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Natural killer (NK) cells play a vital role in eliminating tumorigenic cells. Efficient locat-
ing and killing of target cells in complex three-dimensional (3D) environments are critical
for their functions under physiological conditions. However, the role of mechanosens-
ing in regulating NK-cell killing efficiency in physiologically relevant scenarios is poorly
understood. Here, we report that the responsiveness of NK cells is regulated by tumor
cell stiffness. NK-cell killing efficiency in 3D is impaired against softened tumor cells,
whereas it is enhanced against stiffened tumor cells. Notably, the durations required for
NK-cell killing and detachment are significantly shortened for stiffened tumor cells. Fur-
thermore, we have identified PIEZO1 as the predominantly expressed mechanosensitive
ion channel among the examined candidates in NK cells. Perturbation of PIEZO1 abolishes
stiffness-dependent NK-cell responsiveness, significantly impairs the killing efficiency of
NK cells in 3D, and substantially reduces NK-cell infiltration into 3D collagen matrices.
Conversely, PIEZO1 activation enhances NK killing efficiency as well as infiltration. In con-
clusion, our findings demonstrate that PIEZO1-mediated mechanosensing is crucial for
NK killing functions, highlighting the role of mechanosensing in NK-cell killing efficiency
under 3D physiological conditions and the influence of environmental physical cues on
NK-cell functions.

Keywords: 3D matrices - Killing efficiency - Mechanosensing - NK cells - PIEZO1

Additional supporting information may be found online in the Supporting Information section
at the end of the article.
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Natural killer (NK) cells belong to the innate immune system

and are responsible for eliminating aberrant cells such as tumori-
genic cells and pathogen-infected cells. In both physiological and
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pathological conditions, NK cells must navigate through three-
dimensional (3D) environments to locate their target cells. NK
cells identify the cognate target cells through the engagement
of their activating receptors with ligands on the target cell sur-
face and/or detection of the absence of self-molecules using their
inhibitory receptors [1]. Upon target cell recognition, NK cells
form an intimate contact termed immunological synapse (IS) and
reorient the killing machineries toward target cells [2]. The pri-
mary killing mechanism employed by NK cells is lytic granules
containing cytotoxic proteins such as pore-forming protein per-
forin and serine protease granzymes. Lytic granules are enriched
and released at the IS to induce apoptosis or direct lysis of target
cells [3]. The release of lytic granules, also known as degranula-
tion, is a hallmark of NK activation triggered by target cell recog-
nition.

Stiffness is a physical characteristic that can differ significantly
between healthy and diseased tissues, and stiffness at the tissue
level and cell level can differ significantly. For instance, solid
tumors are often stiffer than the neighboring healthy tissues
primarily due to a highly compacted ECM [4]. Conversely, malig-
nant cells with a high potential for metastasis are typically softer
than their counterparts [5, 6]. Despite the extensive research
on the functional role of chemical cues, the impact of stiffness
on functions of immune Killer cells, especially in killing-related
processes, has only recently gained attention. For NK cells, stiffer
substrates potentiate polarization of MTOC, enrichment and
release of lytic granules, cytokine production, and the stability
of the IS [7]. In addition, the actin retrograde flow at the IS,
which regulates the NK-cell response, is influenced by substrate
stiffness [8]. The stiffness of cancer cells typically ranges from a
few hundred to a few thousand Pa [9-13]. The levels of substrate
stiffness used to investigate the stiffness-regulated NK-cell func-
tion are often two to three orders of magnitude higher than the
actual stiffness of cancer cells. Therefore, the precise effect of the
physiological range of tumor cell stiffness on the effector func-
tions and the corresponding killing efficiency of NK cells remains
unclear.

To detect environmental stiffness, cells rely on mechanosens-
ing through surface mechanosensors, mainly mechanically
activated ion channels [14]. In this regard, the PIEZO family
members are the most extensively studied mechanosensors. In
T cells, PIEZO1-mediated mechanosensing of fluid shear stress
has been found to potentiate T-cell activation [15]. Additionally,
PIEZO1 activation at the IS is essential for optimal T-cell receptor
signal transduction, potentially through PIEZO1-mediated Ca®*
influx [16]. In mice, the genetic deletion of PIEZO1 in T cells
selectively expands Treg population and attenuates the severity
of EAE, an animal model for MS [17]. In myeloid cells, PIEZO1-
mediated mechanosensing of cyclical pressure, as experienced
in lungs, plays a key role in the initiation of proinflammatory
response elicited by macrophages and monocytes [18]. How-
ever, the functional roles of PIEZOs in NK cells have not been
characterized.

In this study, we show that the efficiency of NK-cell-mediated
target cell elimination is regulated by the stiffness of target cells.

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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Specifically, the cytotoxicity of NK cells is decreased against softer
target cells and elevated against stiffer target cells. In human NK
cells, mechanosensing is primarily mediated by PIEZO1, and the
perturbation of PIEZO1 abolishes stiffness-dependent responsive-
ness of NK cells. Furthermore, PIEZO1-mediated mechanosens-
ing governs the infiltration of NK cells into 3D collagen matri-
ces, significantly impacting NK-cell killing efficiency in 3D scenar-
ios. In summary, our results highlight the critical regulatory roles
of mechanosensing in NK-cell-mediated target cell elimination in
physiologically relevant 3D scenarios.

Results
NK-cell activation is regulated by surface stiffness

To investigate how the stiffness of target cells affects NK-cell
responsiveness, we used functionalized hydrogels of various stift-
ness as a model system to mimic target cells as reported previ-
ously [19]. Specifically, we employed poly (acrylamide-co-acrylic
acid) (PAAm-co-AA) hydrogels with Young’s modulus of 2, 12,
and 50 kPa functionalized with an activating antibody targeting
NKp46 (Fig. 1A), which belongs to the natural cytotoxicity recep-
tor family. The coating efficiency for the hydrogels with these
three stiffness levels has been demonstrated the same in our pre-
vious work [19]. We used NK cells that were isolated from healthy
donors and stimulated with IL-2 for 3 days. To evaluate NK activa-
tion, we settled NK cells on the functionalized hydrogels at 37°C
for 4 h and assessed the degranulation of lytic granules based on
the levels of CD107a on the surface of the NK cells. CD107a is
exclusively expressed on the vesicular membrane of lytic gran-
ules and can only be integrated into the plasma membrane of NK
cells after lytic granule release [20]. Based on activation-triggered
degranulation, we found that NK cells fell into four categories:
only activated on 50 kPa (5 out of 12 donors, Fig. 1B), only acti-
vated on 12 kPa (3 out of 12 donors, Fig. 1C), activated on all
three stiffness levels (2 out of 12 donors, Fig. 1D), or no response
(2 out of 12 donors, Fig. 1E). Importantly, degranulation was only
triggered by the activation of NKp46, as isotype 1gG-coated hydro-
gels did not induce degranulation (Fig. 1B-D, isotype). Notably,
NK cells from most donors (10 out of 12) did not respond to very
soft hydrogels (2 kPa) (Fig. 1F and G). These findings show that
NK cells cannot be fully activated on soft substrates, which is con-
sistent with the reports from the others [7, 8]. Based on these
results, we hypothesized that softening target cells would impair
NK killing capacity.

Target cell stiffness modulates NK-cell cytotoxicity

To test this hypothesis, we softened the target cells (K562 cells)
by DMSO treatment as determined by real-time deformability
cytometry (RT-DC) (Fig. 2A). The K562 cells used in our study
stably express a FRET-based apoptosis reporter pCasper (K562-
pCasper), consisting of a GFP and RFP pair linked by a caspase
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Figure 1. Natural killer (NK)-cell responsiveness to varying levels of substrate stiffness. Primary human NK cells from healthy donors were stim-
ulated with IL-2 for 3 days prior to the experiments. (A) Sketch of functionalization of hydrogels. PAAm-co-AA hydrogels were first treated with
streptavidin and then incubated with biotinylated anti-NKp46 antibodies. (B-E) NK-cell responsiveness is substrate stiffness-dependent. The acti-
vation of NK cells was evaluated using the CD107a degranulation assay. The NK cells were settled on functionalized hydrogels at 37°C with 5% CO,
for 4 h in the presence of anti-CD107a antibody and Golgi Stop. The samples were then analyzed using flow cytometry. The NK cells responded to
50 kPa (B, n =5), 12 kPa (C, n = 3), all stiffness levels (D, n = 2), or did not respond to any stiffness (E, n = 2). One representative donor is shown in the
left panel, and the quantification of all donors is shown in the right panel. (F and G) Summary of the NK-cell responsiveness from different donors.
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Figure 2. The killing efficiency of natural killer (NK) cells in three-dimensional (3D) scenarios is regulated by tumor cell stiffness. Primary human
NK cells from healthy donors were stimulated with IL-2 for 3 days prior to the experiments. K562-pCasper target cells were embedded in collagen
matrices (2 mg/mL), and the NK cells were added from the top. Live target cells are in orange-yellow and apoptotic target cells in green. (A and
B) Softening tumor cells impairs NK-cell killing efficiency in 3D. K562-pCasper cells were pretreated with DMSO (1:2000, softened) for 12 h. Their
stiffness was determined using real-time deformability cytometry (RT-DC) (A). Time lapse of killing events was obtained in 10x magnification,
and the quantification is shown in (B). (C and D) NK cells eliminate stiffened tumor cells more efficiently. K562-pCasper cells were pretreated with
blebbistatin (50 pM, stiffened) for 12 h. Their stiffness was determined using RT-DC (C). Statistical analysis for RT-DC was done using linear mixed
models. Time lapse of killing events was obtained in 20x magnification, and the quantification is shown in (D). (E and F) The duration required for
NK-cell killing and detachment from the stiffened tumor cells is shortened. K562-pCasper target cells were treated with DMSO (Ctrl) or blebbistatin
(stiffened). The NK cells were coincubated with target cells for 4 h. The NK cells were tracked manually. The duration required for each killing event
(the time from the initiation of NK/target contact to target cell apoptosis) and the duration required for NK-cell detachment (the time from the
initiation of NK/target contact to disengagement of NK cells from the targets) for all NK cells analyzed are shown in the left and right panels of (E),
respectively. The quantification of these durations is shown in (F). For statistical analysis, the Mann-Whitney-U-test was used. The results were
from at least three independent experiments. The data are presented as mean + SEM. Scale bars are 40 pm.

recognition site (DEVD) [21]. Upon the initiation of apoptosis,
the orange target cells lose their FRET signal and turn green. In
the case of necrosis, fluorescent proteins would leak out of the
destructed plasma membrane, resulting in the complete loss of
fluorescence. To evaluate NK-cell killing efficiency in a 3D envi-
ronment, we embedded K562-pCasper target cells in bovine type I
collagen and added IL-2-stimulated primary human NK cells from
the top after solidification. This setup allows NK cells to infiltrate
the collagen matrix and search for their target cells in a physio-
logically relevant scenario. We monitored killing events at 37°C
every 20 min for 48 h using a high-content imaging system. Our
results show that the killing efficiency of NK cells against soft-
ened target cells was reduced compared to that against the control

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

group (Fig. 2B, Supporting Information Movie 1). These findings
suggest that the softening of tumor cells weakens NK-cell killing
capacity.

Next, we examined whether increasing the stiffness of tumor
cells could have the opposite effect. To do this, we used blebbis-
tatin, a myosin ITA inhibitor known to enhance the stiffness of cells
in suspension by perturbing actomyosin contractility [22]. Our
analysis of RT-DC revealed that blebbistatin treatment reduced
the deformability of target cells, indicating an increase in their
stiffness relative to vehicle-treated control cells (Fig. 2C). Con-
sistent with the postulation, we observed an elevated killing
efficiency of NK cells against the stiffened blebbistatin-treated
tumor cells (Fig. 2D, Supporting Information Movie 2). Notably,
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Figure 3. Inhibition of PIEZO1 reduces natural killer (NK)-cell killing efficiency in three-dimensional (3D). Primary human NK cells from healthy
donors were stimulated with IL-2 for 3 days. (A) Heatmap for the expression of mechanosensitive ion channels in unstimulated and IL-2-stimulated
NK cells. The analysis is based on previously published microarray data [45]. (B) GsMTx4 (50 M) treatment abolishes substrate stiffness-dependent
NK cell responsiveness. The activation of NK cells was evaluated using the CD107a degranulation assay. One representative donor is shown in
the left panel, and the quantification of all donors (n = 8) is shown in the right panel. The Friedman test with Dunn’s multiple comparisons test
was used for statistical analysis. (C) The killing efficiency of GsMTx4-treated NK cells in 3D is impaired. K562-pCasper target cells were embedded
in collagen matrices (2 mg/mL), and the NK cells were added from the top. Live target cells are in orange-yellow and apoptotic target cells in
green. Time lapse of one representative donor is shown in the left panel, and the quantification of all donors (n = 3) is shown in the right panel.
(D) GsMTx4-treated NK cells exhibit enhanced capability of infiltration into collagen matrices. The NK cells were stained with carboxyfluorescein
succinimidyl ester (CFSE) and added on the top of solidified collagen matrices (2 mg/mL). The NK cells approaching the bottom were visualized
(left panel) and quantified (right panel, n = 4). A 20x magnification was used to obtain the images. The data are presented as mean + SEM. Scale

bars are 40 pm.

treatment with DMSO or blebbistatin exhibited no impact on the
proliferation kinetics of the K562-pCasper cells (Supporting Infor-
mation Fig. 1), and the altered stiffness could persist (Supporting
Information Fig. 2), reinforcing our conclusion that the observed
changes in killing efficiency against DMSO- or blebbistatin-treated
target cells are not a result of alterations in proliferation kinetics
per se, but rather attributable to changes in target cell stiffness.
Furthermore, analysis of live cell imaging showed a significant
reduction in the time required for NK Kkilling (i.e. duration from
contact to apoptosis) and the total contact time between NK and
target cells (i.e. duration from contact till detachment) in the case
of stiffened tumor cells compared to the control group (Fig. 2E
and F). Together, these results suggest that the stiffness of target
cells has a significant impact on the outcome of NK killing effi-
ciency.

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

PIEZO1 mediates NK-cell responsiveness to target cell
stiffness

Mechanosensing is crucial for cells to detect the stiffness of sur-
rounding environment and the cells they encounter. Among the
mechanosensitive channels, PIEZO1 is the most predominantly
expressed in primary human NK cells (Fig. 3A). Both unstimulated
and stimulated NK cells expressed high levels of PIEZO1 pro-
tein, with the majority (>95%) of NK cells expressing PIEZO1
(Supporting Information Fig. 3A). PIEZO1 is present on the
plasma membrane, exhibiting a distribution pattern similar to
F-actin (Supporting Information Fig. 3B). To examine the func-
tional role of PIEZO1 in stiffness-regulated NK activation, we used
GsMTx4, a peptide isolated from spider venom that inhibits the
mechanosensitivity of PIEZO1 [23]. Our results show that the
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Figure 4. PIEZO1 activation enhances natural killer (NK)-cell killing efficiency in three-dimensional (3D). Primary human NK cells from healthy
donors were stimulated with IL-2 for 3 days. Yoda-1 (1 pM) was present in the medium during the experiments. (A and B) Yoda-1 treatment enhances
the killing efficiency of NK cells in 3D. K562-pCasper target cells were embedded in collagen matrices (2 mg/mL), and the NK cells were added from
the top. Live target cells are in orange-yellow, and apoptotic target cells in green. Time lapse of one representative donor is shown in (A), and the
quantification of all donors (n = 3) is shown in (B). (C and D) NK infiltration into 3D collagen matrices is enhanced by Yoda-1 treatment. The NK
cells were stained with carboxyfluorescein succinimidyl ester (CFSE) and added on the top of solidified collagen matrices (2 mg/mL). The NK cells
approaching the bottom were visualized (C) and quantified (D, n = 3). A 20x magnification was used to obtain the images. The data are presented

as mean + SEM. Scale bars are 40 pm.

surface stiffness-dependent degranulation of NK cells was com-
pletely abolished by GsMTx4 treatment (Fig. 3B), indicating that
PIEZO1 plays a pivotal role in mediating mechanosensing in NK
cells.

To investigate the effects of PIEZO1 perturbation on NK-cell
killing function, we further evaluated NK-cell killing efficiency
in a 3D scenario. Results from the 3D killing assay showed that
GsMTx4-treated NK cells exhibited a substantially reduced killing
efficiency compared to the control group (Fig. 3C, Supporting
Information Movie 3). Stiffness of the target cells was not affected
by the presence of GsMTx4 (Supporting Information Fig. 4A). To
explore the underlying mechanisms, we examined the lytic gran-
ule pathway and NK-cell migration. We found that GsMTx4 treat-
ment did not alter the expression of cytotoxic proteins such as per-
forin and granzyme B (Supporting Information Fig. 4B). Further-
more, degranulation induced by target cell recognition was even
slightly enhanced (Supporting Information Fig. 4C). Notably, the
numbers of NK cells that infiltrated the 3D collagen matrix were
greatly reduced after GsMTx4 treatment (Fig. 3D, Supporting
Information Movie 4). Aside from PIEZO1, GsMTx4 also targets
a few other mechanically activated ion channels, such as TRPC1,
TRPC6, and TACAN. Although the expression levels of TRPC1,
TRPC6, and TACAN are very low, if not negligible, compared
to PIEZO1 (Fig. 3A). These observations suggest that PIEZO1-
mediated mechanosensing is crucial for NK cells to execute their

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

killing function in 3D mainly by regulating NK infiltration into the
3D matrix.

To further validate the effect of PIEZO1, we used a PIEZO1-
specific agonist, Yoda-1 [24] (Supporting Information Fig. 5).
Indeed, Yoda-1-treatment of NK cells accelerated killing kinet-
ics in 3D collagen matrices with a significant reduction in the
initiation time of killing events (Fig. 4A and B, Supporting
Information Movie 5). No difference was observed in degranu-
lation induced by target cell recognition (Supporting Informa-
tion Fig. 6A), or in the conjugation between NK cells and tar-
get cells (Supporting Information Fig. 6B) for Yoda-1-treated
NK cells. Interestingly, infiltration of NK cells into 3D colla-
gen matrix was substantially accelerated by Yoda-1 treatment
(Fig. 4C and D, Supporting Information Movie 6). Vehicle-treated
NK cells first appeared in the focal plane at 6.6 + 1.6 h,
whereas first Yoda-1-treated NK cells approached the focal plane
at around 4.8 + 1.7 h (Fig. 4D). In addition, in a matrix-
free environment, Yoda-1 treatment enhanced NK killing effi-
ciency against both nontreated and softened tumor cells (Sup-
porting Information Fig. 7A and B), whereas the inhibition of
PIEZO1 using GsMTx4 hindered NK killing against stiffened
target cells (Supporting Information Fig. 7C), indicating that
PIEZO1 can directly regulate the killing capacity of NK cells.
Our results collectively suggest that PIEZO1 regulates both the
NK killing processes and infiltration capability into 3D matrix,
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thereby fine-tuning the ultimate outcomes of tumor cell elimina-
tion.

Discussion

In our study, we have demonstrated that the killing efficiency
of NK cells can be modulated by manipulating the stiffness of
target cells. Cell softening is a recently discovered characteris-
tic of malignant tumor cells, which is associated with tumori-
genicity and malignancy. A rich body of evidence proves that
cancer cells are softer than their nonmalignant normal coun-
terparts [25]. For example, cancerous breast epithelial cells are
more deformable than their normal counterparts as determined
by optical stretching [26]. Ovarian cancer cells have Young’s
modulus in the range of 0.5-1 kPa, whereas their nonmalignant
counterparts have a stiffness of around 2 kPa, as determined by
atomic force microscopy [9]. Similarly, cervical cancer cells have
an elastic modulus of ~2 kPa, which is lower than that of nor-
mal human cervix epithelial cells (elastic modulus E ~4-5 kPa)
[10]. Notably, even among malignant cells, the stiffness can vary,
and softer cancer cells exhibit enhanced tumorigenicity, metasta-
sis, and stemness. For example, between two ovarian cancer cell
lines from the same specimen, the soft cells (HEY A8, ~0.5 kPa)
are more invasive than their stiffer counterparts (HEY, ~0.9 kPa)
[9]. Soft cancer cells (breast cancer and melanoma cells, ~0.2—
0.3 kPa) require only ten cells to generate metastatic tumors in
the lungs, whereas even 100 stiff cancer cells (~0.8-1 kPa) are
unable to produce any detectable lung metastasis [12]. Softer
cancer cells not only form more colonies with bigger sizes in
vitro but also have a substantially higher frequency of forming
tumors in vivo [12]. Stemness-associated genes are also upregu-
lated in soft tumor cells [12]. Additionally, a study using cancer
organoids embedded in 3D collagen has shown that cancer cells
at the peripheral region are softer than the cells in the core region,
and softer cancer cells are more invasive and metastatic [13].
Tumor cells can be further softened by migration through con-
fined spaces [13]. In our study, the stiffness of nontreated tumor
cells (~1 kPa), softened tumor cells (~0.6-0.7 kPa), or stiffened
tumor cells (~1.2-1.4 kPa) falls within the range of physiological
stiffness as reported in the aforementioned studies. Our results
demonstrate that softening (or stiffening) tumor cells substan-
tially reduces (or enhances) elimination by NK cells, providing
direct evidence supporting the hypothesis that cell softening is a
mechanism by which malignant cells evade immune surveillance.

How does the softening or stiffening of tumor cells affect the
cytotoxicity of NK cells? In the process of cell killing, several key
steps are critical, such as the initiation of IS formation, lytic gran-
ule enrichment and release, cytotoxic protein uptake by target
cells, and the detachment of NK cells after killing. Our study
shows that softening or stiffening of tumor cells does not sig-
nificantly alter lytic granule release, indicating that the events
upstream of lytic granule release, such as IS formation and lytic
granule enrichment, are unlikely to be significantly affected. How-
ever, we observed that the duration required to induce apopto-

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

Innate immunity

sis or necrosis of tumor cells is prolonged for softened tumor
cells compared to their stiff counterparts. Perforin-mediated pore
formation on the plasma membrane of target cells is a critical
step for directly lysing target cells or facilitating granzyme entry
into target cells to induce apoptosis. Reduced tension of tar-
get cells impairs perforin-mediated pore formation and perforin-
dependent killing [27]. Therefore, to kill softened tumor cells, NK
cells likely need to release more perforin or require more time to
form the pores. Both scenarios require a longer duration for the
killing process.

Following a successful killing, NK cells must detach from the
dying or dead target cells in a timely manner to search for other
targets and carry out more killing. Intriguingly, our observations
show that the duration from the initiation of target cell apoptosis
to the detachment of NK cells from stiffened target cells is substan-
tially shorter than that from their softer counterparts. This find-
ing suggests that alteration in tumor cell stiffness may influence
the process of NK-cell detachment. It is reported that conjugation
with newly identified target cells can accelerate NK-cell detach-
ment from old target cells [28] and failed NK-cell killing is linked
to extended contact times [29, 30]. Thus, the shortened contact
times we observed for stiffened tumor cells possibly owe to more
efficient NK-cell killing. Studies on cytotoxic T lymphocytes sug-
gest that recovery of cortical actin at the IS is essential to termi-
nate lytic granule secretion, suggestively enabling or promoting
T cells to detach from their target cells [31]. PKCH is required
to break the symmetry of the IS, allowing naive T cells to dis-
engage from their target cells [32]. Additionally, calcium influx
in T cells and apoptotic contraction also contribute to T-cell dis-
engagement from a target cell [33, 34]. Therefore, it is possible
that NK cells employ similar mechanisms to terminate killing pro-
cesses and disassemble the IS, which is necessary for detachment
from target cells. Interestingly, cell stiffness changes or increases
after cell death [35, 36], which can serve as a direct cue to initiate
NK-cell detachment.

Recent studies have revealed that mechanical cues, partic-
ularly stiffness, can regulate the functions of NK cells. When
primary human NK cells are stimulated with IL-2 on MICA-
functionalized substrate with varying stiffness (30, 150, and
3000 kPa), they exhibit a bell-shaped response, with the max-
imum degranulation and clustering of DAP10 (an adaptor
molecule downstream of NKG2D) occurring at 150 kPa [37].
The application of mechanical forces to NK cells via MICA-
functionalized nanowires (diameter ~ 50 nm) enhances lytic
granule degranulation upon NKG2D activation [38]. Similarly,
stiffer sodium alginate beads (34 and 254 kPa) functionalized
with NKp30 antibody can induce full NK-cell activation charac-
terized by MTOC translocation and lytic granule polarization,
whereas softer beads (9 kPa) failed to do so [7]. Our data also
suggest that NK cells exhibit greater degranulation triggered by
activating receptors on stiffer hydrogels (12 and 50 kPa) com-
pared to soft hydrogels (2 kPa) for most donors. However, for
some donors, the levels of degranulation were comparable across
all three stiffness levels. This variability is not associated with dif-
ferent expression levels of PIEZO1, as PIEZO1 expression levels
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are in a comparable range for various donors. Our findings sug-
gest that NK-cell responsiveness to stiffness is donor-dependent
and may be attributed to variations in the expression of additional
effector molecules involved in mechanosensing or transduction.

Mechanical cues are detected by various professional
mechanosensors, primarily mechanosensitive ion channel fam-
ilies, among which are the PIEZO family, TREK/TRAAK K2P
(two-pore potassium) channels, TMEM63 (hyperosmolality-
gated calcium-permeable) channels, and TMC (transmembrane
channel-like) 1/2 [14, 39]. In our study, we report that PIEZO1 is
the predominant mechanosensitive channel expressed in NK cells,
indicating its indispensable role in mechanotransduction in NK
cells. We observed that inhibiting PIEZO1 using GsMTx4 nearly
abolished NK-cell responsiveness to different substrate stiffness,
greatly impaired NK-cell-mediated cytotoxicity, and substantially
reduced NK-cell infiltration into 3D collagen matrices. Conversely,
activating PIEZO1 with Yoda-1 enhanced the killing efficiency and
infiltration capacity of NK cells. These findings demonstrate that
PIEZO1-mediated mechanosensing is crucial for NK killing func-
tions, highlighting PIEZO1 as a promising target to modulate NK
functions, particularly in the context of solid tumors.

Materials and methods

Antibodies and reagents

The following antibodies were purchased from BioLegend: PerCP
anti-human CD3, BV421 anti-human CD3, APC anti-human CD56,
BV421 anti-human CD107a, Biotin anti-human NKp46 (CD335),
Biotin Mouse IgG1-k Isotype, BV421 anti-human perforin, PE anti-
human perforin, and PE anti-human granzyme B. Calcein-AM
and carboxyfluorescein succinimidyl ester (CFSE) were purchased
from Thermo Fischer Scientific, GsMTx4 from Smartox Biotech-
nology, blebbistatin from Cayman Chemical, Yoda-1 from Tocris,
and Fibricol Collagen solution (10 mg/mL bovine type I) from
Advanced Biomatrix.

Cell culture

Human peripheral blood mononuclear cells (PBMCs) of healthy
donors were isolated from the Leukocyte Reduction System
Chamber using a gradient centrifugation method with Lympho-
cyte Separation Medium 1077 (PromoCell). Primary NK cells
were isolated from the PBMCs using a human NK-cell isolation
kit (Miltenyi) and then cultured in AIM V media with 10% FCS
in the presence of recombinant human IL-2 (100 U/mL, Miltenyi)
for 3 days, unless mentioned otherwise. The purity is higher than
96%. As for K562 and K562-pCasper cells, they were cultured in
RPMI medium supplemented with 10% FCS and 1% penicillin and
streptomycin (Thermo Fischer Scientific). For K562-pCasper cells,
which stably express a FRET-based apoptosis reporter [21], the

© 2024 The Authors. European Journal of Immunology published by
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culture medium was additionally supplemented with puromycin
(0.2 pg/mL) (VWR).

Preparation and biofunctionalization of hydrogels

Poly(acrylamide-co-acrylic acid) (PAAm-co-AA) hydrogels of vary-
ing stiffness were prepared and functionalized as previously
described [19]. Briefly, AAm monomer and bis-AAm crosslinker
were mixed in different ratios, maintaining a constant ratio of
AA. Hydrogel discs were prepared between two coverslips. PAAm-
co-AA hydrogels were first functionalized with biotin-PEG8-NH2
by an EDC/NHS activation step as follows. The PAAm-co-AA
film was covered with 100 nL. EDC/NHS solution (39/12 mg in
0.1 M, pH 4.5 MES buffer) for 15 min, washed thoroughly with
PBS, and directly incubated with 100 pL of biotin-PEG8-NH2
(1 mg/mL) solution in a Petri dish for 2 h at RT. The function-
alized hydrogels were washed with PBS three times and kept in
PBS at 4°C until use. Functionalized hydrogels of varying stiff-
ness were then incubated with streptavidin solution (100 pL,
100 pg/mL) for 1-1.5 h (2 kPa) or 2.5-3 h (12 and 50 kPa)
according to a previously reported protocol [19]. Streptavidin-
functionalized hydrogels were then incubated with biotinylated
anti-NKp46 (100 pg/mL, 30 pnL) or IgG isotype (100 pg/mL,
30 L) overnight at 4°C.

CD107a degranulation assay

To assess stimulation-induced NK degranulation, NK cells were
either settled on substrates functionalized with NKp46 antibody
or incubated with K562 cells in the presence of BV421 anti-
CD107a antibody and protein transport inhibitor Golgi stop (BD
Biosciences) at 37°C with 5% CO; for 4 h. Then the cell suspen-
sion was stained with PerCP anti-human CD3, APC anti-human
CD56 antibodies at 4°C in dark for 30 min. The samples were ana-
lyzed using FACSVerse (BD Biosciences). The CD3~CD56™" popu-
lation was gated for NK cells. FlowJo v10 (FLOWOJO, LLC) was
used for data analysis.

Determination of NK-cell killing kinetics

To determine NK killing efficiency in 3D environments, the
assay was conducted as described previously [40]. Briefly, K562-
pCasper target cells were resuspended in neutralized bovine col-
lagen I (2 mg/mL) and plated in a black 96-well plate with flat
clear bottom (Corning/Merck) at a density of 25000 cells/40 pnL
per well. The plate was centrifuged to spin down the target cells
on the bottom and then polymerized at 37°C with 5% CO, for 1 h.
NK cells were added on the top of the collagen matrix with an E:T
ratio of 1:1 if not otherwise specified. A high-content imaging sys-
tem ImageXpress (Molecular Devices) was used to acquire images
at 37°C with 5% CO, every 20 min for 48 h. K562-pCasper tar-
get cells with a FRET signal above the threshold (maximal FRET
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signals in GFP-positive target cells) were taken as live target cells.
The number of live target cells at each time point was normalized
to that at time 0. AIMV medium supplemented with 10% FCS was
used in this assay. The images were processed and analyzed using
ImageJ.

To determine NK killing capacity in a matrix-free 2D scenario,
K562-pCasper target cells were settled in a 96-well half-area
microplate with clear flat bottom (Corning/Merck) at a density
of 25000 cells per well at RT for 20 min. Subsequently, NK cells
were added from above with an E:T ratio of 0.5:1. Killing events
were visualized using ImageXpress at 37°C with 5% CO, every
20 min for 8 h.

NK-cell migration in 3D collagen matrices

NK cells were stained with CFSE (5 wM in PBS/4.5% FCS) at room
temperature for 15 min, washed once with PBS, then resuspended
in AIMV/10% FCS, and kept at 37°C with 5% CO. overnight
for recovery. Sample preparation for light-sheet microscopy was
described previously [41]. Briefly, CFSE-stained NK cells were
resuspended in neutralized bovine collagen I (2 mg/mL), and this
cell suspension was polymerized in a capillary at 37°C with 5%
CO;, for 1 h. Subsequently, the sample was mounted in the sam-
ple chamber filled with RPMI medium. Z-stacks (step size ~2 pm
for ~100 slices) were acquired using a Z.1 light-sheet microscope
(Zeiss) at 37°C every 30 s for 30 min. Imaris 8.1.2 (Bitplane) was
used to automatically track fluorescently labeled NK cells to quan-
tify cell velocity and persistence.

Analysis of NK-cell infiltration into 3D collagen
matrices

NK cells were stained with CFSE (5 wM in PBS/4.5% FCS) at room
temperature for 15 min, washed once with PBS, then resuspended
in AIMV/10% FCS, and kept at 37°C with 5% CO, overnight for
recovery. Neutralized bovine collagen I (2 mg/mL) was plated
40 pL per well in a black 96-well plate with flat clear bottom
(Corning/Merck). The plate was kept at 37°C with 5% CO, for
1 h. After solidification, CFSE-stained NK cells (25 000 cells/well)
were added on the top of the matrix. To identify the position of the
bottom, one well plated with NK cells without collagen was used
as reference. Images focused on the bottom were acquired using
ImageXpress at 37°C with 5% CO, every 20 min for 48 h. ImageJ
was used to identify fluorescently labeled NK cells and quantify
the number of infiltrated NK cells for each time point.

Determination of cytotoxic protein expression

NK cells were washed twice with PBS containing 0.5% BSA, then
stained with PerCP anti-human CD3, APC anti-human CD56 anti-
bodies at 4°C in dark for 30 min. To assess the expression of
perforin and granzyme B, these prestained NK cells were fixed

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

Innate immunity

with prechilled 4% paraformaldehyde (PFA) for 20 min, perme-
abilized with PBS containing 0.1% saponin, 0.5% BSA, and 5%
FCS at room temperature for 10 min, then stained with BV421
anti-human perforin and PE anti-human granzyme B antibodies at
room temperature in dark for 40 min. The samples were analyzed
using FACSVerse (BD Biosciences). The CD3~CD56" population
was gated for NK cells. FlowJo v10 (FlowJo, LLC) was used for
data analysis.

Real-time deformability cytometry (RT-DC)

To assess the stiffness of K562-pCasper cells, RT-DC
(Zellmechanik Dresden) was used [42]. K562-pCasper were
either treated with DMSO or Blebbistatin for 12 h, after which
they were resuspended in 100 pL of cell carrier B solution
(PBS with the addition of long-chain methylcellulose polymers of
0.6 w/v%). A microfluidic PDMS chip with a 300 wm long central
constriction of 30 um x 30 pwm cross-section was assembled on
the stage of an inverted microscope (Zeiss). The cell suspension
was loaded on the chip using a syringe pump. The cells flowing
through the microfluidic channel deform due to the shear stresses
and pressure gradient caused by the flow profile [43]. Each event
is imaged live using a CMOS camera and analyzed in real-time.
At least 3000 events were acquired per condition at a flowrate of
0.16 pL/s. The mechanical properties of the cells were analyzed
using Shape Out 2 (Zellmechanik Dresden), which employs linear
mixed models to calculate statistical significances.

Immunostaining

NK cells stimulated with 100 U/mL IL-2 for 3 days were seeded on
the poly-L-ornithine-coated coverslip for 15 min at RT, then were
fixed with 4% PFA, and permeabilized with 0.1% Triton-100 in
PBS at RT for 15 min, followed by a blocking step with 2% BSA in
PBS at RT for 1 h. Samples were incubated with anti-PIEZO1 anti-
body at 4°C overnight and then with Alex488 goat anti-rabbit sec-
ondary antibody. F-actin and nucleus are labeled with phalloidin
and Hoechst 33342, respectively. The images were acquired by
Cell Observer wide-field microscopy with 40x oil objective (1.3
NA) with a step size of 0.3 wm for Z-stacks. The acquired images
were deconvolved using the Huygens Essential Software.

Ca?* imaging

Ca®* imaging was carried out as described previously [44].
Briefly, Jurkat T cells were loaded with Fura-2-AM (1 wM) at RT
for 25 min, resuspended in 1 mM Ca?* Ringer’s solution, and then
seeded on a poly-L-ornithine-coated coverslip. Live-cell imaging
was acquired excitation of 340 nm, 380 nm, and infrared every
5 s at RT. After the first 30 cycles, measurements were paused,
and Yoda (1 pM in 1 mM Ca?* Ringer’s solution) was perfused
into the chamber, and then the measurements were resumed. This
time point was defined as Time 0. The images were analyzed using
T.I.L.L. Vision software.
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Ethical considerations

Research carried out for this study with material from healthy
donors (Leukocyte Reduction System Chambers from human
blood donors) has been authorized by the local ethics committee
of the “Arztekammer des Saarlandes” (Identification Nr. 84/15,
Prof. Dr. Rettig-Stiirmer).

Statistical analysis

GraphPad Prism 8.3 Software (GraphPad) was used for statis-
tical analysis. For RT-DC, linear mixed models were used. For
other statistical analyses, D’Agostino and Pearson tests were used
to test the normality. Between two paired groups, paired t-test
was used for normal distribution, and a Wilcoxon matched-pairs
signed rank test was used for nonnormal distribution. Between
two unpaired groups, unpaired t-test was used for normal distri-
bution and Mann-Whitney-U-test was used for nonnormal distri-
bution. To compare three or more groups, one-way ANOVA test
was used, and multiple comparisons were done with Dunn’s mul-
tiple comparisons test.
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