In resting Jurkat cells, STIM1 and Orail are located in the ER and PM, respectively. (A and C) Confocal images of cellular distribution of
endogenous STIM1 and Orail in Jurkat cells (A) and PBMCs (C). PM and ER of cells (first row) were stained with CellMaskOrange and ER-tracker red, re-
spectively. Images shown as false color in blue. The second row shows immunostaining of STIM1 (green) and Orail (magenta) and secondary antibody tagged
with Alx488 and Alx647, respectively. An overlay of both channels is shown in right column. (B and D) Line plots for each marker were taken in positions report
in merged images. Fluorescence intensity of either Orail/PM (B) or STIM1/ER (D) were normalized to the highest value of each signal; the colors of line plots
correspond to those in images. All scale bars, 10 um. The antibodies for detecting STIM1 and Orail are specific. (E) Jurkat cells in which Orail was knocked out
(Fig. S2) generate no more signal in immunostaining with Orail antibody, while still producing signal with STIM1 antibody. (F) Staining of WT Jurkat cells in
which either the primary STIM1 or Orail antibodies (top row) or the respective secondary antibodies (bottom row) were left out generated no appreciable
fluorescent signals.
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Video 1. Continuous confocal live-cell imaging of Fluo-4-loaded Jurkat cells. Cells were exposed to 5 Gy x rays, and image acquisition (one every 5 s)
started 5 min after irradiation. The first responsive cell shows blinking 5 min after start of the recording. Over time, ~65% of the cells in the optical field showed
characteristic Ca?*.,; oscillations. Time in h:min.

Video 2. Confocal live-cell imaging of Jurkat cells transiently expressing GFP-tagged NFAT. In the resting state, GFP fluorescence is predominantly
visible in the cytosol. 8 min after stimulation with 5 Gy x rays, NFAT-GFP fluorescence alters its location and progressively moves over a period of ~30 min
completely into the nucleus. Time in h:min; images taken with a frame rate of one/5 s.
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