SCIENCE ADVANCES | RESEARCH ARTICLE

IMMUNOLOGY

Piezo1 channels restrain regulatory T cells but are
dispensable for effector CD4" T cell responses

Amit Jairaman'?, Shivashankar Othy'", Joseph L. Dynes', Andriy V. Yeromin', Angel Zavala’,
Milton L. Greenberg’, Jamison L. Nourse'?, Jesse R. Holt'?, Stuart M. Cahalan®*,
Francesco Marangoni', lan Parker'*, Medha M. Pathak'>%7, Michael D. Cahalan®*

T lymphocytes encounter complex mechanical cues during an immune response. The mechanosensitive ion chan-
nel, Piezo1, drives inflammatory responses to bacterial infections, wound healing, and cancer; however, its role in
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helper T cell function remains unclear. In an animal model for multiple sclerosis, experimental autoimmune en-
cephalomyelitis (EAE), we found that mice with genetic deletion of Piezo1in T cells showed diminished disease
severity. Unexpectedly, Piezo1 was not essential for lymph node homing, interstitial motility, Ca%* signaling, T cell
proliferation, or differentiation into proinflammatory T helper 1 (Ty1) and Ty17 subsets. However, Piezo1 deletion
in T cells resulted in enhanced transforming growth factor-p (TGF) signaling and an expanded pool of regulatory
T (Treg) cells. Moreover, mice with deletion of Piezo1 specifically in T,eq cells showed significant attenuation of
EAE. Our results indicate that Piezo1 selectively restrains Tyeq cells, without influencing activation events or effector

T cell functions.

INTRODUCTION
CDh4"* helper T lymphocytes orchestrate adaptive immune responses
through their exquisite ability to discriminate antigens presented
on antigen presenting cells (APCs) and to proliferate and differen-
tiate into effector subsets that transmigrate and home to target
tissues. During an immune response, T cells experience complex
mechanical cues as they actively probe the surface of APCs, navigate
barriers, squeeze through tight interstitial spaces, and execute their
antigen search strategies in tissues of varied architecture (1) while
also actively generating internal forces through cytoskeletal reorga-
nization and membrane tension (2-4). Molecular mechanisms by
which T cells sense mechanical forces and integrate mechanosignal-
ing with biochemical pathways downstream of T cell receptor
(TCR) activation are not well understood. Recent studies have fo-
cused on the TCR itself as a mechanosensor that regulates signaling
through formation of TCR-peptide major histocompatibility com-
plex catch bonds in response to tensile forces and whose activity is
regulated by cytoskeletal rearrangements and stiffness of local envi-
ronment (2, 5-7). Additional mechanisms of mechanotransduction,
mediated in particular by mechanically activated ion channels,
could act in concert with or independently of TCR signaling to
shape both effector and regulatory T (Tyg) cell function. However,
the role of mechanosensitive ion channels in CD4" T cell function
remains relatively unexplored.

Piezol constitutes the pore-forming subunit of trimeric nonse-
lective cationic channels that are broadly expressed in mammalian
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cells and are activated by a variety of mechanical stimuli including
shear stress, osmotic swelling, cyclical pressure, and traction forces
(8-10). Piezol channels are permeable to Ca®" ions and contribute
to Ca”* signaling, cell migration, and gene transcription at the cel-
lular level and consequently regulate vital physiological functions
including red blood cell (RBC) volume, blood pressure, vascular
development, bone formation, and differentiation of neural stem
cells (11-16). Mutations in Piezol have also been associated with
hereditary xerocytosis, congenital lymphatic dysplasia, changes in
iron metabolism, and resistance to malaria in human individuals
(17-20). Recent studies have highlighted a potential role for
Piezol in the innate immune system. In macrophages, Piezol chan-
nel activity alters gene expression and phagocytic activity and
polarizes cells toward proinflammatory responses (20, 21). In
monocytes, Piezol channels sense cyclical mechanical forces in the
lung and are required to mount proinflammatory responses in a
mouse model of Pseudomonas infection (22). Expression of Piezol
is also associated with expansion of myeloid-derived suppressor
cells, leading to tumor progression in a mouse cancer model (23).
These studies raise intriguing questions about the regulatory role of
Piezol in normal adaptive immune functions and in autoimmunity.

In this study, we evaluated the role of Piezol in CD4" helper
T cell function in a murine model of experimental autoimmune en-
cephalomyelitis (EAE). Induction and progression of EAE depends
on several aspects of CD4" T cell biology including the initial steps
of antigen recognition, proliferation, and differentiation into effec-
tor subsets [primarily T helper 1 (Tyl) and Ty17] in the draining
lymph node (DLN), egress from lymph nodes (LN) and homing into
nonlymphoid tissue [central nervous system (CNS)], and modulation
of disease progression by the suppressive functions of Tre cells, lead-
ing to disease remission (24). The EAE model allowed us to com-
prehensively investigate the role of Piezol channels in transgenic
mice with genetic deletion of Piezol in T cells and to dissect potential
roles in CD4" T cell homing, motility, priming, and differentiation
into effector and Thg cell subsets. In addition, these T cell functions
depend critically on TCR-mediated Ca** signaling via store-operated
Ca** entry (SOCE) through Orail channels (25). Because Piezol
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channels are also Ca®" permeable, we assessed their role in TCR
Ca®* signaling using transgenic mice expressing the genetically
encoded Ca*" indicator Salsa6f (26), with or without concomitant
deletion of Piezol in T cells, enabling us to assess both Piezol
channel function and SOCE. We find that deletion of Piezol in
T cells diminishes the severity of EAE, which we attribute to its
selective role in regulating the induced expansion of Ty cells, while
sparing T cell homing, motility, TCR priming, and effector T cell
functions.

RESULTS

T lymphocytes express functional Piezo1 channels

We have previously shown that CD4* T cells exhibit Ca** elevations
in response to Yodal, a selective Piezol agonist (27), raising the
possibility that Ca**-permeable Piezol channels are functionally
expressed in T cells (26). To visualize the distribution of Piezol on
the T cell plasma membrane (PM), CD4" T cells from Piezo1" T
transgenic mice, in which endogenous Piezol channels are tagged
with the fluorescent protein tdTomato at the C terminus (12), were
plated on anti-CD3 and anti-CD28 antibody-coated coverslips and
imaged by total internal reflectance fluorescence (TIRF) microscopy.
Tagged Piezol channels with a punctate localization pattern in the
PM were visible throughout the cell footprint, similar to their PM
distribution in neural stem cells (Fig. 1A) (28).

To study the role of Piezol in CD4" T cell function, we crossed
Piezo """ mice with Cd4-Cre mice to generate conditional knockout
Cd4-Piezol™~ mice with T cell-specific deletion of Piezol (Fig. 1B, top);
knockdown of Piezol mRNA transcripts was confirmed by reverse
transcription quantitative polymerase chain reaction (RT-qPCR)
(Fig. 1B, bottom). As expected, addition of Yodal increased cytosolic
Ca”" levels in CD4" T cells from Cd4-Cre control mice, consistent
with expression of functional Piezol channels in the PM. Yodal-
induced Ca®* responses were absent in CD4" T cells from Cd4-Piezol ™~
mice, confirming functional knockout of Piezol (Fig. 1, C and D).
Yodal responses were also lacking in CD8" T cells from Cd4-Piezol ™~
mice, consistent with Cre activity at the double positive (CD4"
CD8") stage of thymic development leading to Piezol deletion in
both CD4" and CD8" T cells (Fig. 1E). Finally, we performed patch-
clamp studies in CD4" T cells either expressing or lacking Piezol. In
wild-type (WT) CD4" T cells, local application of Yodal activated a
nonselective cationic current, which was reversed upon Yodal
washout and blocked by Gd** (Fig. 1, F and G). The nearly linear
current-voltage relationship with a reversal potential around 0 mV
is characteristic of nonselective Piezol channels (29). In contrast,
Yodal-induced currents were completely absent in T cells lacking
Piezol (Fig. 1, F to H), confirming that Piezol channels are func-
tional in CD4" T cells.

To determine whether Piezol plays a role in T cell development,
we analyzed primary and secondary lymphoid organs and found that
the sizes of LN, spleen, and thymus were similar in Cd4-Cre and
Cd4-Piezol™~ mice, as were the total numbers of splenic CD4* and
CD8" T cells and the relative abundances of T cell subsets (Fig. 1,
I to K). These results suggest that deletion of Piezol in T cells does
not alter thymic selection or the homeostatic distribution of T cells
among the secondary lymphoid organs. In summary, Piezol chan-
nels are functionally expressed in T cells and are dispensable for
T cell development in the thymus, at least beyond the double-
positive stage.
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CD4" T cell homing and interstitial motility are conserved

in the absence of Piezo1

Piezo1 has been shown to modulate motility in a variety of cell types
including endothelial cells, metastatic breast cancer cells, and gas-
tric cancer cells (14, 30, 31). Normal seeding of Piezol™'~ CD4"
T cells into secondary lymphoid organs prompted us to more
broadly evaluate the functional importance of Piezol in CD4" T cell
homing and in shaping motility patterns within the LN, processes
that underlie optimal antigen search and immune response. To de-
lineate the role of Piezol in homing, we separately labeled equal
numbers of CD4" T cells expressing or lacking Piezo1 with different cell
tracker dyes, and coadoptively transferred the cells into WT recipient
mice (Fig. 2A). Similar numbers of input cells were recovered from
the subcutaneous DLNSs of the recipient mice after 18 hours, sug-
gesting that Piezol is not essential for CD4" T cell homing to the LN
(Fig. 2, B and C). To evaluate whether Piezol regulates interstitial
motility of T cells, we tracked cell motility characteristics in LN by
two-photon microscopy (Fig. 2D, Video S1). Both control and
Piezol™~ CD4" T cells showed typical stop-and-go motility; plots
of cellular displacement, which depict an overlay of cell tracks from
a fixed origin, also revealed similar patterns (Fig. 2, E and F). In-
stantaneous three-dimensional (3D) velocities and the related
mean track speeds were marginally reduced in Piezol ™~ T cells
(Fig. 2, G and H). Measures of track straightness—meandering
index and directionality ratio—were indistinguishable, indicating
that T cells lacking Piezo1 exhibit the same turning behavior as con-
trol cells (Fig. 2, I and J). Mean square displacement (MSD) plots
and average motility coefficients confirmed similar random walk
behavior for the two cell types (Fig. 2, K and L). In summary, dele-
tion of Piezol does not affect homing or interstitial motility of
CD4" T cells in the LN.

Deletion of Piezo1 in T cells ameliorates autoimmune
neuroinflammation

To investigate the role of Piezol in CD4" T cell-mediated immune
responses in vivo, we studied disease progression in a murine model
of EAE (24, 26, 32, 33). Active EAE was induced in WT controls and
Cd4-Piezol™ mice by immunization with myelin oligodendrocyte
glycoprotein peptide fragment 35-55 (MOGs3s_s5) peptide emulsi-
fied in complete Freund’s adjuvant (CFA) (Fig. 3A). In both WT
controls and Cd4-Piezol™”™ mice, the clinical scores progressively
increased after the same initial onset at day 10, reaching a peak
around day 16. However, average disease scores were significantly
lower in Cd4-Piezol ™~ mice (Fig. 3B), due to more rapid remission
during 15 to 25 days postimmunization (DPI). The attenuation of
disease severity in Cd4-Piezol”~ mice was confirmed by area under
the curve analysis of the clinical scores (Fig. 3C).

We analyzed cells from DLN at 10 DPI to gain insight into the
abundance of Tyl and Tyl7 effector T cell subsets, which drive
the inflammatory damage seen in EAE (34, 35). LN and spleen
were comparable in size in control and Cd4-Piezol™~ mice, sug-
gesting no major differences in overall cell numbers (Fig. 3D).
The relative numbers of Ty1 cells were, however, significantly re-
duced in the DLN of Cd4-Piezol”’™ mice, although Ty17 cell
numbers were similar (Fig. 3, E to H). To specifically assess the
effects of Piezol expression on the encephalitogenic potential of
effector T cells in vivo, we used an adoptive-transfer model of EAE
(AT-EAE) and compared the ability of MOGs3s_s5-expanded control
Cd4-Cre and Cd4-Piezol™" cells to elicit neuroinflammation in recipient
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Fig. 1. Functional expression of Piezo1 channels in T cells and their role in T cell development. (A) Bright-field and TIRF images (single and averaged over 100 frames)
of activated CD4" T cell from Piezo1”“" and control WT mice. A magnified, averaged TIRF image shows the distribution of Piezo1-tdTomato at the PM. (B) Experimental
strategy to delete expression of Piezo1in CD4" cells (top). RT-PCR confirmation of Piezo1 knockout in naive and activated CD4" T cells (bottom). Data pooled from cells
isolated from two mice in each group. (C) Representative merged green (Fluo-4) and red (Fura-Red) images showing CD4" T cells before and after Yoda1 addition. Scale
bars, 20 um. (D and E) Ca’* responses evoked by Yoda1 (2.5 uM) in Cd4-Cre (gray) and Cd4-Piezo1™~ (red) CD4* and CD8* T cells (****P < 0.0001, Mann-Whitney test, n = 54
t0 63 CD4* T cells and 40 to 43 CD8" T cells, two independent experiments). (F) YodaT-activated (10 uM) current in WT control and Cd4-Piezo1™~ T cells recorded at —90 mV
(dark) and +70 mV (light). Bars indicate Yoda1 (10 uM) and Gd** (10 uM) application. (G) Corresponding current-voltage relationships at times indicated in (F). (H) Current
densities of Yodal-evoked currents in WT (gray; n=9 cells) and Cd4-Piezo1™~ (red; n=7) T cells; *P < 0.01, one-way analysis of variance (ANOVA) with multiple compari-
sons. (I) Thymus, LN, and spleen from Cd4-Cre and Cd4-Piezo1™~ mice. Photo credit: Shiva Othy, UCI. (J) Total numbers of CD4* and CD8" T cells in the spleens of Cd4-Cre
and Cd4-Piezo1™" mice (n=5 mice). (K) Relative percentages of CD4"; CD8"; CD4~ CD8™ (DN); CD4" CD8* (DP) cells in the LN, spleen, and thymus; DN in the LN and spleen
broadly refer to non-T cells (n=5 mice; error bars represent SEM).
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Fig. 2. Homing and motility of Piezo17'~ CD4* T cells in LN following adoptive transfer. (A) Experimental design for LN homing assay. (B) Dot plots showing recovered
cells at 18 hours after injection. (C) Numbers of cells recovered from LN (P=0.43, paired t test, n=18 LN, three mice). (D) Maximum intensity projection image showing
WT control and Piezo1™/~ CD4" cells in LN. Scale bar, 50 um. See movie S1. (E) Corresponding migration of WT and Piezo1~'~ CD4" cells over 20 min. Spots are superim-
posed with their starting coordinates normalized to the origin. Scale bar, 50 um. (F) Superimposed cell tracks with origins normalized to the starting coordinates. Cells
tracked for >20 min (n > 99 tracks, three imaging fields). (G) Frequency distribution of instantaneous velocities; arrows indicate medians, 10.2 and 9.5 um/min, for WT and
Piezo17/~ CD4" cells, respectively (n > 10,089 cell positions, three imaging fields). (H) Mean track speeds (*P=0.04). (I) Meandering index (track displacement/track length)
for last time point in each track. (J) Directionality ratio (displacement/distance) over elapsed time for control and Piezo1™'~ CD4* cells (n =165 time points). (K) MSD versus
time. (L) Measured 3D motility coefficients (M =MSD/6t). [For (H), (1), and (L), Mann-Whitney test was used to compare P value, n > 99 tracks, three imaging fields].

WT mice (Fig. 31 and fig. S1). Transfer of MOG3s_ss-expanded ~ On the basis of these observations, we infer that the encephalito-
effector cells (including Ty1 and Ty17) from Cd4-Piezol™~ donors genic potential of T cells is similar in the absence of Piezol.

into WT recipients induced disease onset with a slight delay com- To assess whether Piezol is required for antigen-specific expan-
pared to control cells, but peak disease scores, remission time sion of CD4" T cells, we performed a MOGg3s_s5 antigen recall assay
course, and overall disease severity were similar (Fig. 3,Jand K).  on cells isolated from EAE-induced control and Cd4-Piezol™ ™ mice
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Fig. 3. Effect of T cell-specific Piezo1 deletion in EAE. (A) |

nduction of active EAE. s.c, subcutaneously; i.p., intraperitoneally; PTX, pertussis toxin. (B) Mean clinical

scores showing progression of disease (P =0.0218 for days 15 to 25, n=9 to 10 mice per group). (C) Severity of EAE calculated as area under the curve (AUC) of the clinical
score (**P < 0.01). (D) LN and spleen at 10 DPI. Photo credit: Shiva Othy, UCI. (E to H) T41 and Ty17 cells in the DLN at 10 DPI after treatment with phorbol 12-myristate
13-acetate (PMA), ionomycin, and GolgiStop. (E) Dot plots showing interferon-y (IFNY)* CD4" cells. (F) Percentages and numbers of Ty1 cells. (G and H) Dot plots and

numbers of interleukin-17A (IL-17A)* Ty17 cells [for (F) and (H)

, **P < 0.01, ****P < 0.0001]. (I) Induction of AT-EAE. (J) Progression of AT-EAE in WT recipients injected with

indicated donor cells (**P <0.01 at 6 DPI, n=10 mice per group). (K) Severity of EAE calculated as in (C). (L) Antigen recall assay: proliferation in cells from DLN at 11 DPI
and expanded with MOGss_ss peptide for 72 hours in vitro. Dot plots showing CellTrace Violet (CTV) dilution (left) and percent divided cells (right) among CD4" cells

(**P<0.01,n=12 samples pooled from five mice). FSC-H, forward scatter height.

at 11 DPI. Restimulation in vitro with MOGss_s5 peptide led to a
small but significant decrease in the expansion of CD4" T cells from
Cd4-Piezol "~ mice (Fig. 3L). Together with the reduced Tyl cells
in the DLN with the active EAE model (cf. Fig. 3F), this result can
be interpreted to mean that Piezol deletion either directly reduces
effector T cell polarization and proliferation or enhances Ty cell
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function, which then indirectly mediates the reduction of effector
T cell numbers and disease severity. To address these possibilities,
we sought to understand at the single-cell level, the effect of Piezol

deletion on TCR-mediated Ca>*

signaling, proliferation, and dif-

ferentiation in CD4" T cells, events that are required for EAE onset

and progression.
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TCR-evoked Ca®* signaling in CD4" T cells is unaffected by
Piezo1 deletion

To study the effects of Piezol in T cell Ca** signaling, we generated
transgenic mice that express the Ca** probe Salsa6f in T cells that
either express or lack Piezol (Fig. 4A). Addition of Yodal selectively
increased cytosolic Ca** in Salsa6f* control but not in Piezol™~
CD4" T cells, confirming functional deletion of Piezol (Fig. 4,
B and C) and consistent with Fig. 1D. However, deletion of Piezol
did not affect SOCE, a critical pathway for Ca** influx in T cells, as
evidenced by similar rate of Ca** entry in Piezol ™ and control
T cells following endoplasmic reticulum (ER) store depletion with
thapsigargin (Fig. 4D). To determine whether Piezo1 affects cytosolic
Ca®" levels downstream of TCR activation, we compared the pat-
terns of Ca®* signals in control and Piezol’~ CD4" T cells incubated
with anti-CD3- and anti-CD28-coated beads. Fluctuations in single-
cell Ca®" levels were readily observed in both cell types but only in
those cells that were in contact with beads (Fig. 4, E and F). Statis-
tical analysis of single-cell Ca** patterns revealed that the average
baseline, peak amplitude, and cumulative Ca** levels over time were
similar in T cells expressing or lacking Piezol (Fig. 4G). Analogous
results were obtained in T cells in which TCR activation was
achieved in solution by preincubation with biotin anti-CD3 and
cross-linking with streptavidin (Fig. 4, H and I), as well as in CD4"
T cells stimulated by plate-bound anti-CD3 and anti-CD28 (fig. S2).
Together, cross-linking of TCR revealed that Piezol does not modu-
late TCR-mediated Ca?* signaling under several differing mechani-
cal contexts.

Piezo1 does not affect CD4" T cell proliferation but
selectively restrains T4 cells

Results from the antigen recall assay during EAE (Fig. 3, F and L,
and fig. S1) suggested a possible defect in the proliferative or polar-
ization capacity of Piezol-deficient CD4" T cells. We compared the
proliferation of purified CD4" T cells from control Cd4-Cre and
Cd4-Piezol™ mice by dye dilution following activation with anti-
CD3- and anti-CD28-coated beads in vitro and found no differences
in their proliferative capacity (Fig. 5, A and B). We next considered
the possibility that Piezol might play a role in the polarization of
helper T cells. Purified CD4* or naive (CD4*CD44°*CD62L"¢"CD25")
T cells were stimulated in the presence of polarizing cytokines to
generate Tyl, Tyl7, and Tyeg cell subsets in vitro (fig. S3A).
Piezol”~ CD4" T cells and naive T cells polarized into Ty1 and
Ty17 inflammatory subsets to the same extent as control T cells, as
measured by expression of the signature inflammatory markers
interferon-y (IFNy) and interleukin-17 (IL-17), respectively (Fig. 5,
C to F). Together, Piezol does not play a role in either CD4" T cell
proliferation or effector T cell (Ty1 and Ty17) polarization.

In contrast, the population of all Piezol’~ CD4" T cells, but not
naive T cells, showed an increased percentage of forkhead transcrip-
tion factor Foxp3 expressing (Foxp3") Theg cells in the presence of
transforming growth factor-p (TGFB) and IL-2 (Fig. 5, G and H).
The presence of CD4" CD25" T, cells was a prerequisite for this
expansion (Fig. 5I), and IL-2 alone was insufficient (Fig. 5]). Given
the critical importance of Tig cells in suppressing autoreactive ef-
fector T cells and in driving recovery and remission during EAE
(24), we focused on effects of Piezol in Treg cell function. To eluci-
date the mechanism by which Piezol favors Tre; expansion, we first
considered the possibility that Ca®* signaling might be altered in
Piezol™™ T cells under Treg-polarizing conditions. After confirming
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Piezol deletion in Cd4—Salsa6fPiezol’/ " Treg cells based on the lack of
Yodal response (fig. S3B), we found similar SOCE and TCR-evoked
Ca* responses as in control cells (fig. S3, C and D). Because TGFf
signaling is critical for Treg cells (36), we next considered the pos-
sibility that effects of Piezol on T, polarization might be exerted
through TGF signaling instead. To address this, we examined
the phosphorylation of SMAD2/3, which is activated immediately
downstream of TGF receptors (37, 38), and found that SMAD2/3
phosphorylation was significantly increased in CD4" T cells lack-
ing Piezol (Fig. 5, Kand L). Autocrine TGFp signaling is also impli-
cated in Ty17 cell biology (39); accordingly, polarized cells from the
spleen and LN showed a higher percentage of Ty17 cells (fig. S4). In
summary, our in vitro data show that, while not required for T cell
priming and differentiation into proinflammatory CD4" subsets,
Piezol modulates TGFR signaling and restrains Ty cells.

Piezo1 deletion enhances T4 cells in vivo

and attenuates EAE

We then asked whether deletion of Piezol might lead to a similar
expansion of Ty cells in vivo in the context of EAE. Analysis of
DLN from WT and Cd4-Piezol™'~ mice 10 days after EAE induction
revealed a greater abundance of Foxp3™* Threg cells in Cd4-Piezol™~
mice (Fig. 6, A and B). To further assess the Tyg population as the
disease progressed, we analyzed cells from the spleen and spinal
cord of EAE-induced mice at 24 DPI. Although the total numbers
of lymphocytes in the spinal cord were similar (Fig. 6C), the frac-
tion of Teg cells was significantly higher in both the spinal cord and
spleen of Cd4-Piezol”'™ mice (Fig. 6D). These differences were
more pronounced among Ki67" proliferating cells following re-
stimulation with MOGss_s5 peptide in vitro (Fig. 6E), consistent
with expansion of T cells. In contrast, under homeostatic condi-
tions, there were no significant differences in the abundance of
Foxp3" Tyeg cells in the thymus, spleen, and LN from Cd4-Piezol™"~
and Cd4-Cre control mice (Fig. 6F). Together with the absence of
visible inflammation in the mucosa, these findings suggest that
Piezol does not affect homeostatic T\, development.

We next evaluated the functional capacity of CD4" CD25" Tyeq
cells isolated from WT or Cd4-Piezol™~ mice. Piezol ™~ Treg cells
displayed TCR-triggered Ca®" responses similar to control Treg
cells, arguing against any effects of Piezol on downstream TCR sig-
naling, similar to what we find in activated T cells (fig. S5, A and B;
cf. Fig. 4G). We then performed an in vitro T\s suppression assay to
directly compare the inhibitory effects of control and Piezol '~ Treg
cells on the proliferation of CD4" CD25™ conventional T (Tcony)
cells. Teopny cell proliferation was reduced to the same extent in the
presence of Ty cells either expressing or lacking Piezol (Fig. 6G),
suggesting that Ty, cells deficient in Piezo1 are not functionally dif-
ferent in their suppressive capacity. Collectively, these results sug-
gest that genetic deletion of Piezol favors Ty, cell expansion during
EAE, leading to a shift in helper T cell balance toward Ty cells
in vivo.

To confirm the Tyeg-specific role of Piezol during EAE, we crossed
Piezo ™" mice with Foxp3°?fF-CreERT2 4, generate Foxp3°CrP-Cre-ERT2
Piezo " mice in which Piezol in Foxp3* Theg cells can be deleted by
injection of tamoxifen (Txn). Yodal-evoked Ca** responses in Treg
cells from Foxp3°“™CERT2 pigzo 1 mice were significantly reduced
compared to Treg cells from Txn-treated control Foxp3eG P-Cre-ERT2
mice (Fig. 7A and fig. S5, C to E), although these cells still retained
their capacity to respond normally to ionomycin-induced SOCE,
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Fig. 4. Role of Piezo1 in regulating TCR-induced Ca** signals in CD4* T cells. (A) Breeding scheme to simultaneously express Salsa6f and delete Piezo1in T cells.
(Band Q) Cca’* imaging confirming Piezo1 deletion in Cd4-Salsa6f-Piezo 17" Tcells. Representative green (GCaMP6f) and red (tdTomato) images 30 s after Yoda1 addition
(5 uM) (B) and average single cell Ca** traces (C) showing changes in GCaMP6f /TdTomato intensity ratio (green/red or G/R ratio) after Yoda1 application (100 nM and 5 uM)
in CD4" T cells from control Cd4-Salsa6f and Cd4-Salsa6f-Piezo1™'~ mice (n =81 to 99 cells, three independent experiments). (D) Average Ca?* trace (left) and rate of SOCE
(right) in control and Piezo1™~ CD4* T cells (two-tailed unpaired t test, n =82 to 83 cells, two independent experiments). (E to G) Effect of Piezo1 deletion on TCR ca*t
responses to anti-CD3-coated beads. (E) Red (tdTomato) and green (GCamP6f) images (top) and bright-field and green images (bottom) of control and Piezo1™~ activated
Salsa6f* CD4* T cells conjugated with Dynabeads visible as uniform dark spots. (F) Representative single-cell and overlay Ca** traces of T cells in contact with beads in
control (top) and Piezo1™~ (bottom) T cells. (G) Analysis of single-cell Ca’* signals in CD4™ T cells with or without Piezo1. Single-cell baseline resting (top), peak (middle),
and cumulative Ca** signals (bottom) (two-tailed Mann-Whitney test, n =85 to 107 cells, two independent experiments). A.U., arbitrary units. (H and 1) Cytosolic Ca®* in
T cells pretreated with biotin anti-CD3 and in response to streptavidin cross-linking. (H) Red and green channel images of control (top) and Piezo1™" T cells (bottom)
showing Ca®* levels with biotin anti-CD3 before incubation (left) and after streptavidin cross-linking (right). (I) Average of single-cell Ca®* traces (left) and cytosolic Ca®* levels
in the presence of biotin anti-CD3 alone and following streptavidin addition (n =293 to 301 cells, pooled from two independent experiments). Scale bars, 20 um (B, E, and H).

indicating that Txn treatment did not inhibit the ability to generate ~EAE model (fig. S5F) without affecting the time of onset, pointing
Ca®" signals. Despite incomplete deletion of Piezol in Treg cells,  to a Treg-specific role for Piezol in regulating disease remission in
Txn treatment significantly improved clinical scores and reduced ~EAE (Fig. 7B). Txn treatment did not affect the number of Foxp3*
disease severity in Foxp3°CFF-CreERT2 DPiezo 1/l mice in the active  Tyeq cells in the peripheral blood, as expected from normal T cell
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Fig. 5. Effect of Piezo1 deletion on proliferation and polarization of CD4" T cells in vitro. (A) Representative histograms showing CTV dilution in all CD4" T cells from
Cd4-Cre (gray) and Cd4-Piezo1™~ (red) mice at 72 hours with or without anti-CD3/anti-CD28 Dynabeads (1:1 ratio) and IL-2 (30 U/ml). (B) Proliferation index calculated from
CTV dilution curves (n =4 samples, two-tailed unpaired t test). (C to H) Representative flow cytometry plots and percentage of cells after in vitro polarization into Ty1 cells
(Cand D), Ty17 cells (E and F), and Foxp3* Treg cells (G and H). Either all CD4" T cells or naive (CD4+CD44'°WCD62LhighCDZS_) T cells from Cd4-Cre and Cd4-Piezo1™~ mice
were used as starting population. Cells were treated with PMA, ionomycin, and GolgiStop for 4 hours to enable detection of intracellular cytokines. Numbers indicate the
percentage of cells in indicated gates. (****P < 0.0001, ordinary one-way ANOVA with Sidak’s multiple comparisons, data are means + SEM, n>9 samples, two indepen-
dent experiments). (I) Percentage of Foxp3* cells after in vitro polarization with anti-CD3/anti-CD28 in the presence of IL-2 and TGFB using CD4" CD25~ conventional T
(Teony) cells as starting population. (J) Percentage of Foxp3* cells after in vitro polarization with anti-CD3/anti-CD28 in the presence of IL-2 alone using all CD4" cells as
starting population. (K and L) SMAD2/3 phosphorylation determined by antibody staining in CD4* T cells treated with TGFB (10 ng/ml) and anti-CD3/anti-CD28 for
18 hours. (K) Representative histograms showing levels of pSMAD2/3 in control (gray) and Cd4-Piezo1™~ (red) cells, corresponding that dashed lines represent phospha-
tase-treated controls. (L) Median fluorescence intensity of phosphorylated-SMAD2/3* cells (***P < 0.001, ordinary one-way ANOVA with Sidak’s multiple comparisons,
n> 5 samples, pooled from three mice). FSC-A, forward scatter area.
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Fig. 6. T cell-specific deletion of Piezo1 enhances T,¢g cell number in vivo during EAE. (A and B) Foxp3* cells in the DLN 10 days after EAE induction. (A) Dot plots
showing Foxp3* cells gated on CD4" cells. (B) Summary of percentages and numbers of Foxp3* cells. (C) Numbers of CD45" cells in the spinal cords of WT and Cd4-Piezo1™~
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MOGs3s-s5 peptide. [For (A) to (E), *P < 0.05, **P < 0.01, and ***P < 0.001, two-tailed unpaired t test, n =9 WT and 10 Cd4-Piezo 17~ micel. (F) Numbers of Foxp3* CD4" T cells
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one-way ANOVA with multiple comparisons for (A) and (C), n =8 samples].

numbers under homeostatic conditions in the secondary lymphoid
organs of Cd4-Piezol”'~ mice, and suggesting that the effects of
Piezol on Ty cells manifest only after an immune challenge (fig.
S5G; cf. Fig. 6F). To further evaluate effects of Tyg-specific Piezol
knockdown, we adoptively transferred MOG3;5_55-expanded WT
encephalitogenic cells in to recipient mice with or without inducible
deletion of Piezol in Tyeg cells (fig. S5H). Again, we found that
Treg-specific knockdown of Piezol significantly reduced clinical
signs and overall disease severity (Fig. 7C). Correspondingly, these
mice also showed greater survival rates than controls (Fig. 7D).
Opverall, these results further support a model in which Piezo1 limits
EAE remission by constraining Th.g cells.

DISCUSSION
Our main finding is that deletion of Piezol mechanosensitive ion
channels in T cells ameliorates disease severity in EAE, an in vivo

Jairaman et al., Sci. Adv. 2021; 7 : eabg5859 7 July 2021

murine model of multiple sclerosis. Using genetic deletion, we
found that Piezol is dispensable in CD4" T cells for thymic devel-
opment, LN homing, interstitial motility, TCR priming to induce
Ca’* signaling, T cell proliferation, effector Tyl and Ty17 cell
polarization, and encephalitogenicity. However, Piezol selectively
restrains Tyg cells, thus limiting their potential to mitigate auto-
immune neuroinflammation.

We provide comprehensive evidence to confirm the expression
of functional Piezol channels in CD4" T cells: detection of Piezol
transcripts in CD4" T cell subsets; the presence of discrete puncta of
native Piezol-tdTomato protein in the PM of CD4" T cells from
Piezo1"T mice; elevated cytosolic Ca" in response to Yodal, a
selective agonist of Piezol, that is abrogated in T cells lacking
Piezol; and Yodal-induced currents observed by whole-cell patch
recording in WT but not Piezol~ CD4" T cells. Despite robust ex-
pression, deletion of Piezol did not significantly alter the proportion
of CD4" or CD8" T cells in the thymus, LN, and spleen, indicating
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that T cell development and the seeding of mature T cells into sec-
ondary lymphoid organs occur independently of Piezol channels.
We examined the role of Piezol in five key T cell functions that
operate in sequence during the pathophysiology of EAE: (i) homing
to LNs and interstitial motility to search for cognate antigen, (ii) the
initial priming of T cells in DLNs, (iii) differentiation of primed
T cells into proinflammatory effector Tyl and Ty17 subsets, (iv)
migration of effector T cells into the spinal cord resulting in the
onset of symptoms, and (v) Treg-mediated amelioration of EAE. We
consider these five events below in sequence. Overall, our results are
consistent with involvement of Piezol in Ty cell expansion, thus
impairing Ty, cell-mediated mitigation of neuroinflammation.
First, we show that homing and motility characteristics of Piezol '~
CD4" T cells in the LN are similar to control T cells. Second, Ca**
signaling induced by TCR engagement was not affected in Piezol '~
CD4" cells in a variety of contexts: anti-CD3 antibodies that are
plate-bound, coated on beads, and in solution. Accordingly, prolif-
eration of Piezol '~ CD4" T cells in response to TCR cross-linking
was also indistinguishable from controls. Third, differentiation of
purified CD4" T or naive T cells into Tyl and Ty17 effector cells
in vitro also proceeded normally in the absence of Piezol. Fourth,
the total numbers of CD45" cells in the spinal cord at 24 DPI were
similar in control and Cd4-Piezol™'~ mice, and the similar peak
severity in the AT-EAE model further supports the conclusion that
migration of activated effector T lymphocytes to the spinal cord
does not require Piezo1. Fifth, the augmentation of Foxp3™ Ty, cells
from purified CD4" T cells during in vitro polarization, and the
elevated frequencies of Treg cells during EAE in vivo strongly indi-
cate a role for Piezol in Ty, expansion following immunization.

Jairaman et al., Sci. Adv. 2021; 7 : eabg5859 7 July 2021

Consistent with this, selective deletion of Piezol in T4 cells damp-
ened the course of disease in both active and AT-EAE models.

Because TGEFp signaling is crucial for Tyg survival and function
(36), we examined the TGFB/SMAD signaling pathway in CD4"
T cells and found that SMAD2/3 phosphorylation is augmented in
the absence of Piezo1 channels. While we did not explore how Piezol
channels might restrain signaling downstream of TGFp receptor,
further mechanistic possibilities are suggested by studies in neural
stem cells and renal fibroblasts in which Piezo1 regulates the nuclear-
cytosolic localization of Yes-associated protein (YAP) and tran-
scriptional coactivator with PDZ-binding motif (TAZ), depending
on the substrate stiffness (13, 40). A recent study implicated YAP in
Threg cell suppressive function in a cancer model (41), whereas an-
other study showed that TAZ reciprocally regulates Ty17 and Treg
differentiation (42). Whether Piezo1 plays any role in the YAP/TAZ
signaling pathway in T cells remains to be investigated. Enhanced
TGEF signaling may be also due to increased access to active TGFf
itself, because integrin-mediated traction forces are required to re-
lease TGFP from latency (43), and Ty cells can activate TGFp via
integrin avp8 (44). The role of Piezol in integrin signaling and
force generation in T cells is unknown, and the molecular mech-
anism by which Piezol modulates TGFp signaling merits further
investigation.

We further demonstrate that Piezol-deficient Ty cells develop
normally and suppress proliferation of CD4" CD25™ Tony cells sim-
ilar to WT controls. In addition, the absence of visible inflammation
in the mucosa and comparable cellularity of lymphoid organs in
Cd4-Piezol”~ mice suggest that immune homeostasis functions of
Theg cells are intact. However, when multiple cellular components
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are challenged during a strong autoimmune response, such as EAE,
arole of Piezol in Ty cell function is unmasked. The increased Treg
population we observed in the secondary lymphoid organs and spi-
nal cord of Cd4-Piezol™'~ mice may also explain the slightly reduced
proliferation of CD4" cells in the MOG recall assay and the reduced
abundance of Ty1 cells in the DLN at 10 DP]I, thus providing a pos-
sible cellular mechanism wherein the higher degree of suppression
by the expanded T.e; population reduces EAE sever1ty Although
the Ty17 population was unaffected in Cd4-Piezol”’~ mice during
EAE, this might be because Ty17 cell differentiation also relies par-
tially on TGF, thus compensating for any ensuing suppression by
Teg cells. We observed a higher number of Ty17 cells in two in vitro
experimental settings: (i) during ex vivo expansion of donor cells
for AT-EAE and (ii) during Ty17 polarization from whole LN and
spleen cells.

Time-lapse imaging using Salsa6f, a ratiometric genetically en-
coded Ca®" indicator, enabled us to monitor cytosolic Ca** levels as
a real-time readout of TCR activation and Yodal activation of
Piezol. Deletion of Piezol produced little change in (i) TCR-mediated
Ca®" signaling in three activation paradigms of TCR cross-linking
(plate-bound, bead-based, and streptavidin cross-linked) in vitro,
(i) CD4" T cell proliferation, and (iii) the peak severity of EAE.
These results support our conclusion that Piezol channels are not
required for the initial events of T cell activation, different from
conclusions reported previously that small interfering RNA
(siRNA)-mediated knockdown of Piezo1 resulted in a reduction in
human T cell activation, measured by Zap70 (zeta chain of T cell
receptor associated protein kinase 70) phosphorylation, cell prolif-
eration, and Fluo-3 Ca®" imaging (45). Possible reasons for this dis-
crepancy include differences in the specific methods used to knock
down Piezol (siRNA versus genetic knockout) or differences in the
role of Piezol in human and mouse T cells.

Ion channels play a crucial role in T cell functions and can be
pharmacologically targeted using small-molecule antagonists
(46, 47). We have previously shown that Ca*" influx through Orail
channels regulates LN homing (48) and interstitial motility (49).
Patients with loss-of-function mutations in Piezol predominantly
suffer from lymphedema and overhydrated RBCs (18). However, a
previous study demonstrated an in vivo impact of a gain-of-function
Piezol (R2482H) mutation in T cells that conferred partial protec-
tion against cerebral malaria in a mouse model without affecting
Plasmodium berghei parasite clearance (17). Our study demon-
strates a protective effect of Piezol deletion in T cells during EAE,
suggesting that the impact of Piezol activity in the same cell type
may vary on the basis of the specific context. A combination of both
Piezol and Piezo2 activity is required for the sensing of blood pres-
sure and mechanosensing in the articular cartilage (15, 50). Whether
such a synergistic mechanism operates in T cell functions remains
to be explored. Recent studies have focused on the immune regula-
tory role of Piezol in innate cells (22, 23); the present study addresses
the role in the adaptive compartment, specifically in CD4 helper
T cells. Further investigation of the function of Piezol in cytotoxic
CD8 T cells and B cells is necessary to fully understand the role of
mechanotransduction during adaptive immunity.

T cells, including Ty cells (24, 51), undergo significant defor-
mation as they squeeze through spaces, navigate barriers, and inter-
act with APCs. Therefore, a lack of effect of Piezol deletion on
CD4" T cell activation, interstitial motility, homing, and transmi-
gration is unexpected given that Piezo1 activity is evoked by changes
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in membrane tension (52). This raises the intriguing possibility that
T cells have additional regulatory mechanisms in place to prevent
Piezol activation. Perhaps promiscuous activation of Piezol when-
ever T cells deform and change their cell shape would be deleterious
for T cell function by giving spurious activation signals and may
negatively affect the exquisite ability of the TCR to detect and dis-
criminate antigens. Direct evidence of the specific mechanical con-
text in which Piezol channels are activated in T cells is lacking. On
the basis of our in vitro and in vivo data, we speculate that substan-
tial changes in membrane tension may be required to activate
Piezol channels, possibly when T cells are navigating through stiff
environments such as solid tumors or healing wounds.

In summary, our study explores the role of Piezol in CD4" T cell
function in the context of an autoimmune neuroinflammation
model. Our results show that deletion of Piezol in T cells attenuates
the severity of EAE by selectively enhancing Ty cell expansion.
Given the vital importance of Theg cells in the amelioration of EAE,
we suggest that inhibition of Piezol could be beneficial in treatment
of neuroinflammatory disorders.

MATERIALS AND METHODS

Study design

We used transgenic mouse strains with T cell- and Ts-specific
Piezol deletion in conjunction with the MOGg;5_55 peptide-based
model of EAE, immune cell imaging, and functional assays to inves-
tigate the role of Piezol in CD4" T cell-mediated autoimmune neuro-
inflammation. In addition to clinical scoring of mice to quantify
disease score, we analyzed the LN, spleen, and spinal cord of EAE
mice for effector Tyl and Ty17 and Tr, cell subsets to gain insight
into the cellular mechanisms by which Piezol might affect EAE in-
duction and progression. Yodal, a selective Piezol chemical ago-
nist, was used in Ca** imaging and patch-clamp studies to confirm
functional expression of Piezol in T cells. We used in vitro func-
tional assays that cross-link the TCR to study the role of Piezol in
signaling processes that prime T cells, including T cell proliferation,
differentiation and Ca®" signaling. For the latter, we generated
transgenic mice expressing the genetically encoded Ca?* indicator
Salsa6f and lacking Piezol in T cells. Transgenic mice with Txn-
induced deletion of Piezo1 in Foxp3* Theg cells allowed us to elucidate
the involvement of Piezo1 in T function in the context of EAE. Ex-
periments were performed in replicates as indicated in the figure
legends. No outliers were omitted. Age- and sex-matched Cd4-Cre
or WT mice were used as controls, but we, otherwise, did not ran-
domize or blind our studies.

Mice

All mice were housed in a clean, specific pathogen-free facility at the
University of California, Irvine (UCI). Animal care protocols were
reviewed and approved by the Institutional Animal Care and Use
Committee of UCI (protocol no. AUP-18-176). Both male and fe-
male mice from the C57Bl/6 background were used at 8 to 12 weeks
of age. Cd4-Cre, Piezo1"™", Piezo ", Foxp3ECFF-cre-ERI2 4nd
C57Bl/6 WT mice were obtalned from the Jackson laboratory (stock
nos. 017336, 029214, 029213, 016961, and 000664, respectively). We
chose Cd4-driven Cre expression because Lck-driven Cre is known
to negatively affect T cell development (53, 54). Cd4-Cre mice were
crossed with Piezo " mice to /generate Cd4-Cre Piezo!"" mice.
We term these as Cd4-Piezol™'~ mice. R26 LoxP-flanked STOP
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(Lox-STOP-Lox or LSL) cassette—Salsa6f calcium reporter mice
(LSL-Salsa6f) were crossed to Cd4-Cre to obtain Cd4-Salsa6f mice
that transgenically express the Salsa6f reporter in T cells as described
before (26). Cd4-Piezol™'™ mice were crossed with an intermediate
strain LSL-Salsa6f"* Piezo "/ to generate Cd4-Cre Salsa6f '~ Piezo?"
7 mice that selectively express Salsa6f and lack Piezol in T cells. We
term these as Cd4-Salsa6f-Piezol”~ mice. Foxp3°“FF-CERTZ mjce
were bred to Piezol" to generate Foxp3¢CFP-CreERT2 pjozo /Al mice
in which Piezol can be deleted specifically in Teg cells by injecting
Txn. We selected Foxp3°“F"¢*RT2 instead of the commonly used

Foxp3"™¢" to avoid promiscuous Cre activity in the latter (55).

EAE induction and T,.g-specific deletion of Piezo1

Active EAE was induced in mice by immunization with MOGss_s5
peptide (1 mg/ml) (MEVGWYRSPESRVVHLYRNGK) emulsified
in CFA supplemented with heat-killed Mycobacterium tuberculosis
H37Ra (5 mg/ml). One hundred microliters of emulsion (EK-0111,
Hooke Laboratories, Lawrence, MA) was injected subcutaneously
at two sites over the flank region. In addition, 150 ng of pertussis
toxin (PTX) (List Biological Laboratories, Campbell, CA) was injected
intraperitoneally on the day of immunization and 48 hours later, as
described previously (24, 56). Nutra-Gel wet food (#S4798, Bio-Serv)
was provided on the floor of the cage, along with long sipper bottles
to facilitate feeding after the onset of EAE. To induce AT-EAE,
Cd4-Cre and Cd4-Piezol™'~ donor mice were first actively immu-
nized with MOG35_s5 peptide and a single dose of pertussis toxin as
described above. Eleven days later, cells were isolated from the in-
guinal DLN and spleen and were activated in vitro with MOGs3s_s5
peptide (20 pg/ml) in the presence of recombinant mouse IL-12
(rmIL-12; 20 ng/ml) (p70, containing both p40 and p35 subunits)
and anti-IFNy (10 pg/ml) (clone XMG1.2, BioLegend; to protect
MOG-responsive cells from activation-induced cell death) for 72 hours.
A total of 25 x 10° donor cells were injected (intraperitoneally) into each
WT recipient mice as described previously (57). Pertussis toxin was not
used for AT-EAE to maintain integrity of the blood-brain barrier in
the rec'})ient mice. To delete Piezol in Treg cells, Foxp3eGF P-Cre-ERT2
Piezo’" mice were injected with Txn (100 mg/kg) for five succes-
sive days (58). Foxp3°“P-CERT2 mice treated with Txn were used as
controls. To maintain Piezol deletion during EAE progression,
mice were treated with another round of Txn 14 to 18 DPI. To in-
duce AT-EAE, Foxp3°C"CER12 P76 1/ and control Foxp3°CfF-CreERT2
recipient mice were first treated with Txn for five successive days.
MOGss_s5-expanded cells from WT donor mice were prepared as
described above for AT-EAE and injected into recipient mice 4 days
after the final Txn treatment. Clinical scores for EAE were assessed
daily according to the following scale: 0, no signs; 0.5, partially limp
tail; 1, limp tail; 1.5, limp tail and hind leg inhibition; 2, hind limb
paresis; 2.5, one hind limb paralysis; 3, both hind limb paralysis; 3.5,
hind limb paralysis and weakness in forelimbs; 4, tetraplegia; and 5,
moribund or euthanized because of severe paralysis (scored >3.5
for two consecutive days).

Isolation of single cells from tissues

Thymus, LN, and spleen were dissected from Cd4-Creand Cd4-Piezol ™~
mice. Tissues were homogenized on top of a 70-um cell strainer to
obtain single-cell suspension. Spinal cords were removed from
phosphate-buffered saline (PBS)-perfused mice and mechanically
dissociated using a Dounce grinder (#K8853000007, Thermo Fisher
Scientific) to obtain single-cell suspensions. Twenty-three percent
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of Percoll (catalog no. 17089101, GE Life Sciences) density gradient
centrifugation at 400g without brakes for 25 min at 4°C was used to
separate myelin debris from cells. The myelin layer at the interface
was removed, and the mononuclear cells in the pellet were collected.
Blood collection was performed by submandibular bleeding. RBC
lysis was performed using ACK buffer (#A1049201, Thermo Fisher
Scientific) for 90 s on ice.

T cell activation for Ca** measurements

and electrophysiology in vitro

All CD4" or CD8" T cells were isolated from the spleen and LN of
8- to 12-week-old mice using EasySep negative isolation kits, cata-
log nos. 19852 and 19853, respectively (STEMCELL Technologies,
Cambridge, MA). Purity of isolated T cells was confirmed to be
>95% by flow cytometry. Isolated T cells were either used for exper-
iments as “resting” T cells or were plated on activating polystyrene
surface in six-well plates (Corning Inc., Corning, NY) coated with
plate-bound anti-CD3 (2.5 pg/ml; clone 145-2C11) and anti-CD28
(2.5 ug/ml; clone 37.51) and soluble rmIL-2 (30 U/ml; BioLegend)
for 2 to 3 days to obtain “activated” T cells for Ca** measurements
and electrophysiology. Unless otherwise stated, cells were cultured
in “T cell culture medium”: RPMI 1640 medium with 10% fetal bovine
serum (FBS), L-glutamine, nonessential amino acids, sodium pyruvate,
B-mercaptoethanol, and penicillin-streptomycin-amphotericin B,
as described previously (26).

Helper T cell polarization in vitro

All CD4" T cells or naive (CD4"CD44°*CD621."8"CD257) T cells
were isolated from the spleen and LN of 8- to 12-week-old mice, as
described in the previous section. For CD4" CD25™ Ty cell isola-
tion, CD4" CD25" T, cells were removed from the population of
all CD4" cells by using a CD25-positive selection kit (catalog no.
130-091-072, Miltenyi Biotec; or catalog no. 18783, STEMCELL
Technologies). For polarization, isolated cells were stimulated on
plate-bound anti-CD3 and anti-CD28 in flat-bottom 96-well plate
in absence (Ty0) or in the presence of specific Ty subtype—polarizing
cytokines for 3 to 4 days. For Ty1 cells, rmIL-12 (25 ng/ml; BioLegend,
San Diego, CA) and anti-mouse IL4 (10 pg/ml; BioLegend). For
Tu17 cells, rmTGFp1 (2.5 ng/ml; Tonbo Biosciences, San Diego,
CA), rmIL-6 (50 ng/ml; Tonbo Biosciences), rmIL-23 (25 ng/ml;
BioLegend), rmIL-1B (25 ng/ml; BioLegend), and anti-mouse IFNy
(10 pg/ml). For Ty cells, rmTGFB1 (10 ng/ml) and rmIL-2 (100 U/ml;
BioLegend). To activate TCR signaling in the T lymphocyte subpopula-
tion of cells isolated from the spleen and LN, soluble anti-CD3 (100
ng/ml; 145-2C11) antibodies were added to the whole cell suspen-
sion in round-bottom 96-well plates under specific Ty subtype-
polarizing conditions as stated above for Ty1, Tyy17 and Treg cells.

Real-time PCR

CD4" T cells were isolated, washed with PBS, and centrifuged to
generate cell pellets that were snap-frozen in liquid nitrogen. Total
RNA was isolated using an Aurum RNA isolation kit (Bio-Rad
Laboratories). Complementary DNA was synthesized with SuperScript
IV Reverse Transcriptase (Invitrogen) following the manufacturer’s
instructions. qRT-PCR was performed with QuantStudio 7 Flex
System using TagMan Universal PCR Master Mix and probe-based
gene-expression assays: Piezol, Mm01241549; 18 s, Mm03928990;
glyceraldehyde-3-phosphate dehydrogenase, Mm99999915; and Tbp
(TATA-box binding protein), Mm01277042 (Applied Biosystems).
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Data were collected using Applied Biosystems QuantStudio Real-
Time PCR software and were analyzed by the comparative cycle
threshold (Ct) method using 18S to normalize Cr values.

TIRF microscopy

TIRF imaging was performed on an Olympus IX81 microscope with a
home-built TIRF illumination system, Olympus 60x 1.45 numerical
aperture (NA) PlanApoN TIRF objective, Photometrics DualView2
image splitter, Photometrics Evolve 512 electron-multiplying
charge-coupled device (EMCCD) camera, 488-nm argon ion laser
(6 mW nominal), and a 561-nm solid state laser (50 mW nominal)
as described (59). Sixteen-bit images were acquired using the EMCCD
camera operated at 100 ms per frame at an electron-multiplying
gain of 130. Average illumination intensities were calculated at
2 W/cm? (488-nm laser) and 1 W/cm? (561-nm laser). Two color
images were acquired simultaneously from T cells illuminated with
both lasers; the red channel was used to image Piezol-TdTomato,
while the green channel was used to detect the presence of cell auto-
fluorescence. Using the 60x TIRF objective, a pixel corresponded to
a 267-nm square. Cells were imaged at room temperature in Ringer’s
solution with 1 mM Ca®*. Image processing was performed using
Image]J (60).

Electrophysiology

Whole-cell recordings were performed as described (59) . Briefly,
the patch pipette resistance was 3 to 5 megohms; pipette capaci-
tance was completely compensated; series resistance was 80% com-
pensated; and seal resistances were >10 gigaohms. Membrane potentials
were corrected for the liquid junction potential (—13.8 mV) between
the pipette and bath solutions. Experiments were performed at
room temperature. After establishing whole-cell recording, the
membrane potential was held at 0 mV, and voltage ramps from —90
to +70 mV alternating with 220-ms pulses to —80 mV were applied
every 2 s. All I-V curves are averages of five traces and are leak-
subtracted. Leak was recorded after 10 uM GdCl; was applied to block
Piezol current and fitted with a fifth-order polynomial function.
Solutions were applied through a gravity-driven local perfusion sys-
tem; complete local solution exchange was achieved within ~2 s.
The composition of external solution was 126 mM NaCl, 4.5 mM
KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, 10 mM glucose (pH 7.4),
and an osmolality of 278 mosm. The internal solution contained
115mM CsAsp, 3 mM Cs4EGTA, 1 mM CaCl,, 12 mMMg-gluconate,,
4 mM Na, adenosine 5'-triphosphate, 0.4 mM Na, guanosine
5’-triphosphate, 15 mM Hepes (pH 7.2), and an osmolality of
272 mosm. Yodal was added to the external solution at final con-
centration 10 pM just before the experiment. Data were analyzed
using Pulse (HEKA Elektronik), Microsoft Excel (Microsoft), and
Origin (OriginLab Corp.).

Intracellular Ca** measurements

Cell preparation and Ca** imaging protocols

CD4" T cells expressing the genetically encoded Ca** indicator
Salsa6f were used to measure intracellular Ca** levels. Ratiometric
imaging using Fluo-4 and Fura-Red dyes was used to image Ca**
signals in T cells lacking Salsa6f probe. In T cells expressing
Foxp3°CFP-CcreERT2 4]1ele, Cal590 dye was used to measure changes
in cytosolic Ca**. Cells were loaded either with 3 uM Fluo-4 AM and
3 uM Fura-Red AM (Molecular Probes) or 3 uM Cal590-AM (AAT
Bioquest) in the presence of an equal volume of pluronic acid F-127
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(Molecular Probes) for 30 min at 37°C. Cells were washed three
times, resuspended in T cell medium, and kept at 37°C. T cells were
plated on poly-1-lysine (>300,000 molecular weight, 1 mg/ml in
water; Sigma-Aldrich)-coated glass-bottom dishes (35 mm, no. 1.5
thickness, MatTek Corporation) for 15 min and imaged to monitor
Ca** responses to Yodal (100 nM to 5 uM) and SOCE in response
to thapsigargin (2 uM)-mediated store release. Cells were imaged in
1 mM Ca®* Ringer solution containing 155 mM NaCl, 4.5 mM KCl,
1 mM CaCl,, 0.5 mM MgCl,, 10 mM glucose, and 10 mM Hepes
(pH adjusted to 7.4 with NaOH). ER Ca®" stores were depleted in
Ca®*-free Ringer solution containing 155 mM NaCl, 4.5 mM KCI,
1.5 mM MgCl,, 10 mM glucose, 1 mM EGTA, and 10 mM Hepes
(pH 7.4). To determine Ca*" responses downstream of TCR activa-
tion, Salsa6f-expressing 2-day activated CD4" T cells, day 0 CD4"
CD25* Theg cells, or 3-day polarized Tg cells were plated on anti-CD3
and anti-CD28 (1 to 2 pg/ml each)-coated 35-mm glass-bottom
dishes. For streptavidin cross-linking, cells were preincubated with
biotin anti-CD3 (2 pg/ml) for 30 min, washed, and plated on poly-
L-lysine-coated coverslips and treated with streptavidin (2 ug/ml) in
1 mM Ca”* Ringers’ buffer during imaging. For bead-based activa-
tion, Salsa6f-expressing cells were mixed with Dynabeads at 1:1
ratio and plated on collagen-coated coverslips for imaging. Cells
that were contact with beads through the duration of imaging (450 s)
were analyzed.

Laser scanning confocal microscopy

Cells were imaged on an Olympus FV3000 confocal laser scanning
inverted microscope equipped with high-speed resonance scanner,
IX3-ZDC2 Z drift compensator, 40x silicone oil objective (NA
1.25), and a Tokai Hit stage top incubation chamber (STXG) to
maintain cells at 37°C. To visualize Salsa6f, 488- and 561-nm diode
lasers were used for sequential excitation of GCaMP6f (0.3% laser
power, 450-V channel voltage, and 494- to 544-nm detector width)
and TdTomato (0.05% laser power, 450-V channel voltage, and
580- to 680-nm detector width), respectively. Fluo-4 and Fura-Red
were both excited using a 488-nm diode laser (0.07% laser power,
500-V channel voltage, and 494- to 544-nm detector width for Fluo-4;
0.07% laser power, 550-V channel voltage, and 580- to 680-nm
detector for Fura-Red). Two high-sensitivity cooled GaAsP photo-
multiplier tubes (PMTs) were used for detection in the green and
red channels, respectively. Image stacks of X = 318.2 um and
Y =318.2 pm (pixel size, 0.6215 um by 0.6215 um) were sequentially
acquired at 2- to 3-s intervals using Olympus FV3000 software.
Time-lapse videos were time-averaged over three frames to gener-
ate a rolling average.

Image analysis

Videos were exported to Image]J, converted to tiff files, background-
subtracted, and single-cell analysis was performed by drawing re-
gions of interest (ROIs) around individual cells in the field. Average
intensities in the green and red channels were calculated for each
ROI at each time point. GCaMP6f/TdTomato [green/red (G/R)
ratio] and Fluo-4/Fura-Red ratio was then obtained to further
generate traces showing single-cell and average changes in cytosolic
Ca®* over time.

In vitro proliferation

All CD4" T cells or CD4* CD25 T.ony cells were labeled with
CellTrace Violet (CTV; Thermo Fisher Scientific) and cocultured
with anti-CD3- and anti-CD28-coated Dynabeads (Thermo Fisher
Scientific) at 1:1 ratio in a round-bottom 96-well plate at 37°C and
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5% CO; in the dark for 72 hours. For MOG antigen recall assay,
cells were isolated from the DLN and spleen from EAE-induced
control (Cd4-Cre) and Cd4-Piezol™'~ mice at 11 DPI, loaded with
CTV, expanded in vitro using MOGs;s_s5 peptide (20 pug/ml), but
without rmIL-12 and anti-IFNy in round-bottom 96-well plate at
37°C and 5% CO, in the dark for 72 hours. Cells were stained for
CD4 surface marker and analyzed for CTV dye dilution by flow
cytometry. “Proliferation index” was calculated as total number of
divisions divided by the number of cells that went into division
using FlowJo (51).

Flow cytometry

To detect intracellular cytokines, cells were stimulated in with
phorbol 12-myristate 13-acetate (PMA), ionomycin, and monensin
(GolgiStop, BD Biosciences) for 4 hours at 37°C in T cell culture
medium. Cells were first labeled with Ghost Dye Red 780 (Tonbo
Biosciences) in PBS for 20 min to eliminate dead cells from analysis.
Staining was performed at 4°C after Fc receptors were masked using
blocking buffer: 1x PBS/10% fetal bovine serum/unlabeled anti-mouse
CD16/32 (1 pg/ml). Anti-CD4 (clone RM4-5), anti-CD8 (clone
53-6.7), anti-CD25 (clone 7D4), and anti-CD45 (clone 30-F11)
antibodies were used to label cell surface makers. Cells were washed,
fixed, and permeabilized using Foxp3 staining buffer set (Thermo
Fisher Scientific). The following antibodies were used to detect
intracellular markers: anti-IL-17A (clone TC11-18H10.1), anti-IFNy
(clone XMG1.2), anti-Foxp3 (clone FJK16s), and anti-Ki67 (clone
SolA15). Green fluorescent protein (GFP) expressed from the active
Foxp3°GP-CreERT2 gllele was used together with CD4 surface stain-
ing to identify Foxp3" Ty cells in the blood. AccuCheck Counting
Beads (PCB100, Thermo Fisher Scientific) were used to estimate
cell numbers per sample. Data were acquired using NovoCyte
Quanteon (ACEA Biosciences) or BD Fortessa X20 (BD Biosciences)
flow cytometers. Fluorescence intensity was plotted against forward
scatter area or height (FSC-A or FSC-H), and analyzed using Flow]Jo
analysis software (FlowJo LLC, Ashland, Oregon).

pSMADZ2/3 phosphorylation assay

CD4" T cells were serum-starved for 2 hours, plated on 48-well
plates coated with anti-CD3 and anti-CD28 (2.5 pg/ml each) in
X-VIVO 15 serum-free medium (Lonza), and incubated with or
without TGFp (10 ng/ml) for 18 hours in the presence of rmIL-2
(30 U/ml). Cells were fixed in 1x BD Phosflow Lyse/Fix Buffer
(catalog no. 558049; 10 min at 37°C) and permeabilized in BD
Phosflow Perm Buffer III (catalog no. 558050; 30 min on ice). To
generate phosphatase-treated controls, 50% of permeabilized cells
from each condition were separately incubated with lambda protein
phosphatase (8000 U/ml) in 1x NEBuffer containing 1 mM MnCl,
(catalog no. P0753S, New England Biolabs; 30 min at 30°C). Cells
were stained with BD Phosflow Alexa Fluor 647 anti-SMAD2
(pS465/pS467)/SMAD3 (pS423/pS425) monoclonal antibody (clone
072-670) and anti-CD4-fluorescein isothiocyanate antibodies.
Phosphatase-treated controls were used to exclude the background
and gate for phosphorylated SMAD2/3" cells.

T cell homing and motility in the LN

Labeling and adoptive transfer of T cells

To compare homing and motility characteristics, CD4" T cells were
labeled with 1.6 uM carboxyfluorescein diacetate succinimidyl ester
(CFSE) or 10 uM CTV or 10 uM CellTrace Yellow (CTY) for 15 min
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at 37°C in RPMI 1640 medium without serum. Cells were washed
two times with RPMI 1640 containing 10% FBS to remove excess
dye and were adoptively transferred into WT recipients at 1:1 ratio.
A total of 2 to 3 million cells were injected into recipient mice (in-
travenously, retro-orbital). Eighteen hours later, LNs were isolated
and either used to quantify homing by flow cytometry or imaged by
two-photon microscopy to study motility characteristics.
Two-photon microscopy

Multidimensional (XYZT) two-photon microscopy was used to
image fluorescently labeled lymphocytes in explanted mouse LN,
as described (28). LNs were oriented with the cortex side facing the
microscope objective (Nikon 25x, CFI75 Apo L, water immersion;
NA, 1.1; working distance, 2.0 mm) on an upright microscope. The node
was maintained at 37° + 0.5°C by perfusion with medium (RPMI
1640) bubbled with carbogen (95% O,/5% CO). A custom-built
two-photon microscope based on an Olympus BX51 upright microscope
frame, fitted with a motorized Z-Deck stage (Prior), with excitation
generated by a tunable femtosecond laser (Chameleon Ultra-II or
Vision-II, Coherent) set to 800 nm to excite CFSE, CTV, and
CTY. Fluorescence emission was split by 484- and 538-nm dichroic
mirrors into three nondescanned PMT detectors (#R3896, Hamamatsu)
and used to record the CTV or a second-harmonic signal generated
from collagen in blue, CFSE signal in green, and CTY signal in red.
For tracking adoptively transferred T cells, 3D image stacks of
x =350 um, y = 350 um, and z = 52 pm (voxel size, 0.64 um by 0.64 um
by 4 pm) were sequentially acquired at 11-s intervals using image
acquisition software Slidebook (Intelligent Imaging Innovations) as
described previously (49). This volume collection was repeated
for up to 40 min to create a 4D dataset.

T cell motility analysis

Two-photon-derived videos (XYZT) were processed and analyzed
using Imaris software (Bitplane USA, Concord, MA). Median-filtered
and histogram-adjusted datasets were used to segment and track
cells using Imaris track module. Accuracy of tracking was checked
by visually inspecting trajectories in 3D rotated images. X, Y, and Z
coordinates of the tracks were used to calculate instantaneous 3D
velocity, motility coefficients, MSD, directionality ratio, and mean
track speed and to plot tracks as described previously (49).

Statistical analysis

GraphPad Prism (version 8.2.0) was used to perform statistical tests
and generate P values. We used standard designation of P values
throughout the figures (ns indicates not significant or P > 0.05;
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Data are
summarized as bar graphs or scatter plots with bars depicting
means + SEM. Details of number of replicates are provided in the
individual figure legends. For comparison between control and Piezo1l
deletion groups, a two-tailed nonparametric Mann-Whitney U test was
used for Ca** signal analysis, motility analysis, EAE peak disease sever-
ity, and T cell differentiation; and a two-tailed unpaired Student ¢ test
was used for CD4" T cell subset analysis in the LN, spleen, and spinal
cord (Tyl, Tul7, and Ty cells), T cell proliferation, and SMAD2/3
phosphorylation assays. A paired ¢ test was used to compare hom-
ing of WT and Piezol '~ T cells. For comparison of multiple groups,
we used ordinary one-way analysis of variance (ANOVA), followed
by either Sidak’s or Tukey’s multiple comparisons. For calculating
significance of EAE clinical scores over several days, we used two-
way ANOVA and multiple comparisons using a two-stage linear
step-up procedure of Benjamini, Kreiger, and Yekutieli (61).
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabg5859/DC1

View/request a protocol for this paper from Bio-protocol.
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