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Abstract

Mechanical forces can modulate the immune response, mostly described as promoting the
activation of immune cells, but the role and mechanism of pathological levels of mechanical stress
in lymphocyte activation have not been focused on before. By ex vivo experimental approach, we
observed that mechanical stressing of murine spleen lymphocytes with 50 mmHg for 3 hours
induced the nuclear localization of NFAT]1, increased C-Jun, and increased the expression of early
activation marker CD69 in resting CD8+ cells. Interestingly, 50 mmHg mechanical stressing
induced the nuclear localization of NFATI; but conversely decreased C-Jun and inhibited the
expression of CD69 in lymphocytes under LPS (Lipopolysaccharide) or PMA/I (Phorbol 12-
myristate 13-acetate/lonomycin) stimulation. Additionally, we observed similar changes trends
when comparing RNA seq data of hypertensive and normotensive COVID-19 patients. Our results
indicate a biphasic effect of mechanical stress on lymphocyte activation, which provides insight

into the variety of immune responses in pathologies involving elevated mechanical stress.
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Introduction

Mechanical forces play an essential role in maintaining the homeostasis of our body. Various
mechanical forces, such as shear stress and hydrostatic pressure are known to regulate the
biological properties of cells, especially in the circulatory and immunological systems. In the past
decade, mechanosensing and mechanotransduction of cells in response to different mechanical
forces have been one of the hottest topics of life science. However, the precise role and relevant
molecular mechanism of mechanical forces in the biological properties of tissue cells is still poorly
understood because it is extremely difficult to distinct the mechanical forces from other factors by

in vivo experimental approach.

Previous studies have explored the mechanical stress-induced responses of different cell types
using various mechanical cues, including stretch stress (Coste et al., 2010), shear stress (Ranade
et al., 2014), hydrostatic pressure (Solis et al., 2019), and various degrees of scaffold stiffness
(Atcha et al.,, 2021). Among numerous mechanotransduction key molecules, PIEZOI, a
mechanosensitive ion channel, has been focused on recently due to its multiple functions and wide
expression in all organs. PIEZO1 has been demonstrated to be essential in cyclical hydrostatic
pressure sensing for the proper response of macrophages in case of lung infection (Solis et al.,

2019).

The role of mechanical forces and stiffness has been reported in triggering the activation of
lymphocytes (Judokusumo et al., 2012; Li et al., 2010; Ma & Finkel, 2010), macrophages (Solis
et al., 2019), and myeloid cells (Aykut et al., 2020), suggesting that mechanical cues may promote
the activation of immune cells. On the other hand, under pathological conditions, mechanical
forces around the tissue cells can be altered dynamically, such as the increased mechanical stress

in patients with hypertension. Therefore, it will be possible that elevated hydrostatic pressure
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induces the activation of circulating leukocytes but may conversely impair their activation and
function in response to severe infections, as clinical studies indicated worse outcomes and severity
for hypertensive patients who suffer serious infections (Guan et al., 2020; Piroth et al., 2021;
Schoen et al., 2019). Thus, we were interested to investigate the precise role and molecular
mechanism of elevated mechanical stress, specifically elevated pathological levels of hydrostatic

pressure, in lymphocyte activation as it has not been focused on previously.

Materials and Methods

Animals and cell culture

C57BL/6 male mice (CLEA, Tokyo, Japan), 8 to 12 weeks old, were used in this study for spleen
harvest. The animals were bred in specific, pathogen-free conditions and were allowed free access
to food and water in a temperature-controlled environment with a 12:12-h light—dark cycle. All
animal procedures were performed in accordance with institutional and national guidelines.
Freshly harvested spleens were cut using surgical blade then strained against 70 um cell strainer
using gentle pressure applied by syringe plug while adding phosphate-buffered saline (PBS).
Suspended spleen cells were collected, and then red blood cells were lysed using RBC lysis
(Invitrogen, Waltham, Massachusetts, USA) according to manufacturer’s instructions. Resulting
cells were strained against 40 um cell strainer to discard any cell aggregates, then suspended at a
density of 5 x 10° cells/mL in RPMI-1640 with L-glutamine (Wako, Osaka, Japan) supplemented
with 10% fetal bovine serum (HyClone FBS, GE Healthcare, Chicago, Illinois, USA), 100 U/mL
penicillin and 100 pg/mL streptomycin (Wako, Japan), and 50 uM 2-mercaptoethanol (Sigma,
Burlington, MA, USA) at 37°C in a 5% CO2-humified atmosphere, all following treatments were
applied after 3 hours of cells incubation. In some experiments, lymphocytes were treated with

Piezol agonist Yodal at 10 pM concentration (Cayman Chemical, Michigan, USA), ROCK
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inhibitor Y27632 at 10 uM concentration (ATCC, Manassas, Virginia, USA), and O55:B5 E. coli
Lipopolysaccharides at 1 pug/mL concentration (LPS, Sigma, USA). Cell activation cocktail
(Phorbol 12-myristate 13-acetate/lonomycin) was purchased from Bio-Legend (San Diego,
California, USA) and used at the concentrations suggested by manufacturer (PMA/I: PMA 81 nM,
ionomycin 1.34 uM) (Reagents are described in Table S1).

Mechanical stress

For mechanical stress, culture dishes were subjected to static pressure using a hydrostatic pressure
system from STREX (STREX AGP-3001S, Osaka, Japan) which was placed inside a 5% CO: cell
culture incubator at 37°C (Figure S1). The compressor unit intakes the air from the 5% CO2
balanced air within the cell culture incubator, then injects into the sealed chamber. The compressor
unit has a sensitive sensor to measure the pressure inside the chamber and adjust it to the value
assigned using the controllers on the compressor unit. We used 50 mmHg for the purpose of this
experiment.

Flow cytometry

Following incubation in the various culture conditions, cells were harvested and directly washed
with cold PBS for 5 min at 1400xg at 4°C, then 5x10° cells from each condition were re-suspended
in FACS buffer (4% FBS, cold PBS) and incubated with Fc block for 15 min, followed by adding
conjugated antibodies for CD4, CD8, CD19, and CD69 to each tube and incubated for 30 min at
4°C (dilutions and conjugated fluorochromes are described in Table S2). After staining and
washing, cells were suspended in FACS buffer and data was acquired on BD FACSVerse (BD
Biosciences, Franklin Lakes, New Jersey, USA). A minimum of 10,000 cell counts were analyzed.

RNA isolation and RTqPCR
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Following incubation in the various culture conditions, cells were harvested and directly washed
with cold PBS for 5 min at 1400xg at 4°C, then resulting cell pellets were used to isolate total
RNA (approximately 107 cells in each pellet) using Quick-RNA™ Microprep Kit (Zymo Research,
Irvine, California, USA) according to manufacturer’s instructions. RNA quantity and quality were
assessed using NanoDrop™ 2000/2000c (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). cDNA was generated using 900 ng of purified total RNA with SuperScript™ VILO™
MasterMix (Invitrogen, USA) according to manufacturer’s instructions. The amplified cDNA was
diluted at a ratio of 1:10 in DNase- and RNase- free water. RTqQPCR reactions were performed
using 2 uL. cDNA (equivalent to 18 ng total RNA) per reaction with THUNDERBIRD SYBR
gPCR Mix (TOYOBO, Osaka, Japan) on LightCycler® 480 Instrument II (Roche Life Science,
Basel, Switzerland) according to manufacturer’s instructions. Fold changes of expression are
relative to the control using 22T method (Livak & Schmittgen, 2001). Primers sequences are
listed in Table S3.

ELISA

The levels of IL-2, IFN-y, and TNF-a in supernatants were determined by sandwich ELISA using
LEGEND MAX™ Mouse IL-2 ELISA Kit, LEGEND MAX™ Mouse IFN-y ELISA Kit, and
LEGEND MAX™ Mouse TNF-a ELISA Kit, respectively (BioLegend, USA) according to
manufacturer’s instructions. Optical densities were acquired using iMark Microplate Reader (Bio-
Rad, USA).

Immunocytochemistry

Following incubation in the various culture conditions, stimulations were stopped by addition of

10 volumes of ice-cold PBS then cells were pelleted at 1400xg at 4°C, and 5x10° cells from each

condition were re-suspended in FACS buffer (4% FBS, cold PBS) and incubated with Fc block



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

for 15 min, followed by adding conjugated antibodies for CD4, and CD8 to each tube and
incubated for 60 min in dark at 4°C (dilutions and conjugated fluorochromes are described in Table
S2). After staining, cells were washed twice and suspended in fixation/permeabilization buffer
(Invitrogen) for 60 min in dark at 4°C, then washed with permeabilization buffer (Invitrogen) two
times 5 min each, at 1400xg at 4°C, then blocked in 3% BSA for 20 min, followed by 60 min
incubation in dark with primary antibodies against NFAT1 (Cell Signaling Technology, Danvers,
Massachusetts, USA) or HIF1-a (Novus Biologicals, Centennial, Colorado, USA). Cells were
washed and incubated with Alexa Fluor 546- or Alexa Fluor 647-conjugeted secondary antibodies
for 60 min in dark. After washing, cells were incubated with DAPI (4',6-diamidino-2-phenylindole,
Invitrogen) for 30 min in dark. Stained cells were attached to microscope slides by centrifugation
for 3 min at 112.9 g using Cytospin 3 (Thermo Shandon, USA) followed by adding Vectashield
Vibrance mounting medium (Vector laboratories, Burlingame, California, USA) and coverslips.
The cells were viewed using 63x oil-immersion objective lens on LSM 800 confocal microscope
(Zeiss, Oberkochen, Germany). Fluorescent image analysis for quantification and localization
estimates were performed with the NIH ImagelJ software package using the same image analysis
workflow for all images in all replicates.

RNA sequencing dataset analysis

The RNA sequencing raw data were downloaded from the gene expression omnibus (GEO)
database (Barrett et al., 2013) with accession number GSE157859 (Zheng et al., 2020).
GSE157859 included RNA sequencing data prepared from peripheral venous blood samples of
patients with COVID-19 which were obtained at different clinical stages. Among those patients, 4
patients have hypertension as the only main comorbidity (Hypertensive patients: HT), and we

selected 4 closest matching patients with no comorbidities as control group (Normotensive
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patients: NT), we compared the data from 4 HT patients (GSM4776962, GSM4776976,
GSM4776981, GSM4776985) with 4 NT patients (GSM4776954, GSM4776964, GSM4776967,
GSM4776974) in the treatment clinical stage, also in the rehabilitation stage 2 HT patients
(GSM4776978, GSM4776987) with 3 NT patients (GSM4776956, GSM4776966, GSM4776969)
data were available for comparison. The raw sequencing data were uploaded to the Galaxy web
platform, and we used the public server at usegalaxy.org to analyze the data (Afgan et al., 2016).
Quality of data were checked by FastQC v0.11.8 (Andrews, 2010) followed by Adapters removal,
reads trimming, and quality filtering using Fastp v0.20.1 (Chen et al., 2018). The clean reads were
then aligned to the primary assembly of the human reference genome, GRCh38, using HISAT2
v2.1.0 (Kimetal., 2015). We used featureCounts v2.0.1 (Liao et al., 2014) to count RNA-seq reads
for genes with GRCh38 annotation. Finally, edgeR v3.24.1 (Robinson et al., 2010) was used to
perform differential expression testing and estimating log2 fold change [HT-NT].

Statistical analysis

All results are presented as the means + SD. Statistical significance between two groups was

determined using t-test. Differences were considered significant when two-sided p<0.05.

Results

Mechanical stress enhances CD69 expression in resting CD8+ cells, but conversely impairs
the activation of lymphocytes under LPS or PMA/I stimulation

Lymphocytes were collected from the mouse spleen and then incubated without (Resting) or with
the addition of LPS or PMA/I in medium (Stimulated). To investigate the potential effect of
mechanical stress on lymphocyte activation, we used a bioreactor capable of subjecting cells to 50

mmHg pressure for 3 hours, and as a control, cells were placed in the atmospheric pressure, both
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inside a 5% COz incubator at 37°C (Figure S1). We evaluated the expression of the early activation
marker CD69 using flow cytometry. In resting lymphocytes, mechanical stress significantly
increased the expression of CD69 in CD8+ T cells (31.8 £ 3.2 versus 22.78 = 1.95, p<0.01; Figure
1. A). However, with the addition of LPS in the medium, mechanical stress significantly decreased
the expression of CD69 in CD19+ B cells (2841 + 1178 versus 5177 + 1570, p< 0.01; Figure 1.
A). Similarly, under the stimulation with PMA/I, mechanical stress significantly decreased the
expression of CD69 in CD4+ T cells (9188 + 855.5 versus 18461 + 1455, p< 0.01; Figure 1. A),
CD8+ T cells (9314 + 753.5 versus 22499 + 1453, p< 0.01; Figure 1. A), and CD19+ B cells
(13642 + 3789 versus 16227 + 3497, p= 0.02; Figure 1. A). CD19+ B cells respond to LPS
stimulation because of the TLR4 receptor on murine B cells recognizing LPS. On the other hand,
murine CD4+ and CD8+ T cells do not respond to LPS due to the absence of the TLR4 receptor
(Applequist et al., 2002).

We also evaluated the mRNA expression of several major cytokines using RT-qPCR. In resting
lymphocytes, mechanical stress significantly decreased the mRNA level of 112 (p< 0.01; Figure 1.
B), but increased the mRNA level of Ifng (p= 0.06; Figure 1. B). Interestingly, with the addition
of LPS in medium, mechanical stress significantly decreased the mRNA levels of [11b (p= 0.01;
Figure 1. B), 112 (p= 0.09; Figure 1. B) and I110 (p= 0.02; Figure 1. B). Similarly, under PMA/I
stimulation, mechanical stress significantly decreased the mRNA levels of Ifng (p< 0.01; Figure 1.
B), 112 (p= 0.01; Figure 1. B), 114 (p= 0.03; Figure 1. B), and 1110 (p< 0.01; Figure 1. B), while
increased the mRNA level of Tnf (p= 0.02; Figure 1. B).

To further confirm our findings, we measured the protein levels of IFN-y, IL-2, and TNF-a in the
culture medium using ELISA. In resting lymphocytes, mechanical stress only slightly increased

the secretion of IFN-y (p= 0.056; Figure 1. C). However, for PMA/I-stimulated lymphocytes,
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mechanical stress significantly decreased the secretion of IFN-y (p< 0.01; Figure 1. C), IL-2 (p<
0.01; Figure 1. C), and TNF-a (p= 0.01; Figure 1. C).

IL-2 is usually secreted from activated CD4+ and CD8+ T cells. According to our data, mechanical
stress decreased the mRNA expression of 112 in both resting and PMA/I-stimulated lymphocytes
but induced CD69 expression in resting CD8+ cells. We speculated that the expression change in
IL-2 might be related to the effect of mechanical stress on CD4+ T cells. Therefore, mechanical
stress may promote the activation of resting CD8+ T cells, but likely shows an inhibitory effect on
lymphocyte activation under the stimulation with PMA/I or LPS.

RhoA/ROCK pathway and PIEZO1 are not closely involved in the mechanical stress-
induced inhibition on the activation of PMA/I-stimulated lymphocytes

Previous studies have described that cellular response to mechanical forces is regulated through
RhoA/ROCK pathway (Boyle et al., 2020; Takemoto et al., 2015; Teramura et al., 2012), and
ROCK inhibition has been demonstrated to suppress lymphocyte activation (Aihara et al., 2003;
Lou et al., 2001; Tharaux et al., 2003). Therefore, we investigated whether mechanical stress
inhibited lymphocyte activation through RhoA/ROCK pathway. We incubated lymphocytes with
or without Y27632, a ROCK inhibitor, at 10 uM as previous studies suggest this concentration to
show its maximum effects (Aihara et al., 2003; Bardi et al., 2003). Unexpectedly, ROCK inhibition
did not obviously mitigate the mechanical stress-induced changes in the expression of CD69 in
PMA/I-stimulated lymphocytes (Figure S2. A), as well as their secretion of IFN-y, IL-2, and TNF-
a. Instead, ROCK inhibition even enhanced the inhibition in some of these parameters (Figure S2.
B). Therefore, the RhoA/ROCK pathway might not be closely involved in the mechanical stress-

induced inhibition of lymphocyte activation under PMA/I stimulation.
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Studies have also focused on the role of PIEZO1 in the function and activation of myeloid cells
(Aykut et al., 2020), macrophages (Solis et al., 2019), T lymphocytes (Liu et al., 2018). BioGPS
gene portal data also showed that murine T lymphocytes express considerable amounts of PIEZO1
similar to macrophages (Figure S3) (Lattin et al., 2008; Wu et al., 2009). Thus, we investigated
whether PIEZO1 is involved in the observed effects of mechanical stress on lymphocyte activation.
We incubated resting and PMA/I-stimulated lymphocytes with or without Yodal, a PIEZOI
agonist, for 3 hours followed by evaluations. For resting lymphocytes, Yodal significantly
increased the expression of CD69 in CD8+ T cells (p< 0.01; Figure 2. A). For PMA/I-stimulated
lymphocytes, Yodal conversely decreased CD69 expression in CD4+ T cells (p< 0.01; Figure 2.
A) and CD8+ T cells (p< 0.01; Figure 2. A), but did not significantly change CD69 expression in

CD19+ B cells (Figure 2. A).

ELISA testing of culture medium showed that Yodal slightly induced the secretion of IFN-y from
resting lymphocytes (p= 0.02; Figure 2. B). Differed from mechanical stress, Yodal did not
change the secretion of IL-2 but increased the secretion of IFN-y (p= <0.01; Figure 2. A) and TNF-
a (p= 0.03; Figure 2. B) from PMA/I-stimulated lymphocytes. PIEZO1 agonist and mechanical
stress significantly and very similarly promoted CD69 expression in resting CD8+ cells and
inhibited CD69 expression in PMA/I-stimulated lymphocytes, however, they intriguingly showed
opposite effects on cytokine secretion. This suggests that mechanisms other than PIEZOI
mechanosensing by which mechanical stress inhibits the secretion of cytokines from PMA/I-
stimulated lymphocytes.

Mechanical stress promotes nuclear HIF1-a localization in resting but not PMA/I-stimulated

lymphocytes

11
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It has been reported that mechanical loading induces HIF1-a expression and nuclear localization
(Jing et al., 2020). Several previous studies have also reported an increased expression of HIF1-a
in activated T lymphocytes (Nicoli et al., 2018; Wang et al., 2011) and mast cells (Walczak-
Drzewiecka et al., 2008). As the enhanced activity of HIF1-a may promote the effector function
of CD8+ T cells (Palazon et al., 2014), we measured HIF1-a expression and localization. We
incubated resting and PMA/I-stimulated murine spleen lymphocytes with or without 50 mmHg
mechanical stressing for 3 hours. In resting lymphocytes, mechanical stress induced the nuclear
localization of HIFl-o in both CD4+ and CD8+ T cells (Figure S4). PMA/I-stimulated
lymphocytes expressed higher HIFl-o compared to resting ones. In PMA/I-stimulated
lymphocytes, there was no significant difference between mechanically stressed or not, although
PMA/I-stimulated CD8+ lymphocytes tend to have decreased nuclear HIF1-a under mechanical
stress (Figure S4). Mechanical stress did not change the mRNA levels of Hifla in resting
lymphocytes but showed to inhibit the enhancement of Hifla expression in PMA/I-stimulated
lymphocytes (p= 0.095; Figure S5). Based on our results, mechanical stress induced HIF1-a
nuclear localization in resting lymphocytes, but conversely inhibited the enhancement of Hifla
mRNA expression in PMA/I-stimulated lymphocytes, supporting the inhibitory effect of
mechanical stress in PMA/I-stimulated lymphocytes.

Mechanical stress induces NFAT1 nuclear localization but reduces Jun expression in PMA/I-
stimulated lymphocytes

It is well known that increased mechanical stress can increase intracellular Ca>" levels (Hamill &
Martinac, 2001). Increased calcium levels within the cytoplasm of T lymphocytes lead to the
dephosphorylation of NFAT followed by its nuclear localization to initiate the transcription

program (McCaffrey et al., 1993; Northrop et al., 1994). Thus, we tried to investigate whether
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NFATTI is involved in the inhibitory effect of mechanical stress on the activation of PMA/I-
stimulated lymphocytes. In resting lymphocytes, mechanical stress exactly increased the nuclear
levels of NFATI in both CD4+ and CDS8+ cells (Figure 3). Similarly, for PMA/I-stimulated
lymphocytes, mechanical stress also induced the nuclear localization of NFAT1 in both CD4+ and

CD8+ cells (Figure 3).

NFATI nuclear localization might initiate either T lymphocyte activation or anergy, depending on
the availability of other transcription factors such as AP1 (Hogan, 2017; Macian et al., 2002).
Cooperation of NFAT with AP-1 (C-Jun: C-Fos) is essential for proper activation of lymphocytes,
thus we further investigated the expression of AP-1. In resting lymphocytes, mechanical stress
significantly increased the mRNA level of Jun (p= 0.02; Figure 4). Conversely, under PMA/I
stimulation, mechanical stress significantly decreased mRNA levels of Jun (p= 0.04; Figure 4).
While mechanical stress did not alter FOS mRNA levels in either resting or PMA/I-stimulated
lymphocytes. As mechanical stress showed to promote NFAT1 nuclear localization but to decrease
Jun expression in PMA/I-stimulated lymphocytes, mechanical stress may suppress Jun to impair
the activation of PMA/I-stimulated lymphocytes.

Hypertensive COVID19 patients have altered JUN and CD69 expression

Hypertension imposes circulating leukocytes to elevated hydrostatic pressure. Clinical studies
have reported the worse outcome of infections in patients with hypertension than that of without
(Guan et al., 2020; Piroth et al., 2021; Schoen et al., 2019). Out of 165 hypertensive COVID-19
patients, 41 (24.85%) patients have developed severe symptoms, while of the 495 COVID-19
patients without comorbidities, only 10 (2.02%) patients were severe cases (Guan et al., 2020).
Another study has found that out of the patients hospitalized for COVID-19 and seasonal influenza,

33.1% and 28.2% of cases, respectively, have the comorbidity of hypertension (Piroth et al., 2021).
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Additionally, it has been found that the presence of hypertension on hospital admission was
associated with worse clinical outcomes in patients with HIN1 influenza A virus infection (Schoen
et al., 2019). Therefore, we were interested in searching whether lymphocyte activation-related
genes are associated with the development of severe symptoms in hypertensive COVID19 patients.
We analyzed RNA sequencing data prepared from PBMC of COVID19 patients with hypertension
or without. PBMCs were collected at the treatment stage (15.9 & 8.1 days after infection day) and
rehabilitation stage (67.2 £ 6.4 days after infection day), probably similar to the stimulated
lymphocytes and resting lymphocytes, respectively (Zheng et al., 2020). Results show that, in the
treatment stage, hypertensive COVID19 patients [HT] have reduced JUN and CD69 expression
compared to normotensive COVID19 patients [NT] (Figure 5). Conversely, in the rehabilitation
stage, hypertensive patients have higher JUN, FOS CDG69, and TNF expression compared to
normotensive ones (Figure 5). These results suggest the likely relationship between JUN
expression and lymphocyte activation changes in hypertensive patients. Therefore, we speculate
that hypertensive patients may have impaired immune response to serious infections, like the

COVIDI9.

Discussion

In this study, we investigated the effect of elevated mechanical stress in lymphocyte activation by
ex vivo experimental approach. We mechanically stressed murine spleen lymphocytes with 50
mmHg either in the resting state (no-stimulation) or in LPS- or PMA/I-stimulated state. Our data
indicated that mechanical stress induced CD69 expression of resting CD8+ cells but conversely
impaired lymphocyte activation under the LPS or PMA/I stimulation. Based on our ex vivo

experimental data, it seems that mechanical stress can induce the activation of resting lymphocytes
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but may conversely impair lymphocyte activation when responding to exogenous stimulations or
severe infections.

In searching for mechanotransduction key molecule(s) involved in the observed biphasic effects
of mechanical stress on lymphocyte activation, we found that RhoA/ROCK pathway might not be
closely involved in the mechanical stress-induced inhibition of lymphocyte activation under
PMA/I stimulation. Liu et al showed that Yodal, PIEZO1 agonist, rescued the activation and CD69
expression of CD4+ and CD8+ T cells treated with soluble anti-CD3/anti-CD28 Abs, however in
that study, the single effect of Yodal treatment was not explained, nor the effect of Yodal addition
to properly activated T cells (Liu et al., 2018). While, in this study, we showed a similar effect of
Yodal and mechanical stress on CD69 expression, where both promote its expression in resting
CD8+ cells and reduce it in PMA/I-stimulated lymphocytes. However, cytokines expression
profiles of PMA/I-stimulated lymphocytes were interestingly different between PIEZO1 agonist
Yodal and mechanical stress. PIEZO1 agonist promoted IFN-y and TNF-a secretion which agrees
with the enhanced inflammatory activation by Yodal in IFN-y/LPS stimulated macrophages
(Atcha et al., 2021), but mechanical stress conversely inhibited their secretion along with 1L-2,
suggesting that mechanisms other than PIEZO1 mechanosensing by which mechanical stress
inhibits the expression of cytokines in PMA/I-stimulated lymphocytes. Additionally, we found
that mechanical stress may alter HIF1-a nuclear localization and levels in a trend going along with
the biphasic effect of mechanical stress in lymphocyte activation.

Mechanical stress may increase intracellular Ca?" levels [20], and the increased cytoplasm Ca?"
levels in T-lymphocytes can lead to NFAT nuclear localization [21, 22]. We found that mechanical
stress promoted NFAT1 nuclear localization in both resting and PMA/I-stimulated lymphocytes.

On the other hand, mechanical stress increased Jun expression in resting lymphocytes but
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decreased Jun expression in PMA/I-stimulated lymphocytes. As C-Jun cooperation with NFAT is
known to be essential for the proper activation of T-lymphocytes (Hogan, 2017; Macian et al.,
2002), the alteration of Jun expression may provide a reasonable explanation of the different
effects of mechanical stress on lymphocyte activation, as observed in our study. With the
mechanical stress, enhanced Jun may induce the activation in resting CD8+ lymphocytes, while
the imbalance between NFAT1 and Jun can suppress the activation of lymphocytes in response to
PMAV/I stimulation.

Considering the clinical relevance of our finding from ex vivo experiments, especially at the lasting
pandemic situation of COVIDI19, we analyzed RNAseq data from both hypertensive and
normotensive COVIDI19 patients. At the treatment stage, hypertensive COVID19 patients have
reduced JUN and CDG69 expression compared to normotensive ones, and the opposite at the
rehabilitation stage. Interestingly, C-Jun which is an important transcription factor to promote the
activation program of lymphocytes mediated by NFATI1 nuclear localization is reduced in
hypertensive COVIDI19 patients at the treatment stage and conversely increased at the
rehabilitation stage. This observation directed us to evaluate C-Jun and C-Fos expression in our
experimental setup where we surprisingly found the same trend of Jun changes in mechanically
stressed murine lymphocytes. Jun was described as one of the immediate-early genes in response
to mechanical stress in cardiac myocytes (Komuro & Yazaki, 1993; Sadoshima & Izumo, 1997),
but for lymphocytes, our study is the first report for the different effect of mechanical stress on
Jun expression between resting and PMA/I-stimulated lymphocytes.

Biphasic response of T cells spreading-behavior to substrate stiffness has been described (Wahl et
al., 2019), where high stiffness lead to either increased or decreased T cell spreading depending

on whether the substrate is functionalized with both anti-CD3 and ICAM-1 or with anti-CD3 only,
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respectively. The biphasic response of T cells spreading-behavior to substrate stiffness may
indirectly support the observed biphasic response of lymphocytes to mechanical stress in our study,
as T cell spreading is important for their activation.

Our experimental results provide direct evidence about the biphasic effect of mechanical stress in
lymphocyte activation. As mechanical stress will be commonly elevated in various pathological
conditions, finding from this study provides novel mechanistic insight into the increased risk of
serious infection in individuals with comorbidities involving increased mechanical stress, such as

hypertension and diabetes mellitus.
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Figures legends

Fig. 1. The expression of the activation marker CD69 and cytokines in lymphocytes following
mechanical stressing. (A) Flow cytometry analysis on CD69 expression among CD4+, CD8+,
and CDI19+ cells following LPS, or PMA/I stimulation compared to resting lymphocytes.
Pseudocolored plots indicating mechanical stressing effect, and data represent the results of 4
independent experiments. (B) Bar graphs indicating mechanical stressing effect on mRNA fold
changes of Tnf, Ifng, I11b, 112, 114, 1110 in lymphocytes following LPS, or PMA/I stimulation
compared to resting lymphocytes (Data represent the results of 4 independent experiments, mRNA
fold changes are calculated to the Control 272¢T). (C) Bar graphs indicating mechanical stressing
effect on IL-2, IFN-y, and TNF-a levels as evaluated by ELISA assay in culture medium of PMA/I-
stimulated lymphocytes compared to resting lymphocytes (Figures represent the results of 6
independent experiments, data are represented as mean + SD); (Mechanical stressing: 50 mmHg/3
hr); Abbreviations: LPS= Lipopolysaccharide, PMA/I= Phorbol myristate acetate/lonomycin,
MFI= Median Fluorescence Intensity, mmHg= millimeter of mercury, * P <0.05, ** P <0.01, ***

P <0.001I.
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Fig. 2. The expression of the activation marker CD69 and cytokines in lymphocytes following
PIEZO1 activation using Yodal. (A) Flow cytometry analysis on CD69 expression among CD4+,
CD8+, and CD19+ cells following PMA/I and Yodal treatments. (B) Bar graphs indicating Yodal

effect on IL-2, IFN-y, and TNF-a levels as evaluated by ELISA assay in culture medium of PMA/I-

stimulated lymphocytes compared to resting lymphocytes. (Data represent the results of 3

independent experiments, data are represented as mean + SD); (Yodal: 10 uM/3 hr);

Abbreviations: MFI= Median Fluorescence Intensity, O.D= optical Density, PMA/I= Phorbol
myristate acetate/lonomycin, * P <0.05, ** P <0.01.

Fig. 3. NFAT1 expression changes in lymphocytes following mechanical stressing. (A) NFATI

expression changes in CD4+ cells following PMA/I stimulation and mechanical stressing
(Yellow=NFATI, Cyan= DAPI, Green= CD4). (B) Bar graphs indicating the nuclear, cytoplasmic,
and total relative expression changes of NFAT1 in CD4+ cells. (C) NFAT1 expression changes in
CD8+ cells following PMA/I stimulation and mechanical stressing (Yellow= NFATI1, Cyan=
DAPI, Red= CDS). (D) Bar graphs indicating the relative expression of NFAT1 in CD8+ cells in
nucleus, cytoplasm, and total cell. (Mechanical stressing: 50 mmHg/3 hr). (Data represent the
results of 3 independent experiments, data are represented as mean + SD); Abbreviations: MFI=
Mean Fluorescence Intensity, mmHg= millimeter of mercury, PMA/I= Phorbol myristate
acetate/lonomycin. * P <0.05, ** P <0.01.

Fig. 4. Jun and FosmRNA expression changes following mechanical stressing in lymphocytes.
Bar graphs indicating mechanical stressing effect on mRNA expression changes of Jun and Fosin
PMA/I-stimulated lymphocytes compared to resting lymphocytes (Data represent the results of 4

independent experiments, mRNA fold changes are calculated to the Control 274¢T, data are
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represented as mean = SD); (Mechanical stressing: 50 mmHg/3 hr); Abbreviations: PMA/I=
Phorbol myristate acetate/lonomycin, mmHg= millimeter of mercury, * P <0.05.

Fig. 5. Hypertension comorbidity effect on the expression of lymphocyte activation related
genes in peripheral blood mononuclear cells from COVID19 patients. Bar graphs indicating
logFC changes for the expression of JUN, FOS CDG69, IFNG, and TNF when comparing
hypertensive COVID-19 patients [HT] to normotensive COVID-19 patients [NT] in both
treatment stage and rehabilitation stage. (Treatment stage comparison include 4 HT patients and
4 NT patients; Rehabilitation stage comparison include 2 HT patients and 3 NT patients);

log2FC= edgeR Log2 fold change. * P < 0.05 (edgeR P value).
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Table S1. List of Media, Chemicals.

Media, Buffers Vendor Catalog Number
RPMI-1640 with L-Glutamine Wako 189-02025
HyClone FBS characterized GE health Life Science | SH30071.03
Lipopolysaccharides E. coli 055:B5 Sigma L2880-10MG
Yoda1, Piezo1 agonist Cayman Chemical 21904

Y27632, ROCK inhibitor ATCC ACS3030

Cell Activation Cocktail (PMA/lonomycin) BioLegend 423302




Table S2. List of Antibodies.

Antibody, Probe

Vendor

Catalog

Number

Dilution

Flow

Dilution

ICC

575

CD4-FITC Invitrogen 11-0041-81 | 1:200 1:100
CD8a-APC BioLegend 100711 1:120 1:100
CD19-APC BioLegend 115511 1:120 -
CD69-PE BioLegend 104508 1:120 -
Novus
HIF1-a NB100-134 | - 1:120
Biologicals
Cell Signaling
NFAT1 5861 - 1:120
Technology
Goat anti-Rabbit IgG (H+L) Alexa
Invitrogen A-11035 - 1:1000
Fluor 546
Goat anti-Rabbit 1IgG (H+L) Alexa
Invitrogen A32733 - 1:1000
Fluor Plus 647
DAPI (4',6-diamidino-2-
Invitrogen D21490 - 1:2000
phenylindole)
Transcription Factor Staining Buffer
Invitrogen 00-5523-00
Set
130-092-
Mouse FcR Blocking Reagent Miltenyi Biotec 1:10 1:10




Table S3. List of Primers.

Target ‘ Fwd Primer Sequence Rev Primer Sequence

Actb GTACCACCATGTACCCAGGC AACGCAGCTCAGTAACAGTCC
Fos TCCCCAAACTTCGACCATG GCACTAGAGACGGACAGATC
Hifla ACCTTCATCGGAAACTCCAAAG CTGTTAGGCTGGGAAAAGTTAGG
Ifng TCAAGTGGCATAGATGTGGAAGA TGGCTCTGCAGGATTTTCATG
1110 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
I11b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

12 TGAGCAGGATGGAGAATTACAGG GTCCAAGTTCATCTTCTAGGCAC
14 ATGGAGCTGCAGAGACTCTT AAAGCATGGTGGCTCAGTAC
Jun GCAGAAAGTCATGAACCACG AGTCCATCTTGTGTACCCTTG
Tnf CCAGACCCTCACACTCAGATC CACTTGGTGGTTTGCTACGAC
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