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Abstract

Background Neutrophils, the most abundant leukocytes circulating in blood, contribute to host defense and play
a significant role in chronic inflammatory disorders. They can release their DNA in the form of extracellular traps
(NETs), which serve as scaffolds for capturing bacteria and various blood cells. However, uncontrolled formation

of NETs (NETosis) can lead to excessive activation of coagulation pathways and thrombosis. Once neutrophils are
migrated to infected or injured tissues, they become exposed to mechanical forces from their surrounding environ-
ment. However, the impact of transient changes in tissue mechanics due to the natural process of aging, infection,
tissue injury, and cancer on neutrophils remains unknown. To address this gap, we explored the interactive effects
of changes in substrate stiffness and cyclic stretch on NETosis. Primary neutrophils were cultured on a silicon-based
substrate with stiffness levels of 30 and 300 kPa for at least 3 h under static conditions or cyclic stretch levels of 5%
and 109%, mirroring the biomechanics of aged and young arteries.

Results Using this approach, we found that neutrophils are sensitive to cyclic stretch and that increases in stretch
intensity and substrate stiffness enhance nuclei decondensation and histone H3 citrullination (CitH3). In addition,
stretch intensity and substrate stiffness promote the response of neutrophils to the NET-inducing agents phorbol
12-myristate 13-acetate (PMA), adenosine triphosphate (ATP), and lipopolysaccharides (LPS). Stretch-induced activa-
tion of neutrophils was dependent on calpain activity, the phosphatidylinositol 3-kinase (PI3K)/focal adhesion kinase
(FAK) signalling and actin polymerization.

Conclusions In summary, these results demonstrate that the mechanical forces originating from the surrounding
tissue influence NETosis, an important neutrophil function, and thus identify a potential novel therapeutic target.
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Background

Neutrophils are characterized by their multilobed
nucleus and are central as the first line of defense against
bacterial infection [1, 2]. They migrate toward the site of
infection within minutes following trauma and respond
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NETosis, is initiated by chromatin decondensation, rup-
tured nuclear envelope and plasma membrane, and con-
sequent extrusion of NETs to the extracellular space [6,
9, 10]. Although neutrophil activation and NETosis are
critical for the innate arm of the immune system, the
surrounding tissue can be damaged during uncontrolled
NETosis [11-13]. Excess NETosis can lead to excessive
activation of coagulation pathways and thrombosis, con-
tributing to the pathogenesis of autoimmune and cardio-
vascular diseases (CVDs) [14].

Neutrophils in circulation are constantly exposed
to hemodynamic forces, which affect their basic biol-
ogy, including their ability to form NETs within sterile
thrombi and the expression of inflammatory chemokines
and cytokines [15, 16]. In addition to hemodynamic
forces, once migrated into the tissue, these cells experi-
ence mechanical forces from their surrounding envi-
ronment and the impact of transient changes in tissue
mechanics that occur with the natural aging process,
infection, tissue injury, and cancer on neutrophils
remains unknown.

Cyclic stretch is the repetitive mechanical deforma-
tion of the artery walls as they lengthen to accommodate
increased blood pressure during systole and return to
their normal state due to their elastic properties during
diastole [17]. Physiologic levels of cyclic stretch within
the range of 6-12% are needed for mediating endothelial
cell functions in arteries [18, 19], vascular smooth muscle
cell contractile phenotype and controlling gene expres-
sion of extracellular matrix components [20] as well
as synthesis and secretion of various macromolecules
[21] by endothelial cells and vascular smooth muscle
cells. In contrast, a high level of cyclic stretch (20%) due
to hypertension or low level of cyclic stretch (<3%) due to
aging causes cell apoptosis [21-26].

The influence of cyclic stretch on the various cell types
within the different layers of the human blood vessel
wall, including vascular smooth muscle cells [27-29],
fibroblasts [30, 31], and endothelial cells [26, 32, 33], has
been widely investigated via flow-free cell stretch sys-
tems. Immune cells, such as neutrophils that adhere to
the vessel wall, are also exposed to stretch due to cyclic
deformation of the vessel wall resulting from cardiac con-
tractile function. However, the role of neutrophils and
the molecular mechanisms that control NETosis under
cyclic stretch has been largely unknown.

On the other hand, vascular aging is related to the loss
of arterial elasticity, known as arterial stiffness, due to
the degeneration of the arterial elastic fibers and collagen
deposition at the vessel wall [34]. These vascular changes
can be influenced by hemodynamic forces such as cyclic
stretch [35, 36] and factors such as hormones, cytokines,
salt, and glucose levels [37]. Studies have determined that
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neutrophil activation and release of NETSs are also more
widespread in aged arteries [38]. PAD4 is a calcium-
dependent enzyme that citrullinates histones during neu-
trophil activation [39, 40]. A comparison between aged
PAD4—/- mice and aged wild-type mice revealed that
collagen deposition, along with disruption in systolic and
diastolic function leading to NETosis, was present only in
wild-type mice, suggesting a role for PAD4 in age-related
organ dysfunction [38]. Clinical studies have shown that
arterial stiffness in aged individuals is considered an inde-
pendent risk factor for CVDs [41, 42]. Interestingly, it has
been demonstrated that the phenotype and functional-
ity of macrophages [43, 44] and dendritic cells [45] are
affected by alterations in matrix elasticity. Furthermore,
tissue stiffness as seen in disorders such as atherosclero-
sis [46], organ fibrosis [47], and cancer [48] may lead to
the release of pro-inflammatory markers and even more
tissue stiffness [38]. Several studies have reported that
matrix elasticity changes affect neutrophils’ adhesion,
migration, and chemotaxis [49-51]. Furthermore, it has
been shown that the activation of 2 integrins is impor-
tant for neutrophil adhesion, migration, and NETosis [52,
53]. The integrin/focal adhesion kinase (FAK) signaling
pathway has an important role in stiffness-dependent
NETosis [16]. Additionally, neutrophil migration through
the endothelium is regulated by matrix elasticity [54].
In humans, numerous studies have elucidated the con-
tribution of integrin signaling to NETosis, although the
respective findings are partially inconsistent [55, 56]. It
has been suggested that LPS-mediated NETosis depends
on the elasticity/stiffness of surrounding tissues [11].

However, the impact of substrate stiffness in conjunc-
tion with adhesion-related processes on NETosis is not
fully understood and remains an open question. This
work evaluates the potential impact of substrate stiffness
and cyclic stretch on NETosis and identifies the down-
stream signaling pathway activated post cyclic stretch
stimulation.

Results
Synergic cyclic stretch and substrate stiffness induces
chromatin decondensation in neutrophils
To assess the synergic effect of substrate stiffness and
cyclic stretch on NETosis, we cultured neutrophils inside
elastomeric wells with defined stiffness levels of 30 and
300 kPa. These values were selected based on previous
human studies showing that in young adults, the stiffness
of the ascending aorta is within the range of 20-30 kPa,
while by the age 80, the average elastic moduli increase to
200-300 kPa [57] (Fig. 1A).

The wells were pre-coated with collagen 1 to facilitate
the adhesion of cells. Following cyclic stretch stimulation,
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Fig. 1 Substrate stiffness and cyclic stretch modulate NETosis. A Schematic cartoon, showing different experimental conditions used in this study
(figure created with BioRender.com). B Representative immunofluorescence images of human neutrophils stained with DAPI and CitH3 antibody
under control or cyclic stretch. C Percentage of neutrophils with decondensed nuclei. D Percentage of cells stained positive for CitH3 after exposure
to 5% and 10% cyclic stretch in the presence of two substrates with stiffness levels of 30 and 300 kPa. Boxes show the median and first and third
quartiles. Whiskers represent minimum to maximum values. Bar graphs are representative of at least 3 independent experiments, and each dot
represents a randomly selected field of view with at least 3 images analyzed per experiment. Statistical significance was determined using two-way

ANOVA and multiple comparison tests. **P<0.01 and ****P<0.0001

the degree of chromatin decondensation and NETSs pro-
duction was assessed using DAPI staining.

Overall, increase of stretch intensity improved the per-
centage of neutrophils with decondensed nuclei with-
out any detectable NETs. For example, using the stiff
substrate, applying cyclic stretch of 5% and 10% led to
2.3+1.3-fold and 3+1.15-fold (P<0.0001) increase in
the percentage of the decondensed nuclei compared

to static conditions, respectively (Fig. 1B, C). In addi-
tion, we found that increasing the substrate stiffness
from 30 to 300 kPa under a 10% cyclic stretch led to a
1.6 £ 0.46-fold (P<0.0001) increases in the percentage of
the decondensed nuclei (Fig. 1B, C). However, for neutro-
phils cultured under static or 5% cyclic stretch, increase
of substrate stiffness did not affect the degree of nuclear
decondensation.
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Next, we assessed the effect of cyclic stretch on the cit-
rullination of histone H3 (CitH3), which is widely used
as marker for NETs formation both in vivo and in vitro
studies [58]. Consistent with the percentage of cells with
decondensed nuclei, applying cyclic stretch of 5% and
10% increased the percentage of cells with positive H3
staining, compared to static conditions, regardless of sub-
strate stiffness (Fig. 1B-D). These results suggested that
cyclic stretch can directly induce NETosis in a stretch
dependent manner.

Cyclic stretch and substrate stiffness improve

the sensitivity of neutrophils to PMA, LPS, and ATP

Next, we assessed the combined effect of cyclic stretch
and substrate stiffness on the sensitivity of neutrophils
to NET-inducing agents. For this, we used the most com-
monly used NET inducing agents, including phorbol
myristate acetate (PMA), lipopolysaccharide (LPS), and
adenosine triphosphate (ATP) [59].

5%
Control

Static 10%
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Neutrophils were exposed to cyclic stretch and sub-
strate stiffness in the presence or absence of 75 nM
PMA, 10 pg/mL LPS, or 100 nM ATP. Based on our
preliminary assessments, these concentrations, in the
absence of cyclic stretch, led to moderate NETosis. Ini-
tially, we assessed the direct effect of these stimuli in the
absence of stretch on NETosis. As expected, we found
that these concentrations significantly increased NETo-
sis in the absence of cyclic stretch; however, changes in
substrate stiffness did not affect the sensitivity of neu-
trophils to these NET-inducing agents (Supplementary
Fig. 1). As expected, under static conditions, all three
agents induced NETosis; however, by assessing the NET
area, we found that an increase in cyclic stretch and sub-
strate stiffness improved the sensitivity of neutrophils to
all three agents (Fig. 2A-D). For example, for neutrophils
cultured on a stiff substrate, increase of cyclic stretch
from 5 to 10% led to a 1.3+0.5-fold (P<0.05) increase
in NETs area in the presence of ATP (Fig. 2G). Under
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Fig. 2 Cyclic stretch increased the sensitivity of neutrophils to NETs-inducing agents. A-D Representative immunofluorescence images and E-G
Bar graphs showing NETSs areas normalized to total cell number after exposure to 5% and 10% cyclic stretch or static condition in the presence

or absence of PMA (75 nM), LPS (10 pg/mL), or ATP (100 nM). Boxes show the median and first and third quartiles. Whiskers represent minimum

to maximum values. Bar graphs are representative of at least 4 independent experiments, and each dot represents a randomly selected field of view,
with at least 3 images per experiment. Statistical significance was calculated using two-way ANOVA and multiple comparison tests. *P < 0.05,

*¥P<0.01,**P<0.001, and ****P <0.0001
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static conditions, increasing the substrate stiffness did
not affect NETs area. In comparison, under cyclic stretch
increasing the substrate stiffness affect the NETs produc-
tion. For example, increase of substrate stiffness from 30
to 300 kPa under 5% cyclic stretch led to 1.54 +0.62-fold
(P<0.05) and 1.48 +0.5-fold (P<0.01) increase in NETs
area in response to LPS and ATD, respectively (Fig. 2F
G). However, changing the substrate stiffnesses did not
significantly increase the NETs area in response to PMA,
most likely because the response was already saturated
(Fig. 2E).

Cyclic stretch-induced NETosis is regulated

via cytoskeleton remodeling and the PI3K/AKT signaling
pathway

Given that the PI3K/AKT/integrin-mediated signaling
pathway has been linked to several vascular responses to
hemodynamic forces [60], we aimed to assess the contri-
bution of PI3K/AKT signaling in neutrophil responses to
cyclic stretch and substrate stiffness. Hence, human neu-
trophils were pretreated by PF573228, which is an inhibi-
tor of FAK, or LY294002, which is an inhibitor of PI3K,
followed by exposure to cyclic stretch in the presence of
a stiff substrate (Fig. 3A). Using this approach, we found
that inhibition of FAK or PI3K leads to 3.1+0.65-fold
(P<0.0001) or 4+1.40-fold (P<0.0001) reduction in the
percentage of the decondensed nuclei, and 3.1 +0.72-fold
(P<0.0001) or 3.2+0.93-fold (P<0.0001) reduction in the
percentage of cells with positive H3 staining, compared
to the vehicle control group (Fig. 3B, C).

To confirm the effect of cyclic stretch and substrate
stiffness on the activation of the PI3K signaling pathway,
we assessed AKT activity in response to cyclic stretch
with or without LY294002, a PI3K inhibitor upstream
of AKT. Subsequently, AKT activation was assessed
by measuring the percentage of cells stained positive
for phospho-AKT. Using this approach, we observed
a 2.2+1.2-fold increase (P<0.0001) in the percent-
age of neutrophils stained positive for phospho-AKT
in response to cyclic stretch compared to the static
control (Fig. 3D, E). Additionally, pretreatment of cells
with LY294002 resulted in a 6.9+2.2-fold reduction
(P<0.0001) in the percentage of phospho-AKT-positive
cells compared to the cyclic stretch group (Fig. 3D, E).

Next, we assessed the contribution of cytoskeleton
remodeling by inhibiting the MLCK activity using ML-7
or actin polymerization using latrunculin A (Fig. 4A).
Using this approach, we found that pretreatment of
cells with ML-7 and latrunculin A inhibitors leads to
3.3+0.83-fold (P<0.0001) and 4.25 +2.01-fold (P<0.001)
decrease in the percentage of decondensed nuclei and
5.1+1.4-fold (P<0.0001) or 4.4+1.4-fold (P<0.0001)
reduction in the percentage of cells with positive H3
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staining, respectively (Fig. 4B, C). To confirm the effect
of cyclic stretch and substrate stiffness on cytoskeleton
remodeling, we assessed the impact of cyclic stretch on
the intensity of polymerized versus monomeric actin
using F and G-actin staining. Through this approach, we
observed that an increase in stretch intensity from zero
to 10% resulted in a 1.8+0.5-fold (P<0.001) increase in
the F/G-actin ratio. Overall, this experiment confirms
that cyclic stretch enhances cytoskeleton remodeling in
neutrophils (Fig. 4D, E).

Calpain activity control neutrophils responses to cyclic
stretch

Given that Calpain activity via Ca®* influx is the key
step for neutrophil flattening morphology transition and
NETosis [61], we aimed to assess the contribution of
calcium-activated protease, Calpain, in stretch-induced
NETosis. Initially, we used a Calpain activity assay that
utilizes a synthetic fluorogenic substrate to monitor
total levels of Calpain activity in neutrophils post expo-
sure to cyclic stretch. Using this approach, we found
that stimulation of neutrophils with 10% cyclic stretch
for 3 h increases the Calpain activity by 1.4+0.14-fold
(P<0.0001) compared to the static group (Fig. 5A).

Next, we pre-treated the neutrophils with two classes of
Calpain inhibitors. This included PD 150606 that inhibits
the proteolytic domain and PD 151746 that inhibits the
Ca®* activation domain. Following this step, neutrophils
were exposed to 10% cyclic stretch for 3 h (Fig. 5B). Using
this approach, we found that pre-treatment with PD
150606 or PD 151746 leads to 4.16 + 1.60-fold (P < 0.0001)
and 3.7 +1.6-fold (P<0.0001) decrease in the percentage
of neutrophils with decondensed nuclei, compared to the
vehicle control group (Fig. 5C). Furthermore, pre-treat-
ment with PD 145305, which is the inactive analogue of
PD 150606, did not affect stretch-induced NETosis, con-
firming that Calpain activity is an important modulator
of NETosis in response to cyclic stretch and substrate
stiffness.

Discussion
In this study, we report for the first time that cyclic
stretch and substrate stiffness increase an important bio-
logical function of neutrophils, NETosis, as shown by
increased chromatin decondensation and accumulation
of CitH3, and improve the sensitivity of neutrophils to
NETosis-inducing agents such as LPS, PMA, and ATP.
Vascular aging and consequent increase in arterial
stiffness is an independent risk factor for cardiovascular
morbidity and mortality [62]. Increased arterial stiffness
leads to alterations in blood flow-induced forces, such
as cyclic deformation of the vessel wall, which affects
the mechanobiology of cells exposed to it including the
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Fig. 3 Contribution of PI3K signaling pathway in neutrophil responses to cyclic stretch and substrate stiffness. A Representative
immunofluorescence images of human neutrophils pretreated with PF573228 (100 nM) or Ly294002 (10 uM) in the presence or absence of 10%
cyclic stretch and substrate stiffness of 300 kPa and stained with DAPI and citrullinated histone H. Bar graphs show B normalized percentage of cells
with decondensed chromatin, of neutrophils stained with DAPI and € normalized percentage of cells stained positive for citrullinated histone

after neutrophils pretreated with PF573228 or Ly294002 in the presence of 10% cyclic stretch or static condition and a substrate stiffness of 300 kPa.
D Representative confocal images of neutrophils pretreated with Ly294002 in the presence of 10% cyclic stretch or static condition and a substrate
stiffness of 300 kPa and stained with pan-AKT and phospho-AKT. E Representative bar graph showing the percentage of phospho-AKT

intensity. Boxes show the median and first and third quartiles. Whiskers represent minimum to maximum values. Bar graphs are representative

of at least 3 independent experiments, and each dots represents a randomly selected field of view and at least three images have been analyzed
per experiment. Statistical significance was calculated using two-way ANOVA and multiple comparison tests. ****P < 0.0001

inflammatory cells that are attached to the lumen or have
migrated into the subendothelial layer. Neutrophils are
polymorphonuclear leukocytes that are very well recog-
nized for their role in host defense but, in addition, play
important roles in cardiovascular diseases [63].

NETosis at its early stage is defined by nuclear decon-
densation and decoration of chromatin with bactericidal
proteins from granules and cytoplasm. During NETosis,
H3 is deaminated in arginine residues and converted to
citrulline (citrullination)- by protein arginine deiminase
PAD4 [64]. CitH3 is widely used as a NETosis marker
in both in vitro and in vivo studies [58]. In this study,

we assessed the effect of cyclic stretch and stiffness, on
nuclear decondensation and CitH3 accumulation, as
central markers of NETosis. We showed that increase
in stretch intensity and substrate stiffness resulted in an
increase of the density of neutrophils with decondensed
nuclei and CitH3. Furthermore, we observed that expo-
sure of neutrophils to NET-inducing agents is improved
in the presence of cyclic stretch in a stretch- and stift-
ness-dependent manner.

Since the first description of NETs in 2004 [6], many
studies have been conducted on NET formation in
response to NETs-inducing agents, including pathogens
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Fig. 4 Contribution of cytoskeleton remodeling in neutrophil responses to cyclic stretch and substrate stiffness. A Representative
immunofluorescence images of human neutrophils pretreated with ML-7 (10 uM) or latrunculin A (0.02 M), in the presence or absence of 10%

cyclic stretch and substrate stiffness of 300 kPa and stained with DAPI and citrullinated histone H. Bar graphs show B normalized percentage of cells
with decondensed chromatin, of neutrophils stained with DAPI and € normalized percentage of cells stained positive for citrullinated histone

after neutrophils pretreated with ML-7 or latrunculin A in the presence of 10% cyclic stretch or static condition and a substrate stiffness of 300 kPa. D
Representative confocal images of neutrophils in the presence of 10% cyclic stretch or static conditions and a substrate stiffness of 300 kPa, stained
with Alexa Fluor 488 Deoxyribonuclease | to label G-actin and Atto 565 phalloidin to label F-actin. E Representative bar graph showing the ratio

of F/G actin. Boxes show the median and first and third quartiles. Whiskers represent minimum to maximum values. Bar graphs are representative

of at least 3 independent experiments, and each dots represents a randomly selected field of view and at least 3 images have been analyzed

per experiment. Statistical significance was calculated using two-way ANOVA and multiple comparison tests. ***P < 0.001 and ****P < 0.0001

and bacterial products such as LPS and p-glucan [20,
65—67], physiological stimuli such as ATP, IL-6 or IL-8,
platelets, calcium and glucose [66, 68], and substances
such as PMA and H,0, [66]. In addition to the above-
mentioned stimuli, different environmental factors, such
as UV radiation or serum starvation, may also induce
NETosis [69-71]. For example, it has been shown that
UV radiation can lead to chromatin decondensation,
histone citrullination, and NETosis. The addition of fetal
calf serum, 0.5% human serum albumin, or 0.5% bovine
serum albumin can effectively prevent NET formation in
human neutrophils following stimulation with LPS but
not after stimulation with PMA or ATP [72, 73]. Thus,
serum components inhibit NET formation to varying

degrees, depending on the NETosis inducer used. How-
ever, the synergistic effects of cyclic stretch on NETs-
inducing agents such as PMA, LPS, and ATP is not well
understood. To address this gap, in this study, we investi-
gated the effect of cyclic stretch on NETosis, induced by
PMA, LPS, and ATP. Our data demonstrate that increase
in cyclic stretch intensity significantly improves the sen-
sitivity of neutrophils to all NETs-inducing agents and
increases the NET area. In addition, we found that NETo-
sis induced by PMA was reinforced by cyclic stretch, but
it was independent of substrate stiffness. However, the
stiffness improved NETosis, induced by LPS and ATP.
This finding is consistent with previous reports showing
that NETosis induced by PMA is completely independent
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was calculated using two-way ANOVA and multiple comparison tests. ****P < 0.0001

of adhesion, while NETosis induced by LPS depends on
adhesion and substrate elasticity [11]. These data con-
firms that change in tissue mechanics is potentially
directing the role of neutrophils in inflammation.

The rearrangement of the actin cytoskeleton plays
a crucial role in various cellular functions, including
NETosis triggered by LPS and PMA [74, 75]. Following
PMA treatment, neutrophils undergo rapid actin polym-
erization, reaching peak levels at 60 min before gradually
returning to baseline by 180 min [76]. Furthermore, it is
shown that neutrophil elastase degrades F-actin within
30 min of exposure to Candida albicans [77]. Here, we
found that inhibition of actin polymerization and MLCK
activity blocks the effect of cyclic stretch on nuclear
decondensation and H3 citrullination. This is most likely
due to the lack of translocation of neutrophil elastase to
the nucleus, which is also reported in other examples
of decreased NETosis [76]. In addition, it is found that
cyclic stretch increases the ratio of F to G actin. Overall,

our findings here confirmed that cyclic stretch induces
cytoskeleton remodeling, which controls NETosis.

The PI3K/AKT signaling pathway is important in
transducing hemodynamic forces in endothelial cells and
inflammatory blood cells [16, 60]. Here, we showed that
both PI3K and FAK activity are important in stretch-
induced H3Cit and nuclear decondensation. Further-
more, we found that activation of PI3K is important for
AKT activity in response to cyclic stretch. This finding is
consistent with previous reports and suggests that neu-
trophils are using a common mechanosensory pathway
to respond to mechanical stretch.

Citrullination of histones during NETosis is regu-
lated via the elevation of intracellular calcium level and
Calpain activity [78]. Here, we show that cyclic stretch
induces Calpain activity and stretch-induced H3Cit and
show that nuclear decondensation can be mitigated by
Calpain inhibitors. This is also consistent with previous
reports showing that inhibition of Calpain will reduce
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the inflammatory response to mechanical ventilation
[79]. Confirming these findings, several studies have
demonstrated that the calcium ionophores A23187 and
ionomycin can induce NETosis [66, 80—84]. Addition-
ally, other studies have shown that treatment of neutro-
phils with ionophore A23187 leads to rapid deimination
of histone H3 and its association with DNA [4] and
that A23187 activates NETosis in human polymorpho-
nuclear neutrophils as efficiently as PMA, resulting in
NET release [82]. These findings highlight the contribu-
tion of intracellular calcium levels upstream of calpain
activity in regulating NETosis.

Conclusions

In conclusion, we demonstrate for the first time that
cyclic stretch and substrate stiffness induces NETosis
and improves the sensitivity of neutrophils to other
NETosis inducing agents. Our data also shows that this
process is dependent on cytoskeleton remodeling and
activation of Calpain, PI3K, and FAK (Fig. 6). These
findings provide unique evidence that tissue mechan-
ics contributes to neutrophil-driven inflammatory
responses and identify new therapeutic targets.

Methods

Cyclic stretch machine

We used an automated cyclic stretch device, previ-
ously developed by our group [33, 85]. The system takes

Collagen ..
PDMS WO“O”WD”WO’O“O”M —>
Static
Stimulus
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ATP
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—o Ty NETosis

Cyclic Stretch

Cyclic Stretch
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advantage of 3D printed cam and followers for the cyclic
deformation of stretchable cell culture wells made of
polydimethylsiloxane (PDMS). The device accommodates
four stretchable wells, each divided into four compart-
ments, enabling us to perform 16 parallel experiments.
The system allowed us to modulate the profile, magni-
tude, frequency of the cyclic cell stretch, and stiffness of
the substrate, as comprehensively discussed in [33, 85].

Preparation of PDMS cell culture chamber with different
stiffness

PDMS substrates with different stiffness levels were
fabricated using the silicone elastomer kit (DowCorn-
ing, Barry, UK) by adding the base and curing agents at
weight ratios of 1:45 and 1:25 to achieve the elastic mod-
uli 30 and 300 kPa, respectively. Around 0.05 to 0.07 g of
the PDMS mixture was poured on each side well of cell
culture chamber and cured at the room temperature for
48 h. The stiffness of the PDMS hydrogels were measured
using a rheometer (Discovery HR-3, TA Instruments)
and the methodology described before [85]. PDMS wells
were then UV-sterilized for 20 min and coated 10 pg/mL
with collagen 1 (Cultrex Bovine Collagen I) at 37 °C for 1
h before cell culture to improve neutrophil adhesion.

Human neutrophil isolation
All experiments with human blood were approved by
the Ethics Committee of RMIT University (Protocol

Cyclic Stretch

PD 150606 Calpain Activity
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PF573228 — PI3-K | —— Ly294002

K,%
L ] 7/
[ ] PY )

Latrunculin A ——— | Actin Polymerization

smooth Muscle Myosin
ML-7 — Light Chain Kinase
(MLCK)

Fig. 6 Schematic diagram showing the effects of cyclic stretch and substrate stiffness on NETosis (figure created with BioRender.com)
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Number: 24280), and all donors gave informed volun-
tary consent.

Peripheral blood (10 mL) was collected from healthy
donors in Citrate 3.2% coated vacutainers (S-Mon-
ovette® 8.2 mL 9NC). Neutrophils were isolated fol-
lowing standard protocol [11] using a Histopaque
double-density gradient created by layering 3 mL of
the Histopaque-1077 solution (Sigma-Aldrich) above
the Histopaque-1119 solution (Sigma-Aldrich). The
purity of neutrophils was assessed using the Sysmex
Cell counter (Sysmex, Japan). In all experiments, neu-
trophil viability and purity were above 98% and 87%,
respectively. After isolation, neutrophils were rested in
the incubator for 45 min at 37 °C and 5% CO, before
exposure to cyclic stretch.

Neutrophil culture on elastomeric wells

Cyclic stretch stimulation of cells was performed using
protocols previously described [33]. In short, after coat-
ing PDMS chambers with collagen 1, extracellular matrix
solutions were aspirated, and neutrophils were then
plated at the density of 300,000 cells/well and incubated
for 20 min to allow them to adhere.

For cyclic stretch experiments, neutrophils were cul-
tured inside the PDMS chambers and were allowed to
adhere for 20 min. Next, chambers were loaded onto the
device and subjected to 5% or 10% cyclic stretch at 1 Hz
for 3 h at 37 °C and 5% CO,. Static condition wells were
just left in the incubator for the same timeframe.

For drug stimulation, neutrophils were treated with
75 nM phorbol 12-myristate 13-acetate (PMA) (Merck,
Australia), 100 nM adenosine triphosphate (ATP) (Sigma,
USA) prepared with competed RPMI-1640 complete
medium, or 10 pg/mL lipopolysaccharides (LPS) from
Escherichia coli (Sigma, Australia) prepared with serum-
free RPMI-1640 medium, to induce the release of NETs
in the presence or absence of cyclic stretch. Here, we
assessed the effect of LPS in serum-free media, as previ-
ous reports have demonstrated that the addition of fetal
calf serum effectively inhibits NETosis in response to LPS
[72, 73]. To identify the downstream signaling pathway
activated post cyclic stretch stimulation, isolated neutro-
phils were pre-incubated for 45 min in 5% CO, at 37 °C
with mechanotransduction pathway inhibitors such as 10
uM Ly294002 (PI3K inhibitors), 100 nM PF573228 (FAK
inhibitor), 0.02 M latrunculin A (Actin Polymerization
inhibitor), 10 pM ML-7-Hydrochloride (Myosin Light
Chain Kinase (MLCK) inhibitor), 20 uM PD 145305
(Negative control for the calpain inhibitors, 3 uM PD
150606 (Uncompetitive calpain inhibitor), and 20 uM PD
151746 (Cell-permeable calpain inhibitor).
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Immunofluorescence staining

For immune staining, cells were fixed with 4% para-
formaldehyde (PFA) for 30 min at 37 °C. Neutrophils
were permeabilized with 0.1% Triton X-100 for 15 min
and blocked with 4% goat serum for 30 min at 37 °C to
remove non-specific antibody binding. Next, samples
were stained with 5 pug/mL rabbit anti-histone H3 (cit-
rulline R2+R8+R17, #ab5103) from Abcam, Australia,
overnight at 4 °C. The secondary antibody staining was
achieved using AF647 goat anti-rabbit IgG or AF488
goat anti-rabbit IgG (Invitrogen, Australia). The isotype
control, Rabbit IgG (Vector Laboratories), was used for
this staining to differentiate genuine target staining from
background (Supplementary Fig. 2).

DNA staining to NETosis was performed using 2 pg/
mL DAPI for 5 min. The AKT activity was assessed by
staining neutrophils post-fixation with pan-AKT mouse
monoclonal antibody (2920, Cell Signaling) to label total
AKT and phospho-AKT (Ser473) rabbit monoclonal
antibody (4060, Cell Signaling) to label phosphorylated
AKT. Alexa Fluor 488-conjugated goat anti-mouse IgG
and Alexa Fluor 647-conjugated goat anti-rabbit IgG
(both from Invitrogen, Australia) were used as secondary
antibodies. For this assay, all staining and washing steps
were performed using Tris-buffered saline (pH 7.2). To
assess actin dynamics, neutrophils were fixed with 4%
paraformaldehyde for 1 h at 37 °C, permeabilized with
0.1% Triton X-100 in PBS for 10 min, and then stained
with Alexa Fluor 488-conjugated Deoxyribonuclease I
(D12371, Invitrogen, Australia) to label G-actin and Atto
565-conjugated phalloidin (#94,072, Sigma Australia) to
label F-actin.

Confocal imaging and image analysis

All image acquisitions were obtained with a Nikon A1IMP
Multiphoton microscope controlled by Nikon Elements
software (Nikon, Japan) with a 20X objective lens and
4% camera zoom. Six random fields of view were selected,
and Z-series optical sections with a step size of 0.5 um
were acquired. All images from the same experiment
were obtained using the same device settings. All images
were photographed using a resolution of 512X 512 pixels
with a scan speed of 4.8 pixels dwell time and scanned
sequentially to reduce fluorescence bleed-through.

Image processing of NETs production was performed
using a custom macro and Image] software (Supple-
mentary Fig. 3). Briefly, confocal images of DNA stain-
ing using DAPI were thresholded to include NETs while
excluding intact nuclei, and the area covered by NETs
was quantified and normalized to the number of cells.
The percentage of decondensed nuclei was calculated by
counting the number of circulated neutrophils present in
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the field of view against the total number of cells using
NIS element software.

Calpain activity assay

The Calpain Activity Assay Kit (Abcam, Cambridge,
MA, USA, #ab65308) was used to quantify relative Cal-
pain enzyme activity following suppliers’ instructions.
After each experiment, neutrophils were suspended in
extraction buffer and then samples were centrifuged
at 21,000xg for 10 min at 4 °C. Supernatants were
transferred to a fresh, ice-cold tube, and protein con-
tent was quantified using a Pierce BCA Protein Assay
(Thermo Fisher Scientific, Waltham, MA, USA). Next,
Calpain activity changes in relative fluorescent units
were detected using a CLARIOStar-BMG-Plate Reader.
As control, isolated neutrophils were treated with PD
151746; cell-permeable Calpain inhibitor, providing a
negative control for the assay, and active Calpain was
examined as a positive control.

Statistics and data analysis

Statistics were done with GraphPad Prism (Version 9.0,
GraphPad Software Inc., San Diego, California). All data
are presented as mean *standard deviation (SD). Boxes
on all figures show the median and first and third quar-
tiles on the figures. Whiskers represent minimum to
maximum values and show all points. Significance was
tested using standard two-way ANOVA with multiple
comparisons test (*P<0.05, **P<0.01, ***P<0.001 and
*##2D < 0.0001).

Abbreviations

NETs Neutrophils extracellular traps
CitH3  Citrullination of histone H3
PMA Phorbol 12-myristate 13-acetate
ATP Adenosine triphosphate

LPS Lipopolysaccharides

PI3K Phosphatidylinositol 3-kinase
FAK Focal adhesion kinase

CVDs  Cardiovascular diseases
PDMS  Polydimethylsiloxane
MLCK  Myosin light chain kinase

PFA Paraformaldehyde
SD Standard deviation
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Additional file 1: Supplementary Fig. 1. PMA, LPS, and ATP-induced NETosis
under static conditions. Bar graphs show NET areas normalized to total
cell number in the presence of Vehicle control, PMA (75 nM), LPS (10 pg/
mL), or ATP (100 nM) on substrates with stiffnesses of 30 kPa and 300

kPa. Boxes represent the median and first and third quartiles. Whiskers
represent minimum to maximum values. The bar graphs are representa-
tive of at least four independent experiments, with each dot represent-
ing a randomly selected field of view, and at least three images per
experiment. Statistical significance was calculated using two-way ANOVA
and multiple comparison tests. *P < 0.05, **P<0.01, ***P<0.001, and
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***¥¥p<0,0001. Supplementary Fig. 2. Isotype control confirming the speci-
ficity of anti-rabbit H3. Representative immunofluorescence images of
human neutrophils stained with Rabbit IgG as an isotype control, followed
by DAPI and (A) Alexa 647 goat anti-rabbit or (B) Alexa 488 goat anti-
rabbit. Supplementary Fig. 3. NET area analysis. The confocal image (Step
1) is utilized to generate the intensity profile image using ImageJ (Step

2). In the confocal image (Step 1), the bright blue objects highlighted by
red arrows represent the nucleus, while the light blue objects highlighted
by white arrows indicate NETs. Using the intensity profile image in Step 2,
areas not covered by NETs and nucleus structures are excluded from the
analysis, and only the total NET area is selected and measured, as depicted
by the black colour in Step 3.
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