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ABSTRACT  

With over 2.8 million people affected 

worldwide, multiple sclerosis (MS) remains 

one of the leading causes of neurologic 

disability in young adults. Though both the 

number and functionality of regulatory T cells 

(Tregs) are diminished in these patients, the 

therapeutic potential of Treg therapy remains 

limited. It is suggested that this is in part due 

to the pro-inflammatory phenotype switch 

these cells experience during migration 

through the inflamed blood-brain barrier 

(BBB). Indeed, our group recently showed that 

Tregs lose their immunosuppressive and 

regenerative functions, limiting their ability to 

block the local immune response and tissue 

damage. The resulting inflammation increases 

BBB leakiness, leading to immune cell 

infiltration and neurologic damage. Our 

previous study additionally revealed that 

Piezo1, a mechanosensitive ion channel, was 

upregulated in BBB-transmigrated Tregs. 

Therefore, we investigated Piezo1 activation in 

Tregs, exploring their involvement in this 

phenotype switch. Using flow cytometry and 

suppression assays, we demonstrate a loss of 

Treg phenotype and functionality upon Piezo1 

activation, while qPCR data provides evidence 

implicating purinergic receptor signalling in 

mediating these changes. Next, calcium 

imaging and flow cytometry analyses of T cells 

migrating through an in vitro inflamed BBB 

model reveal calcium influxes and a pro-

inflammatory phenotype switch in these cells. 

Nevertheless, we were unable to restore the T 

cell phenotype using a Piezo1 inhibitor, 

implying involvement of other Treg-BBB 

interactions that require further investigation. 

Thereby, we aim to further elucidate the 

mechanisms underlying the phenotype switch 

of BBB-transmigrated Tregs, intending to 

improve the safety and efficacy of Treg-based 

MS therapies. 

INTRODUCTION 

Multiple sclerosis (MS) is a chronic autoimmune 

disease of the central nervous system (CNS) that 

affects more than 2.8 million people worldwide 

(1, 2). The disease is characterized by 

autoreactive immune cells that infiltrate into the 

CNS, causing neuroinflammation and 

demyelination of axons (3). These autoreactive 

immune cells emerge from peripheral CD4+ T 

cells activated by foreign antigens that cross-react 

with myelin antigens, a process called ‘molecular 

mimicry’ (4). Once activated, T cells migrate to 

the CNS, where myelin antigens cause 

reactivation of the cells, initiating an 

inflammatory response that damages myelin 

sheaths, and indirectly, axons (4, 5). This 

progressive accumulation of neurologic damage 

blocks signal conduction, prompting clinical 

symptoms such as motor dysfunction, visual and 

sensory deficits, and cognitive impairment (1, 5, 

6). MS onset occurs mostly between 20 and 40 

years of age, twice as often in women than men, 

making it one of the leading causes of neurologic 

disability in young adults (1, 6). In early stages, 

MS typically presents as a relapsing-remitting 

disease, often transitioning to a progressive phase 

with irreversible accumulation of neurologic 

disability. MS is induced by a combination of 

genetic and environmental factors that trigger 

migration of myelin-reactive immune cells across 

the blood-brain barrier (BBB) into the CNS (6, 

7).  
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Consisting of endothelial cells connected by tight 

junctions, pericytes, astrocyte endfeet, and a basal 

membrane, the BBB plays an essential role in 

maintaining cerebral homeostasis (1, 8). It forms 

the barrier between the systemic circulation and 

the CNS, regulating bidirectional exchange of 

nutrients and waste products. Furthermore, the 

BBB limits entry of toxic metabolites, 

xenobiotics, and immune cells into the CNS (1, 

9). In MS however, the integrity of this barrier is 

disrupted, causing it to become leaky and 

allowing infiltration of myelin-reactive immune 

cells into the CNS (7). This infiltration is 

facilitated by both downregulation of tight 

junction proteins, such as zonula occludens-1 

(ZO-1) and occludin, and upregulation of 

adhesion molecules, including vascular cell 

adhesion molecule 1 (VCAM-1), within the BBB 

(1, 7, 10, 11). These changes are exacerbated by 

the inflammatory environment created in the 

CNS, with the presence of inflammatory 

cytokines like interferon gamma (IFN-γ) and 

tumor necrosis factor alpha (TNF-α) (7). Finally, 

increased expression of chemokines by 

endothelial cells of the BBB further accelerates 

immune cell infiltration into the CNS (7). 

 

Current disease modifying treatments for MS 

focus on immunomodulation, aiming to restore 

the balance between autoreactive and regulatory 

immune responses (7). Rituximab for example, a 

monoclonal anti-CD20 antibody, achieves this by 

inhibiting B cell activation, while IFN-β 

decreases pro- and increases anti-inflammatory 

cytokine production. Other methods focus on 

preventing immune infiltration into the CNS, 

such as the migration inhibiting monoclonal 

antibody Natalizumab (7). Recent research into 

therapeutic approaches for MS has proposed a 

novel treatment strategy, harnessing the 

immunomodulatory properties of regulatory T 

cells (Tregs) (12-14).  

 

Tregs are CD4+CD25hiCD127lo T cells marked 

by expression of the regulatory transcription 

factor forkhead box P3 (FOXP3) (15-17). These 

cells exhibit immunosuppressive capabilities that 

play a crucial role in preventing autoimmunity 

(16, 17). By suppressing autoreactive immune 

responses and reducing neuroinflammation, the 

main function of Tregs is maintaining immune 

tolerance. This suppressive function is 

accomplished via a combination of cell-cell 

contact and the release of cytokines. Treg cell-cell 

interactions are achieved via expression of co-

inhibitory molecules, such as cytotoxic T 

lymphocyte-associated protein 4 (CTLA-4). To 

maintain normal immune responses, there is a 

balance between Tregs, activated through CTLA-

4, and effector T cells (Teff), induced by CD28 

(18). Via constitutive expression of CTLA-4, 

Tregs competitively inhibit CD28 signalling on 

antigen presenting cells, thereby reducing 

activation of Teff (19). Moreover, CTLA-4 

synergizes with transforming growth factor beta 

(TGF-β) to promote the generation of Tregs via 

upregulation of FOXP3, which in turn 

upregulates CTLA-4 expression (20). Besides 

direct interactions, the protective effect of Tregs 

is also dependent on secretion of the anti-

inflammatory cytokines interleukin 10 (IL-10) 

and TGF-β (17, 21). IL-10 has been linked to 

various immunosuppressive effects, including 

differentiation of CD4+ T cells into an IL-10 

producing (Tr1) Treg subset and controlling 

expansion of other T cell populations (22, 23). 

Similarly, TGF-β suppresses T cell differentiation 

into T helper (Th)1 or Th2 cells and inhibits 

expression of IFN-γ by CD8+ T cells, while 

promoting the generation of Tregs (24). 

Moreover, via production of amphiregulin 

(AREG) and CCN3, Tregs have demonstrated 

regenerative capacities in the CNS (25, 26). More 

specifically, AREG derived from brain Tregs was 

shown to regulate astrogliosis and promote 

neurological recovery in mice (26). Similarly, 

murine brain Treg-derived CCN3 showed 

improved CNS regeneration by enhancing 

oligodendrocyte differentiation and myelination 

(25).  

 

In the context of MS however, Tregs are known 

to be deficient in their number and function, in 

both the periphery and after BBB transmigration 

(17, 27, 28). This loss of function is marked by 

downregulated expression of FOXP3 (exFOXP3 

T cells) (16, 28). These findings encouraged 

research into the development of Treg-based cell 

therapies for MS patients. Here, ex vivo expanded 

Tregs are administered into patients to boost their 

Treg numbers and functionality, thereby helping 

to suppress the autoreactive immune response 

(12, 21). While these Tregs can either be 

allogeneic or autologous, patient-derived Tregs 

are often dysfunctional, requiring ex vivo 

manipulations to improve their stability and 

suppressive capacity (21).  

 

Interestingly, Tregs are known to exhibit 

functional plasticity (29). In autoimmunity, they 
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can convert into inflammatory Th1 and Th17-like 

cells, depending on the microenvironment (29). 

For example, culturing human Tregs in the 

presence of IL-12 results in a Th1-like Treg 

phenotype with reduced suppressive activity (30). 

Meanwhile, conversion of murine Tregs into 

Th17-like cells seems to be mediated by IL-6, as 

well as TGF-β, IL-1, and IL-21 (31, 32). Previous 

research within our group has established that in 

MS, this plasticity can be induced by interaction 

with the inflamed BBB (16). Here, transmigration 

of Tregs through inflamed BBB-endothelial cells 

evoked a pro-inflammatory phenotype switch, 

with reduced suppressive and regenerative 

capacities. Interfering in the pathways involved in 

this Treg phenotype switch, such as using the 

mTORC1 inhibitor rapamycin, could aid in 

restoring the Treg phenotype (16, 33). Therefore, 

to improve the safety and efficacy of Treg-based 

MS therapies, there is a need to understand the 

interactions between Tregs and the BBB. 

Moreover, identifying and blocking these 

interactions might allow us to restore the Treg 

phenotype, potentially improving the stability of 

Tregs in the inflammatory environment of MS. 

Interestingly, our group also discovered that 

Piezo1, a mechanosensitive ion channel, is 

upregulated on BBB-transmigrated Tregs. 

 

Besides structural changes within the BBB, the 

inflammatory environment contributes to 

demyelination of the CNS, which can cause a 

reduction in brain stiffness (34). Brain stiffness 

describes the tendency of brain tissue to resist 

deformation in response to mechanical forces 

(34). Since myelin content was shown to increase 

brain stiffness, demyelination could alter 

mechanical stiffness of the brain (35). In MS 

patients for example, reductions in this stiffness, 

particularly in areas of inflammation, were 

correlated to higher clinical disease scores (34). 

During BBB transmigration, Tregs encounter 

these changes in stiffness, potentially facilitating 

their inflammatory phenotype switch. Key 

players in sensing these mechanical changes 

within the CNS are receptors for mechanical 

forces, such as Piezo1, also present on (murine) 

Tregs (34).  

 

This cation channel serves as a mechanical 

sensor, converting (external) mechanical stimuli 

into biochemical responses within the cell (36). 

Various mechanical forces, such as membrane 

stretching, matrix stiffness, or osmotic pressure, 

activate Piezo1, converting the channel from a 

closed to an open state. This open state allows 

influx of calcium (Ca2+), activating chemical and 

electrical signalling pathways that regulate a 

variety of cellular functions. Piezo1 also plays a 

vital role in converting mechanical stimuli into 

intracellular pro-inflammatory signals. This is 

demonstrated by the upregulated expression of 

this channel in various chronic inflammatory 

diseases (36). In the CNS for example, activation 

of Piezo1 on neurons was shown to negatively 

regulate myelination and prevent axon 

regeneration, while pharmacological inhibition of 

the channel attenuated demyelination (37, 38). 

Moreover, inhibition of Piezo1 showed reduced 

disruption of the BBB by protecting the integrity 

and permeability of the barrier (39). In T cells 

specifically, Piezo1 plays a role in mediating cell 

activation and antigen priming by driving the 

cytoskeletal rearrangements needed for optimal T 

cell receptor signalling (40, 41). In doing so, T 

cells can implement mechanical changes from the 

microenvironment to optimally bind antigen 

presenting cells. This process occurs via 

activation of calpains and modulation of the 

TGF-β/SMAD signalling pathway (40, 41). 

 

Calpains are a family of Ca2+-dependent proteases 

that can degrade various intracellular proteins, 

including signalling, membrane, and myelin 

proteins (42). These proteases are known to be 

implicated in various neurodegenerative diseases, 

with calpain inhibitors offering a novel 

therapeutic strategy (43). In MS for example, 

upregulated calpain expression was indicated to 

increase myelin degradation (42). Calpain was 

also shown to play a role in modulating Treg 

stability (44). Specifically, inhibition of calpain 1 

improved Treg stability by increasing TGF-β 

production. This improved stability resulted in an 

expansion of FOXP3+ Tregs and Treg-associated 

cytokines (44). Similarly, in an experimental 

autoimmune encephalomyelitis (EAE) mouse 

model of MS, inhibition of Piezo1 expanded the 

Treg pool and ameliorated disease severity (45). 

These findings indicate that Piezo1 can restrain 

Treg activity by decreasing TGF-β production, 

likely modulated by calpain activation. 

Furthermore, this indicates the potential of Piezo1 

inhibition in restoring Treg functionality and 

accordingly, as a novel therapeutic approach for 

MS.  

 

Another downstream pathway related to Piezo1 

activation utilizes adenosine triphosphate (ATP) 

release and subsequent activation of purinergic 
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P2X receptors. In red blood cells for example, 

ATP is released in response to shear stress, with 

Piezo1 playing an important role in mediating this 

release (46). Via activation of several P2 

receptors, including P2X1 and P2X7, this ATP 

release then stimulates signalling pathways that 

allow regulation of cell volume. Moreover, in 

mesenchymal stem cells, several P2X and P2Y 

receptors are involved in ATP-mediated 

regulation of cell migration in response to 

mechanical stimulation (46). A third pathway 

shown to be involved in Piezo1 signalling is the 

calcineurin/nuclear factor of activated T cells 

(NFAT) pathway. This was demonstrated in 

murine cardiomyocytes, where mechanical 

stimulation of Piezo1 evoked Ca2+-mediated 

activation of calpain and calcineurin, resulting in 

myocardial hypertrophy (47). These changes 

were reversed via cardiac-specific Piezo1 

deletion, which suppressed cardiomyocyte 

hypertrophic growth, resulting in improved 

cardiac function (47). Moreover, in the context of 

osteoarthritis, Piezo1-mediated activation of the 

calcineurin/NFAT1 signalling pathway resulted 

in aggravation of the disease (48). However, 

inhibition of Piezo1, calcineurin, or NFAT1 

showed alleviated disease progression, thereby 

posing as a potential therapeutic strategy for these 

patients (48). Still, since most of the research on 

Piezo1 is limited to murine models, how exactly 

the channel modulates Treg functionality, and 

how BBB transmigration affects Piezo1 

signalling in humans, has yet to be elucidated. 

 

In conclusion, it remains unclear whether Piezo1 

is involved in the phenotype switch these Tregs 

experience during BBB transmigration. Hence, 

this research aims to study in vitro Piezo1 

interactions on Tregs migrating through the BBB, 

to clarify the mechanisms underlying their loss of 

regulatory functions (Figure 1). Based on these 

interactions, this study also explores the potential 

of Piezo1 inhibition as a strategy to improve the 

efficacy of Treg-based MS therapies. Here, we 
 

 
Figure 1 – BBB transmigration induces a pro-inflammatory Treg phenotype switch, potentially 

mediated by Piezo1. In the context of MS, the BBB becomes leaky, allowing infiltration of Teff 

(blue) and Tregs (green) into the central nervous system. Tregs interact with the inflamed BBB, 

causing a pro-inflammatory phenotype switch and worsening disease progression. Piezo1, a 

mechanosensitive ion channel known to restrain Treg functionality, might be involved in this process. 

Which downstream signalling pathway is involved in Piezo1 signalling within Tregs remains unclear. 

ATP, adenosine triphosphate; AREG, amphiregulin; BBB, blood-brain barrier; CTLA-4, cytotoxic T 

lymphocyte-associated protein 4; FOXP3, forkhead box P3; IL, interleukin; NFAT, nuclear factor of 

activated T cells; Teff, effector T cell; TGF-β, transforming growth factor beta; Th, helper T cell; 

Treg, regulatory T cell. 
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demonstrate that Piezo1 activation alters the 

phenotype and functionality of Tregs, potentially 

mediated by purinergic P2X receptor signalling. 

Secondly, we provide evidence of a pro-

inflammatory phenotype switch together with 

calcium influxes in T cells migrating through an 

in vitro inflamed BBB model, potentially 

mediated by Piezo1 interactions. Finally, we 

show that inhibition of Piezo1 is not sufficient to 

prevent these phenotypic changes, suggesting 

involvement of other Treg-BBB interactions. By 

broadening our understanding of the mechanisms 

underlying the pro-inflammatory Treg phenotype 

switch in MS, these findings might enable us to 

further improve the safety and efficacy of MS 

therapies using Tregs.  

 

EXPERIMENTAL PROCEDURES  

Regulatory T cell isolation – Peripheral 

blood mononuclear cells (PBMCs) were isolated 

from blood samples from healthy donors, using 

Ficoll density gradient centrifugation (Cedarlane 

lympholyte) for 20 minutes at 1800 rpm without 

brake, at room temperature. Further isolation of 

Tregs was achieved by negative selection of CD4 

and positive selection of CD25 using magnetic 

beads (both Miltenyi Biotec), according to 

manufacturer instructions. Next, using CD4 

APC-eFluor780, CD127 PE (both Thermo Fisher 

Scientific), and CD25 PE/Cy7 (BioLegend) 

antibodies, Tregs were sorted on the FACSAria 

Fusion (BD Biosciences). Tregs 

(CD4+CD25hiCD127lo) and Teff (CD4+CD25-

) were used for further experiments. 

 

hCMEC/D3 cell culture – The human brain 

endothelial cell line hCMEC/D3 was cultured in 

collagen I (rat tail, Sigma-Aldrich) coated culture 

flasks in growth medium (EGM-2MV medium 

[Lonza] with 2.5% fetal bovine serum [FBS, 

Gibco]). Cells were collected using trypsin and 

cultured in collagen I-coated µ-Slides (5.5x104 

cells, Ibidi) for calcium imaging or in Thincerts 

(8.25x103 cells, 24-well, 3 µm, Greiner Bio-One) 

for migration assays. Three days before the 

experiment, cells were replenished with 

experimental medium (endothelial cell basal 

medium-2 [EBM-2, Lonza] with gentamicin [10 

mg/ml], amphotericin B [1 mg/ml], fibroblast 

growth factor [FGF, 5 ng/ml], hydrocortisone 

[HC, 1.4 μM, all Lonza], and 2.5% FBS [Gibco]). 

24 hours before the experiment, cells were treated 

with IFN-γ (10 ng/ml) and TNF-α (100 ng/ml, 

both Peprotech) in reduced medium (EBM-2 

[Lonza] with gentamicin [10 mg/ml], 

amphotericin B [1 mg/ml], FGF [5 ng/ml, all 

Lonza], and 0.25% FBS [Gibco]). 

 

Jurkat cell culture – Human leukemia cell 

line E6 Jurkat cells were cultured in growth 

medium (RPMI 1640 [Lonza] with 10% FBS 

[Gibco]) until used. For longer storage, cells were 

frozen in liquid nitrogen (10% DMSO 

[AppliChem] in FBS [Gibco]) and thawed when 

needed.  

 

Jurkat cell IL-37 transfection – Cells were 

transfected with either an IL-37 overexpressing or 

an empty lentiviral vector (as described by 

Osborne et al.), while non-transfected Jurkat cells 

were used as a control (49). The IL-37 or empty 

vector was transfected into Jurkat cells (35 

µg/1x107 cells) using electroporation (315 V, 10 

ms, 1 pulse) with the ECM 830 electroporation 

system (BTX). After transfection, the amount of 

growth medium (RPMI 1640 [Lonza] with 10% 

FBS [Gibco]) was doubled daily until use. 

 

Suppression assays – CD4+CD25- Teff 

were labeled with CellTrace Violet (5 μM, 

Invitrogen) before they were cultured alone 

(2×104 cells/well, representing a 1:0 ratio) or with 

different ratios of Tregs in a U-bottomed 96-well 

plate. Next, cells were stimulated with magnetic-

activated cell sorting (MACS) Treg Suppressor 

Inspector beads (Miltenyi Biotec) in culture 

medium (XVIVO [Lonza] with 5% FBS [Gibco]) 

for five days at 37°C with 5% CO2. Tregs isolated 

from blood were treated for 24 hours with either 

Yoda1 (10 µM in DMSO, Tocris Bioscience) or 

DMSO (vehicle, AppliChem) before being added 

to Teff. IL-37 transfected Jurkat cells were 

thawed and kept in culture medium (RPMI 1640 

[Lonza] with 10% FBS [Gibco]) before being 

added to Teff. After five days, cell viability 

(fixable viability dye [FVD] eFluor 780, 

Invitrogen) and Teff proliferation (CellTrace 

Violet dilutions) were determined using the 

LSRFortessa and analyzed using FlowJo 10.10.0 

(both BD Biosciences).  

 

Quantitative polymerase chain reaction 

(qPCR) – To lyse cells, RLT lysis buffer (Qiagen) 

with β-mercaptoethanol (1%, Thermo Fisher 

Scientific) was used. Next, RNA was extracted 

using the RNeasy mini kit (Qiagen) according to 

manufacturer instructions, while mRNA 

concentration and purity were measured using a 

Nanodrop 2000/2000c spectrophotometer 

(Thermo Fisher Scientific). cDNA was generated 
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using qScript cDNA supermix (Quanta 

Biosciences) and qPCR was performed using Fast 

SYBR Green Master Mix (Applied Biosystems) 

and the StepOnePlus real-time PCR detection 

system (Thermo Fisher Scientific). Data was 

normalized to the most stable housekeeping genes 

and relative gene expression was quantified using 

the comparative Ct method. Primer sequences are 

given in supplementary information (Table S1). 

 

Calcium imaging – Jurkat cells (7.5x105 

cells) were cultured for 24 hours with coated anti-

CD3 (10 µg/ml, Invitrogen) and anti-CD28 (1 

µg/ml, BD Biosciences). Next, they were treated 

for 35 minutes with Fluo 4-AM (5 µM, 

Invitrogen), after which they were added into µ-

Slides with hCMEC/d3 cells (5.5x104 cells, Ibidi). 

Slides were imaged using the Zeiss Elyra PS.1 

microscope and ZEN 3.11 software. Samples 

were imaged in 50% culture medium (RPMI 

[Lonza] with 10% FBS [Gibco]) and 50% Krebs 

solution (150 mM NaCl, 6 mM KCl, 10 mM 

HEPES, 10 mM glucose, 1.5 mM CaCl2, 1 mM 

MgCl2, pH 7.4) at 37°C with 5% CO2. Live cell 

images were obtained using a 10x objective and 

an additional 1.6x magnification with the 

OptoVar lens. Images were captured using 

structured illumination microscopy on the 

EMCCD camera (Ander iXon+ 897, 512x512) at 

one frame per second. Analysis of the images was 

performed using the ImageJ 1.54p software to 

acquire Fluo 4-AM intensity over time. 

 

Boyden chamber migration assay – As 

described before, hCMEC/D3 cells were 

collected and cultured in collagen I-coated 

Thinserts (8.25x103 cells, 24-well, 3 µm, Greiner 

Bio-One). On days four and six, cells were 

replenished with experimental and reduced 

medium respectively. On day six, cells were 

treated with IFN-γ (10 ng/ml) and TNF-α (100 

ng/ml, both Peprotech) On day seven, pre-treated 

Jurkat cells were added to the inserts (5x105 cells) 

and allowed to migrate for 24 hours, while Jurkat 

cells were treated with Yoda1 (10 µM in DMSO, 

Tocris Bioscience) for 24 hours without 

migration. Jurkat cells were pre-treated for 24 

hours with either grammostola mechanotoxin 4 

(GsMTx4, 5 µM in water, Abcam) or DMSO 

(vehicle, AppliChem). Jurkat cells were collected 

from the insert (non-migrated) and from the well 

(migrated) for flow cytometry. 

 

Flow cytometry – For the phenotype check 

of Yoda1-treated Tregs, Tregs isolated from 

blood were treated for 24 hours with IL-2 (150 

ng/ml, eBioscience) and either Yoda1 (1 or 10 

µM in DMSO, Tocris Bioscience) or DMSO 

(vehicle, Applichem) before staining. For the 

phenotype check of Jurkat cells, control, empty, 

and IL-37 vector transfected cells were thawed 

and stimulated for 24 hours with coated anti-CD3 

(10 μg/ml, Invitrogen), and anti-CD28 (1 μg/ml, 

BD Biosciences) before staining. For the Piezo1 

staining, PBMCs from healthy donors were 

thawed and left to rest for two hours before 

staining. For the migration assay, Jurkat cells 

were collected from the insert and the well after 

24 hours. First, all cells were stained using 

Zombie NIR live/dead staining (BioLegend).  For 

phenotyping, Tregs and Jurkat cells were stained 

using CTLA-4 Brilliant Violet (BV) 785 and 

CD25 Kiravia Blue (both BioLegend). For the 

Piezo1 staining, PBMCs were stained with the 

following antibodies: CD3 Alexa Fluor 700, CD4 

PerCP/Fire 806, CD8 BV510, CD14 Spark Blue 

574, CD16 BV750, CD25 BV711, CD56 BV650, 

CXCR3 BV421, and CCR6 PerCP/Cyanine5.5 

(all BioLegend). For the migration assay, Jurkat 

cells were stained using CD4 PerCP/Fire 806, 

CD25 BV711, CD69 BV421, and IL-17 BV785 

(all BioLegend). Next, all cells were 

permeabilized using the FOXP3/transcription 

factor staining buffer kit (Thermo Fisher 

Scientific) according to manufacturer 

instructions. Tregs and Jurkat cells for 

phenotyping were further stained with FOXP3 

BV421 (BioLegend), while PBMCs were stained 

with Piezo1 PE (Bio-Techne) and FOXP3 AF647 

(BioLegend). Finally, for the migration assay, 

Jurkat cells were stained using IFNγ PerCP-

Cy5.5, FOXP3 AF647 (both BioLegend), and 

Piezo1 PE (Bio-Techne). Data was acquired on 

the Aurora (Cytek) and analyzed using FlowJo 

10.10.0 (BD Biosciences), to acquire percentages 

and mean fluorescence intensity (MFI). 

 

Statistical analysis – GraphPad Prism 

version 10.4.1 (GraphPad Software) was used to 

perform all statistical analyses. Data are shown as 

mean ± SEM. To analyze data, a nonparametric 

Kruskall-Wallis test was performed, followed by 

a Dunn’s test for multiple comparisons with a 

significance level of p<0.05. 

 

RESULTS  

IL-37 overexpression does not induce a Treg 

phenotype or functionality in Jurkat cells – In an  

attempt to establish a stable human Treg-like cell 

line to use for further experiments, E6 Jurkat cells 
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were transfected with an IL-37 overexpressing 

vector as described by Osborne et al. (49). First, 

qPCR was performed, measuring IL-37 

expression, to validate that the transfection was 

successful. Here, cells treated with the IL-37 

overexpressing vector showed increased 

expression of IL37 compared to the empty vector 

or non-transfected Jurkat cells (Figure 2a). 

Secondly, acquirement of a Treg phenotype and 

functionality after transfection was examined. 

Using qPCR and flow cytometry, expression of 

typical Treg markers, including FOXP3, TGF-β, 

CD25, and CTLA-4, was evaluated. Here, the IL-

37 transfected cells showed an increase in TGFB, 

but not FOXP3, mRNA expression (Figure 2a). 

Moreover, while there was a trend of increasing 

CD25 protein expression compared to both the 

empty vector and control cells, all groups 

displayed limited to no protein expression of 

FOXP3 or CTLA4 (Figure 2b). Finally, Treg 

functionality of the transfected cells was 

examined using a suppression assay, where both 

transfected and non-transfected Jurkat cells 

showed a similar decrease in Teff proliferation 

compared to the reference condition (1:0) (Figure 

2c). Based on these results, we cannot validate 

that the IL-37 transfected Jurkat cells have 

acquired a sufficient Treg phenotype. For this 

reason, all further experiments were performed 

using primary Tregs or non-transfected Jurkat 

cells.  

 

Piezo1 is expressed on all immune cell 

subsets, including high levels on Tregs – For 

Piezo1 activation to be a potential cause of the 

Treg phenotype switch, Piezo1 needs to be 

expressed on the surface of Tregs as they migrate 

through the BBB. To validate this, expression of 

the channel on different immune cell subsets was 

evaluated using flow cytometry. Here, PBMCs 

from healthy controls were stained for a variety 

of immune subset-specific markers, as well as 

Piezo1. All live cells, monocytes, natural killer 

(NK) cells, and T cells showed expression of the 

channel (Figure 3a). Within the different 

immune cell subsets, T cells displayed the highest 

PIEZO1 expression levels, with significant 

increases in Th17 cells compared to monocytes or 

NK cells (Figure 3b). Moreover, all Jurkat cells 

expressed PIEZO1, with a slight decrease in 

expression upon Yoda1 activation (Figure 3c). 

These results validate that Piezo1 is expressed on 

Tregs, implying that the channel might interact 

with the BBB during transmigration.  

 

Activation of Piezo1 alters the phenotype 

and functionality of Tregs – Since Piezo1 was 

shown to negatively affect the Treg pool and EAE 

disease severity, we aimed to evaluate how 

exactly Piezo1 activation affects the phenotype 

and functionality of Tregs (45). First, the 

phenotype of Tregs treated with the Piezo1 

agonist Yoda1 was investigated using flow 

cytometry. Here, Tregs treated with the highest 

concentration of Yoda1 (10 µM) showed a 

significant decrease in viability relative to the 

lowest concentration (1µM) but not the untreated 

cells (0 µM), demonstrating a small increase in 

viability in the lowest treatment group (Figure 

4a). Although not significant, there is also a trend 

of decreasing CD25 expression with increasing 

concentrations of Yoda1 (Figure 4b). The 

expression of CTLA4 showed an increasing trend 

with higher concentrations of Yoda1, with a 

significant increase in the highest treatment group 

(Figure 4c). Moreover, while the percentage of 

FOXP3 positive cells remained unchanged, these 

cells showed a significantly reduced expression 

of FOXP3 with increasing concentrations of 

Yoda1 (Figure 4d). Next, the suppressive 

capacity of Tregs after Piezo1 activation was 

investigated using a suppression assay. Here, 

Tregs pre-treated with Yoda1 (10 µM) showed a 

reduction in their suppressive capabilities 

compared to a vehicle control (Figure 4e). 

Combined, these results imply that Piezo1 

activation might alter the phenotype of Tregs by 

decreasing expression of Treg-associated 

markers, such as FOXP3, thereby reducing the 

suppressive capacity of these cells.  

 

Piezo1 activation in Jurkat cells 

potentially mediates purinergic receptor 

signalling pathways – Next, since Piezo1 

activation seems to affect the Treg phenotype and 

functionality, the intracellular pathways 

underlying these functional changes were 

investigated. For this, qPCR was performed on 

Yoda1-treated Jurkat cells (10 µM). First, the 

effect of Piezo1 activation on PIEZO1 mRNA 

expression was examined, demonstrating a trend 

of increasing expression upon Yoda1 treatment 

(Figure 5). Next, since the calpain signalling 

pathway was shown to restrain Treg functionality 

by modulating TGF-β production, expression of 

both calpain-1 catalytic subunit 1 (CAPN1) and 

SMAD6 were investigated, revealing no changes 

in expression (44). Thirdly, since ATP release 

was shown to be involved in Piezo1 signalling via 

activation of purinergic P2X receptors, 
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expression of the P2RX7 gene was evaluated (41). 

Here, there was a trend of decreasing expression, 

suggesting that Piezo1 activation in Jurkat cells 

might modulate purinergic receptor signalling. 

Finally, since the calcineurin/NFAT pathway has 

also been linked to Piezo1, mRNA expression of 

phosphatase 3 catalytic subunit alpha (PPP3CA), 

the catalytic subunit of calcineurin, and NFAT 

cytoplasmic 1 (NFATC1), a component of the 

NFAT DNA binding transcription complex, were 

evaluated. Moreover, the mRNA expression of 

two modulators within this pathway, 

calcium/calmodulin-dependent protein kinase 

type IV (CAMK4) and CAMK2 inhibitor 1 

(CAMK2N1), was also measured. Here, 

expression of PPP3CA, NFATC1, CAMK4, and 

CAMK2N1 remained unaltered upon Piezo1 

activation. Together, these results suggest that 

both the calpain and calcineurin/NFAT pathways 

are not involved in Piezo1 signalling within 

Jurkat cells. Moreover, while not significant, the 

trend of increasing PIEZO1 and decreasing 

P2RX7 expression does imply potential 

involvement of purinergic receptors.  
 

 
Figure 2 – IL-37 overexpression in Jurkat cells does not induce a Treg phenotype or 

functionality. Jurkat cells were transfected with an IL-37 overexpressing or empty lentiviral vector. 

(a) qPCR analysis of FOXP3, TGFB, and IL37 gene expression (n=1). (b) Flow cytometry analysis 

of CD25, CTLA4, and FOXP3 protein expression in control, empty vector, or IL-37 vector transfected 

Jurkat cells (n=1). Gating strategy in Figure S1. (c) Suppression assay showing relative proliferation 

of Teff cultured for five days alone (1:0) or with different ratios (1:0.5, 1:1) of control, empty vector, 

or IL-37 vector transfected Jurkat cells (n=1). (d) Representative CellTrace Violet dilution plots of 

control and empty vector, or control and IL-37 vector transfected Jurkat cells (1:1). Relative 

percentage proliferation represents dilution of CellTrace Violet with different ratios of Jurkat cells, 

normalized to the 1:0 condition. Gating strategy in Figure S2. CTLA4, cytotoxic T lymphocyte-

associated protein 4; FOXP3, forkhead box P3; IL, interleukin; qPCR, quantitative polymerase chain 

reaction; Teff, effector T cell; TGFB, transforming growth factor beta; Treg, regulatory T cell. 
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Migration through an in vitro inflamed 

BBB model induces calcium influxes and a pro-

inflammatory phenotype in Jurkat cells – Finally, 

we aimed to elucidate whether migration through 

the inflamed BBB alters the phenotype of Tregs 

via activation of Piezo1. Therefore, we first 

examined whether migration through inflamed 

BBB endothelial cells causes Piezo1 activation in 

Jurkat cells. For this, calcium imaging was used, 

measuring calcium influxes in Jurkat cells 

migrating through inflamed hCMEC/D3 cells. 

Here, Jurkat cells showed increased calcium 

influxes, likely caused by interaction with or 

migration through the endothelial cells (Figure 

6a, b). These results confirm that calcium 

influxes occur within Jurkat cells, possibly 

caused by migration through inflamed endothelial 

cells. Moreover, these calcium influxes are 

potentially regulated by the Piezo1 ion channel. 

Secondly, to examine changes in the phenotype 

of Jurkat cells after BBB transmigration, flow 

cytometry was performed on non-migrated and 

migrated Jurkat cells treated with the Piezo1 

inhibitor GsMTx4 (5 µM) or a vehicle control 

(DMSO). These results were then compared to 

Yoda1-treated Jurkat cells (10 µM) that did not 

undergo migration. Here, inhibition of Piezo1 

was found to reduce the migratory capacity of 

Jurkat cells compared to the control (Figure 6c). 

Secondly, migration through inflamed BBB 

endothelial cells reduced the viability of Jurkat 

cells, with the lowest viability in the GsMTx4-

treated group (Figure 6d). The Yoda1-treated 

group showed a comparable decrease in viability. 

Similarly, the expression of PIEZO1 followed a 

decreasing trend after migration, but not Yoda1 

treatment (Figure 6e). Thirdly, while expression 

of CD69 showed a slight increase, CD4 

expression considerably decreased after 

migration (Figure 6f, g). While the Yoda-1 

treated cells showed a similar CD69 expression to 

non-migrated cells, their expression of CD4 

followed that of migrated cells. Next, expression 

of CD25 and the Treg- specific marker FOXP3 

showed mixed results, with CD25 increasing and 

FOXP3 decreasing after migration, both with or 

without Piezo1 inhibition (Figure 6h). 

 

 
 

Figure 3 – Piezo1 is expressed on all immune cells, including Tregs and Jurkat cells. Validation 

of Piezo1 expression on various immune cell subsets, including Tregs and Jurkat cells. Flow 

cytometry analysis showing (a, c) percentage expression or (b, d) MFI of PIEZO1 on (a-b) live cells, 

monocytes, NK cells and T cell subsets (n=5), or (c-d) Jurkat cells treated with Yoda1 (10 µM) or a 

vehicle control (n=1). Data are depicted as mean ± SEM. (e) Representative histograms of PIEZO1+ 

cells within PBMCs or (Yoda1-treated) Jurkat cells. Gating strategy in Figure S3. Kruskall-Wallis 

test, Dunn’s test for multiple comparisons. **p<0.01, ***p<0.001. CTL, cytotoxic T lymphocyte; 

MFI, mean fluorescent intensity; NK, natural killer; PBMCs, peripheral blood mononuclear cells; 

Th, helper T cell; Treg, regulatory T cell. 
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Interestingly, the Yoda1-treated cells showed 

opposite results, with a decrease in CD25 and an 

increase in FOXP3 expression. Finally, protein 

expression of the pro-inflammatory cytokines IL- 

17 and IFN-γ was increased in migrated 

compared to non-migrated Jurkat cells (Figure 

6i). Again, Yoda1 treatment induced opposite 

effects, with decreased expression of both 

cytokines. Together, these results suggest that 

migration through an in vitro inflamed BBB 

model induces a pro-inflammatory phenotype 

switch in Jurkat cells by decreasing expression of 

the Treg-specific marker FOXP3 and increasing 

expression of pro-inflammatory cytokines. 

Furthermore, we found that Yoda1 treatment 

induces a phenotype similar to the non-migrated 

control, while GsMTx4-treated Jurkat cells share 

a phenotype with the migrated control. 

Altogether, these results show that Piezo1 

inhibition cannot prevent a pro-inflammatory 

phenotype switch, implying that Piezo1 

interactions alone are not sufficient in mimicking 
 

 
Figure 4 – Alterations in Treg phenotype and functionality following Piezo1 activation. The 

phenotype and suppressive capacity of Yoda1-treated Tregs was examined. Flow cytometry analysis 

shows (a) Treg viability and (b-d) relative percentage expression or MFI of (b) CD25, (c) CTLA4, 

and (d) FOXP3 on Yoda1-treated Tregs (1, 10 µM, n=5). Gating strategy in Figure S1. Kruskall-

Wallis test, Dunn’s test for multiple comparisons. **p<0.01. (e) Suppression assay showing relative 

proliferation of Teff cultured alone (1:0) or with different ratios (1:0.5, 1:1) of Tregs treated with 

Yoda1 (10 µM) or a vehicle control (n=3). (f) Representative CellTrace Violet dilution plots of vehicle 

and Yoda1-treated Tregs (1:0.5). Relative percentage proliferation represents dilution of CellTrace 

Violet with different ratios of Tregs, normalized to the 1:0 condition. Gating strategy in Figure S2. 

All data are depicted as mean ± SEM. CTLA4, cytotoxic T lymphocyte-associated protein 4; FOXP3, 

forkhead box P3; MFI, mean fluorescent intensity; Teff, effector T cell; Treg, regulatory T cell. 
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the phenotypic alterations caused by migration 

through the inflamed BBB. 

 

DISCUSSION 

The phenotype switch Tregs experience during 

BBB transmigration in MS limits the efficacy of 

Treg-based cell therapies for these patients. 

However, the underlying mechanisms that cause 

these pro-inflammatory alterations in Tregs 

remain unclear. Here, we investigated the 

involvement of Piezo1, a mechanosensitive ion 

channel, in modulating these changes. We found 

that in vitro Piezo1 activation alters the 

phenotype and functionality of Tregs, potentially 

mediated by purinergic P2X receptor signalling. 

Moreover, we discovered that T cell interactions 

with in vitro inflamed BBB endothelial cells 

induce calcium influxes and a pro-inflammatory 

phenotype switch, possibly mediated by Piezo1.  

Nonetheless, inhibition of the channel was not 

able to prevent this phenotype switch, suggesting 

that Piezo1 activation alone is not the cause of 

these changes. 

 

Since the number of Tregs that could be acquired 

from the blood of healthy controls was limited, 

we attempted to create a Treg-like cell line to use 

in further experiments. Interestingly, several 

studies had already demonstrated that IL-37 can 

enhance the suppressive capacity of Tregs by 

upregulating CTLA-4 and FOXP3 expression, as 

well as promoting production of TGF-β1 (49, 50). 

Based on these findings, we attempted to create a 

stable Treg-like Jurkat cell line by transfecting an 

IL-37 overexpressing vector into the E6 Jurkat 

cell line (49). Here, we showed an increase in 

IL37 mRNA expression, validating that the 

transfection was successful. Nevertheless, there 

was no significant increase in expression of 

typical Treg markers, such as FOXP3 and CD25, 

or suppressive capacity of the IL-37 transfected 

cells. Although both non-transfected and IL-37 

transfected Jurkat cells demonstrated the ability 

to suppress Teff in a suppression assay, this is 

more likely caused by uncontrolled overgrowth of 

the Jurkat cells, limiting proliferation of the Teff. 

Based on these results, Piezo1-induced alterations 

in phenotype and functionality were studied in 

Tregs, rather than Jurkat cells. Nevertheless, due 

to the high numbers of Tregs required to perform 

the other experiments, these were still carried out 

using CD4+ Jurkat T cells.  

 

Therefore, the similarity in Piezo1 expression on 

these cells compared to Tregs was validated by 

examining expression of the channel on PBMCs 

and Jurkat cells using flow cytometry. These 

results showed that Piezo1 is expressed on all 

immune cell subsets, including NK cells, 

monocytes, and lymphocytes. Nevertheless, there 

were differences in how much Piezo1 is 

expressed on the different cell types. While T 

cells showed the highest expression levels, Th17 

cells specifically showed a significant increase in 

Piezo1 expression compared to NK cells and 

monocytes. 
 

 

 
 

Figure 5 – Piezo1 signalling in Jurkat cells might be mediated by purinergic P2X receptors. 

Analysis of intracellular pathways potentially involved in Piezo1 signalling in Jurkat cells. qPCR data 

shows gene expression of various signalling pathway mediators in Yoda1-treated Jurkat cells (10 µM, 

n=5). Kruskall-Wallis test, Dunn’s test for multiple comparisons. Data are depicted as mean ± SEM. 

CAMK2N1, calcium/calmodulin-dependent protein kinase type II inhibitor 1; CAMK4, 

calcium/calmodulin-dependent protein kinase type IV; CAPN1, calpain 1; FOXP3, forkhead box P3; 

NFATC1, nuclear factor of activated T cells cytoplasmic 1; PPP3CA, phosphatase 3 catalytic subunit 

alpha; qPCR, quantitative polymerase chain reaction. 
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Figure 6 – Migration through an inflamed BBB model induces calcium influxes and a pro-

inflammatory phenotype in Jurkat cells. Analysis of calcium influxes and phenotype of Jurkat cells 

migrated through an in vitro inflamed BBB model. (a) Fluo-4 staining shows calcium influxes (green) 

at different timepoints (500, 1000, 1500 sec) in Jurkat cells migrating through inflamed hCMEC/D3 

cells. Dotted lines represent possible migrated cells based on Fluo-4 intensity. Images taken at 16x 

magnification. Scale bars represent 25 µm. (b) Fluo-4 fluorescent intensity within a Jurkat cell during 

possible migration through inflamed hCMEC/D3 cells. (c-h) Jurkat cells were treated with GsMTx4 

(5 µM) or a vehicle before migration through inflamed hCMEC/D3 cells, or treated with Yoda1 (10 

µM) without migration. Flow cytometry analysis showing (c) percentage of migrated cells, (d) 

viability of Jurkat cells, or percentage expression of (e) PIEZO1, (f) CD69, (g) CD4, (h) CD25, 

FOXP3, (i) IL17, and IFNG. Gating strategy in Figure S4. Data shown was acquired from a single 

measurement. BBB, blood-brain barrier; FOXP3, forkhead box P3; GsMTx4, grammostola 

mechanotoxin 4; IFNG, interferon gamma; IL, interleukin; MFI, mean fluorescent intensity. 
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This follows the idea that functional expression of 

Piezo1 on T cells is necessary for optimal T cell 

development and activation (40, 45). Moreover, 

Piezo1 expression on Jurkat and primary human 

CD4+ T cells is known to play a vital role in 

regulating migration of T cells. This was 

demonstrated in a transwell chemotaxis assay, 

where GsMTx4- or siRNA-mediated Piezo1 

knockdown significantly reduced T cell 

migration (51). Combined, these results prove 

that Piezo1 is expressed on both Jurkat cells and 

Tregs, highlighting potential involvement of the 

channel in mediating the phenotype switch of 

BBB-transmigrated Tregs. 

 

While migration through the inflamed BBB was 

already proven to induce a pro-inflammatory 

phenotype switch in Tregs, it remains unclear 

whether mechanical changes affect these cells in 

a similar way (16). Therefore, to examine how the 

phenotype and functionality of Tregs is affected 

by activation of mechanosensitive ion channels, 

Tregs were pre-treated with the Piezo1 agonist 

Yoda1. Here, Yoda1 treatment resulted in a 

significant decrease in the viability of Tregs. This 

is in line with results from various other cell 

types, where higher concentrations of Yoda1 

significantly reduced cell viability. In human 

endothelial cells for example, Yoda1 

concentrations above 10 µM were shown to cause 

a significant amount of cell death after four hours 

(52). This follows the idea that Piezo1 plays a role 

in mediating calcium-dependent cell death in 

response to abnormal mechanical stresses, 

particularly in cancer cells that express high 

levels of the channel (53). Contrary to this 

however, another study documented that the 

viability of Yoda1-treated (0.1-10 µM) human 

breast cancer cells increased in a dose-dependent 

manner (54). This somewhat aligns with the small 

increase in viability we observed in the treatment 

group with the lowest concentration of Yoda1 (1 

µM). Nonetheless, Piezo1-mediated cytotoxicity 

also limits the therapeutic potential of Tregs. 

Secondly, based on expression of Treg-associated 

markers, Yoda1-treated Tregs displayed a loss of 

their regulatory phenotype. Notably, there was a 

significant decrease in FOXP3 expression. Such 

a decrease was previously shown to reduce 

functional stability and suppressive capacity of 

Tregs in the context of autoimmunity and 

inflammation (16, 28). Similarly, Yoda1-induced 

activation of Piezo1 evoked a trend of decreasing 

CD25 expression. This trend has also been 

demonstrated in Tregs migrating through an in 

vitro inflamed BBB model, where migrated Tregs 

exhibited an exFOXP3 phenotype with decreased 

expression of CD25 (16). Interestingly however, 

the Yoda1-treated Tregs showed a significant 

increase in CTLA4 expression. Similarly, 

CTLA4 expression was found to be amplified 

after in vitro mechanical compression of human 

glioma cells, which was shown to be regulated by 

the Piezo1 pathway (55). Yet, no studies in Tregs 

have directly reported a similar increase in 

CTLA4 with decreases in CD25 and FOXP3 

expression. Nevertheless, these changes in Treg 

phenotype need to be validated upon mechanical 

activation of Piezo1, and more specifically, upon 

migration through the inflamed BBB. Next, a 

suppression assay performed with Yoda1 pre-

treated Tregs unveiled a trend of reduced 

suppressive capacity compared to the vehicle 

control. Contrary to these results, in an EAE 

model with a T cell specific genetic deletion of 

Piezo1, the in vitro suppressive capacity of 

Piezo1-/- Tregs compared to those expressing the 

channel remained unaltered (45). Interestingly, 

this knockout did show diminished disease 

severity, as well as an increase of the Treg pool in 

vivo (45). Regardless of the increase in CTLA4 

expression, a loss of suppressive capacity aligns 

with the altered phenotype that Tregs acquire 

upon Piezo1 activation. Combined with findings 

from another study, where CTLA-4 knockout 

Tregs retained their suppressive abilities in vitro 

but not in vivo, this suggests that CTLA-4 alone 

is not sufficiently able to maintain the suppressive 

capabilities of Tregs (56). These findings, 

together with the small sample size, large 

variation, and lack of significance in our results, 

warrant further investigation into the suppressive 

capacity of Tregs upon Piezo1 activation. 

 

Next, to explain how Piezo1 activation causes 

these alterations in the Treg phenotype, we 

investigated intracellular pathways that might be 

involved. For this, mRNA expression of various 

signalling molecules within these pathways was 

evaluated in Yoda1 pre-treated Jurkat cells. First, 

since previous RNA sequencing data from our 

group revealed that PIEZO1 mRNA expression 

was upregulated in BBB-transmigrated Tregs, we 

examined whether Yoda1 affects expression in a 

similar way. Here, there was a non-significant 

trend of increasing mRNA expression upon 

Yoda1 treatment. This aligns with flow cytometry 

data we acquired measuring PIEZO1 expression 

in these cells, which remained unchanged in both 

groups (data not shown). Moreover, this is similar 
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to the protein expression of PIEZO1 measured in 

erythroblasts treated with Yoda1, which also 

remained unaltered (57). One study suggests a 

model where Yoda1 changes the conformation of 

Piezo1, thereby lowering the mechanical 

threshold and activating the channel (58). This 

could explain increased Piezo1 activation without 

a need for increased expression of the channel. 

Secondly, expression of CAPN1 was examined 

based on the role calpain was found to play in 

regulating Treg stability upon Piezo1 activation 

(44). Since this regulation was linked to 

modulation of the TGF-β/SMAD pathway, 

expression of the TGF-β regulator SMAD6 was 

also evaluated (44). Here, no significant 

alterations in mRNA expression of CAPN1 or 

SMAD6 were found upon Piezo1 activation in 

Jurkat cells. One study focusing on the 

involvement of calpain in Jurkat chemotaxis 

showed that administering the calpain inhibitor 

calpeptin reduced their chemotaxis in a dose-

dependent manner (59). Interestingly, while 

Jurkat cells showed basal levels of calpain 

expression, these levels did not change upon 

migration with or without the inhibitor. This was 

explained using the short timeframe of the 

migration resulting in changes in calpain activity, 

rather than protein expression (59). Therefore, 

examining activation of calpain, rather than 

mRNA expression, could provide more 

comprehensive results. Additionally, while 

SMAD6 does not seem to be involved in Piezo1 

signalling in Jurkat cells, involvement of other 

SMADs should not be ruled out. One example are 

SMAD3 and 4, which were shown to play a vital 

role in regulating TGF-β1 induced expression of 

the IL-2 receptor (IL-2R) α chain (60). IL-2 

signalling via the IL-2R is vital for the 

development and functionality of Tregs (61). 

Next, the release of ATP and consequent 

activation of purinergic P2X receptors has also 

been linked to Piezo1 activation (41). Therefore, 

we examined expression of the P2XR7 gene, 

which showed a non-significant but decreasing 

trend in Yoda1-treated compared to control Jurkat 

cells. Purinergic receptors are known to modulate 

T cell functions, with silencing of these receptors 

resulting in impaired activation, proliferation, and 

migration of T cells (62, 63). Combined with our 

data, this suggests that reduced expression of the 

P2X7 receptor upon Piezo1 activation might 

affect the migratory capacity of Tregs. Moreover, 

silencing of the P2X7 receptor was shown to 

inhibit calcium influx, NFAT activation, and IL-

2 expression, thereby suppressing T cell 

activation (63). However, it is interesting to note 

that Jurkat cells have a lower expression of this 

receptor compared to CD4+ T cells, contributing 

to their growth by protecting the cells from 

apoptosis (63). Thirdly, involvement of the 

calcineurin/NFAT pathway, as seen in the context 

of myocardial hypertrophy and osteoarthritis, was 

explored (47, 48). For this, mRNA expression of 

PPP3CA, NFATC1, CAMK4, and CAMK2N1 

were evaluated, where no significant changes 

were found. In T cells, activation of the T cell 

receptor is known to induce calcium increases, 

leading to calcineurin activation by calmodulin 

(64). Calcineurin then dephosphorylates NFAT, 

resulting in nuclear translocation and modulating 

expression of genes, such as IFN-γ (64). 

Therefore, to investigate alterations within this 

signalling pathway, examining phosphorylation 

rather than mRNA expression might yield more 

conclusive results.  

 

One reason for the lack of significance in this 

experiment could be the low number of samples 

that were used, limiting the power of statistical 

analyses. Secondly, it is possible that 24 hours of 

Yoda1 exposure is not sufficient to induce large 

changes in gene expression within these 

pathways. Nevertheless, as Tregs are only 

submitted to Piezo1 activation during their short 

migration time through the BBB, longer exposure 

periods could limit the biologic relevance of the 

experiment. Next, due to the lack of starting 

material that could be obtained from Tregs, the 

experiment was performed using Jurkat cells. As 

one of the most used cell lines in T cells research, 

working with the immortalized CD4+ Jurkat T 

cell line offers a practical advantage compared to 

primary Tregs. However, there are important 

differences between Jurkat and primary CD4+ T 

cells that need to be kept in mind. Examples 

include differences in innate responses to 

bacteria, transcriptional modulation, and 

cytoskeletal organization (65-67). Hence, 

investigating the same signalling pathways within 

Tregs could yield different results. Furthermore, 

the signalling molecules explored in this 

experiment were limited to known pathways 

found in literature. Therefore, further research 

into the involvement of these pathways, as well as 

other pathways within Tregs should be carried 

out.  

 

Although we proved that agonist-mediated 

activation of Piezo1 could alter the phenotype of 

Tregs, it remained unclear whether mechanical 



                           Senior internship- 2nd master BMW 

15 
 

changes within the BBB induce similar effects. 

The important role Piezo1 plays in cell migration 

has already been established in various cell types. 

In microglia for example, altered substrate 

stiffness was shown to modulate expression of 

Piezo1, thereby regulating production of pro-

inflammatory cytokines and migration of these 

cells (68). Similarly, the migration rate of HEK 

cells was found to be increased in cells treated 

with a Piezo1 agonist, compared to a decrease in 

cells treated with an inhibitor (69). In T cells 

specifically, Piezo1 activation in response to 

mechanical cues was shown to be integral in 

regulating T cell motility (51). Here, increased 

membrane tension in migrating T cells resulted in 

a redistribution of Piezo1 towards the leading 

edge of these cells (51). In our study, we first 

examined Piezo1 activation by investigating 

calcium influxes into Jurkat cells migrating 

through an in vitro inflamed BBB model. This 

way, we were able to demonstrate that Jurkat cells 

allowed to migrate across inflamed endothelial 

cells experienced an increased influx of calcium. 

Combined with the knowledge that Piezo1 is 

expressed on the surface of Jurkat cells, this 

implies that the channel could be involved in 

mediating calcium influxes during migration 

through the inflamed BBB. It is important to note 

that migration of the Jurkat cells was determined 

based on increases in calcium influx. It is possible 

however that these influxes are caused by other 

calcium-related processes, but not migration 

through the endothelial cells. For example, 

adhesion of Jurkat cells to endothelial cells, 

mediated by very late antigen (VLA)-4 and 

ICAM-1 interactions, also results in calcium 

increases (70). Moreover, it was not validated that 

these influxes were caused by activation of 

Piezo1 specifically, suggesting that other ion 

channels could be involved in this process.  

 

Hence, to validate the involvement of Piezo1, we 

examined the migratory capacity, Piezo1 

expression, and phenotype of BBB-transmigrated 

Jurkat cells treated with or without a Piezo1 

inhibitor. In doing so, we first found that 

inhibiting Piezo1 reduces the migratory capacity 

of Jurkat cells. This finding is comparable to 

results from another study, where Piezo1 siRNA 

transfected CD4+ T cells displayed significantly 

hindered integrin-dependent chemotactic 

migration (51). Secondly, GsMTx4 pre-treated 

Jurkat cells showed a decrease in PIEZO1 

expression after migration, which was 

comparable to the vehicle control. Interestingly, 

since activation of Piezo1 was linked to 

conformational changes of the channel, it is 

possible that these changes prevent binding of the 

flow cytometry antibody (58, 71). As a result, this 

decreased expression would represent Piezo1 

activation, rather than a decrease in expression. 

Nevertheless, since the Yoda1-treated group did 

not show the same trend, unless Piezo1 

conformational changes differ between Yoda1- 

and migration-induced activation, this effect can 

be ruled out. Thirdly, we evaluated whether 

Piezo1 inhibition could prevent a phenotype 

switch in these cells. Interestingly, GsMTx4 pre-

treatment was not able to prevent a pro-

inflammatory phenotype switch in migrated 

Jurkat cells. This pro-inflammatory phenotype 

was characterized by reduced expression of 

FOXP3, together with increases in IL-17 and 

IFN-γ expression. These results are supported by 

similar findings in human Tregs migrating 

through the same in vitro model, as well as an in 

vivo EAE model (16). In these models, migrated 

Tregs displayed an exFOXP3 phenotype with 

increased expression of inflammatory cytokines, 

including IFN-γ (16). Notably however, 

expression of CD25 and CD69 were increased in 

migrated compared to unmigrated cells, in both 

control and GsMTx4-treated Jurkat cells. CD69 

and CD25 are known early and late activation 

markers of lymphocytes, respectively, with CD25 

expression remaining high and expression of 

CD69 dropping after several hours (72). Since our 

data shows a similar pattern, this increase could 

be explained as activation of the Jurkat cells in 

response to migration rather than phenotypic 

alterations of the cells (72). Altogether, these 

results suggest that Piezo1 inhibition alone is not 

sufficient in preventing a pro-inflammatory 

phenotype switch in BBB-transmigrating Tregs. 

Moreover, when comparing these results to 

Yoda1-treated Jurkat cells, there was a high 

phenotypic similarity to the non-migrated cells. 

Still, there were some differences, such as 

reduced viability and decreased expression of 

CD4 and IFN-γ. Interestingly, differences in CD4 

expression are known to regulate Th1 or Th2 cell 

responses (73). Specifically, Th2 cells were found 

to have a twofold lower surface expression of 

CD4 when compared to Th1 cells (73). When 

combined with the decrease in the Th1-specifc 

cytokine IFN-γ, our results suggest a possible 

shift towards a Th2, rather than Th1, phenotype 

after migration.  
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While Piezo1 activation does alter the phenotype 

of Tregs, these effects still need to be validated in 

an in vitro BBB model. However, data acquired 

from Jurkat cells in this model suggests that these 

phenotypic changes might not be comparable to 

the pro-inflammatory phenotype acquired during 

migration through the inflamed BBB. This 

implies that, rather than Piezo1 alone, other Treg-

BBB interactions are necessary to cause this 

phenotype switch. One example is the mTORC1 

signalling pathway, which upon inhibition was 

able to restore Treg functionality after BBB 

transmigration (16). Nevertheless, since this 

experiment was performed using Jurkat cells, it is 

possible that Tregs interact differently with the 

BBB endothelial cells, potentially yielding 

different results. This is further highlighted by the 

lack of phenotype switch in Jurkat cells treated 

with Yoda1 compared to Tregs. Finally, the use 

of inflamed human endothelial cells as a 

pathological BBB model remains limited. As 

mentioned, the BBB is a structure consisting of a 

variety of cell types, including but not limited to 

endothelial cells (1). Furthermore, the static 

conditions of the migration assay used here are 

unable to mimic the physiological flow and shear 

stresses Tregs undergo in vivo (74). Therefore, 

research into the interactions between Tregs and 

other cells present within the BBB, as well as in 

vivo studies, should provide a more extensive 

overview of Treg-BBB interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSION 

Altogether, these results reveal that Piezo1 

activation causes a loss of Treg phenotype and 

functionality, potentially mediated by purinergic 

P2X receptor signalling. A similar pro-

inflammatory phenotype switch was found in T 

cells migrated through an in vitro inflamed BBB 

model, verifying the physiological relevance of 

these changes. Furthermore, these changes in T 

cell phenotype were linked to calcium influxes 

within the cells, suggesting potential involvement 

of the Piezo1 ion channel. Nevertheless, Piezo1 

inhibition on migrating T cells was not able to 

prevent a pro-inflammatory phenotype switch, 

suggesting involvement of other Treg-BBB 

interactions. Therefore, further research into 

elucidating the mechanisms underlying the pro-

inflammatory phenotype switch of BBB-

transmigrated Tregs is required. In doing so, the 

safety and efficacy of Treg-based therapies can be 

improved, ultimately ameliorating the quality of 

life of MS patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



                           Senior internship- 2nd master BMW 

17 
 

REFERENCES 

1. Ortiz GG, Pacheco-Moisés FP, Macías-

Islas MÁ, Flores-Alvarado LJ, Mireles-Ramírez 

MA, González-Renovato ED, et al. Role of the 

Blood–Brain Barrier in Multiple Sclerosis. 

Archives of Medical Research. 2014;45(8):687-

97. 

2. Walton C, King R, Rechtman L, Kaye W, 

Leray E, Marrie RA, et al. Rising prevalence of 

multiple sclerosis worldwide: Insights from the 

Atlas of MS, third edition. Mult Scler. 

2020;26(14):1816-21. 

3. Lassmann H. Multiple Sclerosis 

Pathology. Cold Spring Harb Perspect Med. 

2018;8(3). 

4. Chitnis T. The role of CD4 T cells in the 

pathogenesis of multiple sclerosis. Int Rev 

Neurobiol. 2007;79:43-72. 

5. Fletcher JM, Lalor SJ, Sweeney CM, 

Tubridy N, Mills KH. T cells in multiple sclerosis 

and experimental autoimmune 

encephalomyelitis. Clin Exp Immunol. 

2010;162(1):1-11. 

6. Rodríguez Murúa S, Farez MF, Quintana 

FJ. The Immune Response in Multiple Sclerosis. 

Annual Review of Pathology: Mechanisms of 

Disease. 2022;17(Volume 17, 2022):121-39. 

7. Liu R, Du S, Zhao L, Jain S, Sahay K, 

Rizvanov A, et al. Autoreactive lymphocytes in 

multiple sclerosis: Pathogenesis and treatment 

target. Front Immunol. 2022;13:996469. 

8. Schreiner TG, Romanescu C, Popescu 

BO. The Blood-Brain Barrier-A Key Player in 

Multiple Sclerosis Disease Mechanisms. 

Biomolecules. 2022;12(4). 

9. Engelhardt B, Coisne C. Fluids and 

barriers of the CNS establish immune privilege 

by confining immune surveillance to a two-

walled castle moat surrounding the CNS castle. 

Fluids Barriers CNS. 2011;8(1):4. 

10. Engelhardt B, Ransohoff RM. The ins 

and outs of T-lymphocyte trafficking to the CNS: 

anatomical sites and molecular mechanisms. 

Trends in Immunology. 2005;26(9):485-95. 

11. Sweeney MD, Zhao Z, Montagne A, 

Nelson AR, Zlokovic BV. Blood-Brain Barrier: 

From Physiology to Disease and Back. Physiol 

Rev. 2019;99(1):21-78. 

12. Stephens LA, Malpass KH, Anderton 

SM. Curing CNS autoimmune disease with 

myelin-reactive Foxp3+ Treg. European Journal 

of Immunology. 2009;39(4):1108-17. 

13. Tischner D, Weishaupt A, Brandt Jvd, 

Müller N, Beyersdorf N, Ip CW, et al. Polyclonal 

expansion of regulatory T cells interferes with 

effector cell migration in a model of multiple 

sclerosis. Brain. 2006;129(10):2635-47. 

14. Mekala DJ, Geiger TL. Immunotherapy 

of autoimmune encephalomyelitis with redirected 

CD4+CD25+ T lymphocytes. Blood. 

2005;105(5):2090-2. 

15. Hori S, Nomura T, Sakaguchi S. Control 

of Regulatory T Cell Development by the 

Transcription Factor <i>Foxp3</i>. Science. 

2003;299(5609):1057-61. 

16. Baeten P, Hamad I, Hoeks C, 

Hiltensperger M, Van Wijmeersch B, Popescu V, 

et al. Rapamycin rescues loss of function in 

blood-brain barrier–interacting Tregs. JCI 

Insight. 2024;9(7). 

17. Verreycken J, Baeten P, Broux B. 

Regulatory T cell therapy for multiple sclerosis: 

Breaching (blood-brain) barriers. Hum Vaccin 

Immunother. 2022;18(7):2153534. 

18. Takahashi T, Tagami T, Yamazaki S, 

Uede T, Shimizu J, Sakaguchi N, et al. 

Immunologic Self-Tolerance Maintained by 

Cd25+Cd4+Regulatory T Cells Constitutively 

Expressing Cytotoxic T Lymphocyte–Associated 

Antigen 4. Journal of Experimental Medicine. 

2000;192(2):303-10. 

19. Kim G-R, Choi J-M. Current 

Understanding of Cytotoxic T Lymphocyte 

Antigen-4 (CTLA-4) Signaling in T-Cell Biology 

and Disease Therapy. Molecules and Cells. 

2022;45(8):513-21. 

20. Zheng SG, Wang JH, Stohl W, Kim KS, 

Gray JD, Horwitz DA. TGF-β Requires CTLA-4 

Early after T Cell Activation to Induce FoxP3 and 

Generate Adaptive CD4+CD25+ Regulatory 

Cells1. The Journal of Immunology. 

2006;176(6):3321-9. 

21. Baeten P, Van Zeebroeck L, 

Kleinewietfeld M, Hellings N, Broux B. 

Improving the Efficacy of Regulatory T Cell 

Therapy. Clinical Reviews in Allergy & 

Immunology. 2022;62(2):363-81. 

22. Groux H, O'Garra A, Bigler M, Rouleau 

M, Antonenko S, de Vries JE, et al. A CD4+ T-

cell subset inhibits antigen-specific T-cell 

responses and prevents colitis. Nature. 

1997;389(6652):737-42. 

23. Powrie F, Leach MW, Mauze S, Menon 

S, Barcomb Caddle L, Coffman RL. Inhibition of 

Thl responses prevents inflammatory bowel 

disease in scid mice reconstituted with 

CD45RBhi CD4+ T cells. Immunity. 

1994;1(7):553-62. 



                           Senior internship- 2nd master BMW 

18 
 

24. Wan YY, Flavell RA. 'Yin-Yang' 

functions of transforming growth factor-beta and 

T regulatory cells in immune regulation. 

Immunol Rev. 2007;220:199-213. 

25. Dombrowski Y, O'Hagan T, Dittmer M, 

Penalva R, Mayoral SR, Bankhead P, et al. 

Regulatory T cells promote myelin regeneration 

in the central nervous system. Nature 

Neuroscience. 2017;20(5):674-80. 

26. Ito M, Komai K, Mise-Omata S, Iizuka-

Koga M, Noguchi Y, Kondo T, et al. Brain 

regulatory T cells suppress astrogliosis and 

potentiate neurological recovery. Nature. 

2019;565(7738):246-50. 

27. Venken K, Hellings N, Thewissen M, 

Somers V, Hensen K, Rummens J-L, et al. 

Compromised CD4+ CD25high regulatory T-

cell function in patients with relapsing-remitting 

multiple sclerosis is correlated with a reduced 

frequency of FOXP3-positive cells and reduced 

FOXP3 expression at the single-cell level. 

Immunology. 2008;123(1):79-89. 

28. Bailey-Bucktrout Samantha L, Martinez-

Llordella M, Zhou X, Anthony B, Rosenthal W, 

Luche H, et al. Self-antigen-Driven Activation 

Induces Instability of Regulatory T Cells during 

an Inflammatory Autoimmune Response. 

Immunity. 2013;39(5):949-62. 

29. Kleinewietfeld M, Hafler DA. The 

plasticity of human Treg and Th17 cells and its 

role in autoimmunity. Seminars in Immunology. 

2013;25(4):305-12. 

30. Dominguez-Villar M, Baecher-Allan 

CM, Hafler DA. Identification of T helper type 1–

like, Foxp3+ regulatory T cells in human 

autoimmune disease. Nature Medicine. 

2011;17(6):673-5. 

31. Komatsu N, Okamoto K, Sawa S, 

Nakashima T, Oh-hora M, Kodama T, et al. 

Pathogenic conversion of Foxp3+ T cells into 

TH17 cells in autoimmune arthritis. Nature 

Medicine. 2014;20(1):62-8. 

32. Yang XO, Nurieva R, Martinez GJ, Kang 

HS, Chung Y, Pappu BP, et al. Molecular 

Antagonism and Plasticity of Regulatory and 

Inflammatory T Cell Programs. Immunity. 

2008;29(1):44-56. 

33. Bagherpour B, Salehi M, Jafari R, 

Bagheri A, Kiani-Esfahani A, Edalati M, et al. 

Promising effect of rapamycin on multiple 

sclerosis. Multiple Sclerosis and Related 

Disorders. 2018;26:40-5. 

34. Yang K, He X, Wu Z, Yin Y, Pan H, Zhao 

X, et al. The emerging roles of piezo1 channels in 

animal models of multiple sclerosis. Frontiers in 

Immunology. 2022;13. 

35. Weickenmeier J, de Rooij R, Budday S, 

Steinmann P, Ovaert TC, Kuhl E. Brain stiffness 

increases with myelin content. Acta 

Biomaterialia. 2016;42:265-72. 

36. Liu H, Hu J, Zheng Q, Feng X, Zhan F, 

Wang X, et al. Piezo1 Channels as Force Sensors 

in Mechanical Force-Related Chronic 

Inflammation. Frontiers in Immunology. 

2022;13. 

37. Velasco-Estevez M, Gadalla KKE, 

Liñan-Barba N, Cobb S, Dev KK, Sheridan GK. 

Inhibition of Piezo1 attenuates demyelination in 

the central nervous system. Glia. 2020;68(2):356-

75. 

38. Song Y, Li D, Farrelly O, Miles L, Li F, 

Kim SE, et al. The Mechanosensitive Ion Channel 

Piezo Inhibits Axon Regeneration. Neuron. 

2019;102(2):373-89.e6. 

39. Xu F, Xin Q, Ren M, Shi P, Wang B. 

Inhibition of piezo1 prevents chronic cerebral 

hypoperfusion-induced cognitive impairment and 

blood brain barrier disruption. Neurochemistry 

International. 2024;175:105702. 

40. Liu CSC, Raychaudhuri D, Paul B, 

Chakrabarty Y, Ghosh AR, Rahaman O, et al. 

Cutting Edge: Piezo1 Mechanosensors Optimize 

Human T Cell Activation. The Journal of 

Immunology. 2018;200(4):1255-60. 

41. Lai A, Cox CD, Chandra Sekar N, 

Thurgood P, Jaworowski A, Peter K, et al. 

Mechanosensing by Piezo1 and its implications 

for physiology and various pathologies. 

Biological Reviews. 2022;97(2):604-14. 

42. Shields DC, Banik NL. 

Pathophysiological role of calpain in 

experimental demyelination. Journal of 

Neuroscience Research. 1999;55(5):533-41. 

43. Khan H, Garg N, Singh TG, Kaur A, 

Thapa K. Calpain Inhibitors as Potential 

Therapeutic Modulators in Neurodegenerative 

Diseases. Neurochemical Research. 

2022;47(5):1125-49. 

44. Lyu Q, Ley K. How Lymphatic 

Endothelial Cells Destabilize Regulatory T Cells. 

Arterioscler Thromb Vasc Biol. 2023;43(2):215-

7. 

45. Jairaman A, Othy S, Dynes JL, Yeromin 

AV, Zavala A, Greenberg ML, et al. Piezo1 

channels restrain regulatory T cells but are 

dispensable for effector CD4(+) T cell responses. 

Sci Adv. 2021;7(28). 

46. Wei L, Mousawi F, Li D, Roger S, Li J, 

Yang X, et al. Adenosine Triphosphate Release 



                           Senior internship- 2nd master BMW 

19 
 

and P2 Receptor Signaling in Piezo1 Channel-

Dependent Mechanoregulation. Front Pharmacol. 

2019;10:1304. 

47. Zhang Y, Su S-a, Li W, Ma Y, Shen J, 

Wang Y, et al. Piezo1-Mediated 

Mechanotransduction Promotes Cardiac 

Hypertrophy by Impairing Calcium Homeostasis 

to Activate Calpain/Calcineurin Signaling. 

Hypertension. 2021;78(3):647-60. 

48. Ren X, Zhuang H, Li B, Jiang F, Zhang 

Y, Zhou P. Gsmtx4 Alleviated Osteoarthritis 

through Piezo1/Calcineurin/NFAT1 Signaling 

Axis under Excessive Mechanical Strain. Int J 

Mol Sci. 2023;24(4). 

49. Osborne DG, Domenico J, Fujita M. 

Expression of IL-37 Induces a Regulatory T-Cell-

like Phenotype and Function in Jurkat Cells. 

Cells. 2022;11(16). 

50. Wang D-W, Dong N, Wu Y, Zhu X-M, 

Wang C-T, Yao Y-M. Interleukin-37 Enhances 

the Suppressive Activity of Naturally Occurring 

CD4+CD25+ Regulatory T Cells. Scientific 

Reports. 2016;6(1):38955. 

51. Liu CSC, Mandal T, Biswas P, Hoque 

MA, Bandopadhyay P, Sinha BP, et al. Piezo1 

mechanosensing regulates integrin-dependent 

chemotactic migration in human T cells. eLife. 

2024;12:RP91903. 

52. Davies JE, Lopresto D, Apta BHR, Lin Z, 

Ma W, Harper MT. Using Yoda-1 to mimic 

laminar flow in vitro: A tool to simplify drug 

testing. Biochem Pharmacol. 2019;168:473-80. 

53. Kim YJ, Hyun J. Mechanosensitive ion 

channels in apoptosis and ferroptosis: focusing on 

the role of Piezo1. BMB Rep. 2023;56(2):145-52. 

54. Kim H-S, Suh J-S, Jang Y-K, Ahn S-H, 

Choi G-H, Yang J-Y, et al. Förster Resonance 

Energy Transfer-Based Single-Cell Imaging 

Reveals Piezo1-Induced Ca2+ Flux Mediates 

Membrane Ruffling and Cell Survival. Frontiers 

in Cell and Developmental Biology. 

2022;Volume 10 - 2022. 

55. Kim OH, Tulip IJ, Kang H, Chang ES, 

Lee HJ. Compression force promotes 

glioblastoma progression through the 

Piezo1‑GDF15‑CTLA4 axis. Oncol Rep. 

2025;53(1). 

56. Sojka DK, Hughson A, Fowell DJ. 

CTLA-4 is required by CD4+CD25+ Treg to 

control CD4+ T-cell lymphopenia-induced 

proliferation. Eur J Immunol. 2009;39(6):1544-

51. 

57. Aglialoro F, Abay A, Yagci N, Rab 

MAE, Kaestner L, van Wijk R, et al. Mechanical 

Stress Induces Ca2+-Dependent Signal 

Transduction in Erythroblasts and Modulates 

Erythropoiesis. International Journal of 

Molecular Sciences. 2021;22(2):955. 

58. Botello-Smith WM, Jiang W, Zhang H, 

Ozkan AD, Lin Y-C, Pham CN, et al. A 

mechanism for the activation of the 

mechanosensitive Piezo1 channel by the small 

molecule Yoda1. Nature Communications. 

2019;10(1):4503. 

59. Butler JT, Samantaray S, Beeson CC, 

Ray SK, Banik NL. Involvement of calpain in the 

process of Jurkat T cell chemotaxis. J Neurosci 

Res. 2009;87(3):626-35. 

60. Kim H-P, Kim B-G, Letterio J, Leonard 

WJ. Smad-dependent Cooperative Regulation of 

Interleukin 2 Receptor &#x3b1; Chain Gene 

Expression by T Cell Receptor and Transforming 

Growth Factor-&#x3b2; *. Journal of Biological 

Chemistry. 2005;280(40):34042-7. 

61. Malek TR, Yu A, Vincek V, Scibelli P, 

Kong L. CD4 Regulatory T Cells Prevent Lethal 

Autoimmunity in IL-2R&#x3b2;-Deficient Mice: 

Implications for the Nonredundant Function of 

IL-2. Immunity. 2002;17(2):167-78. 

62. Ledderose C, Liu K, Kondo Y, Slubowski 

CJ, Dertnig T, Denicoló S, et al. Purinergic P2X4 

receptors and mitochondrial ATP production 

regulate T cell migration. The Journal of Clinical 

Investigation. 2018;128(8):3583-94. 

63. Yip L, Woehrle T, Corriden R, Hirsh M, 

Chen Y, Inoue Y, et al. Autocrine regulation of T-

cell activation by ATP release and P2X7 

receptors. Faseb j. 2009;23(6):1685-93. 

64. Macian F. NFAT proteins: key regulators 

of T-cell development and function. Nature 

Reviews Immunology. 2005;5(6):472-84. 

65. Dobson-Belaire WN, Cochrane A, 

Ostrowski MA, Gray-Owen SD. Differential 

Response of Primary and Immortalized CD4+ T 

Cells to Neisseria gonorrhoeae-Induced 

Cytokines Determines the Effect on HIV-1 

Replication. PLOS ONE. 2011;6(4):e18133. 

66. Felce S, Farnie G, Dustin M, Felce J. 

RNA-Seq analysis of early transcriptional 

responses to activation in the leukaemic Jurkat 

E6.1 T cell line [version 2; peer review: 2 

approved, 1 approved with reservations]. 

Wellcome Open Research. 2021;5(42). 

67. Kumari S, Colin-York H, Irvine DJ, 

Fritzsche M. Not All T Cell Synapses Are Built 

the Same Way. Trends Immunol. 

2019;40(11):977-80. 

68. Zhu T, Guo J, Wu Y, Lei T, Zhu J, Chen 

H, et al. The mechanosensitive ion channel 

Piezo1 modulates the migration and immune 



                           Senior internship- 2nd master BMW 

20 
 

response of microglia. iScience. 

2023;26(2):105993. 

69. Morena F, Argentati C, Caponi S, 

Lüchtefeld I, Emiliani C, Vassalli M, et al. Piezo1 

&#x2013; Serine/threonine-protein phosphatase 

2A &#x2013; Cofilin1 biochemical 

mechanotransduction axis controls F-actin 

dynamics and cell migration. Heliyon. 

2024;10(11). 

70. Ricard I, Payet MD, Dupuis G. Clustering 

the adhesion molecules VLA-4 (CD49d/CD29) in 

Jurkat T cells or VCAM-1 (CD106) in endothelial 

(ECV 304) cells activates the phosphoinositide 

pathway and triggers Ca2+ mobilization. 

European Journal of Immunology. 

1997;27(6):1530-8. 

71. De Vecchis D, Beech DJ, Kalli AC. 

Molecular dynamics simulations of Piezo1 

channel opening by increases in membrane 

tension. Biophysical Journal. 2021;120(8):1510-

21. 

72. Adamczyk M, Bartosińska J, 

Raczkiewicz D, Kowal M, Surdacka A, 

Krasowska D, et al. The Expression of Activation 

Markers CD25 and CD69 Increases during 

Biologic Treatment of Psoriasis. J Clin Med. 

2023;12(20). 

73. Itoh Y, Wang Z, Ishida H, Eichelberg K, 

Fujimoto N, Makino J, et al. Decreased CD4 

expression by polarized T helper 2 cells 

contributes to suboptimal TCR-induced 

phosphorylation and reduced Ca2+ signaling. Eur 

J Immunol. 2005;35(11):3187-95. 

74. Vladymyrov M, Marchetti L, Aydin S, 

Soldati SGN, Mossu A, Pal A, et al. UFMTrack, 

an Under-Flow Migration Tracker enabling 

analysis of the entire multi-step immune cell 

extravasation cascade across the blood-brain 

barrier in microfluidic devices. eLife. 

2025;13:RP91150. 

 

Acknowledgements – We acknowledge the Advanced Optical Microscopy Centre at Hasselt University 

for support with the microscopy experiments. We specifically thank dr. S. Duwé for support with the 

calcium imaging experiments. Microscopy was made possible by the Research Foundation Flanders 

(FWO, project G0H3716N). 

 

Author contributions – SDB and JV conceived and designed the research. SDB and LK performed 

experiments and data analysis. SD provided assistance with calcium imaging. SDB wrote and JV 

carefully edited the manuscript.



                           Senior internship- 2nd master BMW 

21 
 

SUPPLEMENTARY INFORMATION 

 

 

 

 

  

Table S1 – Primer sequences for quantitative polymerase chain reaction. 

Target gene Primers (5’ – 3’) 

FOXP3 
F- GCACCAGCTCTCAACGGTGGATG 

R- GAAGACCCCAGTGGCGGTGG 

PIEZO1 
F- CGCGTCTTCCTTAGCCATTAC 

R- TCCTGCGGTGAAAGTCAATG 

IL37 
F- GCATTCATGACCAGGATCAC 

R- CAAAGAAGATCTCTGGGCGTA 

TGFB 
F- CACCTGGAGCTGTACCAGAA 

R- TGCAGTGTGTTATCCCTGCT 

CAPN1 
F- TCATTCCGAGACTTCATGCG 

R- AGTGTGGTGTTCCATTTGCG 

SMAD6 
F- GCCTTTCGTGCATGCAAATC 

R- AAGGCAGGCTTGTTGATACC 

NFATC1 
F- ATGGAACCTGCCTGAATTGC 

R- AGACACAAGAGACGCGATTG 

PPP3CA 
F- TGCAAAGCGCTACTGTTGAG 

R- GGCGGCATCCTCTCATTAATTC 

CAMK4 
F- AATTCAATGCCCGGCGTAAG 

R- TCGTTGCCATCTTGGATTGG 

P2RX7 
F- GGAAAGAGCCTGTCATCAGTTC 

R- AGACACTGTGCACCAACTTC 

CAMK2N1 
F- TGCAGGACACCAACAACTTC 

R- TCAGCACGTCATCAATCCTATC 

TBP 
F- TATAATCCCAAGCGGTTTGC 

R- GCTGGAAAACCCAACTTCTG 

HMBS 
F- GAATGAAGTGGACCTGGTTGT 

R- CTGGTTCCCACCACACTCTT 

RPL 
F- AAGTTGAAGTACCTGGCTTTCC 

R- GCCGTCAAACACCTTGAGAC 

PGK1 
F- CTGGGCAAGGATGTTCTGTT 

R- GCATCTTTTCCCTTCCCTTC 

F, forward primer; R, reverse primer 
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Figure S1 – Gating strategy for phenotype checks. Jurkat cells were transfected with an empty 

vector, IL-37 vector, or non-transfected, while Tregs were treated with increasing concentrations of 

Yoda1 (1, 10 µM) before staining. Treg phenotype was evaluated based on expression of Treg-

associated markers. Gating strategy and representative plots for quantifying FOXP3, CTLA4, and 

CD25 protein expression. CTLA4, cytotoxic T lymphocyte-associated protein 4; FOXP3, forkhead 

box P3; IL, interleukin; Treg, regulatory T cell. 
 

 
 

Figure S2 – Gating strategy for suppression assays. CellTrace-labeled Teff were cultured for five 

days with or without IL-37-induced or Yoda1-treated Tregs. CellTrace dilutions are used as a measure 

of proliferation. Gating strategy and representative plots quantifying proliferation of Teff cultured (a) 

with or (b) without (Jurkat) Tregs. IL, interleukin; Teff, effector T cell; Treg, regulatory T cell. 
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Figure S3 – Gating strategy for PIEZO1 expression on T cells. PBMCs were thawed, allowed to 

rest, and stained for T cell (subset) specific markers and Piezo1. Jurkat cells were treated with Yoda1 

(10 µM) or a vehicle control and stained for Piezo1. Gating strategy and representative plots for 

quantifying PIEZO1 expression on (a) PBMCs and (b) Jurkat cells. FOXP3, forkhead box P3; 

PBMCs, peripheral blood mononuclear cells; Th, helper T cell; Treg, regulatory T cell.  
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Figure S4 – Gating strategy for migration assays. Jurkat cells were treated with GsMTx4 (5 µM) 

or a vehicle control before migrating through inflamed hCMEC/D3 cells, or treated with Yoda1 (10 

µM) without migration. Gating strategy and representative plots for quantifying expression of CD4, 

PIEZO1, CD69, CD25, FOXP3, IFNG, and IL17. FOXP3, forkhead box P3; IFNG, interferon 

gamma; IL, interleukin. 


