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ARTICLE INFO ABSTRACT

Key words: There are compelling reasons to opt for primary human natural killer (NK) cells when validating Ca?* indicators.
Natural killer (NK) cell 1.) NK cells exhibit a high degree of vulnerability to stressors such as indicator loading or light exposure. 2.) The
Fura-10

lack of research on NK Ca®" signaling underscores the necessity for developing reliable assays. 3.) The increased

E::lf m utilization of NK cell therapies necessitates a more profound comprehension of Ca* dependent signal trans-
Cytotoxicity duction. Consequently, an assay was developed to monitor cytosolic Ca®" signals in individual NK cells simul-

cancer taneously with their cytotoxic function against cancer cells. We used this assay to assess the suitability of fura-2,
Pancreatic islets fura-PE3, fura-8, fura-10 or fura-red for quantifying Ca®" signals in NK cells without compromising their cyto-
toxic function. In contrast to the widely used fura-2, its red-shifted derivative fura-10 did not interfere with NK
cytotoxicity over several hours. It exhibited a superior signal-to-noise ratio and good dynamic range, accom-
panied by minimal bleaching or leakage. Fura-8 and fura-red also preserved NK cell cytotoxicity, but had other
disadvantages compared to fura-10. We successfully used fura-10 to report Ca>* signals in NK cells from blood
donors and patients diagnosed with lymphoma and leukemia over several hours at 37 °C during apoptotic or
necrotic killing of different cancer cells (K562, THP1, OCI-AML2, and TMD8). Additionally, we show that fura-10
is well suited to report Ca®* signals in intact murine pancreatic islets, another stress-sensitive cell preparation.
Consequently, fura-10 is an optimal choice for measuring Ca?* in primary human NK cells and other primary cell

preparations.
1. Introduction given process in cells is Ca®* dependent or not is relatively straightfor-
ward. This is usually achieved by altering intracellular Ca?t concen-
Many cellular functions are tightly linked to Ca** signaling. To better trations in vitro and monitoring the resulting changes by synthetic [1] or
understand these processes, it is important to investigate Ca®* signals in genetically encoded Ca?* indicators (GECI) [2], which both can be
single cells over extended periods of time. Determining whether any intensity-based or ratiometric. Ratiometric indicators are usually
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preferred because they can report quantitative Ca>* signals with higher
fidelity.

In murine cells and in cell lines, the choice of indicators is often not
restricted. Arguments for GECIs in transgenic models or cell lines are
plentiful: stable expression can be easily achieved, and they are often
believed to be less toxic than synthetic indicators [3,4]. Nevertheless,
synthetic indicators are still commonly used due to their uncomplicated
application, superior signal-to-noise (or signal-to-background) ratio and
the higher dynamic range when compared to genetically encoded
indicators.

Measuring Ca?" in primary human cells is more challenging. Ineffi-
cient transfection and cell stress after harsh transfection routines make
the use of GECIs more difficult, whereas synthetic Ca®* indicators bear
higher risks of toxicity.

The majority of Ca>" measurements by microscopy including the
ones in primary human immune cells are carried out with fura-2, which
is by far the most widely used ratiometric Ca2* indicator since its
groundbreaking introduction by the Tsien lab [1]. Most flow cytometric
measurements are performed using fluo derivatives (intensity-based) or
indo-1 (ratiometric).

In particular, the far UV wavelength of 340 nm used for fura-2
excitation has been discussed to be harmful to cells considering that
UV radiation induces cell damage followed by damage-induced
signaling events [5]. Recently, Robinson et al. have presented clear
evidence that Ca?* measurements with fura-2 and fluo-4 impair
contractility of primary murine and human induced pluripotent stem
cells [3]. In addition, Zhou et al. have pointed out difficulties in using
fura-2 with light-emitting diodes in commercial microscopes and pre-
sented a new red shifted ratiometric Ca?* indicator called isoCaRed-1Me
[6]. Furthermore, BAPTA-derived Ca?" indicators like fura-2, fluo-4 or
rhod-2 are known to have side effects like inhibiting the Na*/K" ATPase
[7,8]. Therefore, it appears important to control cell functionality when
using Ca2" indicators, in particular if Ca?* needs to be measured over
extended times.

Natural killer (NK) cells are one of the major classes of cytotoxic
immune cells. They are important to eliminate cancer and virus-infected
cells. NK cells kill cancer cells which have lost MHC (major histocom-
patibility complex) class I molecules but also recognize stressed cells
including MHC class I-positive cancer cells through interactions with
their activating and inhibitory surface receptors [9]. NK cytotoxicity is
modulated by activating (e.g., IL-2, IL-12, IL-15) and inhibitory (e.g.,
TGF-f, IL-10) cytokines, released by immune cells present in the
tumor-immune environment including NK cells themselves. Cytotoxicity
is mediated by various mechanisms including release of perforin and
granzymes from lytic granules and activation of death receptors (Fas and
TRAIL-R) on cancer cells [9]. Knocking out different surface receptors
revealed NK cells’ crucial role for tumor surveillance [10]. Among
different signaling cascades, Ca?' signaling is important for cytotoxic
functions of NK cells [11-13].

When compared to other immune cells, however, reports about ca®t
measurements in primary human or murine NK cells are extremely
sparse. The reason for the lack of Ca?" data is unclear. Our PubMed
search revealed only 14 publications reporting Ca%* measurements via
flow cytometry and just nine using microscopy. It is, of course, possible
that we have inadvertently overlooked publications. Nevertheless,
numbers are very low. Flow cytometry measurements were carried out
using fura-red, indo-1, or various fluo indicators [13-26]. For micro-
copy, fura-2 was the dominant indicator [27-30], followed by fluo de-
rivatives [31-33], a combination of fura-red and fluo4 [26], or indo-1
[34]. Some Ca®* measurements with photomultipliers, the FLIPR 6-QF
Ca?t kit, spectrometers or the isotope Ca-45 are also reported
[35-40]. Among these studies, only few were performed at physiological
temperature of 37 °C: one using both microscopy and flow cytometry by
Bryceson et al. [26], two flow cytometry studies by Ganesan and
Hoglund [14,15] and one study using a spectrometer [39]. Additionally,
a fourth study reported measurements at 35 °C [35]. All remaining

Cell Calcium 133 (2026) 103091

studies were performed at room temperature (usually around 22 °C)
which is problematic considering the strong dependence of Ca2* signals
on temperature [41].

NK cell function is highly sensitive to experimental conditions,
making them an optimal system for assessing the potential toxicity of
Ca? indicators, similar to primary cardiomyocytes [3]. Currently,
different NK cell types, such as chimeric antigen receptor NK (CAR-NK)
cells, allogeneic induced pluripotent stem cell (iPSC)-derived NK cells,
autologous NK cells or NK-92 cells, are being tested for cancer treatment
[42]. A detailed characterization of NK signalling and cytotoxicity
would help to optimize personalized treatment of patients. As Ca®"
signaling is crucial for NK cytotoxicity [13,30], further investigation
into NK cell Ca®" signaling is warranted. For these reasons, the objective
of this study was to test ratiometric Ca®" indicators in natural killer (NK)
cells, with the overarching goal of preserving long-term NK cell
functionality.

2. Results

2.1. Characterization of ratiometric Ca®>" indicators in primary human
NK cells

Our aim is to identify Ca®* indicators to measure Ca2* signals in
single primary human NK cells over several hours while maintaining
their functionality against target cells. For our specific case, we aim to
correlate Ca* levels in NK cells with the death of their cancerous target
cells. We use the GFP-FRET based apoptosis-reporter pCasper to classify
target cell death [43,44]. For Ca?t measurements, we did not consider
non-ratiometric indicators as they are not well-suited for long-term ex-
periments, nor did we consider genetically encoded indicators because
primary human NK cells are very difficult to transfect or infect. In
addition, if Ca®" signals have to be analyzed immediately after NK cell
preparation, which in some cases is required, it is impossible to wait for
indicator expression following genetic modification. Ratiometric fura
indicators have been used successfully in many cell types, with fura-2
being the one most frequently used. We chose 5 ratiometric synthetic
Ca?* indicators: fura-2, fura-PE3, fura-8, fura-10 and fura-red. We did
not consider any other ratiometric Ca2* indicators because of certain
limitations. Indo-1 is a ratiometric emission indicator often used in flow
cytometry experiments but is more difficult to handle with many mi-
croscopes, which are not equipped for fast dual emission, and in addition
it is known to bleach faster than fura-2 [45]. Rhod-2 is well-known to
accumulate in mitochondria in T cells and other cells [46], a clear
disadvantage for cytosolic Ca?* measurements. Quin-2 is relatively dim
compared to fura-2 [1], while fura-5 N and fura-FF have a very low Ca*
affinity [47,48]. The recently introduced isoCaRed-1Me [6] was also
excluded because its excitation at 475 nm completely overlaps with the
excitation wavelength of the pCasper construct expressed in our target
cells [44], and the interference would disturb NK cell Ca®" measure-
ments too much when using epifluorescence microscopes, especially
when NK and target cells are in close contact.

To characterize the five fura indicators, we first measured their
excitation and emission spectra in primary human NK cells (Fig. 1A)
within the spectral range indicated in Table 1. To measure spectra of
indicators in NK cells with as little Ca?* as possible in the cytosol, we
depleted Ca?* stores in 0 mM Ca®" (1 mM EGTA) by thapsigargin and
ionomycin for at least 10 min. For spectra in high Ca?*, 20 mM Ca?* was
added in the presence of thapsigargin and ionomycin. Measuring in cells
is important because spectra in the cytosol of living cells may differ from
those acquired of the compound in solution. These measurements were
used to choose the most suitable excitation and emission wavelengths
which could be achieved with our LEDs and customized bandpass filters.
The wavelengths chosen are indicated in the figure and are close to
optimal wavelengths provided by the suppliers. Table 2 summarizes the
respective LEDs and filters used for each indicator for measurements
with the CellObserver microscope. By choosing optimal wavelengths for
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Fig. 1. Spectral properties and indicator loading in primary NK cells. (A) Excitation spectra for Ca®>" bound and Ca" free state (solid lines) and emission (dotted
lines) spectra of fura-2-, fura-PE3-, fura-8-, fura-10-, and fura-red-loaded primary NK cells under low-Ca?" (0 mM Ca®", 1 mM EGTA, blue) or high-Ca®>" (20 mM
Ca*, magenta) conditions. Thapsigargin (1 pM) and ionomycin (4 pM) were added to both solutions. Spectra were recorded at 37 °C/5 % CO, in the plate reader.
Data represent the mean of 5-15 measurements per condition. Vertical bars indicate the excitation and emission wavelengths used in subsequent experiments. (B)
Representative images with the Cell Observer (40x) of primary NK cells loaded with each indicator, showing both excitation channels and the corresponding merged

images for 0 mM Ca®>" and 20 mM Ca®" conditions. Scale bar: 10 pm.

Table 1
Excitation and emission spectra for excitation and emission scans with the
CLARIOstar.

Indicator Excitation (Ex.) scan (nm) Emission (Em.) scan (nm)

fura-2 and fura- Ex.: 320/8 to 450/8, Em.: Ex.: 360/16, Em.: 400/12 to

PE3 510/20 600/12
fura-8 and fura- Ex.: 340/10 to 490/10, Em.: Ex.: 360/16, Em.: 450/10 to
10 522/16 650/10
fura-red Ex.: 320/10 to 600/10, Em.: Ex.: 448/16, Em.: 480/10 to
660/16 740/10

Ca*-bound (referred as excitation wavelength 1) and for the Ca'-free
state (referred as excitation wavelength 2), we could clearly see well-
defined cells in the 0 mM Ca?" condition (Fig. 1B). As expected, cells
became brighter in the first and dimmer in the second excitation channel
by increasing extracellular Ca®* from 0 to 20 mM after activation of
store-operated Ca?* entry at 40x magnification (Fig. 1B) and at 63x
(Supplementary Figs. 1A, B). In 20 mM Ca2*, cells in excitation channel
2 were generally quite dim, however, they were still well separated from

Table 2
Excitation and emission settings for Ca®" imaging in the Cell Observer.
Indicator Excitation Excitation Ch1: Beam Emission
Chl LED Ch2 LED Ch2 splitter filter
(intensity, (intensity,
exposure) + exposure) +
filter filter
fura-2 365 nm LED 380 nm LED 2:1 BS 409 510/90 nm
and (80 %, 2-300 (30 %, 1-150 nm
fura- ms) + 340/30 ms) + 380/10
PE3 nm filter nm filter
fura-8 365 nm LED 420 nm LED 1:3,3 BS 458 510/90 nm
and (8 %, 0.15-60 (8 %, 0.5-200 nm
fura-10 ms) + 370/10 ms), no
nm filter additional
filter
fura-red 420 nm LED 505 nm LED 1:5 Triple 464/18 nm,
(30 %, 0.2-60 (30 %, 1-300 BS 440, 542/18 nm,
ms) + 427/15 ms) + 504/17 520, 607 639/30 nm
nm filter nm filter nm
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the background as shown in Supplementary Fig. 1C for 40x and 63x
magnification with brightness of the pictures being increased.

Indicators are often not completely evenly distributed in the cytosol,
which is for instance well-known for fura-2 in T cells due to accumu-
lation of indicators in organelles, in case of T cells mainly in mito-
chondria [49]. This could lead to errors measuring cytosolic Ca®t
signals. On average, uneven indicator distribution appeared to be more
prominent in fura-2 than in fura-10 (Fig. 1B, Supplementary Fig. 1). For
fura-2, we have previously tried to quantify errors of cytosolic [Ca®* ]y
measurements due to compartmentalization. These errors are not very
high but can be completely avoided by using electroporation with
fura-salt [49].

An important parameter to consider when choosing indicators is
their dynamic range, which is for ratiometric Ca®* indicators defined by
dividing the ratio at very high Ca®" by the ratio at very low Ca2*. To
determine ratios, IL-2-activated primary NK cells were seeded onto
poly-i-lysine—coated coverslips and loaded with the respective Ca?* in-
dicator. Cells were first recorded in 0.5 mM Ca?* buffer to adjust the
exposure time ratio of both channels such that the average fura ratio is
around 0.5 (Fig. 2A). This ensures that both excitation channels have
signals of the same order of magnitude under resting conditions and
during stimulation. Measurements of the same cells were then per-
formed in 0.5 mM Ca®" buffer, Ca*-free buffer (0 mM Ca?*, EGTA) and
in high-Ca?* buffer (20 mM Ca?*) (Fig. 2A) to test the respective ratios.
Thapsigargin and ionomycin were used to deplete Ca?* stores and were
present in 0 mM Ca®" and 20 mM Ca®" buffers. For 0 mM Ca2" ratios
were in the range of 0.3 and for 20 mM Ca®" around 2 apart from fura-
PE3. The LED intensities used and excitation times of both excitation
wavelengths for all five indicators are listed in Table 2.

Ratios of ratiometric indicators and thus also dynamic ranges can be
calculated in different ways, focusing on pixel-based (as in Fig. 2A) or
average-based methods. Both methods are used in the Ca®" field, and we
thus wanted to compare dynamic ranges for both of them. The pixel-
based method calculates the ratio of gray values for background-
corrected individual pixels and averages all pixels belonging to a sin-
gle cell using regions of interest (ROIs). The average-based method first
averages the fluorescence intensity values of each pixel belonging to a
single cell (ROI), then averages both background-corrected channels for
all cells and determines average ratios. Both methods should not be
mixed because they may lead to different indicator ratios.

The pixel-based method revealed different apparent dynamic ranges
for the indicators as calculated from the average ratios of all cells
(Fig. 2B). Analyzing the ratios of the individual cells reveals different
apparent dynamic ranges for each indicator as shown for the highest
exposure time (Fig. 2C) and all exposure times tested (Supplementary
Fig. 2). This is not surprising since cells try to avoid very high (toxic)
Ca?" signals by extensive pumping, which some cells manage better
than others. This means that the actual dynamic ranges of the indicators
within cells are probably underestimated because indicator saturation
with Ca2t may not be reached in most cells. The dynamic ranges
determined by the average-based method (Fig. 2D) revealed similar
values for the indicators as the “pixel-based one” ranging from 5 for fura-
PE3 to about 8.5 for fura-2.

We noticed that dynamic ranges appeared to be smaller for all in-
dicators at low exposure. This effect was more pronounced in the pixel-
based versus the average-based method and may be explained by the
nature of ratiometric imaging: When exposures are too short, the
measured signals are dominated more by noise rather than true fluo-
rescence. In this case, the fura ratios effectively represent a ratio of noise
divided by noise, which approximates 1 when the noise levels are similar
in both channels. As noise is a bigger problem for the pixel-based
method, it is not surprising that the low exposure effect is more severe
in this case.

Another important quality parameter of indicators is the signal-to-
background ratio. Our aim was to obtain a signal at least twofold
above background, enabling reliable analysis of migrating NK and target
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cells, when analyzed automatically. Figs. 2E and F show signal-to-
background values for excitation wavelength 1 and excitation wave-
length 2, respectively, across all exposure times. Right-hand panels
display a zoomed y-axis to better visualize the range at the critical
threshold. Fura-10 and fura-8 reached the signal-to-background ratio of
two (dotted line, Figs. 2E, F) at very short exposures (12/30 ms for Ex. 1
and 15/25 ms for Ex. 2), fura-2 at intermediate exposures (40 ms for Ex.
1 and 140 ms for Ex. 2), and fura-PE3 and fura-red only at longer ex-
posures (150/160 ms for Ex. 1 and 300/300 for Ex. 2).

In summary, these measurements define optimized illumination
times (as short as possible for comparable analysis quality) for each
indicator as summarized in Table 3.

2.2. Fura-10 as the calcium indicator of choice for long-term
measurements and to preserve NK cell cytotoxicity

To assess the suitability of the five different Ca** indicators for
measurements in NK cells, we first monitored indicator fluorescence in
NK cells over 12 h to rule out photobleaching, which could bias the
analysis (Fig. 3A). The indicators behave differently and can be divided
into three groups. Fura-PE3 and fura-red were relatively dim, and their
fluorescence slowly increased during the experiments. This increase may
be due to slower esterase cleavage, which could be problematic for a
ratiometric indicator considering that not-cleaved indicators remain
fluorescent and could compromise Ca®" measurements. In addition,
their dim signals are obviously problematic, as they complicate the
analysis during tracking of the cells. Fura-2 and fura-8 both showed a
fluorescence decrease over time which may be due to bleaching/leaking
but was not investigated further. Fura-10 fluorescence, on the other
hand, showed by far the brightest signal and was very stable over 12 h
(Fig. 3A).

Next, we analyzed whether the indicators or their breakdown
products after ester loading exhibit toxicity to NK cells without illumi-
nating the indicators. We stained NK cells with the different fura-AM
indicators and assessed NK cell functionality in a real-time population
cytotoxicity assay compared to untreated controls. Additional control
conditions were included, such as a DMSO control to exclude any effects
of the dissolvent, and a BAPTA-AM-treated condition, since fura in-
dicators are derived from this Ca®>" chelator [1]. None of the indicators
measurably affected NK cytotoxicity, as shown by the cytotoxicity assay
over four hours (Figs. 3B, C). Thus, we conclude that the indicators or
their breakdown products are not toxic to NK cell functionality involved
in cytotoxic processes over 4 h. Considering that NK cell’s ability to
eliminate target cells is not affected, it can be assumed that steps which
are directly linked to cytotoxicity are not affected by the indicators. We
excluded fura-PE3 from further testing as it performed worse than the
other four indicators considering dynamic range, signal-to-noise ratio
and brightness.

To determine which Ca®" indicator is best suited for Ca?" mea-
surements while preserving NK cytotoxicity, we analyzed the effects of
the different indicators on NK cytotoxicity against target cells in a
microscopy-based set-up. We measured the indicator fluorescence in NK
cells and the pCasper fluorescence in target cells to determine the time
point and mode of cell death.

Using the FRET-based apoptosis reporter pCasper, we can classify
target cell death induced by NK cells based on fluorescence changes
[44]. Vital cells show signals for both GFP and FRET. Upon apoptosis,
the reporter is cleaved resulting in disruption of FRET and a shift in
fluorescence intensities: GFP fluorescence intensifies while FRET fluo-
rescence decreases. Upon necrosis, due to disruption of the membrane
integrity, the reporter is diluted, resulting in an overall loss of fluores-
cence in the cells.

Whether or not indicators influence NK cell cytotoxicity was solely
determined by the resulting target cell death. For clarity, only the
fluorescence of pCasper in the target cells is shown in representative
microscopy images and not the fura signals in NK cells (Fig. 3D). For
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Fig. 2. Determination of optimal exposure times for Ca®* imaging in primary NK cells. (A) Pixel-based calculated fura ratios of each indicator at 0.5 mM Ca**, 0 mM
Ca%" (1 mM EGTA, 1 uM thapsigargin and 4 pM ionomycin), and 20 mM Ca®" (1 pM thapsigargin and 4 pM ionomycin). Exposure time was 200 ms for fura-8 and
fura-10, 300 ms for fura-2, fura-PE3 and fura-red. Bars represent means; points indicate individual experiments (n = 3-5). (B) Dynamic range of indicators calculated
from indicator-loaded primary NK cells using the pixel-based method at different exposure times. Data represent mean + SD (n = 3-5 experiments). Since exposure
time ratios were optimized to have comparable fura ratios under resting conditions and are thus different for each indicator (compare Table 2 and Fig. 2B), the
dynamic range was always plotted against the exposure time of the wavelength with the longer exposure of the respective indicator, while the ratio of both
wavelengths was kept constant. For fura-2 and fura-PE3, this was excitation wavelength 1 (Ex. 1), whereas for fura-8, fura-10, and fura-red, it was excitation
wavelength 2 (Ex. 2). In all cases, the exposure at the other wavelength was adjusted to maintain the fixed inter-wavelength exposure-time ratio described above
(Table 2). (C) Violin plots showing the dynamic range analyzed from individual cells at maximal excitation settings (200 ms for fura-8 and fura-10; 300 ms for fura-2,
fura-PE3 and fura-red). Black bars indicate median values; dashed lines indicate quartiles (n = 114-308 cells). (D) Dynamic range calculated using the average-based
method at different exposure times. Data are mean =+ SD (n = 3-5 experiments). (E, F) Signal-to-background ratio (SBR) for each indicator at different exposure times
for both excitation wavelengths. Right panels are magnification of left panels. Data represent mean + SD (n = 3-6 experiments). Optimal exposure times for
excitation wavelength 1 (Excitation 1) were: fura-2, 60 ms; fura-PE3, 160 ms; fura-8, 50 ms; fura-10, 15 ms; fura-red, 150 ms. For excitation wavelength 2 (Excitation
2): fura-2, 140 ms; fura-PE3, 300 ms; fura-8, 25 ms; fura-10, 15 ms; fura-red, 300 ms.
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Table 3
Excitation and emission settings for phototoxicity assay.

Indicator  Excitation Chl Excitation Ch2 Beam Emission
LED (intensity, LED (intensity, splitter filter
exposure time) +  exposure time) +
filter filter

Fura-2 365 nm LED (80 380 nm LED (30 BS409nm  510/90 nm
%, 140 ms) + %, 70 ms) + 387/
340/30 nm filter 11 nm filter

Fura-8 365 nm LED (8 420 nm LED (8 BS 458 nm 510/90 nm
%, 12 ms) + 370/ %, 40 ms), no
10 nm filter additional filter

Fura-10 365 nm LED (8 420 nm LED (8 BS 458 nm 510/90 nm
%, 4,5 ms) + %, 15 ms), no
370/10 nm filter additional filter

Fura-red 420 nm LED (30 505 nm LED (30 BS 440 464/18 nm,
%, 35 ms) + 427/ %, 175 ms) + nm, 520 542/18 nm,
15 nm filter 504/17 nm nm, 607 639/30 nm

nm
GFP 470 nm LED (5 %, 20 ms) + 470/40 nm BS 495 nm 525/50 nm
RFP- 470 nm LED (5 %, 50 ms) + 470/40nm  BS593nm  630/75 nm
FRET

each indicator we compared NK cells with and without the respective
indicator. There was no illumination to excite fura indicators in case fura
dyes were not loaded into NK cells. Fura-2, which is the most widely
used indicator, significantly decreased single NK cell cytotoxicity as can
be seen from the lack of target cell death in the respective images
(Fig. 3D). Compared to control, in which in this case 4 target cells out of
18 cells were killed by apoptosis (green circles) and 3 by necrosis (white
circles), only 3 (apoptosis) and 1 (necrosis) out of 26 cells were killed if
fura-2 was present in NK cells and excited by 340/380 nm (Fig. 3D).
Overall target cell death was thus 7 (out of 18) vs 4 (out of 26) in this
example. The statistics of NK cells from 5 blood donors strengthens the
significance of this conclusion. Fura-8, fura-10 and fura-red were inert to
NK cell cytotoxicity as they did not interfere with NK cytotoxicity,
whereas fura-2 clearly showed a combined photo-chemo-toxic effect
(Figs. 3D, E).

In summary, we conclude from the combination of all tests that fura-
10 is best suited for the analysis of Ca®" signals in primary human NK
cells (Fig. 3F). It is very bright, does not bleach or leak and is inert
regarding NK cytotoxicity against target cells. Fura-10's dynamic range
does not quite match that of fura-2 or fura-red, however, it is certainly
well suited to analyze Ca®" signals in NK cells during cytotoxic activity
against cancer cells. All other indicators have some limitations, with
fura-2 being toxic to NK cell function under our conditions when excited
at 340 and 380 nm.

Since fura-10 is the preferred indicator, we examined the auto-
fluorescence of NK cells using its two excitation wavelengths of 365 and
420 nm on the Celldiscoverer 7, the microscope to be used for combined
Ca?* and cytotoxicity measurements. At both wavelengths we did not
observe any autofluorescence in NK cells (Supplementary Fig. 3). Details
are given in the respective figure legend. We conclude that auto-
fluorescence of NK cells at 365 or 420 nm does not compromise fura-10
signals.

2.3. Fura-10 is well suited to report Ca®* signals in intact murine
pancreatic islets

To further evaluate the applicability of fura-10, we tested the indi-
cator in a complex ex vivo model system, murine pancreatic islets. This
model was chosen because of its stress-sensitive cell preparation.
Representative images of fura-10-stained murine pancreatic islets from
C57BL/6 J mice are shown in Fig. 4A. Cytosolic Ca®* dynamics were
recorded in response to sequential stimulation with 0.5 mM glucose, 20
mM glucose, and 30 mM KCI (Fig. 4B). Comparable experiments using
fura-2 in pancreatic islets measured using a plate reader were reported
previously [50] with similar outcomes, supporting that fura-10 is
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suitable not only for NK cell analysis, but also for other complex systems
such as intact pancreatic islets.

2.4. Using fura-10 to correlate Ca®* signals and cytotoxicity of NK cells
from healthy blood donors

Our main goal is to develop a method to measure Ca®" in primary
human NK cells over extended times at 37 °C in a multi-well assay while
preserving their cytotoxicity. For this, we used a Celldiscoverer 7 mi-
croscope with the settings shown in Table 4, as it combines environ-
mental control, high throughput measurements and good imaging
quality. For accurate analysis of Ca®" levels in the context of cytotox-
icity, it is essential to discriminate fura fluorescence from the fluores-
cence of the pCasper-expressing target cell. Fig. 5A shows fluorescence
images of fura-10 loaded NK and K562-pCasper target cells. The merged
image (left) shows the distinct separation of the NK cells (white / pink /
violet) and the K562-pCaper cells (yellow / orange). On the right side,
all individual images and respective merged images for NK and target
cells are displayed. Only a negligible K562-pCasper signal appears in the
fura-10 excitation 2 channel and the merged image, but not in the
excitation 1 channel or pixel-ratio image (Fig. 5A). Although fura-10
signals of the NK cells slightly bleed into the K562-pCasper fluores-
cence images, the signal in the NK cells remains dim compared to the
K562-pCasper cells and does interfere with pCasper signals. This is
crucial for accurate tracking of the target cells in an automated manner
and for distinguishing between vital, apoptotic, and necrotic cells. Next,
we investigated single fluorescence traces from NK cells during different
interactions with their respective targets over time, showing an NK cell
without contact (Figs. 5B-D), one NK cell killing its target by apoptosis
(Figs. 5E-G), and one killing its target by necrosis (Figs. 5SH-J) using the
pCasper reporter.

When an NK cell does not form any contact with its target, fluores-
cence intensities of both fura-10 channels remain stable (Fig. 5B, Sup-
plementary Fig. 4A) and there is no significant change in the fura-10
ratio over time (365 nm/420 nm) (Fig. 5C, Supplementary Fig. 4A).
The respective target cells show a relatively constant ratio of the GFP/
FRET fluorescence (Fig. 5D) indicative of a vital cell (yellow / orange
cell). Preceding NK-induced target cell death by apoptosis in the next
example, there is a shift of fluorescence in the NK cells during K562 cell
contact (Fig. 5E), resulting in a corresponding fura-10 ratio change over
time indicative of a Ca%* signal (Fig. 5F). NK cells were usually quiescent
before contact and returned to baseline after contact (Supplementary
Fig. 4B). The K562-pCasper target cell in the example (Fig. 5E) un-
dergoes apoptosis upon contact with the NK cell, as indicated by a shift
in fluorescence intensity from orange to green in the representative
images and reflected in the GFP/FRET ratio of the pCasper reporter over
time (Fig. 5G). The last example shows that also preceding necrosis,
indicated by complete fluorescence loss of the target cell, there is a shift
in fluorescence intensities of the NK cell (Fig. 5H) and a corresponding
fura-10 ratio change over time indicative of a Ca®" signal (Fig. 5I). The
progression of necrosis is further confirmed by the decline of the GFP
and FRET signals (Fig. 5J).

While K562 cells are often used to analyze natural cytotoxicity of
primary human NK cells, other cell lines are clinically more relevant.
Therefore, we established similar assays for NK cells against cancer cell
lines which are relevant for studying acute myeloic leukemia (AML) or
diffuse large B-cell lymphoma (DLBCL), namely THP1 and OCI-AML2 for
AML and TMD8 for DLBCL. Examples of Ca®* measurements in NK cells
are shown during apoptotic (Figs. 6A-C) or necrotic (Figs. 6D-F) cell
death of THP1-pCasper cells, during apoptotic cell death of OCI-AML2-
pCasper cells (Figs. 6G-I), or during apoptotic (Figs. 6J-L) or necrotic
(Figs. 6M-0O) cell death of TMD8-pCasper cells. To allow TMD8 killing by
NK cells, rituximab (1 pg/ml rituximab, 10 mg/ml stock solution) was
included in the experiment (see [51] for details). The fura-10 signal not
only allows the measurement of ratio and corresponding Ca®" signals
while preserving NK cell cytotoxicity against target cells over hours, but
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Fig. 3. Long-term effects of fura indicators on NK cell cytotoxicity and fluorescence stability. (A) Fluorescence of fura-stained NK cells measured at the isosbestic
point in a plate reader over 12 h at 37 °C (n = 3-4 experiments, mean =+ SD). (B, C) Effect of different fura indicator loadings on NK cell-mediated lysis of calcein-
loaded K562 target cells, measured by the real-time killing assay in a plate reader. DMSO and BAPTA were used as controls, and untreated cells were included as
additional control. (B) Representative lysis kinetics over 4 h (of the experiment illustrated by hexagonal symbols from (C)). (C) Lysis rate after 4 h was not
significantly different (n = 3-4 experiments, one-way ANOVA). Effector:target ratio, 3:1; NK cells were stimulated with IL-2. (D, E) NK cell killing capacity in long-
term imaging experiments against E6.1 Jurkat-pCasper cells. (D) Representative images after 210 min for fura-stained and exposed versus control conditions (no
fura). Black circles indicate necrotic E6.1 Jurkat-pCasper cells and green circles apoptotic ones. (E) Quantification of dead target cells after 210 min (n = 4-5 ex-
periments; paired t-test). (F) Summary of the different tested parameters (dynamic range (Fig. 2B, C, D), signal-to-background ratio (Fig. 2E, F), bleaching (Fig. 3A),
chemotoxicity (Fig. 3B, C) and the phototoxic effect on the killing capacity of NK cells (Fig. 3D, E)).

it can also be used to define immune synapse formation between NK cells
and target cells. In addition, it defines the delay between initial con-
tact/immune synapse formation and subsequent target cell death by
apoptosis or necrosis.

2.5. Using fura-10 to correlate Ca®" signals and cytotoxicity of NK cells
from patients with lymphoma and leukemia

Up to now, only few studies have investigated NK cells at a single-cell
level in the clinical context of disease. Therefore, we focused on NK cells
from patients with acute myeloid leukemia (AML) or diffuse large B cell
lymphoma (DLBCL) to analyze Ca®' signals. We have succeeded in
obtaining relatively pure (> 85 %) NK cell preparations from both types
of patients. NK cells from those patients were loaded with fura-10 and
their ratiometric signals were analyzed over time while simultaneously
tracking K562-pCasper target cells (Fig. 7).

An AML-NK cell without contact is shown in Fig. 7A-C, and one that
kills its target by apoptosis in Fig. 7D-F. Comparable to NK cells from
blood donors, ratiometric fura-10 signals can be recorded over time
while target cell death is simultaneously monitored. Identical experi-
ments for DLBCL-NK cells are shown in Fig. 7G-L. Fig. 7G-I and 7J-L
depict one example of an NK cell with no target contact and one with
an NK cell killing a target cell by apoptosis, respectively.

In summary, these examples clearly show that fura-10 is ideally
suited to quantify Ca?* signals in NK cells from blood donors, AML, or
DLBCL patients while simultaneously monitoring target cell states (vital,
apoptotic, necrotic) over several hours without compromising NK cell
cytotoxicity. In addition, fura-10 can be used to monitor immune syn-
apse formation between NK and target cells, as Ca®" signaling is an early
event following NK cell receptor engagement. Finally, the ratiometric
signals can be used to define the delay between initial contact of NK and
target cells and apoptotic or necrotic target cell death caused by NK cell
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Fig. 4. Analysis of intracellular Ca®>" dynamics in murine pancreatic islets stained with fura-10. (A) Representative images of fura-10-loaded pancreatic islets from
C57BL/6 J mice. Epifluorescence microscopy recordings after excitation at 360 nm (left) and 415 nm (middle), and the merged image of both channels are shown
(right). (B) Cytosolic Ca®* levels of C57BL/6 J pancreatic islets in 0.5 mM and in 20 mM glucose, followed by application and removal of 30 mM KCl concentration,
monitored by fura-10 ratios (bottom). Scale bar = 100 pm. Below are the corresponding time lapse curves of the fura-10 ratios of 6 islets.

Table 4
Excitation and emission settings at the Celldiscoverer 7 to observe Ca®"
signaling with fura-10 as well as target cell death via the pCasper sensor.

Indicator Excitation Emission filter(s)
fura-10 Ex. 365 nm 365 nm LED, 7 %, 150 ms 514/26 nm
Ex. 420 nm 420 nm LED, 12 %, 300 ms 514/26 nm
pCasper Em. GFP 470 nm LED, 10 %, 120 ms 514/26 nm
Em. FRET 470 nm LED, 10 %, 150 ms 592/18 nm
cytotoxicity.

3. Discussion

The findings of this study indicate that the synthetic Ca®* indicator
fura-10 is well suited for measuring and quantifying Ca* signals in
primary human NK cells from blood donors and patients with lymphoma
and leukemia, without compromising their cytotoxic functionality. Of
the five tested ratiometric Ca®* indicators fura-2, fura-PE3, fura-8, fura-
10 and fura-red, fura-10 is the best candidate considering all properties
tested. Most importantly, it is inert regarding NK cell functionality, it is
the brightest indicator, it is the only one that does not bleach/leak over
12 h, it has a good dynamic range (almost as good as fura-2) and a very

good signal-to-background ratio. In light of the aforementioned prop-
erties and the testing in human NK cells and murine pancreatic islets,
both of which are very sensitive to external stress, fura-10 emerges as a
very good option for Ca®* measurements in other primary cells and cell
lines. Given this, it is surprising that only two publications have reported
the use of fura-10 [52,53] after it became available in 2020.

Since its initial introduction by Tsien and colleagues in 1985 [1],
fura-2 has been used in at least 12.807 publications (PubMed search
from 17.11.2025) and has been widely established in the Ca?* field.
However, introducing new or testing existing Ca%*indicators is impor-
tant for several reasons. One example highlighting the need for new
indicators was shown by Robinson et al. (2023). They showed that the
commonly used synthetic Ca?" indicators fura-2 and fluo-4, and to a
lesser extent rhod-2, impaired single-cell contractility of primary murine
cardiomyocytes [3]. In contrast, they reported that genetically encoded
Ca?" indicators did not influence contractility. These findings may have
broad implications as stated by the authors since Ca?* measurements in
cardiomyocytes are a common platform for cardiac toxicology testing
[3]. In the present study, we report similar problems with fura-2 in
primary human NK cells. We had already noticed previously that mea-
surements of Ca2* signals in the T cell line Jurkat E6.1 started to harm
the cells after one hour of continuous fura-2 340/380 nm illumination
applying a five second time interval. This evidence is circumstantial,
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Fig. 5. Combined visualization of fura-10 Ca>" signals in NK cells and target cell death with pCasper. (A) Co-incubation of primary NK cells loaded with fura-10 and
K562-pCasper cells stably expressing the pCasper reporter. Left panel: Merged images of all channels (scale bar: 20 pm). NK cells appear white/pink and K562-
pCasper cells yellow/orange indicating they are vital at the beginning of the experiment. Right upper and lower panel: NK and K562-pCasper cells shown in the
respective fluorescence channels and their corresponding merged image. For NK cells, ratiometric Ca?" imaging is shown as F365nm/F420nm pseudocolor map
(scale bar: 40 um). (B-H) Representative fura-10 signals in NK cells and pCasper signals in K562 cells with or without interaction (scale bar 10 pm). (B) Images of
ratiometric fura-10 signals of a resting NK cell without K562-pCasper cell interactions. Scale bar 10 pm for this and all following images. (C) Fluorescence profile of
fura-10 excited at 365 nm (pink) and at 420 nm (blue) and ratiometric fura-10 signals corresponding to a Ca®* signal (black). (D) Fluorescence profile of a vital K562-
pCasper cell showing the GFP signal (green), FRET signal (red), and the GFP/FRET ratio (black). (E) Images of ratiometric fura-10 signals of an NK cell before and
during contact and after apoptotic cell death of its target K562-pCasper cell. (F, G) Fluorescence signals as shown in (C, D). (H) Images of the ratiometric fura-10
signal of an NK cell before and during contact and after necrotic cell death of its target K562-pCasper cell. (I, J) Fluorescence signals as shown in (C, D).
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Fig. 6. Combined measurements of fura-10 Ca®" signals in NK cells and cancer cell death of different pCasper cell lines relevant for acute myeloic leukemia (AML) or
diffuse large B-cell lymphoma (DLBCL) research. (A-F) Representative Ca®* signals of NK cells and pCasper signals in the AML cell line THP1-pCasper. (A) Merged
image of ratiometric fura-10 signals of an NK cell before and during contact and after apoptotic cell death of its target THP1-pCasper cell. (B) Fluorescence profile of
fura-10 excited at 365 nm (pink) and at 420 nm (blue) and ratiometric fura-10 signals corresponding to a Ca®" signal (black). (C) Fluorescence profile of the apoptotic
THP1-pCasper cell showing the GFP signal (green), FRET signal (red), and its GFP/FRET ratio (black). (D) Merged image of ratiometric fura-10 signals of an NK cell
before and during contact and after necrotic cell death of its target THP1-pCasper cell. (E, F) Fluorescence signals as shown in (B, C). (G-I) shows fura-10 signals in an
NK cell and apoptotic killing of an OCI-AML2-pCasper target cell (graphs similar as in A-C). (J-L) shows fura-10 signals in an NK cell and apoptotic killing of an
TMD8-pCasper target cell (graphs similar as in A-C). Rituximab was included to mediate antibody-dependent cytotoxicity of NK cells against TMD8 cells. (M-O)
shows fura-10 signals in an NK cell and necrotic killing of an TMD8-pCasper target cell (graphs similar as in p-F). Rituximab was included to mediate antibody-
dependent cytotoxicity of NK cells against TMD8 cells. Scale bar 10 pm for all images.
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Fig. 7. Correlation of fura-10 Ca®" signals in NK cells from patients with acute myeloic leukemia (AML) or diffuse large B-cell lymphoma (DLBCL) and K562 target
cell death. (A-F) Representative fura-10 signals of NK cells isolated from AML patients. (A) Merged image of ratiometric fura-10 signals of an AML-NK cell without
K562-pCasper cell interaction. (B) Fluorescence profile of fura-10 excited at 365 nm (pink) and at 420 nm (blue) and the ratiometric fura-10 signal (black). (C)
Fluorescence profile of vital K562-pCasper cell showing the GFP signal (green), FRET signal (red), and its GFP/FRET ratio (black). (D) Merged image of ratiometric
fura-10 signals of an AML-NK cell before and during contact and after apoptotic cell death of its target K562-pCasper cell. (E, F) Fluorescence signals as shown in (B,
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however combining the results in cardiomyocytes [3] and our data on
primary human NK cells, fura-2 illumination at the optimal wavelength
of 340/380 nm may be harmful to cells over extended periods of time.
Our results do not point towards chemical toxicity of fura-2 or its fission
products after de-esterification but rather to a combined
photo-chemo-toxicity of fura-2.

The second reason for a likely decrease in fura-2 use in the future
comes from a change in illumination sources which has occurred over
the last ten years. For epifluorescence measurements the standard has
changed to light-emitting diodes (LEDs) away from xenon or mercury
arc lamps with a monochromator as discussed recently by Zhou et al. [6].
LEDs have many advantages compared to arc lamps including fast

11

intensity regulation, fast electronic shuttering within milliseconds, and
high stability [6,54]. Furthermore, their spectrum usually does not
extend into the UV spectrum below 300 nm which is the case for arc
lamps. If these very short wavelengths are not completely eliminated by
filter systems, they may severely harm cells over extended times. This
may even go unnoticed if only very little UV intensity below 300 nm is
transmitted. Although 340/380 nm LEDs are now available [54] and
ideal for fura-2 use, they are not routinely built into microscopes with
LED illumination. Custom-made solutions are available but expensive.
Zhou et al. [6] compared a newly developed ratiometric Ca?* indi-
cator called isoCaRed-1Me to fura-2 and fura-red using the typically
available LEDs in a commercial microscope. Excitation of isoCaRed-1Me
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or fura-2 was carried out at 390 nm and 475 nm, which of course did not
work for fura-2. However, isoCaRed-1Me was brighter than fura-red
making it an interesting alternative red-shifted Ca%* indicator.

While fura-2 was toxic for NK cells under the conditions used here,
fura-red and fura-8 were not. However, they were rather dim and did not
show stable fluorescence over four hours unlike fura-10. Fura-red has
been shown to have a lower quantum yield than fura-2 (see [55] for
review). While fura-8 bleached/leaked a bit over 12 h, it could have
been also used for Ca?" measurements in NK cells. However, since
fura-10 is brighter than fura-8 and less prone to leakage it is, among the
tested ones, the Ca2" indicator of choice for primary human NK cells and
potentially other primary cells.

The Ca®" signals reported here with fura-10 at 37 °C in NK cells after
target cell contact are transient, often only 30 min or less. There are
sometimes few oscillations, but they fade quickly with no prominent
Ca2" plateau. We are aware of only one other report by Honda and
Miyazaki [28] which reports human NK cell Ccat signals in response to
contact with K562 or MOLT-4 target cells measured with fura-2 at room
temperature. These Ca®* signals look similar. Fura-10 allowed us to
measure Ca2" signals in natural killer (NK) cells from patients diagnosed
with acute myeloid leukemia (AML) or diffuse large B-cell lymphoma
(DLBCL). Preparing NK cells from AML patients is particularly chal-
lenging, often yielding low numbers. Fura-10 enables Ca** measure-
ments over several hours in NK cells from AML patients during
cytotoxicity against cancer cells. This is a prerequisite for understanding
potential functional Ca%* dependent impairments in these patients.

Interestingly, only very little Ca?" influx is sufficient to maintain
cytotoxic NK cell activity and NK cells operate best at a rather low Ca2*
optimum [12,29,30]. We showed that a block of CRAC/Orail channels
in CTL enhanced cytotoxicity [30], and likewise, Olivas-Aguirre et al.
found that a block of KCa3.1 in NK cells had the same effect as it reduces
the driving force for Ca?* entry [29]. However, only little data exists on
the source of Ca?* to raise intracellular Ca®* signals in NK cells. PLC-y2
is essential for NK cytotoxicity [56]. Influx across the plasma membrane
is likely required for NK cytotoxicity and genetic evidence shows that it
may be largely mediated by CRAC/Orail channels [13], a view that has
been confirmed by metabolic screening in cytotoxic T lymphocytes [57].
However, the role of TRP channels for Ca?* influx has also been reported
in NK cells. These include TRPC3 [16], TRPM2 [33], TRPM3 [20,21,32],
and TRPM7 [31]. In addition, it is not clear what role Ca?* release from
internal stores plays for NK cell function compared to Ca®" influx across
the plasma membrane.

We believe it is important to find out which receptors induce which
Ca?* signals in NK cells. Only few data have been published. Ganesan
and Hoglund showed that NK1.1 and MHC class 1 molecules induce
additive Ca%* signals in murine NK cells [15], whereas Ly49A dampens
Ca?" signals in murine NK cells induced by NKp46 or NK1.1 [14]. In
addition, Cassatella et al. and Theorell and Bryceson showed that
crosslinking stimulation of CD16 induces Ca®" signals in primary human
NK cells [24,35]. This is important as CD16 is an important receptor
involved in rituximab therapy of lymphoma [58,59].

In light of the pivotal role that Ca®* signals play in the signaling
processes of NK cells, it is imperative to acknowledge the necessity for a
more comprehensive and detailed understanding of Ca** dynamics. This
enhanced knowledge base is potentially also important for improving
the efficacy of NK cell-based therapeutic interventions. Fura-10 is a very
good tool to achieve this as it preserves NK cytotoxicity against cancer
cells and allows quantification of Ca®* signals in long-term experiments.

4. Materials and methods
4.1. Ethical approval
Experiments with mononuclear blood cells and patient samples are

approved by the local ethics committee (reference 84/15, 33/18 and
272/22). The local blood bank of the Institute of Clinical
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Hemostaseology and Transfusion Medicine at Saarland University
Medical Centre provided leucocyte reduction system (LRS) chambers, a
byproduct of platelet collection from healthy blood donors. All blood
donors and patients provided informed, written consent to use their
blood for research purposes.

Experiments with murine cells are approved by the local govern-
mental animal protection committee (LAV Saarland and Animal Welfare
Officer Saarland University). Islets isolation has been announced ac-
cording to local regulations of Saarland University and Saarland Au-
thorities (§4 Tierschutzgesetz / killing of animals).

4.2. Preparation and maintenance of natural killer (NK) cells from blood
donors

Human peripheral blood mononuclear cells (PBMCs) were obtained
from healthy donors after routine platelet apheresis using leukocyte
reduction chambers (LRS) of Trima Accel devices (Institute of Clinical
Haematology and Transfusion Medicine, Homburg, Germany). PBMCs
were isolated by density gradient centrifugation with Lymphocyte
Separation Medium 1077 (PromoCell, Germany) as described previously
[60]. Primary NK cells were isolated from PBMCs using the NK Cell
Isolation Kit (Miltenyi Biotec, Germany) according to the manufac-
turer’s instructions using an AutoMACS system (Miltenyi Biotec, Ger-
many). NK cells were cultured at 2 x 10° to 3 x 10° cells/ml in AIM-V
medium (Gibco AIMV, Thermo Fisher Scientific, USA) supplemented
with 10 % fetal bovine serum (FBS, Invitrogen; Thermo Fisher Scientific
USA). On the day of isolation, cells were stimulated with 100 U/ml re-
combinant human IL-2 (human IL-2 recombinant protein; Miltenyi
Biotec, Germany) and used for experiments 2-6 days after isolation.

4.3. Preparation and maintenance of natural killer (NK) cells from
patients

PBMCs from DLBCL patients were isolated from EDTA blood samples
by density gradient centrifugation using Lymphocyte Separation Me-
dium 1077 (PromoCell, Germany) as described previously [51]. NK cells
were purified using antibody-coupled magnetic beads from Miltenyi
Biotec according to the manufacturer’s specifications. Monocytes,
granulocytes and remaining erythrocytes were depleted from freshly
isolated PBMC using CD14, CD15 and CD235A MicroBeads and LD
columns (Miltenyi Biotec, Germany). T cells were then depleted from the
negative population using CD3 MicroBeads. NK cells were isolated from
the CD3-negative population using CD56 MicroBeads (Miltenyi Biotec,
Germany). The purity of the isolated NK was confirmed by flow
cytometry (for use in cytotoxicity assay purity >85 %). Isolated cells
were cultured in AIMV + 10 % FBS at 37 °C and 5 % CO; overnight [51].

PBMCs from AML patients were isolated from EDTA blood samples
by density gradient centrifugation as described previously [51]. One
important step was optimized for AML samples due to the high number
of leukemic blasts in the blood. Instead of a one-step density gradient, a
two-step density gradient was performed with Lympholyte-Poly (1.113
g/ml) (Biozol, Germany) and Lymphocyte Separation Medium 1077
(PromoCell, Germany). All following steps remained unchanged. T cells
were then depleted from the negative population using CD3 MicroBeads.
NK cells were isolated from the CD3-negative population using CD56
MicroBeads. The purity of the isolated NK was confirmed by flow
cytometry (for use in cytotoxicity assay purity >85 %).

4.4. Cell lines

The following cell lines were used: E6.1 Jurkat cells (ATCC, TIB-
152™), K562 cells (CCL-243), TMD8 (Cellosaurus, TMD8 (CVCL_A442),
kindly provided by Lorenz Triimper, Gottingen), OCI-AML2 (DSMZ,
ACC99, kindly provided by Evelyn Ullrich, Frankfurt) and THP1 (TIB-
202™),

E6.1 Jurkat-pCasper cells were generated as described in [44]. The
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Luc2-pCasper cells (K562-Luc2-pCasper, OCI-AML2-Luc2-pCasper and
THP1-Luc2-pCasper cells) were generated by lentiviral transduction as
recently described [51].

TMD8-pCasper (MC pC clone 4_23) and K562-pCasper (SB-pCasper
clone 43) were generated using the Sleeping Beauty system.
SB100XmRNA was in vitro transcribed using the plasmid IVTRup-
SB100x as described before [61-63]. TMDS8 cells were transfected
with pCasper Minicircle (pCasper coding sequence from Evrogen
(#FP971), EF1A promoter, ITR (VectorBuilder)) generated by Plas-
midFactory GmbH. K562 cells were transfected with a Sleeping Beauty
Transposon Gene Expression Vector (SBTGEV-pCasper, VectorBuilder)
containing the same EF1A promoter, ITR and pCasper coding sequence
as for the Minicircle (SBTGEV-pCasper, VectorBuilder). SB100X-mRNA
and pCasper Minicircle or SBTGEV-pCasper (ratio 5:1) were nucleo-
fected using Nucleofector 4D technology (SF kit, pulse code EW-113 for
TMDS8 and FF-120 for K562). TMD8 populations were sorted (Cell Sorter
SH800S (Sony)) followed by single cell cloning, and clone 4.23 was
used. K562 populations were single cell cloned. K562-pCasper
(SB-pCasper clone 43) were used for experiments with DLBCL patient
NK cells (Fig. 7), and K562-Luc2-pCasper cells were used for experi-
ments with NK cells from blood donors and for experiments with AML
patient NK cells (Figs. 5, 7).

All cell lines were cultured at 37 °C in a humidified incubator with 5
% CO3 in RPMI-1640 medium (ThermoFisher Scientific, USA) supple-
mented with 10 % FBS 1 % penicillin/streptomycin (P/S; Sigma-
Aldrich). For E6.1 Jurkat-pCasper cells, 0.8 mg/ml G418 (Thermo-
Fisher Scientific, USA) was added as a selection marker for stable
pCasper expression [44]. THP1 medium additionally contained 1 %
NEAA, 1 % Sodium Pyruvate and 50 pM B-Mercaptoethanol.
OCI-AML2-Luc2-pC were cultured in MEM-alpha (ThermoFisher Scien-
tific, USA) containing 20 % FBS and 1 % P/S.

4.5. Chemicals and reagents

Stock solutions of fura-2 AM (molecular probes; Thermo Fisher Sci-
entific, USA), fura-PE3 AM (Santa Cruz, USA), fura-8 AM and fura-10
AM (both from biomol, Germany, manufacturer AAT bioquest, USA),
and fura-red AM (Thermo Fisher Scientific, USA) were prepared in
DMSO at 1 mM stock concentration, aliquoted, and stored at —20 °C until
use. Fura-2, fura-8 and fura-10 were used at 1 pM, fura-PE3 and fura-red
at 2 pM. The following chemicals were used: thapsigargin (Thermo
Fisher Scientific, USA), ionomycin (Merck, Germany), rituximab (pro-
vided by the local pharmacy; Hexal AG, Germany). All other chemicals
not explicitly mentioned were from Merck (Germany), highest grade.
Calcium buffer compositions were as follows: 0 mM Ca®" (EGTA buffer):
145 mM NacCl, 4 mM KCl, 10 mM glucose, 10 mM HEPES, 2 mM MgCly,
and 1 mM EGTA, pH 7.4. 0.5 mM Ca®*: 145 mM NaCl, 4 mM KCl, 10 mM
glucose, 5 mM HEPES, 2 mM MgCl,, and 0.5 mM CaCly, pH 7.4. 20 mM
Ca%*: 145 mM NaCl, 4 mM KCl, 10 mM glucose, 5 mM HEPES, 2 mM
MgCl,, and 20 mM CaCly, pH 7.4.

4.6. Flow cytometry

Flow cytometry was performed using a FACSVerse (BD Bioscience,
Germany) and the FlowJo v10.8.1 data analysis software (BD, USA) to
analyze PBMC and PBMC subpopulations. As described before [60], NK
cells and other PBMC subtypes like T cells, B cells and monocytes were
identified by a combination of physical parameters (SSC-A; FSC-A,
FSC—H) and surface staining with fluorochrome-conjugated mAbs
(anti-CD3-PerCP (SK7), anti-CD16-PE (B73.1), anti-CD14-PE-Cy7
(MSE2),  anti-CD56-APC  (HCD56),  anti-CD8-FITC  (SK1),
anti-CD4-BV421 (SK3), anti-CD45-BV510 (HI30) and anti-CD19-BV421
(HIB19). All antibodies were from BioLegend (Revvity, USA) and were
incubated for 20 min at RT. The same panel was used to verify the purity
of NK cells.
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4.7. Spectral analysis with a plate reader

Spectral measurements were performed in a CLARIOstar plate reader
(BMG Labtech, Germany) at 37 °C. Fura-loaded cells and unstained
control cells were settled in a black 96 well plate in a density of 250.000
cells/well. Two different conditions were executed: 0 mM Ca?* condi-
tion: 1 mM EGTA, 1 uM thapsigargin and 4 uM ionomycin; 20 mM Ca®*:
20 mM CaCl,, 1 pM thapsigargin and 4 pM ionomycin. Excitation and
emission scans were acquired at 1 nm increments.

Fluorescence values from unstained cells in the corresponding Ca%t
buffer were subtracted from indicator-loaded samples. For each exper-
iment, technical replicates of 1-3 wells were averaged and normalized
to the maximum fluorescence.

4.8. Ca®" imaging with the cell observer

Live-cell imaging was performed at 37 °C using a Zeiss Cell Observer
microscope equipped with a Colibri LED (Zeiss, Germany) light source,
Evolve EMCCD camera (Photometrics, USA) and appropriate excitation/
emission filter sets (Table 2).

Glass coverslips (25 mm diameter, Orsa tec, Germany) were coated
with 50 pl of 0.1 mg/ml poly-L-ornithine for 30 min, and 1 x 10° NK cells
in 5 pl AIM-V were seeded and allowed to adhere for 30 min. For cali-
bration, cells were sequentially perfused with 0.5 mM Ca* buffer, 0 mM
CaZ*buffer (with 1 mM EGTA, 1 uM thapsigargin and 4 pM ionomycin)
for 5 min, or 20 mM Ca®"buffer (also with 1 pM thapsigargin and 4 pM
ionomycin) for 1 min. Imaging was performed at each step with the
indicated exposure times.

4.9. Analysis of Ca®" imaging data

The dynamic range was calculated using two different analysis ap-
proaches. The pixel-based ratio was calculated using the ImageJ Plugin
Ratio NaN. From these images, the mean fura ratio per cell was deter-
mined at 0 mM Ca?* (1 mM EGTA, thapsigargin and ionomycin) and at
20 mM Ca®*. Then the dynamic ranges of the indicators were calculated.
The second approach, the average-based ratio, was calculated by the
mean fluorescence intensity per channel for each cell. These values were
used to derive the fura ratio per cell, followed by averaging all cells for
each condition. The dynamic range was then determined from these
mean values, yielding one value per experiment.

For both pixel-based and average-based methods, background
correction was performed using ROI-based subtraction. Two back-
ground ROIs were manually defined, and their mean fluorescence in-
tensity was calculated and used as background value. In the pixel-based
analysis, this background value was set in the Ratio NaN plugin, while in
the fluorescence-based analysis it was manually subtracted from the
measured intensities.

To create ratiometric images the ImageJ plugin Ratio NaN was used.
The clipping value was set to the background plus twice the standard
deviation of the background ROIs.

Ca?* analysis of data acquired with the Celldiscoverer 7 was per-
formed with a customized MATLAB script, using fluorescence-based fura
ratio calculation.

4.10. Calcein-based real-time killing assay

Real-time killing assays of populations were performed as previously
described [64] using a CLARIOstar plate reader (BMG Labtech, Ger-
many). Briefly, K562 target cells were loaded with 500 nM Calcein-AM
in AIM-V medium containing 10 mM HEPES for 20 min at room tem-
perature, washed once, and seeded into black clear-bottom 96-well
plates (VWR, USA) at 2.5 x 10* cells/well. NK cells were loaded with
fura indicators or control compounds for 30 min, washed twice, and
resuspended in AIM-V medium. The effector to target ratio was 3:1.
Untreated NK cells were treated in the same way. Target cell lysis was
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measured via fluorescence reduction every 10 min for 4 h at 37 °C in
bottom-reading mode in the CLARIOstar plate reader. Excitation was
performed at 482/16 nm and emission at 530/40. Fluorescence mea-
surement was done in spiral mode and bottom reading. Data analysis
was performed as in [64].

4.11. Bleaching analysis with the plate reader

Photobleaching was assessed at 37 °C using the CLARIOstar plate
reader. For each fura indicator, the following settings were used: fura-2
and fura-PE3 (excitation 360/20 nm, emission 500/20 nm), fura-8 and
fura-10 (excitation 380/20 nm, emission 500/20 nm), fura-red (excita-
tion 450/20 nm, emission 660/20 nm). 250.000 cells per well were
measured in a spiral scanning pattern every 10 min for 710 min. Data
from 2 to 3 wells per indicator were averaged.

4.12. Phototoxicity assay with the cell observer

Phototoxic effects were tested in a co-culture of NK cells and E6.1
Jurkat-pCasper target cells at an effector to target (E:T) ratio of 3:1 in a
96-well plate. NK cells were labelled with the respective fura indicators
and imaged at the optimal exposure times defined as signal-to-
background-value over 2, as shown in Table 3. During the observation
period of 3.5 h, ratiometric fura imaging was performed every 1 min,
combined with pCasper fluorescence and transmitted light acquisition
every 30 min to monitor NK cell cytotoxic activity. As a control, un-
stained and non-exposed NK cells of the same donors were imaged. The
NK cell mediated killing in control wells was measured by pCasper
fluorescence every 30 min. Measurement was done at 37 °C under 5 %
COo.

4.13. Simultaneous Ca®" and cancer cell death imaging with fura-10 and
pCasper using a celldiscoverer 7

Live-cell Ca%" imaging was performed at 37 °C with 5 % CO, on the
Celldiscoverer 7 (Zeiss, Germany) imaging platform using black flat
bottom 96 or 384 well plates (Revvity, USA). NK cells from blood donors
as well as patient-derived NK cells were prepared and stained as
described above. As target cells, K562-pCasper, OCI-AML2-pCasper,
THP1-pCasper and TMD8-pCasper were used. 10.000 target cells were
seeded in 384 well plates and incubated during measurement with NK
cells in an effector-to-target (E:T) ratio of 1.5:1. Exposure times, exci-
tation and emission filters used for fura-10 and pCasper are summarized
in Table 4.

4.14. Andlysis of cytosolic Ca®* signaling in murine pancreatic islets with
fura-10

C57BL/6J mice were used to obtain pancreatic islets used for Ca®*
imaging experiments. All animals were housed in the animal facility of
the Center for Integrative Physiology and Molecular Medicine (CIPMM)
at Saarland University, free from murine pathogens. All procedures were
conducted in compliance with the ethical guidelines and approved by
the local ethics committee.

Krebs-Henseleit buffer of the following composition was used for
experiments with pancreatic islets: BSA 0.2 % (0.1 % for measurements),
CaCl, 2.5 mM, Glucose 10 mM (varied in experiments), HEPES 5 mM,
KCl 4.8 mM, MgCl; 1.2 mM, Na-bicarbonate 24 mM, NaCl 120 mM, P/S
1 % (no P/S for measurements).

Pancreatic islets were isolated from C57BL/6 J mice by enzymatic
digestion. Collagenase P (0.63 mg/ml; Roche Diagnostics GmbH, Ref:
11,213,865,001) in Krebs-Henseleit buffer was used to perfuse the
pancreas via the pancreatic duct. The pancreas was removed, incubated
in a water bath for 20 min at 37 °C before the tissue was shaken
manually and washed with Krebs-Henseleit buffer and centrifuged thrice
for 5 min at 140 x g. Islets were further purified manually from exocrine
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tissue with assistance of a stereo microscope (Stemi 305, Zeiss) and
cultured overnight in RPMI 1640 medium (Gibco, Thermo Fisher Sci-
entific, USA) supplemented with 10 % FBS (Gibco, Thermo Fisher Sci-
entific, USA) and 1 % penicillin/streptomycin (Sigma Aldrich, Germany)
at 37 °C and 5 % CO- until used for measurements.

Cytosolic Ca%* levels of murine pancreatic islets were investigated by
using the ratiometric indicator fura-10. Islets were loaded with fura-10
AM (5 pM) for 2 h at 37 °C and 5 % COz. Afterwards they were washed
twice and starved in 0.5 mM glucose Krebs-Henseleit buffer before they
were placed by hand under the stereo microscope in a custom build
microscopy chamber. Cellular Ca?* levels were assessed with an Axio
Observer 7 inverted epifluorescence microscope (Zeiss) at continuous
perfusion of the pancreatic islets at 1 ml/min flow speed with low (0.5
mM) and high (20 mM) glucose concentration, while 30 mM KCl served
as a depolarizing control.

4.15. Statistical analysis

Data are presented as mean + SD, with n indicating the number of
cells or experiments as specified in figure legends. Statistical analyses
were performed with Prism 10 (GraphPad Software Inc., USA). Shapiro-
Wilk test was used for normality test. Paired student’s t-tests were used
for two-group comparisons, RM one-way ANOVA was done for multiple
comparisons. * p < 0.05, ** p < 0.01, or *** p < 0.001 were considered
statistically significant.
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