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Abstract

Dendritic cells (DC) act as the sentinels of the immune system, which survey the blood and
tissue for any foreign antigen and, upon antigen recognition, activate and modulate the
behaviour of the adaptive immune system. Due to their function, migration becomes a crucial
aspect of DC biology and is dependent on biochemical signals and specific adhesion
molecules. Mechanical stimuli influence DC migration; however, the molecular mechanism
behind mechanosensation in DC migration is not well understood. Piezol, a recently
discovered mechanosensitive calcium ion channel, needs only mechanical stimuli for its
activation. It is shown to be well expressed in mammals, including the cells of the human
immune system, making Piezol an excellent candidate for the mechanosensory ion channel
in DC migration. We used GsMTx4, a peptide inhibitor of Piezol, to explore its role in the
migration of human monocyte-derived dendritic cells (MoDCs), which are in-vitro generated
DC. We report that Piezol inhibition does not affect the motility of mature and immature
MoDCs. Furthermore, Piezol expression gets downregulated upon MoDC maturation.
However, Piezol inhibition reduces the 3D chemokine-induced directional migration of
immature MoDCs. Our study suggests that Piezol directly influences the directed migration

in immature MoDC, but MoDCs migrate in a Piezol-independent manner upon maturation.
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Chapter 1 Introduction

The immune system is said to have evolved to defend the body from foreign invaders. The
immune system has two primary components: the innate immune system and the adaptive
immune system. The innate immune system is the first line of defence responsible for
phagocytising any foreign antigen and generating an inflammatory response to invading
pathogens (Turvey and Broide, 2010). The adaptive immune response is responsible for a
target specific response generated in case of a prolonged infection or inflammation (Bonilla
and Oettgen, 2010). Dendritic cells are a link between the innate and adaptive immune
systems. They act as sentinel cells, surveying tissues for any antigen and upon antigen
recognition, they express part of the antigen on their cell surface. In the lymph nodes, the T
cells recognise this antigen via specialised surface proteins called the T cell receptor complex
(Théry and Amigorena, 2001). Depending on the cellular state of the antigen-presenting
dendritic cell, they alter the response of the T cells and, subsequently, the immune system. If
DCs receive pro-inflammatory signals during antigen recognition, they turn into a mature
state and prime the T cells' function against the inflammation-causing agent (Banchereau and
Steinman, 1998). However, a lack of pro-inflammatory signals causes the DCs to induce a
state of tolerance in T cells resulting in a dampening of response towards that response (Iberg
et al., 2017). Thus DC are potent regulators of the immune system. The function and
migration of DC are closely linked. The role of migration for DC function in the skin, lungs,
intestine and central nervous system is well explored and reviewed (Worbs et al., 2017). DC
migration also influences the pathogenesis of inflammatory diseases like atherosclerosis,

rheumatoid arthritis and psoriasis (Worbs et al., 2017).

DC function and migration are well regulated by biochemical cues from pathogens and
damaged tissue. Recognition of conserved molecules structures associated with pathogens
(e.g., lipopolysaccharide found on bacterial cells wall) and damaged tissue (e.g. intracellular
nucleic acid released by dying cells) via specialised receptors called pattern recognition
receptor (PRR) lead to the maturation of DCs (Al-Ashmawy, 2018). Upon maturation, DCs
upregulate surface markers like CD80, CD83, CD40 and MHC-II (Jin et al., 2010). Mature
DCs are shown to be more effective in antigen presentation than immature DCs (Théry and
Amigorena, 2001), suggesting the biochemical cues also eventually affect antigen
presentation. Chemokines are small chemical molecules that signal for migration of the

immune cells, called chemotaxis. A prominent regulator of chemotaxis in DC is the CC
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chemokine receptor 7 (CCR7), a g protein coupled receptor, that binds to chemokines CC
chemokine ligand 19 and 21 (CCL19 and CCI21) (Forster et al., 2008). Signal transduction
along the CCR7-CCL19/CCL21 axis is a critical regulator of migration in dendritic cells
during both steady state and inflammation (Ohl ef al., 2004). Upon maturation, DCs are also
shown to upregulate the expression of CCR7. Kinases like RhoGTPases that regulate the
activity and distribution of cytoskeletal elements, along with adhesion molecules like
integrins, also contribute to the regulation of DC migration as reviewed (Vicente-Manzanares

and Sanchez-Madrid, 2004).

DCs receive a variety of mechanical stimuli from the microenvironment, like varied substrate
stiffness, hydrostatic pressure and active forces on the cell like tension and compression.
Recent studies have explored the role of mechanical stimuli on DC aspects of biology like
maturation, migration and metabolism. Upon exposure to shear stress using a microfluidic
channel, mouse BMDCs show increased surface expression of maturation markers MHC-I
and CD86 (Kang ef al., 2021). Pressure is another factor that affects DC function. Exposing
immature DCs to higher pressure using a Lucite box results in an activation marker profile
similar to that of mature cells, and exposing mature DCs to pressure leads to a further
increase in the expression of activation markers. Furthermore, increasing pressure on mature
DCs also increases the release of inflammatory cytokine IL12 (Craig ef al., 2008). Following
a similar trend, culturing mouse DCs on stiffer hydrogels leads to increased expression of
maturation markers like CD80, CD86 and MHC-II and an increased metabolic profile
(Chakraborty et al., 2021). Another study suggests a similar correlation between substrate
stiffness and surface markers CD83 and CD86 in human MoDCs; however, the levels of
MHC-II remain unchanged (Mennens et al., 2017). Subjecting cyclical strain to mouse DCs
also increases the activation of CD40 and MHC-II. However, this increase is not as
prominent as mouse DCs matured using lipopolysaccharide (LPS), a bacterial indicator
recognised by DC. Cyclical stress also increases the potency of DC to cause T cell
proliferation. (Lewis et al., 2013). Taken together, these results suggest that mechanical stress

pushes the DCs towards a phenotype closer to that observed during inflammation.

The dependence of mechanical stimuli on DC migration is slightly more complex. Studies
have focused on the effects of substrate stiffness on DC motility and migration (Mennens et
al., 2017; Bendell et al., 2018; Choi et al., 2021). 2D motility of human DCs (Mennens et al.,
2017) and mouse DCs (Bendell ef al., 2018) is not dependent on the stiffness of the substrate.

In a confined microenvironment, however, the motility of mouse DCs is seen higher on lower
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substrate stiffness. Low substrate stiffness is also associated with a more persistent migration
(Chot et al., 2021). Furthermore, despite not showing a difference in human MoDC motility,
substrate stiffness affects the CCR7 receptor expression, and there is a slight increase in the
proportion of transmigrating MoDCs (Mennens et al., 2017). Similarly, exposure to shear
stress does not change the migration velocity of mouse DCs but changes the migratory
potential of DCs and increases the directionality of the movement (Kang et al., 2021). While
these studies provide evidence of the influence of mechanical cues on DC migration, the

mechanistic details remain unclear.

Mechanotransduction is the process of sensing and converting external mechanical signals to
biochemical signals inside the cells (Martino et al., 2018). Mechanosensitive ion channels are
pore forming membrane proteins that get activated upon a mechanical stimulus to the channel
or membrane and allow ions to pass through. These ion channels can be selective and may
allow only positive ions (Dedman et al., 2009) or negative ions (Qi et al., 2004) to pass
through. Mechanosensitive ion channels are the link between mechanical stimuli and

biochemical signalling in the cells making them indispensable for mechanotransduction.

Members of the Piezo ion channel family, Piezol and Piezo2, are recently discovered
mechanosensitive ion channels identified in a mouse neuroblastoma cell line (Coste ef al.,
2010). Piezol and Piezo2 channels are widely expressed in the vertebrate system and are
shown to induce mechanically activated currents in many cell types (Coste et al., 2010). Both
Piezol and Piezo2 are multipass transmembrane ion channels that respond to the force acting
on the plasma membrane by getting activated upon increased membrane tension (Lewis and
Grandl, 2021). Upon activation, they allow an influx of Ca*" into the cell (Lewis and Grandl,
2021). Ca** flux is well regulated in immune cells, and Ca?* signalling plays a crucial role in
DC migration (Saez et al., 2018). While the expression of Piezo2 is restricted to the nervous
system in humans (Ranade ef al., 2014; Woo et al., 2014), Piezo1 is shown to be involved in
inflammation and cellular processes in atherosclerosis pathogenesis (Shinge et al., 2022).
Furthermore, Piezol is also shown to be expressed in a variety of immune cells, such as T
cells (Liu et al., 2018; Jairaman ef al., 2021) and macrophages (Atcha et al., 2021; Geng et
al., 2021). Taken together, the activity and expression profile of Piezol makes it a potential

candidate for mechanotransduction in immune cells.

Previous studies in the lab have shown the involvement of Piezol in T-cell activation and

integrin-dependent T cell chemotaxis migration. One study reported the Piezol dependence
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of downstream signalling upon TCR activation (Liu et al., 2018). The other study focuses on
the mechanism of dependence of focal adhesion molecules on Piezol during T-cell migration
(Liu et al., 2022). The role of Piezol on cell migration has been studied in the context of
cancer cells, tissue-resident cells like fibroblasts and oligodendrocytes, mesenchymal stem
cells and immune cells like macrophages and microglial cells. Piezol is shown to induce
migration in mesenchymal stem cells and macrophages and cancer development and
metastasis (Mousawi et al., 2020; Gao et al., 2021; Wang et al., 2021; He et al., 2022), and
shown to inhibit migration in fibroblasts, oligodendrocytes and keratinocytes
(Chubinskiy-Nadezhdin et al., 2019; Holt et al., 2021; Velasco-Estevez et al., 2022),
depending on the biological context of these cells. These studies highlight Piezol as an

important player in regulating mechanical cues received by migrating cells.

To the best of our knowledge, the role of Piezol in dendritic cell migration has not been
studied. Studies have explored the role of Piezol in DC metabolism and function in mice.
The study by Chakraborty et al. has shown the influence of mechanical stiffness on dendritic
cell metabolism and function and implied a role of Piezol antitumour response and cytokine
release of IL6 and TNFa in mouse DCs (Chakraborty ef al., 2021). Another study reports that
the deletion of piezol in mouse dendritic cells alters the T cell differentiation profile in-vivo
(Wang et al., 2022). These studies highlight the importance of Piezol in DC biology,

providing further motivation to explore the influence of Piezol on DC migration.

In this study, we aim to explore the role of Piezol in human dendritic cell migration. Using
siRNA knockdowns and a piezol inhibitor, we have attempted to determine the influence of
Piezol on the motility and directional migration of human monocyte-derived dendritic cells

(MoDCs).
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Chapter 2 Materials and Methods

2.1 Human Peripheral Blood Mononuclear Cell (PBMC)
Isolation and Purification

PBMCs were isolated from leukocyte concentrate (buffy-coat) procured from Tata Medical
Center Blood Bank, Kolkata, through approved procedure and clearance from the ethics
committee. 4 mL of leukocyte concentrate was diluted with 1x PBS to a total volume of 11
mL. The diluted concentrate was then carefully layered over 4mL of Ficoll (Hisep LSM
1077, Himedia) and then centrifuged for 20 minutes at 25°C at 2500 rpm with a break and
acceleration of 1 unit. Upon centrifugation, the buffy coat separates into four layers, with top
to bottom being the plasma layer, mononuclear cell layer, Ficoll layer and granulocyte and
erythrocyte layer. The plasma layer was discarded, and the mononuclear cell layer was
collected in a separate 15 mL falcon. Any remaining Ficoll was washed out by adding 10 mL

1x PBS and palleted down by centrifugation for 5 minutes at 25°C and 1500 rpm.

Any red blood cell (RBC) impurity was removed from the mononuclear cells by RBC lysis in
2 mL of RBC lysis buffer for 5 minutes at room temperature. The lysis reaction was stopped
using 3 mL of Magnetic Associated Cell Sorting (MACS) Buffer. The purified mononuclear

cells were pelleted down by centrifugation for 5 minutes at 4°C and 1500 rpm.

2.2 CD14+ Human Monocyte Isolation and MoDC generation

Monocytes were isolated from PBMCs using a positive selection of CD14+ cells using a
human magnetic activated cell sorting system (MACS). PBMCs were resuspended in 500 pL.
MACS Buffer, and 8 pL of anti-CD14 magnetic microbeads were added to it. This
PBMC-bead solution was incubated while rotating for 20 minutes at 4°C. Any non-specific
binding was washed out by adding 3 mL MACS buffer, and the cell pellet was obtained by
centrifugation for 5 minutes at 4°C and 1500 rpm. The pallet was then resuspended in 3 mL
MACS buffer and the solution was run through a large-size magnetic sorting column after
equilibrating the column. After passing the cells, the column was washed with 8 mL MACS
and the negative fraction was discarded. The column was separated from the magnet, and

CD14+ cells were plunged into a 15 falcon and palleted down by centrifugation.
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The cells were then resuspended in RPMI Media. The cell density was adjusted to 0.5 million
cells per mL and cells in a total volume of one mL were seeded in a well in 24 well plate.
After the monocytes were allowed to culture in the incubator for 30 minutes, 20ng/mL of
human recombinant IL4 and 25ng/mL of human recombinant GMCSF was added to the cells.
The cells were allowed to culture for 4 days, after which they differentiated into

Monocyte-derived Dendritic Cells.

2.3 RNA isolation

RNA was isolated from cells using the TRIzol RNA isolation method. Cells were pelleted
down and resuspended in 700 pL of TRIzol, and the solution was transferred to a 1.5 mL
tube. For phase separation, 200 pL of chloroform was added to the TRIzol mix, followed by
mixing and incubation at RT for 15 minutes in a horizontal position. The samples were then
centrifuged at 13500 RPM for 15 minutes at 4°C. Following centrifugation, the mixture
separates into a top aqueous layer, a middle DNA interphase and a lower phenol-chloroform
phase. RNA is exclusively present in the top layer, which is carefully collected and added to a
new tube containing 0.8 uL of GlycoBlue™ Blue Coprecipitant (Invitrogen), which helps
visualise small RNA pellets.

In order to precipitate the RNA, an equal volume of isopropanol was added to the aqueous
solution, followed by mixing and incubation at room temperature for 15 minutes. A blue
RNA pellet was obtained at the bottom of the tube after centrifugation for 15 minutes at 4°C
and 13500 RPM. The RNA pellet was purified of any residual salts by washing with 750 uL
of 75% ethanol and centrifugation for 15 minutes at 4°C and 13500 RPM. The alcohol was
decanted, and the RNA pellet was allowed to dry completely before resuspending in
Ambion™ Nuclease Free Water (NFW) for cDNA generation.

2.4 cDNA generation for RT-PCR

cDNA was generated from the isolated RNA using BioRad cDNA preparation kit. 2 pL of
RT-Buffer, 2 pL of RT-primer, 2 pLL of ANTP and 0.2 pL of reverse transcriptase enzyme was
added to a maximum of 1 ug of RNA dissolved in 14 pL of NFW. The reaction mixture was
then cycled in the GeneAmp 2400 PCR Thermal cycler (Applied Biosystems) following a

standardised protocol.
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2.5 Real-Time PCR for gene expression studies

Real-time PCR was carried out in triplicates. We used 18s as a housekeeping gene to
calculate the relative expression of a gene of interest using ACT values. To each well of a 96
or 384-well RT-PCR plate, 5 pL of SyBr Green, 0.5 pL of concentration forward and
reverse primers and 4.5 pL of 1:20 NFW diluted cDNA is added, making the total reaction
mixture of 10 pL. Primer-specific gene amplification was performed through multiple cycles
of primer dissociation, annealing and elongation in a BioRad RT-PCR cycler with SyBr green
detection. The annealing temperature for primers of Piezol and Piezo2 was established to be
60°C. After the amplification cycles, a melt curve determining cycle was added to obtain the
melt curves of the PCR products. The melt curves were used to evaluate the specificity of
PCR amplification, where a curve with a single peak was the indicator of primer-specific

amplification.

2.6 Lipofection of primary human MoDCs

DOTAP liposomal transfection reagent was used to transfect siRNA into human MoDCs.
EGFP siRNA was used as a control, and Piezol-targeted siRNA was used as a target. A
solution containing the required siRNA concentration was mixed with an equal volume of a
DOTAP solution with 10 times the concentration of siRNA. The mixture was let to incubate
at RT for 20 minutes. After the incubation, the DOTAP-siRNA mix was added to cells and

cells were allowed to culture in the incubator for the standardised time.

2.7 CFSE staining of cells for live microscopy

Cells were collected, pelleted down and resuspended in 1.5 mL 1X PBS. Cells were stained
using cell trace fluorescent CFSE dye by adding 1.5 pL of 1:10 diluted CellTrace CFSE dye
to the cell suspension. The cells were incubated at RT in the dark for 10 minutes with
intermittent tapping to allow uniform staining. The staining reaction was stopped with 3 mL
of RPMI media, and stained cells were pelleted down by centrifugation for 5 minutes at 4°C

and 1500 rpm.

2.8 Live microscopy for 2D cell tracking

Tracking at room temperature

96-well plate were coated with 40 puL. of 4 pg/mL recombinant human ICAM1 overnight at
4°C and washed with 1X PBS. CFSE-stained cells were resuspended in RMPI containing 25
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mM HEPES buffer to make the pH CO, independent. 30,000 cells in 40 pL volume were
seeded on coated wells let to incubate for 45 minutes. Wherever needed, 5 uM GsMTx4 was
added while seeding the cells. Cells were allowed to equilibrate at room temperature for 5
minutes before adding CCL19 in the middle of the well. Cells were then allowed to
equilibrate on the lens for 5 minutes. A field mainly containing single cells was selected, and
images were acquired for 15 minutes every 15 seconds at 40X magnification using the green

fluorescent laser in EVOS™ m5000 system.

Tracking at 37°C

Confocal dishes were coated with 200 pL of 10 pg/mL recombinant human fibronectin or 4
pg/mL  recombinant human ICAMI1 overnight at 4°C and washed with 1X PBS.
CFSE-stained cells were resuspended in RMPI containing 25 mM HEPES buffer to make the
pH of the media CO,-independent. 50,000 cells in 200 uL volume were seeded on coated
dishes and left to incubate for 45 minutes. Wherever needed, 5 uM GsMTx4 was added while
seeding the cells. Post incubation CCL19 was added, and cells were allowed to equilibrate for
10 minutes in the 37°C temperature control set up on the Zeiss LSM confocal system. A time
series was recorded for 20 minutes with images taken at an interval of 30 seconds at 10X
magnification using a bidirectional 488 nm laser with a speed of 8 and a resolution of

512x512 pixels.

2.9 2D cell tracking analysis

The time series obtained from tracking was opened as a .tiff file in ImagelJ. The stack was
converted to binary with black background by thresholding using Imagel. After binarisation,
the particles were tracked using a particle tracking plugin in ImagelJ called Particle Tracker
2D/3D (Sbalzarini and Koumoutsakos, 2005). The radius parameter was adjusted according
to the size of the cells in pixels. The preview of recognised particles was observed, and for
the setting where most, if not all, single cells were recognised, the algorithm was allowed to
track cells at that setting. As an output, we get the trajectories of all particles, which were
saved as a .tiff file. Furthermore, we get the coordinates of each tracked particle at each time
point, and the coordinates were saved as a .csv file. A custom-written Jupyter notebook code
was used to calculate the path length and MSD for each particle that was tracked for at least

10 minutes at every time point. The MSD for kth frame was calculated using the formula:
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The path length till frame k was calculated as follows:

k
Path length (k) = dist(i);
i=1

2

o ~ 2 — 2
Where dist(i) = \/(xi x(i_l)) + (yi y(i_l))

2.10 Flow cytometry: staining, acquisition and analysis

Flow cytometric was used to check the surface expression of Piezol on mature and immature
MoDCs. Mature or immature MoDCs were stained for live-lead differentiating violet dye and
incubated at 4°C for 30 minutes in 1X PBS. The cells were washed with excess 1X PBS and
pelleted down by centrifugation at 4°C, 1500 rpm for 5 minutes. Cells were then surface
stained with an antibody cocktail containing anti-TCRP PE, anti-CD19 PE, anti-CD14
PerCP-Cy5.5, Anti-CD86 FITC and 1: 100 diluted Rabbit anti-human Piezol primary
antibody for 45 minutes in 1X PBS at 4°C. Post incubation the cells were washed with excess
1X PBS and pelleted down using centrifugation. The cells were then stained with 1:500
diluted goat anti-rabbit Alexa 647 secondary antibody for 30 minutes at 4°C. For control,
unstained and secondary control cells (cells stained for surface markers and the secondary
antibody without binding for primary Piezol antibody) were used. The cells were fixed in 1%

PFA after washing with 1X PBS and acquired for flow cytometry.

MoDCs do not have a unique marker to differentiate for positive gating. Instead, we decided
to gate CD19- CD14- and TCRp- cells from live single cells as MoDCs. From the MoDC
population, cells expressing with CD86- or CD86"" were gated to be immature MoDCs,
whereas CD86+ cells were gated to be mature MoDCs. A representative image of the gating
strategy for immature and mature MoDCs is shown in Figure M1. The Piezol expression
levels of mature and immature MoDCs were compared to their respective secondary controls.
The geometric mean fluorescence intensity (MFI) was calculated for secondary controls, and

Piezol stained samples were used as a quantification of the expression of Piezol.
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Figure M1 Gating strategy for immature and mature MoDCs

Representative figure of the gating strategy used to gate mature and immature MoDCs. An FSC
vs SSC plot separates the cell population from small debris. From the MoDC population, single
cells are selected. Live cells are selected from the single cell population. From the live cells
CD14- CD19- and CD3- cells are selected as MoDC. From these CD86- cells are selected as
immature MoDCs and CD86+ cells as mature MoDCs. The bottom 3 plots represent the
representative CD86 expression profiles of unstained (left), immature MoDCs (middle) and
mature MoDC (right).

2.11 Fixed immunostaining for confocal Microscopy

Immature MoDCs were seeded on human recombinant fibronectin-coated glass coverslips
with a density of about 80,000 cells per coverslip. Seeded cells were incubated in the

incubator for 2 hrs, after which 0.5 pg/mL CCL19 was added to the cells where needed and
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let to incubate in the incubator for 15 minutes. After the incubation, the coverslips were
washed once using filtered 1X PBS, and cells were fixed by incubating for 15 minutes in 4%
PFA. The coverslips were then washed 3 times with 1X PBS. Blocking was performed by
incubating the cells in a solution of 0.2% triton X-100 in 1X PBS containing 3% bovine
serum albumin (BSA) for one hour at room temperature. The coverslips were washed again
and incubated overnight at 4°C in a 1:100 dilution of rabbit anti-human piezol and mouse
anti-human CD44 primary antibody in 1X PBS containing 0.1% BSA. After incubation, the
coverslips were washed with 1X PBS and incubated for 45 minutes at room temperature in
1:300 dilution of goat anti-rabbit Alexa-488 conjugated and rat anti-mouse Alexa-633
conjugated secondary antibody in 1X PBS containing 0.1% BSA. After staining, the
antibodies were washed again and the stained cells were mounted on Vectashield® mounting
media containing DAPI and sealed before confocal imaging. Z stacks of the cells were
acquired at 0.5 um intervals at a magnification of 63x using Zeiss LSM confocal microscope.
The images of the cells were generated by maximum intensity z projections of the z stacks

using Imagel.

2.12 Transwell migration assay

Transwell inserts containing pores of size 8§ pm were coated overnight with 10 pg/mL human
recombinant fibronectin. 0.5 million cells in 50 pL media were added to the transwell without
adding media to the lower chamber. For Piezol inhibition, 5 pM GsMTx4 was added where
needed, and the cells were incubated in the incubator for 45 minutes. After 45 minutes, 500
uL of median containing 0.5 pg/mL CCL19 was added to the lower chamber and the cells
were allowed to migrate in response to CCL19 for 3.5 hours in the incubator. After
incubation, the migration was stopped by placing the set-up on ice, and the cells in the lower
chambers were carefully collected and counted, and the percentage of cells that migrated was

calculated.

2.13 p-migration assay

p-slide chemotaxis chambers (Ibidi) were coated overnight with 10 pg/mL human
recombinant fibronectin. After coating, the chambers were washed with 1X PBS and allowed
to dry completely before CFSE-stained cells were seeded in the lower half of the chamber. A
final concentration of 0.5 pg/mL was added to the upper chamber, and the set-up was left in

the incubator for 45 minutes to allow the cells to settle at the surface and for a stable CCL19
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gradient to be established. The chamber was allowed to equilibrate at the lens of the confocal

set-up at 37°C for 10 minutes and a time series for 20 minutes at intervals of 30 seconds.

2.14 Statistical analysis

The statistical significance was calculated using GraphPad Prism 8.0. A paired Student t-test
was used to calculate the significance of transwell migration data. For other data, an unpaired

Student t-test was used.

2.15 Buffer composition

e RBC lysis Buffer (per 500mL volume)
o 100 pL of 0.5 M EDTA
o 0.504g of Sodium Bicarbonate
o 4.145g of Ammonium Chloride
e MACS Buffer
o 1XPBS
o 0.5% Bovine Serum Albumin (BSA)
o 1 mM EDTA
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Chapter 3 Results

Establishing the experimental set-up to study the role of Piezol in DC

migration

DCs are a relatively rare population among white blood cells and make up less than 1% of
peripheral blood mononuclear cells ((Haller Hasskamp et al., 2005). While it is possible to
isolate DCs from peripheral blood, their rare presence in blood makes it a difficult task to use
isolated DCs for extensive in vitro studies. It is established that monocytes are DC precursors
and, upon inflammation, convert into dendritic cells in vivo (Randolph et al., 1999). It is also
established that upon stimulation with cytokines IL4 and GMSCF, monocytes can
differentiate into dendritic cells in vitro as well (Chometon et al., 2020). Since monocytes are
much more abundant in the peripheral blood, we decided to use monocyte-derived dendritic
cells (MoDCs) for in vitro studies. Upon differentiation, these MoDCs are immature and can
be converted to mature MoDCs by stimulation with lipopolysaccharide (LPS) (Chometon et
al., 2020).

We started by comparing mRNA expression levels of the two piezo proteins, Piezol and
Piezo2, in mature and immature human MoDCs. RNA was isolated from the cells and
converted into cDNA as described in sections 2.3 and 2.4, and the relative expression levels
of Piezol and Piezo2 were quantified using real-time PCR. The relative expression
normalised to Piezol in immature MoDCs is plotted in Figure 1B. It was observed that the
mRNA expression level of Piezol is more than that of Piezo2 in both mature and immature
MoDC, with Piezol expression being about 10 times higher than that of Piezo2. It was also
observed that mature MoDCs show increased Piezol and Piezo2 mRNA expression levels
compared to immature MoDCs. These results suggest that Piezol is the dominantly expressed

Piezo family gene in human MoDCs.

With the aim to explore the effect of reduced Piezol in MoDCs, we decided to try and knock
down Piezol in MoDCs. Lipofection has been shown to be an effective method of transient
gene knockdown in dendritic cells without causing significant cell death (Martino et al.,
2009). We used DOTAP (1,2-dioleoyl-3-trimethylammonium-propane), a cationic lipid
transfection reagent, as a carrier as described in section 2.6, to transfect MoDCs with Piezol
specific siRNA to knockdown Piezol expression in the cells. EGFP-specific siRNA was used

as a control since EGFP is not expressed in human cells. The incubation time for lipofection
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Figure 1 Set up to study the role of Piezol in MoDC migration

(A) A schematic diagram of the experimental set-up used to track the motility of MoDCs. (B)
The mRNA expression of Piezol and Piezo2 relative to 18s housekeeping gene on mature and
immature MoDCs. The data point represents different donors. The relative mRNA expression
is normalised to immature MoDCs Piezo1 expression of respective donors. (C) Standardising
the dose and incubation for Piezo1 knockdown through lipofection. Relative mRNA expression
of Piezol at 18, 24, 48 and 72 hours post lipofection, for two doses (120ng/ml and 160
ng/ml) was normalised to the piezol expression levels of their respective controls. The data
point represents individual values.

was standardised by testing the population mRNA expression levels using RT-PCR at
18,24,48 and 72 hours post lipofection. Gene knockdown response was tested for two doses
of siRNA, 120 ng/mL and 160 ng/mL._Figure 1C shows the individual data from different
donors and their average values of mRNA expression levels at each time point normalised to
their respective controls. A consistent reduction in the mRNA expression levels of greater
than or equal to 50% was observed at 18hrs for the dosage 120 ng/mL. Thus we can conclude
that transfecting MoDCs with 120 ng/mL of siRNA via DOTAP transfection carrier and

incubating for 18 hrs cause a reduction in Piezol mRNA levels.
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Since DC maturation causes the upregulation of the expression of the chemokine receptor
CCR7, they are more responsive to chemokine induced migration. Since Piezol mRNA
expression levels are also upregulated upon maturation, we decided to focus on the
CCL19-induced migration of mature MoDCs. We decided to coat the surface of migration
with human intracellular adhesion molecule-1 (ICAMI) as it interacts with a majority of 3,
integrins, which are shown to be involved in DC function and migration (Schittenhelm et al.,
2017). As described in sections 2.7 and 2.8, mature MoDCs were seeded, activated by
CCL19 and migrated at room temperature. A schematic of the setup used to record and track

the migration of cells is shown in Figure 1A.

Effect of Piezo1 knockdown on 2D migration of mature MoDC

Mature MoDCs transfected with control or Piezol targeting siRNA were migrated at room
temperature, and their mean square displacement (MSD) was compared in the donors where
Piezol was successfully knocked down. A population mRNA level reduction of 40% or more
was considered to be a successful knockdown which was observed in 6 of the 11 donors. The
effect of Piezol knockdown varied across donors. Figure 2A represents the variation
observed across donors, where piezol knockdown seems to reduce (Figure 2A left), increase
(Figure 2A centre), or not affect (Figure 2A right) the MSD of mature MoDCs. The Piezol

mRNA levels normalised to respective controls are shown in Figure 2C.

We considered the lack of consistency and a trend in the data and speculated the reason
behind it. A reduction in Piezol mRNA expression levels does not necessarily translate to a
reduction in protein expression, and the protein expression levels at knockdown should be
evaluated. Even with a reduced Piezol protein expression upon knockdown, the knockdown
may not be uniform across all the cells in the culture, giving rise to variability at the
single-cell level. While the potential problems so far can be addressed with western blot and
flow cytometric analysis, we noticed something peculiar about the migrating cells. Figure 2B
shows zoomed representative snapshots of a few migrating cells under the microscope. Note
that across the time of 10 minutes, we see the cells changing their position but not their
shape. This suggests that the cells may not be actively migrating, and observed movement is

due to some external factors.

One potential reason behind this could be a lack of engagement between ICAMI and
dendritic cell surface proteins resulting in improper adhesion between cells and the surface,
making it difficult for cells to migrate actively. Less-than-ideal cell health could be another

reason behind such observations. The acquisition was not done at physiological conditions,
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(A) MSD vs time plots for migrating mature MoDCs lipofected with EGFP siRNA (blue) and
Piezo1 siRNA (red) for 3 representative donors at room temperature. (B) Zoomed snapshots
of migrating cells at t = 0,2,4,6,8,10 minutes. The tracked particles are circled and their
trajectory is traced as time passes. (C) Relative Piezol mRNA expression for the same donors
as (A). The values are normalized to the Piezol expression of the control (EGFP)
siRNA-treated cells of the respective donors.

1.e without both 5% CO, and regulated 37°C temperature. Furthermore, siRNA transfection is
strenuous to cells, and while they looked normal under the microscope, it is a possibility that
it may be affecting cell activity and metabolism. Thus, we decided to revise the experimental

set up to address the mentioned problems.

The revised experimental set-up to study 2D migration

Since cells weren’t actively migrating, we decided to perform the experiment on a confocal

microscope which allowed us to track cells at 37°C. The acquisition was done on confocal
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Figure 3 Piezol inhibition does not affect mature MoDC motility

MSD (A) or Path length? (C) vs time calculated for mature MoDCs that were allowed to
migrate on Retronectin coated confocal dishes after activated by CCL19 only (black) and
inhibited by GsMTx4 before CCL19 activation (red). Square of the path length is plotted to
help to compare with MSD. MSD (B) or Path length? (D) after 10 minutes of migration
compared for statistical significance (for ~300 cells).

dishes instead of wells. Fibronectin is shown to interact with dendritic cells (Jancic et al.,
1998)and other studies on DC migration have used fibronectin to coat the surface for
migration (Choi et al., 2021); hence instead of ICAM1, we decided to coat the confocal
dishes with human recombinant fibronectin (RetroNectin). Due to the limited availability of
confocal slots combined with irregularities in siRNA knockdown, we decided to not to use

knockdown methods to study the role of Piezol until we figured out how to address potential

variation at single cell level.

GsMTx4 is a 35 amino acid long peptide, which was isolated from the venom of the spider
Grammostola spatulata and was shown to block mechanosensitive cationic channels
(Suchyna et al., 2000). GsMTx4 is shown to reversibly block the Piezol ion channels at uM
concentration (C et al., 2011). Since GsMTx4 is a soluble peptide inhibitor, its effect is

uniform on cells, and the problem of variation at single cell level is also resolved. Since this
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migratory set-up doesn’t have any directional CCL19 gradient, we also decided to calculate

both the MSD and path length (as elaborated in section 2.9) of the tracked particles.

Piezol inhibition does not affect the motility and migration of mature
MoDC

As described in section 2.8, we decided to inhibit the Piezol ion channel in order to study it’s
role in 2D mature MoDC migration. Mature MoDCs were migrated over a RetroNectin bed,
and tracked at an interval of 30 seconds for 20 minutes at a magnification of 10x at 37°C with
and without incubation in GsMTx4 before CCL19 addition. Using this setup, we observed
active migration in cells, where moving cells were constantly changing shape. (Video 1)
Interestingly, we observed no difference in the MSD and path length of control and
GsMTx4-inhibited cells. The results observed were reproducible and Figure 3 represents data
from about 300 tracked single cells observed over two donors. Note that in Figure 3C and 3D,
the path length® is plotted instead of the path length in order to make it directly comparable to
MSD. This data suggests that Piezol activity is dispensable for 2D migration in mature
MoDCs.

Surface Piezol gets downregulated upon MoDC maturation

While we were using GsMTx4 to explore the role of Piezol, we decided to check the surface
Piezol distribution upon Piezol knockdown to try to address the difference in distribution at
single cell level upon knockdown. Mature MoDCs were given siRNA treatment as before,
and after the incubation time, MoDCs were stained for CD19, TCRp, CD14 and CD86. To
this panel, we added staining for Piezol using the primary Piezol antibody, followed by
staining of the primary antibody using a fluorescent secondary antibody as elaborated in
section 2.11. MoDCs stained with surface markers and the secondary antibody without any
Piezol primary antibody were used as a control (referred to as secondary control), and the
fluorescent intensities of the two were compared. Unstained MoDCs were also kept as
controls. Upon staining we were unable to see any change in fluorescence from the secondary
control (data not shown). We increased the antibody concentration and changed the panel a
little and yet we were unable to see any Piezol-specific staining in CD86+ cells. However, a
very tiny fraction of the population was expressing CD86 lower than that observed in mature
MoDCs, and it seemed like there was some staining in those cells. This made us question
whether the lack of Piezol specific staining was not an error in staining but an indication of

little to no expression of Piezol on mature MoDC surface.
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Figure 4 Piezol downregulation upon MoDC maturation

(A) Histogram showing the APC specific fluorescence in immature (left) and mature (right)
MoDCs, in unstained cells (pink), cells stained with only the goat anti-rabbit Alexa 647
secondary antibody (blue) and cell stained with a rabbit anti-human Piezo1 primary antibody
followed by goat anti-rabbit Alexa 647 secondary antibody (orange). (B) The geometric mean
fluorescent intensity for immature and mature MoDCs as a fraction of their respective
secondary controls.

We expected the tiny CD86™ population in mature MoDCs to be the immature MoDCs that
failed to mature upon LPS stimulation. Hence, we decided to check the surface Piezol
expression of mature and immature MoDCs since mentioned above using the same panel
mentioned above. As expected, we observed a prominent increase in fluorescence from
secondary controls in immature MoDCs but little to no increase in mature MoDCs. These

observations suggest that as MoDCs maturation and CD86 upregulation, there is a
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downregulation in surface Piezol expression. These data along with the 2D migration data
using GsMTx4 inhibitor suggest that mature MoDCs migrate in a Piezol-independent

manner.

While it is interesting to explore the mechanism and reason behind the downregulation of
Piezol upon maturation, as well as to evaluate using a controlled experimental set-up whether
LPS or maturation-inducing stimuli are, in fact, upstream to Piezol expression regulation, it
was a difficult task for the time that I had with this project. Instead, we decided to explore the

role of Piezol in immature MoDC migration.

GsMTx4 inhibition does not change the motility of immature MoDCs in 2D
migration

Using the same set-up using RetroNectin-coated confocal dish and live imaging at 37°C, we
compared the MSD and path length? in control and Piezo1-inhibited immature MoDCs. When
observed the cells were active and moving under the microscope, however, immature cells
have a different migratory behaviour to mature cells. In some cases they would migrate in
more or less towards a general direction, in other cases they would wander around a little and
then move in a general direction as shown in Video 2. It is difficult to ascertain the cause of
this behaviour; it may be because sometimes it’s taking longer for the cells to equilibrate or

this is how their migratory behaviour is.

Since we are interested in the motility of MoDCs, we decided to compare MoDCs when they
are undergoing similar migration patterns; specifically, we decided to focus on time frames
where they are all moving in a general direction. Interestingly enough, there isn’t much of a
difference in the distance travelled by the control and GsMTx4 treated cells. The experiment
was reproducible and combined data of about 400 cells are shown in Figures 5C and 5D.
Comparing the MSD of the control and GsMTx4 treated cells revealed that there is a slight
reduction in MSD upon GsMTx4 inhibition, as shown in figures SA and 5B, however, the
difference isn’t statistically significant. These results suggest that Piezol inhibition does not
affect the motility of immature in 2D migration. It also suggests that Piezol might affect

other aspects of immature MoDC migration.

Piezol does not polarise in migrating immature MoDCs

Previous studies in the lab exploring the role of Piezol in T-cell migration reported that

piezol is crucial for effective T cells migration. They further report that upon CCL19
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Figure 5 Piezol inhibition does not affect mature MoDC motility

MSD (A) or Path length (C) vs time calculated for mature MoDCs that were allowed to migrate
on RetroNectin® coated confocal dishes after activated by CCL19 only (black) and inhibited
by GsMTx4 before CCL19 activation (red). Square of the path length is plotted to help to
compare with MSD. MSD (B) or Path length (D) after 10 minutes of migration compared for
statistical significance (for ~400 cells). (E) Representative images of confocal staining of
immature MoDCs with (bottom panel) and without CCL19 activation (top panel). As shown,
red represents CD44, green represents Piezol, blue represents DAPI (individual image not

shown) and merged images.

activation, piezol polarises in T cells, suggesting a role of piezol localisation in migrating T
cells (Liu et al., 2022). In contrast to T cells, we couldn’t find any significant effect of piezol

inhibition in 2D migration of immature MoDCs. To further establish the previous
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observations, we decided to check if there was any piezol polarisation in migrating immature
MoDCs. Leukocyte migration involves cytoskeletal polarisation, where they extend a leading
edge of actin filaments toward the direction they are migrating in, and microtubules are
retraced from the hind part of the cell called the uropod (Vicente-Manzanares and
Sanchez-Madrid, 2004). Non-migrating MoDCs and DCs have many projections and could
lead to difficulties in differentiating migrating cells from non-migrating ones by their actin
distribution under fixed confocal microscopy. Thus in order to observe the polarisation of
migrating cells, we decided to stain immunostain CD44, an adhesion molecule shown cluster
at the uropod (Vicente-Manzanares and Sanchez-Madrid, 2004) and involved in DC
mobilisation (Johnson et al., 2021), along with Piezol and DAPI. Cells fixed after the
addition of CCL19 were stained and compared to control cells fixed without CCL19
activation and checked for Piezol polarisation. As shown in Figure 5E, we see some
polarisation expression in CD44, however, we fail to see any polarization in piezol. These
observations further suggest that piezol is not involved in the 2D migration of immature

MoDCs.

Piezo1 inhibits CCL19-induced 3D transwell migration of immature MoDCs

Since we couldn’t find any involvement of Piezol in the motility of MoDCs in 2D, we
decided to check if it plays any role in 3D chemotactic migration across a membrane using
the transwell migration assay. A transwell assay is a migration set up where two plastic
hollow chambers are separated by a semi-permeable membrane, as shown in Figure 6A. In
the top chamber cells are seeded and chemokine is added in the lower chamber. Cells are
attracted towards the chemokine and migrate through the membrane within the time span of a
few hours. We used a transwell with a membrane with a pore size of 8 uM and the membrane
was coated overnight with RetroNectin to allow cells to adhere and migrate optimally. To
explore the role of Piezol in 3D chemotaxis migration, an equal number of cells were seeded
and incubated in media with (test) and without (control) GsMTx4 for 45 minutes in the top
chamber without adding media to the lower chamber. After 45 minutes, chemokine (CCL19)
containing media was added to the lower chamber and cells were allowed to migrate for 3.5

hours at the physiological conditions and the migrated cells were counted.

The initial two attempts gave inconsistent results. We realised that while the difference
seemed significant, the total number of cells migrated was in the range of 15000-20000 cells.
Thus a difference of 5000 cells would look significant, but it could very well have been

caused due to counting and sampling errors since we were counting low-density cells,
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Figure 6 Transmembrane migration and 2D chemotaxis of immature MoDCs

(A) Schematic representation of transwell set up to study the CCL19 induced 3D migration
across a membrane. (B) Percentage of cell migrated across the transwell membrane with
(red) and without (black) pre-incubation in GsMTx4. (C) Tracked cells and trajectories of
immature MoDCs migrating in the chemotaxis chamber. Note the difference in direction of cell
migration across the two donors.

resulting in very few cells in each quadrant of the haemocytometer. To account for this, we
decided to start with more cells in the top chamber, 0.5 million, as opposed to the 0.2 million
cells used before. This experiment was repeated 7 times, out of which, in three donors, there
was negligible migration. However, upon checking the cells under the microscope, the cells
looked stressed at the end of the experiment, suggesting something unexplained happened to
the cells. The remaining four times, we observed that 10-40% of the cells migrated to the

lower chamber, with lesser cells migrating than the corresponding controls upon GsMTx4
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treatment. The difference was significant when tested using a paired t-test. These data suggest

that inhibition of Piezo1 inhibits the transmembrane migration of immature MoDCs.

Effect of Piezo1 inhibition on chemotactic directional migration

The reduction of chemotactic migration in 3D upon Piezol inhibition, made us reconsider the
implication of slight difference in MSD of immature MoDCs in 2D migration observed upon
Piezol inhibition. While Piezol doesn’t seem to affect the motility of immature MoDC:s, it is
perhaps involved in establishing and maintaining the directionality of migration towards
chemotactic cues. We decided to use the Millicell® p-migration chemotactic assay to further
evaluate the role of Piezol on the directionality of immature MoDC migration. The
Millicell® chamber has microchambers which can establish stable chemokine gradients for

hours, making it possible to track and evaluate the migration of cells.

We tried to standardise a protocol for this experimental setup. We decided to stick to the
confocal system and acquire the motion of cells at 37°C. Initially, we tried adding the
chemokine (CCL19) 10 minutes before the live acquisition of the cells as suggested in the
manual. However, we failed to observe any migration in the cells for the 20 minutes of
acquisition that followed (images not shown). We wondered if more time was needed for the
chemokine to form a stable gradient around the area where the cells are seeded. We decided
to add chemokine during the seeding of the cell and let the setup incubate in the incubator for
45 minutes. After incubation, when the migration of cells was recorded we were able to see
migration directed towards increased CCL19 concentration as shown in figure 6C left.
However, when the experiment was repeated for another donor, we observed that some of the
cells were moving towards the CCL19 gradient (top portion of figure 6C right) and some
were moving away from the gradient (bottom portion of figure 6C right). This inconsistency
in the procedure needs to be addressed if we are to determine the role of Piezol inhibition in

direction migration accurately.

33



Chapter 4 Discussion

This study focused on exploring the role of Piezol in human MoDCs migration. MoDC
migration is influenced by mechanical cues, and Piezol is an excellent mechanosensitive
candidate for mechanosensation for DC migration. We used CCL19, a migration driving
chemokine to induce migration in MoDC and study the migration in vivo. We initially tried
using knockdowns to study the role of Piezol on MoDC migration at room temperature,
however, the cells, with or without Piezol knockdown, weren’t actively migrating. Multiple
factors could have contributed to such behaviour and we decided to use an ion channel
specific peptide inhibitor to study the effects of Piezol inhibition on mature and immature
MoDC motility and directional migration. We observed that the motility of both mature and
immature MoDCs in open 2D migration is not affected by Piezol inhibition. This observation
is thematically in line with previous studies that show no influence of stiffness (Mennens et
al., 2017; Bendell et al., 2018) or shear stress (Kang et al., 2021) on human and mouse DC
motility. This suggests that the motility or speed of migration in DC is independent of
mechanical signals. These observations are also in line with the lack of Piezol polarity upon
CCL19 activation in 2D in immature MoDCs since previous work in our lab suggests a
distinct Piezol polarity in CCL19 induced migrating T cells (Liu et al., 2022). Piezol
inhibition reduces the 3D directional migration of immature MoDCs across a semipermeable
membrane. Furthermore, there seems to be a slight reduction in the mean square
displacement in immature MoDCs migrating on a 2D field. These results suggest that Piezol
influences aspects of DC migration other than motility. Results from the Millicell®
chemotactic migration would give a broader perspective on the above mentioned observation.
Previous studies have reported the influence of substrate stiffness influence DC motility in
confined spaces (Choi et al., 2021). Another study has reported changes in directionality
upon shear stress on mouse DCs (Kang et al., 2021). The Millicell® chamber is a confined
space where we can track the directional migration of cells. If we observe a similar outcome
to that of transwell assay, it will allow us to decipher precisely which aspect of MoDC
migration is controlled by Piezol, which will then allow us to form a hypothesis for a
downstream mechanism of action. If the outcome of the Millicell® chemotaxis assay is
significantly different from that of the transwell assay, it would lead us to explore the
physical differences between 3D migration across a membrane and 2D confined migration,

such as the volume change required in cells migrating through a membrane (Watkins and

Sontheimer, 2011).
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Another interesting observation was the downregulation of Piezol upon MoDC maturation.
This hints towards the possibility that mature MoDCs migrate in a Piezol-independent
manner. We would also need experiments similar to the one shown in this study to establish
the independence of Piezol in the migration of mature MoDCs. A supposed difference in
mechanosensing in mature and immature DCs make thematic sense since many cellular
aspects of DCs, like lipid composition and cellular stiffness, are different in immature and
mature DCs (Liihr et al., 2020). Furthermore, mature and immature DCs are primarily
associated with different ECM profiles (Al-Ashmawy, 2018). Thus exploring the variation of
Piezol expression across these different profiles would shed more light on the regulatory

mechanism of Piezol expression.

We also observed that the Piezol mRNA expression level in mature MoDCs was greater than
that in immature MoDCs. The increase in Piezol mRNA is in agreement with a previous
study exploring the role of DC piezol in T cell differentiation (Wang et al., 2022). While the
majority of experiments were performed in DC specific Piezol deleted mice, they also
performed confirmatory experiments with human MoDCs. Their study suggests that Piezol
deletion in mice causes the preferred differentiation of T,., over Ty1, and these findings are
consistent in experiments done in human MoDCs. They have also demonstrated that
stimulation by yodal, a piezol agonist, of LPS-activated human MoDCs increases the release
of antitumor cytokines in MoDCs (Wang et al., 2022). This suggests that Piezol signalling in
dendritic cells works in a pro-inflammatory manner by inducing a Ty;1 response in the T cells.
As mentioned before, mature MoDCs promote an inflammatory response in the adaptive
immune response. Our observation of surface Piezol downregulation in matured MoDCs is
in contrast with the findings in this paper. Note that while FACS staining, we stained only the
surface expression of Piezol, staining for surface and intracellular Piezol will be the first
step to understanding the relation of Piezol expression with MoDC maturation. Finer
mechanistic details about factors regulating the downregulation are required to give more

clarity to the contrasting observations between our study and the study by Wang et al.
Thus the study shows preliminary experiments to evaluate the previously unexplored role of

Piezol in human MoDC migration. These experiments would pave the way for a deeper

understanding of the role of Piezol in mechanotransduction in DC biology.
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List of videos for reference

Video 1 Mature MoDC migration at 37°
Video 2 Immature MoDC migration at 37°C
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