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Abstract: Transient Receptor Potential Ankyrin 1 (TRPA1) is a non-selective cation channel involved
in sensitivity to a plethora of irritating agents and endogenous mediators of oxidative stress. TRPA1
influences neuroinflammation and macrophage and lymphocyte functions, but its role is
controversial in immune cells. We reported earlier a detectable, but orders-of-magnitude-lower level
of Trpal mRNA in monocytes and lymphocytes than in sensory neurons by qRT-PCR analyses of
cells from lymphoid organs of mice. Our present goals were to (a) further elucidate the expression
of Trpal mRNA in immune cells by RNAscope in situ hybridization (ISH) and (b) test the role of
TRPA1 in lymphocyte activation. RNAscope ISH confirmed that Trpal transcripts were detectable
in CD14* and CD4* cells from the peritoneal cavity of mice. A selective TRPA1 agonist JT010 elevated
Ca?"levels in these cells only at high concentrations. However, a concentration-dependent inhibitory
effect of JT010 was observed on T-cell receptor (TcR)-induced Ca?* signals in CD4* T lymphocytes,
while JT010 neither modified B cell activation nor ionomycin-stimulated Ca?" level. Based on our
present and past findings, TRPA1 activation negatively modulates T lymphocyte activation, but it
does not appear to be a key regulator of TcR-stimulated calcium signaling.

Keywords: TRPA1; lymphocytes; monocytes; CD4* cells; CD14* cells; B cells; dual RNAscope®
ISH-IF technique; TcR activation; JT010; intracellular Ca?'; flow cytometry

1. Introduction

Transient Receptor Potential Ankyrin 1 (TRPA1) is an ionotropic receptor [1] that
mediates the neuro-immuno-epithelial interface network [2-5] in the airways [6,7], skin
[8-10], and gut [3,11]. TRPA1 functions as a nonselective cation channel and chemosensor
for sensitivity and sensitization to a plethora of irritating agents and endogenous
mediators of oxidative stress and inflammation [1,12]. Its function has been proposed to
contribute to a variety of interrelated sensory and inflammatory processes such as
inflammatory hyperalgesia [13,14], colitis [15], and airway inflammation [16,17]. Absence,
dysfunction, or inhibition of TRPA1 has been shown to decrease inflammation-related
symptoms of psoriasis [9,10,18], rheumatoid arthritis [19], actinic keratosis [20], atopic
dermatitis [21-23], and multiple sclerosis [24-29]. Selective TRPA1 antagonists were
suggested as promising treatments for neuroinflammatory diseases [30,31]. However,
discrepancies in the immune and nociceptive effects in preclinical and clinical studies
highlighted that in addition to species-specific differences, the tissue and cellular
environment also plays a crucial role in defining whether lack of TRPA1 function has a
pro- or anti-inflammatory effect [31,32].
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Expression of Trpal mRNA in immune cells was reported based on comprehensive
expression profile analysis of TRP channel gene families including TRPA1 in immune
organs [33], by endpoint RT-PCR and qRT-PCR analysis, or by functional analysis in
mouse immune cells, e.g., CD4+* splenocytes [34,35] and Th2 type T cells [32,36]. Trpal
transcription may also be regulated at the epigenetic level, as epigenetic alterations in
pain-related syndromes and association analyses between chronic pain and the
methylation pattern of TRPA1 suggested [37,38]. Understanding the role and functional
properties of TRPA1 in immune cells is of particular importance for the design of potential
therapeutic approaches, even if the target is TRPA1 on sensory neurons.

We reported earlier by qRT-PCR a detectable, but orders-of-magnitude-lower level
of Trpal mRNA in mouse monocytes and lymphocytes than in sensory neurons [39].
While controversial results were reported on TRPA1 protein and mRNA expression in
monocytes or macrophages [39-42], a series of functional results suggest its presence and
function in human monocytes and macrophages (reviewed in [12,32]). Functional patch
clamp experiments, calcium signaling, and differences in cytokine secretion between the
wild type (WT) and the TRPA1 knockout (KO) mice suggested the presence of a functional
TRPA1 in CD4+ cells [34,35,39], though discrepancies in the conclusion based on the
observed phenomena persist. Although TRPA1 was detected via Western blot in a
Burkitt’s lymphoma cell line, no evidence was published on mRNA expression or function
of TRPAT in B lymphocytes.

This study intended to: (1) further elucidate the expression of Trpal mRNA in
immune cells by applying dual RNAscope® in situ hybridization (ISH)-
immunofluorescent (IF) technique, and (2) test the role of TRPA1 in lymphocyte activation
using a synthetic covalent ligand of TRPA1, JT010, reported to be a selective potent agonist
of the channel [43,44]. Matsubara et al. [45] provided evidence that JT010 is a much weaker
TRPA1 agonist in mice dorsal root ganglion cells than in human fibroblast-like
synoviocytes, at concentrations under 100 nM. They also reported that JT010 is a potent
activator of human TRPA1 (hTRPA1), but not mouse TRPA1 (mTRPA1) expressed in
human embryonic kidney (HEK) cells. However, since two critical cysteines, C621
(important for JTO10 interaction) and C665 of hTRPA1, are conserved in mTRPA1 (C622
and C666) [46—48], we intended to test whether application of higher concentrations of
JT010 modulates TRPA1-mediated Ca? influx in murine peritoneal cells. We aimed to test
the effect of JT010 on mouse T cell function because of two reasons: (1) previous functional
results indicated differences in calcium signaling and in cytokine secretion between WT
and TRPA1 KO mice [34,39], and (2) in contrast to AITC and cinnamaldehyde, JT010 does
not cause membrane damage of the primary immune cells even at high concentrations. In
our earlier work [39], we could not determine the influence on TRPA1-mediated Ca2*
influx by other agonists in splenocytes and thymocytes, because these primary immune
cells were vulnerable to these agents in our system, indicated by cell shrinkage,
granulation, and compromised membrane permeability (shown by propidium iodide
positive staining of the cells). We could not detect any significant differences in the TcR-
induced Ca? signal of T lymphocytes isolated from spleen and thymus between the WT
and pore-loop domain-deficient TRPA1 KO mice. However, imiquimod-stimulated
elevation of Ca?* level with sustained time kinetics was higher in the mouse TRPA1 KO
CD&+ thymocytes [39].

The combined approach of RNAscope ISH and immunofluorescent staining is
applicable in primary neurons and in tissue sections from rodent brain. It can be used for
gene-specific detection in a specific cell population or for simultaneous identification of a
target gene and protein in the same cells [49]. Other groups have applied a dual RNAscope
ISH-IHC/IF technique with surface CD marker labeling, but independent protocols had
to be developed for the particular studies [50-53]. Dual RNAscope/I[HC combination is
used in our laboratories for detection of intracellular proteins together with Trpal, Trpvl
mRNA expression [54-58]. Moreover, phenotyping of immune cells both for diagnostic or
research purposes is performed routinely in our laboratories ([39,59-61], diagnostic
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laboratory at the Department of Immunology and Biotechnology, University of Pécs
Clinical Center). Given our long-standing experience with these techniques, we studied
the Trpal mRNA expression in the context of CD marker expression by performing a
quadruple IF-staining and RNAscope ISH.

2. Materials and Methods
2.1. Mice, Mononuclear Cell Isolation

Four-to-six-week-old male C57BL/6 mice were used in groups of two or three in
experiments. Mice were kept and bred in the facility of the Institute of Immunology and
Biotechnology, or that of the Institute of Pharmacology and Pharmacotherapy under
conventional conditions. Thymuses were isolated and homogenized mechanically,
peritoneal cells were washed out from the peritoneal cavity by RPMI supplemented with
5% fetal calf serum (RPMI/FCS) and used immediately for immunofluorescent staining at
room temperature followed by either RNAscope ISH or measurement of intracellular
calcium signaling.

2.2. Immunfluorescent Staining

For combined phenotype analysis and RNAscope ISH [62], 105 cells/sample isolated
from the peritoneal cavity were cultured in RPMI 1640 (R 6504, Sigma-Aldrich Chemie
GmbH, Schnelldorf, Germany) supplemented with 10% fetal calf serum (FCS, A5209402,
Gibco, Thermo Fisher Scientific, Waltham, MA, USA) on poly-D-lysin-coated (A 3890401,
Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany, diluted to 1 ug/mL final
concentration in phosphate-buffered saline (PBS)) Superfrost Ultra Plus slides (Thermo
Fisher Scientific, Waltham, MA, USA) in the presence of 5% CO: for 3 h at 37 °C. After
gentle washing with RPMI/FCS followed by PBS rinsing, cells were incubated in PBS
containing 0.1% BSA (PBS/BSA) for 20 min at 4 °C. Cells were labeled with fluorochrome-
conjugated cell surface antibodies at 4 °C in darkness for one hour, then washed with
PBS/BSA 3 times for 20 min. The slides were incubated in 10% neutral buffered formalin
solution (NBF, Cat. No.: HT501128, Merck KgaA, Rahway, NJ, USA) for 30 min at 4 °C.

For combined phenotype analysis and intracellular calcium signaling measurements,
cells were cell-surface stained as described earlier [39,63] with some modification. To
avoid, or at least reduce, the effects of cold temperature, mechanical stimuli, or PBS on
TRPA1 and the internalization of the receptor, cells were washed and stained with
RPMI/ECS instead of PBS/BSA. A total of 10° cells were labeled with fluorochrome-
conjugated cell surface antibodies for 30 min in darkness, then washed with RPMI/FCS
prior to Ca? signal measurements on a FACSCalibur flow cytometer (Beckton Dickinson,
Franklin Lakes, NJ, USA). Results were analyzed with FCS Express software 6 (De Novo
Software, Pasadena, CA, USA)

We used appropriate combinations of the following antibodies purchased from BD
Pharmingen, San Jose, USA): rat anti-mouse CD4 Fluorescein (FITC, clone RM4-5, Cat.
No.: 553046), rat anti-mouse CD4 Phycoerythrin (PE, clone H129.19, Cat. No.: 553653), rat
anti-mouse CD8a PE-Cy5 (clone 53-6.7, Cat. No.: 553034); and the following antibodies
purchased from Biolegends: rat anti-mouse CD14 PE (clone Sal4-2 Cat. No.: BZ-123310),
Isotype Rat IgG2a, k, (clone RTK2758, Cat. No.: BZ-400508). Rat mAb against B220
produced by anti-B220 hybridoma (clone RA3-6B2), purified by protein G
chromatography and conjugated with FITC and Alexa Fluor 647 [60], was kindly provided
by the Department of Inmunology and Biotechnology, University of Pécs Clinical Center.

2.3. RNAscope In Situ Hybridization

In order to combine the surface marker staining on fixed immune cells with
RNAscope ISH [62] for Trpal mRNA detection, the pretreatment procedure was reduced
to a protease III treatment (ACD, Cat. No.: 322381, 10 min, diluted 1:10 in PBS at RT). The
pretreatment procedure was reduced to protease III (ACD, Cat. No.: 322381) treatment for
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10 min (diluted tenfold in PBS) at RT. Further steps of the RNAscope protocol (probe
hybridization, signal amplification and channel development) were performed according
to the RNAscope Multiplex Fluorescent Reagent Kit v2 user’s manual (ACD, Hayward,
CA, USA). Briefly, the surface marker-stained and formalin-fixed cells were treated with
mouse Trpal (ACD, Cat. No.: 400211) probes and then visualized using a TSA Vivid™
Fluorophore kit 650 (Tocris, Cat. No.: 7527) (1:750) for the detection of Trpal mRNA. A
mouse 3-plex positive control probe (ACD; Cat. No.: 320881) specific to RNA polymerase
II subunit A (Polr2a) mRNA, peptidyl-prolyl cis-trans isomerase B (Ppib) mRNA, ubiquitin
C (Ubc) mRNA, and a 3-plex negative (ACD; Cat. No.: 320871) control probe for bacterial
dihydrodipicolinate reductase (dabP) mRNA were tested on the samples as technical
controls. After 2 x 15 min washes with PBS, the sections were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI) (ACD, Hayward, CA, USA). Finally, after a PBS wash,
the slides were covered with 50% glycerol dissolved in PBS mounting medium. Slides
were stored at 20 °C until confocal microscopy.

2.4. Confocal Microscopy, Semi-Quantitative Image Segmentation, and Co-Localization Analysis

Fluorescent labeling was imaged utilizing either using an Olympus FluoView 1000
confocal microscope (Olympus, Hamburg, Germany) or Nikon Ti-2 C2 confocal
microscope (Nikon Europe, Amsterdam, The Netherlands). Digital images were captured
by sequentially scanning in analogue mode for the respective fluorophores in order to
avoid false positive signals due to the slightly overlapping emission spectra, and to detect
reliably quantifiable fluorescent signals. Cells labeled with combined immunofluorescent
and RNAscope ISH were scanned across four channels corresponding to their respective
wavelengths. The resulting digital images from the four channels, representing the same
area, were automatically overlaid and merged. Image segmentation and co-localization
measurements were performed using the following freely available software: Fiji Image]
(version 1.54f) [64] and CellProfiler (version 4.2.6) [65], employing 4 to 16 unedited images
from each corresponding channel.

2.5. Measurement of Intracellular Calcium Signaling by Flow Cytometry

Intracellular free Ca?* was measured using Fluo-3-AM (Molecular Probes, Cat. No.:
F-1242 [66]) according to the protocol described earlier [39,67,68]. Fluo-3-AM 1 mg/mL
stock solution was dissolved in Pluronic-F-127 (Sigma P 2443) and additional dimethyl
sulfoxide (DMSO). Briefly, isolated cells were suspended in RPMI supplemented with 5%
FBS and 2 mM CaClz (CaRPMI). Cells (2 x 10¢ cells/mL) were stained with fluorochrome-
conjugated cell surface antibodies as described above in Section 2.2, then incubated with
Fluo-3-AM in a CO2 incubator for 30 min at 37 °C. Cell suspension was washed and
incubated for an additional 20 min in CaRPMI, then fluorescence was measured
immediately using a Becton Dickinson FacsCalibur flow cytometer (Franklin Lakes, NJ,
USA). Mean fluorescence intensity of Fluo-3 dye (FL1) was monitored before and after
stimulation for 10 min in CD4+, CD8*, B220*, and CD14* subpopulations and in size- and
granulation-defined subpopulations based on FSC/SSC values.

To test effects of JT010 (6269, Tocris Bioscience, Bristol, UK) on intracellular Ca?* level
of the cells, JT010 or DMSO as control were added either alone, simultaneously with anti-
CD3, or also by pre-incubating the cells with JT010 prior to addition of anti-CD3 and
crosslinking agent IgG. Identical volumes (0.15% v/v) of concentration series of JT010 stock
dilutions dissolved in DMSO in glass vials were used to achieve the proper final
concentration in CaRPM]I, to avoid JT010 absorption to polypropylene surfaces described
by Heber 2019 [69].

For TcR-dependent Ca? signal analyses, cells were stimulated with hamster anti-
mouse CD3 Epsilon monoclonal antibody (Clone 145-2C11, Cat. No.. MAB484, RD
systems, Minneapolis, MN, USA) for 10 min, then crosslinked with goat anti-hamster IgG
(Abcam, Cat. No.: ab5738) as described earlier [39,67,68]. In the case of B cell activation
analyses, the baseline Fluo-3 fluorescence was measured for 1 min, then cells were
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stimulated with anti-mouse-IgG [68]. Ionomycin (2 pM, I 0634, Sigma-Aldrich Chemie
GmbH, Schnelldorf, Germany) was applied at the end of every experiment for internal
control to check nonresponsive cells and acquire a maximum response. Fluorescence was
measured on a FACSCalibur flow cytometer (Beckton Dickinson, Franklin Lakes, NJ,
USA). Data were analyzed by the Cell Quest software program (version 3.1, BD
Biosciences, San Jose, CA, USA). Changes in Ca*-indicator fluorescence were calculated
as a ratio to that of non-stimulated quiescent cells.

2.6. Monitoring Cell Death and Plasma Membrane Damage through Measuring
Phosphatidylserine (PS) Exposure of the Cells by Annexin V-Binding Assay

Cell death and plasma membrane damage of the cells were monitored by analysis of
PS exposure of cells by annexin V-binding assay as described by Albrecht et al. [70] with
minor modifications: instead of propidium iodide, 7-AminoactinomycinD (7-AAD, A
9400, Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany) was used. Briefly, before
addition of JT010, cells were preincubated in annexin V-binding buffer for 2 min prior to
addition of 7-AAD and Alexa Fluor 488-conjugated annexin V (1:80 v/v; Molecular Probes,
Eugene, OR, USA). After the addition of either JT010 or DMSO (as control), changes in
annexin V-binding (1:80 v/v; Molecular Probes, Eugene, OR, USA) and 7-AAD over time
were recorded for 10 min. In addition, cell death and plasma membrane damage of the
cells were monitored also during simultaneous addition of JT010 and anti-CD3 and
crosslinking agent IgG, and after preincubation with JT010 followed by anti-CD3 and
crosslinking agent IgG. Ionomycin (2 pM, I 0634, Sigma-Aldrich Chemie GmbH,
Schnelldorf, Germany) was applied at the end of every experiment for internal control to
check nonresponsive cells and acquire a maximum response of PS exposure. Fluorescence
was measured on a FACSCalibur flow cytometer (Beckton Dickinson, Franklin Lakes, NJ,
USA) flow cytometer. Data were analyzed by the Cell Quest software program (version
3.1, BD Biosciences, San Jose, CA, USA).

2.7. Statistical Methods

Experiments were performed at least 3 independent times, analyzing the effects on
at least 3 mice. Results were analyzed with GraphPad Prism 8.0 software (La Jolla, CA,
USA). Data were expressed as mean * standard error (SEM) of the values received in
independent experiments. Statistical evaluation was performed using Student’s t-tests,
where p-values < 0.05 were considered significant.

3. Results

3.1. Trpal Transcripts Were Detected in CD4+ and CD14+ Cells by RNA Scope In Situ
Hybridization

To evaluate which immune cells express Trpal mRNA, we developed a protocol to
perform a quadruple staining by combining the RNAscope® ISH technology with the
classical immunofluorescent staining (IF). We aimed to preserve the morphology of the
cells, reduce the digestion of the cell surface epitopes by protease pretreatment procedure
of the RNAscope ISH technique, and reduce the internalization of CD markers, testing a
series of cell surface staining and cell fixation methods and varying the sequence of the IF
staining and RNAscope ISH.

3.1.1. Trpal mRNA Was Detected by RNAscope ISH in CD4* Cells

Confocal laser scanning microscopy revealed that Trpal mRNA is expressed in anti-
CD4 antibody labeled cells isolated from peritoneal cavity of mice. Co-localization of
Trpal with anti-B220 antibody-stained cells was not detected, as the representative image
series of the quadruple staining shows in Figure 1a. Trpal transcripts were also present in
solely DAPI-stained cells, which may indicate either expression of Trpal in the CD4-/B220-
mononuclear cell types in the peritoneal cavity, or loss of epitope-bound fluorescent
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antibodies during the RN Ascope procedure. As the bright-field superimposition (merge)
of the same field of this image shows (Figure 1b), the anti-CD4-* labeling can be seen both
on solitary cells and at the contact point of two interacting cells, where the labeling was
presumably more readily preserved despite protease treatment. It is worth noting that our
protocol preserved the morphology of the cells, as the immunostaining on viable, non-
permeabilized cells was carried out prior to RN Ascope procedure. In our final protocol,
we used direct IF labeling instead of indirect IF labeling to avoid non-specific binding of
the secondary antibody after or during the RN Ascope procedure. The disadvantage of the
method was the much weaker signal, while the benefit was a more specific staining, as
seen detailed in Supplemental Figure S1 and in Figure 2.

Trpal B

(a)
MERGE + DIC
o
E;—‘k e
N Qg_,l
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N .
o &
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Figure 1. Trpal mRNA expression in CD4* cells. (a) Representative fluorescence images showing
B220-positive B cells (green, aB220 Ab), CD4-positive cells (red, «aCD4 Ab) and their co-localization
with the Trpal mRNA transcripts (white) in mouse peritoneal cavity samples. (b) The images
illustrating the individual channels depicting the identical area are shown merged with a differential
interference contrast (DIC) photomicrograph. Nuclear counterstaining was performed with 4',6-
diamidino-2-phenylindole (DAPI, blue).
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Figure 2. Trpal mRNA co-localization with CD4, CD14, and B220 CD markers. Representative
RNAscope results compared to RNAscope positive (+) and negative (-) controls. White RN Ascope®
ISH signals in the images indicated one of the following: Trpal mRNA, RNA polymerase II subunit
A mRNA (+RNA scope CTR), or bacterial dihydrodipicolinate reductase mRNA (-RNA scope CTR).
Red immunofluorescent signals in the images indicate one of the following: anti-CD4 antibody
(aCD4 Ab), anti-CD14 antibody (aCD14 Ab), or isotype control antibody-labeled (IT CTR) cells.
Green immunofluorescent signals in the images indicate the anti-B220 antibody labeled cells (aB220
Ab). Nuclear counterstaining was performed with 4',6- diamidino-2-phenylindole (DAPI, blue).

3.1.2. Trpal Transcripts Were Detected in CD14+, CD4* Cells but Not in B Cells

The quadruple staining allowed us to visualize two CD marker proteins together
with the cell nuclei (DAPI) and the RNAscope signals on the same cell subsets. Trpal
mRNA was detected in CD14+ and CD4+ cells, but not in B220* cells, as demonstrated in
Figure 2 and Supplemental Figure S1. Trpal transcripts were localized inside CD14+ cells
and CD4+ cells, while red labeling was absent in isotype control antibody-stained samples
(IT CTR), representing the specificity of the staining with these antibodies. A mouse 3-
plex positive control probe specific to RNA polymerase II subunit A mRNA (+RNA scope
CTR), and a 3-plex negative control probe (-RNA scope CTR) to bacterial
dihydrodipicolinate reductase mRNA validated the modified RNAscope method. The
same anti-CD14 antibody was successfully used for immunohistochemistry and flow
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cytometric analysis to label isolated cells from the spinal cord and from the peritoneal
cavity [71,72]. B220 antigens represent a subset of mouse CD45 isoforms predominantly
expressed on all B lymphocytes, including pro-, mature, and activated B cells [60]. The
antibody used for CD4 antigen detection was successfully used earlier in phenotyping T
cell subpopulations of different sources [39,60,61]. Partial permeabilization of the cells by
10% NBF containing approx. 4% formaldehyde or internalization of CD markers before
fixation may explain why the CD marker’s immunofluorescent signals appeared not only
at the plasma membrane but also intracellularly.

Supplemental Figure S1 shows a lower magnification of the same test series,
presenting more clearly the abundance of Trpal transcripts and the presence of all three
phenotypes in the peritoneal cavity samples. It is important to note here that the frequency
of the B220+, CD14, and CD4- cell types in these images does not reflect the distribution
of these cell phenotypes in the peritoneal cavity of the mice. The ratio of these cells was
modified by the differences in cell capability of attachment, their vulnerability, the
epitope, and the antibody sensitivity to protease treatment followed by the RNAscope
procedure (see Figure 4a in Section 3.2 for CD marker surface staining of viable peritoneal
cells by flow cytometry). While specificity can be seen clearly in the case of the more faintly
stained cells, we could not avoid some harsh dual- or triple-labeled artifacts by any tried
modification of the method without losing the plasma membrane-specific staining of the
cells. As Supplemental Figure S2 demonstrates by the superimposition of the bright field
of the images, the cells with this harsh dual or triple labeling of the cells with RN Ascope
ISH and either one or two of the antibodies were the particular cells that appeared darker
in the bright-field view. The exclusion of this type as artifacts was crucial for semi-
quantification of the co-localization results, since these were presumably cells in which
cell death processes (necrotic or apoptotic) had occurred, resulting in non-specific sticking
of the antibodies.

3.1.3. Semi-Quantification of mRNA Expression and CD Marker Co-Localization

Figure 3 summarizes Trpal mRNA expression in CD marker-labeled peritoneal cells
visualized by fluorescence microscopy. The number of cells double-labeled with both
RNAscope signals and the particular CD marker antibody was counted, as well as the
total cell number based on the DAPI-stained nuclei in the same image. The ratio of the
double-labeled cells to the total cell number in the image are expressed as the percentage
of mRNA-expressing cells of CD4+, CD14+, B220* or non-CD marker-labeled —/- cells (such
as CD4-/B220- or CD14-/B220- cells). Trpal mRNA expression was compared to RN Ascope
+ control and — control signals of each phenotyped cells; mean +/- SEM values are shown
for each phenotype separately in Figure 3. Statistically significant differences were signed
between the values of the Trpal mRNA or the RNAscope + control co-localization
compared to co-localization of the RN Ascope—control in CD4+, CD14*, B220*, and —/- cells.
The significant differences reflect the Trpal-specific transcript abundance or Polr2a
compared to any potential non-specific background amplification of RN Ascope-control
bacterial dabP probes.

As Figure 3 shows, specific surface immunofluorescent staining with CD markers of
viable peritoneal cells combined with modified RNAscope ISH technique evaluated that
Trpal mRNA is expressed in CD14* and CD4* cells and also in non-CD marker-labeled
cells, but mRNA expression of Trpal was not significant in B cells. The relative mRNA
levels can only be compared to the + and the — RNA scope control signal levels in the
particular CD marker-labeled cells by this technique. Despite these limitations, the
established dual RNAscope-IF assay was useful to detect small amount of Trpal
transcripts, when testing the cells immediately after isolation from the mice without
enrichment, sorting or separation methods, with minimal intervention of cell activation or
stage.
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Figure 3. Quantification of Trpal mRNA expression by dual RNAscope® ISH-IF technique. Trpal
mRNA expression in CD4* cells (T helper: Tr), CD14+ (M), B220* positive (B), and non-CD marker-
labeled (—/-) cells were compared to RNAscope positive (+) and negative (-) control signal co-
localization in the same cell types, in CD4*, CD14", B220* positive and non-CD marker-labeled -/~
cells. Number of cells double labeled with both the RNAscope signals and with the particular CD
marker antibody was counted, as well as the total cell number based on the DAPI-stained nuclei in
the same image. The ratio of the double-labeled cells to the total cell number is expressed as the
percentage of mRNA-expressing cells. Statistically significant differences were signed between the
values of the Trpal mRNA or the RNAscope + control co-localization compared to co-localization of
the RN Ascope—control. Data are presented as mean +/— SEM values, n = 5-16, ** p <0.01, *** p <0.01,
n.s. non-significant.

We used the CellProfiler program (v4.2.6) for quantification of the quadruple-labeled
cell images following the steps as presented in Supplemental Figure S3. To ensure that
Cellprofiler image analysis worked properly on our images, we first standardized the
workflow pipeline using the RNAscope positive and negative control images for
combined RNAscope and IF. As demonstrated in Supplemental Figure S2, using the dual
RNAscope®-IF technique, we could not avoid cell damage even though we started the
procedure with 90 +/= 5% viable cells. Therefore, the quantification needed careful
evaluation of artifacts caused by the technical challenges of labeling plasma membrane-
localized proteins with RN Ascope® ISH method (see Supplemental Figure S3).

As noted already in Section 3.1.2, the values of Trpal-expressing cells cannot be
compared between the different phenotypes of cells in the peritoneal cavity, since the
frequency of the cell types in these images is modified by the differences in cell capability
of attachment, vulnerability, the epitope, and antibody sensitivity to protease treatment
followed by RN Ascope procedure. Taking this also into account, our result confirmed that
a significant number of cells expressed Trpal mRNA in CD4 cells, in CD14* cells, and in
non-CD marker-labeled (-/-) cells in the peritoneal cavity of mice, with each frequency
comparable to Polr2a mRNA transcript frequency in the same cell type.

3.2. JT010 Stimulated Significant Elevation of Intracellular Ca?* Level of Peritoneal and Thymus
Cells Only at High Concentration

To evaluate whether in vitro stimulation of peritoneal cells (PEC) or thymocytes by
the potent selective covalent TRPA1 agonist, JT010 [43,48], modulates intracellular Ca*
levels of mononuclear immune cells; changes in Ca?* levels in cells were assessed by
monitoring the fluorescence of the Ca? indicator Fluo-3 by flow cytometry.
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As flow cytometry analyses show in Figure 4a, cells isolated from the peritoneal
cavity were identified as CD4* (middle left panel) or B220* lymphocytes (bottom left panel)
or CD14*mononuclear cells (middle right panel). Lymphocytes were detected in gate G1
based on FSC/SSC parameter distribution, mostly as CD4* (27% +/- 5) or B220* (37% +/- 5)
lymphocytes; less than 7% of the peritoneal cells in this G1 gate were CD8+ cells. The high
ratio of the double negative peritoneal cells (54% +/- 13) by flow cytometry indicated that
the similarly high ratio of non-CD marker antibody-stained cells detected by RN Ascope®
ISH-IF technique (Figure 3) were not the consequence of the protease treatment or
reduction of fluorescence by the procedure of the RNAscope® ISH-IF technique. As Figure
4a shows, the cells in gate G3 and gate G4 proved to be CD14+*/CD4 cells, as did close to
100% of the cells in gate G3, and 10% +/- 3 of the cells in gate G2.
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Figure 4. Analyses of concentration-dependent effects of JT010 alone on mice peritoneal (PEC) cells
and thymocytes. (a) Gating strategy and representative flow cytometry plots of peritoneal cells
stained by antibodies to CD4, CD8, B220, and CD14 combinations. Upper left panel shows G1-G4
gates based on FSC versus SSC dot plot of cells. Middle and bottom left panels show cells of G1 gate
stained either anti-CD4 and CD8 antibodies or anti-CD4 and B220 antibodies. Right panels show
results of anti-CD4 and anti-CD14 labeling of the cells in gates G4, G3, and G2, in order from top to
bottom, respectively. Analysis gates surrounded by thick rectangles sign gates for CD4* cells, B220*
cells, and CD14* cells in the middle left panel, in the bottom left panel, and in the middle right panel,
respectively. Graphs (b-d) show JT010, DMSO, or TcR (CD3)-stimulated time-dependent changes
in intracellular Ca?" levels (b) in PEC lymphocytes (G1 gate), (c) PEC CD4* lymphocytes, or (d)
thymocytes. Isolated cells were surface-labeled with CD4 antibody and then loaded with Fluo-3-AM.
Fluo-3 fluorescence that is proportional to the intracellular Ca? levels was detected by flow cytometry.
Mean fluorescence intensity (MFI) of non-stimulated cells was measured, then different concentrations
of JT010, DMSO as vehicle control-induced changes, and TcR-activated Ca* signals (CD3) were
monitored. Graphs show fold of changes in free intracellular Ca?*-levels calculated as a ratio to that of
quiescent cells. Data are presented as mean + SEM, n = 3, * p < 0.05. (e) Phosphatidydylserine (PS)
exposure of cells monitored by fluorescent Annexin V-binding measured by flow cytometry. Addition
of 4, 8, 20, or 40 uM of JT010, vehicle control DMSO, and TcR-stimulated (CD3) time-dependent
changes in mean fluorescent intensity (MFI) values over time of a representative experiment series are
shown in PEC lymphocytes. At the end of each experiment, addition of ionomyecin for internal control
shows maximum response of PS exposure. Data are presented as mean + SEM, Figure 4b,c n=4, Figure
4d n = 3, Figure 4e representative measurement, * p <0.05.

A significant sustained elevation of intracellular free Ca? levels could be detected
only at high concentration of JT010 (40 uM) in mouse PEC lymphocytes (Figure 4b), PEC
CD4* lymphocytes (Figure 4c), and thymus lymphocytes (Figure 4d). We tested TcR-
activated Ca?* signals (CD3) to ensure lymphocyte responsiveness and the effect of DMSO
as vehicle control, and ionomycin was applied at the end of each experiment for internal
control to check nonresponsive cells and acquire a maximum response. The much weaker
potency of synthetic compound JT010 to activate mouse TRPA1 than human TRPA1 was
reported by Matsubara et al. [45], reflecting a much lower affinity of JT010 toward mouse
TRPA1 than for human TRPA1.

To ensure the integrity of the cells, PS exposure of the plasma membrane was
monitored by annexin V-binding assay and the simultaneous presence of 7-AAD in the
samples. As Figure 4e demonstrates, no significant changes of PS exposure of cells have
been observed during the measurements over time in PEC lymphocytes; only the addition
of ionomycin at the end of the experiments increased Annexin V-binding, as was expected
(1-2 uM of calcium ionophore ionomycin causes calcium influx and PS exposure of
lymphocytes [70]).
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3.3. JT010 Inhibited TcR-Induced the Ca?* Signal of Lymphocytes and CD4+ Lymphocytes a
Concentration-Dependent Manner

Since addition of JTO10 covalent ligand alone caused only sustained elevation of
intracellular Ca?* levels, in contrast to the fast and transient TcR-activated Ca?* signals of
the same cell types (see reviews on kinetic properties of Ca?-signals [73,74]), our main
question remained to be answered: whether the function of the TRPA1 channel contributes
to the activation of the T lymphocytes.

To address this question, we tested whether JT010 treatment at a concentration range
between 140 uM modifies the T-cell receptor-stimulated Ca? signal of peritoneal
lymphocytes. As seen in Figure 5, concentration-dependent inhibitory effects of JT010
were observed on the TcR-induced Ca?* signal, significant above 4 uM in the case of PEC
lymphocytes (Figure 5a,c) and above 2 uM in the CD4* lymphocytes (Figure 5b,d). The
same volume of vehicle control DMSO addition did not decrease TcR-stimulated Ca?*
signals of the cells. However, as the non-significant slight difference between the relative
MFI values of Ca? signal in the case of DMSO (0.15% v/v) and that of the solely anti-CD3
stimulated Ca?* signal indicated (see in Figure 5b,d at zero JT010 concentration of x scale),
even DMSO itself elevated slightly MFI values of the Ca?* signal.

As detailed in Figure 4a, we gated PEC lymphocytes based on FSC/SSC parameter
distribution; in these cases, the T lymphocyte activation was distinguished based on the
specific nature of the activation, since anti-CD3 cross-linking activates T cells selectively
(see detailed method in Section 2.5). No difference in the inhibitory effects was observed
dependent on whether co-addition of JT010 with anti-CD3 antibody happened or anti-
CD3 cross-linking was preceded by JT010 pre-incubation of the cells.

To test whether the inhibitory effect of 40 uM JT010 on TcR-stimulated Ca? signals
was not due to compromised plasma membrane properties, we followed fluorescent
annexin V-binding to the cell surface (Figure 5e upper panel) parallel with 7-AAD
staining of cells (Figure 5e middle panel) over time detected by flow cytometry. Cell
surface bound Annexin V fluorescence is proportional to the PS exposure in the outer
membrane leaflet. 7-AAD, similarly to propidium iodide, stains cell nuclei (DNA) only in
the case if capable of entering the cells. As the representative plots in Figure 5e
demonstrate, 40 uM of JT010 treatment did not cause elevation of the Annexin V labeling
or the 7-AAD fluorescence of PEC lymphocytes; only addition of ionomycin (2 uM) at the
end of the experiment resulted in maximum PS exposure of cells. Taken together, JT010
administration, even at high concentrations, did not modify cell size and granulation, 7-
AAD staining or Annexin V-binding, as had been detected and reported earlier by other
agonists (AITC, cinnamaldehyde) and antagonists (HC-030031 and A967079) [39].
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Figure 5. Effects of JT010 on TcR-induced calcium signals and on plasma membrane integrity in
lymphocytes and in CD4* lymphocytes isolated from peritoneal cavity of mice. (a-d) Isolated cells
were labeled with anti-CD4 and anti-CD8 antibodies, then incubated with 1-40 uM of JT010 or
vehicle control DMSO for 10 min before activation of cells via the T cell receptor (TcR)-induced by
anti-CD3 antibody cross-linking. Changes in intracellular Ca?* levels in cells were assessed by
monitoring the fluorescence of the Ca? indicator Fluo-3 by flow cytometry. Lymphocytes (a,c,e) and
CD4*lymphocytes (b,d) were gated as detailed in Figure 4a. (a,b) Graphs show TcR-stimulated time-
dependent changes in intracellular Ca? levels over time; (c,d) show JT010 concentration dependence
of the maximal response measured at 240 s. Data are presented as mean + SEM, n =3, * p <0.05, * p
<0.01, *** p < 0.001. (e) Effects of 40 pM JT010 on the plasma membrane integrity of lymphocytes
measured by annexin V-binding assay. Changes in fluorescent annexin V-binding to cell surface
(upper panel), and 7-AminoactinomycinD (7-AAD) labeling of the same cells (middle panel) were
recorded by flow cytometry over time. Cell-surface-bound Annexin V fluorescence is proportional
to the phosphatidylserine (PS) exposure of the cells and 7-AAD fluorescence is proportional to cell
DNA staining in nuclei, both reflecting compromised plasma membrane integrity. At the end of the
experiment, ionomycin was applied for internal control to check nonresponsive cells and acquire a
maximum response of PS exposure. Bottom left panel shows Annexin V fluorescence plotted against
7-AAD fluorescence at the beginning of the measurement; bottom right panel shows the same after
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the addition of ionomycin. Representative flow cytometric plots demonstrate the results of n =3
experiment.

3.4. JT010 Neither Modified Peritoneal B Cell Activation nor lonophore lonomycin-Stimulated
Elevation of Intracellular Ca* Level of Cells Isolated from Peritoneal Cavity of Mice

To probe whether this inhibitory effect of JT010 is restricted to T cell activation, we
tested the Ca? signal activated by anti-IgG antibody through the B cell receptor (BcR) of
PEC lymphocytes and that of the B220* lymphocytes.

No significant inhibition on rapid Ca?" signal characteristic on IgG-activated response
[68,75] was detected at a concentration range between 1-40 uM of JT010 that modified T-
cell receptor-stimulated Ca? signals of PEC lymphocytes (Figure 6a) and B220*
lymphocytes (Figure 6b). Significantly, a lower intracellular Ca? level occurred only at
later time-points of measurements (460 or 540 s) by 40 uM JT010 pre-incubation compared
to either the vehicle control DMSO (at 460 s: 1.06 +/- 0.14 versus 2.10 +/- 0.28, mean fold
of baseline MFI +/- SEM, n = 3, p < 0.05) or compared to the non-pre-incubated IgG-
induced Ca?* level (at 460 s: 1.06 +/- 0.14 versus 1.98 +/- 0.2, mean fold of baseline MFI +/-
SEM, n =4, p < 0.05) in the case of PEC lymphocytes. Similarly, lower intracellular Ca?*
level was observed at this late time of detection in B220* lymphocytes: 40 uM JT010 pre-
incubation compared to the vehicle control DMSO (at 460 s: 1.11 +/- 0.12 versus 2.35 +/-
0.31, mean fold of baseline MFI +/- SEM, n = 3, p < 0.05), or compared to the non-pre-
incubated IgG-induced Ca?*level (at 460 s: 1.11 +/- 0.12 versus 2.39 +/- 0.22, mean fold of
baseline MFI +/- SEM, n =4, p < 0.05).
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Figure 6. Effect of JT010 on peritoneal B cell activation and ionomycin-stimulated elevation of
intracellular Ca?" level of peritoneal lymphocytes. Isolated cells were labeled with anti-B220 and
anti-CD4 antibodies, then incubated with 1-40 uM of JT010, vehicle control DMSO, or CaRPMI
(medium) for 10 min before activation of cells via the B cell receptor induced by anti-mouse-IgG
(a,b) or 2 uM ionomycin (a,b). Changes in intracellular Ca?" levels in cells were assessed by
monitoring the fluorescence of the Ca?* indicator Fluo-3 by flow cytometry. Lymphocytes (a,c), B220*
lymphocytes (b) and CD4* lymphocytes (d) were gated as detailed in Figure 4a. Graphs show (a,b)
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IgG stimulated time-dependent changes in intracellular Ca?" levels, (¢, d) JTO10 concentration
dependence of the maximal response by ionomycin measured after 2 min of addition of ionomycin
in peritoneal lymphocytes (c) or CD4* lymphocytes (d). Data are presented as mean + SEM, n =3, *
p <0.05, n.s. non-significant.

As shown detailed in Figure 4a, we gated lymphocytes with high B220+ expression
level (bottom left panel in Figure 4a), reflecting the B-2 subpopulation of the mouse
peritoneal cavity B lymphocytes [62,76-80].

In the case of “PEC lymphocytes” where gating was based on FSC/SSC parameter
distribution, the BcR-dependent lymphocyte activation was distinguished based on the
specific nature of the activation, since anti-IgG antibody activates B lymphocytes
selectively (see detailed method in Section 2.5 [68]).

We further tested concentration-dependent perturbance of the intracellular Ca2* level
of lymphocytes by investigating ionomycin-stimulated activation of lymphocytes. JT010
pre-incubation did not result in significant inhibition of 2 pM ionomycin-induced Ca?*
levels of PEC lymphocytes (Figure 6b) or CD4* lymphocytes at the concentration that
modified T-cell receptor-stimulated Ca? signal of these cells.

Taken together, these suggest that the surprising inhibitory effect of JT010 is specific
to activation of PEC T lymphocytes and CD4* PEC lymphocytes.

4. Discussion

In this report, we provided evidence that Trpal is expressed in mouse peritoneal
CD4* lymphocytes and revealed a T lymphocyte-specific concentration-dependent effect
of the selective covalent TRPA1 agonist, JT010, following treatment of peritoneal cells [43].
JT010 inhibited TcR-mediated activation of CD4* peritoneal lymphocytes in a
concentration-dependent manner, but did not block peritoneal B lymphocyte activation,
which suggests a potential regulatory role of TRPA1 in peritoneal T cell activation. The
peritoneal cavity contains the bulk of the body’s immune cells, including macrophages,
mast cells, T cells, B cells, eosinophils, neutrophils, natural killer cells, and dendritic cells
[81,82].

Trpal mRNA was detected by the dual RNAscope® ISH-IF technique, capable of
detecting a single mRNA transcript, including partially degraded mRNA, combined with
the cell surface staining of living CD4* and B220* lymphocytes and CD14~ cells. By using
this powerful technique, we extended the findings by methods used in previous [34,35]
analyses of Trpal expression, including ours [39]. The RNAscope® ISH-IF can detect small
amounts of Trpal transcripts in a morphological context of the cells, without enrichment
or sorting or separation methods, and with minimal intervention of cell activation or stage.
Although the relative Trpal mRNA levels in CD4* and B220* lymphocytes, CD14* cells,
and non-phenotyped cells can only be compared to the RNAscope positive and negative
control signal levels in the particular CD marker-labeled cells, the semi-quantification of
Trpal transcripts was possible by using this method. The present results are consistent
with our earlier results by gqRT-PCR analyses, where we also detected low levels of Trpal
mRNA in monocytes and lymphocytes isolated from primary and secondary lymphoid
organs of mice [39]. While the expression of Trpal mRNA was reported in mouse CD4*
splenocytes and thymocytes either by RT-PCR or qRT-PCR analyses [34,35,39], other
studies did not support transcription of Trpal in lymphocytes or in peritoneal
macrophages [83-85]. The differences in these findings may be explained by the
methodical differences. In fact, we intended to use CD14~ cells as a positive control in
optimizing our dual RN Ascope® ISH-IF protocol, since an increasing amount of evidence
suggests that TRPA1 receptor/channel functions in mouse and human macrophages
(reviewed in [32]). We detected Trpal transcripts co-localized with anti-CD14 antibody
labeling in the peritoneal cell samples, which suggests a monocyte-derived subpopulation
of cells in the peritoneal cavity that express Trpal. Further research would be needed to
identify the exact phenotype of these cells. Our finding that Trpal mRNA was not found
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in cells characterized by high B220+ antigen staining suggests that B2 lymphocytes in this
niche do not express Trpal. This is consistent with the absence of the published evidence
of mRNA expression or TRPA1 function in B lymphocytes [32].

Although Trpal mRNA levels were orders of magnitude lower in lymphocytes and
macrophages than in trigeminal ganglion cells [39], we provided evidence of Trpal mRNA
expression in CD4* lymphocytes by two methods, earlier by qRT-PCR and presently by
the RN Ascope technique.

In our earlier study, we analysed the immune phenotype and activation
characteristics of the pore-loop domain-deficient TRPA1 KO mice (Ca?* channel functional
KO) and found no difference in TcR activation between WT and KO mutant lymphocytes
prepared from spleen and thymus [39], contrary to results by Bertin et al. [34]. In our
previous work, we aimed to analyze the effects of agonists, such as AITC and
cinnamaldehyde, or antagonists, such as HC-030031 and A967079 on T cell activation, but
our efforts, contrary to those of other groups (Bertin et al. [34], Sahoo et al. [35]), failed to
demonstrate TRPA1-dependent effects due to the observed cell shrinkage, granulation,
and membrane damage parallel with changes in intracellular Ca? level. In our present
work, we instead studied the effects of a selective covalent agonist, JT010, on T cell
activation.

The concentration-dependent inhibitory effect of JT010 on TcR-induced Ca?* signals
in peritoneal lymphocytes suggests a covalent TRPAl-ligand-dependent effect in our
present study. The addition of JT010 did not compromise the integrity of the lymphocytes
or their plasma membrane, as shown by the analysis of PS exposure of cells measured by
annexin V-binding assay. This is further confirmed by the findings that JT010 neither
modified peritoneal B cell activation nor ionophore ionomycin-stimulated elevation of
intracellular Ca?* levels. In agreement with Matsubara et al. [45], who reported a large
difference in JT010 capability to activate mTRPA1 versus hTRPA1, we found that only high
JT010 concentrations were effective in stimulating a significant sustained elevation of the
intracellular Ca? levels and in inhibiting the TcR-mediated Ca?* signal in mouse
lymphocytes. The half maximum concentration required for hTRPA1 activation is
reported to be 0.65 nM in calcium uptake assays and 7.6 nM in electrophysiological studies
[43,48]. Matsubara et al. estimated the half maximum concentration for h TRPA1 activation
to be 3-10 nM, while application of higher JT010 concentrations (at maximum 1000 nM)
induced a moderate Ca? response to mTRPA1 activation, suggesting that mTRPA1 is
much less sensitive to JT010 than hTRPA1. The highest concentration of JT010 applied in
electrophysiological experiments was 100 nM of JT010. The two critical cysteines, C621
(important for JT010 interaction) and C665, of hTRPA1 are conserved in mTRPA1 (C622
and C666) [46-48], Matsubara et al. identified non-conserved residues in hTRPA1 and
mTRPA1 that influenced the response to JT010 by measuring the ratio of the peak Ca?*
response of mutant TRPA1 versions compared to control HEK cells and in
electrophysiological experiments. They found that even if the different residues of
mTRPA1 were substituted with cysteine of hTRPA1, these mutants showed low sensitivity
to 100 nM JT010 in patch clamp experiments. This suggests that the much weaker potency
of JT010 to activate TRPA1 reflects a more complex determination of TRPA1 interaction
with JT010.

Several TRP channels have been reported as important regulators of TcR signaling
[74], by regulating the activity of store-operated Ca?* signaling (SOCE), which is
dependent on cell membrane depolarization [86]. TRPM4, a Ca**-activated Na*-selective
channel in T cells, serves as one of the negative feedback mechanisms during T cell
activation upon SOCE [87,88]. Ca*-induced activation of TRPM4 triggers Na* influx
through the channel; it depolarizes the plasma membrane and restricts further Ca?" influx
through ORA1. The Mg?- and Ca?-permeable TRPM?7, by its kinase domain activity,
regulates ORAI1 signaling and coordinates antigen receptor signaling termination in B
lymphocytes, likely through phosphorylation of phospholipase Cy (PLCy) isoforms1 [89].
Knockdown of TRPC3 caused a small reduction in SOCE [90]; functioning of SOCE in
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human platelets required the association of STIM1, the Ca?*permeable channel Orail,
TRPC1 and TRPC6 [91-93]. A potential mechanism for TRPA1-dependent modulation of
SOCE was also proposed in megakaryocytes, a protein-protein binding transmitted
association of TRPA1 with STIM1, Orail, TRPC1, and TRPC6, based on the results of
thrombin-stimulated co-immunoprecipitation of these proteins [94]. One of the
characteristic features of TRPAL1 is the high number of ankyrin repeats at the cytoplasmic
NH2-terminal tail, which might provide the protein elasticity, as well as the ability to
interact with other proteins [1]. The interactions of the TRPA1 channel with other proteins
is an important research area, most probably in terms of regulation of both function and
intracellular localization, trafficking, and internalization of TRPA1 [1]. The best-studied
example so far is that of TRPA1 and TRPV1, where coexpression of the channels results in
distinct activation profiles from those of cells expressing only TRPA1 or TRPV1 [95-97].
In neuronal cells, TRPA1 is generally co-expressed with TRPV1, and in vitro, direct
evidence was reported that formation of a channel by two molecules of TRPA1 together
with two monomers of TRPV1 is possible [98]. A mutation in TRPV1 influenced the
voltage dependency, Ca? sensitivity, and magnitude of TRPA1-mediated currents [99].
The Ca?-triggered activation of TRPA1 is attenuated by TRPV1 in the presence of
extracellular Ca?, but not in Ca?-free conditions, suggesting that this modulation may
work rather as a direct protein—protein interaction thsn through TRPV1 providing Ca?*
microdomains for TRPA1 activation. The interaction may also act through another
coupling protein, transmembrane protein 100 (Tmem100), that is often coexpressed and
forms complexes with TRPA1 and TRPV1 in DRG neurons by weakening the TRPA1-
TRPV1 association [100,101].

In CD4* T lymphocytes, Bertin et al. [34] described a higher and more sustained level
of Ca? influx upon TcR stimulation in pore-loop domain-deleted TRPA1 harboring KO
mice (Trpal-/-), similarly to what is observed with ionomycin. They experienced no
differences in Ca?" influx between WT and Trpal—/— CD4* T cells following stimulation
with the sarcoplasmic reticulum Ca?*-ATPase (SERCA) pump inhibitor, thapsigargin,
which bypasses proximal TcR signaling and induces SOCE. Moreover, genetic deletion
and pharmacological inhibition of TRPV1 in Trpal-/- CD4* T cells significantly decreased
the elevated TcR-gated currents. In our previous work, comparing the pore-loop domain-
deleted KO mice to WT, we did not observe significant differences in basal intracellular
Ca? level and in TcR-induced Ca? signal in T lymphocytes originated from thymus and
spleen, but we could detect a significant difference in imiquimode-stimulated sustained
elevation of intracellular Ca? level in CD8* T cells [39]. In cultures of murine spleen T
lymphocytes, enriched to 95% purity, live cell Ca?* imaging revealed AITC stimulated
elevation of intracellular Ca?* levels, while TRPA1 inhibitors, namely A-967079 as well as
HC-030031, reduced AITC-mediated increase in Ca? level [35]. They also found that TcR-
mediated (a-CD3/CD28 bead) stimulation of these cells increased intracellular Ca?* level,
while TRPA1 inhibition by A-967079 and HC-030031 significantly reduced this level. To
resolve the discrepancies in these experimental results, and to further test the mechanism
whether TRPA1 influences TcR dependent Ca? signaling in T cells, (a) by controlling the
driving force for SOCE through modifying plasma membrane potential, (b) through
providing Ca? microdomains or regulating the frequency or amplitude of Ca?* oscillation,
or (c) by other mechanisms such as protein-protein interactions, needs further
investigation.

Taken together, the T lymphocyte-specific inhibitory effects of JT010, a known
specific covalent ligand of TRPA1, on the TcR-stimulated Ca? signal may be a result of a
TRPA-dependent regulation of the T cell activation, but the mechanisms behind it merit
further investigation. The question remains whether this effect is caused by: (a) a direct
JT010 binding and activation of TRPA1, (b) an alteration of TRPA1 interactions with other
TRP channels (e.g., TRPV1), (c) an alteration of TRPA1 interactions with other proteins, or
d) a JT010 effect on other JT010-binding proteins. Further experiments with comparisons
of WT mice and pore-deficient and full-TRPA KO mice, completed with
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electrophysiological studies, could answer whether the JT010 inhibitory effect on TcR-
dependent Ca?* signal is due to the sustained elevation of intracellular Ca?" level we
observed.

5. Conclusions

Our results confirmed that TRPA1 does not appear to be a key regulator of the TcR-
induced Ca? signaling in CD4* lymphocytes. The covalent ligand TRPA1 agonist, JT010,
inhibits the TcR-induced Ca? signal in these cells. The significance and pharmacological
relevance of these results is to highlight the expression pattern and the physiological
function of TRPA1 receptors in the immune cells, which will influence the potential
therapeutic use of TRPA1 agonists or antagonists. Further studies are needed to evaluate
the effects of the JT010 and other potent TRPA1 ligands in mouse models, and human
TRPA1-expressing systems.
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https://www.mdpi.com/article/10.3390/biom14060632/s1, Figure S1: Trpal mRNA co-localization
with CD4, CD14, and B220 CD markers. Representative RN Ascope results compared to RNAscope
positive (+) and negative (-) controls; Figure S2: Representative dual RNAscope® ISH-IF technique
results with artifacts. Cell morphology by differential interference contrast (DIC) after
immunofluorescent surface labeling of 97% viable cells followed by formalin fixation and then
RNAscope mRNA detection procedure; Figure S3: Quantification of Trpal mRNA. Scheme of
quantification (Cellprofiler pipeline).

Author Contributions: Conceptualization, K.S., E.P. and T.B.; methodology, K.S., J.K,, V.K. and G.M.;
software, G.M.; validation, E.P., T.B. and B.G.; formal analysis, K.S. and G.M.; investigation, K.S,,
J.K. and G.M,; resources, E.P., T.B. and B.G.; data curation, K.S., E.P. and T.B.; writing —original draft
preparation, K.S., G.M., VK. and ] K,; writing—review and editing, V.K., E.P. and B.G.; visualization,
K.S. and G.M,; supervision, E.P.; project administration, K.S.; funding acquisition, E.P., T.B., V.K.
and B.G.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by TKP2021-EGA-16, Hungarian Brain Research Program
(NAP-3), HUN-REN, and V.K. was supported by the Janos Bolyai Research Scholarship of the
Hungarian Academy of Sciences (BO/00750/22/5), by the New National Excellence Program of the
Ministry for Innovation and Technology, from the source of the National Research, Development
and Innovation Fund (UNKP-23-5-PTE-1991) and the Research grant of Medical School, University
of Pécs. (KA-2022-29). BG was supported by TKP2021-EGA-16 and by the Hungarian Research
Grant NKFI-146117. ] K. was supported by the UNKP-23-4 New National Excellence Program of the
Ministry for Culture and Innovation from the source of the National Research, Development and
Innovation Fund; grant number: UNKP-23-4-1-PTE-1853.

Institutional Review Board Statement: The study was designed and conducted according to
European legislation (Directive 2010/63/EU) and Hungarian Government regulation (40/2013., II. 14.)
on the protection of animals used for scientific purposes. The study was approved by the Animal
Welfare Committee of the University of Pécs and the National Scientific Ethical Committee on
Animal Experimentation of Hungary and licensed by the Government Office of Baranya County on
23 May 2017 (license No. BA02/2000-36/2017).

Informed Consent Statement: Not applicable

Data Availability Statement: The original contributions presented in the study are included in the
article/supplementary material; further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors thank Péter Balogh for his support and advice, and also for the
purified anti-B220 antibodies conjugated with FITC and Alexa Fluor 647 provided by the
Department of Immunology and Biotechnology, University of Pécs Clinical Center. The research
was performed in collaboration with the Nano-Bio-Imaging core facility, at the Medical School,
University of Pécs, Hungary. The authors thank to Ménika Sandorné Soés and Tiinde Bird-Siit6 for
the expert technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.



Biomolecules 2024, 14, 632 19 of 23

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Talavera, K.; Startek, J.B.; Alvarez-Collazo, J.; Boonen, B.; Alpizar, Y.A.; Sanchez, A.; Naert, R.; Nilius, B. Mammalian Transient
Receptor  Potential TRPA1 Channels: From Structure to Disease. Physiol. Rev. 2020, 100, 725-803.
https://doi.org/10.1152/physrev.00005.2019. PMID: 31670612.

Fernandes, E.S.; Fernandes, M.A.; Keeble, J.E. The functions of TRPA1 and TRPV1: Moving away from sensory nerves. Br. ].
Pharmacol. 2012, 166, 510-521. https://doi.org/10.1111/.1476-5381.2012.01851.x. PMID: 22233379.

Grace, M.S.; Baxter, M.; Dubuis, E.; Birrell, M.A.; Belvisi, M.G. Transient receptor potential (TRP) channels in the airway: Role
in airway disease. Br. J. Pharmacol. 2014, 171, 2593-2607. https://doi.org/10.1111/bph.12538. PMID: 24286227 .

Gouin, O.; L'Herondelle, K.; Lebonvallet, N.; Le Gall-Ianotto, C.; Sakka, M.; Buhé, V.; Plée-Gautier, E.; Carré, J.L.; Lefeuvre, L.;
Misery, L.; et al. TRPV1 and TRPA1 in cutaneous neurogenic and chronic inflammation: Pro-inflammatory response induced
by their activation and their sensitization. Protein Cell 2017, 8, 644-661. https://doi.org/10.1007/s13238-017-0395-5. PMID:
28364279.

Koivisto, A.P.; Belvisi, M.G.; Gaudet, R.; Szallasi, A. Advances in TRP channel drug discovery: From target validation to clinical
studies. Nat. Rev. Drug Discov. 2022, 21, 41-59. https://doi.org/10.1038/s41573-021-00268-4. PMID: 34526696.

Imamura, Y.; Haruta, M.; Tomita, Y.; Matsumura, K.; Ikeda, T.; Yuno, A.; Hirayama, M.; Nakayama, H.; Mizuta, H.; Nishimura,
Y.; et al. Generation of Large Numbers of Antigen-Expressing Human Dendritic Cells Using CD14-ML Technology. PLoS ONE.
2016, 11, e0152384. https://doi.org/10.1371/journal.pone.0152384. PMID: 27050553.

Hewitt, R.J.; Lloyd, C.M. Regulation of immune responses by the airway epithelial cell landscape. Nat. Rev. Immunol. 2021, 21,
347-362. https://doi.org/10.1038/s41577-020-00477-9. PMID: 33442032.

Brazzini, B.; Ghersetich, I.; Hercogova, J.; Lotti, T. The neuro-immuno-cutaneous-endocrine network: Relationship between
mind and skin. Dermatol. Ther. 2003, 16, 123-131. https://doi.org/10.1046/j.1529-8019.2003.01621.x. PMID: 12919114.

Benhadou, F.; Mintoff, D.; Del Marmol, V. Psoriasis: Keratinocytes or Immune Cel-s—Which Is the Trigger? Dermatology. 2019,
235, 91-100. https://doi.org/10.1159/000495291. PMID: 30566935.

Maglie, R.; Souza Monteiro de Araujo, D.; Antiga, E.; Geppetti, P.; Nassini, R.; De Logu, F. The Role of TRPA1 in Skin Physiology
and Pathology. Int. J. Mol. Sci. 2021, 22, 3065. https://doi.org/10.3390/ijms22063065. PMID: 33802836.

Froghi, S.; Grant, C.R.; Tandon, R.; Quaglia, A.; Davidson, B.; Fuller, B. New Insights on the Role of TRP Channels in Calcium
Signalling and Immunomodulation: Review of Pathways and Implications for Clinical Practice. Clin. Rev. Allergy Immunol. 2021,
60, 271-292. https://doi.org/10.1007/s12016-020-08824-3. PMID: 33405100.

Yao, K.; Dou, B.; Zhang, Y.; Chen, Z.; Li, Y.; Fan, Z.; Ma, Y.; Du, S.; Wang, J.; Xu, Z.; Liu, Y.; et al. Inflammation-the role of TRPA1
channel. Front. Physiol. 2023, 14, 1093925. https://doi.org/10.3389/fphys.2023.1093925. PMID: 36875034.

Koivisto, A.; Jalava, N.; Bratty, R.; Pertovaara, A. TRPA1 Antagonists for Pain Relief. Pharmaceuticals 2018, 11, 117.
https://doi.org/10.3390/ph11040117. PMID: 30388732.

Zheng, X.; Tai, Y.; He, D.; Liu, B.; Wang, C.; Shao, X,; Jordt, SE.; Liu, B. ETAR and protein kinase A pathway mediate ET-1
sensitization of TRPA1 channel: A molecular mechanism of ET-1-induced mechanical hyperalgesia. Mol. Pain. 2019, 15,
1744806919842473. https://doi.org/10.1177/1744806919842473. PMID: 30990108.

Kun, J.; Szitter, I.; Kemény, A.; Perkecz, A.; Kereskai, L.; Pohdczky, K.; Vincze, A.; Godi, S.; Szabd, 1.; Szolcsanyi, J.; et al.
Upregulation of the transient receptor potential ankyrin 1 ion channel in the inflamed human and mouse colon and its protective
roles. PLoS ONE. 2014, 9, e108164. https://doi.org/10.1371/journal.pone.0108164. PMID: 25265225.

Nassini, R.; Pedretti, P.; Moretto, N.; Fusi, C.; Carnini, C.; Facchinetti, F.; Viscomi, A.R.; Pisano, A.R.; Stokesberry, S.; Brunmark,
C.; et al. Transient receptor potential ankyrin 1 channel localized to non-neuronal airway cells promotes non-neurogenic
inflammation. PLoS ONE. 2012, 7, e42454. https://doi.org/10.1371/journal.pone.0042454. PMID: 22905134.

Hajna, Z.; Cseké, K.; Kemény, A.; Kereskai, L,; Kiss, T,; Perkecz, A.; Szitter, L; Kocsis, B.; Pintér, E.; Helyes, Z. Complex
Regulatory Role of the TRPA1 Receptor in Acute and Chronic Airway Inflammation Mouse Models. Int. J. Mol. Sci. 2020, 21,
4109. https://doi.org/10.3390/ijms21114109. PMID: 32526913.

Nilius, B. TRP channels in disease. Biochim. Biophys. Acta. 2007, 1772, 805-812. https://doi.org/10.1016/j.bbadis.2007.02.002.
PMID: 17368864.

Pereira, 1.; Mendes, S.J.; Pereira, D.M.; Muniz, T.F.; Colares, V.L.; Monteiro, C.R.; Martins, M.M.; Grisotto, M.A.; Monteiro-Neto,
V.; Monteiro, S.G.; et al. Transient Receptor Potential Ankyrin 1 Channel Expression on Peripheral Blood Leukocytes from
Rheumatoid Arthritic Patients and Correlation with Pain and Disability. Front. Pharmacol. 2017, 8, 53.
https://doi.org/10.3389/fphar.2017.00053. PMID: 28239353.

Ho, ].D.; Al-Haseni, A.; Rosenbaum, M.T.; Goldberg, L.J. Hyperkeratotic and hypertrophic lichen nitidus. Dermatol. Online ].
2017, 23, 13030/qt5t28j781. PMID: 29469791.

Oh, M.H,; Oh, S.Y,; Lu, J.; Lou, H.; Myers, A.C.; Zhu, Z.; Zheng, T. TRPA1-dependent pruritus in IL-13-induced chronic atopic
dermatitis. J. Immunol. 2013, 191, 5371-5382. https://doi.org/10.4049/jimmunol.1300300. PMID: 24140646.

Nattkemper, L.A.; Tey, H.L.; Valdes-Rodriguez, R.; Lee, H.; Mollanazar, N.K.; Albornoz, C.; Sanders, K.M.; Yosipovitch, G. The
Genetics of Chronic Itch: Gene Expression in the Skin of Patients with Atopic Dermatitis and Psoriasis with Severe Itch. J. Invest.
Dermatol. 2018, 138, 1311-1317. https://doi.org/10.1016/j.jid.2017.12.029. PMID: 29317264.

Zeng, D.; Chen, C.; Zhou, W.; Ma, X,; Pu, X,; Zeng, Y.; Zhou, W.; Lv, F. TRPA1 deficiency alleviates inflammation of atopic
dermatitis by reducing macrophage infiltration. Life Sci. 2021, 266, 118906. https://doi.org/10.1016/j.1fs.2020.118906. PMID:
33338502.



Biomolecules 2024, 14, 632 20 of 23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Saghy, E.; Sipos, E.; Acs, P.; Bolcskei, K.; Pohoczky, K.; Kemény, A.; Sandor, Z.; Sz8ke, E.; Sétals, G. Jr.; Komoly, S.; Pintér, E.
TRPA1 deficiency is protective in cuprizone-induced demyelination-A new target against oligodendrocyte apoptosis. Glia 2016,
64, 2166-2180. https://doi.org/10.1002/glia.23051. PMID: 27568827.

Boleskei, K.; Kriszta, G.; Saghy, E; Payrits, M.; Sipos, E.; Vranesics, A.; Berente, Z.; Abrahdm, H.; Acs, P., Komoly, S.; Pintér, E.
Behavioural alterations and morphological changes are attenuated by the lack of TRPA1 receptors in the cuprizone-induced
demyelination model in mice. ]. Neuroimmunol. 2018, 320, 1-10. https://doi.org/10.1016/j.jneuroim.2018.03.020. PMID: 29759134.
Kriszta, G.; Nemes, B.; Sandor, Z.; Acs, P.; Komoly, S.; Berente, Z.; Bolcskei, K.; Pintér, E. Investigation of Cuprizone-Induced
Demyelination in mGFAP-Driven Conditional Transient Receptor Potential Ankyrin 1 (TRPA1) Receptor Knockout Mice. Cells.
2019, 9, 81. https://doi.org/10.3390/cells9010081. PMID: 31905673.

Dalenogare, D.P.; Ritter, C.; Bellinaso, F.R.A.; Kudsi, S.Q.; Pereira, G.C.; Fialho, M.F.P.; Liickemeyer, D.D.; Antoniazzi, C.T.D.;
Landini, L.; Ferreira, J.; et al. Periorbital Nociception in a Progressive Multiple Sclerosis Mouse Model Is Dependent on TRPA1
Channel Activation. Pharmaceuticals 2021, 14, 831. https://doi.org/10.3390/ph14080831. PMID: 34451927.

Peres, D.S.; Theisen, M.C.; Fialho, M.E.P.; Dalenogare, D.P.; Rodrigues, P.; Kudsi, S.Q.; Bernardes, L.B.; Ruviaro da Silva, N.A;
Liickemeyer, D.D.; Sampaio, T.B.; et al. TRPA1 involvement in depression- and anxiety-like behaviors in a progressive multiple
sclerosis model in mice. Brain Res. Bull. 2021, 175, 1-15. https://doi.org/10.1016/j.brainresbull.2021.07.011. PMID: 34280479.
Mihai, D.P.; Ungurianu, A.; Ciotu, C.I; Fischer, M.].M.; Olaru, O.T.; Nitulescu, G.M.; Andrei, C.; Zbarcea, C.E.; Zanfirescu, A.;
Seremet, O.C.; et al. Effects of Venlafaxine, Risperidone and Febuxostat on Cuprizone-Induced Demyelination, Behavioral
Deficits and Oxidative Stress. Int. J. Mol. Sci. 2021, 22, 7183. https://doi.org/10.3390/ijms22137183. PMID: 34281235.

De Araujo, LE., Schatzker, M.; Small, D.M. Rethinking Food Reward. Annu. Rev. Psychol. 2020, 71, 139-164.
https://doi.org/10.1146/annurev-psych-122216-011643. PMID: 31561741.

Hu, Z.; Zhang, Y.; Yu, W., Li, ], Yao, ].; Zhang, ].; Wang, ].; Wang, C. Transient receptor potential ankyrin 1 (TRPA1) modulators:
Recent update and future perspective. Eur. |. Med. Chem. 2023, 257, 115392. https://doi.org/10.1016/j.ejmech.2023.115392. PMID:
37269667.

Naert, R.; Lopez-Requena, A.; Talavera, K. TRPA1 Expression and Pathophysiology in Immune Cells. Int. . Mol. Sci. 2021, 22,
11460. https://doi.org/10.3390/ijms222111460. PMID: 34768891.

Inada, H.; Iida, T., Tominaga, M. Different expression patterns of TRP genes in murine B and T lymphocytes. Biochem. Biophys.
Res. Commun. 2006, 350, 762-767. https://doi.org/10.1016/j.bbrc.2006.09.111. PMID: 17027915.

Bertin, S.; Aoki-Nonaka, Y.; Lee, J.; de Jong, P.R.; Kim, P.; Han, T., Yu, T, To, K., Takahashi, N., Boland, B.S.; et al. The TRPA1
ion channel is expressed in CD4* T cells and restrains T-cell-mediated colitis through inhibition of TRPV1. Gut 2017, 66, 1584—
1596. https://doi.org/10.1136/gutjnl-2015-310710. PMID: 27325418.

Sahoo, S.S., Majhi, R.K,; Tiwari, A.; Acharya, T.; Kumar, P.S.; Saha, S.; Kumar, A.; Goswami, C.; Chattopadhyay, S. Transient
receptor potential ankyrinl channel is endogenously expressed in T cells and is involved in immune functions. Biosci. Rep. 2019,
39, BSR20191437. https://doi.org/10.1042/BSR20191437. PMID: 31488616.

Meng, J., Li, Y.; Fischer, M.].M.,; Steinhoff, M., Chen, W.; Wang, ]. Th2 Modulation of Transient Receptor Potential Channels: An
Unmet Therapeutic Intervention for Atopic Dermatitis. Front. Immunol. 2021, 12, 696784.
https://doi.org/10.3389/fimmu.2021.696784. PMID: 34276687 .

Celsi, F.; Peri, F.; Cavasin, J.; Zupin, L., Cozzi, G., Barbi, E., Crovella, S. Transient Receptor Potential Ankyrin 1 (TRPA1)
Methylation and Chronic Pain: A Systematic Review. Genes. 2023, 14, 411. https://doi.org/10.3390/genes14020411. PMID:
36833338.

Fila, M.; Pawlowska, E.; Szczepanska, J.; Blasiak, J. Epigenetic Connections of the TRPA1 Ion Channel in Pain Transmission and
Neurogenic Inflammation—A  Therapeutic Perspective in Migraine? Mol. Neurobiol. 2023, 60, 5578-5591.
https://doi.org/10.1007/s12035-023-03428-2. PMID: 37326902.

Szab¢, K.; Kemény, A., Balazs, N., Khanfar, E., Sdndor, Z., Boldizsar, F., Gyulai, R., Najbauer, J., Pintér, E.; Berki, T. Presence of
TRPA1 Modifies CD4*/CD8 T Lymphocyte Ratio and  Activation.  Pharmaceuticals 2022, 15, 57.
https://doi.org/10.3390/ph15010057. PMID: 35056114.

Billeter, A.T.; Galbraith, N.; Walker, S.; Lawson, C.; Gardner, S.A.; Sarojini, H.; Galandiuk, S.; Polk, H.C., Jr. TRPA1 mediates
the effects of hypothermia on the monocyte inflammatory response. Surgery 2015, 158, 646-654.
https://doi.org/10.1016/j.surg.2015.03.065. PMID: 26054320.

Groot-Kormelink, P.J.; Fawcett, L.; Wright, P.D.; Gosling, M.; Kent, T.C. Quantitative GPCR and ion channel transcriptomics in
primary alveolar macrophages and macrophage surrogates. BMC Immunol. 2012, 13, 57. https://doi.org/10.1186/1471-2172-13-
57. PMID: 23102269.

Szoll6si, A.G.; Olah, A.; Téth, LB.; Papp, F.; Czifra, G.; Panyi, G.; Bird, T. Transient receptor potential vanilloid-2 mediates the
effects of transient heat shock on endocytosis of human monocyte-derived dendritic cells. FEBS Left. 2013, 587, 1440-1445.
https://doi.org/10.1016/j.febslet.2013.03.027. PMID: 23542034.

Takaya, J.; Mio, K.; Shiraishi, T.; Kurokawa, T.; Otsuka, S.; Mori, Y.; Uesugi, M. A Potent and Site-Selective Agonist of TRPAL. J.
Am. Chem. Soc. 2015, 137, 15859-15864. https://doi.org/10.1021/jacs.5b10162. PMID: 26630251.

Paulsen, C.E.; Armache, ].P.; Gao, Y.; Cheng, Y.; Julius, D. Structure of the TRPA1 ion channel suggests regulatory mechanisms.
Nature 2015, 520, 511-517. https://doi.org/10.1038/nature14367. PMID: 25855297.

Matsubara, M.; Muraki, Y.; Hatano, N.; Suzuki, H.; Muraki, K. Potent Activation of Human but Not Mouse TRPA1 by JT010.
Int. ]. Mol. Sci. 2022, 23, 14297. https://doi.org/10.3390/ijms232214297. PMID: 36430781.



Biomolecules 2024, 14, 632 21 of 23

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Bahia, P.K,; Parks, T.A.; Stanford, K.R.; Mitchell, D.A.; Varma, S.; Stevens, S.M., Jr.; Taylor-Clark, T.E. The exceptionally high
reactivity of Cys 621 is critical for electrophilic activation of the sensory nerve ion channel TRPA1. J. Gen. Physiol. 2016, 147, 451—
465. https://doi.org/10.1085/jgp.201611581. PMID: 27241698.

Zhao, J.; Lin King, J.V.; Paulsen, C.E.; Cheng, Y.; Julius, D. Irritant-evoked activation and calcium modulation of the TRPA1
receptor. Nature 2020, 585, 141-145. https://doi.org/10.1038/s41586-020-2480-9. PMID: 32641835.

Suo, Y.; Wang, Z.; Zubcevic, L.; Hsu, A.L.; He, Q.; Borgnia, M.].; Ji, RR.; Lee, S.Y. Structural Insights into Electrophile Irritant
Sensing by the Human TRPA1 Channel. Neuron 2020, 105, 882-894.e5. https://doi.org/10.1016/j.neuron.2019.11.023. PMID:
31866091.

Grabinski, T.M.; Kneynsberg, A.; Manfredsson, F.P.; Kanaan, N.M. A method for combining RNAscope in situ hybridization
with immunohistochemistry in thick free-floating brain sections and primary neuronal cultures. PLoS ONE 2015, 10, e0120120.
https://doi.org/10.1371/journal.pone.0120120. PMID: 25794171.

Dikshit, A.; Zong, H.; Anderson, C.; Zhang, B.; Ma, X.]. Simultaneous Visualization of RNA and Protein Expression in Tissue
Using a Combined RNAscope™ In Situ Hybridization and Immunofluorescence Protocol. Methods Mol. Biol. 2020, 2148, 301-
312. https://doi.org/10.1007/978-1-0716-0623-0_19. PMID: 32394390.

Wright, ].H.; Huang, L.Y.; Weaver, S.; Archila, L.D.; McAfee, M.S.; Hirayama, A.V.; Chapuis, A.G.; Bleakley, M.; Rongvaux, A.;
Turtle, C.J.; et al. Detection of engineered T cells in FFPE tissue by multiplex in situ hybridization and immunohistochemistry.
J. Immunol. Methods. 2021, 492, 112955. https://doi.org/10.1016/j.jim.2020.112955. PMID: 33383062.

Xu, M.; Leskinen, K.; Gritti, T.; Groma, V.; Arola, J.; Lepisto, A.; Sipponen, T.; Saavalainen, P.; Soderlund-Venermo, M.
Prevalence, cell tropism, and clinical impact of human parvovirus persistence in adenomatous, cancerous, inflamed, and
healthy intestinal mucosa. Front. Microbiol. 2022, 24, 914181 https://doi.org/10.3389/ fmicb.2022.914181.

D’Agostino, M.; Di Cecco, M.; Marani, C.; Vigili, M.G; Sileno, S.; Volpi, C.C.; Gloghini, A.; Avitabile, D.; Magenta, A.; Rahimi,
S. Positive Linear Relationship between Nucleophosmin Protein Expression and the Viral Load in HPV-Associated
Oropharyngeal Squamous Cell Carcinoma: A Possible Tool for Stratification of Patients. Int. ]. Mol. Sci. 2023, 24, 3482.
https://doi.org/10.3390/ijms24043482. PMID: 36834892.

Kormos, V.; Kecskés, A.; Farkas, J.; Gaszner, T.; Csernus, V.; Alomari, A.; Hegediis, D.; Renner, E.; Palkovits, M.; Zelena, D.;
Helyes, Z.; et al. Peptidergic neurons of the Edinger-Westphal nucleus express TRPA1 ion channel that is downregulated both
upon chronic variable mild stress in male mice and in humans who died by suicide. ]. Psychiatry Neurosci. 2022, 47, E162-E175.
https://doi.org/10.1503/jpn.210187. PMID: 35508327.

Kiss, F.; Kormos, V.; Sz8ke, E.; Kecskés, A.; Toth, N.; Steib, A.; Szallasi, A.; Scheich, B.; Gaszner, B.; Kun, J.; Flop, G.; Pohdczky,
K.; et al. Functional Transient Receptor Potential Ankyrin 1 and Vanilloid 1 Ion Channels Are Overexpressed in Human Oral
Squamous Cell Carcinoma. Int. J. Mol. Sci. 2022, 23, 1921. https://doi.org/10.3390/ijms23031921. PMID: 35163843.

Al-Omari, A.; Kecskés, M.; Gaszner, B.; Bird-5iit6, T.; Fazekas, B.; Berta, G.; Kuzma, M., Pintér, E.; Kormos, V. Functionally active
TRPA1 ion channel is downregulated in peptidergic neurons of the Edinger-Westphal nucleus upon acute alcohol exposure.
Front. Cell Dev. Biol. 2023, 10, 1046559. https://doi.org/10.3389/fcell.2022.1046559. PMID: 36704197.

Konkoly, J.; Kormos, V.; Gaszner, B.; Correia, P.; Berta, G.; Biré-5iit6, T.; Zelena, D.; Pintér, E. Transient receptor potential
ankyrin 1 ion channel expressed by the Edinger-Westphal nucleus contributes to stress adaptation in murine model of
posttraumatic stress disorder. Front. Cell Dev. Biol. 2022, 10, 1059073. https://doi.org/10.3389/fcell.2022.1059073. PMID: 36561364.
Milicic, M.; Gaszner, B.; Berta, G.; Pintér, E.; Kormos, V. The Lack of TRPA1 Ion Channel Does Not Affect the Chronic Stress-
Induced Activation of the Locus Ceruleus. Int. |. Mol. Sci. 2024, 25, 1765. https://doi.org/10.3390/ijms25031765. PMID: 38339042.
Erdé-Bonyar, S.; Rapp, J.; Minier, T.; Rath, G.; Najbauer, J.; Czirjak, L.; Németh, P.; Berki, T., Simon, D. Toll-Like Receptor
Mediated Activation of Natural Autoantibody Producing B Cell Subpopulations in an Autoimmune Disease Model. Int. . Mol.
Sci. 2019, 20, 6152. https://doi.org/10.3390/ijms20246152. PMID: 31817576.

Jia, X.; Bene, J.; Balazs, N.; Szabo, K.; Berta, G.; Herczeg, R.; Gyenesei, A.; Balogh, P. Age-Associated B Cell Features of the
Murine High-Grade B Cell Lymphoma Bc.DLFL1 and Its Extranodal Expansion in Abdominal Adipose Tissues. J. Immunol.
2022, 208, 2866—2876. https://doi.org/10.4049/jimmunol.2100956. PMID: 35867673.

Kovacs, A.L.; Karteszi, J.; Prohaszka, Z.; Kalmar, T.; Késmarky, G.; Koltai, K.; Nagy, Z.; Sebdk, J.; Vas, T.; Molnar, K.; et al.
Hemizygous nonsense variant in the moesin gene (MSN) leads to a new autoimmune phenotype of Inmunodeficiency 50. Front.
Immunol. 2022, 13, 919411. https://doi.org/10.3389/fimmu.2022.919411. PMID: 36119109.

Wang, F.; Flanagan, J.; Su, N.; Wang, L.-C.; Bui, S.; Nielson, A.; Wu, X.; Vo, H.-T.; Ma, X.-].; Luo, Y. RNAscope: A novel in situ
RNA analysis platform for formalin-fixed, paraffin-embedded tissues. J. Mol. Diagn. 2012, 14, 22-29.
https://doi.org/10.1016/j.jmoldx.2011.08.002.

Kugyelka, R.; Prenek, L.; Olasz, K.; Kohl, Z.; Botz, B.; Glant, T.T.; Berki, T.; Boldizsar, F. ZAP-70 Regulates Autoimmune Arthritis
via Alterations in T Cell Activation and Apoptosis. Cells 2019, 8, 504. https://doi.org/10.3390/cells8050504. PMID: 31137740.
Schindelin, J.; Arganda-Carreras, I; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B, et al Fiji An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676-682.
https://doi.org/10.1038/nmeth.2019. PMID: 22743772.

Stirling, D.R.; Swain-Bowden, M.].; Lucas, A.M.; Carpenter, A.E.; Cimini, B.A.; Goodman, A. CellProfiler 4: Improvements in
speed, utility and usability. BMC Bioinform. 2021, 22, 433. https://doi.org/10.1186/s12859-021-04344-9. PMID: 34507520.

Minta, A.; Kao, J.P.; Tsien, R.Y. Fluorescent indicators for cytosolic calcium based on rhodamine and fluorescein chromophores.
J. Biol. Chem. 1989, 264, 8171-8178. PMID: 2498308.



Biomolecules 2024, 14, 632 22 of 23

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Boldizsar, F.; Berki, T.; Miseta, A.; Németh, P. Effect of hyperglycemia on the basal cytosolic free calcium level, calcium signal
and tyrosine-phosphorylation in human T-cells. Immunol. Lett. 2002, 82, 159-164. https://doi.org/10.1016/50165-2478(02)00032-9.
PMID: 12008048.

Khanfar, E.; Olasz, K,; Gabris, F.; Gajdécsi, E.; Botz, B.; Kiss, T.; Kugyelka, R.; Berki, T.; Balogh, P.; Boldizsar, F. Ameliorated
Autoimmune Arthritis and Impaired B Cell Receptor-Mediated Ca2+ Influx in Nkx2-3 Knock-out Mice. Int. J. Mol. Sci. 2020, 21,
6162. https://doi.org/10.3390/ijms21176162. PMID: 32859051.

Heber, S.; Gold-Binder, M.; Ciotu, C.I.; Witek, M.; Ninidze, N.; Kress, H.G.; Fischer, M.J.M. A Human TRPA1-Specific Pain
Model. J. Neurosci. 2019, 39, 3845-3855. https://doi.org/10.1523/INEUROSCI.3048-18.2019. PMID: 30862667.

Albrecht, C.; McVey, ].H.; Elliott, ].I; Sardini, A.; Kasza, I.; Mumford, A.D.; Naoumova, R.P.; Tuddenham, E.G.; Szabo, K,;
Higgins, C.F. A novel missense mutation in ABCA1 results in altered protein trafficking and reduced phosphatidylserine
translocation in a patient with Scott syndrome. Blood 2005, 106, 542-549. https://doi.org/10.1182/blood-2004-05-2056. PMID:
15790791.

Sato-Hashimoto, M.; Nozu, T.; Toriba, R.; Horikoshi, A.; Akaike, M.; Kawamoto, K.; Hirose, A.; Hayashi, Y.; Nagai, H.; Shimizu,
W.; et al. Microglial SIRPa regulates the emergence of CD11c+ microglia and demyelination damage in white matter. Elife 2019,
8, €42025. https://doi.org/10.7554/eLife.42025. PMID: 30910011.

Zhang, X.; Feng, T.; Zhou, X.; Sullivan, PM.; Hu, F.; Lou, Y.; Yu, J.; Feng, J.; Liu, H.; Chen, Y. Inactivation of TMEM106A
promotes lipopolysaccharide-induced inflammation via the MAPK and NF-«B signaling pathways in macrophages. Clin. Exp.
Immunol. 2021, 203, 125-136. https://doi.org/10.1111/cei.13528. PMID: 33006758.

Feske, S.; Wulff, H.; Skolnik, E.Y. Ion channels in innate and adaptive immunity. Annu. Rev. Immunol. 2015, 33, 291-353.
https://doi.org/10.1146/annurev-immunol-032414-112212. PMID: 25861976.

Trebak, M.; Kinet, J.P. Calcium signalling in T cells. Nat. Rev. Immunol. 2019, 19, 154-169. https://doi.org/10.1038/s41577-018-
0110-7. PMID: 30622345.

Mahtani, T.; Treanor, B. Beyond the CRAC: Diversification of ion signaling in B cells. Immunol. Rev. 2019, 291, 104-122.
https://doi.org/10.1111/imr.12770. PMID: 31402507.

Yenson, V.; Baumgarth, N. Purification and immune phenotyping of B-1 cells from body cavities of mice. Methods Mol. Biol.
2014, 1190, 17-34. https://doi.org/10.1007/978-1-4939-1161-5_2. PMID: 25015270.

Baumgarth, N. A two-phase model of B-cell activation. Immunol. Rev. 2000, 176, 171-180. https://doi.org/10.1034/j.1600-
065x.2000.00606.x. PMID: 11043776.

Baumgarth, N. B-cell immunophenotyping. Methods Cell Biol. 2004, 75, 643-662. https://doi.org/10.1016/s0091-679x(04)75027-x.
PMID: 15603446.

Labadi, A.; Balogh, P. Differential preferences in serosal homing and distribution of peritoneal B-cell subsets revealed by in situ
CEFSE labeling. Int. Immunol. 2009, 21, 1047-1056. https://doi.org/10.1093/intimm/dxp071. PMID: 19625383.

Wang, H; Lin, J.X,; Li, P.; Skinner, J.; Leonard, W.].; Morse, H.C. 3rd. New insights into heterogeneity of peritoneal B-1a cells.
Ann. N. Y Acad. Sci. 2015, 1362, 68-76. https://doi.org/10.1111/nyas.12791. PMID: 25988856.

Liu, M.; Silva-Sanchez, A.; Randall, T.D.; Meza-Perez, S. Specialized immune responses in the peritoneal cavity and omentum.
J. Leukoc. Biol. 2021, 109, 717-729. https://doi.org/10.1002/JLB.5SMIR(0720-271RR. PMID: 32881077.

Rathod, S. T cells in the peritoneum. Int. Rev. Cell Mol. Biol. 2022, 371, 15-41. https://doi.org/10.1016/bs.ircmb.2022.04.013. PMID:
35964999.

Romano, B.; Borrelli, F.; Fasolino, I.; Capasso, R.; Piscitelli, F.; Cascio, M.; Pertwee, R.; Coppola, D.; Vassallo, L.; Orlando, P.; et
al. The cannabinoid TRPA1 agonist cannabichromene inhibits nitric oxide production in macrophages and ameliorates murine
colitis. Br. ]. Pharmacol. 2013, 169, 213-229. https://doi.org/10.1111/bph.12120. PMID: 23373571.

Romano, B.; Pagano, E.; Orlando, P.; Capasso, R.; Cascio, M.G.; Pertwee, R.; Marzo, V.D.; 1zzo, A.A.; Borrelli, F. Pure A9-
tetrahydrocannabivarin and a Cannabis sativa extract with high content in A9-tetrahydrocannabivarin inhibit nitrite production
in murine peritoneal macrophages. Pharmacol. Res. 2016, 113(Pt A), 199-208. https://doi.org/10.1016/j.phrs.2016.07.045. PMID:
27498155.

De Logu, F.; Nassini, R.; Materazzi, S.; Carvalho Gongalves, M.; Nosi, D.; Rossi Degl'Innocenti, D.; Marone, I.M.; Ferreira, J.; Li
Puma, S.; Benemei, S.; et al. Schwann cell TRPA1 mediates neuroinflammation that sustains macrophage-dependent
neuropathic pain in mice. Nat. Commun. 2017, 8, 1887. https://doi.org/10.1038/s41467-017-01739-2. PMID: 29192190.

Vig, M.; Kinet, ]J.P. Calcium signaling in immune cells. Nat. Immunol. 2009, 10, 21-27. https://doi.org/10.1038/ni.f.220. PMID:
19088738.

Launay, P.; Fleig, A.; Perraud, A.L.; Scharenberg, A.M.; Penner, R.; Kinet, ].P. TRPM4 is a Ca2+-activated nonselective cation
channel mediating cell membrane depolarization. Cell 2002, 109, 397-407. https://doi.org/10.1016/s0092-8674(02)00719-5. PMID:
12015988.

Launay, P.; Cheng, H.; Srivatsan, S.; Penner, R.; Fleig, A.; Kinet, ] P. TRPM4 regulates calcium oscillations after T cell activation.
Science 2004, 306, 1374-1377. https://doi.org/10.1126/science.1098845. PMID: 15550671.

Krishnamoorthy, M.; Wasim, L.; Buhari, F.H.M.; Zhao, T.; Mahtani, T.; Ho, J.; Kang, S.; Deason-Towne, F.; Perraud, A.L.;
Schmitz, C.; et al. The channel-kinase TRPMY7 regulates antigen gathering and internalization in B cells. Sci. Signal 2018, 11,
eaah6692. https://doi.org/10.1126/scisignal.aah6692. PMID: 29871912.



Biomolecules 2024, 14, 632 23 of 23

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Wenning, A.S.; Neblung, K.; Strauss, B.; Wolfs, M.].; Sappok, A.; Hoth, M.; Schwarz, E.C. TRP expression pattern and the
functional importance of TRPC3 in primary human T-cells. Biochim Biophys Acta. 2011, 1813, 412-423.
https://doi.org/10.1016/j.bbamcr.2010.12.022. PMID: 21215279.

Lopez, J.J.; Salido, G.M.; Pariente, J.A.; Rosado, J.A. Interaction of STIM1 with endogenously expressed human canonical TRP1
upon depletion of intracellular Ca2+ stores. J. Biol. Chem. 2006, 281, 28254-28264. https://doi.org/10.1074/jbc.M604272200. PMID:
16870612.

Jardin, I.; Redondo, P.C.; Salido, G.M.; Rosado, J.A. Phosphatidylinositol 4,5-bisphosphate enhances store-operated calcium
entry through hTRPC6 channel in human platelets.  Biochim.  Biophys. Acta. 2008, 1783, 84-97.
https://doi.org/10.1016/j.bbamcr.2007.07.007. PMID: 17719101.

Jardin, I.; Gémez, L.J.; Salido, G.M.; Rosado, J.A. Dynamic interaction of hTRPC6 with the Orail-STIM1 complex or hTRPC3
mediates its role in capacitative or non-capacitative Ca(2+) entry pathways. Biochem. ]. 2009, 420, 267-276.
https://doi.org/10.1042/BJ20082179. PMID: 1926082.

Albarran, L.; Lopez, ].J.; Dionisio, N.; Smani, T.; Salido, G.M.; Rosado, J.A. Transient receptor potential ankyrin-1 (TRPA1)
modulates store-operated Ca(2+) entry by regulation of STIM1-Orail association. Biochim. Biophys. Acta. 2013, 1833, 3025-3034.
https://doi.org/10.1016/j.bbamcr.2013.08.014. PMID: 23994313.

Akopian, A.N. Regulation of nociceptive transmission at the periphery via TRPA1-TRPV1 interactions. Curr. Pharm. Biotechnol.
2011, 12, 89-94. https://doi.org/10.2174/138920111793937952. PMID: 20932255.

Sadofsky, L.R.; Sreekrishna, K.T.; Lin, Y.; Schinaman, R.; Gorka, K.; Mantri, Y.; Haught, ].C.; Huggins, T.G,; Isfort, R.J.; Bascom,
C.C,; et al. Unique Responses are Observed in Transient Receptor Potential Ankyrin 1 and Vanilloid 1 (TRPA1 and TRPV1) Co-
Expressing Cells. Cells 2014, 3, 616-626. https://doi.org/10.3390/cells3020616. PMID: 24921186.

Salas, M.M.; Hargreaves, K.M.; Akopian, A.N. TRPAl-mediated responses in trigeminal sensory neurons: Interaction between
TRPA1 and TRPV1. Eur ] Neurosci. 2009, 29, 1568-1578. https://doi.org/10.1111/j.1460-9568.2009.06702.x. PMID: 19419422.
Fischer, M.].; Balasuriya, D.; Jeggle, P.; Goetze, T.A.; McNaughton, P.A.; Reeh, P.W.; Edwardson, J.M. Direct evidence for
functional TRPV1/TRPA1 heteromers. Pflug. Arch. 2014, 466, 2229-2241. https://doi.org/10.1007/s00424-014-1497-z. PMID:
24643480.

Patil, M.].; Jeske, N.A.; Akopian, A.N. Transient receptor potential V1 regulates activation and modulation of transient receptor
potential Al by Ca2+. Neuroscience. 2010, 171, 1109-1119. https://doi.org/10.1016/j.neuroscience.2010.09.031. PMID: 20884333.
Weng, H.J.; Patel, K.N.; Jeske, N.A ; Bierbower, S.M.; Zou, W.; Tiwari, V.; Zheng, Q.; Tang, Z.; Mo, G.C.; Wang, Y.; et al. Tmem100
Is a Regulator of TRPA1-TRPV1 Complex and Contributes to Persistent Pain. Neuron 2015, 85, 833-846.
https://doi.org/10.1016/j.neuron.2014.12.065. PMID: 25640077.

Weyer, A.D.; Stucky, C.L. Loosening pain's grip by tightening TRPV1-TRPA1 interactions. Neuron 2015, 85, 661-663.
https://doi.org/10.1016/j.neuron.2015.02.004. PMID: 25695265.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



