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Editorial on the Research Topic

TIon Channels and Transporters in Ca**-Dependent Functions of Lymphocytes

Ion channels and transporters have been shown to play essential roles in the physiology of
lymphocytes since their discovery in the 1980s. Understanding the specific interplay between
lymphocyte ion channels and the particular roles of defined ion channels and transporters for
immune cells and subtype specific functions is crucial for untangling the pathophysiological
mechanisms behind numerous immune system related diseases and may uncover new targets
for pharmaceutical intervention.

This special topic, which is jointly issued in Frontiers in Physiology and Frontiers in
Pharmacology, contains 8 original research studies and one review article. The articles cover
topics ranging from classical pharmacology of ion channels, the effects of excess intracellular
Ca™ induced by exercise to the role/expression of various ion channels under pathological
conditions, and it is noteworthy, that the included articles report on almost all major ion
channels/transporter described in lymphocytes.

Two articles in our collection focus on the role of ion channels and expression level changes in
disease. In their study Markakis et al. show increases in functional Kv1.3 expression in T cells
from multiple sclerosis (MS) patients, which is more pronounced in patients with secondary
progressive MS status (Markakis et al.). Furthermore, the authors also reveal that TASK-2
channels have no influence on the increased K* conductance detected in MS patients. In the
second article by Gawali et al., we learn about the effect of immune checkpoint therapies on K+
channel function in CD8" cells: treatment with both anti-PD1 (pembrolizumab) and anti-PD-L1
(atezolizumab) antibodies facilitate the function of KCa3.1 and Kv1.3 in head and neck
squamous cell carcinoma patients’ peripheral lymphocytes (Gawali et al.). Treatment of
CD8" cells isolated from healthy donors with PD-L1 reduced KCa3.1 activity, an effect that
could be attributed to the modulation by PI3 kinase. However, addition of anti-PD1 did not
change the expression level of Kv1.3, KCa3.1, and Orail/STIM1 as determined by flow
cytometry.

Three articles report on the pharmacology of lymphocyte ion channels, thus providing insight
into therapy development or explaining side effects of clinically used drugs. Loureirin B (LrB),
which is a flavonoid extracted from Resina Draconis (“dragon’s blood”), was shown to inhibit
Kvl.3 channels as well as CRAC channels constituted of STIM1/Orail complexes in a
concentration-dependent manner (Shi et al.). Moreover, LrB reduces Ca*" influx and IL-2
production in Jurkat T cells. Hence, loureirin B may serve as a template for developing new small
molecule inhibitors to treat autoimmune diseases. In a second article, several broadly-used
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NSAID compounds (naproxen, ibuprofen, salicylate, and
aspirin) are shown to inhibit TRPM7 currents (Chokshi
et al). It turned out that these molecules develop use-
dependent block slowly and reduce cell viability in a
concentration dependent manner, however, they do not
bind directly to TRPM7 channels but impair TRPM7
function via acidification of the cytosolic compartment. A
specific mutation within TRPM7 (S1170R) renders the
channel resistant to intracellular pH changes, Mg** and
PIP, and, indeed, is resistant to NSAID application. The
pH-change induced inhibition did not require activity of
cyclooxygenase enzymes, another well-known target of
NSAIDs. In the final article of this set, Naseem et al
describe a new expression system suitable for production of
peptide toxins with a high yield and purity (three-fold higher
as compared to other systems) (Naseem et al.). As these toxins
often are very specific inhibitors of subtype specific ion
channels, the more technical paper is of interest to
scientists studying the role of ion channels for immune cell
pathologies. The authors chose margatoxin (MgTx), which is a
high affinity antagonist of Kv1.2 and Kv1.3 and produced the
toxin in Pichia pastoris (a methylotrophic yeast species) in a
tagged (TrMgTx, with 6xHis tag) and an untagged (UrMgTx)
version. Both variants had an inhibitory effect comparable to
wild-type MgTx, and they could show that toxins were able to
inhibit the expression of early activation markers (IL2 receptor
or CD25 and CD40L or CD154) in CD4" effector memory
T cells. The Pichia pastoris expression system proves to be
efficient tool in generating cysteine rich small peptides such as
recombinant toxins applied in study of ion channels function
and expression.

Another set of three articles was devoted to aspects of Ca**
signaling in T cells. Much recent interest focusses on the role of
mitochondrial Ca** handling. Wu et al. report on the role of the
mitochondrial Ca** uniporter (MCU), which is one pathway for
Ca®" uptake into mitochondria for various T cell functions (Wu
et al.). Using mice with T cell-specific genetic elimination of
MCU, the authors conclude that lack of MCU has no influence on
the respiratory chain activity, T cell differentiation or effector
functions in both regulatory and inflammatory T cell populations
in vitro. In vivo, mouse model experiments demonstrate that
MCU also does not appear to play a significant role: not for the
development of T-cell mediated autoimmunity and not for
immune responses against viral infections. These results draw
attention to the fact that compensatory mechanisms may override
effects of genetic ablation of MCU as well as suggest that
antagonists used in other studies might not be specific towards
MCU. In the paper by Liu et al. the effects of exercise (running in/
on treadmill) on Ca** levels in T cells was reported: basal resting
cytosolic Ca**-concentrations as well as agonist-induced Ca**-
responses in cells isolated 3h (E3 group) after workout were
higher as compared to the 0 h (E0 group) and 24 h (E24 group)

Editorial: Lymphocytes’ lon Channels and Transportes

groups. In contrast, proliferation rates in the E3 group were lower
relative to the other groups (Liu et al.). Transcriptional levels of
SERCA, PMCA, TRPC1 and P2X7 are downregulated in E3
T cells, while IP;R2 and RyR2 expression levels are up-
regulated: these changes could account for the increased
cytosolic Ca** level of E3 T cells. However, the suppressed,
mitogen-induced proliferation of E3 cells contradicts data
obtained for Ca®" levels in the E3 group cells and suggests
that different pathway are responsible for exercise-related
immune-suppression. Finally, a study on various lymphoma
cell lines and primary lymphoma cells (DLBCL: diffuse large
B cell lymphoma) analyzed expression of several Cay channel
genes as well as the Orai-STIM-ORALI gene set (Stanwood et al.).
Cavl.2 expression was higher in classical Hodgkin lymphoma
(CHL) cell lines as compared to other B cell lymphoma cell lines,
while STIM2-Orai2-levels were decreased. Activated B cell like
DLBCL (ABC-DLBCL) cells had higher levels of Cay1.3, while
Cayl.l, Cayl.2 and Cayl.4 were reduced in comparison to
germinal center DLCBL cells, and no difference in STIM-
ORALI expression was reported. Other proteins related to the
Ca’"-regulated activation pathway (NFAT, calcineurin,
calmodulin) displayed elevated expression in CHL cell lines
with respect to other B lymphoma cell lines. In contrast, the
calmodulin and Ca**-dependent pathway was downregulated in
ABC-DLBCL patient cells. A recent study reported that Cay
channel transcripts lacking huge parts of 5’ exons were present in
T cells, which probably transcribes their mRNA into non-
functional truncated Cay proteins: no Ca®" channels were
detected by electrophysiology tools (patch-clamp, Ca®*-
imaging) (Erdogmus et al., 2022). The situation may be the
same for B cells, hence, functional studies are required to
clarify role of Cay in B lymphocytes and lymphoma cells.

Last, but not least, a review by Bohmwald et al. described the
role of Ca®*-signaling in viral infection and showcases how
viruses highjack host cell Ca®>* channels to facilitate both their
entry into cells as well as their replication and budding capacity
(Bohmwald et al.). The authors summarize the data on ion
channels expressed in B and T lymphocytes, and selected
viruses (Hepatitis B, SARS-CoV-2, Herpes simplex, hRSV, and
HIV), all of which utilize Ca2+-signaling pathways by modifying
Ca®" channel function in order to enter cells and/or replicate.

Taken together, this article collection highlights the
importance of ion channels and transporters regulating
calcium signaling in lymphocytes in health and disease.
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Loureirin B (LrB) is a constituent extracted from traditional Chinese medicine Resina Draconis.
It has broad biological functions and an impressive immunosuppressive effect that has been
supported by numerous studies. However, the molecular mechanisms underlying Loureirin B-
induced immune suppression are not fully understood. We previously reported that Loureirin B
inhibited Ky 1.3 channel, calcium ion (Ca?*) influx, and interleukin-2 (IL-2) secretion in Jurkat
T cells. In this study, we applied CRISPR/Cas9 to edit Ky1.3 coding gene KCNAS3 and
successfully generated a Ky,1.3 knockout (KO) cell model to determine whether Ky, 1.3 KO was
sufficient to block the Loureirin B-induced immunosuppressive effect. Surprisingly, we
showed that Loureirin B could still inhibit Ca®* influx and IL-2 secretion in the Jurkat
T cells in the absence of K1.3 although KO Ky1.3 reduced about 50% of Ca®* influx
and 90% IL-2 secretion compared with that in the wild type cells. Further experiments showed
that Loureirin B directly inhibited STIM1/Orai1 channel in a dose-dependent manner. Our
results suggest that Loureirin B inhibits Ca®* influx and IL-2 secretion in Jurkat T cells by
inhibiting both Ky1.3 and STIM1/Orai1 channels. These studies also revealed an additional
molecular target for Loureirin B-induced immunosuppressive effect, which makes it a
promising leading compound for treating autoimmune diseases.

Keywords: LrB, Kv1.3, Jurkat T cell, CRISPR/ Cas9, STIM1/Orai1, Ca2* influx, IL-2

INTRODUCTION

Loureirin B (LrB) is a Resina Draconis (RD)-derived flavonoid and a traditional Chinese medicine
bearing multifaceted effects on numerous diseases (Fan et al., 2014; Bai et al., 2015). LrB was reported
to be a plasminogen activator inhibitor-1 (PAI-1) that promoted blood circulation and reduced the
size of arterial thrombus (Jiang et al., 2017). LrB alone or combined with other RD constituents
inhibited voltage-gated sodium (Nay) channel, transient receptor potential vanilloid 1 channel, and
acid-sensing ion channel in dorsal root ganglion (DRG) neurons and ameliorated inflammatory pain
(Chen et al., 2018; Wan et al., 2019). Besides its analgesic effect, LrB and RD also possess promising
immunosuppressive effects. The ethylacetated RD inhibited inflammatory responses in vascular
smooth muscle cells and macrophages by suppressing ROS production (Heo et al., 2010). A recent
study showed that LrB could reduce the severity of inflammation in Crohn’s disease via inhibiting
the expression levels of inflammatory cytokines interleukin-1 (IL-1), IL-6, and tumor necrosis
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factor-alpha (TNF-a) (Sun et al, 2020). However, the
mechanisms behind LrB-induced immune suppression have
not been fully elucidated.

Ion channels are critically involved in regulating proliferation
and apoptosis of lymphocytes (Cahalan and Chandy, 2009).
Calcium signaling plays a pivotal role in linking ion channels
and numerous functions of T lymphocytes (Feske et al., 2015).
When an antigen stimulates a T cell and binds to a T cell receptor
(TCR), the downstream phospholipase C gamma (PLCy) will
hydrolyze PIP, into DAG and inositol triphosphate (IP3) (Zhong
et al, 2016; Zhu et al., 2017). The newly synthesized IP; binds to
IP; receptor (IP;R) on endoplasmic reticulum (ER) membrane
and depletes calcium ion (Ca") stored in ER pool (Zhong et al.,
20165 Cao et al., 2019). Another ER membrane protein - stromal
interaction molecule (STIM) - could sense Ca** depletion in ER
and change its own conformation to contact and subsequently
open a Ca®" channel - Orai channel on the plasma membrane
(Lewis, 2020). This process is named Store-operated Calcium
Entry (SOCE) and results in Ca®* influx which ultimately
activates the downstream signaling pathways such as CaM-
CaN-NFATcl and NFxB to produce inflammatory cytokines
(Feske et al., 2012; Trebak and Kinet, 2019). During these
processes, the STIM1/Orail complex - also called calcium
release-activated calcium (CRAC) channel - is the “major
player” to trigger immune responses of T cells, while other ion
channels, such as potassium ion (K) channel, could modulate
calcium signals by changing the membrane potential of T cells
and providing a driving force for Ca®>* entry (Cahalan and
Chandy, 2009).

Ky1.3 is a predominantly expressed K" channel in T cells
(Nicolaou et al., 2009) and regulates immune responses
stimulated by antigens and cell volume of T cells (Nicolaou
et al., 2009; Bobak et al., 2011). Pharmacological blockade of
Ky1.3 in myelin basic protein - specific encephalitogenic T cell
line inhibited cytokine secretion through reducing Ca®* influx,
which improved encephalomyelitis (EAE) symptoms in rats
(Beeton et al, 2001). Ky1.3 blockade also suppressed the
activation and motility of Tgy (memory effector T) cells and
delayed-type hypersensitivity in rats (Matheu et al., 2008).
Surprisingly, although Ky1.3 plays an important role in
T cells, Ky1.3 knockout (KO) mice lived normally and their
immune systems showed no impairment (Koni et al., 2003). The
expression level of chloride ion (Cl”) channels was found to
have increased 10-fold in T lymphocytes from these KO
animals, which could compensate for the function of Ky1.3
to sustain a normal membrane potential and did not affect
proliferation or activation of T cells (Koni et al., 2003). Another
report studied the effects of Ky1.3 deletion in the EAE model
and found that the number of activated CD4" T cells and
secretion of IFN-y and IL-17 in Kyl.3 KO mice were all
decreased significantly (Gocke et al, 2012). A recent study
showed that T helper (Th) cells isolated from the Ky1.3 KO
mice developed into a novel type of Th cell which differed in
gene expression and functions compared with Th cell in wild
type animals when stimulated with Myelin oligodendrocyte
glycoprotein  (MOG) (Grishkan et al, 2015). These
inconsistent results in Ky1.3 KO mice suggest that selective
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Ky1.3 deletion in specific lymphocyte type might help to
pinpoint the mechanisms underlying Kyl1.3-mediated
regulation of immune responses in healthy or pathological
organisms.

We previously used Jurkat T cell as a model to study the effects
of LrB and reported that LrB inhibited Ky 1.3 currents, Ca**
influx, and IL-2 release in a dose-dependent manner (Yin
et al., 2014). In this study, we applied CRISPR/Cas9 system
to knock out KCNA3 gene to explore whether Ky /1.3 deletion
could block effects of LrB on Ca*' influx and cytokine
secretion. We showed that KO Ky1.3 in Jurkat T cell
decreased but did not abolish the effects of LrB on Ca®*
influx and IL-2 secretion. We further demonstrated that
LrB could decrease Ca®" influx and IL-2 secretion
through inhibiting STIM1/Orail channels in the absence
of Kyl.3. These findings suggest that LrB has an
immunosuppressive effect by inhibiting both Ky1.3 and
STIM1/Orail channels.

MATERIALS AND METHODS

Drugs

LrB was synthesized by our group (Supplementary Scheme S1)
and dissolved in DMSO. Kyl1.3 inhibitor ADWX-1 was
purchased from More Biotechnology Co. Ltd. (Cat. MPK-
001A, Wuhan, China) and dissolved in double-distilled
water. Agonist of T cell - Concanavalin A (ConA) was
purchased from MP Biomedicals (Cat. 195,283, Santa Ana,
CA, United States) and dissolved in 1x Phosphate Buffer
Saline (PBS). Calcium-ATPase inhibitor Cyclopiazonic Acid
(CPA) was purchased from Sigma-Aldrich (Cat. C1530,
St.Louis, MO, United States) and dissolved in DMSO. SK¢,
inhibitor Scytx was purchased from More Biotechnology Co.
Ltd. (Cat. MPK-001C, Wuhan, China).

Cell Culture

Jurkat T cell line was bought from National Platform of Cell Line
Resource for Sci-Tech (Wuhan, China). Wild type and Ky 1.3
knockout Jurkat T cells were suspended in culture medium
which consisted of Roswell Park Memorial Institute (RPMI)
1,640 basic (Cat. C11875500, Gibco, NY, United States)
supplemented with 10% fetal bovine serum (FBS) (Cat.
40130ES76, YESEN, Shanghai, China) and 1% Penicillin-
Streptomycin (Cat. 15070063, Gibco, NY, United States).
Cell density was counted using Cellometer K2 (Nexcelom,
San Diego, CA, United States) and suspended cells were
seeded in 6-well plate with 1 x 10° cells/well in 2 ml
culture medium under 5% CO, and 37°C. After being
pretreated with 0.01, 0.1, or 1uM LrB for 1h, 10 pg/ml
ConA was added in the culture medium as stimulus group,
and the same volume of 1x PBS was added in control group.
After incubating with ConA or PBS for 24 h, the culture
medium was harvested in Eppendorf (Ep) tube for ELISA
assay (Cat. DY202-05, R&D, Minneapolis, MN,
United States) to test IL-2 secretion by Jurkat T cells with
or without ConA stimulation.
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sgRNA Design and Plasmid Construct
sgRNA was designed to target the first exon (exonl) of KCNA3

gene, which consists of the functional domain of Ky 1.3 subunit.
The target DNA sequence was submitted to http://crispr.mit.edu/
website and two sgRNA sequences with the highest editing
efficiency scores were selected and synthesized by Tskingke
Company (Peking, China). Sequences of DNA fragments
expressing sgRNAs CTACCCCGCCTCGACGTCGC (sgRNA1)
and GAGATCCGCTTCTACCAGCT (sgRNA2) are used in our
study (Supplementary Figures S1A,B). The pX458 plasmid is a
gift from Lu Xue lab (School of Life Sciences, Central-South
University for Nationalities, Wuhan, China) and used to express
SpCas9 and sgRNA simultaneously to edit the target genes. This
plasmid expresses GFP as a fluorescence reporter to indicate
vector transfection of the cells. The plasmid was digested with
Fast Digest Bbsl enzyme (Cat. ER1011, Thermo Scientific,
Waltham, MA, United States) and linked with synthesized
sgRNA fragments by T4 ligase (Cat. D2011A, Kyoto, Takara,
Japan). The sgRNA sequence insertion in plasmid was confirmed
by gene sequencing (Supplementary Figure S1A,B).

Electroporation and Cell Sorting

Cultured Jurkat T cells were transfected with the constructed
plasmids using a CTX-1500A EX Electroporator (Celetrix
Biotechnologies, Manassas, VA, United States). Cultured
Jurkat T cells were suspended into single cells and sorted with
Fluorescence Activated Cell Sorter (FACS) (MA900, Sony,
Tokyo, Japan) 48h after transfection. The single cells
expressing GFP were selected and seeded in a 96-well plate
and passed to a 24-well and then a 6-well plate to amplify the
single colony. Genomes and proteins were extracted from each
colony for confirmation of Ky1.3 KO.

Confirmation of Gene Editing Efficiency
Before cell sorting by FACS, Jurkat T cells transfected with the
constructed plasmids were tested for editing efficiency first.
Genomes in different groups were extracted using Genome
Extraction kit (Cat. 7E491E0, Vazyme, Suzhou, China) and the
target sequence was amplified with Polymerase Chain Reaction
(PCR) from the genome. The PCR primers were FP: GTCATC
AACATCTCCGGGCT, RP: TACTCGAAGAGCAGCCACAC.
Products of PCR were used for T7EN1 digestion and DNA gel
first. Gray analysis of the digested fragments compared with the
whole quantities of the PCR products was used to calculate the
editing efficiency of CRISPR/Cas9. After we obtained the single
cell colony, the target sequence was amplified with PCR and
ligated into commercial pMD™19 T vector (Cat. 6,013, Kyoto,
Takara, Japan) to check the mutation of each single colony edited
by PX458-sgRNA1 or PX458-sgRNA2.

Western Blot

Cultured cells were collected by centrifugation at 6,000 rpm for
5 min and washed with ice cold 1x PBS twice. Cells were lysed
with Radio Immunoprecipitation Assay (RIPA) solution (Cat.
P0013B, Beyotime, Peking, China) for 30 min. The lysis solution
was centrifuged again at 12,000 rpm under 4°C for 15 min and the
supernatant was collected and mixed with 2x Sodium dodecyl
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sulfate (SDS) loading buffer and boiled for 5 min. Before loading,
the total protein concentration of each group was determined by
BCA kit and scanned with a microplate photospectrometer
(SPARK 10M, Tecan, Hombrechtikon, Swiss). Proteins were
loaded based on the total protein concentration of each group
to assure equal quantities per lane. Proteins were separated on a
10% SDS-polyacrylamide gel and transferred to Polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA). The
membranes were blocked with 10% nonfat milk and incubated
at 4°C overnight with the following antibodies: rabbit polyclonal
antibody against Ky1.3 (1:1,000, Cat. APC101; alomone labs,
Jerusalem, Israel) and rabbit polyclonal antibody against -actin
(1:1,000, Cat. AC006; Abclonal, Boston, United States). After
washing in Tris-Buffered Saline (TBS) with 0.3% Tween three
times for 45 min, the membranes were incubated with HRP-
conjugated goat anti-rabbit IgG (1:10,000, Cat. AS014; Abclonal,
Boston, United States) for 2h at room temperature.
Chemiluminescent signals were generated using a Super Signal
West Pico trial kit (Pierce Protein Biology, Thermo Fisher
Scientific, Waltham, MA, United States) and detected using
the ChemiDoc XRS System (Bio-Rad, Hercules, CA,
United States). Image Lab software (Bio-Rad, Hercules, CA,
United States) was used for background subtraction and
quantification of immunoblotting data.

Electrophysiology Recording

Whole-cell patch-clamp recordings were performed using an
EPC9 amplifier (HEKA Elektronik, Lambre-cht/Pfalz,
Germany) at room temperature (22-24°C). Pipettes pulled
from borosilicate glass (Cat. BF 150-86-10, Sutter Instrument
Co., Novato, CA, United States) had resistances of 2-4 MQ) when
filled with the internal solution. The internal pipette solution for
recording voltage-gated potassium (Ky) currents contained KCI
140 mM, MgCl, 1 mM, EGTA 1mM, Na,ATP 3mM, and
HEPES 10mM (pH 7.3 with KOH). For recording CRAC,
currents contained Cs Methanesulfonate 120 mM, MgCl,
10 mM, EGTA 4mM, CaCl, 2 mM, and HEPES 10 mM (pH
7.3 with CsOH). The formula of internal pipette solution for
recording small conductance Ca**-activated K* channels (SK¢,)
currents was calculated by Winmaxc software to guarantee that
the concentration of free Ca>* in cytoplasm was kept at 2 uM and
contained KCl 140 mM, HEPES 10 mM, HEDTA 5mM, and
CaCl, 2mM (pH 7.2 with KOH). The external solution for
recording Ky currents contained KCl 5mM, NaCl 140 mM,
HEPES 10 mM, CaCl, 2mM, MgCl, 1 mM, and b-Glucose
10 mM (pH 7.4 with NaOH). For recording CRAC currents,
the external solution contained NaCl or NaGlu 140 mM, KCl
5mM, HEPES 10 mM, or CaCl, 2.5 mM (pH 7.3 with NaOH).
For recording SKc, currents the external solution contained KCI
140 mM, MgCl, 1 mM, Glucose 10 mM, CaCl, 2mM, and
HEPES 10 mM (pH 7.4 with KOH). Ky currents were elicited
by +50 mV, 400 ms depolarizing pulse from the holding potential
of —60 mV every 20 s. CRAC currents were elicited by +10 mV,
100 ms depolarizing ramp from the holding potential of -60 mV
every 10 s, and SKc, currents were elicited by from —100 mV to
+100mV for 200 ms depolarizing ramp from the holding
potential of 0 mV every 10 s. Using IGOR (WaveMetrics, Lake
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Oswego, OR, United States) software, concentration-response
relationships were fitted according to modified Hill equation:
Lioxin/Icontrol = 1/1 + ([drug]/ICs,), where I is the steady-state
current and [drug] is the concentration of LrB. The parameter to
be fitted was concentration of half-maximal effect (ICs).

IL-2 Secretion

IL-2 secretion from Jurkat T cells was measured using an ELISA
kit (Cat. DY202-05, R&D System, Minneapolis, MN,
United States) following manufacturer’s instructions. The
goodness of fit for the ELISA kit was between 10 pg/ml to
1,000 pg/ml. Cells were centrifuged at 1,500 rpm for 10 min,
and the supernatants were collected to measure IL-2
concentrations. Reactions were performed in 96-well plates
coated with the capture antibody and stopped with 1M
phosphoric acid. Absorbance was measured at 450 nm. Each
experiment was repeated at least three times in duplicate.

Calcium Imaging

Jurkat T cells were loaded with 4 pM Fura-2 AM (Cat.40702ES50,
YEASEN, Shanghai, China) for 60 min at 37 °C. Cells were then
washed three times and incubated in Hank’s Balanced Salt
Solution (HBSS) for 30 min at room temperature before use.
Fluorescence at 340 and 380 nm excitation wavelengths was
recorded on an inverted Nikon Ts2R microscope (Tokyo,
Japan) equipped with 340, 360, and 380 nm excitation filter
wheels using NIS-Elements imaging software (Nikon). 510 nm
Fura-2 emission fluorescence ratios (F340/F380) reflect changes
in intracellular Ca®* concentration ([Ca*'];) upon stimulation.
Data were obtained from 100 to 250 cells in time-lapse images
from each coverslip. To make sure that Fura-2 loading was the
same in individual cells, we selected the cells with the same
baseline level of fluorescence intensity at the beginning of the
calcium imaging experiment.

Statistics Analysis

All data are presented as mean + SEM for independent
observations. Statistical analysis of differences between groups
was carried out using one-way ANOVA combined with Turkey’s
post-hoc test. p < 0.05 was considered significantly different.

RESULTS

CRISPR/Cas9-Mediated Ky1.3 Knockout in

Jurkat T Cells

We constructed the pX458-sgRNA1 and pX458-sgRNA2
plasmids to express Cas9 and sgRNA simultaneously and
confirmed the insertion of sgRNA with sequencing
(Supplementary Figure S1A,B). The Jurkat T cells were
transfected by electroporation with the constructed plasmids
that also express GFP as a reporter (Supplementary Figure
S$1C). The target sequence was amplified with PCR and
digested by T7EN1 enzyme to confirm editing efficacy. If the
target sequence had been edited by CRISPR/Cas9, the hybridized
double strand DNA would be mismatched and form a neck and
ring structure. T7EN1 enzyme could recognize the mismatched

Loureirin B Suppresses STIM1/Orai1 Channels

DNA structure and cut it into small fragments. DNA gel of the
digestion products showed that the control group only had one
single band, which is consistent with the molecular weight of the
target sequence, while sgRNA1 and the sgRNA2 editing groups
both had bands smaller than the target sequence. These bands
matched the fragments cut by T7EN1 (Supplementary Figure
S1D). The editing efficiencies of sgRNA1 and sgRNA?2 calculated
according to the gray analysis of T7EN1 digestion were 25 and
34%, respectively.

To obtain the KCNA3 knock out Jurkat T cell, we used FACS
to select GFP-expressing cells which had been transfected with
pX458-sgRNA plasmid and edited by CRISPR/Cas9 system.
Single cells were then seeded in a 96-well plate and cultured
for colony expansion. Proliferated cells were harvested and lysed
with RIPA solution to extract proteins to examine the expression
of Ky1.3 using Western Blot. We found that cell colonies edited
either by sgRNA1 or sgRNA2 expressed much less Ky 1.3 than the
control group (Figure 1A). Ky1.3 expression in the colony edited
by sgRNA2 was lower than that by sgRNAI, and almost
completely knocked out by CRISPR/Cas9 editing (Figure 1A).
We therefore used the sgRNA2-edited cells for further
experiments.

The genome of sgRNA2-edited cells was extracted and the
target sequence of Ky1.3 was amplified with PCR. The PCR
product was sequenced and nucleotide deletion started around
the recognition site of sgRNA, which indicates Indel mutations
from this site. To further confirm the mutation of the targeted
sequence, the PCR fragments were ligated into pMD™19 T vector
and sequenced again. We found that one cell colony (KO-1) lost
one bp (Figures 1C,F) compared with the wild type group
(Figures 1B,F). Another cell colony (KO-2) lost four and five
bp (Figures 1D-F), respectively. We compared the sequences of
KO-1 and KO-2 with wild type sequence and confirmed that
these two colonies both had frameshift mutations starting from
the sgRNA guided site and changed the open reading frame of
KCNA3, thus changing the normal Ky1.3 translation.

Ky1.3 Current Elimination in Jurkat T Cell

After CRISPR/Cas9 Editing

After confirmation of KCNA3 editing efficiency and Kyl1.3
expression  deletion, studied the electrophysiology
properties of the Ky1.3 KO cells and compared the changes in
membrane currents with wild type cells. Previous studies
showed that Ky1.3 and type II SK¢, (Kc,2.2) channels were
the two main types of K" channels expressed in Jurkat T (Cahalan
and Chandy, 2009; Valle-Reyes et al., 2018). To determine
whether KO Ky1.3 eliminates the function of Ky1.3 in Jurkat
T cell, we used whole-cell patch-clamp recording to measure K*
currents in Jurkat T cells. The holding potential was set as —60mV
and depolarized to +50 mV for 400 ms and a Ca**-free external
solution with added tetrodotoxin (TTX) to block Nay currents
was used to record K™ currents. A large outward current was
recorded in wild type Jurkat T cells, which was blocked by the
Kyl.3 inhibitor ADWX-1 (Figure 1G). The outward current
amplitude was much smaller in the Ky1.3 KO Jurkat T cells and
was resistant to 10 nM ADWX-1 (Figure 1H), suggesting that

we
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FIGURE 1 | Confirmation of Kv1.3 KO in Jurkat T cells. (A) Western Blot for Ky1.3 expression in wild type and Kv1.3 KO cells (n = 3); (B) Sequencing of target gene
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in wild type Jurkat T cells; (C) Sequencing of target gene in KO-1 colony which has one bp nucleotide loss compared with wild type, the black arrow indicates the start
point of CRISPR/Cas9 editing; (D,E) KO-2 colony has four and five bp nucleotide loss respectively, the black arrow indicates the start point of CRISPR/Cas9 editing; (F)
Alignment of the wild type, KO-1 and KO-2 Jurkat T cell colonies; (G) Membrane current of a wild type Jurkat T cell was irreversibly inhibited by 10 nM ADWX-1

(n = 3); (H) Membrane current of a Kv1.3 knockout Jurkat T cell was nearly abolished and the remaining residual current was not further inhibited by ADWX-1 (n = 3).

Turkey’s post-hoc test. **, p < 0.001.
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FIGURE 2| Effects of Kv1.3 KO on IL-2 secretion. (A) Changes of IL-2 secretion in wild type Jurkat T cells under control, ConA stimulation, and LrB treatment with
different concentrations (n = 5); (B) Changes of IL-2 secretion in the Kv1.3 KO Jurkat T cells under control, ConA stimulation, and LrB treatment with different
concentrations (n = 5). Data were presented as mean + SEM. Statistical analysis of differences between groups was carried out using one-way ANOVA combined with

Jurkat T cells edited by CRISPR/Cas9 system completely lost
Ky 1.3 conducted current.

LrB-Induced Inhibiton of IL-2 Secretion in
Jurkat T Cells

Concanavalin A (ConA) is a phytohemagglutinin activating
T cells and increasing Ky1.3 expression on T cell membrane
(Yin et al., 2014; Yabuuchi et al., 2017). ConA also induced IL-2

release through a Ca®*-dependent pathway in Jurkat T cells
(Sharma et al,, 2019). We therefore used ConA as a cytokine
stimulant. The control group and Ky1.3 KO Jurkat T cells
under the same culture conditions were pretreated with 0.01,
0.1, or 1 uM LrB separately for 1 h, then 10 ug/mL ConA was
added in the culture medium to activate Jurkat T cells. 24 h
after ConA incubation, the supernatant of culture medium
was collected and tested for IL-2 concentration using an
ELISA kit. The quantity of IL-2 secreted by the Ky1.3 KO
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FIGURE 3 | Effects of LB on [Ca®*];in Jurkat T cells. (A) [Ca®*]; responses of wild type Jurkat T cells before (left) and after (right) 2 mM Ca®*perfusion; (B) [Ca"];
responses of wild type Jurkat T cells pretreated with 10 pM LrB before (left) and after (right) 2 mM Ca®*perfusion; (C) [Ca®*]; responses of the Kv1.3 KO Jurkat T cells
before (left) and after (right) 2 mM Ca®*perfusion; (D) [Ca®*]; responses of the Kv1.3 KO Jurkat T cells pretreated with 10 uM LrB before (left) and after (right) 2 mM
Ca?*perfusion; (E,F) Representative traces of F340/F380 ratio show [Ca?*] in wild type Jurkat T cells treated with and without LrB; the first small peak was caused
by 10 UM CPA depletion of ER Ca®*store, the second peak was caused by 2 mM Ca?*perfusion; (G,H). Representative traces of F340/F380 ratio in the Kv1.3 KO Jurkat
T cells treated with and without LrB; (I) Statistic analysis of changes in F340/F380 in the wild type and Kv1.3 KO cells after 2 mM Ca?*perfusion between control and LrB
treatment groups (n = 3, 100-250 cells were selected each batch). Data were presented as mean + SEM. Statistical analysis of differences between groups was carried
out using one-way ANOVA combined with Turkey’s post-hoc test. ***, p < 0.001.

group (8.73 + 0.66 pg/ml) without any treatment was 10-fold
lower compared with the wild type group (85.00 + 6.46 pg/
ml) (Figures 2A,B). Surprisingly, LrB in a relatively low
concentration still significantly inhibited IL-2 secretion
although most IL-2 release was blocked by KO Kyl.3
(Figure 2B). Moreover, the inhibitory effect of LrB on IL-
2 secretion in the wild type Jurkat T cells was dose-dependent
(p < 0.001) in both wild type and Ky 1.3 KO cells treated with
0.01, 0.1, or 1 pM LrB. Therefore, LrB could inhibit IL-2
release in the absence of Ky 1.3.

Decreased Ca?* Influx in Ky1.3 KO Jurkat
T Cells

Ky1.3 conducts an outward K current and hyperpolarizes the
membrane potential, which provides a driving force for Ca**
influx (Chandy et al., 2004; Nicolaou et al., 2009) to maintain
T cell Ca®* homeostasis (Nicolaou et al., 2009; Trebak and Kinet,
2019). Our results showed that LrB reduced IL-2 secretion in the
absence of Ky1.3 KO in Jurkat T cells, which suggests that LrB
might be able to directly regulate intracellular Ca®" concentration
([Ca**],) in Jurkat T cells. To test this possibility, we examined
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FIGURE 4 | Effects of LrB on SKc, currents. (A) Representative whole-

cell currents recorded in Kg,2.2 expressing HEK293T cells with or without the
treatment of 10 nM Scytx. Black trace represents the baseline control current,
red trace represents the currents recorded after Scytx treatment, and

the blue trace is the current under external solution washing off Scytx. (n = 5).
(B) Representative whole-cell currents recorded in Kc,2.2 expressing
HEK293 T cells with and without the treatment of 100 uM LrB. Black trace
represents the baseline control current, red trace represents the currents
recorded after LrB treatment, and the blue one is the current under external
solution washing off LB (n = 5).

whether LrB affects [Ca®*]; after Ca®* stored in ER was depleted
by the Ca®"-ATPase inhibitor CPA. After CPA exhausts Ca>" in
ER, CRAC channel will sense the Ca** depletion and mediate
Ca®* influx (Hoth and Penner, 1992; McCarl et al., 2010). We
incubated the cells with 0 Ca®* HBSS first and conducted calcium
imaging to observe the effects of LrB on [Ca*'];. 10 uM CPA
caused a small instant [Ca®']; increase in Jurkat T cells. After CPA
treatment for 6 min, perfusion with HBSS adding 2 mM Ca** led
to a large [Ca®"], peak followed by a stable plateau
(Figure 3E,G). Interestingly, the [Ca®"]; reached a peak
but would not go down when the cells were pretreated
with 10 uM LrB in both wild type and Ky1.3 KO groups
(Figure 3F,H), which suggests that LrB might block the Ca**
reuptake of the Jurkat T cells. F340/F380 ratio representing
[Ca®*]; of wild type Jurkat T cells was changed by 0.21 + 0.024
after 2 mM Ca®" perfusion, while in the Ky1.3 KO Jurkat
T cells it was changed by 0.14 + 0.019, which is significantly
smaller than the wild type group (Figure 3I). LrB
pretreatment inhibited Ca** influx induced by 2mM
Ca’*in both the wild type (0.1748 + 0.015) and Ky1.3 KO
Jurkat T cells (0.053 + 0.022) (Figure 3I). Although [Ca®™];
changes in the Ky1.3 KO Jurkat T cells were significantly
smaller than that in the wild type cells, LrB further reduced
the [Ca®*]; in the Ky 1.3 KO cells from 0.14 + 0.019 to 0.053 +
0.022 (Figure 3I). These results suggest that LrB inhibited
Ca®" influx in the absence of Ky 1.3, which is consistent with
the results for IL-2 secretion.
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Inhibition of STIM1/Orai1 Current by LrB

Kv1.3 and K¢,2.2 are two main K* channels expressed in Jurkat
T cells and regulate membrane potential and T cell activation
(Grissmer et al., 1992; Desai et al, 2000). To exclude the
possibility that LrB affects SKc, to inhibit IL-2 secretion or
Ca®" influx in Ky1.3 KO cells, we transfected HEK293 T cells
with K,2.2 plasmids and recorded SK, currents with or without
LrB treatment. As predicted, 10 nM SKc, inhibitor Scytx (Wu
et al., 2004) nearly blocked the SK¢, currents (Figure 4A). In
marked contrast, a relatively high concentration (100 uM) of LrB
could not inhibit SK¢, currents (Figure 4B), suggesting that SK¢,
is unlikely the mediator of LrB’s inhibition on IL-2 release and
Ca®" influx.

Although Ky 1.3 and K,2.2 provide the driving force for Ca**
influx, STIM1/Orail channel is the “key player” to trigger Ca**
influx after ER depletion and T cell activation (McCarl et al., 2010;
Trebak and Kinet, 2019). Since LB continued to decrease Ca**
influx after Ky1.3 knockout and did not inhibit SKc,, we
speculated that LrB might directly inhibit STIMI/Orail
channel and block Ca®* influx in Jurkat T cells, resulting in
immunosuppression. To test this possibility, we transfected the
HEK293 T cells with STIM1 and Orail plasmids. 24 h after
transfection, cells were stimulated with a ramp protocol
(depolarizing the cell with a slope from the holding potential
—60 to 10 mV) to record STIM1/Orail current. Indeed, LrB
inhibited the STIMI1/Orail current in a concentration-
dependent manner. Moreover, the inhibition was partly
reversed by washing off LrB in the external solution
(Figure 5A). Statistics analysis with Igor Pro four Hill
software showed that LrB inhibited STIM1/Orail current with
an ICsq of 17.11 + 2.17 uM (Figure 5B).

DISCUSSION

In this study, we used Jurkat T cell as a T cell model and applied
CRISPR/Cas9 system to KO Ky1.3 to study the effects of LrB on
Ca®" influx and cytokine release in the absence of Ky1.3. We
found that although KO Ky1.3 reduced IL-2 secretion and Ca**
influx after T cell activation, it did not abolish the inhibitory effect
of LrB on IL-2 secretion and Ca®" influx. We further
demonstrated that LrB did not affect SKCa channels but
directly inhibited the STIM1/Orail channel in heterologous
cells. Our results suggest that LrB acts on multiple targets in
Jurkat T cells to impact cytokine production and release.
Recognizing the promiscuous property of LrB-induced
inhibition of T cell function should shed new light on its
immunosuppressive functions.

Ky1.3 and SK¢, channels are two predominant K channels
expressed in T lymphocytes (Valle-Reyes et al., 2018; Trebak and
Kinet, 2019). Both of them can regulate membrane potential and
provide a driving force for Ca** influx in T cells (Cahalan and
Chandy, 2009; Nicolaou et al., 2009), which subsequently
modulates proliferation, activation, and apoptosis of T cells
(Cahalan and Chandy, 2009; Valle-Reyes et al., 2018). It was
reported that Ky1.3 joins the immunological synapse (IS) of
T cells which contacts with the antigen-presenting cell (APC)
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FIGURE 5 | Effects of LrB on STIM1/Orai1 currents. (A) Representative whole-cell currents recorded in STIM1/Orail expressing HEK293 T cells after treatment
with 3, 10, or 30 uM LrB, black trace represents the baseline control current. Red, green, and yellow traces represent the currents recorded after the treatment of 3, 10,
and 30 uM LrB, respectively, and the blue trace is the current under external solution washing off LrB. (B) Concentration-response curve of LrB inhibition on STIM1/Orail
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when the antigens activate TCR (Nicolaou et al., 2007; Nicolaou
et al., 2009). The redistribution to IS and function of Ky 1.3 were
disrupted in many immunology diseases such as systemic lupus
erythematosus and rheumatic arthritis (Nicolaou et al., 2007). To
investigate the mechanisms underlying Ky 1.3-mediated regulation
of immune responses in diseases, numerous studies have used the
Ky1.3 KO animals, which have greatly extended our knowledge
about Ky1.3 and its functions in immune system. Initially, Ky/1.3 KO
mice were found to manifest a normal phenotype with unaltered
T cell proliferation and activation (Koni et al., 2003). On the other
hand, the expression of Cl” channels in T cells in the absence of
Ky1.3 was increased 10-fold, which is considered as a compensatory
factor for the loss of Ky1.3 to sustain the membrane potential of
T cell and driving force for Ca?* influx (Koni et al, 2003).
Proliferation of CD4" T cells and secretion of IL-17 and TNF-a
were significantly decreased when EAE was induced in the Ky1.3
KO animals compared with the wild type group (Gocke et al., 2012).
These changes render the Kv1.3 KO mice resistant to EAE and
support Ky1.3 as a target to treat autoimmune diseases (Gocke et al,,
2012). Another study using Th cells isolated from the Ky1.3 KO
mice expressing MOG-specific TCR (2D2-Kv1.3 KO) demonstrated
that Ca** oscillation and NFATc1 activation in Th cells did not differ
between Ky1.3 KO and wild type cells after antigen stimulation, but
part of the Th cells grew into a novel phenotype which is similar to
regulatory T (Treg) cells (Grishkan et al., 2015). Collectively, these
studies demonstrated that different types of T cells or the same cells
in different stages may show divergent effects after Ky1.3 deletion.
We chose the commonly used Jurkat T cell line and applied CRISPR/
Cas9 to KO Ky1.3, which might help to reveal the effects of LrB on
T cells in the absence of Ky1.3 acutely since it may avoid the changes
in CI" channel expression or other molecular compensation
mechanisms during T cell development in vivo. This approach
could be developed into a useful in vitro model to complement
the studies using in vivo Ky1.3 KO animals.

STIM1/Orail signaling plays pivotal roles in regulating
activation, proliferation, and motility of T cells (Lewis, 2020),
as reflected by the lethality of Orail knockout mice (Vig et al.,
2008; Oh-Hora et al., 2013). Humans with Orail mutations also
suffer from severe combined immunodeficiency (SCID) (Le Deist
et al., 1995; Feske et al., 2006). STIM1/Orail and Ky 1.3 channels

crosstalk with each other and dynamically regulate Ca**
homeostasis and the downstream signaling pathways of T cells
(Lioudyno et al., 2008; Nicolaou et al., 2009). It is reported that after
T cell activation, STIM1/Orail expression is up-regulated and Ca**
influx increases through a positive feedback loop (Lioudyno et al.,
2008). In addition to the role of sustaining a hyperpolarization state
of plasma membrane and providing a driving force for Ca** influx,
Ky1.3 anchors molecules on plasma membranes to stabilize IS and
generate a sustained Ca®* influx (Hanada et al,, 1997; Levite et al,,
2000). Our results from calcium imaging and IL-2 secretion assays
showed that both Ca®" influx and IL-2 secretion were reduced
significantly in Ky1.3 KO cells and the effect on IL-2 secretion was
higher than that for Ca** influx. In Ky1.3 KO cells, CRAC channels
may still sense Ca>* depletion in ER and mediate an instant Ca**
influx when 2mM Ca®* was present in the external solution,
however, this low level of Ca** increase may not be enough to
form a positive feedback loop to further upregulate the downstream
signaling as occurrs in the wild type cells. This may explain the
discrepancy between the changes of Ca®" influx and IL-2 secretion. A
detailed analysis of the long-term changes of Ca** oscillations and
activation of signaling molecules such as CaN and NFATc1 in Ky1.3
KO Jurkat T cell is needed to test this possibility.

We showed that LrB significantly inhibited Ca®" influx in the
Ky1.3 KO Jurkat T cell and STIM1/Orail currents in HEK293
T cell. Although IL-2 secretion was largely blocked by KO Ky1.3,
the remaining IL-2 was further inhibited by LrB in even at
0.01 uM concentration. This result suggests that LrB is a
potent inhibitor for STIM1/Orail in T cells and inhibits IL-2
release in a relatively low concentration. This might be caused by
the fact that other than crosslinking with Ky1.3, STIM1/Orail
were also closely working with other molecules to cooperatively
regulate the activation of T cells (Trebak and Kinet, 2019). For
instance, after the initial Ca** influx mediated by CRAC channel,
mitochondria and plasma membrane calcium ATPase (PMCAs)
would move close to STIM1/Orail channel in the IS and form a
microdomain where Ca®" concentration was kept in a lower level
to avoid the Ca®* inactivation of CRAC channel and keep a
sustained Ca®" elevation globally to activate Ca>" signals and
cytokine expression (Quintana et al., 2011). In addition, Orail,
STIM1/2, and ryanodine receptor typel (RyR1) could also form
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Ca®* microdomains when T cell was activated and spread Ca**
increase deeper in the cell (Diercks et al., 2018). The cooperation
between STIM1/Orail and PMCAs or RyRs may be able to explain
the inhibition of Ca** reuptake by LrB in both wild type and Ky1.3
KO Jurkat T cells. Blockade of STIM1/Orail by LrB might further
inhibit the function of other Ca**-related components such PMCAs
and RyRs and block Ca®" reuptake in the cytoplasm. Ca®" influx
through CRAC channel is also required for dynamic polymerization
and depolymerization of actin and affects function and motility of
the T cells (Hartzell et al., 2016; Dong et al., 2017). Therefore, CRAC
channel is a highly sensitive Ca** modulator through which even a
small decrease of Ca** influx could be sensed and amplified by Ca**
compartmentation and cooperation with other Ca** signal
regulation components. Because the numbers of CRAC channel
inhibitor is limited, our finding that LrB is a potent CRAC inhibitor
might provide a new direction for the development of CRAC
inhibitors based on the structure of LrB, which will also facilitate
the use of LrB and its derivatives as potentially highly effective
medicines to treat autoimmune diseases.
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Programmed death receptor-1 (PD-1) and its ligand (PD-L1) interaction negatively
regulates T cell function in head and neck squamous cell carcinoma (HNSCC).
Overexpression of PD-1 reduces intracellular Ca®* fluxes, and thereby T cell effector
functions. In HNSCC patients, PD-1 blockade increases KCa3.1 and Kv1.3 activity along
with Ca®* signaling and mobility in CD8* peripheral blood T cells (PBTs). The mechanism
by which PD-L1/PD-1 interaction regulates ion channel function is not known. We
investigated the effects of blocking PD-1 and PD-L1 on ion channel functions and
intracellular Ca®* signaling in CD8" PBTs of HNSCC patients and healthy donors (HDs)
using single-cell electrophysiology and live microscopy. Anti-PD-1 and anti-PD-L1
antibodies increase KCa3.1 and Kv1.3 function in CD8* PBTs of HNSCC patients.
Anti-PD-1 treatment increases Ca®* fluxes in a subset of HSNCC patients. In CD8*
PBTSs of HDs, exposure to PD-L1 reduces KCa3.1 activity and Ca®* signaling, which were
restored by anti-PD-1 treatment. The PD-L1-induced inhibition of KCa3.1 channels was
rescued by the intracellular application of the PI3 kinase modulator phosphatidylinositol 3-
phosphate (PI3P) in patch-clamp experiments. In HNSCC CD8* PBTs, anti-PD-1
treatment did not affect the expression of KCa3.1, Kv1.3, Ca®* release activated Ca®*
(CRAC) channels, and markers of cell activation (CD69) and exhaustion (LAG-3 and TIM-
3). Our data show that immune checkpoint blockade improves T cell function by increasing
KCa3.1 and Kv1.3 channel activity in HNSCC patients.

Keywords: ion channels, immune checkpoint inhibitors, KCa3.1 (intermediate-conductance Ca®*-activated K*
channel), Kv1.3 channel, Ca%* signalling, head and neck (H&N) cancer, immunotharapy

INTRODUCTION

Head and neck squamous cell cancer (HNSCC) is the seventh most common cancer worldwide
(Chow, 2020; Sung et al., 2021). Conventional treatments include surgery, radiotherapy,
chemotherapy, and multimodal approaches. However, the prognosis of locally advanced
disease remains poor, with a 5 years overall survival <50% (Chow, 2020). The discovery of
immunotherapy has changed the landscape of HNSCC treatment by offering long term
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response in a subset of patients. Programmed cell death
receptor-1 (PD-1) immune checkpoint inhibitors have
shown promising responses in the treatment of HNSCC.
Hence, they have been approved by the FDA since 2016
(Sharma et al., 2017; Chow, 2020). However, over 80% of
HNSCC patients do not respond to PD-1 blockade (Bauml
et al., 2019). Resistance to immunotherapy remains a big
challenge as the majority of patients do not show a
response to the treatment (primary resistance) (Sharma
et al, 2017). Furthermore, some patients who initially
respond and receive benefit from the treatment, later show
disease relapse (acquired resistance) (Sharma et al., 2017).
Therefore, better understanding of PD-1 signaling is
necessary to develop new therapeutic options. The
interaction of PD-1 ligand -1 and 2 (PD-L1/2) with their receptor
PD-1 on cytotoxic T cells negatively regulates T cell function and
causes apoptosis, anergy, and exhaustion (Zhou et al,, 2017). PD-L1 is
constitutively present in T cells and other immune cells, and it’s over
expression by tumor cells contributes to immune evasion (Zhou et al.,
2017). PD-L1 is also present, and biologically active, in the plasma of
HNSCC patients in a secreted form and bound to exosomes
contributing to immune evasion (Theodoraki et al, 2018).
However, the mechanisms of PD-L1-mediated PD-1 signaling on
T cell function are not fully understood.

Ion channels in T lymphocytes orchestrate the influx of
intracellular Ca®" required for downstream effector functions,
such as migration and proliferation. Calcium release activated
Ca®" (CRAC), voltage-gated K* (Kv1.3) and Ca®" activated K"
(KCa3.1) channels are involved in the early phase of T cell
activation and regulate the Ca®* influx necessary for their
effector functions. Ca®* influx is triggered by the T cell
receptor (TCR) mediated-depletion of Ca®* stores in the
endoplasmic reticulum and opening of the CRAC channels,
and it is aided by Kv1.3 and KCa3.1 channels, which allow
maintenance of the negative membrane potential necessary for
Ca*" influx through the CRAC channels (Feske et al.,, 2015).
KCa3.1 channels also control chemotaxis (Chimote et al., 2018;
Chimote et al., 2020). Defective ion channel function leads to
alterations in Ca" signaling and downstream effector functions
(Feske et al., 2006). In HNSCC patients, reduced expression of
Kv1.3 in tumor infiltrating lymphocytes (TILs) contributes to
lower Ca*" response and cytotoxicity (Chimote et al., 2017).
Furthermore, reduced activity of KCa3.1 in CD8" peripheral
blood T cells (PBTs) of HNSCC patients causes these cells to
be hypersensitive to adenosine found in the tumor
microenvironment, ultimately reducing their migratory
abilities and restricting their infiltration into tumors (Chimote
et al., 2013; Chimote et al., 2018).

It has been reported that overexpression of PD-1 influences
TCR-dependent effector functions, such as Ca®** fluxing,
secretion of cytokines and cytotoxic activity (Wei et al., 2013).
Furthermore, TILs of melanoma patients with high expression of
PD-1 have decreased Ca®" responses to TCR stimulation
(Chapon et al, 2011). We have recently shown that treatment
of HNSCC patients with pembrolizumab, a monoclonal blocking
antibody against PD1 (aPD-1), increases KCa3.1 and Kvl.3
activities in CD8" TILs and PBTs, along with their Ca**

Checkpoint Inhibitors Regulate K* Channels

TABLE 1 | Demographic and clinical data of HNSCC patients enrolled in the study.

Age (at the time of sample collection) Years
Range 18-90
Mean 59
Variable Number (%)
Sex
Male 23 (71)
Female 9 (89)
Site
Oral Cavity 10 (81)
Oropharynx 14 (43)
Larynx 07 (21)
Hypopharynx 00
Nasopharynx 0 (0)
Unknown Primary 1@Q)
Primary Tumor
™ 8 (25)
T2 10 (31)
T3 5 (16)
T4 8 (25)
Unknown 1(3)
Nodal Status
NO 7 (21)
N1 11 (34)
N2 11 (34)
N3 3(9)
Unknown 0 (0)
ECOG performance status
0 6 (19)
1 13 (41)
2 4 (12)
3 1)
Unknown 8 (25)
Smoking
No (<10 pack years) 14 (44)
Yes (>10 pack years) 18 (56)
Alcohol
No (<5 drinks/week) 22 (69)
Yes (>5 drinks/week) 9 (28)
Unknown 1(3)
p16 status
Positive 12 (38)
Negative 13 (41)
Unknown 7 (22)

HNSCC patients (n = 32) were enrolled in the study upon fulfillment of eligibility criteria.
TNM staging system was used to stage tumor size and nodal involvement. T1 to T4 refers
to the size and invasion of the tumors. N1 to N3 refers to the assessment of number and
location of the regional lymph nodes. The ECOG (Eastern Cooperative Oncology Group)
performance status indicates daily quality of life of individuals affected by diseases on a
scale of 0-5. Smoking status (pack years) was calculated by multiplying the number of
packs of cigarettes smoked per day by the number of years the person has smoked. We
used a cutoff of 10 packs per year to differentiate the smoking status.

fluxing and migratory abilities (Newton et al, 2020).
Furthermore, a specific pattern of K" channel reinvigoration
was associated with a pathological response to therapy
(Newton et al., 2020). However, these studies did not allow us
to dissect the mechanisms by which PD-1 signaling affects ion
channel activity. Herein, we conducted in vitro studies that
further our understanding of the interconnection between PD-
1 and ion channels in T cells. These studies showed that blockade
of PD-L1/PD-1 interaction leads to the rapid activation of KCa3.1
and Kv1.3 channels to ultimately regulate Ca** signaling in
HNSCC patients’ T cells.
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MATERIALS AND METHODS

Human Subjects

Peripheral blood samples from de-identified HNSCC patients (n =
32) were obtained from the University of Cincinnati Medical
Center. HNSCC patients included in this study were treatment-
naive and had a positive diagnosis of HNSCC by tissue biopsy (See
Table 1 for a summary of patient demographics and
Supplementary Table S1 for clinical information). Peripheral
blood samples of 7 healthy donors (HDs, 4 males and 3 females,
age range between 30 and 65 years) were collected from individual
donors and from discarded blood units (Hoxworth Blood Center,
University of Cincinnati). The demographics of the donors from
Hoxworth Blood center were not available. Informed consent was
obtained from all HNSCC patients and HDs. The data collected in
the study were managed using the Research Electronic Data
Capture (REDCap) tools licensed to the University of Cincinnati.
Sample collection was approved by the University of Cincinnati
Institutional Review Board (IRB no. 2014-4755).

Reagents and Chemicals

Human serum, L-glutamine, sodium hydroxide, poly-1-lysine,
LY294002 HCIl, ionomycin, calmodulin, poly-1-lysine,
thapsigargin (TG), tetraethylammonium-chloride (TEA-CI),
1,2-Bis(2-Aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid
(BAPTA), MgCl, were purchased from Millipore Sigma.
Sterile,  4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES), RPMI-1640 medium, fetal bovine serum, penicillin,
streptomycin, Fura-2 and phosphate buffered saline (PBS) were
obtained from ThermoFisher. Phosphatidylinositol 3-phosphate
diC16 (PI3P) was purchased from Echelon Biosciences.
Pembrolizumab (Merck Sharpe and Dohme Corp) samples
used in this study were received from the leftover pharmacy
supply at Cincinnati Children’s Hospital. Atezolizumab was
purchased from Biovision life sciences. PD-L1-Fc chimera was
obtained from R&D systems. Stock solutions of LY394002 and
TG were prepared in dimethyl sulfoxide and used at 0.1%
dilution. Stock solutions of PD-L1-Fc, pembrolizumab and
atezolizumab were prepared in sterile PBS.

Cell isolation and in vitro Activation

Peripheral blood mononuclear cells were isolated from whole
blood by Ficoll-Paque density gradient centrifugation (Cytiva) as
previously described (Chimote et al., 2018). CD8" PBTs were
isolated by negative selection using EasySep Human CD8" T cell
Enrichment kit (StemCell Technologies). Post isolation, CD8"
PBTs were maintained in RPMI-1640 medium supplemented
with 10% human serum, 200 U/ml penicillin, 200 mg/ml
streptomycin, 1mM 1-glutamine, and 10mM HEPES.
Activation of cells was performed either by adding 40.5 nM of
phorbol-12-myristate-13-acetate (PMA, Millipore Sigma) and
1.5uM of ionomycin (Millipore Sigma) or in cell culture
plates coated with 10pug/ml anti-CD3 and anti-CD28
antibodies (BioLegend) for 72-96 h (h) as previously described
(Chimote et al., 2016; Chimote et al., 2018). After isolation, some
fresh cells were used for functional studies, the remaining cells
were frozen and used later on for flow cytometry experiments.

Checkpoint Inhibitors Regulate K* Channels

Treatment With aPD-1/PD-L1 Antibodies

and PD-L1-Fc

CD8" PBTs from HNSCC patients were activated for 72-96 h
using PMA and ionomycin followed by treatment with the aPD-1
antibody pembrolizumab (10 ug/ml) and/or the oPD-L1
antibody atezolizumab (1 and 10ug/ml) for 6h prior to
performing functional studies. CD8" PBTs from HDs were
plated on cell culture plates coated with PD-L1 (PD-L1-Fc,
R&D Systems) (10 pg/ml) and activated with either PMA and
ionomycin or (with anti-CD3/CD28 antibodies for 72-96h
followed by treatment with the oPD-1 antibody
pembrolizumab (10 ug/ml) for 6h before performing
functional studies. For prolonged treatment with PD-L1, cells
were activated for 120h with plate-bound anti-CD3/CD8
antibodies along with PD-L1-Fc in T cell medium
supplemented with 20 IU/ml of IL-2.

Electrophysiology

Whole cell patch-clamp electrophysiology was used to measure
the activity of KCa3.1 and Kv1.3 channels in activated CD8"
PBTs cells of HDs and HNSCC patients as described previously
(Chimote et al., 2020). The external solution consisted of (in
mM): 160 NaCl, 4.5 KCI, 1 MgCl,, 10 HEPES, pH 7.4. Internal
solution consisted of (in mM): 145 K-Aspartate, 2 MgCl,, 8.5
CaCl,, 10 EGTA, 10 HEPES, pH 7.2 TRIS buffer (1 uM free Ca**
concentration). Borosilicate glass (World Precision Instruments)
pipettes (4-5MQ resistance) were fabricated using a P-97
horizontal puller (Sutter Instruments). A voltage-ramp pulse
protocol (from —120 to + 50 mV, for 200 ms, holding potential
of =70 mV, every 15 s) was used to elicit the currents from CD8"
PBTs. Currents were recorded, amplified and digitalized (Axon
200B and Digidata 1320A, Molecular Devices) through a 16-bit
A-D/D-A interface. Data acquisition was performed using
pClamp 8.0 software (Molecular Devices) and signals were low
pass filtered at 2 kHz and digitalized at 100 kHz. The conductance
(G) of KCa3.1 channels was calculated as, the ratio of linear
fraction of the currents to the slope of ramp voltage stimulus
(measured in the voltage range between —100 and —80 mV) after
subtraction of leak current. (Chimote et al., 2018). The G of Kv1.3
channels was determined from the same recordings by measuring
the peak currents at +50 mV after subtraction of KCa3.1 currents
extrapolated by linear regression. This protocol accurately record
and separate KCa3.1 and Kv1.3 currents (Newton et al., 2020).
LY294002 was delivered extracellular via a manual perfusion
system. Calmodulin and PI3P were dissolved in the internal
solution and delivered intracellularly via the patch-pipette.
The KCa3.1 and Kv1.3 Gs were measured in at least three to
five cells for each condition per individual patient.

For divalent free (DVF) currents, cells patched in the whole-
cell configuration were pre-incubated with TG (1 uM) in external
solution without Ca** for 10 min followed by perfusion with
20 mM Ca** for 1 min and, finally, with DVF solution for 2 min
(Vaeth et al., 2017). DVF currents were measured to amplify the
CRAC currents. The DVF Ringer’s solution contained (in mM):
150 NaCl, 10 HEDTA, 1 EDTA and 10 HEPES (pH 7.4 with
NaOH). The 20 mM Ca*" external solution consisted of (in mM):
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130 NaCl, 4.5 KCl, 20 CaCl,, 10 D-glucose and 5 HEPES (pH 7.4
with NaOH). 10 mM TEA-Cl was added to all extracellular
solutions to block voltage-gated K' channels. The pipette
solution contained (in mM): 135 Cs aspartate, 8 MgCl,, 8
BAPTA and 1 HEPES (pH 7.2 with CsOH). A ramp (-100 to
+100 mV, holding potential of +30 mV) protocol was used for
100 m every 1.5s to record DVF currents. Analysis of DVF
current was performed by measuring the peak current value at
the voltage of —100 mV during the ramp step protocol.

Ca®* Flux Measurements

Intracellular Ca®* fluxes were measured in activated CD8" PBTs
using the ratiometric Ca®" sensitive dye Fura-2. Perfusion with
the sarco-endoplasmic pump inhibitor TG allowed us to measure
Ca®" fluxes that are independent of TCR stimulation and only
rely on downstream signaling events initiated by the release of
Ca®* from the endoplasmic reticulum (Robbins et al., 2005).
T cells were plated on poly-L-lysine coated coverslips followed by
treatment with 1 uM Fura-2 AM (ThermoFisher) at 37°C for
~30min. Cells were then washed with RPMI-1640 and
maintained at 37°C prior to recordings using InCyt-Im2 Ca**
imaging system (Intracellular Imaging). Coverslips were
mounted on the microscope and perfused with a Ca®* free
solution for 5min, followed by perfusion with 1uMTG in
Ca®" free solution for other 5min to deplete the Ca** from
the intracellular Ca** stores and open the CRAC channels.
Finally, 0.5 mM Ca®" solution was perfused for 10-15 min to
allow Ca** influx through CRAC channels. Ca®" free solution had
the following composition (in mM): 155 NaCl, 4.5 KCI, 1 MgCl,,
10 HEPES, 10 glucose, 2 EGTA, pH 7.4. The 0.5mM Ca**
solution had the following composition (in mM): 155 NaCl,
4.5 KCl, 2.5 MgCl,, 10 HEPES, 10 glucose, 0.5 CaCl,, pH 7.4.
A standard calibration curve was used to correlate ratiometric
Fura-2 (340/380 nm  ratio) with known Ca**
concentrations as per the protocol provided by the
manufacturer. Changes in Ca®" values [Delta (A) Ca*'], a
measure of Ca®" fluxing ability, were determined as the
difference between the peak of Ca®* reached after 0.5mM
Ca®" and the baseline Ca’" after the perfusion with 1 uMTG
in Ca** free solution, immediately before the addition of 0.5 mM
Ca®". Statistical analysis was performed to detect significant
difference in ACa®* values post treatment for an individual
patient or healthy donor. Only those donors who showed a
statistically significant increase in the Ca** values before and
after aPD-1 were included in the positive response (PR) group
while those who did not show any statistically significant increase
were included in the no-response (NR) group. Individual single
cell ACa®* values from donors in the PR group and the NR group
were then combined to detect significance differences between the
two groups. This is because of low sample quantity and variable
cell count per patient.

values

Flow Cytometry

CD8" PBT cells were maintained at a density of 1 x 10° cells/mL
and stimulated with PMA/ionomycin for 72 h. Cells were then
rinsed with 1x PBS, followed by staining for flow cytometry. The
proportion of dead cells were determined using the Zombie UV

Checkpoint Inhibitors Regulate K* Channels

fixable viability kit (Biolegend). The cells were then fixed with 1%
paraformaldehyde (ThermoFisher), washed with 1x PBS and
stained overnight with mouse anti-human anti-KCa3.1
biotinylated antibodies (clone 6C1, Alomone). Then, the cells
were washed with 1x PBS and incubated for 30 min at room
temperature with the following anti-human antibodies (all from
Biolegend): anti-CD8-PacificBlue (cloneHIT8A), anti-CD69-
APCFire750  (clone  FN50), anti-LAG3-BV510 (clone
11C3C56), anti-PD1-BV605 (clone EH12. 2H7), anti-TIM3-
BV786 (clone F38-2F2), and anti-streptavidin-PECy7 (clone).
Next, the cells were washed with 1x PBS, and permeabilized
with BD Cytofix/Cytoperm kit (BD Biosciences) as per the
manufacturer’s instructions, and incubated for 30 min at 4°C
with mouse anti-human anti-Calmodulin-PerCP (clone 2D1,
NOVUS Biologicals), and anti-human anti-Ki67-BV711
(Biolegend).

For determination of ion channel expression, cells were fixed
with 4% paraformaldehyde, washed with PBS followed by
overnight incubation at 4°C with the following primary
antibodies, mouse anti-human KCa3.1 (6C1/ATTO-488),
guinea pig anti-human Kvl.3, rabbit anti-human Orail (all
from Alomone labs) followed by anti-guinea pig (Dy350 goat
anti-guinea pig IgG/Thermo Fisher) and anti-rabbit (Alexa Fluor
594 goat anti-rabbit IgG/Thermo Fisher) secondary antibodies.
To stain for intracellular ion channel epitopes, cells were
permeabilized with BD Cytofix/Cytoperm kit (BD Biosciences)
as per manufacturer’s instructions. Cells were then stained for
rabbit anti-human STIMI1 (Proteintech) primary antibodies
followed by secondary antibodies (Alexa Fluor 594 goat anti-
rabbit IgG/Thermo Fisher). Specificity of these antibodies was
previously reported by our laboratory (Chimote et al., 2018;
Newton et al., 2020). All flow cytometry data were collected
on LSR Fortessa or LSR II flow cytometer (BD Biosciences), using
the FACS Diva software v.6.0. At least 30,000 total events were
acquired. Fluorescence minus one controls were also included.
The flow cytometry data were analyzed using FlowJo Software
version 10.6.1 ((BD Biosciences).

Statistical Analysis

Statistical analyses were performed using Student’s ¢ test (paired
or unpaired), Mann-Whitney rank sum test (in experiments
where samples failed normality or had unequal variance), and
ANOVA or ANOVA on Ranks as indicated. Post hoc testing on
ANOVA was done by multiple pairwise comparison procedures
using the Holm-Sidak, Dunn’s or Tukey’s methods depending on
sample normality and variance. Statistical analysis was performed
using SigmaPlot 13.0 (Systat Software Inc.). p value of less than or
equal to 0.05 was considered as statistically significant.

RESULTS

PD-1 Blockade improves KCa3.1 and Kv1.3
Activity in CD8" PBTs of HNSCC Patients

Ton channels are fundamental regulators of T cell Ca>* signaling
and effector functions (Feske et al., 2015) and we have shown that
treatment of HNSCC patients with pembrolizumab increases
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FIGURE 1 | aPD-1 treatment increases K* channel activity in HNSCC T cells. (A) Representative current traces of KCa3.1 and Kv1.3 channels recorded in whole-

cell mode of voltage-clamp configuration in activated CD8* PBTs cells from a HNSCC patient in absence or presence of aPD-1 (10 pg/ml, for 6 h). Data are normalized to
maximum current at +50 mV recorded using a ramp pulse protocol from =120 mV to +50 mV for 200 ms every 15 s. The holding potential used was —70 mV. (B,C)
KCa3.1 (B) and Kv1.3 (C) conductance (G) measured in the absence or presence of aPD-1 (10 ug/ml, 6 h incubation) in CD8* PBTs of HNSCC patients (1 = 68

cells without pembrolizumab and n = 55 cells with pembrolizumab from 14 patients). (D) Representative current traces of divalent free current (DVF) through CRAC
channels recorded in whole-cell mode of voltage-clamp configuration in activated CD8* PBTs from a HNSCC patient. Data were recorded using a ramp pulse protocol
from —100 to +100 mV with at holding potential of +30 mV every 1.5 s. Cells were perfused with 0 mM Ca?* solution (1 min) followed by 20 mM Ca?* (1 min) and DVF
solutions (2 min, see methods) to amplify currents during recordings. (E) Peak DVF current values measured in absence and presence of aPD-1 (10 ug/ml, 6 h
incubation) in CD8* PBTs of HNSCC patients (n = 34 cells without aPD-1 and n = 31 cells with aPD-1 from 8 patients). The values in panels (B,C) and (E) are represented
as box plots: the horizontal line indicates the median; the lower box is the 25" percentile; the upper box is the 75" percentile; and the whiskers represent the 10 and 90"
percentiles. (F) lon channel expression (KCa3.1, Kv1.3, Orail and STIM1) in HNSCC patient T cells after treatment with aPD-1 (10 pg/ml for 6 h). Effect of aPD-1
treatment is shown as ratio of mean fluorescence intensity (MFI, fold change) values of treatment versus control group. Data are represented as scatter plot where each
symbol represents an individual patient (n = 4-5). Horizontal line represents mean values for each group. Data in panels (B,C,E) were analyzed by Mann-Whitney rank

sum test.

KCa3.1 and Kv1.3 activity in CD8" PBTs (Newton et al., 2020).
Herein, we conducted in vitro experiments to study in detail the
effect of pembrolizumab on ion channels in HNSCC T cells. We
tested the effect of a short exposure (6 h) to pembrolizumab
(aPD-1 antibody) (10 ug/ml) on activated CD8" PBTs. Whole-
cell currents were measured before and after aPD-1 treatment to
assess KCa3.1 and Kvl1.3 activity (Figure 1A). aPD-1 treatment
increased the conductance of both KCa3.1 and Kv1.3 channels
(Figures 1B,C). We did not detect any effect of aPD-1 on CRAC
channel activity (Figures 1D,E). Further control experiments
ruled out the possibility that the increase in KCa3.1 and Kv1.3
activity was an artefact due to the extra 6 h the cells treated with
aPD-1 were maintained in culture. The KCa3.l1 and Kvl.3
conductance in untreated cells at the beginning of the
experiment (0h) and after 6h (equivalent to the time of
exposure to aPD-1) were comparable (Supplementary Figure
S1). There was no difference in the capacitance values, an
arbitrary measure of cell size and activation state, before and
after treatment with pembrolizumab (Supplementary Figure
§2). Furthermore, flow cytometry experiments showed no

changes in the expression of either ion channels or activation
and exhaustion markers in CD8" PBTs from HNSCC patients
after aPD-1 treatment (Figure 1F; Supplementary Figures
$3-S4). These findings indicate that oPD-1 treatment
increases KCa3.1 and Kvl.3, but not CRAC channel, activity
in CD8" PBTs of HNSCC patients. Furthermore, oPD-1
treatment did not change the expression of typical markers
associated with exhaustion and activation in CD8" PBTs of
HNSCC patients.

PD-1 Blockade increases Ca®* Fluxing
Abilities in T Cells From a Subset of HNSCC
Patients

Since K* channels regulate T cell Ca®" signaling and effector
functions, we investigated the functional consequences of the
increase in K* channel activity in CD8" PBTs of HNSCC patients
induced by aPD-1 treatment. We measured the Ca®* fluxing
abilities of CD8" PBTs from HNSCC patients using a TG-based
protocol that allows us to assess Ca®" fluxes dependent on ion
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FIGURE 2 | aPD-1 increases Ca®* fluxes in PBTs of a subset of HNSCC patients. (A,B) Representative intracellular Ca®* recordings in activated CD8* PBTs of
HNSCC patients are shown on the left side. Cells loaded with Fura-2 were perfused with thapsigargin (TG) in O mM Ca?*. Perfusion with 0.5 mM Ca2* yields a rapid influx
of Ca®* (See Material and Methods). Two types of Ca®* responses to aPD-1 were observed. A significant increase in Ca* after aPD-1 (10 ug/ml for 6 h) was defined as
positive response, PR (A, left) while no change in Ca?* response was defined as no-response, NR (B, left). The subset of HNSCC patients (n = 3/9) showing
positive Ca®* response are reported in panel (A, right) while patients (n = 6/9) with no-response are shown in panel (B, right). The corresponding single cell ACa* values
(peak minus baseline before peak) measured in the absence and presence of aPD-1 of PR and NR are shown in the right panels (n = 82-99 cells from 3 patients in PR and
n =140-149 cells from 6 patients in NR). (C) Comparison of ACa®* values of activated CD8* PBTs from HDs n = 376 cells from nine donors and PR (n = 82 cells from 3
patients) and NR (n = 146 cells from 6 patients) HNSCC patients at baseline (before aPD-1). The ACa®* values in panels (A,B,C) are represented as box and whisker
plots. The lower and upper bound of the box represent 25" and 75" percentiles respectively. Median values are shown as horizontal line in the box. The lower and upper
error represents 10" and 90" percentile respectively. (D) Relationship between ACa®* values before aPD-1 treatment and fold increase in ACa®* after treatment with
aPD-1 antibody in CD8" PBTs of HNSCC patients (n = 9) are represented as correlation analysis. Individual patients from PR and NR group are marked in blue (PR) and
black (NR). Data for panel (A) were analyzed using unpaired student’s t-test. Data for panel (B) were analyzed using Mann-Whitney rank-sum test. Data in panel C were
analyzed using ANOVA (p < 0.001) followed by Dunn’s test and data in panel D were analyzed using linear regression.

channel activity while bypassing the TCR (Newton et al., 2020).
Activated CD8" PBTs from HNSCC patients were treated with
aPD-1 for 6 h (same protocol as Figure 1) and Ca** fluxes were
measured. We observed variable Ca** responses in these patients’
samples. Therefore, we defined the presence or absence of a
response to aPD-1 based on a statistically significant increase in
ACa®" values before and after in vitro aPD-1 treatment in
individual patients. In a subset of patients (n = 3/9), aPD-1
treatment increased the Ca®" response of T cells (Figure 2A). We

termed these patients as “positive-response” (PR) patients.
Patients whose T cells did not show any increase in the Ca**
response to oPD-1 treatment in vitro were defined as
“no-response” (NR) patients (n = 6/9), (Figure 2B). aPD-1
treatment induced a 46% increase in ACa®" in the PR group
(Figure 2A). Interestingly, we observed that the ACa*" at baseline
(before aPD-1 treatment) of CD8" PBTs from PR patients was
67% lower than NR patients; even lower than that of HDs CD8"
PBTs (Figure 2C). Indeed, we observed a significant negative
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FIGURE 3 | «PD-L1 treatment increases K* channel activity in HNSCC
patients. (A) KCa3.1 and (B) Kv1.3 conductance values (G) measured with
and without the aPD-L1 antibody, atezolizumab (1 and 10 pug/ml for 6 h) in
activated CD8" PBTs of HNSCC patients. (C) KCa3.1 and (D) Kv1.3 G
measured in presence of PD-L1 and aPD-1 antibody pembrolizumab in
activated CD8* PBTs of HDs. Activated cells were treated with plate-bound
PD-L1 (PD-L1-Fc 10 pg/ml) +/- aPD-1 (untreated cells were used as a control)
and activated for 72 h using PMA/lonomycin. aPD-1 was added to treatment
group for 6 h. Data in the lower and upper bound of the box represent 25" and
75™ percentiles respectively. Median values are shown as horizontal lines. The
lower and upper error bars represents 10 and 90" percentile respectively,
n = 8-23 cells from 3 HNSCC patients, n = 30 cells from 6 HDs (control and
PD-L1) and n =15 cells from 3 HDs (PD-L1 + aPD-1). Five cells were recorded
for each individual donor. Data in (A,C,D) were analyzed by ANOVA on ranks
test (p < 0.001) followed by Dunn’s post hoc analysis. Data in (B) were
analyzed by One way ANOVA (p < 0.001) followed by Holm-Sidak test.

correlation between the increase in ACa®" (fold change for
individual patient) induced by aPD-1 versus the baseline
ACa*" of all HNSCC patients (Figure 2D). We performed this
type of analysis because we wanted to assess whether the mean
baseline ACa** of a patient could be a predictor of his/her ability
to respond to pembrolizumab. This indicates that HNSCC
patients whose CD8" PBTs have low baseline Ca®* fluxing
abilities were more likely to show a positive response to aPD-
1 treatment. Overall, these results indicate that aPD-1 treatment
has a rapid effect on ion channel-regulated Ca>" fluxes of HNSCC
CD8" PBTs and point to baseline Ca** fluxing ability of T cells as
a possible predictive marker of aPD-1 treatment response.
However, questions still remain about the mechanisms by
which oPD-1 antibody regulates K* channel activity: is this
effect the result of blocking PD-L1/PD-1 binding, and what
are the downstream signaling pathways involved?

Checkpoint Inhibitors Regulate K* Channels

The Effect of aPD-1 Treatment on K*
Channels is due to the Disruption of PD-L1/
PD-1 Binding

We tested the corollary of our earlier observation with aPD-1
treatment hypothesizing that prevention of or breaking the
interaction of PD-L1 with PD-1 is responsible for the improved
K" channel function. While we have no cancer cells in our in vitro
setting, CD8" PBTs of HDs and HNSCC patients can be a source of
PD-LI as both express it (Supplementary Figure S5). Others have
shown that human CD3" T cells express PD-L1 (Succaria et al., 2020).
Therefore, we next tested the effect of an anti-PD-L1 antibody (aPD-
L1), atezolizumab, on KCa3.1 and Kv1.3 channels in activated CD8"
PBTs of HNSCC patients reasoning that if the effect of
pembrolizumab is due to the disruption of PD-L1/PD-1 binding,
a similar effect should be produced by aPD-L1. Short-term treatment
of HNSCC T cells with atezolizumab (1 and 10 ug/ml for 6h)
increased KCa3.1 function, while Kv1.3 function was increased
only at the higher concentration (Figures 3A,B). These results
suggest that engagement of PD-L1 by PD-1 may have negative
effects on K" channel function in HNSCC T cells and disruption
of its binding to the cognate receptor restores the channel’s function.
Therefore, we tested the effect of PD-L1 (plate-bound PD-L1-F¢;
10 ug/ml) on KCa3.1 and Kv1.3 in CD8" PBTs of HDs. Cells were
incubated with PD-L1 for 72 h followed by treatment with aPD-1
antibody (10 pg/ml) for 6 h. Our data showed that PD-L1 reduced
KCa3.1 activity by 65.44%, but, at this concentration, had no effect on
Kv1.3 (Figures 3C,D). A similar effect was observed after 5 days
exposure to PD-L1 (Supplementary Figure S6). Furthermore, aPD-
1 treatment reversed the effect of PD-L1 on KCa3.l activity
(Figure 3C). These results show that, in HDs CD8" PBTs,
KCa3.1 channels appear highly sensitive to PD-1 signaling, more
than Kv1.3.

We then measured Ca** fluxes in activated CD8* PBTs cells of
HDs exposed to PD-L1 to assess the functional effect of PD-L1.
Nine out of twelve samples from HDs showed response to PD-L1
and only the CD8" PBTs samples from donors that showed this
response were used in analysis. Cells exposed to PD-L1 showed a
small (14%) decrease in ACa®* as compared to control cells
(Figure 4B). Treatment with pembrolizumab significantly
increased ACa** by 39% in PD-L1 exposed cells, and by 25%
in 9/12 HDs in the control untreated group (Figures 4A,B). It is
noteworthy that treatment with pembrolizumab showed a similar
increase of 45% in ACa** in HNSCC CD8" PBTs (Figure 2A).
These results indicate that PD-L1 reduced Ca** fluxing abilities of
T cells in HDs thus supporting the notion that high exposure to
PD-L1 may decrease the Ca®" fluxing ability of HNSCC CD8"
PBTs like it occurs for TILs (Chimote et al., 2017). Furthermore,
they suggest that KCa3.1 may be highly sensitive to PD-1
signaling, more than Kv1.3. We thus proceeded to investigate
the mechanism through which PD-1 regulates KCa3.1 activity.

PI3K Signaling and CaM Mediate PD-L1
inhibition of KCa3.1 Channels

Activation and function of KCa3.1 is controlled by a variety of
molecules and phosphorylation events (Ohya and Kito, 2018).
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FIGURE 4 | aPD-1 rescues the reduced Ca?* influx induced by PDL-1-Fc in HDs. (A) Representative traces of intracellular Ca®* response in activated CD8* PBTs

of HDs. Cells were loaded with Fura-2 and Ca?* fluxes were elicited by TG/0 mM Ca?* followed by 0.5 mM Ca* (See Material and Methods). Cells were incubated with
plate bound PD-L1 (PD-L1-Fc, 10 pg/ml for 72 h) followed by treatment with aPD-1 (10 pg/ml for 6 h). (B) Summary of ACa®* values of activated CD8* PBTs of HDs
(n = 160-255 cells from nine HDs, 20-50 cells were recorded from a single HD, see Methods). The values in panel B are represented as box and whisker plots. The
lower and upper bound of the box represent 25" and 75™ percentiles respectively. Median values are shown as horizontal line. The lower and upper error bars represents
10" and 90" percentile respectively. Data were analyzed using ANOVA (p < 0.001) on ranks followed by Dunn’s post hoc analysis.

KCa3.1 function requires binding of the intracellular Ca®* sensor
calmodulin (CaM). We recently showed that CD8" PBTs of
HNSCC patients have reduced levels of CaM which
diminished their KCa3.1 activity (Chimote et al., 2020). PD-L1
is available in the plasma of HNSCC patients both as soluble
molecule or carried by exosomes, and the presence of PD-L1*
exosomes has been correlated with the increased immune
suppressive state of these patients (Theodoraki et al, 2018).
These findings raise the possibility that a reduction in CaM by
PD-L1 mediates the suppression of KCa3.1 currents. Therefore,
we proceeded to determine the signaling pathways involved in
PD-L1/PD-1 signaling by exposing HD T cells to PD-L1 for
3 days (72 h; like in the experiments reported above) and 5 days.
The latter resembles more the HNSCC patients’ setting where
T cells are exposed to PD-L1, both in circulation and in the
tumor, for a long time. Exposure to PD-L1 for 3 days did not
reduce CaM expression (Figures 5A,B) and, consequently,
intracellular supplementation of CaM did not rescue KCa3.1
inhibition (Figures 5C,D). We thus investigated whether the
phosphoinositide ~ 3-kinase = (PI3K)—phosphatidylinositol-3
phosphatase (PI3P) signaling pathway was instead involved. In
T lymphocytes, PI3K favors the production of PI3P from
phosphatidylinositol (PI); PI3P activates the nucleoside
diphosphate kinase B (NDPK-B) which, ultimately, increases
KCa3.1 activity via histidine phosphorylation (Srivastava et al.,
2005; Srivastava et al., 2006b). PD-1 signaling in T cells involves
the blockade of PI3K and, consequently, the suppression of
downstream effector functions (Patsoukis et al., 2013). We
performed patch-clamp experiments to determine if the
inhibition of KCa3.1 activity by PD-L1 can be mimicked by
the PI3K inhibitor LY294002 and rescued by PI3P. Activated
CD8" PBTs from HDs were pretreated with LY294002 (10 uM,
for 15 min) followed by measurement of KCa3.1 in presence and
absence of PI3P (100 nM) delivered intracellularly via patch
pipette (Figure 6A). LY294002, similar to PD-L1, reduced

KCa3.1 currents while PI3P reversed this inhibition in both
LY294002 and PD-L1 treated cells. (Figures 6A-C). These
results provide the evidence of involvement of PI3K in the
early (3 days) effect of PD-L1 on KCa3.1 activity. Longer
exposure to PD-L1 revealed a diminished contribution of PI3K
signaling and a role for CaM becomes evident (Figures 6D,E).
Electrophysiological experiments showed that PI3P only partially
restored the KCa3.1 activity of HDs CD8" PBTs treated with PD-
L1 for 5 days (Figure 6D). Flow-cytometry data showed that at
this time point there was a significance 40% reduction in CaM
expression and not KCa3.1. Interestingly, we observed also a
selective reduction in Stim1 (the partner protein of Orail that
forms CRAC channels) (Figure 6E). Overall, these findings
support a role for PI3P signaling and CaM in mediating the
effect of PD-L1/PD-1 interaction on KCa3.1 channels in CD8"
T cells.

DISCUSSION

Resistance to immunotherapy in cancer is attributed to a weak or
blunted immune response. Engagement of the immune
checkpoint receptor PD-1 by its ligand PD-L1 is part of the
immune escape mechanism of cancer cells (Farhood et al., 2019).
Herein, we provide evidence of a role for K* channels as early
regulators of PD-L1/PD-1 mediated suppression of cytotoxic
T cells in HNSCC patients.

It is well established that blockade of PD-L1/PD-1 interaction
increases T cell function and antitumor immunity (Alsaab et al.,
2017). In this study, we report that disruption of PD-L1/PD-1
binding by aPD-1 and aPD-L1 antibodies, rapidly (within 6 h)
increased KCa3.1 and Kv1.3 activities in CD8" PBTs of HNSCC
patients. Studies in murine models and human subjects with solid
malignancies show that aPD-1 treatment improves T cell
activation as indicated by the increased expression of
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FIGURE 5 | Short-time treatment with PD-L1 decreases KCa3.1 activity in a calmodulin-independent manner. (A) Flow cytometry histogram and geometric mean
fluorescence intensity (gMFI) values (B) for CaM expression in activated CD8" PBTs from HD donors (n = 3) in the absence and presence of PD-L1. (C) Representative
recordings of KCa3.1 currents in activated CD8" PBTs from HDs showing the effect of PD-L1 (PD-L1-Fc, 10 pg/ml) and CaM (50 uM). (D) Average normalized KCa3.1
conductance (G, nS) measured in the absence and presence of PD-L1, with and without CaM. All conductance values are normalized to average conductance
value obtained from control recordings. Cells were pre-incubated with plate-bound PD-L1 (PD-L1-Fc,10 pg/ml, for 72 h) activated using anti-CD3/CD28 antibodies and
treated with or without CaM (50 pM), that was delivered intracellularly via patch pipette during recordings (n = 15-18 cells per group from 3 HDs). The values in panel (B)
are represented as bar graphs. Each symbol represent an individual HD. The values are represented as mean + SEM. The values in panel (D) are represented as box and
whisker plots. The lower and upper bound of the box represent 25™ and 75 percentiles respectively. Median values are shown as horizontal line. The lower and upper
error bars represents 10" and 90" percentile respectively. Data in panel (B) were analyzed by t-test and data in panel (D) were analyzed by ANOVA on ranks (p = 0.008)
with Dunn’s post hoc analysis.

activation markers (Peng et al, 2012; Ascierto et al, 2019).
Herein, we showed that short treatment with aPD-1 antibody
(pembrolizumab) was not sufficient to change the expression of
the T cell activation marker CD69, and yet produced changes in
the activity of K channels. These data suggest that activation of
K" channels may be among the earliest changes produced by
interruption of PD-1 signaling in CD8" PBT's of HNSCC patients.
We also showed that aPD-1 treatment affected exclusively K*
channels as it did not alter CRAC channels. Furthermore, the
effect of aPD-1 antibody on K* channels could not be ascribed to
changes in channel protein expression or activation/exhaustion
state of T cells as markers of T cell activation and exhaustion and
ion channel proteins were all unchanged. This is in agreement
with what we observed in T cells from HNSCC patients treated
with pembrolizumab (Newton et al., 2020).

A well-established functional consequence of increased
KCa3.1 and Kvl.3 activities in T cells is an increase in Ca®"
fluxing abilities that is necessary for cytokine production and
cytotoxicity (Feske et al., 2012). In the present study, we measured
TCR-independent Ca** fluxes to assess the consequences of the

positive effect of aPD-1 treatment on K* channel activity. Indeed,
we observed that pembrolizumab produces a rapid increase in
Ca®" fluxing abilities of CD8" PBTs in a subset of HNSCC
patients. The in vitro positive Ca®* response to
pembrolizumab was observed in 33% of patients. This
response is in line with the objective response reported in a
recent clinical trial (KEYNOTE-048) in HNSCC patients
(Burtness et al., 2019; Kok, 2020). We also observed that a low
baseline Ca** fluxing ability of CD8* PBTs from HNSCC patients
predicts the response to pembrolizumab. It is possible that
HNSCC patients whose T cells display lower Ca** fluxing
abilities in vitro had a higher exposure to circulating PD-L1
(either soluble or via tumor-derived exosomes) in vivo, and they
will ultimately benefit the most from aPD-L1 and aPD-1
blockade. An in vitro study showed that PD-L1 decreases TCR
dependent Ca** fluxes in a dose dependent manner in human
T cells overexpressing the PD-1 receptor (Wei et al., 2013). In
agreement with this study, we reported here that PD-L1 inhibits
ion channel-dependent Ca>" fluxes in CD8" T cells. Furthermore,
multiple studies have shown that a high PD-L1 expression in
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were analyzed by One way ANOVA followed by Holm-Sidak’s post hoc analysis.

FIGURE 6 | Differential time-dependent involvement of PI3K and calmodulin on PD-L1 mediated inhibition of KCa3.1 channels. (A,B) Representative recordings of

KCa3.1 channels in activated CD8* PBTs from HDs showing the effect of the PI3K inhibitor LY294002 (10 puM) +/— phosphatidylinositol-3 phosphatase (PI3P) (100 nM)
(A) and PD-L1 (PD-L1-Fc, 10 pg/ml) +/— PI3P (100 nM) (B). (C) Summary of the pharmacological modulation of KCa3.1 channels byLY294002 and PI3P in the absence
and presence of plate bound PD-L1 in activated CD8* PBTs of HDs. Cells were activated using anti-CD3/CD28 antibodies for 72 h. Cells were perfused with

LY294002 for 15 min followed by patch clamp recordings with and without PISP, delivered intracellularly via patch pipette (n = eight to nine cells per group from 3 HDs).
All KCa3.1 conductance (G) values are normalized to the average G of the control group (drug-free). (D) KCa3.1 G measured in absence or presence of PD-L1 in
activated CD8" PBTs of HDs. Cells were treated with plate-bound PD-L1 (PD-L1-Fc, 10 ug/ml) and activated using anti-CD3/CD28 antibodies for 120 h PI3P was
delivered intracellularly via the patch pipette during the electrophysiological experiments (drug-free control). Cells were held at =70 mV, n =four to five cells per group from
one HD. The values in panel (C,D) are represented as box and whiskers plot. The lower and upper bound of the box represent 25 and 75" percentiles respectively.
Median values are shown as horizontal line. The lower and upper error bars represents 10" and 90" percentile respectively. (E) Percentage change in mean fluorescence
intensity (MFI) of ion channels (Kv1.3, KCa3.1, Orail, Stim1) and Calmodulin (CaM) measured using flow cytometry. Each dot represents an individual HD and the
horizontal black line represents the mean value. Data in panel (C) were analyzed by One Way ANOVA (p < 0.001) followed by Holm-Sidak’s post hoc analysis. Data in (D)

Wi ot gt ot

cancer cells correlate with a good response to aPD-1/aPDL-1
blocking antibodies (Evrard et al., 2020).

Our data showed that while KCa3.1 and Kv1.3 channels
mediate the response to aPD-1 and aPD-L1 antibodies, there
may be a difference in sensitivity. Indeed, a higher concentration
of aPD-L1 was necessary to unleash Kv1.3 activity in HNSCC
T cells. Furthermore, the concentration of PD-L1 activating
antibodies (PD-L1-Fc) we used (10 pug/ml) suppressed KCa3.1,
but not Kv1.3, currents in CD8" PBTs of HDs, and, in this setting,
aPD-1 antibody increased KCa3.1, but not Kv1.3, conductance. It
is possible that inhibition of Kv1.3 requires higher concentrations
of PDL-1 and/or a longer exposure. Our earlier observations
in vivo in HNSCC patients treated with pembrolizumab showed
increases KCa3.1, but not Kv1.3, channels activity in CD8" PBTs
shortly after treatment (Newton et al., 2020). The effect of PD-1
blockade on Kvl1.3 is only evident a long time after
pembrolizumab administration. However, it is also possible
that higher levels of PD-L1 may be needed for Kvl.3
inhibition. This could explain what we observed untreated

HNSCC patients (Chimote et al., 2018; Newton et al.,, 2020).
We reported low KCa3.1 activity in CD8" PBTs, which is further
reduced in TILs (Chimote et al., 2018; Newton et al., 2020).
However, while we did not observe any reduction in Kv1.3
activity in HNSCC circulating T cells, there was a profound
suppression of this channel activity/expression in TILs,
particularly those in close proximity with cancer cells,
(Chimote et al., 2018; Newton et al., 2020) where the levels of
PD-L1 are higher than in circulation. Secreted PD-L1 is detected
in the plasma of HNSCC patients contributing to reduced T cell
function (Zhou et al., 2020). While we showed that CD8" PBTs
express PD-L1, we do not know the PD-LI levels in our cell
cultures and how they compare with those of PD-L1-Fc used in
our experiments. The presence of T cell generated PD-L1
(endogenous PD-L1) explains the response to aPD-1 and
aPD-L1 antibodies without pre-treatment with PD-L1-Fc
(Figures 1, 3). It is very likely that PD-L1-Fc is in addition to
the endogenous PD-L1. This explains why aPD-1 brings the Ca**
response of PD-L1-Fc treated cells to levels higher than
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“untreated” cells that are exposed to the endogenous PD-L1
(Figure 4B).

The high sensitivity of KCa3.1 to PD-L1 may be explained by
the mechanisms by which PD-1 regulates this channel which
imply a fast kinase-mediated signaling event. We observed that
the response of KCa3.1 channels to PD-1 ligation is mediated by
PI3K-PI3P signaling and that this is the earliest pathway engaged.
CaM downregulation follows in time. In T cells, activation of
TCR signaling cascade leads to activation of PI3K/Akt
[phosphatidylinositol 3-kinase (PI3K) and Akt/Protein Kinase
B)], while ligation of PD-1 results in a decrease in TCR proximal
signaling through inhibition of PI3K activity (Seidel et al., 2018).
PI3K has also been implicated in KCa3.1 regulation (Ohya and
Kito, 2018). KCa3.1 channels have a histidine residue (H358) in
the carboxy-terminus whose phosphorylation is regulated by
PI3K, PI3P and NDPK-B kinase (Srivastava et al., 2006b;
Srivastava et al., 2009; Srivastava et al., 2016). KCa3.1 channels
in healthy human CD4" T cells are inhibited by the non-selective
PI3K blocker L'Y294002, while PI3P (whose formation from PI is
facilitated by PI3K) reverses this inhibition (Srivastava et al,
2006a). NDPK-B (the enzyme mediating PI3P effect on KCa3.1)
knock-down decreases KCa3.1 without affecting the activity of
Kv1.3 (Srivastava et al., 2006b). Similarly, in this study we showed
that PD-L1-Fc at the concentration we used only inhibited
KCa3.1, that this effect was reproduced by LY294002, and
reversed by PI3P. While the PI3K/PI3P signaling pathway is
the dominant regulatory mechanism early upon PD-1 ligation, a
reduction in CaM expression contributes to reduced KCa3.1
activity later on. CaM serves as binding partner and
intracellular Ca** sensor for KCa3.1 allowing the activation of
this Ca**-dependent channel (Cahalan and Chandy, 2009; Sforna
et al., 2018). We have recently reported that membrane CaM
levels are downregulated in activated CD8" T cells of HNSCC
patients (Chimote et al., 2020). In this study, the long-term effect
of PD-1 ligation in healthy CD8" T cells is a decrease in CaM
expression. CaM downregulation is not contributing to KCa3.1
suppression at earlier time points as indicated by the lack of effect
of intracellular supplementation of CaM on KCa3.1 channels in
PBTs of HDs treated for 72 h with PD-L1-Fc. At this stage, it is
not clear if there is a correlation between PI3K and CaM.
However, it is possible that the decrease in Ca** fluxing
abilities that follows the reduction in KCa3.1 by PI3K
inhibition may lead to reduced CaM. It has been reported that
CaM gene expression is regulated by Ca** (Bosch et al., 1994).

Overall, our in vitro studies showed that aPD-1 induces an
increase in Kv1.3, KCa3.1 and Ca®" fluxing that ultimately will
lead to improved anti-tumor response. Ca>" signaling in fact
regulates multiple effector functions of T cells, including the
production of cytokines like IL-2 and IFN-y, and cytotoxicity
(Feske et al., 2003). These are highly desirable anti-tumor
functions. In agreement with the studies presented here, we
have recently reported that in vivo administration of aPD-1
blockade followed by surgical resection increases Ca*" fluxing
abilities of CD8" T cells by increasing the KCa3.1 and Kvl.3
channel function in head and neck cancer patients (Newton et al.,
2020). Furthermore, a recent report on combination of immune
checkpoint inhibitors, anti-PD-1 and anti-LAG-3 antibodies,

Checkpoint Inhibitors Regulate K* Channels

showed significant increase in peak Ca®" levels of T cells
resulting in increased cytotoxicity (Sullivan et al., 2020).

In conclusion, the data presented in this manuscript highlight the
crucial role of K* channels as early modulators of PD-1 signaling and
point to them as therapeutic targets in restoring anti-tumor immunity
in HNSCC patients. This study paves the way for further investigations
about new therapeutic strategies in cancer that incorporate K* channel
activators along with immune checkpoint inhibitors.
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Voltage-gated Kv1.3 potassium channels are key regulators of T lymphocyte activation,
proliferation and cytokine production, by providing the necessary membrane hyper-
polarization for calcium influx following immune stimulation. It is noteworthy that an
accumulating body of in vivo and in vitro evidence links these channels to multiple
sclerosis pathophysiology. Here we studied the electrophysiological properties and the
transcriptional and translational expression of T lymphocyte Kv1.3 channels in multiple
sclerosis, by combining patch clamp recordings, reverse transcription polymerase chain
reaction and flow cytometry on freshly isolated peripheral blood T lymphocytes from two
patient cohorts with multiple sclerosis, as well as from healthy and disease controls. Our
data demonstrate that T lymphocytes in MS, manifest a significant up-regulation of Kv1.3
MRNA, Kv1.3 membrane protein and Kv1.3 current density and therefore of functional
membrane channel protein, compared to control groups (p < 0.001). Interestingly, patient
sub-grouping shows that Kv1.3 channel density is significantly higher in secondary
progressive, compared to relapsing-remitting multiple sclerosis (p < 0.001). Taking into
account the tight connection between Kv1.3 channel activity and calcium-dependent
processes, our data predict and could partly explain the reported alterations of T
lymphocyte function in multiple sclerosis, while they highlight Kv1.3 channels as
potential therapeutic targets and peripheral biomarkers for the disease.

Keywords: T cells, potassium channels, Kv1.3, multiple sclerosis, patch clamp, calcium regulation

INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune disorder of the central nervous system (CNS),
characterized by white matter demyelination and intense perivascular infiltration by macrophages
and auto-reactive T cells (Lassmann, 2004; Goverman, 2009; Gourraud et al., 2012) that migrate into
the CNS and initiate myelin destruction, following their activation in the peripheral blood (PB)
(Goverman, 2009; Severson and Hafler, 2010). With T cell activation being central in MS
pathophysiology (Zhang et al., 1994), cellular components that control this process are of great
importance and investigations concerning their expression and function could help the
understanding of disease pathogenesis and the development of effective therapies.
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Particularly relevant molecules in this context are the voltage-
gated Kv1.3 channels, the main potassium conductance of T cells
at rest and during the initial steps of their activation (Wulff et al.,
2003; Cahalan and Chandy, 2009). Most importantly, these
channels are part of the signalosome that clusters at the
immunological synapse during antigenic stimulation (Panyi
et al, 2003; Panyi et al., 2004), serving as key regulators of the
calcium signaling required for cellular homeostasis and T cell
activation. The activity of Kv1.3 channels, during the early events
of T cell antigenic stimulation, determines the degree of
membrane hyperpolarization and therefore the strength of the
electrochemical driving force necessary for extracellular calcium
entry into the cell via the calcium release activated calcium
(CRAC) channels, the main calcium conductance of T cell
plasma membrane (Cahalan and Chandy, 2009). Thus, Kv1.3
channel activity plays a central role in regulating the magnitude
and duration of calcium responses during the initial steps of T cell
activation and subsequently determines T cell fate and function
(Lewis, 2001; Malissen and Bongrand, 2015).

Aside from their key role in T cell physiology, the interest in
Kv1.3 channels in MS is further corroborated by a wealth of data
associating these channels with the pathophysiology of the
disease. Kv1.3 channels are up-regulated in activated effector
memory T cells (Tgy cells) (Wulff et al., 2003; Cahalan and
Chandy, 2009), a subset enriched in the myelin-specific T cell
pool of MS patients. These cells specifically up-regulate Kv1.3 and
not KCa3.1 channels, and are characterized as Kv1.3M"KCa3.1'"
(1,500 Kv1.3/cell and 50 KCa3.1/cell) (Wulff et al., 2003; Cahalan
and Chandy, 2009). Interestingly, while quiescent myelin-specific
T cells are present in the PB of both healthy individuals and MS
patients (Zhang et al, 1994), activated Kv1.3"M8PKCa3.1°"
myelin-specific Ty cells are only present in the PB of MS
patients (Wulff et al., 2003). Additionally, inflammatory
infiltrates in the lesions of MS brains are enriched in Tgy; cells
of the Kv1.3Mh phenotype (Rus et al., 2005). The role of Kv1.3
channels in MS is further strengthened by reports showing that
Kv1.3-selective blockers (Beeton et al., 2001; Beeton et al., 2006)
and genetic knockout of Kv1.3 (Gocke et al., 2012), ameliorate
disease in animal models of multiple sclerosis. Furthermore, a
recent genetic study (Lioudyno et al, 2021) identified a link
between a gain-of-function polymorphic allele of the Kv1.3 gene
and rapid disease progression, more severe disease phenotype and
increased PB CXCR3" Tgy; cells in MS patients.

Herein, we used a combination of patch clamp, flow cytometry
and semi-quantitative PCR to study Kv1.3 channels in freshly
isolated, unsorted, un-manipulated, non-cultured T cells from the
PB of MS patients, patients with other neurological disorders
(OND), patients with other inflammatory neurological disorders
(OIND), patients with clinical isolated syndrome (CIS) and
healthy controls with similar demographic characteristics. Our
data demonstrate that resting T cells of patients with relapsing-
remitting (RRMS) and secondary progressive MS (SPMS)
manifest a significant increase in Kv1.3 expression, compared
to healthy and disease controls. Moreover, it is shown, for the first
time to our knowledge, that T cells from SPMS patients, express
significantly higher numbers of functional Kv1.3 channels,
compared to RRMS. Our findings suggest that Kvl.3 may

Kv1.3 Up-Regulation in MS T Cells

serve as a useful peripheral biomarker for the disease, and
support the use of Kvl.3 channel inhibitors for the treatment
of MS and especially for SPMS, where treatment options are
limited.

MATERIALS AND METHODS

Patients and Controls- Greek Cohort

Study protocol had received prior approval by the Scientific and
Ethics committee of St Panteleimon General State Hospital of
Nikaia. Patients came from either the outpatient department or
the neurological clinic of the above Hospital; Informed consent
for blood sample collection as well as for clinical and
demographic data use was obtained from all participating
subjects.

Our study included 38 patients with definite MS according to the
McDonald criteria (Thompson et al., 2018); twenty had relapsing-
remitting and 18 secondary progressive disease. MS subtypes were
defined according to clinical phenotypes (Lublin et al, 2014); a
minimum of 12 months of gradual worsening was required to define
SPMS. Nineteen (11 RRMS, 8 SPMS) patients were receiving
immunomodulatory treatment during enrollment. Disability was
measured using the Expanded Disability Status Scale (EDSS). All
patients were enrolled in the Neurology department of St.
Panteleimon General Hospital of Nikaia. Exclusion criteria
comprised: evidence of MS relapse or corticosteroid treatment
within the previous 30 days, active systemic bacterial, viral or
fungal infection, coexisting systemic autoimmune disease, a
history or presence of malignancy. Twenty-one healthy controls
with similar demographic characteristics and similar exclusion
criteria were also included. Additionally, 31 patients were
enrolled as neurological controls: 16 patients with other
neurological ~ disorders (OND), 9 patients with other
inflammatory neurological disorders (OIND) and 6 with clinical
isolated syndrome (CIS) (Table 1).

Patients and Controls-US Cohort

In a previous study, we analyzed peripheral blood T cells from
unrelated, non-Hispanic Caucasians with clinically definite MS.
Patients were obtained from the MS clinic at the University of
California Irvine; age- and sex-matched healthy controls were
also included in the study (Mkhikian et al., 2011). Here, archived
residual peripheral blood T cells from that study (9 MS patients
and 22 healthy individuals) (Table 2) were used for flow
cytometry to characterize cell surface Ky1.3 expression.

Cell Preparation

Mononuclear cells were isolated from heparinized whole blood by
Ficoll-Hypaque density gradient centrifugation (Boyum, 1968).
The isolated buffy coat was washed 3X with PBS without Ca®" and
re-suspended in RPMI 1640 culture medium and monocytes
(CD14" cells) and B cells (CD19") were depleted by the use of
magnetic beads (Dynabeads CD14 and CD19 ThermoFisher).
The isolated T cells were separated into two pools: one for
electrophysiology experiments on the same day of isolation
and the second for RNA isolation.
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TABLE 1 | Characteristics of multiple sclerosis (MS) patients and controls. Greek cohort of MS patients and controls. CIS: Clinically Isolated Syndrome (3 optic neuropathy, 3
transverse myelitis). OND: Other Neurological Disorders (3 early-onset Alzheimer’s disease, 3 early-onset Parkinson’s disease, 2 motor neuron disease, 3 ischemic
stroke, four epileptic seizures, one Vitamin B12 deficiency). OIND: Other Inflammatory Neurological Disorders (2 limbic encephalopathy, five acute lymphocytic meningitis,
one lupus-associated myelopathy, one neuro-Behget syndrome). Values are expressed as means + SD.

Disease n Sex (M/F) Age (years)
MS 38 16/22 372+7.4
Relapsing remitting 20 10/11 362 +7.2
Secondary progressive 18 7/11 384 +7.6
CIs 6 2/4 38.5+ 3.8
OND 16 9/7 40.9 + 10.8
OIND 9 5/4 39.6 + 4.2
Healthy controls 21 10/11 38.1+8

TABLE 2 | Characteristics of multiple sclerosis (MS) patients and controls. North
American Cohort of MS patients. ND: Non-disclosed, FH: Family History; AlD:
Autoimmune Disease; AITD: autoimmune thyroid disease.

Patient ID Age Gender MS type FH of Rx

AID
Pal 35 F RR MS No No
Pa2 51 M RR MS No No
Pa3 46 F RR MS MS No
Pa4 ND F RR MS ND No
Pa5 75 F SP MS MS No
Pa6 40 M PP MS No No
Pa8 48 F RR MS No No
Pail 47 F MS ND ?
PaJ 67 F PP MS MS, AITD No
Solutions

The standard extracellular solution used in patch clamp
experiments contained 135mM NaCl, 5mM KCl, 1mM
CaCl,,1 mM MgCl,, and 10 mM HEPES, pH 7.4; osmolality,
280 mOsmol/kg). The standard pipette solution was composed
of 100 mM KCl, 40 mM KF, 1 mM CaCl,, 1 mM MgCl,, 10 mM
EGTA, and 10 mM HEPES, pH 7.4; osmolality, 290 mOsmol/kg),
having low calcium concentrations, well below the K¢, channel
activation threshold (Poulopoulou et al., 2008). Pipettes were
filled with solutions filtered through a 0.22 um-syringe filter
(Thermo Scientific). Modified solutions were also used in
some experiments and their composition is stated in the text.

Electrophysiological Recordings

All patch clamp experiments were performed in the whole-cell
configuration. We focused on patch clamping small size (resting)
T cells (average cell capacitance 1.6 pF) and avoided the enlarged
ones. Membrane currents were measured in the whole-cell
configuration of the patch clamp technique, as previously
described (Poulopoulou et al., 2005a). Membrane currents
were corrected for liquid junction potentials. Pipettes were
fabricated from R-series Borosilicate Glass Capillaries (World
Precision Instruments, Sarasota, FL) using a two-stage puller (L/
M-3P-A; List Medical) and had resistances between 3 and 5 MQ).
All experiments were performed at room temperature (20-25°C).
Currents were low-pass filtered at 2 kHz. Kv1.3 currents were

Treated/untreated Disease duration EDSS
(years)
26/12 85+57 35+1.8
13/7 6.7 +4.8 2+1.2
13/5 109 + 5.8 483 +1.3
2/4 28+15 15+14
9/0 1,3+0,8 —

recorded in response to 150 ms voltage ramps from —100 to
+100 mV, out of a holding potential of ~90 mV. Peak currents
were also measured from the same holding potential, in
response to 1000-ms voltage-steps from —80 to +40 mV, in
15mV increments, given every 60s, and conductance-to-
voltage curves (g-V) were constructed using the chord
equation (Hille, 2001). The voltage dependence of steady-
state inactivation was estimated by clamping the cell
membrane at -90 mV and then stepping to various pre-pulse
potentials (—120 to 0 mV, in 15-mV increments) for 100 s and
then to a test pulse of +40mV for 100ms. Current
measurements were performed using the pClamp software
(Axon Instruments). The majority of T cells studied were
resting T cells (cell capacitance 1.6 pF). To normalize for cell
size, we determined channel density/um? of cell surface area, by
dividing the average channel number/cell by the average cell
surface area, determined from cell capacitance measurements
(1 pF = 100 um?). Data were further analyzed using Origin
technical graphics and data analysis program (OriginLab
Corp., Northampton, MA). Peak conductance-to-voltage and
steady-state inactivation curves were fitted to Boltzmann
functions. Kinetic parameters were calculated by fitting
whole-cell currents to the Hodgkin-Huxley n4 j kinetic
model (Cahalan, et al., 1985).

RNA Preparation, Reverse Transcription,

and Polymerase Chain Reaction

Total RNA isolation and ¢cDNA synthesis were performed as
follows (Poulopoulou et al., 2005b): 1 pl of cDNA synthesized by
2 ug of total RNA, extracted using the RNAeasy kit (Qiagen,
Chatsworth, CA) following the manufacturer’s instructions. The
PCR amplification was performed in a final volume of 50 pl
(1xPCR Buffer, 200 ul of each dNTP, 25 pmol of each primer and
2.5l of HotStarTaq DNA Polymerase (Qiagen). All samples
used had produced negative results when total RNA was used
instead of cDNA, confirming the absence of DNA contamination
from the sample. The efficacy and the integrity of the cDNA in all
our samples were assessed by the amplification of the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The initial denaturation step of the PCR was
performed at 94°C for 15 min followed by 35 cycles at 94°C
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for 1 min for Kv1.3, TASK-2 and KCa3.1 gene and 30 cycles for
GAPDH gene, at the appropriate annealing temperature (54° C
for all four genes) for 1 min and at 72°C for 1 min. The last cycle
was followed by a final extension step at 72°C for 10 min. The
PCR products were subjected to electrophoresis in 1.5 (w/v)
agarose gels.

PCR products that were run in 1.5 (w/v) agarose gels
demonstrated: one band with a molecular size of 103 bp,
corresponding to Ky1.3 transcripts, one band with a molecular
size of 106 bp, corresponding to TASK-2 transcripts, one band
with a molecular size of 125bp, corresponding to KCa3.1
transcripts and one band with a molecular size of 117 bp,
corresponding to GAPDH transcripts.

The intensity of each band was measured by densitometric
scanning, and the value of each Kv1.3, TASK-2 and KCa3.1 band
from each sample was normalized to the intensity value of the
housekeeping gene Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) (Poulopoulou et al., 2005b). The RefSeq accession
number, the sequence of the PCR primers, the number of cycles
and the amplified fragment size, were as follows:

Kvl.3:  (NM_002232.5) F:5-GTGTCTTGACCA
TCGCATTG-3’, R5-ACGTGCATGTACTGGGATTG-
3, 35 cycles, bp:103; TASK-2: (NM_0037404) FE:.5-
TGGTGATCCCACCCTTCGTA -3, R: 5-ACAAAG
TCACCGAAGCCGAT-3’, 35 cycles, bp:106; KCa3.1
(NM_002250.3): F:5-ATGCAGAGATGCTGTGGTTCG-
3’ R:5-GACCTCTTTGGCATGAAAGGC-3), 35 cycles,
bp:125; GAPDH: (NM_002046.7) F:5-CTCCAAAATC
AAGTGGGGCG-3, R:5-ATGATGACCCTTTTGGCTC
CC -3’, 30 cycles, bp:117.

Human brain total RNA was purchased from TAKARA BIO
and was used as our positive internal control for all primers.

Flow Cytometry Experiments

Kyl.3 expression was detected on peripheral blood
mononuclear cells by flow cytometry using a validated
fluorescein-conjugated ShK-F6CA assay. ShK-F6CA is a
highly specific Ky1.3 inhibitor that blocks the channel with
low picomolar affinity and binds to the channel tetramer
(Beeton et al., 2003). Peripheral blood T cells were washed
twice with phosphate buffered saline (PBS) and incubated in the
dark at room temperature with 100 nm ShK-F6CA in PBS +2%
goat serum (Sigma) for 30 min and then washed 3x with PBS
+2% goat serum before flow cytometry analysis. Stained
mononuclear cells were analyzed by flow cytometry on a BD
Biosciences FACScan as described previously (Beeton et al,
2003). Data were further analyzed using CellQuest software. For
each subject, staining intensity was compared between cells
stained with ShK-F6CA versus unlabeled ShK using the
Kolmogorov-Smirnov Test (Cell Quest software) to subtract
autofluorescence (D values).

Statistics
Statistical analysis was performed using Student’s t test with an
accepted level of p < 0.05. For multiple comparisons one-way analysis

Kv1.3 Up-Regulation in MS T Cells

of variance was applied with Bonferroni post hoc correction.
Normality of data was assessed using the Kolmogorov-Smirnov
test. The goodness of data fit to exponential or Boltzmann
functions was evaluated with the Hamilton’s R coefficient. All
results presented in the text are mean + standard error.

RESULTS

T Lymphocytes of MS Patients Exhibit
Higher Kv1.3 Currents Compared to Healthy

and Disease Controls

Previous studies of MS patients measured Kv1.3 expression in
antigen-specific T cell lines or MHC-tetramer-sorted T cells that
had been activated and expanded through repeated in vitro
antigenic stimulations before patch clamp analysis (Wulff et al,
2003; Beeton et al., 2006). Here, we performed whole-cell patch
clamp experiments in negatively selected, freshly isolated T cells
from MS patients and various control groups in order to investigate
the biophysical characteristics of Kv1.3 currents and calculate the
number of functional channels/surface area of each cell.

We recorded outward potassium currents in response to voltage
ramp protocols (see methods section) (N = ~70 T cells/subject). In a
subset of these cells (N = ~20 T cells/subject) we also recorded
currents in response to: 1) voltage-step activation and 2) steady-
state inactivation protocols (see methods section). Cell capacitance
was constantly monitored. Currents were identified as Kv1.3 based
on the presence of cumulative inactivation, a distinctive property of
Kv1.3 and their total inhibition by 1 nM of the Kvl.3-selective
blocker ShK-186 (Matheu et al., 2008). Kinetic measurements of
Kv1.3 current activation and inactivation and calculated whole-cell
activation and steady-state inactivation conductance-to-voltage
relations showed that Kv1.3 currents from MS T lymphocytes
have similar biophysical characteristics with currents recorded
from either healthy individuals or patients with other
neurological disorders (Table 3). Interestingly, T lymphocytes
isolated from MS patients (n = 38) exhibited currents with
significantly higher peak amplitudes than those of healthy (n =
21) and disease controls (n = 31) (Figures 1A,B). Given that Kv1.3
currents from both MS patients and controls have similar gating
and kinetic properties, it follows that the increased current
amplitude in MS T lymphocytes is due to up-regulation in the
number of Kv1.3 channels.

Channel-Specific Protocols Exclude
TASK-2 Contribution in the Potassium
Current Up-Regulation of MS T
Lymphocytes

An earlier study (Bittner et al., 2010) has also reported increased
potassium currents in T cells of MS patients but they attributed this
up-regulation to pH-sensitive TASK-2 channels, rather than Kv1.3
channels. For this reason, we examined the potential contribution of
TASK-2 conductance to our potassium current recordings by taking
advantage of the very distinct biophysical properties of these channels.
TASK-2 channels are voltage-independent, non-inactivating, do not
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TABLE 3 | Electrophysiological properties of Kv1.3 channels, in patients with multiple sclerosis (MS) (n = 38) and control groups (n = 52). Data are presented as means +
SEM. (t,: activation time constant; t;: inactivation time constant; V,: potential of half-maximal activation; V;: potential of half-maximal steady-state inactivation; lax: peak
current amplitude following depolarization to +40 mV; C.,: membrane capacitance).

Group Activation T T V, V; Imax Cm Kv1.3
threshold (ms) (ms) (mV) (mV) (pA) (pF) channel
density
(channels/
um?)
Definite MS -356mV 34+04 169 + 4.2 -323+25 -535+ 1.9 636.3 + 29.3 1.67 + 0.1 25 +0.04
Relapsing remitting -35mV 35+03 167 £ 3.2 -31.8+2.1 -53.1+22 596.7 + 32.2 1.68 + 0.1 2.4 +0.04
Secondary -356mV 34+05 171 +5 -32.7£26 -53.7 + 2.1 680.5 + 28.4 1.65+0.2 2.7 £ 0.05
progressive
CIs -35mV 35+03 169 + 4.7 -31.9+25 -52.8+2.3 432.6 + 36.8 1.80 + 0.1 1.8 £ 0.09
OND -36mV 3.6+05 172 £ 51 -323+3 -51.6+ 1.9 449.2 + 35.1 1.6+02 1.8+0.0.7
OIND -35mV 3.8+04 173+ 4.4 -32+24 -51.9 +2 435.66 + 31.9 1.68 + 0.1 1.8+ 0.1
Healthy controls -36mV 35+03 171+ 4.4 -33.1+26 -535+ 1.8 455.3 + 29.5 1.65 + 0.1 1.8 +0.05
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FIGURE 1 | Patch clamp data from T cells of MS patients and healthy controls. (A): Higher current responses in MS T cells. Whole-cell currents from T lymphocytes
bathed in extracellular solution of pH 7.4 with their membrane clamped at —90 mV. MS T cells (N = 855) have higher peak K\1.3 amplitudes than controls (N = 1,258). (A1-A3):
Representative Ky1.3 currents elicited by 1000-ms depolarizing pulses in 15-mV increments, given every 60 s are displayed at physiologically relevant potentials (-50 to +10 mV)
for reasons of clarity. (B): T cell Kv1.3 currents in SPMS have significantly higher mean peak amplitudes than both RRMS and healthy controls. (B1): Increased peak Kv1.3
conductance, in MS patients compared to healthy individuals. Peak current amplitudes in response to voltage step protocols were converted to conductance (g) values, averaged
and plotted against the corresponding voltage for SPMS (*), RRMS (O ) and healthy controls (7)) (g-V curves). The average maximal peak conductance was 5.49 + 0.22 for SPMS
(n = 18 patients, N = 415 cells), 4.7 + 0.19 for RRMS (n = 20 patients, N = 440 cells) and 372 + 0.25 for healthy individuals (n = 21, N = 542 cells) (o < 0.001). Data shown are
average values +S.E. Plots are fitted to Boltzmann functions. (B2): Representative whole-cell currents of a healthy individual, an RRMS patient and a SPMS one, in response to
voltage-ramps (=100 to +100 mV). Both RRMS and SPMS T cells have higher peak amplitudes than T cells of their control counterparts, while SPMS T cells present higher peak
amplitudes than the RRMS patients (B3): Left: Average peak Kv1.3 currents, in response to +40 mV voltage steps, were 680.5 + 28.4 for SPMS (n = 18 patients, N = 415 cells),
596.7 + 32.2 for RRMS (n = 20 patients, N = 440 cells) and 455.3 + 29.5 for healthy controls (n = 21, N = 542 cells) (+++: p < 0.001). Right: Average peak currents in response to
voltage ramps were 710.21 + 29.9 for SPMS (n = 18 patients, N = 1,410 cells), 624.1 + 31.5 for RRMS (n = 20 patients, N = 1,480 cells) and 494.3 + 30.2 pA for healthy controls
(n =21, N = 1,510 cells) (== p < 0.001). One way ANOVA with Bonferroni post hoc correction was applied for statistical analysis.

exhibit cumulative inactivation, and their opening is facilitated by ~ (Morton et al, 2005). As seen in Figure 2A currents elicited under
alkaline pH (Morton et al,, 2005). Thus, we exposed T cells to an  these conditions had very small amplitude and did not differ between
alkaline extracellular solution (pH 8.5) to enhance opening of TASK-2 ~ MS patients (11.9 + 048 pA for SPMS n = 12, 12.2 + 0.53 pA for
channels, and used a 0 mV holding potential to inactivate all Kv1.3 ~ RRMS n = 14) and healthy controls (11.2 + 0.6 pA n = 15). These
channels—(Hajdu et al,, 2010) without impacting TASK-2 channels ~ small currents were voltage-independent, non-inactivating, and had a
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Average values +SE were: 11.9 + 0,48 pA for SPMS (n = 12, N = 235 cells), 12.2 + 0,53 pA for RRMS (n = 14, N = 282 cells) and 11.2 pA + 0,6 for healthy subjects (n =
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reversal potential of 5 mV which is close to the reversal potential of
chloride (0mV) or of non-selective cations (0 mV) rather than
potassium (-83.5mV) (Figure 2A); we did not further
characterize these currents because it was out of the scope of this
investigation. Therefore, under TASK-2 favoring conditions, we were
unable to detect any measurable TASK-2 conductance in T cells of
either MS patients or healthy individuals. This is in line with previous
studies that also did not detect TASK-2 currents in T cells (Hajdu et al,,
2010), and reported Kv1.3 and calcium-activated channels KCa3.1 as
the only functional potassium channels in human and rat T cells
(Chiang et al., 2017).

Next, we recorded currents from T lymphocytes bathed in acidic
extracellular solution (pH 6.3), where TASK-2 activation is minimal
(Morton et al, 2005) and if present their contribution will be
negligible. Currents were elicited from a holding potential of
-90 mV in response to membrane depolarizations delivered every
60s. Under these TASK-2 hindering conditions, T cells exhibited
currents with biophysical properties characteristic of Kv1.3 (fast
activation, slow inactivation and cumulative inactivation), and with
amplitudes significantly higher in MS (496.06 + 34.5 pA for SPMS
n=12,435.0811.9 + 32.1 pA for RRMS n = 12) than control T cells
(332.36 + 28.9 pA n = 14) (Figure 2B p < 0.001). These results
corroborate and support our data obtained with regular
extracellular solutions (pH 7.4) and validate the characterization
of our currents as bona fide Kv1.3. Taken together, our findings
indicate that PB T lymphocytes from MS patients express Kv1.3
currents with significantly higher amplitude than PB T cells from

controls (680.5 + 28.4 for SPMS vs 596.7 + 32.2 for RRMS and
455.3 + 29.5 for CNTs at pH 7.4).

Kv1.3 Channel Membrane Density is

Increased in MS T Lymphocytes

The finding that PB T lymphocytes of MS patients manifest higher
Kv1.3 currents could be due to either a larger cell size or an increase
in the membrane density of Kvl.3 channels. Based on cell
capacitance measurements, T lymphocyte sizes were similar in
MS patients (average Cm = 1.67 pF) and healthy controls (average
Cm = 1.65pF). The above capacitance values indicate that
recordings were made from resting rather than activated T cells.
Furthermore, calculation of the Kv1.3 channel densities/um? of cell
surface, as described in the methods section, showed that T cells
had significantly higher Kv1.3 channel densities in MS, (n =38, N =
852 cells) compared to healthy individuals (n = 21, N = 540 cells),
or patients with OND (n = 16, N = 335 cells), CIS (n = 6, N = 130
cells) and OIND (n = 9, 253 cells) (Figure 3A1, p < 0.001). The
higher Kv1.3 channel density in MS is not because a minority of
cells (eg, activated TEM cells with a Kv1.3"8" phenotype)
expressed high numbers of Kv1.3 channels and skewed the
average. Of 855 MS-patient T cells studied with voltage step
protocols, 86% had a channel density greater than 2.1 channels/
um’, whereas only 15% of 1,258 control T cells studied (healthy
individuals, OND, OIND, CIS) had a channel density above this
cut-off value. Therefore, these results indicate that the majority of
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FIGURE 3| (A): Calculated Ky1.3 channel densities per T lymphocyte from whole-cell currents recorded from a holding potential of ~90 mV. (A1): K\/1.3 channel densities in

MS patients (n = 38, N = 852 cells) are significantly higher (o < 0.001), compared to healthy control subjects (n = 21, N = 540 cells), patients with: clinically isolated Syndrome (CIS)
(n =6, N =130 cells), other neurological disorders (OND) (n = 16 patients, N = 335 cells), and other inflammatory neurological disorders (OIND) (1 = 9 patients, N = 253 cells). Each
symbol represents mean values for each individual patient and error bars are standard deviation of the mean. Red horizontal lines with red error bars correspond to the
average value +standard error for each group. Comparisons are shown only for statistically significant differences (##: p < 0.001). One way ANOVA with Bonferroni post hoc
correction was applied for statistical analysis. (A2): Sub-grouping of MS patients showed significantly higher Ky1.3 channel densities in Secondary Progressive Multiple Sclerosis
(SPMS) (n = 18 patients, N = 415 cells), compared to Relapse Remitting Multiple Sclerosis (RRMS) (n = 20 patients. N = 440 cells). Values shown are mean + SD for each subject.
Red horizontal lines correspond to the average value +standard error for each group. (o < 0.001). (== p < 0.001). (A3) In acidic extracellular solution, where TASK-2 activation is
negligible, Kv1.3 channel densities are significantly higher in T cells of patients with SPMS (n = 12, N = 230 cells), compared to both RRMS (n = 12, N = 252 cells) and healthy
controls (n =14, N = 310 cells). Individual marks represent mean + SD for each subject; red horizontal lines and bars represent average +SE. (##+: p < 0.001, **: p < 0,01). (B). Effect
of MS severity (MMSE score), duration (years) and immunomodulatory treatment on Ky1.3 current density. (B1-B1’). K\1.3 density was not affected by immunomodulatory
treatment in RRMS [treated: 357.7 + 34 pA/pF, (n = 14); untreated: 350.2 + 27 pA/pF, (n = 6),] or SPMS patients [treated: 426.8 + 38.3 pA/pF (n = 13); untreated: 412.9 + 39 pA/
pF, (n = 5)]. Average values +SE are shown (ns: non-significant). (B2-B2'). In RRMS, K/1.3 current density did not correlate with either EDSS (?=0.05, p = 0.7) or disease duration
(® = 0.1, p = 0.3). (B3-B3’). In SPMS, correlations were also non-significant for either EDSS ( = 0.11, p = 0.5) or disease duration (> = 0.16, p = 0.6).
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resting T-cells in MS exhibit an elevated Kv1.3 channel density
and suggest that Kv1.3 expression may be a useful biomarker to
distinguish MS from other CNS inflammatory disorders.

Sub-grouping of MS patients into relapsing-remitting (RRMS)
and secondary progressive (SPMS) disease revealed that T
lymphocytes of SPMS patients had significantly higher Kv1.3
current amplitudes (Figure 1B, p < 0.001) and channel
membrane density (Figure 3A2, p < 0.001) than T
lymphocytes of RRMS patients. Similar results were obtained
from experiments performed in acidic (6.3) pH, where, as
aforementioned, TASK-2 activation is minimal. Under these
conditions T lymphocytes from SPMS patients had
significantly higher Kv1.3 densities compared to both RRMS
patients and healthy controls (Figure 3A3).

For both RRMS and SPMS subgroups, there was no significant
correlation between Kv1.3 channel density and either
immunomodulatory treatment (Figures 3B1,B1’), disability or
disease duration (Figures 3B2,B2’,tB3,B3’). Therefore, increased
Kv1.3 expression in T cells is correlated to the subtype of MS rather
than any other parameter we tested.

Enhanced Kv1.3 mRNA Expression in T
Lymphocytes From MS Patients Compared
to Controls

Following the functional studies that showed a specific up-
regulation in Kvl.3 current responses in MS, we went on to
assess the expression levels of all potassium-channel gene
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FIGURE 4 | (A). Expression of Kv1.3, TASK-2 and KCa3.1 mRNA in T lymphocytes of patients with multiple sclerosis. (A1): Agarose gel image from PCR products of Ky1.3,
TASK-2, KCa3.1 and the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in T lymphocytes of four healthy control subjects (lanes CNT 1-4) and four
patients with multiple sclerosis (lanes MS 1-4). The PCR products demonstrated: a band with a molecular size of 103 bp, corresponding to K1.3, aband of 106 bp corresponding
to TASK-2, a band of 125 bp corresponding to KCa3.1, and a band of 117 bp corresponding to GAPDH transcripts. MS patients gave Ky1.3 bands of higher intensity

(1.32 £ 0.18, n = 34) compared to healthy controls (0.76 + 0.16, n = 20, p < 0.001) and similar intensities for the TASK-2 (controls 0.78 + 0.12, MS 0.77 + 0.1) and KCa3.1 (control
1.12 + 0.14, MS 1.06 + 0.11) bands in these samples. In the same samples the bands of the housekeeping gene GAPDH had similar intensities. (A2): Agarose gel image of the
PCR products of GAPDH, Kv1.3, TASK-2 and KCa3.1 amplified from cDNA derived from commercially available human whole brain (HWB) RNA. HWB was used as positive
interal control for all the sets of primers we designed. Standard 100 bp ladder testify that the PCR products of GAPDH, Kv1.3, TASK-2 and KCa3.1 obtained by HWB RNA are of
the expected size (117, 103, 106, and 125 bp, respectively). (B): Up-regulation of Ky 1.3 mRNA in T lymphocytes of patients with multiple sclerosis. (B1): Relative levels of Ky1.3
mMRNA, calculated as a ratio to GAPDH in healthy control subjects (n = 20) and patients with either relapsing-remitting (RRMS, n = 18) or secondary progressive multiple sclerosis
(SPMS, n = 16). A statistically significant increase of Ky/1.3 mRNA expression was observed between either RRMS (1.28 + 0.18) or SPMS (1.36 + 0.19) and control subjects (0.76 +
0.16). (==: p < 0.001). (B2): Relative TASK-2 mRNA expression in healthy controls (0.78 + 0.12, n = 11), RRMS (0.79 + 0.1, n = 10) and SPMS patients (0.74 + 0.1, n = 9). (B3):
KCa3.1 expression in healthy subjects (1.12 + 0.14, n = 11), RRMS (1.04 £ 0.11, n = 9) and SPMS (1.08 + 0.13, n = 9). TASK-2 and KCa3.1 mRNA expression did not differ
significantly between controls, RRMS and SPMS (ns: non-significant). All values are mean + SE. (C). Higher expression of Kv1.3 channels detected by flow cytometry in the
peripheral blood T cells of patients with MS. (C1): Kv1.3 channel expression by T lymphocytes was determined in parallel by whole-cell patch clamp (y axis) and by flow cytometry (x
axis). R? = 0.79. (C2): Kv1.3 expression levels measured by flow cytometry in T lymphocytes isolated from the peripheral blood of healthy controls (squares), and patients with MS.
A statistically significant increase of Kv1.3 expression was observed in T cells from MS patients compared to controls (D value = 0.22 + 0.04 vs 0.37 + 0.06; p < 0.001).

products reported to be expressed in human T cells, namely, Kv1.3,
KCa3.1 and TASK-2 in MS patients and control subjects. We
performed semi-quantitative PCR using as reference the mRNA
of the housekeeping gene GAPDH. As shown in Figure 4A, PB T
lymphocytes from both MS patients and controls yielded specific
band products of the predicted size for all three potassium channels

tested. Interestingly, T lymphocytes of MS patients had significantly
higher expression levels of Kv1.3 mRNA (mean expression ratio:
1.32 + 0.18, n = 34) as compared to T lymphocytes of healthy
individuals (0.76 + 0.16, n = 20, p < 0.001) (Figure 4B). Thus, MS
T cells exhibit a parallel increase of Kv1.3 mRNA expression and of
the number of functional Kv1.3 channels.
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FIGURE 5 | Kv1.3 channel up-regulation enhances signaling in MS T cells. Upon TCR antigenic (Ag) stimulation, the IP3-induced calcium release from the
intracellular stores (ER) causes on one hand membrane depolarization (Vm), followed by a Kv1.3 channel-mediated hyperpolarization and on the other, the formation of
conductive Calcium Release Activated Calcium (CRAC) channels; in MS-T cells this hyperpolarization will be of increased magnitude due to higher Kv1.3 channel density.
This in turn will translate into a stronger than physiological driving force for calcium ions (Ca2*) through CRAC channels and therefore a cytosolic calcium signal of
amplified intensity and duration that in turn will potentiate the effectiveness of the immune stimulus, and may even allow sub-threshold stimuli to reach activation
threshold, priming T cell activation that otherwise would not. Additionally all calcium-dependent processes that follow the successful activation of MS T cells, such as
cytokine production, cytokine secretion and proliferation, will be heightened. Moreover, the immune stimulus-induced Kv1.3 activity in these cells, will increase p1-
integrin activation, facilitating their adhesion and cytokine-induced migration into the CNS.

Additionally, Kv1.3 mRNA expression within MS sub-groups  (Bittner et al., 2010); however, in our hands these primers did
was slightly higher in SPMS patients (1.36 + 0.19, n = 16)  notyield any detectable products at the expected size neither from
compared to those with RRMS (1.28 + 0.18, n = 18), but the  mRNA isolated from human T lymphocytes nor from
difference did not reach statistical significance (Figure 4B1). commercially available human brain total mRNA (TAKARA).

We did not detect any significant differences in the expression
levels of KCa3.1 (control 1.12 + 0.14, MS 1,06 = 0.11) and TASK-
2 (controls 0.78 + 0.12, MS 0.77 + 0.1) mRNA products (Figures Enhanced Levels of . . .
4B2,B3). Therefore, based on our data MS patients present a Kv1.3 Membrane-Protein Expression in a
specific up-regulation in the constitutive expression of the Kv1.3 Second MS Cohort
gene product. In a cohort of MS patients from North America, cell surface

Our data do not support previous findings reporting increased ~ expression of Ky1.3 was measured in freshly isolated peripheral
TASK-2 mRNA in MS (Bittner et al., 2010). This discrepancy ~ blood mononuclear cells using a validated fluorescein-conjugated
could reflect differences in the experimental methods and in the ~ ShK-F6CA assay. ShK-F6CA blocks Ky1.3 with low picomolar
set of primers used by the two groups. At this point it is worth  affinity and exquisite selectivity by binding to the channel
mentioning that initially, we tried the same pair of primers for ~ tetramer (Beeton et al, 2003). The intensity of ShK-F6CA
TASK-2 mRNA detection used in the aforementioned study  staining reflects the number of Kv1.3 tetramers on the cell
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surface (Beeton et al, 2003). We found a strong correlation
between the mean fluorescent intensity of ShK-F6CA staining
with the number of Ky 1.3 channels/cell determined by whole-cell
patch clamp (Figure 4Cl1). Peripheral blood mononuclear cells
from North American MS patients expressed higher ShK-F6CA
staining than cells from healthy individuals, which is indicative of
more cell surface Ky1.3 tetramers (Figure 4C2, p < 0.001).

DISCUSSION

In this study we report that T lymphocytes of MS patients
specifically express higher levels of the voltage-gated potassium
channel Kv1.3 than their control group counterparts. This
Kv1.3 up-regulation in MS is evident at the cell surface
protein level, the density of functional channels and at the
amount of mRNA.

These results are at odds with an earlier report that presented
TASK-2 specific up-regulation in T cells of MS patients (Bittner
et al., 2010). Our experiments diminish the possibility of a
TASK-2 contribution in our potassium current recordings and
fail to show the presence of any detectable functional TASK-2
channels in freshly isolated unsorted resting human T
lymphocytes under our experimental conditions that differ in
the composition of the recording solutions, the voltage
protocols (holding potential, inter-pulse duration) and the
use of sorted (CD4" and CD8* T cells) vs unsorted T cells.
This finding is consistent with other reports that either failed to
record TASK-2 currents or report that the only potassium
channels in human and rat T cells are Kvl.3 and KCa3.1
(Hajdd et al, 2010; Chiang et al, 2017). Additionally, we
show that although TASK-2 mRNA is constitutively
expressed in PBT lymphocytes, it is only the Kvl.3 mRNA
that is up-regulated in MS. These discrepancies however, may
merely reflect differences in the experimental conditions
(primers, cycles or enzymes) or the T cell subpopulation
tested (MACS-sorted CD8* PB T cell vs unsorted PB T cells).

Earlier studies have demonstrated the specific presence of
myelin auto-reactive Tgy cells in the PB of MS patients (Wulff
et al., 2003), that when activated acquire a Kv1.3"€" phenotype.
Therefore, it is only just for someone to wonder if in our
experiments, recordings from a few Kv1.3"®" T lymphocytes
could have skewed our average data to show increased Kv1.3
channel density in MS. However, according to our data more than
85% of MS T lymphocytes had augmented Kvl1.3 current
responses; moreover the majority of clamped cells had a small
size (1,6 pF), consistent with resting rather than activated T
lymphocytes. Therefore, our data support a global increase of
Kv1.3 channel density in resting T lymphocytes of MS patients
and do not seem to concern a minor subpopulation of these cells
because otherwise we would not be able to detect it. This increase
goes along with a concomitant amplification in the constitutive
levels of Kv1.3 mRNA, suggesting that the up-regulation of Kv1.3
channels in MS is the product of an enhanced gene transcription
rather than of a translational or post-translational modification.
This could be the result of either genetic or epigenetic factors and
warrants further investigation.

Kv1.3 Up-Regulation in MS T Cells

The finding of a specific Kv1.3 up-regulation in the PBT
lymphocytes of patients with MS, complements a long line of
evidence that strongly supports Kv1.3 channel involvement in MS
pathophysiology, such as: the presence of Kv1.3"8" Tpy cells in
the inflammatory lesions of MS brains (Rus et al.,, 2005); the
association of a Kv1.3 gain-of-function gene polymorphism with
MS severity (Lioudyno et al,, 2021); the Kv1.3 up-regulation in
brains of animals with experimental allergic encephalomyelitis
(Bozic et al, 2018); the finding that Kv1.3 pharmacological
blockade or Kv1.3 gene-silencing in animal models of MS 1)
renders mice resistant to experimental allergic encephalomyelitis
(Beeton et al., 2001), 2) decreases demyelination (Murray et al.,
2015), and 3) drives T cells toward an immune-regulatory
phenotype (Gocke et al., 2012).

The pathophysiological relevance of the increase in the density
of active Kv1.3 channels in T lymphocytes of MS patients can
only be evaluated if we take into account the role of these channels
in T lymphocyte processes that determine the fate and function of
these cells. As aforementioned, Kv1.3 are the main potassium
channels of T lymphocytes at rest and during the initial steps of
the activation process and their functional relevance is
underscored by their localization in the immune synapse
(Panyi al, 2004) that fulfills the spatiotemporal
requirements for their participation in the activation-signaling
network. Activation of Kv1.3 channels generates graded negative
membrane potentials proportional to the potassium ions flowing
out of the cell Membrane hyperpolarizations are of crucial
biological importance for the activation of T lymphocytes
because they provide the necessary negative electromotive
force that enables calcium ions to flow into the T lymphocytes
through CRAC channels, thus sustaining the cytosolic calcium
elevations in order for the activation process to proceed. From the
above it becomes evident that the activity of Kv1.3 channels is
directly linked to the amount of calcium ions that enter the cell.
On the other hand, the activity of Kv1.3 is dictated by the density
of functional channels on the plasma membrane and by their
opening probability, which is governed by the degree of
membrane depolarization. Consequently, similar antigenic
stimulations in resting T lymphocytes of the same subset will
produce calcium signals of different magnitude and duration
when membrane densities of functional Kv1.3 channels vary
(Figure 5).

Based on the above, the Kv1.3 up-regulated phenotype of T
lymphocytes could account for and is consistent with the previously
reported enhanced calcium responses (Martino et al., 1998) and
T cell hyper-responsiveness in MS. The predicted increase of calcium
influx through CRAC channels in MS T cells, is expected to enhance
the production of proinflammatory cytokines (e.g. interferon-y,
interleukin-17 and Tumor Necrosis Factor o), known to be
associated with MS pathogenesis (Wagner et al, 2020), via
calcineurin-NFAT (Nuclear factor of Activated T cells) activation
(Gwack et al., 2007); it is also expected to render these cells less
dependent on co-stimulatory signals (Markovic-Plese et al., 2001)
and more resistant to co-inhibitory ones (Fife and Bluestone, 2008)
and therefore to be one of the underlying factors that drive T cell
function in MS away from a context-specific responsiveness and
immune homeostasis.

et
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Stronger hyper-polarizations following T lymphocyte stimulation
in MS, would act as signal enhancers and thus buoy weak stimuli
(low affinity antigens, low antigen titters or antigen peptides with low
homology to the cognate ones) to reach activation threshold. The
propensity for immune activation by the Kv1.3 up-regulation in MS
may at least partly explain the presence of activated T cells, especially
the myelin-specific ones (Zhang et al., 1994) that characterise this
disorder. Moreover, activation of Kv1.3 channels induces f1-integrin
receptor activation and promotes T cell adhesion and migration
(Levite et al, 2000) and Kvl.3 channels have been shown to
modulate T cell motility within inflammatory tissues (Matheu
et al, 2008). Thus increased Kvl.3 expression will favor
trafficking of MS T cells to inflammatory sites within the CNS,
where they may contribute to myelin destruction.

The increased Kv1.3 channel density in MS could negatively
interfere with the immune mechanisms responsible for deleting
potentially pathogenic T cells from the periphery in order to
sustain immune homeostasis and avert autoimmunity. Namely,
the CD95/Fas apoptotic pathway has Kv1.3 down-regulation as
one of the first steps (Szabo et al., 1996); consequently Kv1.3 up-
regulation may confer a degree of resistance to Fas-induced
apoptosis in MS T-lymphocytes. Aberrations in this pathway
have been linked to autoimmunity and more specifically to MS
(Volpe et al., 2016).

From the above it is valid to argue that T lymphocyte
Kv1.3 up-regulation in MS may be an important factor in
disease pathogenesis. Strikingly, we found significantly higher
Kv1.3 channel expression in SPMS compared to RRMS; the
underlying cause of this finding cannot be explained by our
data and warrants further investigation. It could represent a
disease stage-specific enhancement in the functional expression
of Kv1.3 channels due to different levels of systemic immune
activation; interestingly it has been reported that SPMS T
lymphocytes  show  significantly reduced Fas-mediated
apoptosis compared to RRMS (Comi et al., 2000), a finding
that could be accounted for by the enhanced Kv1.3 channel
expression in SPMS. Alternatively, based on a recent genetic
study that as aforementioned, associates a gain-of-function Kv1.3
gene polymorphism to a more aggressive disease course
(Lioudyno et al, 2021), one may propose that the higher
Kv1.3 expression in the SPMS group could merely reflect a
history of more active disease tending to progress to the SPMS
phenotype with a higher frequency.

In summary, our study is in line with a body of evidence
showing that Kv1.3 channels may be involved in MS and supports
the pharmacological inhibition of their activity as a potential
treatment for the disease, especially for SPMS, where treatment
options are limited. Moreover, the specificity of Kv1.3 up-
regulation for MS compared to other neurological disorders
with or without inflammation, strongly supports the use of
Kv1.3 expression as a peripheral biomarker for the disease.

REFERENCES

Beeton, C., Wulff, H., Barbaria, ., Clot-Faybesse, O., Pennington, M., Bernard, D.,
et al. (2001). Selective Blockade of T Lymphocyte K (+) Channels Ameliorates

Kv1.3 Up-Regulation in MS T Cells

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 author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Scientific and Ethics committee of St
Panteleimon General State Hospital of Nikaia. Patients came
from either the outpatient department or the neurological clinic
of the above Hospital; Informed consent for blood sample
collection as well as for clinical and demographic data use was
obtained from all participating subjects. Blood samples for the US
cohort were collected with IRB approval (Mkhikian et al., 2011, 2:
334, doi: 10.1038/ncomms1333) and banked de-identified. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

IM: data acquisition and analysis, drafting of manuscript and
figures; IC: data acquisition and analysis, drafting of manuscript
and figures; CB: data acquisition and analysis, drafting of manuscript
and figures; MG: data acquisition, drafting of manuscript; ER: data
acquisition; SA: data analysis; PS: data analysis; MP: design and
synthesis of ShK-F6CA for Kv1.3; KC: design of study, drafting of
manuscript and figures, CP: conception and design of study on
Greek cohort, drafting of manuscript and figures.

FUNDING

MG is co-financed by Greece and the European Union
(European Social Fund-ESF) through the Operational
Programme «Human Resources Development, Education
and Lifelong Learning» in the context of the project
“Strengthening Human Resources Research Potential via
Doctorate Research” (MIS-5000432), implemented by the
State Scholarships Foundation (IKY). Studies on the US
cohort were supported by NIH grants (NS048252 to KC
and MP and AI08226 to MD), and Lee Kong Chian School
of Medicine, Nanyang Technological University (NTU)
Singapore Start-Up Grant (to KC). Blood samples were
kindly provided for the Greek cohort by IM and for the US
cohort by Barbara L. Newton and Michael Demetriou
(Department of Neurology, University of California, Irvine,
California, United States).

Experimental Autoimmune Encephalomyelitis, a Model for Multiple
Sclerosis. Proc. Natl. Acad. Sci. U S A. 98, 13942-13947. doi:10.1073/
pnas.241497298

Beeton, C., Wulff, H,, Singh, S., Botsko, S., Crossley, G., Gutman, G. A, et al. (2003).
A Novel Fluorescent Toxin to Detect and Investigate Kv1.3 Channel

Frontiers in Pharmacology | www.frontiersin.org

40

September 2021 | Volume 12 | Article 714841


https://doi.org/10.1073/pnas.241497298
https://doi.org/10.1073/pnas.241497298
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Markakis et al.

Up-Regulation in Chronically Activated T Lymphocytes. J. Biol. Chem. 278,
9928-9937. doi:10.1074/jbc.M212868200

Beeton, C., Wulff, H,, Standifer, N. E., Azam, P., Mullen, K. M., Pennington, M. W.,
et al. (2006). Kv1.3 Channels Are a Therapeutic Target for T Cell-Mediated
Autoimmune Diseases. Proc. Natl. Acad. Sci. U S A. 103 (46), 17414-17419.
doi:10.1073/pnas.0605136103

Bittner, S., Bobak, N., Herrmann, A. M., Gébel, K., Meuth, P., Héhn, K. G, et al.
(2010). Upregulation of K2P5.1 Potassium Channels in Multiple Sclerosis. Ann.
Neurol. 68, 58-69. doi:10.1002/ana.22010

Boyum, A. (1968). Isolation of Mononuclear Cells and Granulocytes from Human
Blood. Isolation of Monuclear Cells by One Centrifugation, and of Granulocytes
by Combining Centrifugation and Sedimentation at 1 G. Scand. J. Clin. Lab.
Invest. Suppl. 97, 77-89. PMID: 4179068.

Bozic, 1., Tesovic, K., Laketa, D., Adzic, M., Jakovljevic, M., Bjelobaba, L., et al.
(2018). Voltage Gated Potassium Channel Kv1.3 Is Upregulated on Activated
Astrocytes in Experimental Autoimmune Encephalomyelitis. Neurochem. Res.
43, 1020-1034. doi:10.1007/s11064-018-2509-8

Cahalan, M. D., Chandy, K. G., DeCoursey, T. E., and Gupta, S. (1985). A Voltage-
Gated Potassium Channel in Human T Lymphocytes. J. Physiol. 358, 197-237.
doi:10.1113/jphysiol.1985.sp015548

Cahalan, M. D, and Chandy, K. G. (2009). The Functional Network of Ion Channels in
T Lymphocytes. Immunol. Rev. 231, 59-87. doi:10.1111/j.1600-065X.2009.00816.x

Chiang, E. Y., Li, T., Jeet, S., Peng, I, Zhang, J., Lee, W. P., et al. (2017). Potassium
Channels Kv1.3 and KCa3.1 Cooperatively and Compensatorily Regulate
Antigen-specific Memory T Cell Functions. Nat. Commun. 8, 14644.
doi:10.1038/ncomms14644

Comi, C., Leone, M., Bonissoni, S., DeFranco, S., Bottarel, F., Mezzatesta, C., et al.
(2000). Defective T Cell Fas Function in Patients with Multiple Sclerosis.
Neurology 55, 921-927. doi:10.1212/wnl.55.7.921

Fife, B. T., and Bluestone, J. A. (2008). Control of Peripheral T-Cell Tolerance and
Autoimmunity via the CTLA-4 and PD-1 Pathways. Immunol. Rev. 224,
166-182. doi:10.1111/j.1600-065X.2008.00662.x

Gocke, A. R, Lebson, L. A, Grishkan, I. V., Hu, L., Nguyen, H. M., Whartenby, K.
A, et al. (2012). Kv1.3 Deletion Biases T Cells toward an Immunoregulatory
Phenotype and Renders Mice Resistant to Autoimmune Encephalomyelitis.
J. Immunol. 188, 5877-5886. doi:10.4049/jimmunol.1103095

Gourraud, P. A., Harbo, H. F., Hauser, S. L., and Baranzini, S. E. (2012). The
Genetics of Multiple Sclerosis: an Up-To-Date Review. Immunol. Rev. 248,
87-103. doi:10.1111/j.1600-065X.2012.01134.x

Goverman, J. (2009). Autoimmune T Cell Responses in the central Nervous
System. Nat. Rev. Immunol. 9, 393-407. doi:10.1038/nri2550

Gwack, Y., Feske, S., Srikanth, S., Hogan, P. G, and Rao, A. (2007). Signalling to
Transcription: Store-Operated Ca2+ Entry and NFAT Activation in
Lymphocytes. Cell Calcium 42, 145-156. doi:10.1016/j.ceca.2007.03.007

Hajda, P., Szildgyi, O., Toth, A., Krasznai, Z., Pocsai, K., and Panyi, G. (2010).
Answer to the "comment on functional consequences of Kv1.3 ion channel
rearrangement into the immunological synapse" by Stefan Bittner et al.
[Immunol. Lett. 125 (Aug 15 (2)) (2009) 156-157]. Immunol. Lett. 129,
47-49. doi:10.1016/j.imlet.2009.12.026

Hille, B. (2001). Ion Channels of Excitable Membranes. Sunderland, MA:
Sinauer.

Lassmann, H. (2004). Recent Neuropathological Findings in MS--implications
for Diagnosis and Therapy. J. Neurol. 251, IV2-5. doi:10.1007/500415-004-
1402-3

Levite, M., Cahalon, L., Peretz, A., Hershkoviz, R, and Ariel, A. (2000). Extracellular
K(+) and Opening of Voltage-Gated Potassium Channels Activate T Cell Integrin
Function: Physical and Functional Association between Kv1.3 Channels and Betal
Integrins. J. Exp. Med. 191 (7), 1167-1176. doi:10.1084/jem.191.7.1167

Lewis, R. S. (2001). Calcium Signaling Mechanisms in T Lymphocytes. Annu. Rev.
Immunol. 19, 497-521. doi:10.1146/annurev.immunol.19.1.497

Lioudyno, V., Abdurasulova, I, Negoreeva, I, Stoliarov, L, Kudriavtsev, I,
Serebryakova, M., et al. (2021). A Common Genetic Variant Rs2821557 in
KCNA3 Is Linked to the Severity of Multiple Sclerosis. J. Neurosci. Res. 99,
200-208. doi:10.1002/jnr.24596

Lublin, F. D., Reingold, S. C., Cohen, J. A,, Cutter, G. R., Soelberg Serensen, P.,
Thompson, A. J, et al. (2014). Defining the Clinical Vourse of Multiple
Sclerosis: The 2013 Revisions. Neurology 83, 278-286. doi:10.1212/
‘WNL.0000000000000560

Kv1.3 Up-Regulation in MS T Cells

Malissen, B., and Bongrand, P. (2015). Early T Cell Activation: Integrating
Biochemical, Structural, and Biophysical Cues. Annu. Rev. Immunol. 33,
539-561. doi:10.1146/annurev-immunol-032414-112158

Markovic-Plese, S., Cortese, I, Wandinger, K. P., McFarland, H. F., and Martin, R.
(2001). CD4+CD28- Costimulation-independent T Cells in Multiple Sclerosis.
J. Clin. Invest. 108, 1185-1194. doi:10.1172/JCI12516

Martino, G., Grohovaz, F., Brambilla, E., Codazzi, F., Consiglio, A., Clementi, E.,
etal. (1998). Proinflammatory Cytokines Regulate Antigen-independent T-Cell
Activation by Two Separate Calcium-Signaling Pathways in Multiple Sclerosis
Patients. Ann. Neurol. 43, 340-349. doi:10.1002/ana.410430312

Matheu, M. P., Beeton, C., Garcia, A., Chi, V., Rangaraju, S., Safrina, O., et al.
(2008). Imaging of Effector Memory T-Cells during a Delayed-type
Hypersensitivity Reaction and Suppression by Kv1.3 Channel Block.
Immunity 29, 602-614. doi:10.1016/j.immuni.2008.07.015

Mkhikian, H., Grigorian, A., Li, C. F., Chen, H. L., Newton, B., Zhou, R. W, et al. (2011).
Genetics and the Environment Converge to Dysregulate N-Glycosylation in
Muiltiple Sclerosis. Nat. Commun. 2, 334. doi:10.1038/ncomms1333

Morton, M. J., Abohamed, A., Sivaprasadarao, A., and Hunter, M. (2005).
Determinants of pH Sensing in the Two-Pore Domain K" Channel, TASK-
2. Proc. Natl. Acad. Sci. USA 102, 16102-16106. doi:10.1007/s00424-002-0901-
210.1073/pnas.0506870102

Murray, J. K, Qian, Y. X,, Liu, B,, Elliott, R, Aral, J., Park, C,, et al. (2015).
Pharmaceutical Optimization of Peptide Toxins for Ion Channel Targets:
Potent, Selective, and Long-Lived Antagonists of Kv1.3. J. Med. Chem. 58,
6784-6802. doi:10.1021/acs.jmedchem.5b00495

Panyi, G., Bagdany, M., Bodnar, A., Vamosi, G., Sventezi, G., Jenei, A., et al. (2003).
Colocalization and Nonrandom Distribution of Kv1.3 Potassium Channels and
CD3 Molecules in the Plasma Membrane of Human T Lymphocytes. Proc. Natl.
Acad. Sci. USA 100, 2592-2597. doi:10.1073/pnas.0438057100

Panyi, G., Vamosi, G., Bacso, Z., Bagdany, M., Bodnar, A., Varga, Z., et al. (2004).
Kv1.3 Potassium Channels Are Localized in the Immunological Synapse
Formed between Cytotoxic and Target Cells. Proc. Natl. Acad. Sci. USA 101,
1285-1290. doi:10.1073/pnas.0307421100

Poulopoulou, C., Papadopoulou-Daifoti, Z., Hatzimanolis, A., Fragiadaki, K.,
Polissidis, A., Anderzanova, E., et al. (2008). Glutamate Levels and Activity
of the T Cell Voltage-Gated Potassium Kv1.3 Channel in Patients with Systemic
Lupus Erythematosus. Arthritis Rheum. 58 (5), 1445-1450. doi:10.1002/
art.23446

Poulopoulou, C., Davaki, P., Koliaraki, V., Kolovou, D., Markakis, I, and
Vassilopoulos, D. (2005b). Reduced Expression of Metabotropic Glutamate
Receptor 2 mRNA in T Cells of ALS Patients. Ann. Neurol. 58, 946-949.
doi:10.1002/ana.20675

Poulopoulou, C., Markakis, I, Davaki, P., Nikolaou, C., Poulopoulos, A., Raptis, E.,
et al. (2005a). Modulation of Voltage-Gated Potassium Channels in Human T
Lymphocytes by Extracellular Glutamate. Mol Pharm. 67, 856-867.
doi:10.1124/mol.67.3.856

Rus, H., Pardo, C. A., Hu, L., Darrah, E., Cudrici, C., Niculescu, T., et al. (2005). The
Voltage-Gated Potassium Channel Kv1.3 Is Highly Expressed on Inflammatory
Infiltrates in Multiple Sclerosis Brain. Proc. Natl. Acad. Sci. USA 102,
11094-11099. doi:10.1073/pnas.0501770102

Severson, C., and Hafler, D. A. (2010). T-cells in Multiple Sclerosis. Results Probl.
Cell Differ 51, 75-98. doi:10.1007/400_2009_12

Szabo, I, Gulbins, E., Apfel, H., Zhang, X., Barth, P., Busch, A. E,, et al. (1996).
Tyrosine Phosphorylation Dependent Suppression of a Voltage-Gated K*
Channel in T Lymphocytes upon Fas Stimulation. J. Biol. Chem. 271,
20465-20469. doi:10.1074/jbc.271.34.20465

Thompson, A. J., Banwell, B. L., Barkhof, F., Carroll, W. M., Coetzee, T., Comi, g.,
et al. (2018). Diagnosis of Multiple Sclerosis: 2017 Revisions of the McDonald
Criteria. Lancet Neurol. 17, 162-173. d0i:10.1016/S1474-4422(17)30470-2

Volpe, E., Sambucci, M., Battistini, L., and Borsellino, G. (2016). Fas-Fas Ligand:
Checkpoint of T Cell Functions in Multiple Sclerosis. Front. Immunol. 7, 382.
doi:10.3389/fimmu.2016.00382

Wagner, C. A, Roqué, P. J.,, and Goverman, J. M. (2020). Pathogenic T Cell
Cytokines in Multiple Sclerosis. J. Exp. Med. 217, €20190460. doi:10.1084/
jem.20190460

Wulff, H., Calabresi, P. A., Allie, R., Yun, S., Pennington, M., Beeton, C,, et al.
(2003). The Voltage-Gated Kv1.3 K(+) Channel in Effector Memory T-Cells as
New Target for MS. J. Clin. Invest. 111, 1703-1713. doi:10.1172/JCI16921

Frontiers in Pharmacology | www.frontiersin.org

]

September 2021 | Volume 12 | Article 714841


https://doi.org/10.1074/jbc.M212868200
https://doi.org/10.1073/pnas.0605136103
https://doi.org/10.1002/ana.22010
https://doi.org/10.1007/s11064-018-2509-8
https://doi.org/10.1113/jphysiol.1985.sp015548
https://doi.org/10.1111/j.1600-065X.2009.00816.x
https://doi.org/10.1038/ncomms14644
https://doi.org/10.1212/wnl.55.7.921
https://doi.org/10.1111/j.1600-065X.2008.00662.x
https://doi.org/10.4049/jimmunol.1103095
https://doi.org/10.1111/j.1600-065X.2012.01134.x
https://doi.org/10.1038/nri2550
https://doi.org/10.1016/j.ceca.2007.03.007
https://doi.org/10.1016/j.imlet.2009.12.026
https://doi.org/10.1007/s00415-004-1402-3
https://doi.org/10.1007/s00415-004-1402-3
https://doi.org/10.1084/jem.191.7.1167
https://doi.org/10.1146/annurev.immunol.19.1.497
https://doi.org/10.1002/jnr.24596
https://doi.org/10.1212/WNL.0000000000000560
https://doi.org/10.1212/WNL.0000000000000560
https://doi.org/10.1146/annurev-immunol-032414-112158
https://doi.org/10.1172/JCI12516
https://doi.org/10.1002/ana.410430312
https://doi.org/10.1016/j.immuni.2008.07.015
https://doi.org/10.1038/ncomms1333
https://doi.org/10.1007/s00424-002-0901-210.1073/pnas.0506870102
https://doi.org/10.1007/s00424-002-0901-210.1073/pnas.0506870102
https://doi.org/10.1021/acs.jmedchem.5b00495
https://doi.org/10.1073/pnas.0438057100
https://doi.org/10.1073/pnas.0307421100
https://doi.org/10.1002/art.23446
https://doi.org/10.1002/art.23446
https://doi.org/10.1002/ana.20675
https://doi.org/10.1124/mol.67.3.856
https://doi.org/10.1073/pnas.0501770102
https://doi.org/10.1007/400_2009_12
https://doi.org/10.1074/jbc.271.34.20465
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.3389/fimmu.2016.00382
https://doi.org/10.1084/jem.20190460
https://doi.org/10.1084/jem.20190460
https://doi.org/10.1172/JCI16921
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Markakis et al.

Zhang, J., Markovic-Plese, S., Lacet, B., Raus, J., Weiner, H. L., and Hafler, D. A.
(1994). Increased Frequency of Interleukin 2-responsive T Cells Specific for
Myelin Basic Protein and Proteolipid Protein in Peripheral Blood and
Cerebrospinal Fluid of Patients with Multiple Sclerosis. J. Exp. Med. 179,
973-984. doi:10.1084/jem.179.3.973

Conflict of Interest: The author MP is employed by AmbioPharm Inc. KC, CB,
and MP have a patent “Analogs of ShK toxin and their uses in selective inhibition of
Kv1.3 potassium channels” (US patent application 11/663398) licensed to TEKv
Therapeutics.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Kv1.3 Up-Regulation in MS T Cells

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Markakis, Charitakis, Beeton, Galani, Repousi, Aggeloglou,
Sfikakis, Pennington, Chandy and Poulopoulou. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

42

September 2021 | Volume 12 | Article 714841


https://doi.org/10.1084/jem.179.3.973
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

'." frontiers

In Pharmacology

ORIGINAL RESEARCH
published: 29 September 2021
doi: 10.3389/fphar.2021.733610

OPEN ACCESS

Edited by:
lldikd Szabo,
University of Padua, Italy

Reviewed by:

Lane Brown,

Washington State University,
United States

Roope Mannikko,

University College London,
United Kingdom

*Correspondence:
Gyorgy Panyi
panyi@med.unideb.hu

Specialty section:

This article was submitted to
Pharmacology of lon Channels and
Channelopathies,

a section of the journal

Frontiers in Pharmacology

Received: 30 June 2021
Accepted: 30 August 2021
Published: 29 September 2021

Citation:

Naseem MU, Tajti G, Gaspar A,
Szanto TG, Borrego J and Panyi G
(2021) Optimization of Pichia pastoris
Expression System for High-Level
Production of Margatoxin.

Front. Pharmacol. 12:733610.

doi: 10.3389/fphar.2021.733610

Check for
updates

Optimization of Pichia pastoris
Expression System for High-Level
Production of Margatoxin

Muhammad Umair Naseem, Gabor Tajti', Attila Gaspar?, Tibor G. Szanto, Jesus Borrego
and Gyorgy Panyi™

"Department of Biophysics and Cell Biology, Faculty of Medicine, University of Debrecen, Debrecen, Hungary, 2Department of
Inorganic and Analytical Chemistry, Faculty of Science and Technology, Institute of Chemistry, University of Debrecen, Debrecen,
Hungary

Margatoxin (MgTx) is a high-affinity blocker of voltage-gated potassium (Kv) channels. It
inhibits Kv1.1-Kv1.3 ion channels in picomolar concentrations. This toxin is widely used to
study physiological function of Kv ion channels in various cell types, including immune cells.
Isolation of native MgTx in large quantities from scorpion venom is not affordable. Chemical
synthesis and recombinant production in Escherichia coli need in vitro oxidative refolding
for proper disulfide bond formation, resulting in a very low yield of peptide production. The
Pichia pastoris expression system offers an economical approach to overcome all these
limitations and gives a higher yield of correctly refolded recombinant peptides. In this study,
improved heterologous expression of recombinant MgTx (rMgTx) in P. pastoris was
obtained by using preferential codons, selecting the hyper-resistant clone against
Zeocin, and optimizing the culturing conditions. About 36 + 4 mg/L of >98% pure His-
tagged rMgTx (TrMgTx) was produced, which is a threefold higher yield than has been
previously reported. Proteolytic digestion of TrMgTx with factor Xa generated untagged
rMgTx (UrMgTx). Both TrMgTx and UrMgTx blocked the Kv1.2 and Kv1.3 currents (patch-
clamp) (K4 for Kv1.2 were 64 and 14 pM, and for Kv1.3, 86 and 50 pM, respectively) with
comparable potency to the native MgTx. The analysis of the binding kinetics showed that
TrMgTx had a lower association rate than UrMgTx for both Kv1.2 and Kv1.3. The
dissociation rate of both the analogues was the same for Kv1.3. However, in the case
of Kv1.2, TrMgTx showed a much higher dissociation rate with full recovery of the block
than UrMgTx. Moreover, in a biological functional assay, both peptides significantly
downregulated the expression of early activation markers IL2R and CD40L in activated
CD4™" Tem lymphocytes whose activation was Kv1.3 dependent. In conclusion, the authors
report that the Pichia expression system is a powerful method to produce disulfide-rich
peptides, the overexpression of which could be enhanced noticeably through optimization
strategies, making it more cost-effective. Since the presence of the His-tag on rMgTx only
mildly altered the block equilibrium and binding kinetics, recombinant toxins could be used
in ion channel research without removing the tag and could thus reduce the cost and time
demand for toxin production.

Keywords: Pichia pastoris, patch-clamp, margatoxin, recombinant expression, Kv1.3 blocker, CD4" Tgy cells
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INTRODUCTION

Voltage-gated potassium (Kv) channels are present in a variety of
cells and tissues where they regulate multiple physiological
processes, including cardiac function, neural -excitability,
muscle contraction, cell proliferation, cell volume control, and
hormonal secretion (Coetzee et al., 1999; Giangiacomo et al.,
2004). In recent years, it has been shown that modulating the
function of Kv channels may have therapeutic potential in cardiac
arrhythmia, diabetes, asthma, inflammation, neuronal disorders,
and T-cell-mediated autoimmune diseases and anti-tumor
immunity (Chandy et al., 2004; Panyi et al., 2006; Jiménez-
Vargas et al., 2012; Panyi et al., 2014; Kazama, 2015; Rubaiy,
2016; Yang and Nerbonne, 2016; Hofschréer et al., 2021). Kv1.3
plays a key role in pathogenesis of autoimmune diseases, e.g.,
multiple sclerosis, rheumatoid arthritis, and type-1 diabetes by
triggering the activation and proliferation of T effector memory
(Tgm) cells (Chandy et al., 2004; Beeton et al., 2011a; Lam and
Waulff, 2011; Chi et al., 2012; Toldi et al., 2013; Koshy et al., 2014).
Since selective block of Kv1.3 suppresses the proliferation of Tgy
cells, Kv1.3 has become an attractive immunomodulatory drug
target in treating autoimmune diseases. Numerous peptide toxins
have been derived over the past few decades from scorpion
venom, which target and modulate Kv channel functions.
These peptides consist of 20-80 residues and 3-4 conserved
disulfide bridges to stabilize their tertiary structures that are
responsible for specific interaction with ion channels (Shen
et al., 2017; Tajti et al, 2020). Of these, the scorpion toxins
from the a-KTx family, e.g., charybdotoxin (a-KTx 1.1),
margatoxin (a-KTx 2.2), and Vm24 (a-KTx 23.1), have
provided the platform for studying the pharmacological,
physiological, and structural characteristics of different
subtypes of K" channels (Tenenholz et al., 2000; de la Vega
etal,,2003; Han et al., 2011; Veytia-Bucheli et al., 2018). Although
scorpion toxins inhibit Kv1.3 at nanomolar concentrations, they
often show off-target effects by blocking other Kv1.x ion channels
(Kalman et al., 1998; Bagdiny et al, 2005). Therefore, for
therapeutic purposes, peptide engineering is needed to design
a peptide toxin with a higher selectivity and potency for Kv1.3.
ShK-186 (Dalazatide), one of the engineered analogs of ShK toxin
(isolated from sea anemone), is a potent and selective inhibitor of
Kv1.3 that is under clinical trials for the treatment of multiple
autoimmune disorders (Pennington et al., 2015; Tarcha et al,
2017; Tajti et al., 2020; Wang et al., 2020).

For structure-function relationship studies of engineered
peptides and therapeutic applications, a large amount of peptide
toxins is needed. Natural crude venom yields a limited amount of
peptide toxins that are usually inadequate for biological analysis,
while the chemical synthesis offers an expensive approach to
produce disulfide-rich peptides and their analogs (Jensen et al,
2009). On the other hand, the heterologous protein expression
system is a cost-effective and the most widely used technique to
produce large quantities of recombinant proteins. Still, intracellular
recombinant expression of eukaryotic origin proteins in bacteria has
limitations, such as insoluble expression, a lack of posttranslational
modifications, and disulfide bond formation (Rudolph and Lilie,
1996). However, the periplasmic expression or use of engineered
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Escherichia coli strains, which are capable of disulfide bond
formation, usually produce refolded soluble proteins, but their
yield is very low (Lobstein et al, 2012; Klint et al, 2013). To
overcome all these limitations, the Pichia pastoris expression
system was introduced that provides an efficient and economical
approach, and produces heterologous proteins in correctly refolded
form with disulfide bridges (White et al., 1994; Anangi et al., 2012).
High-level growth in a simple medium, ease of genetic manipulation,
and capability of performing posttranslational modifications are the
other advantages of this system. Furthermore, the recombinant
proteins are secreted directly into the medium with very few
endogenous proteins, which simplifies the downstream processing
(Macauley-Patrick et al., 2005; Cregg, 2007). The overexpression of
heterologous proteins in this system can be enhanced considerably
by codon optimization, screening for multiple copy integrant,
choosing an efficient promoter, and optimizing fermentation
conditions, such as biomass production, pH of the medium,
induction duration, and percentage of methanol induction
(Macauley-Patrick et al., 2005; Yu et al., 2010; Yu et al, 2013). In
comparison to the yeast expression system, production of
recombinant proteins in insect cell and animal cell cultures is
complicated and expensive (Escoubas et al., 2003).

Margatoxin (MgTx) is a 39-amino-acid peptide toxin isolated
from the venom of the scorpion Centruroides margaritatus. Its 3D
structure consists of an a-helix and three antiparallel B-strands
stabilized by three disulfide bonds. This peptide toxin has been
widely used for structural and functional characterization of
Kvlx ion channels in various cell types and tissues, as it
inhibits Kv1.2 and Kv1.3 ion channels with high potency in
picomolar concentrations (Garcia-Calvo et al., 1993; Bartok et al.,
2014). Previous studies report the production of recombinant
MgTx (rMgTx) in E. coli and P. pastoris with a yield of 3-4 mg
(Garcia-Calvo et al,, 1993; Johnson et al., 1994) and 12-15 mg per
liter (Anangi et al.,, 2012), respectively.

In this work, the P. pastoris expression system was optimized to
achieve a high-level expression of rMgTx. First, biased codon
optimization was used to select the clone showing hyper-
resistance against the selection marker. The fermentation
conditions (pH of the medium, induction time course, and
methanol induction) were then optimized to get a high yield
(36 mg/L) of the peptide. After purification, the N-terminal His-
tag was removed by using factor Xa protease. It was found that both
versions (tagged and untagged) of rMgTx inhibited the hKv1.3 and
hKv1.2 channels in picomolar concentrations. Both peptides also
downregulated IL2R and CD40L expression in activated CD4" Tgy
cells through Kv1.3 blockade. Moreover, in this study, the influence
of the N-terminal His-tag (additional residues) of rMgTx on binding
kinetics to hKv1.3 and hKv1.2 was studied.

MATERIALS AND METHODS

Construction of Plasmid

The amino acid sequence of MgTx was retrieved from the online
protein (Uniprot P40755) database. The MgTx gene cassette was
designed by placing the 6xHis-tag at the N-terminal to facilitate
purification, and factor Xa protease site was introduced in
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between them to obtain native N-terminal MgTx, as
demonstrated in Figure 1. The codon-optimized DNA
sequence of this MgTx cassette for P. pastoris was generated
according to the codon usage database available at www.kazusa.
or.jp/codon and synthesized from Integrated DNA Technologies,
Belgium. The codon-optimized MgTx cassette was cloned into
yeast expression vector pPICZa A (Invitrogen, United States) by
using EcoRI and Xbal restriction sites. In-frame ligation and
nucleotide sequence of MgTx was confirmed by DNA sequencing
by using plasmid-specific primers and aligning the obtained DNA
sequence with the theoretical sequence of MgTx.

Transformation of Pichia pastoris X-33 and
Selection of Hyper-Resistant
Transformants Against Zeocin

The expression plasmid was linearized by digesting with Sacl
endonuclease enzyme and transformed into P. pastoris X-33
competent cells using Pichia EasyComp Transformation Kit
(Invitrogen, United States), following the protocol specified by
the manufacturer. Transformed X-33 cells were spread on YPD
agar plate (2% peptone, 1% yeast extract, 2% agar, 2% dextrose,
and pH 7.0) containing 100 ug/ml of Zeocin. After 3-day
incubation at 28°C, 24 prominent colonies were regrown on
YPD plates supplemented with progressively increasing Zeocin
500, 1000, and 2000 pg/ml for the selection of the clone showing
hyper-resistance against Zeocin. To confirm the integration of

expression construct into the genome of Pichia transformants,
survived on 2000 pg/ml Zeocin, colony PCR was performed by
using plasmid-specific primers.

Time Course Study of MgTx Expression and
Optimization of pH of the Medium and

Methanol Induction

A selected clone from the YPD plate containing 2000 pg/ml of
Zeocin was grown overnight in 5ml of the YPD medium and
diluted the next day to an ODggg = 0.2 in 5 ml of BMGY medium
(1% yeast extract, 2% peptone, 100 mM potassium phosphate, pH
6.0, 1.34% YNB, 4 x 10% biotin, and 2% glycerol) for biomass
production at 30°C with constant shaking (230 rpm) until the
ODygo reached between 15 and 20 (after 24-36 h). Cells were
collected by centrifugation, resuspended in 5ml of BMMY
induction medium (same as BMGY with 0.5% methanol
instead of glycerol), and grown for 5days at 28°C with
constant shaking (230 rpm). Absolute methanol (MeOH, 0.5%)
was added every 24 h to maintain the induction, except when
MeOH concentration dependence of induction was studied. To
find the suitable amount of methanol induction, cells were
induced with 0.5, 1, and 15% MeOH, and for pH
optimization, cells were grown in media of different pH, i.e., 5,
6, and 7, without buffering. About 15l of the supernatant
samples were taken at indicated time points and analyzed on
16% tricine-SDS-PAGE. The amount of His-tagged rMgTx
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(TrMgTx) in the gel image was determined by comparing the
band intensities with the standards (TrMgTx with known
concentration) using Image Lab tool (Bio-Rad). All the
experiments were run in triplicates.

Large-Scale Fed-Batch Fermentation and
Purification of TrMgTx

Large-scale flask-level production was executed following the
optimized conditions as described earlier. The clone with the
highest expression level of TrMgTx was inoculated in a 2-L flask
containing 250 ml of the BMGY medium, and when the ODgq
reached between 15 and 20, the cells were shifted to 250 ml of the
BMMY induction medium and induced with 0.5% MeOH
for 72 h.

Two-step purification was used to efficiently isolate secreted
TrMgTx from the culture. The cultured supernatant was collected
by high-speed centrifugation, 2x diluted with buffer (50 mM
potassium phosphate, pH 7.4), and 60 mM imidazole was added.
The filtered supernatant was loaded on pre-equilibrated His-trap
column packed with Ni Sepharose™ High Performance affinity
media (GE Healthcare, United Kingdom) with a binding buffer
(50 mM potassium phosphate, 300 mM NaCl, and pH 7.4) at a
flow rate of 3 ml/min using the liquid chromatography (LC)
system (Shimadzu, Germany). After washing the column with
three column volumes (CVs) of wash buffer (binding
buffer + 60 mM imidazole), proteins were eluted by running
three CVs of the elution buffer (binding buffer + 500 mM
imidazole) and an additional three CVs of 1 M imidazole in
isocratic mode. Fractions collected from the affinity column were
directly applied on reversed-phase C;g semi-prep column
(10 mm) x 250 mm, 5uM bead size, 300 A pore size, Vydac®
218 TP, HiChrom, United Kingdom) using Prominence HPLC
System (Shimadzu, Germany) at a flow rate of 1 ml/min. Then, a
linear gradient of 10-30% of Solvent B (0.1% TFA in 95%
acetonitrile) in Solvent A (0.1% TFA in deionized distilled
water) was run for 30 min. Absorbance was monitored at
230nm with a PDA detector. The peak fractions were
collected manually and tested on 16% tricine-SDS-PAGE. The
purity level was judged by reloading the fraction on the reversed-
phase C;g analytical column and was calculated by the equation:
(area under the peak of interest)/(cumulated area under all the
peaks) x x100.

SDS-PAGE and Western Blot

16% Tricine-SDS-PAGE was performed as described hitherto
(Schagger, 2006). The protein sample was mixed with tricine
sample buffer (Bio-Rad) at 1:1, incubated at 95°C for 5 min, and
subsequently centrifuged at 10,000 rpm for 30 s before loading.
Electrophoresis was carried out at constant 120 V for 90 min. For
protein visualization, the gel was stained with Coomassie Brilliant
Blue G-250 for 45 min and then destained by using 40% methanol
and 10% acetic acid mixture for 2-3 h.

For Western blotting, the resolved proteins were
electrotransferred in wet conditions onto a charged
Immobilon-P  PVDF  membrane (Merck, Germany).

Non-specific binding of antibodies in the subsequent steps
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was prevented by membrane blocking with 5% (w/v) skim
milk in TBST (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, and
0.1% Tween 20), overnight at 4°C. The washed membrane was
probed with mouse anti-histidine monoclonal antibodies
conjugated with horseradish peroxidase (Bio-Rad, CA,
United States) in TBST (1:2,500) and incubated for 1h at
room temperature. The bands were visualized using Pierce™
enhanced chemiluminescent (ECL) substrate (Thermo Scientific,
MA, United States).

Cleavage of His-Tag From TrMgTx
Hexahistidine residues fused at the N-terminal of TrMgTx were
cleaved with factor Xa protease (Thermo Scientific, United States
Cat# 32,521). About 300 pg of TrMgTx was mixed with factor Xa
at an enzyme-to-substrate ratio of 1:100 in TBS buffer (50 mM
Tris, 100mM NaCl, 6 mM CaCl,, pH 8.0) and incubated
overnight at 25°C. The next day, the samples treated with or
without enzyme were analyzed on 16% tricine/6 M urea-SDS-
PAGE. To purify untagged rMgTx (UrMgTx), the cleaved His-tag
and undigested peptide fragments were captured by using pre-
charged Ni" beads, centrifuged at a high speed for 1 min to
remove the beads, and the supernatant was loaded on a reversed-
phase C;g analytical column (4.6 mm X 250 mm, 5 uM bead size,
Vydac® 218TP) using the HPLC system (Shimadzu, Germany)
and eluted with a linear gradient of 10-30% of Solvent B (0.1%
TFA in 95% acetonitrile) in Solvent A (0.1% TFA in deionized
distilled water) that was run for 25 min.

Mass Spectrometry Analyses

Mass spectrometric determinations were performed with an ESI-
QTOF-MS instrument (maXis II UHR ESI-QTOF MS, Bruker,
Bremen, Germany). The mass spectrometer was operated in a
positive ionization mode; 0.5 bar nebulizer pressure, 200°C dry
gas temperature, 4 L/min dry gas flow rate, 4000 V capillary
voltage, 500V end plate offset, 1Hz spectra rate, and
500-2,500 m/z mass range were applied. ESI tuning mix
(Agilent) calibrant injected after each run enabled internal m/z
calibration. Mass spectra were processed and evaluated by
Compass Data Analysis version 4.4 (Bruker).

Cells

The human venous blood from anonymized healthy donors was
obtained from a blood bank. The peripheral blood mononuclear
cells were isolated through Histopaquel077 (Sigma-Aldrich
Hungary, Budapest, Hungary) density gradient centrifugation.
Cells obtained were resuspended in RPMI 1640 medium
containing 10% fetal calf serum (Sigma-Aldrich), 100 pg/ml
penicillin, 100 ug/ml streptomycin, and 2mM, glutamine,
seeded in a 24-well culture plate at a density of 5x 10°cells
per ml, and grown in a 5% CO, incubator at 37°C for
2-5 days. Phytohemagglutinin A (Sigma-Aldrich) was added in
5, 7, and 10 pg/ml concentrations to the medium to boost the
potassium jon channel expression.

CHO cells were transiently transfected with the vector
pCMV6-GFP (OriGene Technologies, Germany) encoding the
human Kv1.2 ion channel using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA), following the manufacturer’s protocol, and grown
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under the standard conditions as used previously (Bagdany et al.,
2005). GFP-positive transfectants were identified with Nikon TE
2000U fluorescence microscope (Nikon, Tokyo, Japan), and
currents were recorded after 24 h post transfection.

Electrophysiology

Electrophysiological measurements were performed by
using the patch-clamp technique in whole-cell or outside-
out patch configuration and voltage clamp mode using the
Multiclamp 700B amplifier and Axon Digidatal1440 digitizer
(Molecular Devices, Sunnyvale, CA). Micropipettes were
pulled from GC150F-15 borosilicate capillaries (Harvard
Apparatus Kent, United Kingdom), resulting in 3-5MQ
resistance in the bath solution. The extracellular solution
contained 145 mM NaCl, 5 mM KCI, 1 mM MgCl,, 2.5 mM
CaCl,, 5.5 mM glucose, and 10 mM HEPES, with a pH of
7.35 and an osmolarity between 302 and 308 mOsM/L.
When the toxins were dissolved at different molar
concentrations in bath solution, it was supplemented with
0.1 mg/ml of BSA. The pipette filling (intracellular) solution
consisted of 140 mM KF, 2 mM MgCl,, 1 mM CaCl,, 10 mM
HEPES, and 11 mM EGTA, with a pH of 7.22 and an
osmolarity of 295 mOsM/L.

To record the hKv1.3 and hKv1.2 currents, 15- to 200-ms-long
depolarization impulses were applied at +50 mV from a holding
potential of —-120 mV every 15s. The pClamp 10.1 software
package was used to acquire and analyze the measured data.
Current traces were low-pass filtered by the analog four-pole
Bessel filters of the amplifiers, and the sampling frequency was set
at 20 kHz, at least twice that of the filter cutoff frequency. The
effect of the toxin at a given molar concentration was calculated as
the remaining current fraction (RCF = I/Iy, where I, is the peak
current in the absence of the toxin and I is the peak current at
equilibrium block at a given toxin concentration). The data points
on dose-response curves represent the mean of 3-4 individual
measurements. The data points were fitted with a three-
parameter [inhibition] vs response model, RCF = Bottom +
[Top-Bottom)/(1+([toxin]/K,)], where Top and Bottom values
were constrained to 1 and 0, respectively, and [toxin] is the
concentration of the toxin. The best fit curve gave K; of the
given toxin.

Analysis of the Binding and Unbinding
Kinetics of the Peptides

To examine the effect of additional residues of TrMgTx on
binding to the ion channel, the association and dissociation
rate constants of both the versions of the toxin were
determined for the Kv1.3 channel of the activated human T
lymphocytes and the hKv1.2 channel transiently expressed in the
CHO cell. Whole-cell currents were recorded after applying the
toxin (200pM for Kv1.3 and 100pM for Kvl.2) to the
extracellular solution until the equilibrium block was achieved
(wash-in), and then removed it by perfusing the toxin-free
control solution (washout). Peak currents at a time point t
[I(t)] were normalized to the peak current in the absence of
the toxin [I,om(t) = I(t)/1o], and these were plotted as a function
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of time. The association time constant (t,,) was determined by
fitting the data points during the wash-in procedure in the one-

phase decay equation: I (f) = | (1-RCF)xe @n |+RCF, with the

RCF = I/l at the equilibrium block as defined in the
Electrophysiology section. The dissociation time constant (,z)

was determined by fitting the following equation to the data
points during the washout procedure: I, (f) = RCF + (1—3'#ff)

The association rate constant (k,,) and dissociation rate
constant (k. were calculated from the measured time
constants, assuming a simple bimolecular interaction between
the channel and toxin, and by using the following equations
(Peter et al., 2001), with T, and T.¢ defined above, and [toxin] as
the toxin concentration:

1_(Ton><koff) 1
kon = T s okeff = Taff.

Ton X [toxin] "

IL2R and CD40L Expression Assay in CD4"
Effector Memory T Lymphocyte

The mononuclear cells were isolated from anonymized healthy
donors as described earlier. Prior to CD4" Ty, cells separation,
dead cells were removed using the Dead Cell Removal Microbead
Kit (Miltenyi Biotec B.V & CO. KG, Bergisch Gladbach,
Germany). Untouched CD4" Tgy lymphocytes were purified
through magnetic cell sorting (negative selection) with the
CD4" Effector Memory T Cell Isolation Kit (Miltenyi Biotec
B.V. & Co. KG, Bergisch Gladbach, Germany) according to the
manufacturer’s protocol.

For TCR-specific stimulation, anti-human CD3 monoclonal
antibodies (clone OKT3, BioLegend, San Diego, CA) were bound
to the surface of 24-well cell culture plates at a density of 5 pug/well
in phosphate-buffered saline (PBS) overnight at 4°C. Before
seeding the cells, the wells were washed twice with PBS to
remove the unbound antibodies. The CD4" Tgy cells were
divided into four groups: 1) unstimulated, 2) stimulated, 3)
stimulated + TrMgTx (8.5nM), and 4) stimulated + UrMgTx
(5 nM). The cells were seeded at a density of 0.5 x 10° cells/ml per
well, and when indicated, the cells were preincubated with the
toxins for 5 min prior to the stimulation. The plate was incubated
at 37°C in 5% CO, for 24 h. Each experiment was performed in
technical duplicates on three different donors.

For quantifying the extent of Ty cell stimulation, cells were
washed with PBS buffer containing 1% of fetal bovine serum
(FBS) and stained with fluorescein isothiocyanate (FITC)-labeled
anti-human CD154 (CD40L) antibody (clones 24-31, BioLegend,
San Diego, CA) and PerCP/Cyanine5.5-labeled anti-human
CD25 (IL2R) antibody (clone BC96, BioLegend) at 4°C for
20 min. Cells were washed with the PBS + 1% FBS buffer and
resuspended in 150 ul in PBS + 1% FBS. Samples were measured
with NovoCyte 3000 RYB flow cytometer (ACEA Bioscience
Inc.), FITC and PerCP/Cyanine5.5 were excited by using blue
laser (488 nm), and 530/30 nm and 695/40 nm emission filters
were used, respectively. Flow cytometry data were analyzed using
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FCS Express 6.0 (De Novo Software, Glendale, CA). Briefly, cells
were gated on the basis of their FSC and SSC parameters, and
then, the histograms corresponding to CD40L and CD25 were
plotted as peak-normalized overlays. Mean fluorescent intensities
(MFIs) were computed from the histograms and normalized to
that of their stimulated (S) but not treated control. The negative
(unlabeled) and unstimulated control (US) were always used for
comparison.

Statistics

Data analyses and graph generation were performed using the
GraphPad Prism software (version 9.1, La Jolla CA,
United States). Statistical comparisons were made by using
one-way ANOVA with Tukey’s test and unpaired ¢ test. For
all the experiments, data are reported with standard error of
mean (SEM).

RESULTS

Transformation of TrMgTx-pPICZaA
Recombinant Plasmid Into P. pastoris X-33
and Selection of Hyper-Resistant

Transformants Against Zeocin

The expression cassette, consisting of six histidines followed by
the factor Xa cleavage site and coding DNA sequence of MgTx
(Figure 1B), was synthesized by using favorable codons for P.
pastoris and cloned into pPICZaA expression vector under the
control of alcohol oxidase I (AOX1) promoter. In-frame ligation
to the a-factor secretion signal and nucleotide sequence of the
TrMgTx was verified by DNA Sanger sequencing. A schematic
illustration of the TrMgTx-pPICZaA recombinant plasmid was
created by using the in silico SnapGene® cloning tool (Figure 1A).
The recombinant plasmid was linearized with the Sacl enzyme
and transformed into Pichia X-33 competent cells. Following
3 days of incubation at 30°C, more than 40 prominent colonies
were observed on the YPD agar plate, containing 100 pg/ml of
Zeocin. Hyper-resistant clones against Zeocin were selected by
growing the initially chosen colonies on the YPD agar plates
augmented with gradually increasing Zeocin to 0.5, 1, and 2 mg/
ml (Supplementary Figure S1). The transformants that survived
against the highest concentration of Zeocin (2 mg/ml) were
selected, and colony PCR was performed which confirmed the
integration of TrMgTx-pPICZaA plasmid by a single crossover
at the 5" AOX1 locus of the P. pastoris genome (Supplementary
Figure S2).

Overexpression of TrMgTx as a Function of
Culturing Time, Methanol Induction, and pH
of the Medium

Supernatant samples were collected from the cultures every 24 h
post methanol induction for 5days and were analyzed by
tricine-SDS-PAGE. A peptide band of ~6.5kDa MW was
detectable by using R-250 Coomassie Brilliant blue (CBB) after
24h of methanol induction. This band gradually attained
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maximal density after 72 h of induction. However, the amount
of secreted peptide toxin declined on the fourth and fifth day
following induction (Figures 2A,B). The molecular mass of
TrMgTx estimated from the gel was slightly higher than the
predicted mass (5.9 kDa), most likely because of its higher PI
value of 9.10. The highest concentration of peptide in the
supernatant was 78 + 7 mg/L after 72h of induction. This
yield was, in all pairwise multiple comparison (Tukey’s test),
significantly higher than the yield at any other time point
(p < 0.05).

For optimization of methanol induction, biomass production
of a TrMgTx clone was induced with 0.5, 1, and 1.5% MeOH,
using a medium of pH 6. The gel scanning assay revealed that the
amount of TrMgTx was the largest in the supernatant after
inducing with 0.5% methanol for 72h (71 + 13mg/L)
(Figure 2C). This yield is significantly higher than that of the
other two samples induced with 1 and 1.5% MeOH (all pairwise
multiple comparison (Tukey’s test), p < 0.05). Similarly, to find a
suitable pH of the medium for improved expression of the
peptide, biomass was induced with 0.5% MeOH in a media
having pH 5, 6, or 7, or “not adjusted” for 72 h (Figure 2D).
The supernatant of the culture at pH 6 showed 76 + 8 mg/L
expression of the peptide toxin which is considerably higher than
for other samples from cultures with a pH 5 or 7 or “not adjusted”
(all pairwise multiple comparison (Tukey’s test), p < 0.05).

Purification of Tagged Recombinant MgTx
A Pichia X-33 clone that produced large amounts of TrMgTx in
small cultures was subjected to large-scale fermentation in a
medium of pH 6, and the expression was induced with 0.5%
methanol for 3 days. The culture medium was centrifuged,
filtered through a 0.45-um membrane to remove cell debris,
and then loaded on the Ni" Sepharose column using the LC
system as the first step of the two-step purification protocol
applied. After removing the unbound proteins, His-tagged
peptides were eluted with 0.5 and 1 M imidazole in isocratic
mode. A very large peak appeared in the chromatogram with
0.5 M imidazole as compared with the peak obtained with 1 M
imidazole, confirming that 0.5 M imidazole removed most of the
bonded TrMgTx from the resin (Figure 3A). When the collected
fractions were analyzed on tricine-SDS-PAGE, a clear and dense
band of TrMgTx around ~6.5 kDa was observed in the elution
fraction (with 0.5 M imidazole) and a low-intensity band of the
same size appeared in the fraction eluted with 1 M imidazole. On
the contrary, no such band was observed in the fractions collected
during the loading of the supernatant (flow though) and washing
of the column (Figure 3B), demonstrating that resin had
efficiently captured all His-tagged peptides from the cultured
supernatant.

To achieve high purity and homogeneity of the recombinantly
produced TrMgTx, the partially purified fraction (i.e., eluted by
0.5 mM imidazole, see the Purification of Tagged Recombinant
MgTx section for details) was applied on the C;s RP-HPLC semi-
preparative column (second step of the purification protocol) and
eluted with a gradient of 10-30% of acetonitrile in distilled water
for 30 min (Figure 3C). Tricine-SDS-PAGE analyses of the
collected HPLC fractions (Figure 3D) showed that a single

Frontiers in Pharmacology | www.frontiersin.org

48

September 2021 | Volume 12 | Article 733610


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Naseem et al.

Efficient Production of Margatoxin

A kDa] M 0 24 48 2 9% 120
- -
B % C * D *
80 80— _T_ 80—
g 607 2 60+ 2 60
E E E
e
40 e . ] _
E‘) g 40 g 40
z z z
20 & 20 & 20
0- 0 T T T 0-
24 48 72 96 120 0.5% 1% 1.5% 5 6 7 Not adj.
Hours post MeOH induction MeOH Induction pH of medium
FIGURE 2 | Optimization of TrMgTx expression in shake-flask fermentation. (A) 15 pl of supernatant samples were collected at indicated time points and analyzed
by using 16% tricine-SDS-PAGE (stained with R-250 CBB). The samples from 24 to 120 h show bands of ~6.5 kDa (close to the estimated MW of TrMgTXx). (B)
Concentration of TrMgTx in supernatant was quantified at the indicated time points by comparing the gel band intensity of TrMgTx with that of the standards by using
Image Lab software (Bio-Rad). Expression was induced by 0.5% methanol at pH = 6.0 of the medium. (C) Secretion of TrMgTx in culture (at pH 6) induced with
different MeOH concentrations for 72 h, peptide concentration was determined as in (A). (D) TrMgTx expression was determined as in (A) when induced with 0.5%
MeOH for 72 h at the indicated pH values of the medium. Label “Not adj.” means that the pH of the medium was not buffered. Data represent the mean of three
independent experiments, where the error bars are SEM. Asterisks indicate significant difference in all pairwise multiple comparison (Tukey’s test), *o < 0.05.

band of TrMgTx at ~6.5kDa MW appeared in the fraction
corresponding to the peak eluted at the retention time (Ry) of
~28 min (indicating to peak 2 in the chromatogram shown in
Figure 3C). The average molecular mass of 5980.86 Da was
determined for TrMgTx by ESI-QTOF-MS which is in full
agreement with the predicted average mass (5980.96 Da) of the
peptide (Figure 3E). The quality of the peptide after the two-
step purification was assessed by using the anti-His antibody in
the Western blot (Figure 4A) and HPLC (Figure 4B). The
Western blot verified the purity and identity of TrMgTx by
detecting a single band with anti-His antibodies (Figure 4A) of
the appropriate size (cf. Figures 3B,D). The TrMgTx is more
than 98% pure after the two-step purification as assessed by the
Cis RP-HPLC analytical column (Figure 4B). Table 1
summarizes the purification scheme; on average, a total of
9.1 mg of TrMgTx was produced with 43% net recovery from
250 ml P. pastoris culture under optimized conditions.

Recombinant Margatoxin With Native

N-Terminal

TrMgTx contains 14 additional N-terminal amino acid residues
(EFHHHHHHLQIEGR). This mainly consists of 6x histidines
used for affinity purification and the protease cleavage site for
factor Xa. Factor Xa protease cleaves the tagged peptides without
leaving any extra amino acids at the N-terminal (Waugh, 2011). To
get rMgTx with native N-terminal, all the additional residues were
removed by digesting the tagged peptide with factor Xa protease
overnight. Tricine-SDS-PAGE analyses (Figure 5A) revealed that
a band of ~4.1 kDa (the MW of native MgTx) was present in the
overnight digested sample, confirming the successful removal of

additional residues. The UrMgTx was purified using the C;5 RP-
HPLC column after separating the 6xHis fragments with Ni*
beads. The peak at Ry 21.6min in the chromatogram
(Figure 5B) indicates the elution of UrMgTx. The determined
average mass (4178.95Da) of UrMgTx is equivalent to the
theoretical mass (4179.018 Da) of native MgTx, proving that
there is no extra residue at either terminal of UrMgTx after
cleaving the tag (Figure 5C).

Effect of Tagged and Untagged
Recombinant Margatoxin on hKv1.2 and
hKv1.3 lon Channel

Pharmacological activity of both versions of rMgTx was evaluated
by studying their effect on the hKv1.2 and hKv1.3 ion channels.
The hKvl.2 current was recorded in CHO cells, which
heterologously expressed the hKv1.2 ion channel, and hKv1.3
current was recorded in the human peripheral blood
lymphocytes. The stimulation of the hKvl.3 channel
expression (activation of isolated mononuclear cells by PHA,
see the Materials and Methods section) and recording conditions
(no Ca®" in the pipette to elicit Ca®*-activated K* channels)
guaranteed that the current recorded in these cells is K" current
through Kv1.3 (Varga et al,, 2012; Bartok et al., 2014; Tajti et al.,
2021). A custom-built perfusion system was used to apply toxins
at a very small perfusion rate of 200 pl/min. The speed and
complete solution exchange in the recording chamber at this
perfusion rate were tested frequently using fully reversible
blockers as a positive control. Around 50% reduction in the
peak current upon perfusion of the positive control in
concentrations equal to the respective K; values, ie., 10 mM
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FIGURE 3 | Purification of TrMgTx. (A) The chromatogram shows the loading of the supernatant of P. pastoris culture (cultured for 72 h, pH 6, induced with 0.5%
MeOH) on a Ni#* affinity column and elution with imidazole in isocratic mode. Absorbance was measured at 240 nm (indicated with blue line, left axis) and dotted line
denotes the concentration of imidazole in elution buffer (right axis). (B) 16% Tricine-SDS-PAGE illustrates the analysis of fractions collected from Ni2* affinity
chromatography, where lane labels stand for M: low-molecular-weight (LMW) protein marker, S: raw (unpurified) supernatant, FT: flow through, W: wash with
washing buffer, E1: elution with 0.5 M imidazole, and E2: elution with 1 Mimidazole. A band at 6.5 kDa position (blue arrow) inlane E1 and E2 represents partially purified
TrMgTx. (C) RP-HPLC chromatogram of TrMgTx. Partially purified TrMgTx in step 1 (A,B) was applied on RP-HPLC C45 semi-prep column and eluted with a gradient of
10-30% acetonitrile (shown with dotted line, right axis) over 30 min. Absorbance was recorded at 230 nm (left axis). Numbers indicate the peaks collected. (D) 16%
Tricine-SDS-PAGE analysis of fractions collected from the RP-HPLC column. Lanes represent M: LMW protein marker, 1=3: fractions from corresponding peaks as
indicated in RP-HPLC chromatogram (panel C). The band of 6.5 kDa in lane 2 indicated with a black arrow represents purified TrMgTx. (E) ESI-QTOF-MS spectrum
shows the average mass (5980.86 Da) of purified TrMgTx.

tetraethylammonium for hKv1.3 and 14 nM charybdotoxin for TrMgTx and UrMgTx at the 200pM concentration
hKvl1.2, proved the complete exchange of solution (data not  inhibited ~70 and ~80% of the whole-cell hKv1.3 current
shown). upon reaching the block equilibrium, respectively.
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FIGURE 4 | Purity analysis of TrMgTx produced by the two-step purification protocol. (A) Western blot of the sample eluted from the RP-HPLC column (Figures
3C,D) using HRP conjugated anti-His primary antibodies. Lane M: low-molecular-weight protein marker, lane 1: TrMgTx after RP-HPLC purification. (B) TrMgTx eluted
from the RP-HPLC column (Figures 3C,D) was loaded on C4g analytical column and eluted with a gradient of 10-30% acetonitrile over 25 min (dotted line, right axis).
The absorbance was measured at 280 nm (left axis). Single peak indicates TrMgTx. Purity was calculated as [(area under the peak of interest)/(cumulated area
under all peaks) x 100] and is shown in Table 1.

TABLE 1 | TrMgTx purification scheme.

Purification Step Avg. Vol. Avg. TrMgTx Avg. Total 2Avg. Net Purity (%)
(ml) Concentration (mg/ml) TrMgTx Amount Recovery (%)
(mg)
- Cultured supernatant 246 0.085° 20.8 100 -
1 Ni?* affinity chromatography 14.5 1.01° 14.7 70.6 -
2 RP-HPLC- 32.6 0.279° 9.1 43.2 >08¢

“Net recovery = TrMgTx acquired after a given step/total TrMgTx in cultured supernatant.
PGel scan analysis with Image Lab Software (see Figure 2 legend).

Pierce™ BCA Protein Quantification kit.

9% Purity was assessed by RP-HPLC (see Figure 4B).

Figures 6A,B show the current traces recorded in the
presence and absence of the respective peptide toxins.
Figures 6C,D demonstrate the development and recovery
from the block of the hKI1.3 current with TrMgTx and
UrMgTx as indicated using the colored bars. In case of
hKv1.3, the block equilibrium develops slower for TrMgTx
than for UrMgTx upon application of 200 pM of toxin in bath
solution, as reported by the time constants (t,,) obtained by
fitting a single exponential function to the decay of the peak
currents in the presence of the blockers (for TrMgTx 7,, =
168 + 19 s and for UrMgTx 7,,, = 116 + 10 s were obtained, n =
4). Almost full recovery of the peak currents was attained
upon perfusing the bath medium with toxin-free solution
with similar time constants for washout (toq) for the two
peptides (for TrMgTx 7,5 = 568 + 84 s and for UrMgTx 7o =
560 + 28 s were obtained, n = 4). To reveal the impact of
additional amino acids at the N-terminal of TrMgTx on the
interaction with hKvl1.3, blocking parameters k,,, ko and
equilibrium dissociation constant K; were calculated
(Table 2) from the measured time constant values and
plotted on the bar graph in Figure 6F. The k,, rate of

UrMgTx was significantly higher than was for TrMgTx (in
unpaired ¢ test comparison, n =4, p < 0.001); however, the ko
rate of the peptides was statistically the same (p > 0.05, n =4).
The hKvl1.3 blocking potency of both tagged and UrMgTx
was obtained by determining their k; values by using
dose-response relationships as well. The data points were
fitted using a three-parameter [inhibition] vs response
equation, and the best fit gave the k; 50 and 86 pM for
UrMgTx and TrMgTx, respectively, as is shown in
Figure 6E. Based on the dose-response relationship, the
tagged version of the toxin, TrMgTx, is slightly less potent
for hKv1.3 than the tag-free version of the peptide, UrMgTx.

A similar set of experiments were repeated for the hKv1.2
ion channel expressed in CHO cells. TrMgTx and UrMgTx at
100 pM concentrations blocked about 60 and 90% of the
whole-cell current of hK1.2, respectively, as shown by the
current traces recorded in the presence and absence of the
respective peptide toxins (Figures 7A,B). The change in the
peak current of hK1.2 upon application and washout of the
TrMgTx and UrMgTx (colored bars) is shown in Figures
7C,D. Like hKvl.3, the equilibrium block of hKv1.2 with

Frontiers in Pharmacology | www.frontiersin.org

51

September 2021 | Volume 12 | Article 733610


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Naseem et al.

Efficient Production of Margatoxin

A B
M 1 2 100+ - 100
kDa o “
—~ -1 -
>
=
26.6 | s ; ) S ]
oo o0 g
16.9 | W— £ w0 =
. 2 h 40 %
............. X
14.4 < 20 e P
. - S R | L
6.5 ’ SRR 0 T T T |J T T 0
0 5 10 15 20 25 30
Time (min
— ime (min)
C
Intens.
x108
a+
1045.4952
1 25:
1.00
0.754
0.50 3+
5+ 1393.6574
836.5979
0.25
0.00 i : . . xl‘l L ; . . th ;
800 900 1000 1100 1200 1300 1400 mwz
FIGURE 5 | Removal of tag from TrMgTx. (A) 16% Tricine-SDS-PAGE analysis of the TrMgTx samples incubated overnight at 25°C without (lane 1) and with (lane
2) factor Xa protease (at 1:200 enzyme to peptide ratio); M: low-molecular-weight protein marker. (B) RP-HPLC chromatogram shows the purification of UrMgTx. After
separating the His-tag fragments with Ni* beads, the digested sample was loaded on C4g column and eluted with a gradient of 10-30% acetonitrile over 25 min. The
absorbance was measured at 280 nm (left axis), dotted line shows the acetonitrile gradient (right axis). (C) ESI-QTOF-MS spectrum illustrates the average mass
(4178.95 Da) of the purified UrMgTx.

TrMgTx developed on a slower time course than with the
UrMgTx at identical (100 pM) concentrations (for TrMgTx
Ton =202 + 2.3 s and for UrMgTx 7,, = 191 + 12 s). Perfusion
of the bath with toxin-free solution results in slow but full
recovery (7,4 =532 * 69 s) from the block in case of TrMgTx.
On the contrary, in case of UrMgTx, slow and partial
recovery (7,4 = 1308 + 351s) from the block was
observed. Blocking parameters k,,, ko> and K, for hKvl.2
were calculated from measured time constant values as given
in Table 2 and plotted on a bar graph (Figure 7F). The k,,
obtained for UrMgTx is slightly higher than that of TrMgTx
(unpaired t test, n = 3—4, p < 0.01); however, the k.4 rate of
UrMgTx is substantially lower than that of TrMgTx
(unpaired ¢ test, n = 3—4, p < 0.001). In the dose-response
relationship, the best fit of data points results in K; = 64 pM
for TrMgTx and K; = 14 pM for UrMgTx (Figure 7E). Tagged

TrMgTx is nearly fivefold less potent for hKv1.2 than tag-free
UrMgTx.

Kv1.3 Inhibition by rMgTx Decreases the
Activation of CD4" Tgy Cells

Upon T lymphocyte stimulation, the expression of activation
markers in the cell membrane, such as IL2R and CD40 ligand, are
upregulated. High-affinity blockers of Kv1.3 inhibit the activation
and proliferation of human Tgy; cells through decreasing the
driving force for the Ca** influx (Chandy et al., 2004; Cahalan and
Chandy, 2009). In this study, it has been investigated whether
recombinantly produced MgTx (with tag or without tag) would
affect the expression of IL2R and CD40L, as activation markers in
CD4" Tgpm cells upon TCR ligation for 24 h. The presence of
either toxin TrMgTx or UrMgTx (at ~100x concentration of their
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FIGURE 6 | Inhibition of hKv1.3 currents by tagged and untagged recombinant MgTx. (A,B) Whole-cell currents through hKv1.3 were evoked from activated
human peripheral lymphocytes by depolarization to +50 mV from a holding potential —120 mV for 15 ms duration. Test pulses were applied every 15 s. Representative
traces show the K* current before the application of toxin (control) and after reaching the equilibrium block in the presence TrMgTx (A) or UrMgTx (B) at 200 pM
concentration (as indicated). (C,D) Development of and recovery from the block of hKv1.3 current. Normalized peak currents were measured in whole-cell patch
configuration and plotted against time as 200 pM of TrMgTx [(C), light blue bar] or UrMgTx [(D), dark blue bar] was applied to the bath solution. Following block
equilibrium, the recording chamber was perfused with toxin-free solution (arrow, washout) to demonstrate reversibility of the block. (E) Concentration-dependent block
of hKv1.3 by TrMgTx and UrMgTx. The RCF values taken at different toxin concentrations were fitted with a three-parameter (inhibition) vs response model (see the
Materials and Methods section for details). The best fit resulted in Ky = 50 pM for UrMgTx and Ky = 86 pM for TrMgTx. Error bar represents SEM and n = 3-4. (F)
Comparison of block kinetics of TrMgTx and UrMgTx for hKv1.3. Association rate constant k,, (left y-axis) and dissociation rate constant k. (right y-axis) were calculated
from measured time constants (1, Tor) for the development of the block in the presence of 200 pM toxin and the washout (see panel C,D), assuming a simple
bimolecular reaction between the channel and toxin (see the Materials and Methods section for details) and plotted on bar graph. Symbols indicate individual data points
(n = 4); bar heights and error bars indicate mean + SEM. **p < 0.001, ns = not significant, unpaired ¢ test.
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TABLE 2 | Kinetic parameters of rMgTx and Kv channel interaction.

Kv Channel Toxin Kon (PM71s7") Korr (sec™) Kq (pM)

Kv1.3 TrMgTx 2.14E-05 0.00179 83.90
UrMgTx 3.43E-05 0.00179 52.20

Kv1.2 TrMgTx 3.05E-05 0.00190 62.29
UrMgTx 4.62E-05 0.00098 15.04

kon @nd Ko were calculated from averaged o, and o values obtained from 3-5
independent experiments (see the Materials and Methods section for details). Ky was
determined as Kop/Kon-

respective K,; values) during the Tgy, cell stimulation significantly
reduced the upregulation of IL2R and CD40L expression. About
8.5 nM of TrMgTx showed ~39% inhibition of IL2R expression
and ~36% inhibition of CD40L expression. Similarly, 5nM of
UrMgTx hampered expression of both activation markers by
~45% (Figures 8A-D). It is important to note that CD40L
expression of the stimulated cells after treatment with either
TrMgTx or UrMgTx was comparable to that of unstimulated cells
(Figure 8D). These results suggest that both TrMgTx and
UrMgTx are biologically active peptides; however, TrMgTx
has a slightly lesser efficacy than UrMgTx due to the presence
of a His-tag at the N-terminus.

DISCUSSION

In this article, an improved production of rMgTx in the P. pastoris
expression system has been described by optimizing various
aspects of the vector and the selection/culturing conditions
(pH, methanol induction, and fermentation duration) and
confirmed the applicability of the recombinant peptides in
electrophysiological and functional assays. Firstly, the coding
DNA sequence of MgTx was generated by using preferred
codons for P. pastoris, and Zeocin (2 mg/ml) hyper-resistant
transformants were selected for expression studies. Secondly,
upon substantial optimization, a yield of 83 + 3 mg/L TrMgTx
(i.e., His-tagged rMgTx) was obtained in the culture supernatant
at pH 6.0 of the culturing medium and 72h of fermentation
following 0.5% methanol induction. Following Ni** affinity
chromatography/RP-HPLC purification, the final yield of 36 +
4 mg/L TrMgTx was obtained at >98% purity, as confirmed by
RP-HPLC, mass spectrometry, and Western blot analysis, using
anti-His antibody. Thirdly, to compare the potency of TrMgTx in
inhibiting Kv1.2 and Kv1.3 channels with that of the untagged
rMgTx (ie., UrMgTx) having native-like N-terminal, TrMgTx
was digested using factor Xa protease, and subsequently purified
with RP-HPLC, and the cleavage was confirmed using mass
spectrometry. In the electrophysiology assay (patch-clamp), it
was shown in this study that TrMgTx is slightly less potent than
UrMgTx in inhibition of either Kv1.2 (K; = 64 vs 14 pM) or Kv1.3
(K4 = 86 vs 50 pM), albeit both peptides displayed picomolar
affinity for the channels. The analysis of the association and
dissociation kinetics showed that the somewhat lower affinity of
TrMgTx for Kv1.2 can be explained by the lower association and
increased dissociation rate of the toxin-channel complex as
compared with UrMgTx. Fourthly, in a biological functional

Efficient Production of Margatoxin

study, it was shown that both peptides significantly reduced
the expression of IL2R and CD40L in activated CD4" Tgy
cells at a 100x higher concentration than the K; values of the
respective toxins for Kv1.3.

Scorpion venom-derived peptide toxins have been under the
spotlight for the past 2 decades, especially a-KTxs, as they
effectively block the Kvl.3 channel in sub-nanomolar
concentrations. Therefore, these can be used to treat
autoimmune diseases through blockade of upregulated Kv1.3
channel in autoreactive human CD4" Tgy cells (Shen et al,
2017; Tajti et al., 2020). However, selectivity of these peptide
toxins for Kv1.3 is still an issue because they block various other
subtypes of Kv ion channels with high affinity (Kalman et al.,
1998; Bagdany et al., 2005). Consequently, these undesired
effects may restrict their use as potential therapeutic drugs.
Selectivity of these peptides for Kvl.3 can be enhanced by
peptide engineering. One example is the double substituted
analog of Anuroctoxin that exhibits more than 16,000-fold
selectivity for Kv1.3 over Kvl1.2 (as compared with the 10-
fold selectivity of the wild-type toxin), while maintaining the
affinity towards Kv1.3 (Bartok et al., 2015). Similarly, the Kv1.3
selectivity of HsTx1 over Kvl.1 was improved significantly by
R14A substitution (Rashid et al., 2014). In addition, peptide
toxins are widely used to investigate the function of Kvl.x ion
channels in various cell types in vivo as well as in vitro (Erdogan
et al.,, 2005; Tubert et al., 2016; Schwartz et al., 2020; Toldi et al.,
2020). Obviously, one needs a reliable and economical system to
produce an ample amount of these peptide toxins and their
analogs to develop them as therapeutic drugs for the treatment
of autoimmune disorders and to study the physiological role of
ion channels.

The natural resources (e.g., venom glands) provide a very
minute quantity of pure wild-type peptides, which is usually
insufficient for structural and functional experiments. Since
peptide toxins consist of 30-80 amino acids and they maintain
their tertiary structure with 3-4 disulfide bonds, chemical
synthesis (Jensen et al., 2009) and recombinant production in
E. coli of such peptides need oxidative refolding and
repurification to get the correctly refolded and biological active
isomer (Rudolph and Lilie, 1996). Some engineered E. coli strains,
on the other hand, are capable of disulfide bond formation and
refold the peptide (Lobstein et al., 2012; Klint et al., 2013).
However, neither chemical synthesis nor E. coli recombinant
production approaches seem to be efficient to produce a high
yield of disulfide-rich peptides. For example, MgTx was
previously produced in E. coli yielding 3-4 mg/L of functional
peptides (Garcia-Calvo et al.,, 1993). The P. pastoris expression
system offers an economical and better approach to overcome
these limitations and gives higher yields of correctly folded
recombinant peptides. This system has many pros as a host
for heterologous production of proteins, such as high biomass
production in simple medium, ease of genetic manipulation, and
capability of performing posttranslational modifications.
Additionally, P. pastoris secretes the heterologous proteins into
medium with very few endogenous proteins which significantly
simplifies the downstream processing (Macauley-Patrick et al.,
2005; Cregg, 2007). In line with these, Anangi et al. (2012)
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FIGURE 7 | Inhibition of hKv1.2 currents by tagged and untagged recombinant MgTx. (A,B) The K* currents through hKv1.2 were evoked from transiently
transfected CHO cells either in whole-cell or outside-out patch configuration by depolarization to +50 mV from a holding potential =120 mV for 200 ms duration. Test
pulses were applied every 15 s. Representative traces show the K* current before the application of toxin (control) and after reaching the equilibrium block in the
presence TrMgTx (A) or UrMgTx (B) in 100 pM concentration (as indicated). (C,D) Development of and recovery from block of hKv1.2 current. Normalized peak
currents were measured in whole-cell patch configuration and plotted against time as 100 pM of either TrMgTx (C, yellow bar) or UrMgTx (D, burgundy bar) was applied
to the bath solution. Following block equilibrium, the recording chamber was perfused with toxin-free solution (arrow, washout) to assess reversibility of the block. (E)
Concentration-dependent block of hKv1.2 by TrMgTx and UrMgTx. The RCF values taken at different toxin concentrations were fitted with a three-parameter (inhibition)
vs response model (see the Materials and Methods section for details). The best fit yielded Ky = 14 pM for UrMgTx and Ky = 64 pM for TrMgTx. Error bars represent SEM
and n = 3-5. (F) Comparison of block kinetics of TrMgTx and UrMgTx for hKv1.2. Association rate constant k., (left y-axis) and dissociation rate constant k. (right y-axis)
were calculated from measured time constants (1o, Tor) for the development of the block in the presence of 100 pM toxin and the washout (see € and D), assuming a
simple bimolecular reaction between the channel and toxin (see the Materials and Methods section for details) and plotted on bar graph. Symbols indicate individual data
points (n = 3-4), bar heights and error bars indicate mean + SEM. *p < 0.01, **p < 0.001, ns = not significant, unpaired t test comparison.

expressed and purified the His-tagged MgTx and Agitoxin in the
Pichia expression system with a yield of 12-15mg/L and
14-18 mg/L, respectively (Anangi et al., 2012).

The expression level of heterologous proteins in P. pastoris can
be enhanced by adopting various strategies. These include the
usage of codon-optimized genes, screening for high-copy
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FIGURE 8 | rMgTx decreases the expression of IL2R (CD25) and CD40L. Isolated CD4* Tgy cells were stimulated with anti-human CD3 antibody in the presence or
absence of toxins. After 24 h of stimulation, cells were labelled with anti-CD25 (IL2R) (A,B) and anti-CD154 (CD40L) antibodies (C,D). Treatment labels: US,
unstimulated (black); S, stimulated with anti-human CD3 antibody—coated wells (5 pg/well; see the Materials and Methods section for details, green); S + TrMgTx,
stimulated in the presence of TrMgTx (8.5 nM, red); S + UrMgTx, stimulated in the presence of UrMgTx (5 nM, blue). (A,C) Fluorescence histograms were obtained
from T lymphocytes gated based on their FSC and SSC parameters (10,000 events were recorded), and then, histograms corresponding to CD25 or CD154 expression
were plotted as peak-normalized overlay. Plots were made using FCS Express 6.0. (A,C) has the same color code. (B,D) Mean fluorescence intensities (MFI) were
determined from the histograms and normalized to that of their stimulated but not treated control (S). Data represent values from three independent experiments (two
technical repeats in each) with SEM. Significant differences of IL2R and CD40L expression between the stimulated samples in the absence and presence of toxin is
indicated with asterisks (o < 0.05, **p < 0.01, all pairwise multiple comparison).

integrant, choice of efficient promoter, and optimization of cell ~ MgTx gene was generated according to the codon usage table for
fermentation conditions (Macauley-Patrick et al., 2005; Yu etal,,  P. pastoris available at www.kazusa.or.jp/codon. Generally, it has
2010). Previous studies report that the use of codon-optimized  also been observed that an increase in the copy number of the
gene sequence increases the heterologous protein expression expression cassette significantly increases the expression of the
about 1- to 10-fold in P. pastoris over the native gene  target gene (Clare et al., 1991; Vassileva et al., 2001; Mansur et al.,
sequence (Yadava and Ockenhouse, 2003; Li et al, 2010; Yu 2005; Nordén et al., 2011). Upon transformation into P. pastoris,
et al,, 2013; Wang et al., 2015). For example, codon-optimized  multicopy integration of expression cassette could occur
glucanase gene from B. licheniformis was expressed 10-fold higher ~ spontaneously at single locus by homologous recombination.
compared with the wild-type gene in P. pastoris (Teng et al,  In this study, multicopy clones of P. pastoris were created by
2007). To improve the recombinant expression, the codon-biased ~ using the post-transformational vector amplification method
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described by Sunga et al. (2008). Initially, transformants were
selected on low concentration of Zeocin and then subject to
progressively increasing higher concentrations (up to 2 mg/ml
of Zeocin). Nordén et al. (2011) reported that hyper-resistance
against Zeocin was intimately correlated with enhanced
expression of foreign proteins in P. pastoris. As such, this
strategy was followed to select hyper-resistant P. pastoris
strains.

The expression level of recombinant proteins in P. pastoris is a
function of several fermentation factors such as biomass
production, pH of the medium, methanol induction, dissolved
oxygen, and medium types. The influence of these factors on
heterologous protein expression in P. pastoris varies for each
protein (Macauley-Patrick et al., 2005; André et al., 2006; Khatri
and Hoffmann, 2006; Minjie and Zhongping, 2013). Thus, in the
present study, to achieve maximal expression of rMgTx, first the
time course of methanol-induced peptide production was
optimized and later the optimal concentration of methanol for
induction and the optimal pH of the medium were determined.
As a strong methanol-induced promoter, AOXI was employed
here, and different concentrations of methanol were expected to
significantly alter the heterologous protein expressions. Based on
various foreign proteins, the suitable methanol concentration
ranged between 0.1 and 3% (v/v) (Minjie and Zhongping,
2013). When the biomass was induced with 0.5% methanol in
BMMY medium for 72 h, it was found to yield the highest titer of
TrMgTx. Similarly, Mu et al. (2008) reported that the highest
concentration of basic fibroblast growth factor was obtained at
0.5% (v/v) MeOH and yielded 150 mg/L peptide after 72 h of
induction. On the contrary, Zhang et al. (2009) suggested that
moderate methanol concentration and induction time to get the
maximal expression of inulinases in P. pastoris were 1.5% (v/v)
and 72 h, respectively. The pH of the medium is also an essential
factor to be optimized to improve the titer of heterologous
protein in P. pastoris because the stability of foreign protein
depends on the pH of the culturing medium. P. pastoris can
grow in a wide pH range of 3.0-7.0, without altering the growth
rate drastically; however, the optimal pH varies for different
recombinant proteins (Macauley-Patrick et al., 2005; Minjie
and Zhongping, 2013). In this study, the highest level of rMgTx
expression in culturing medium with pH 6.0 was observed.
Likewise, studies have reported that the optimal pH for
production of mouse epidermal growth factor, a-amylase,
and human serum albumin in P. pastoris is pH 6.0 as well
(Kobayashi et al., 2000; Park, 2006), whereas the optimal pH
for the human growth hormone and insulin-like growth
factor-I are 5.0 and 3.0, respectively (Brierley et al., 1994;
Calik et al, 2010). These results indicate that methanol
induction and pH, among others, must be optimized for
individual proteins. Conclusively, the highest concentration
of TrMgTx in the culture medium was 83 + 3 mg/L when the P.
pastoris clone was induced under optimized conditions (0.5%
MeOH, pH 6.0 for 72 h). The two-step purification strategy
exploited in this study resulted in more than 98% pure peptide,
albeit the final yield reduced to 36 + 4 mg of TrMgTx from 1 L of
culture. The final yield is threefold higher than previously reported
yields for TrMgTx in P. pastoris and is 1012 times higher than the

Efficient Production of Margatoxin

production in E. coli (Garcia-Calvo et al., 1993; Johnson et al., 1994;
Anangi et al,, 2012).

In this pharmacological study wusing patch-clamp
electrophysiology, it has been demonstrated that both versions
of recombinantly produced MgTx (tagged and untagged) potently
blocked hKv1.3 and hKv1.2 currents. The K, values of the UrMgTx
for hKv1.2 and hKv1.3 channels are in good agreement with the
previous data on the native or rMgTx (Garcia-Calvo et al., 1993;
Chandy et al., 2004; Bartok et al., 2014). However, the affinity of
TrMgTx for both hK1.3 and hK1.2 was slightly less than that for
UrMgTx. The reduced affinity of TrMgTx may be related to the
additional 14 residues at its N-terminal that may interfere with the
interaction of TrMgTx with the pore region of the ion channel.
Chang et al. (2015) demonstrated that N-terminally extended
analogs of Shk toxin inhibited the hKv1.3 channel with reduced
potency as compared with the native peptide toxin.

The kinetics of current block by UrMgTx was consistent with
previously reported data for MgTx. In case of hKvl.3, the
equilibrium block develops rapidly and is fully recoverable upon
washout, whereas the block of hKv1.2 develops relatively slowly
and reversibility of the block is limited during the time scale of the
whole-cell patch-clamp recording (Bartok et al, 2014). The
association rate of TrMgTx, which has the N-terminal His-tag,
was ~1.6-fold lower than that of UrMgTx for both hKv1.2 and
hKv1.3. The reduced k,,, rate could be explained by non-diffusion-
limited bimolecular toxin-channel interactions described by
Escobar et al. (1993) and Peter et al. (2001). In this model, the
transition from the toxin-channel encounter complex to the toxin
bound state (B) is a rate-limiting step for the block of pores of the
channels. This transition may be sensitive to the rearrangement of
amino acid side chains, hydrogen-bond formation, and squeezing
water molecules and cations out of the extracellular vestibule of the
channel to make stable toxin-channel complex (Peter et al., 2001).
This process might have been altered by the additional amino acids
at the N-terminus of tagged toxin, thereby leading to the decrease
in k,, observed in this study. On the other hand, the dissociation
rate (k,p) of TrMgTx was identical to that of UrMgTx for hKv1.3,
but kg was much higher for TrMgTx than for UrMgTx in case of
hKv1.2. Moreover, the block of Kvl.2 by TrMgTx was fully
reversible upon washout that is in clear contrast to UrMgTx.
The increased k,; might indicate that the presence of the
N-terminal tag in TrMgTx creates unfavorable interactions
between the channel and the bound peptide, thereby shortening
the lifetime of the toxin bound channel (Peter et al., 2001).
Although TrMgTx is slightly less potent than UrMgTx with
different block kinetics, the TrMgTx can be an excellent tool, as
1) it inhibits hKv1.2 and hKv1.3 in picomolar concentrations, 2)
the reversible nature of the block of hKv1.2 might be preferable for
the physiological study of ion channels, and 3) the production of
TrMgTx does not require proteolytic cleavage of tag and
downstream isolation steps, which makes the production
straightforward, easy, and cost-efficient. Moreover, the His-tag
of TrMgTx can be recognized by anti-His-tag antibodies and
can potentially be used to determine the toxin concertation in
biological fluids (Borrego et al., manuscript in preparation).

Kv1.3 expression is dramatically upregulated in effector
memory T (Tgy) cells upon activation (Wulff et al, 2003).
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Inhibition of Kvl1.3 by high-affinity blockers impede the Ca'-
dependent response to TCR activation and subsequently cell
proliferation  (Cahalan and Chandy, 2009). It was
demonstrated in this study that the TrMgTx and UrMgTx
strongly inhibited the expression of the early activation
markers interleukin-2 receptor a (CD25) and CD40 ligand in
anti-CD3-activated CD4" Tgy lymphocytes, presumably due to
the lack of calcineurin activation and the consequent
translocation of NFAT to the CD25 and CD40L promoters
(Tsytsykova et al, 1996; Schuh et al, 1998). Approximately
100x higher toxin concentrations than the K of the respective
peptides for Kv1.3 were used in this assay to ensure practically a
complete blockade of the Kv1.3 channels. The use of high toxin
concentrations is in accordance with previous reports where
significantly higher concentrations of Vm24 and Shk were
used in biological assays than the K; of the toxin for Kv1.3
(Beeton et al,, 2011a; Veytia-Bucheli et al., 2018). For example,
Vm24, which has low picomolar affinity for Kv1.3 (3 pM, Varga
etal., 2012) significantly downregulated CD25 and CD40L in Tgpy
lymphocytes at 1 nM concentration (Veytia-Bucheli et al., 2018).

In conclusion, this study reports that the Pichia expression
system is a powerful method to produce disulfide-rich peptides,
and through optimization strategies, overexpression could be
enhanced noticeably, making it more cost-effective. rMgTx
was produced with a very high yield, as compared with
previous reports, by optimizing several factors. The presence
of the His-tag on rMgTx was shown to only mildly alter the
block equilibrium and binding kinetics for the K* channels.
Moreover, both tagged and untagged peptides equipotently
reduced the proliferation of CD4" Tgy; cells. Based on this,
tagged rMgTx could be used directly in investigating the role
of Kv1.3 and other Kv ion channels in different cells and tissues
without removing the tag, thereby reducing the cost and time
demand of peptide production.
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Most cellular functions require of ion homeostasis and ion movement. Among others,
ion channels play a crucial role in controlling the homeostasis of anions and cations
concentration between the extracellular and intracellular compartments. Calcium (Ca?™)
is one of the most relevant ions involved in regulating critical functions of immune cells,
allowing the appropriate development of immune cell responses against pathogens and
tumor cells. Due to the importance of Ca?* in inducing the immune response, some
viruses have evolved mechanisms to modulate intracellular Ca?* concentrations and
the mobilization of this cation through Ca?* channels to increase their infectivity and
to evade the immune system using different mechanisms. For instance, some viral
infections require the influx of Ca2* through ionic channels as a first step to enter
the cell, as well as their replication and budding. Moreover, through the expression of
viral proteins on the surface of infected cells, Ca?* channels function can be altered,
enhancing the pathogen evasion of the adaptive immune response. In this article, we
review those ion channels and ion transporters that are essential for the function of
immune cells. Specifically, cation channels and Ca2*t channels in the context of viral
infections and their contribution to the modulation of adaptive immune responses.

Keywords: Ca2+, Ca2+ channels, T cells, immune response, viral infection

Abbreviations: Ca?*, Calcium; Mg?*, Magnesium; Zn?*, Zinc; K*, Potassium; Na*, Sodium; Cl~, Chloride; HPO4?~,
Phosphate; HCO3™, Bicarbonate; CRAC, Ca®* release-activated Ca®>* channels; TRP, Transient receptor potential; CFTR,
Cystic fibrosis transmembrane conductance regulator; GABA, Gamma-aminobutyric acid; PLCB, phospholipase CB; PIP,,
Phosphatidylinositol 4,5-bisphosphate; IP3, inositol (1,4,5) trisphosphate; DAG, Diacylglycerol; IP3R, IP3 receptor; ER,
Endoplasmic reticulum; MAGT1, Magnesium transporter protein 1; DCs, Dendritic cells; STIMI1, Stromal interaction
molecule 1; pMHC, Peptide-MHC; PMCAs, Plasma membrane Ca*™ ATPase pumps; SERCA, Sarco-endoplasmic reticulum
Ca?* ATPase; ADP, Adenosine diphosphate; cADPR, cyclic ADP ribose; Panx1, Pannexin 1 hemichannels; TRPM2, TRP
cation channel subfamily M member 2; NMDARs, N-methyl-D-aspartate receptors; AMPARSs, a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptors; cSMACs, Central supramolecular activation clusters; PKC, Protein kinase C; PI3K-C2p,
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lon Channel Modulation

INTRODUCTION

Ion homeostasis must be strictly modulated in cells of the
immune system since these charged atoms or molecules play
critical roles in several different physiological aspects (Feske et al.,
2015; Rubaiy, 2017). Cations are mainly represented by calcium
(Ca?™), magnesium (Mg?™), zinc (Zn?T), potassium (KT),
and sodium (Na'), and anions by chloride (Cl™), phosphate
(HPO42™), and bicarbonate (HCO3 ™) (Feske et al., 2015; Rubaiy,
2017; Vaeth and Feske, 2018). Na™, KT, and CI™ usually maintain
electrical gradients, and these cations contribute to the survival
of the cell along with the movement of organelles, while CI™
concentration plays a role in the movement and the acidification
process of organelles (Feske et al, 2012, 2015; Chakraborty
et al., 2017; Murray et al., 2017; Rubaiy, 2017; Vaeth and
Feske, 2018). Therefore, the mobilization of these charged atoms
or molecules across the hydrophobic plasma membrane alters
the electrochemical gradient in a localized fashion, inducing
conformational changes that will influence the function of
membrane proteins on those specific portions of the membrane
(Feske et al., 2012, 2015; Chaigne-Delalande and Lenardo, 2014;
Rubaiy, 2017; Vaeth and Feske, 2018). Given the relevance of ion
channels and transporters in cellular functions, it is expected for
immune cells, such as dendritic cells (DCs) and lymphocytes, to
express several of these proteins for a specialized regulation of ion
transport (Figure 1; Feske et al., 2012, 2015; Rubaiy, 2017; Vaeth
and Feske, 2018). Overall, these channels are plasma membrane
integral proteins that allow ions to transit from one side of the
membrane to the other (Di Resta and Becchetti, 2010; Kim,
2014). Usually, cellular channels can be found in an open, resting
closed, or inactivated closed state, in line with the physiological
conditions and needs of the cell (Di Resta and Becchetti, 2010
Kim, 2014).

Although currently there is not a thorough characterization
regarding the modulation of ion channels and transporters
in immune cells during infectious diseases, some reports
have provided relevant information to understand better the
contribution of these molecules during an infection (Cahalan
and Chandy, 1997; Panyi et al, 2004; Feske et al, 2012,
2015; RamaKrishnan and Sankaranarayanan, 2016; Vaeth and
Feske, 2018). It has been described that both, ion channels
and transporters can regulate cation transport and modulate
the immune response (Zweifach and Lewis, 1993; Lewis, 2001;
Hogan et al., 2010; Feske et al., 2012). The most relevant ion
channels and transporters include the Ca’" release-activated
Ca’*t (CRAC) channels, voltage-gated such as K* channel
(Ky)1.3 and Ca’t-activated KT channel (Kca)3.1, transient
receptor potential (TRP) channels, P2X receptors family and
pannexin hemichannels, voltage-gated Ca?T, Nat, and HT
channels, and Mg?>* and Zn?>* channels, among others (Zweifach
and Lewis, 1993; Lewis, 2001; Schenk et al., 2008; Franchi et al,,
2009; Yip et al., 2009; Hogan et al., 2010; Woehrle et al., 2010;
Junger, 2011; Feske et al., 2012; Prakriya and Lewis, 2015;
Figure 2). One of the ion channels that regulates anion transport,
and the immune response is the cystic fibrosis transmembrane
conductance regulator (CFTR) and gamma-aminobutyric acid
(GABA) receptors. In general, Ca>* channel signaling starts with

the influx of Ca?* from the extracellular space, which triggers
the activation of phospholipase CB (PLCP) and the subsequent
cleavage of phosphatidylinositol 4,5-bisphosphate (PIP;) into
inositol (1,4,5) trisphosphate (IP3) and diacylglycerol (DAG) by
PLCy. After this, the binding of IP3 with to the IP3-receptor
(IP3R) on the endoplasmic reticulum (ER) allows the diffusion of
Ca’* into the cytoplasm (Clapham, 2007). The following sections
will discuss the contribution of ion channels and transporters
to the interface between antigen-presenting cells, such as DCs
and T cells, an interaction commonly known as immunological
synapse. Further, the modulation of these channels during
adaptive immune responses, diseases, channelopathies, and viral
infections will be discussed.

ION CHANNELS EXPRESSED BY T AND
B CELLS

T cells and B cells are the main players of the adaptive immune
response and express various ion channels and transporters on
their surface (Feske et al., 2012; Netea et al., 2019). These channels
can regulate the concentration of different ions inside these cells
and modulate their functions (Feske et al., 2012). This section
will discuss the ion channels and transporters expressed by
these lymphocytes.

lon Channels Expressed by T Cells

T cells play an essential role at connecting the humoral and
cellular arms of adaptive immunity, which is critical to properly
response to infections by various pathogens (Jasenosky et al.,
2015; Lee et al., 2020). T cells can be classified into two major
types: CD4™ T cells that orchestrate the immune response against
a specific pathogen, and CD8" T cells that have cytotoxic
properties and can induce the apoptosis of cells infected by
a pathogen (Whitacre et al., 2012; Jasenosky et al., 2015). In
general, these cells can be recognized for the T cell receptor found
on their surface (Whitacre et al., 2012). Additionally, T cells
express several ion channels and transporters that modulate the
activation of these cells through the influx of Ca?*, Mg?™ and
Zn?*, or the efflux of KT and Cl~ (Table 1; Feske, 2013; Feske
etal., 2015).

Calcium Channels

CRAC channels contribute significantly to modulating immune
cells, particularly the T cells, as these channels are mainly
responsible for Ca?" influx, promoting an increase in the
concentration of this ion that can be maintained for hours
after the initial opening of these channels (Lewis, 2001;
Joseph et al, 2014). Ca®t levels modulate the activation,
proliferation, and cytokine secretion by T lymphocytes, among
other relevant processes (reviewed later; Lewis, 2001). CRAC
channels are located on the membrane of T cells and are
composed of three proteins, ORAIl, ORAI2, and ORAI3
(Vaeth et al., 2020). CRAC channels are also the main Ca2t
channels activated on antigen-presenting cells upon antigen
recognition, promoting DCs maturation in a Ca’T-controlled
fashion (Prakriya and Lewis, 2015). Usually, Ca?™ concentration
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FIGURE 1 | lon channels and transporters expressed by dendritic cells and lymphocytes. The immune cells express on their surface various types of ion channels
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for Ca2t, Mg?*, and K*. Dendritic cells express Ca2* channels.

in the cytoplasm of resting lymphocytes is close to 50 to
100 nM (Figure 2). Upon T cell receptor or B cell receptor
engagement, Ca?™ concentration in the cytoplasm can reach
up to 1 pM (Lewis, 2001; Feske et al., 2012). The mechanisms
underlying Ca?* increase after T cell receptor and B cell
receptor engagement involves the activation of PLCy1 or PLCy2
(Zweifach and Lewis, 1993; Hogan et al., 2003). The production
of IP3 by PLCy leads to the release of Ca’>* from the ER that
will stimulate Ca™ influx across the plasma membrane through
the store-operated Ca® ™" entry (Zweifach and Lewis, 1993; Hogan
et al, 2010). CRAC channels are responsible for the store-
operated Ca’T entry, and they are activated upon binding to the
stromal interaction molecule 1 (STIM1) and ORAI 1-3 proteins
(Hogan et al., 2010). Notably, the activation of CRAC channels
occurs after the ORAI proteins bind to STIM proteins at the
ER-plasma membrane junction (ORAI binding site to STIM is
located at the carboxyl terminus of the former; Feske et al., 2012;
Joseph et al., 2014). Upon binding, STIM proteins sense Ca?™
depletion inside the ER, oligomerizing and redistributing toward
these junctions where they communicate this Ca** decrease
to CRAC channels (Hogan et al., 2003; Feske et al., 2012).
The cytoplasmic domain of STIMI interacts with the N and C
termini in ORAI1, and CRAC channels are activated, leading
to the store-operated CaZt entry (Feske et al., 2012). STIM2,
another isoform of STIM proteins, is expressed in lymphocytes
and can interact with ORAII, although with slower kinetics
than STIMI1 (Feske et al., 2012). Activation of CRAC channels

and the store-operated Ca?" entry induction is key for cytokine
production because CD4" and CD8" T cells from STIMI1-
deficient mice and ORAII cannot secrete cytokines, such as IL-2,
IL-4, 1L-17, TNF, and IFN-y (Trebak and Kinet, 2019). In T
cells, mitochondria work alongside CRAC channels and interact
with them to maintain Ca?* influx and regulate homeostasis
(Joseph et al,, 2014). After T cell receptor engagement and
immunological synapsis formation, mitochondria moves closes
to CRAC channels in response to the massive transportation
of Ca’*, thus prolonging CRAC activity (Joseph et al., 2014).
Figure 2 describes these events on T cells upon T cell receptor
engagement by cognate peptide-MHC (pMHC) complexes on the
antigen-presenting cells surface.

The modulation of the Ca?* concentrations inside T cells
is also mediated by plasma membrane Ca’™ ATPase pumps
(PMCAs). During immunological synapsis, PMCAs are in close
contact with CRAC channels, which modulates the activity of the
ATPase pump. However, PMCAs efflux of Ca™2 from the T cell is
reduced, to allow mitochondrial control of Ca™? flux (Quintana
and Hoth, 2012). PMCAs also promote the activation the sarco-
endoplasmic reticulum Ca?* ATPase (SERCA), which removes
cytosolic Ca?* into the ER and the mitochondria (Hogan et al.,
2003; Korthals et al., 2017). In addition, ryanodine receptor
channels also increase the efflux of Ca?* from the ER to the
cytoplasm (Fenninger and Jefferies, 2019). These channels are
activated by the release of cyclic adenosine diphosphate (ADP)
ribose (cADPR) induced upon the store-operated Ca’* entry
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(Fenninger and Jefferies, 2019). PMCAs are activated after Ca®™*-
loaded calmodulin binds to their carboxyl terminus (Joseph et al.,
2014; Fenninger and Jefferies, 2019). Although PMCAs have a
high affinity for Ca?*, they also have low permeability for this
cation, which is why they modulate Ca?* concentration at basal
levels (Joseph et al., 2014).

The P2X purinoreceptor ion-channel family (and specifically
P2X1, P2X2, and P2X7) consists of another group of channels
related to immunity and myeloid and lymphoid cell modulation
(Junger, 2011). These channels require extracellular ATP for
activation and are non-selective for cations, such as Ca’* and
Na® (Junger, 2011). P2X7 receptors mainly control complex
pathways that modulate Ca?* and Na™ influx and K™ efflux and
are primarily expressed by T lymphocytes and innate immune
cells (Yip et al,, 2009; Junger, 2011). Activation of P2X7 by
ions such as K, Na*, Ca?*, and CI~ results in significant
stimulation of the NLRP3 inflammasome in several innate cells,
such as in macrophages and monocytes (Yip et al., 2009; Junger,
2011). Furthermore, NLRP3 oligomerization and inflammasome
activation will result in Caspase 1-induced cleavage of pro-IL-1f
and pro-IL-18 into their mature forms, IL-1p and IL-18 (Franchi
et al., 2009). These cytokines will activate additional signaling
pathways to induce inflammation and immune cell function

(Franchi et al., 2009). Remarkably, Pannexin 1 hemichannels
(Panx1) has been reported to co-localize with P2X7 at the
immunological synapsis, (Woehrle et al., 2010). Because Panx1
can release ATP into the extracellular space, it has been suggested
that T cells can modulate P2X7 signaling (Woehrle et al,
2010). This modulation can work in an autocrine fashion to
amplify gene expression, T cell effector functions, and T cell
receptor signals upon pMHC engagement (Schenk et al., 2008;
Woehrle et al., 2010; Junger, 2011; Figure 2). Activation of the
inflammasome and Caspase-1 is also linked to programmed cell
death (Martinon et al., 2002; Shi et al.,, 2017). Gasdermin D is
a target of Caspase-1, -4, -5, and -11 and has been identified
as a key component of the molecular mechanisms of pyroptosis
(Lamkanfi et al., 2008; Shi et al., 2015). Pyroptosis is a cellular
phenomenon leading to programmed cell death that increases
the presence of inflammatory molecules in the extracellular
space, such as IL-1f (Shi et al, 2017), which differs from
non-inflammatory cell death triggered by apoptosis (Jorgensen
and Miao, 2015). The inflammatory features of pyroptosis
include the activation of PRRs and an increased transcription
of pro-inflammatory cytokines, which classifies this process as
an innate immunity-related mechanism (Jorgensen and Miao,
2015). Gasdermin D is usually found in an inactivated state
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TABLE 1 | Role of ion channels expressed by lymphocytes.

lon to be Channels Role in the lymphocytes functioning References
modulated
T cells B cells
Ca?t CRAC Increment of [Ca?*]; upon T cell receptor Increment of [Ca2*]; upon B cell Lewis, 2001; Feske et al., 2012;
engagement. Participates in the secretion of receptor engagement Modulates the Prakriya and Lewis, 2015; Trebak
cytokines. proliferation of B cells. Modulates the and Kinet, 2019
secretion of antibodies.
p2X Amplifies gene expression, T cell effector Not expressed by this cell type Schenk et al., 2008; Woehrle et al.,
functions, and T cell receptor signaling. 2010; Junger, 2011
TRP Enhances T cell receptor stimulation. Regulates Not expressed by this cell type Weber et al., 2010; Acharya et al.,
differentiation of T cell into Th1 or Th2 profile. 2021
Induces proliferation.
Cay Secretion of IL-2. Differentiation of T cells into Not expressed by this cell type Cabral et al., 2010; Omilusik et al.,
Th2 profiles. Homeostasis of naive T cells. 2011; Fenninger and Jefferies,
2019
Mg+ TRPM7 Promotes T cell development and maturation. Might be essential for B cell survival. Jin et al., 2008; Feske et al., 2012;
Brandao et al., 2013
MagT1 Induces the activation of T cells. Does not induce the activation of B Goytain and Quamme, 2005
cells.
K+ Ky Promotes the central and effector memory Promotes the secretion of Chiang et al., 2017
phenotypes of T cells. autoantibodies. Induces proliferation of
class-switching memory B cells
Kca Unknown role
Zn?t ZIP Unknown role Unknown role Feske et al., 2012
ClI~ CAGA Inhibition of T cell function and proliferation. Not expressed by this cell type Feske et al., 2012
CFTR Regulates differentiation profile of T cells. Activation and proliferation of B cells. Polverino et al., 2019

and, upon cleavage by the aforementioned Caspases, can act as
a pore-forming protein by disrupting the plasma membrane,
cell swelling, and lysis, in a pyroptotic fashion (Ding et al.,
2016; Liu et al., 2016). Remarkably, increased cytosolic Ca?*
leads to increased translocation of GSDMD into the membrane
and enhanced LPS-induced pyroptosis, in a PLCy1-dependent
manner (Liu et al., 2020). Therefore, Ca’?* contributes to the
modulation of programmed cell death.

Transient receptor potential channels were initially described
in Drosophila melanogaster mutants and constitute a superfamily
including 6 subfamilies in humans: TRP canonical (TRCP),
TRP vanilloid (TRPV), TRP melastatin (TRPM), TRP ankyrin
(TRPA), TRP mulcolipin, and TRP polycystic (Minke and Cook,
2002; Wenning et al., 2011; Feske et al., 2012; Samanta et al.,
2018). The most common TRP receptors expressed by T cells are
TRPC and TRPM (Parenti et al., 2016; Froghi et al., 2021). TRPC
channels are thought to be responsible for Ca** influx into T
cells and are usually associated with PLCy signaling (Feske et al.,
2012). Further studies are required to elucidate if these channels
contribute to the store-operated Ca?* entry and T cell activation
(Minke and Cook, 2002; Feske et al., 2012). TRP cation channel
subfamily M member 2 (TRPM2) channels have been shown
to regulate Ca?* in a non-selective fashion in several immune
cells (Yamamoto et al,, 2010). These channels are regulated
by several intracellular factors, mostly related to ADP, such as
cADP and cADPR (Yamamoto et al., 2010; Huang et al., 2018).
Other molecules, such as hydrogen peroxide, may modulate
the permeability and activity of TRPM2 (Yamamoto et al,
2010; Sumoza-Toledo and Penner, 2011; Wenning et al., 2011).

Different reports have shown that these channels can enhance T
cell receptor stimulation in T cells and inhibit reactive oxygen
species production in phagocytic cells (Di et al, 2011; Chung
et al., 2015; Syed Mortadza et al, 2015; Morad et al., 2021).
Furthermore, this channel can promote the secretion of cytokines
such as IL-2, IL-17, and IFN-y (Melzer et al., 2012). TRPM4, the
most studied TRP channels in immune cells, are highly permeable
to Na™ and KT and partially to Ca?* (Vennekens and Nilius,
2007). The influx of Ca?* will induce the activation of TRPM4,
which will negatively modulate store-operated Ca’* entry and
promote Na™ influx, membrane depolarization, and reduction of
Ca?* influx due to stabilizing electrical charges (Vennekens and
Nilius, 2007; Feske et al., 2012; Bose et al., 2015). The modulation
of Ca’* levels regulates the Thl and Th2 differentiation of T
cells (Weber et al., 2010). Lastly, TRPMS8 has been associated to T
cell activation, increasing CD25 and CD69 expression and TNF-a
secretion (Acharya et al., 2021). Although TRPMS8 might not be
necessary for T cell activation, inhibition of this channel impairs
T cell proliferation (Acharya et al., 2021).

Ca, channels induce specific Ca’* influx in excitable cells
and are divided into three subfamilies, Cay1, Cay2, and Ca,3.
T cells express only the Cay1 first subfamily (Feske et al., 2012,
2015), which comprises Cay1.1, Cay1.2, Cay1.3, Ca,1.4, and the
regulatory subunits B3 and 4 (Feske et al., 2012, 2015; Badou
et al.,, 2013). Treatment of Jurkat T cells with a Ca, channel
antagonists reduces IL-2 production (Fenninger and Jefferies,
2019), suggesting the involvement of this channel in the secretion
of this cytokine. The upregulation of Cay 1.2 and Cay, 1.3 channels
and the differentiation of T cells toward a Th2 profile are also
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associated (Cabral et al., 2010). Cay1.2 activity is also regulated
via STIM, as upon inhibition of Cay 1.2, the interaction between
STIM and ORAI occurs (Badou et al,, 2013). The influx of
Ca?* generated by Ca, 1.4 channels modulates the homeostasis
of naive T cells and is important for the generation of T cell
responses (Omilusik et al., 2011).

Magnesium Transporters and Channels

Magnesium is another secondary messenger important for
modulating the function of T cells, which has been associated
with promoting the correct function and development of these
cells (Feske et al., 2012). Magnesium transporter protein 1
(MAGT1, an Mg?" transporter) is a highly selective Mg?™"
channel that is not permeable to other divalent cations such
as Ca?t, Zn?*, and Ni*" (Figure 2; Goytain and Quamme,
2005; Ravell et al., 2020) and is involved in T cell development
and function (Goytain and Quamme, 2005). Notably, MAGT1
will induce PLCyl activation and then store-operated Ca’*
entry, upon Mg?>* influx and T cell receptor stimulation
(Ravell et al., 2020). T cells lacking MAGT1 channels exhibit
an impaired capacity to be activated upon T cell receptor
engagement and show a decreased Ca®™ influxes (Li et al., 2011;
Brandao et al., 2013).

TRP cation channel subfamily M member 7 is a non-selective
Mg? ™ channel expressed by T cells, permeable also to Ca?™
(Bates-Withers et al., 2011; Antunes et al., 2016; Vaeth and Feske,
2018). TRPM7 channels regulate Mg?* concentration and cell
homeostasis in the entire organism (Bates-Withers et al., 2011;
Antunes et al., 2016; Vaeth and Feske, 2018) and are fundamental
for T cell development and maturation (Jin et al., 2008; Feske
etal, 2012). The absence of this channel impairs the development
of T cells, resulting in CD4~ and CD8™ T cells (Schmitz et al.,
2003; Feske et al., 2012). However, it seems that the lack of
TRPM7 does not modify the intracellular concentration of Mg?™
([Mg2+]i) in T cells, but rather the primary function of this
channel might be related to Ca’™ influx (Feske et al., 2012).
The translocation of Ca?* or Mg?* into target cell leads to
the phosphorylation of molecules involved in the signaling of
tyrosine kinases-based receptors, promoting cell differentiation,
growth and activation (Zou et al., 2019).

Potassium Channels

The K,1.3 and Kc,3.1 channels modulate KT homeostasis
(Chiang et al., 2017). These channels must control the efflux of
K™, which leads to hyperpolarization of the plasma membrane
(Lam and Wulff, 2011; Chiang et al, 2017). These channels
inhibit membrane depolarization upon the influx of other
cations, such as Mg?"t and Ca?* (Lam and Wulff, 2011).
The topology of Ky1.3 and Kc,3.1 is very similar, as they are
homotetramers with each subunit exhibiting six transmembrane
segments (Di Lucente et al., 2018; Ji et al., 2018). However, these
channels differ in the mechanism of activation (Wulff et al.,
2009). While K,1.3 is activated upon membrane depolarization
leading to KT efflux, Kc,3.1 activation requires the release of
Ca’* and calmodulin. This process leads to repolarization of the
plasma membrane upon K* efflux and continuous influx of Ca?™
(Wulff et al., 2009). Interestingly, these channels are relevant for

establishing central and effector memory phenotypes in T cells
(Chiang et al., 2017).

Additional Cationic Channels

N-methyl-D-aspartate receptors (NMDARs) and o-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptors
(AMPARs) are ionotropic glutamate receptors that deserve
mention, as they are considered receptors linked to ion channels
and are relevant during glutamatergic transmission in the central
nervous system (CNS; Traynelis et al., 2010). Glutamate is
considered one of the primary excitatory neurotransmitters
of the CNS in mammals, and it can interact with ionotropic
and metabotropic receptors (Traynelis et al., 2010). NMDARs
and AMPARs are, as many of the channels mentioned so far,
non-selective cations channels that are mostly permeable to
K* and Na't, and to some extent to Ca?* (Traynelis et al,
2010). These receptors will produce excitatory post-synaptic
responses upon activation (Fourgeaud et al., 2010; Traynelis
et al., 2010; Kahlfuf? et al.,, 2014). These receptors can also be
found in several isoforms, depending on the subunit composition
(Fourgeaud et al., 2010; Traynelis et al., 2010; Kahlfuf} et al,,
2014). Recent reports have described that immune cells, such
as DCs are sensitive to and can release glutamate (Fourgeaud
et al., 2010; Kahlfuf3 et al., 2014). Further, AMPAR and NMDAR
are expressed by some immune cells, suggesting that these
receptors can modulate the development, activation, or effector
functions of these immune cells (Fourgeaud et al., 2010; Kahlfuf3
et al., 2014). However, more exhaustive studies are required
to better define the contribution of these channels and the
associated signaling pathways to the function of T cells and other
immune cells.

Additional ion channels can be found on the surface of T cells,
such as Zn?* channels -i.e., ZIP3, ZIP6, ZIP8, ZIP10, ZIP14-, but
the contribution of these channels to the function of T cells has
not been defined (Feske et al., 2012).

Anionic Channels

CFTR is one of the anionic channels expressed by T cells
(Feske et al., 2012). CFTR promotes the efflux of Cl~ from
the intracellular to the extracellular and its absence on CD4™"
T cells induces a Th2 polarization leading to an increase in
the secretion of IL-4 (Feske et al, 2012; Polverino et al,
2019). Another Cl™ channel in T cells is GABA receptors,
and the activation of this receptor has been described to
inhibit the function and proliferation of these cells (Feske
et al, 2012). Additionally, the treatment with GABA has
prevented the secretion of IL-2 and IFN-y on CD8' T cells
(Feske et al., 2012). Finally, the LRRC8-A channel has been
identified on T cells and shown to be important for T
cell development, function and survival (Kumar et al., 2014;
Serra et al., 2021).

lon Channels Expressed by B Cells

B cells can act as professional antigen-presenting cells that
can prime T cells and can also differentiate into plasma
cells to produce antibodies, which bind to specific antigens
of pathogens, promoting their clearance (Whitacre et al., 2012;
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Hiusser-Kinzel and Weber, 2019). B cells express the B cell
receptor on their surface (Whitacre et al., 2012) and several ion
channels and transporters that modulate their activation and
function, through the influx of Ca**, Mg?*, and Zn™, or the
efflux of Kt and Cl~ (Scharenberg et al., 2007; Feske et al., 2015;
Table 1).

Calcium Channels

Ca’* ions act as a second messenger in B cells and are
required for proliferation and antibody secretion (Vig and
Kinet, 2009; Feske et al., 2012; Trebak and Kinet, 2019). Ca?*
influx in B cells is controlled by CRAC channels, which are
activated upon antigen recognition (Feske et al., 2012, 2015).
Therefore, CRAC channels contribute to the establishment of
immunity against infections, modulating B cell proliferation
and antibody secretion by these cells. The lack of ORAII in B
cells can lead to immunodeficiency and also to autoimmunity
(Feske et al., 2012). However, the absence of ORAIl does
not affect B cell development (Mahtani and Treanor, 2019).
Autoimmune disorders described in the absence of ORAII are
associated with inflammation of the CNS (Gauthier et al., 2006;
Feske et al., 2012). For instance, multiple sclerosis has been
related to reduced production of IL-10 by B cells that have
mutations associated with CRAC channels (Gauthier et al., 2006;
Feske et al., 2012).

Magnesium Channels

Mg?™ is a secondary messenger essential in B cells because
the lack of this cation prevents the proliferation of these cells
(Feske et al., 2012). TRPM?7 is the Mg?>* channel described in B
cells, responsible for the entry of both Mg?™ and Ca?* (Feske
et al,, 2012, 2015). Even though the role of Mg?™ has not been
thoroughly studied, it is known that the lack of TRP7M in B
cells induces cell death after 24 h, suggesting that the role of
Mg?* in B cells might be essential for cell survival (Brandao
etal., 2013). The TRP7M might be essential for cell survival since
the influx of Mg ™ induces the phosphorylation of targets from
the signaling pathway involved with the tyrosine kinase-based
receptors, leading to cell differentiation, growth and function
(Zou et al.,, 2019). Interestingly, the lack of the channel TRPM7
has been associated with an increase of MAGT1 in B cells
(Zou et al., 2019), a phenomenon that has not been described
yet for T cells.

Potassium Channels

As seen for T cells, the influx of Ca?" in B cells is highly
dependent on the transmembrane electrostatic potential (Feske
et al,, 2012). K* channels control the depolarization of the
B cell membrane through the efflux of K*, and the channels
involved in this process are Ky1.3 and K3.1 (Feske et al,
2012, 2015). Ky1.3 channels are expressed in proliferating B
cells producing autoantibodies and switching to memory B
cells (Wulff et al., 2004; Land et al., 2017). Blockade of this
channel decreases the release of autoantibodies and has been
related to inhibiting the proliferation of class-switched memory
B cells (Land et al., 2017). Additionally, it has been suggested
that blocking Ky1.3 channels might help controlling multiple

sclerosis, a disease in which the proliferation of class-switched
memory cells is detrimental (Beeton and Chandy, 2005; Feske
etal, 2012).

Importantly, although B cells express additional ion channels
such as Zn?T channels -ie., ZIP3, ZIP6, ZIP8, ZIP10,
ZIP14, their contribution to B cell function remains unknown
(Feske et al., 2015).

Anionic Channels

CFTR is the only ClI™ channel described on the surface of B
cells (Feske et al., 2012). Absence of this channel leads to the
inhibition of conductance of Cl~, decreasing B cell activation and
proliferation (Polverino et al., 2019). No other anionic channels
have been described to be expressed by these cells.

CONTRIBUTION OF ION CHANNELS TO
THE IMMUNOLOGICAL SYNAPSE AND
OTHER T CELL FUNCTIONS

One of the most relevant processes that initiate an adaptive
immune response is the interaction between antigen-presenting
cells (particularly DCs) and T cells (Gonzdlez et al., 2007;
Carrefio et al.,, 2010, 2011). This interaction requires ions to
be mobilized from several compartments and considers the
participation of ion channels and transporters (Quintana et al,,
2011). The contribution of ion channels and transporters (mainly
focused on Ca?™), and the function of these channels during
the immunological synapsis and other processes such as T cell
activation, proliferation, and differentiation, will be discussed
in this section.

Interaction Between Dendritic Cells and
T Cells

An immunological synapsis must be established to induce the
activation of an adequate adaptive immune response (Gonzalez
et al.,, 2007; Franchi et al.,, 2009; Carrefio et al., 2010, 2011).
Ion channels are needed for the proper maturation of DCs,
and several issues can arise when these channels are not
working properly. For instance, inhibition of Ky1.3 results in
an impairment in the expression of maturation markers, MHC-
IT expression, and secretion of cytokines (RamaKrishnan and
Sankaranarayanan, 2016). Impairment of all these characteristics
will cause a reduced activation and proliferation of T cells
(RamaKrishnan and Sankaranarayanan, 2016). TRPM4 is
required for the migration of peripheral DCs into the lymph
nodes by activating PLC (Barbet et al., 2008). Therefore, a
mutation or deletion of TRPM4 in DCs impairs the assembly
of the immunological synapsis in lymph nodes, because DCs
fail to reach this organ (Barbet et al., 2008). Cay1.2 will activate
Ryanodine receptors, leading to the expression of MHC-II on the
plasma membrane of DCs (Vukcevic et al., 2008). A mutation in
the gene encoding for this channel would cause MHC-II not to
be expressed on the DC membrane, antigen presentation would
not occur, preventing the establishment of the immunological
synapsis (RamaKrishnan and Sankaranarayanan, 2016).
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Upon establishment of the immunological synapsis, regions
known as central supramolecular activation clusters (cSMACs)
are formed in the immediate vicinity of the T cell receptor-
pMHC complex and concentrate most CD28 and T cell
receptor molecules (Grakoui et al, 1999). Surrounding the
immunological synapsis, peripheral supramolecular activation
clusters emerge, where integrins such as CD2 and different
intercellular adhesion molecules are located (Grakoui et al.,
1999). At the most peripheric region, distant supramolecular
activation clusters are formed, consisting mostly of CD45 and
CD43 (Grakoui et al.,, 1999). One of the main indirect effects
of the entry of Ca?*t into the T cell is the reorganization of
actin on the three SMACs, modulating the intensity and the
duration of T cell receptor signaling (Billadeau et al.,2007).
After activation of T lymphocytes, there is a release of Ca’™
from the ER into the cytoplasm that leads to the activation
of CRAC channel (Smith-Garvin et al., 2009). This will induce
changes in the membrane potential, inducing the activation
of voltage-dependent ion channels, such as Ky1.3. This will
allow the exit of K* to the extracellular space and maintain
the T cell membrane potential (Grissmer et al., 1993). The
primary function of intracellular Ca?* influx is the mobilization
of the centrosome to the cSMAC (Kloc et al, 2014). The
centrosome is a cellular organelle that works as the microtubule-
organizing center and is spatially close to the Golgi apparatus
and several vesicles (Kloc et al., 2014). The mechanism by which
the centrosome is mobilized due to Ca?>* flux is not entirely
clear. Actin interaction with myosin generates a contraction
that promotes that the centrosome, along with the Golgi
apparatus, move toward the cSMAC (Billadeau et al., 2007).
Because the centrosome moves toward the cSMAC, the T cell
can release the proper cytokines in a localized and focused
way toward the antigen-presenting cells or target cell because
microtubule-organizing center carries with it the Golgi and
vesicles containing cytokines (Martin-Cofreces et al., 2008;
Kloc et al., 2014).

The interaction between DCs and T cells is also modulated
by the intracellular concentration of Mg?*, Zn?>*, and Ca?*
and the activity of ion channels and transporters (Feske et al,
2012; Figure 2). These cations can act as second messengers
modulating various T cell functions, such as cytotoxicity,
differentiation, and cytokine production (Feske et al., 2012). After
T cell receptor activation, MAGT1 elicits a specific influx of
Mg? ", which activates PLCy1l and consequently the influx of
Ca?™ after T cell receptor activation (Feske et al., 2012). The
increase in Ca™ in the cytosol after T cell receptor engagement
will trigger various signaling pathways leading to the T cell
activation and the induction of the immune response in a
T cell-dependent manner (Joseph et al., 2014). However, the
mechanisms involved in activating the MAGT1 transporter are
not clear yet (Feske et al., 2012). Figure 2 describes the events
occurring upon T cell receptor engagement by the cognate pMHC
complex, focusing on Ca?™ signaling.

After T cell receptor engagement, there is an influx of
Ca’* producing a significant increase of intracellular Ca?™
concentration (around 50-100 fold increase as compared to
resting values; Feske et al., 2012). This phenomenon promotes

the activation of transcription factors and signal transduction
molecules. Among the different channels that modulate this
influx are TRP channels, Cay channels, P2X channels, and CRAC
channels (Feske et al., 2012). To maintain the electrical gradient
necessary for the transportation of this ion, Nat, ClI~, and K*
channels work alongside these Ca?™ channels (Feske et al., 2012;
Vaeth et al., 2020; Figure 2).

T cell receptor engagement leads to the depletion of
Ca’* stores within the ER and the phosphorylation of PLCy
(Yang and Jafri, 2020). Although two isoforms of PLCy have
been described, namely PLCyl and PLCy2 (Joseph et al,
2014) T cells mainly express PLCyl (Joseph et al, 2014).
The activation of a tyrosine kinase promotes the PLCyl
phosphorylation, and therein, its activation (Vaeth et al., 2020;
Yang and Jafri, 2020). PLCy1 hydrolyzes phosphatidylinositol
4,5-bisphosphate (PIP,) into DAG and IP3;, molecules that act
as second messengers in these cells (Vaeth et al., 2020; Yang
and Jafri, 2020). DAG activates the protein kinase C (PKC)
and the mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) pathways, while IP3 binds to
IP3R on the ER membrane. The IP3R is an ion channel
permeable to Ca?*, which causes the release of this cation
from this organelle as discussed above, with the ER later being
refilled by the SERCA pump to recover original Ca’>* levels
(Joseph et al., 2014; Vaeth et al., 2020; Yang and Jafri, 2020;
Figure 2).

Phospholipase Cy is composed of three SH domains
needed to achieve proper phosphorylation of the phospholipase
(Joseph et al., 2014). The activation of PLCy occurs at
microclusters in T cells, which are small protein aggregates
promoted by the phosphorylation of the ¢-chain of the
ZAP-70 protein (Joseph et al., 2014). The events occurring
before phosphorylation are related to the activation of the
ZAP-70 protein due to the phosphorylation of the immune
receptor tyrosine activating motif, which is mediated by the
Src family kinases (Joseph et al, 2014). This family of
kinases is also in charge of the phosphorylation of NMDAR
subunits in hippocampal neurons (Zainullina et al, 2011).
Since Src proteins are expressed in both cell types, they might
also regulate the activity of NMDAR in T cells (Zainullina
et al, 2011). Following antigen stimulation, these receptors
regulate T lymphocyte functions and contribute to the Ca’*
influx mediated by the store-operated Ca** entry (Zainullina
et al., 2011; Joseph et al, 2014; Fenninger and Jefferies,
2019). Significantly, the activation of PLCy at microclusters
depends on the linker for activation of T cells, the SH
domain-containing leukocyte protein of 76 KDa, Vavl, guanine
nucleotide exchange factor, c-Cbl, and Itk (Joseph et al,
2014). In summary, PLCy needs to be phosphorylated to
begin the mobilization of Ca?* from the ER Ca?* stores into
the cytoplasm, increasing the intracellular Ca?Tconcentration
(ICa**]).

Proliferation of T Cells

As described above, the influx of Ca?* into T cells is dependent
on the transmembrane electrostatic potential (Feske et al., 2012).
If the transmembrane electrostatic potential is negative, Ca**
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may enter the cell (Feske et al., 2012; Yang and Jafri, 2020).
However, the influx of Ca>* promotes a transient depolarization
of the membrane, which does not favor ion entry (Feske et al.,
2015). Kt channels contribute significantly to this process
because they compensate this depolarization by maintaining a
negative voltage in the T cell membrane and even hyperpolarizing
it through the efflux of K*, providing a driving force that allows
Ca?* entry through CRAC channels (Fanger et al.,, 2001; Cahalan
and Chandy, 2009; Lam and Wulff, 2011; Feske et al., 2012,
2015; Teisseyre et al, 2019; Yang and Jafri, 2020). There is
some controversy about the role that K* channels play with
regards to Cat? influx and a clamp in membrane potential
caused by the opening of K™ channels may attenuate Ca™2 entry
(Cahalan and Chandy, 2009). The movement of ions through
membranes depends on various factors, such as the concentration
gradient, the membrane potential, and the permeable ions
involved (Bowman and Baglioni, 1984). All of these factors can
be grouped in the electro-diffusion theory, which is the basis
of the Goldman-Hodgkin-Katz equation (Bowman and Baglioni,
1984). There is not much information regarding K* efflux and
Ca™? influx in T cells, but these two ions have been studied in
non-excitable cells (HeLa cells) using a path-clamp measurement
to determine membrane potential while stimulating the cell
with a femtosecond laser (Ando et al., 2009). One of the main
conclusions was that after laser irradiation on HeLa cells, an
hyperpolarization of membrane potential correlates with a rise
in intracellular Ca™2 (Ando et al., 2009). The crucial role that K+
channels play in the modulation of Ca®T entry through CRAC
channels allows its influx and further signaling, promoting the
proliferation of T cells.

In T cells, Kt efflux is controlled by the channels K,1.3,
Kca3.1, Kyp3.1, Kzp5.1, and K3,9.1 (Feske et al.,, 2015). The two
most commonly expressed channels in the membrane of T cells
are K, 1.3 and K¢,3.1 (Feske et al., 2012; Conforti, 2017). Several
studies have evaluated the impact of blocking these channels on
T cell function and the effects vary depending on the channel that
was inhibited (Petho et al., 2016). For example, the simultaneous
blockage of the channels K,1.3, K¢,3.1, and CRAC can prevent
T cell proliferation, while only blocking Ky 1.3 alters the secretion
of cytokines by CD4™" T cells (Petho et al., 2016; Veytia-Bucheli
et al., 2018). Interestingly, the activation of Kc,3.1 channels
in CD8" T cells modulates their chemotactic activity toward
tumor cells, suggesting that the increased activity of this channel
might promote CD8" T cell infiltration (Chimote et al., 2018).
Additionally, pharmacological inhibition of both K channels
in human CD4" T cells induces a decrease in IL-2 production
(Valle-Reyes et al., 2018). This decrease in IL-2 correlates with
the inhibition of T cell proliferation primarily in the early stages
of T cell activation (Verheugen et al., 1997).

Naive T cells express mainly K,1.3 channels, and upon T cell
receptor engagement, there is an upregulation and recruitment
of Kc,3.1 channel into the IS (Feske et al., 2015). Membrane
depolarization by the influx of Ca?™ is sensed by a set of arginine
residues in the transmembrane segment four of these channels,
causing conformational changes and their opening. Interestingly,
the activation of this channel is also regulated by Lck, PKC ¢, and
PKA (Nicolaou et al., 2010; Feske et al., 2012, 2015).

The binding of Ca?* and calmodulin inside T cells activates
the Kc, 3.1 channel, as the C terminus of this channel is
constitutively linked to calmodulin (Feske et al., 2012). The
activation of this channel is also dependent on PKA and
the class 2 phosphatidylinositol-3-kinase (PI3K-C2f), which
is activated after T cell receptor stimulation (Feske et al,
2012). The activation of PI3K-C2B increases PI3P levels in
the plasma membrane, allowing the histidine kinase nucleoside
diphosphate kinase B to activate the Kg, 3.1 channel by
phosphorylating histidine 358 in its carboxyl terminus (Feske
et al, 2012, 2015). Accordingly, dephosphorylation of PI3P
and K¢, 3.1 inhibits the activity of this channel, T cell
proliferation, and Ca’* influx induced by T cell receptor
signaling (Feske et al, 2012, 2015). Such an inhibition
occurs through the PI3P phosphatase myotubularin-related
protein 6 and the histidine phosphatase phosphohistidine
phosphatase-1. Kc, 3.1 channels can also be inhibited through
the ubiquitination and inhibition of PI3K-C2f due to the
E3 ubiquitin ligase tripartite motif-containing protein 27
(Feske et al., 2012, 2015).

T Cell Polarization

The overall immune response must be tightly regulated to
recognize and clear different pathogens. CD4t T cells are
usually in charge of orchestrating this response by polarizing
into different Th profiles, with key cytokines secreted by each
of these profiles (Galvez et al., 2021). For instance, while a
Thl polarization induces the secretion of IFN-y and will be
optimal for the clearance of intracellular pathogens, a Th2
response induces the secretion of IL-4 and will be optimal for the
clearance of extracellular bacteria and a Th17 response induces
the secretion of IL-17 and will be optimal for the clearance of
extracellular pathogens, such as parasites (Galvez et al., 2021).
Interestingly, the absence of TRPA1 induces the polarization of
T cells into a Th1 profile, increasing the expression of T-bet and
IFN-y (Bertin et al., 2017). The role of ion channels modulating
T cell profiles toward a Th2 response has been associated with
the upregulation of Ca, channels mentioned above (Feske et al.,
2012). The role of some ion channels during Th17 polarization
has been partially described up to date. The entry of Ca?™
through the P2 x 7 receptor activates ERK1 or ERK2, which
suppresses the transcription of forkhead box P3 and promotes
the expression of retinoic acid receptor-related orphan receptor-
yt, which induces the polarization of T cells toward a Thl17
phenotype, altogether inhibiting the regulatory T cells (Tyeg)
polarization (Feske et al., 2012).

Cytokine Secretion by T Cells

Translocation of different transcription factors, such as the
nuclear factor of activated T cells (NFAT) and the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-
kB) into the nucleus will induce the transcription of genes
encoding for cytokines, such as IL-2 (Vaeth et al, 2020; Yang
and Jafri, 2020). Ca?* influx through CRAC channels regulates
the serine/threonine phosphatase calcineurin function, which
coordinates three main signaling pathways (Vaeth et al., 2020;
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Yang and Jafri, 2020). The first pathway is related to NFAT
signaling, the second one is associated with NF-kB signaling
and the third one is related to the c-Jun NH,-terminal kinase
(JNK) pathway (Vaeth et al., 2020; Yang and Jafri, 2020). For the
first pathway, calcineurin dephosphorylates NFAT, specifically
the regulatory domain in the N terminal (Hogan et al., 2003). This
exposes nuclear localization signals, promoting the translocation
of this complex toward the nucleus, eventually inducing the
transcription of cytokine genes, such as IL-2 (Joseph et al., 2014;
Yang and Jafri, 2020). To activate this particular transcription
pathway, T cells need a low and extended intracellular Ca?*
influx (Joseph et al., 2014; Yang and Jafri, 2020). Certain distal
regulatory elements in NFAT target genes from T cells (mainly
enhancers) can be found in cytokine genes, including IL-3,
GM-CSF, IL-4, IL-10, and IFN-y genes (Hogan et al., 2003).
It is also important to indicate that NFAT can interact with
other transcription factors, such as the activator protein 1 (AP-
1) transcription factor, ICER, EGR, and GATA (Hogan et al,,
2003). Calcineurin also regulates NF-«kB signaling pathway, as
an increase in intracellular Ca?* promotes PKCa, which along
with protein kinase C theta (PKCO; previously activated by
the co-stimulation of the T cell receptor/CD3 and CD28) co-
activates the Ik kinase (IKK) and phosphorylates IkB (Yang and
Jafri, 2020). Phosphorylation induces IkB dissociation from NEF-
kB, leading to IkB polyubiquitination and degradation by the
proteasome (Yang and Jafri, 2020). Therefore, NF-kB is initially
retained in the cytoplasm because of the association with the
inhibitory IkB protein, but later on, after the dissociation from
IkB, free NF-kB translocates into the nucleus and promotes
gene transcription (Yang and Jafri, 2020). This mechanism for
the activation of gene transcription is called the canonical
NF-kB activation pathway (Brasier, 2006). To activate this
transcription factor, unlike for NFAT signaling pathway, T cells
need a high and short increase in Ca?™ ions in the cytoplasm
(Joseph et al,, 2014; Yang and Jafri, 2020; Figure 2). Using
Hodgkin’s cell lines, seventeen novel genes regulated by NEF-
kB were described, such as IL-13, MDC, 1-309, EMR, CD44,
and the transcription factors STATS5,, IRF-1, Spi-B, and LITAF
(Brasier, 2006).

Another pathway related to Ca?™ influx is the JNK pathway.
Activation of ¢c-Jun modulated by PKC6 regulates MAPK cascade
of SEK1/MKK4 and phosphorylates JNK (Yang and Jafri, 2020).
This will trigger JNK signaling, along with calcineurin, which
also activates SEK (Yang and Jafri, 2020). SEK phosphorylates two
serine residues in the activation domain of c-Jun, promoting the
activation of this protein (Yang and Jafri, 2020). c-Jun, along with
c-Fos establishes the AP-1 transcription factor complex, which
plays a role in cell growth and IL-2 induction (Avraham et al.,
1998; Yang and Jafri, 2020). The activation of JNK can be detected
minutes after pMHC- T cell receptor interaction, along with the
binding of B7-1 and -2 molecules to the CD28 receptor on T cells.
Both signals are needed to strongly activate JNK as they synergize
(Avraham et al., 1998).

All this coordinated activation of NFAT, NF-kB, and AP-1
will result in the activation of pathways that will induce the
secretion of several cytokines, including IL-2, IL-8, IL-18, IL-4,
IL-6, IEN-y, and TNF-a (Fiebich et al., 2012). Among all of these

cytokines, the secretion of IL-2 is essential because it modulates
the differentiation of CD4™ T cells toward a Th2 or Thl profile
while inhibiting Th17 differentiation (Fiebich et al., 2012).

DISEASES ASSOCIATED TO
DEFICIENCIES IN ION CHANNELS AND
TRANSPORTERS

Diseases associated with ion channels and transporters mutations
that change the molecular structure, topology, and functions of
these proteins are called channelopathies (Kim, 2014; Schorge,
2018; Vaeth and Feske, 2018). These diseases are commonly
caused by mutations in the alpha subunits or the accessory
proteins of these channels (Kim, 2014; Schorge, 2018; Vaeth and
Feske, 2018). Channelopathies have been linked to CNS diseases
(i.e., epilepsy, ataxia, and migraine), heart diseases, lung diseases
(i.e., cystic fibrosis), liver disease, and kidney diseases (Kim,
2014; Schorge, 2018; Vaeth and Feske, 2018). Channelopathies
can also affect the immune system, causing immune alterations,
such as autoimmune diseases or immunodeficiencies (Feske
et al., 2015; Vaeth and Feske, 2018). For instance, mutations
that abolish the functionality of CRAC channels, by loss of
function of the ORAII gene or mutations in the STIM1 gene
(components of this channel that we will further describe below),
are responsible for a syndrome called CRAC channelopathy
(Feske, 2010; Lacruz and Feske, 2015). This syndrome will lead
to the establishment of combined immunodeficiency (CID),
a disease that is directly linked to the absence of store-
operated Ca?* entry (Feske, 2010; Lacruz and Feske, 2015). CID
patients, unlike severe combined immunodeficiency patients,
exhibit normal counts of most immune cells, including T and
B cells, and most myeloid populations, while displaying odd
numbers of unconventional lymphocytic populations, such as
Tregs, iNKT cells, and y8 T cells (Feske, 2010; Lacruz and
Feske, 2015). Although low in number, these cell types are
fundamental for establishing a proper immune response (La
Cava, 2009; Nielsen et al., 2017; Galvez et al., 2021). During
their first years of life, CID infants require transplantation of
hematopoietic stem cells to face the different severe diseases they
develop due to their lack of these unconventional lymphocytes
(Feske, 2010; Lacruz and Feske, 2015; Vaeth and Feske, 2018).
These severe diseases will usually be caused by common
and less pathogenic microorganisms like Candida albicans,
Streptococcus pneumoniae, and cytomegalovirus (Feske, 2010;
Lacruz and Feske, 2015; Vaeth and Feske, 2018). The lack of
Tregs can also lead to the development of autoimmune hemolytic
anemia, which originated from the presence of autoantibodies
(Lian et al.,, 2018). Other diseases related to mutations in
ion channels and transporters have been described, such as
X-linked immunodeficiency with magnesium defects, Epstein-
Barr virus infections, and neoplastic syndrome, which arise from
the loss of function MAGT1 (Li et al., 2011; Ravell et al,,
2014). Several other disorders have been described, such as
agammaglobulinemia resulting from loss of function of LRRC8A
(a CI™ channel) (Sawada et al., 2003) and transient neonatal
zinc deficiency, which significantly impairs the activation of T
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cells and is originated by loss of function of ZIP4 (a Zn?*
channel) (Dufner-Beattie et al., 2005; Geiser et al., 2012).
Additionally, channelopathies not only promote the infection,
but it has also been described that viral infections can lead
to the alteration of cation channels, such as Ca’*, K*, and
Na® (Charlton et al, 2020), creating dysregulation of the
concentrations of Ca?* along with other concentrations of
cations. Furthermore, the immune response elicited against
the infection can induce channelopathies, due to the binding
of autoantibodies to IC (Vaeth and Feske, 2018). The proper
function of these channels is fundamental for the immune system
and the overall organism.

MODULATION OF Ca?* DURING VIRAL
INFECTIONS

As described above, Ca®™ is essential for numerous functions
of cells. Interestingly, viruses can take advantage of this by
modulating the intracellular concentration of Ca?t ([Ca% ™))
used in processes such as viral replication (Zhou et al., 2009).
During viral infections, there are changes on [Ca?*]; that favor
viral replication or the establishment of persistent infections on
target cells, as discussed below (Zhou et al., 2009). In this section,
we will describe the mechanisms used by RNA viruses, such as
the human immunodeficiency virus (HIV), respiratory syncytial
virus (hRSV), severe acute respiratory coronavirus 2 (SARS-
CoV2), and DNA viruses, such as hepatitis B virus (HBV), and
herpes simplex virus (HSV) to modulate the concentration of
Ca’?* altering the cellular signaling.

RNA Viruses

Human Immunodeficiency Virus

Human immunodeficiency virus is a relevant virus transmitted
through sexual intercourse, blood perfusion, needle sharing, and
vertical transmission. This virus belongs to the Retroviridae
family, and its genome is composed of two positive-sense
single-stranded RNA molecules encoding for three polyproteins
(Gag, Pol, and Env) and six accessory proteins (Tat, Rev,
Nef, Vpr, Vif, and Vpu; Frankel and Young, 1998; German
Advisory Committee Blood (Arbeitskreis Blut), 2016; Rossi
et al, 2021). The main target of infection of HIV are
CD47 cells and CCR5- or CXCR4-positive cells, including
DCs, macrophages, T helper cells, monocytes, microglia, and
astrocytes (German Advisory Committee Blood (Arbeitskreis
Blut), 2016; Rossi et al., 2021). Like other viruses, HIV modulates
[Ca?*] and Ca?*-dependent channels during different stages
of infection, including replication, assembly, budding, and also
during immune response evasion (German Advisory Committee
Blood (Arbeitskreis Blut), 2016; Chen et al., 2019). It has
been described that HIV proteins have a role in Ca’*
modulation. Both HIV proteins gp120 and Tat can increase
[Ca?*]; by modulating Ca?™ channels in several cell types,
such as immune cells, astrocytes, neurons, and epithelial cells
(Zocchi et al., 1998; Contreras et al, 2005; Zhou et al.,
2009; Hu, 2016; Cai et al., 2020). In normal conditions, DCs
need the Ca’' mobilization for several function such as the

engulfment of apoptotic bodies and antigen presentation (Poggi
et al., 1998). Accordingly, the voltage-sensitive dihydropyridine
receptor (DHPR) L-type calcium channel expressed in human
monocyte-derived DCs (mo-DCs) plays an essential role in Ca?*
mobilization. This function was demonstrated by the use of
nifedipine (NFP) which inhibit the DPHR function, affecting
Ca?™ mobilization and engulfment of apoptotic bodies by mo-
DCs (Figure 3; Poggi et al., 1998). The same phenomenon
was observed when mo-DCs were stimulated with HIV Tat
protein, which suggests that this protein can interact with DHPR,
prevent the entry of Ca?" into the cells, and affect essential
functions, such as apoptotic body engulfment and IL-12 secretion
(Poggi et al., 1998).

Moreover, human NK cells express a functional
phenylethylamine-sensitive (PAA) L-type calcium channel,
which when blocked with verapamil (VPM; L-type calcium
channel antagonist) the Ca ™" influx from the extracellular media,
the tumor cell killing function was affected (Zocchi et al., 1998).
The interaction between human NK cells and HIV Tat protein
induces a decrease of Ca>" influx, promoting the inhibition of
Ca%*-dependent functions, such as NK cell cytotoxicity, as seen
with VPM (Zocchi et al., 1998). Like other immune cells, human
monocytes stimulated with Tat can mobilize Ca** from the
extracellular media (Contreras et al., 2005). Additionally, human
monocytes and other immune cells express a functional DHPR
in the cellular membrane surface, which has an essential role
in cytokine secretion (Contreras et al., 2005). HIV Tat protein
uses DHPR to induce the Ca?* mobilization, promoting the
induction of TNF-a production by human monocytes during
infections (Figure 3; Contreras et al., 2005).

On the other hand, because HIV can induce neurotoxicity,
using a recombinant HIV gpl20 protein in primary human
cultures of astrocytes and neurons has been shown to increase
[Ca2*];, which occurs first in astrocytes and then in neurons, and
also that NMDARs may mediate this effect in both cells types
(Holden et al., 1999). Only in neurons there exists participation
of the L-type calcium channel, as astrocytes do not express it.
These results suggest that gp120 can modulate [Ca**] influx
through Ca?* channels and NMDARs, promoting neurotoxicity
(Holden et al., 1999).

Another important HIV protein is Nef, which induces T cell
activation, which is necessary for viral replication in these cells
and promotes hyperactivation in the absence of CD28 ligation
(Manninen and Saksela, 2002; Fenard et al., 2005). In Jurkat
cells, HIV Nef can induce an increase of Ca?*, mediated by
the interaction with IP3R (Manninen and Saksela, 2002; Zhou
et al., 2009). Furthermore, it has been described that Nef is
found in lipid rafts, which are recruited into the IS space
minutes after T cell receptor engagement (Figure 3; Fenard
et al., 2005). Besides, HIV Nef can impair the formation of
Ca’t domains after T cell receptor engagement, suggesting
that this viral protein can control the cellular distribution
of Ca’T levels, allowing hyperactivation, which implies a
spontaneous T cells proliferation, including the expression
of the T cells activation antigens and increased cytokines
secretion, among other changes (Figure 3; Ott et al,, 1997;
Fenard et al., 2005).
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FIGURE 3 | Viral pathogens modify biological processes on immune cells by increasing the Ca®*. (A) During normal conditions, various immune cells, such as
dendritic cells, monocytes, macrophages, and neutrophils, regulate their concentrations of intracellular Ca?*. The activation of dihydropyridine receptor (DHPR) and
Ca?t channels promote the entry of Ca®* into the cells. The interaction between the CRAC channel and STIM1 promotes the movement of Ca?* into the cytosol.
(B) During normal conditions, T cells regulate their concentrations of intracellular Ca?* through the activation of the T cell receptor (TCR). (C) Different viruses can
modulate different processes in various immune cells. The human immunodeficiency virus (HIV) can increase the Ca2+ concentration through the modulation of
Ca?* channels, and the activation of DHPR promotes the mobilization of Ca®* that leads to the secretion of TNF-a. The human respiratory syncytial virus (hRSV)
promotes the increase of Ca2* as well. SARS-CoV-2 might be causing a hypoxic state and increase the infectivity of the virus through the increase Ca?t
concentration. The hepatitis B virus (HBV) and herpes simplex virus (HSV) can increase the concentration of intracellular Ca2* through the interaction between the
CRAC channel and STIM1. (D) RNA viruses can modulate different processes in T cells. HIV proteins activate the T cell receptor (TCR), and as a result, it impairs the
domains of Ca?*, leading to spontaneous T cell proliferation. hRSV induces the influx of Ca2* into T cells, which might decrease the secretion of IL-2. As for DNA

viruses, such as HBV, the interaction between the CRAC channel and STIM1 might modulate the development of T cells.

Human Respiratory Syncytial Virus

One of the most prevalent viral agents that causes acute lower
tract respiratory infections in infants under 2 years old, as
wells as immunocompromised and elderly individuals, is hRSV
(Tabor et al., 2021). Human RSV is an enveloped, negative-
sense single-strand RNA virus that belongs to the Pneumoviridae
family. This virus encodes for eleven proteins, including three
in the virion surface (E G, and SH) and four proteins found
inside the viral structure (N, L, P, and M2.1; Collins et al.,
2013; Cui et al, 2016). Decades ago, it was described that
syncytia formation, characteristic of hRSV infection, in HEp-2

cells requires the presence of Ca?™ (Shahrabadi and Lee, 1988).
Later, using a genetically-encoded Ca?* indicator strategy in
hRSV-infected MA104 cells, observing increases of [Ca%T]; and
Ca** influx during cell fusions (Figure 3; Perry et al., 2015). Ca?™
concentrations increased first in the cytoplasm and then in the
ER, and a rapid increase of Ca> influx before cell death was
observed (Perry et al., 2015). Accordingly, the results suggest that
hRSV may modulate Ca" levels. Additionally, hRSV infection
requires the host Ca?* pump SPCAL1 located in the trans-Golgi
network. A deficiency of SPCA1 has a relevant impact on hRSV
spread and alters the susceptibility of the cells to infection,
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corroborating the crucial role of Ca?* (Hoffmann et al., 2017).
Additionally, hRSV infection of human epithelial cells, such as
BEAS-2B, has been shown to increase upon expression of TRPV1,
which is implicated in asthma predisposition (Omar et al., 2017;
Harford et al., 2018). With regards to the ability of hRSV to
modulate ions, it is known that the SH protein is a viroporin
that forms pentameric cation-selective ion channel at the surface
of the infected cells, allowing the entry of Nat and K* and
promoting the activation of the NLRP3 inflammasome (Gan
et al., 2012; Triantafilou et al., 2013).

As described above, the modulation of [Ca®™T]; through the
expression or the function of ion channel and pumps by hRSV
can affect the immune response. It is known that hRSV can
impair immunological synapsis by recruiting the N protein to
the surface of the infected DCs (Gonzalez et al., 2008; Céspedes
et al., 2014). Moreover, recent evidence shows that hRSV can
infect human T cells (CD4" and CD8*") and decrease IL-2
production, which may explain the absence of a long-lasting
protective immunity (Figure 3; Raiden et al., 2017). Regarding
the relevance of Ca?* for hRSV infection, currently, there are no
studies evaluating whether hRSV infection can modulate [Ca®t);
or Ca®* signaling pathways in infected DCs or T cells.

Severe Acute Respiratory Coronavirus 2

The newly described coronavirus SARS-CoV-2 is the causative
agent of an unprecedented pandemic in the last 100 years. This
virus is an enveloped particle with a single-strand positive-sense
RNA that encodes four structural proteins (S, E, M, and N) and
sixteen non-structural proteins (nspl-16; McClenaghan et al,
2020; Wang et al., 2020). Patients admitted to hospitals show
low serum Ca?*, which is currently a severity indicator (Zhou
et al., 2020). Moreover, it has been described that SARS-CoV-2
infection induces hypoxia in epithelial cells and innate immune
cells (Serebrovska et al., 2020; Danta, 2021), and in a hypoxic
state, there is an increase in [Ca®t];, mediated by CRAC channels
(Figure 3; Gusarova et al., 2011; Danta, 2021). Previously, it was
described that SARS-CoV and MERS- CoV could alter Ca?™
concentration, which induced the viral entry into target cells,
promoting viral fusion and, therein, increase their infectivity
(Millet and Whittaker, 2018; Straus et al., 2020b). Furthermore,
it was reported that the E protein of SARS-CoV is a viroporin
that, like the hRSV SH protein, forms a pentameric ion channel
that shows higher selectivity for Ca?* than Na* and K™ (Nieto-
Torres et al, 2015). Indeed, the IC formed by the E protein
can transport the Ca™, which allows the subsequent activation
of the NLRP3 inflammasome (Nieto-Torres et al., 2015). The
SARS-CoV2-E (2-E) protein also forms an ion channel permeable
to cations such as K*, Na*, and Ca?* and causes cell death
(Xia et al., 2020). Moreover, the 2-E protein by itself can induce
the secretion of pro-inflammatory cytokines by macrophages
(Xia et al., 2020).

The relevance of the Ca?* channel for SARS-CoV-2 infection
has been observed in Vero E6 and Calu-3 cells, and the use of
calcium channels blockers, such as amlodipine, felodipine, and
nifedipine, has been studied (Straus et al., 2020a). These Ca’*
channels blockers act by inhibiting the L-type Ca?™ channel,
modulating viral entry into the cells, and viral replication,

thus being a promising and potential therapeutic alternative for
SARS-CoV-2 infection (Straus et al., 2020a). Although the main
cellular targets for SARS-CoV-2 infection are epithelial cells,
immune cells such as neutrophils, monocytes, and T cells are
also susceptible to infection (Borsa and Mazet, 2020; Pontelli
et al., 2020). How SARS-CoV-2 can modulate Ca?t flux or
interact with ion channels in infected immune cells remains
to be elucidated.

DNA Viruses
Hepatitis B Virus
Hepatitis B virus infection is a common cause of hepatic
pathologies, such as hepatitis, cirrhosis, and hepatocellular
cancer, which are public health problems worldwide (Hou et al.,
2005; Liang, 2009). This virus is transmitted by contact with
infected body fluids, such as blood (Hou et al., 2005). HBV is
a small DNA enveloped virus with an icosahedral nucleocapsid
that belongs to the Hepadnaviradae family (Venkatakrishnan and
Zlotnick, 2016). This virus encodes for three envelop proteins
(L, M, and S) and for the preCore, core, pol, and X (HBx;
Seeger and Mason, 2015). Like other viruses, HBV modulates
Ca%* concentration to promote viral replication in hepatocytes.
Remarkably, the HBx protein has been implicated in Ca?™
modulation and signaling (Bouchard et al., 2001; Casciano et al.,
2017). In this context, it has been reported that HBx exerts effects
on intracellular stored Ca?T, where it induces signal transduction
pathways to allow HBV replication (Bouchard et al, 2001).
Accordingly, HBx, not only by itself but in an HBV replication
context, can interact with mitochondria and probably through
the modulation of the mitochondrial permeability transition
pore, control [Ca?*]; influx (McClain et al., 2007). Data obtained
from rat primary hepatocytes showed that HBx could increase
[Ca7]; altering IP3-linked Ca®* responses and modulate Ca?*
influx through the store-operated Ca?™ channels, which is
necessary for HBV replication (Figure 3; Casciano et al., 2017).
Furthermore, in HEK 293 cells, the interaction between HBx and
ORAII is essential to maintain active the store-operated Ca’*
entry (Yao et al,, 2018). According to this, the co-localization of
HBx with ORAI1 suggests an upregulation of the STIM1-ORAI1
complex that modulates store-operated Ca?>* channels positively,
especially when Ca?* concentrations are low, to induce an
intracellular influx (Figure 3; Yao et al., 2018).

Hepatitis B virus can infect and replicate in PBMCs, including
T cells, affecting the immune response against this virus (Yan
etal,, 2016). As described early, for the development and function
of T cells and DCs, the role of store-operated Ca*™ entry is
crucial for establishing the immunological synapsis (Figure 3;
Oh-Hora, 2009; Félix et al., 2013). However, there are no studies
that evaluate the role of HBx in immune cells.

Herpes Simplex Viruses

One of the most ubiquitous human infections in the
mucocutaneous tissue is caused by herpes simplex viruses
type 1 and type 2 (HSV-1 and HSV-2) (He et al., 2020). HSVs
belong to the Herpesviradae family and have a linear double-
stranded DNA genome packaged in an icosahedral capsid that
is enveloped. The envelope has numerous proteins, and the
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virus encodes twelve different glycoproteins (gB, gC, gD, gE, gG,
gH, gl, g, gK, gL, gM, and gN; Karasneh and Shukla, 2011;
Retamal-Diaz et al., 2016; Madavaraju et al., 2021). HSVs can
infect several cell types, including epithelial cells, fibroblasts,
neurons, and DCs (Koelle et al., 1993; Karasneh and Shukla, 2011;
Retamal-Diaz et al., 2016; Marcocci et al., 2020).

Herpes simplex viruses infection of epithelial cell lines induces
a transient increase in [Ca®*];, mediated by the ER and Ca®*
influx from extracellular space (Figure 3; Cheshenko et al,
2003). Additionally, IP3-sensitive Ca?™ stores, probably available
through the opening of Ca?* channels in the ER membrane,
help HSV enter the cell. On the other hand, the chelation
of Ca’* and pharmacological inhibition of IP;R impairs viral
infection (Cheshenko et al., 2003). ND7/23 cells (sensory-like
neurons) express the Cay3.2 T-type Ca?* channel that regulates
the excitability of neurons. Significantly, the expression of this
channel is reduced by HSV-1 infection, which depends on viral
replication and protein synthesis (Zhang et al., 2019). HSV-2
infection in HeLa cells promotes an extracellular Ca?* influx,
which can be blocked by the use of Ca?* channels blockers and,
therein, suppresses viral infection. T-type, but not L-type Ca?™
channel, impact HSV-2 infection, as proven by the use of Ca?*
channels blockers (Ding et al., 2021). Regarding the effects of
HSV-1 on immune cells, it has been reported that these cells
express the herpesvirus entry mediator, which is a receptor for
the HSV-1 gD, allowing viral entry into DCs and activated T
cells (La et al., 2002). Besides, it is known that HSV infection of
DCs can modulate the maturation and their capacity of activating
T cells, and also cause DC death (Jones et al., 2003; Bosnjak
et al., 2005; Retamal-Diaz et al., 2016), but there is no data to
date regarding Ca?" modulation and the role of Ca?* channels
involved in this process. On the other hand, T cell proliferation
can be modulated by the HSV-1 gD protein (Bosnjak et al., 2005).
Additionally, HSV infection of T cells, in which gB, gD, gH, and
gL are necessary for viral entry, or contact with HSV-infected
cells, such as fibroblasts, can impair T cell receptor-mediated
activation by altering Ca?* mobilization that is required for the T
cell receptor signaling (Koelle et al., 1993; Sloan et al., 2006; Cao
et al., 2008). The effects of HSV infection over Ca?* channels
in immune cells remains poorly understood and requires more
studies to explore the potential development of new therapeutic
strategies that target these components.

CONCLUSION

In all cell types, ion balance is crucial to maintain normal
physiology and functions. In this context, ion channels play
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NSAIDs Naproxen, Ibuprofen,
Salicylate, and Aspirin Inhibit TRPM7
Channels by Cytosolic Acidification
Rikki Chokshi, Orville Bennett, Tetyana Zhelay and J. Ashot Kozak*
Department of Neuroscience, Cell Biology and Physiology, Boonshoft School of Medicine, College of Science and
Mathematics, Wright State University, Dayton, OH, United States
Non-steroidal anti-inflammatory drugs (NSAIDs) are used for relieving pain and inflammation
accompanying numerous disease states. The primary therapeutic mechanism of these
widely used drugs is the inhibition of cyclooxygenase 1 and 2 (COX1, 2) enzymes that
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channels are highly expressed in T lymphocytes and are inhibited by Mg?*, acidic pH, and
polyamines. Here, we report a novel effect of naproxen, ibuprofen, salicylate, and
acetylsalicylate on TRPM7. At concentrations of 3-30mM, they reversibly inhibited TRPM7
channel currents. By measuring intracellular pH with the ratiometric indicator BCECF,
we found that at 300 uM to 30mM, these NSAIDs reversibly acidified the cytoplasm in a
concentration-dependent manner, and propose that TRPM7 channel inhibition is a
consequence of cytosolic acidification, rather than direct. NSAID inhibition of TRPM7
channels was slow, voltage-independent, and displayed use-dependence, increasing in
potency upon repeated drug applications. The extent of channel inhibition by salicylate
strongly depended on cellular PI(4,5)P, levels, as revealed when this phospholipid was
depleted with voltage-sensitive lipid phosphatase (VSP). Salicylate inhibited heterologously
expressed wildtype TRPM7 channels but not the S1107R variant, which is insensitive to
cytosolic pH, Mg?*, and PI(4,5)P, depletion. NSAID-induced acidification was also observed
in Schneider 2 cells from Drosophila, an organism that lacks orthologous COX genes,
suggesting that this effect is unrelated to COX enzyme activity. A 24-h exposure to
300 uM-10mM naproxen resulted in a concentration-dependent reduction in cell viability.
In addition to TRPM7, the described NSAID effect would be expected to apply to other
ion channels and transporters sensitive to intracellular pH.

Keywords: cation channel, acidification, pH, lymphocyte, phosphoinositide, analgesic, magnesium
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INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely
used as medication for mild and moderate pain in diseases
such as rheumatoid arthritis, spondyloarthropathies and gout
(Rider and Jordan, 2010; Firth, 2012). The mechanism of their
analgesic action is the inhibition of cyclooxygenase enzymes
COX1 and COX2, which catalyze the production of
prostaglandins responsible for the pain and inflammation
symptoms (Vane, 1971; Fitzpatrick, 2004; Burke et al., 2006).
NSAIDs, therefore, exert their therapeutic effects by markedly
reducing the production of prostaglandins. The original NSAIDs
were nonselective inhibitors of COX enzymes and were followed
by compounds specific for COX2, the COX enzyme inducible
by inflammation in macrophages, monocytes, and other cell
types (Burke et al, 2006). Adverse effects of nonselective
NSAIDs include peptic ulcer disease, gastrointestinal bleeding,
aseptic meningitis, hyperkalemia, urticaria/angioedema, and
aspirin-exacerbated respiratory disease (AERD), and are thought
to be mediated by the constitutively active COX-1 enzyme
(Berges-Gimeno et al., 2002; Woessner, 2003; Kong et al,
2007). High doses of aspirin and salicylate (millimolar range)
have long been known to cause tinnitus, hearing loss and
cochlea degeneration (Wei et al., 2010; Namikawa et al., 2017).

Over the years, it has become clear that COX enzymes are
not the only target of NSAIDs (Tegeder et al, 2001; Bishay
et al., 2010). Moreover, in addition to their widespread use
as pain relievers, NSAIDs treat numerous other conditions.
Several lines of evidence suggest that NSAIDs can be useful
in Alzheimer’s disease (AD) by reducing inflammation in the
brain (Lim et al, 2000; McGeer and McGeer, 2001b; Aisen
et al., 2003; Trepanier and Milgram, 2010), and were found
to decrease the incidence of AD in more than a dozen
epidemiological studies (McGeer and McGeer, 2001a). NSAIDs
have also been reported to reduce colon cancer in animal
models of this disease, and the mechanisms may involve reduced
proliferation and increased apoptosis of cancer cells (Shiff et al.,
1995, 1996; Shiff and Rigas, 1999; Villalobos et al, 2017).
Importantly, the beneficial effects of NSAIDs in these diseases
were found at doses substantially higher than necessary to
inhibit COX enzymes (Tegeder et al., 2001; Schonthal, 2010).

NSAIDs inhibit several ion channels independently of their
COX-targeting effects. ASIC (acid-sensing ion channel), Navl
(voltage-gated sodium channel), TRPV1, and TRPAI, channels
involved in peripheral nociception, are inhibited by NSAIDs,
which possibly contributes to their analgesic action (Voilley,
2004; Park et al, 2007; Wang et al., 2012; Nozadze et al.,
2016; Tsagareli et al., 2018). ATP-sensitive potassium channels
(Kir6.2) in pancreatic p cells are inhibited by meclofenamic
acid resulting in elevated intracellular calcium and insulin
secretion (Li et al, 2007). Drosophila and rat voltage-gated

Abbreviations: TRP, Transient receptor potential; PIP,, Phosphatidylinositol
4,5-bisphosphate; VSP, Voltage-sensitive phosphatase; BCECE, 2'7'-Bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein; EGTA, Ethylene glycol-bis(2-
aminoethylether)-N,N,N',N'-tetraacetic acid; COX, Cyclooxygenase; HEPES,
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid.

potassium channels (Kv2) were directly inhibited by celecoxib
(active ingredient of Celebrex) at micromolar concentrations,
causing low beating rate and arrhythmia in cultured
cardiomyocytes and reducing spontaneous firing in retinal
neurons (Frolov et al., 2008a,b).

TRPM?7 is a dual ion channel/protein kinase, highly expressed
in cells of the immune system such as T and B lymphocytes,
basophils, mast cells, macrophages and microglia (Kozak et al,
2002; Jiang et al, 2003; Chokshi et al., 2012b; Freichel et al,
2012; Huang et al.,, 2014; Kaitsuka et al.,, 2014; Krishnamoorthy
et al,, 2018). TRPM7 channels conduct cations and are unique
in that they require depletion of cytosolic Mg** for opening
(Hermosura et al., 2002; Kozak et al., 2002; Prakriya and Lewis,
2002). In whole-cell patch clamp, it takes several minutes of
internal perfusion of metal chelators to achieve full activation
of TRPM7 currents. Conversely, inclusion of 300pM and higher
concentrations of Mg in internal solutions will prevent current
development (Chokshi et al., 2012a). We recently discovered that
in intact cells TRPM7 channel activation and inhibition can
be achieved by prolonged exposure of cells to low (micromolar)
and high (millimolar) external [Mg*'], respectively (Mellott et al,
2020). In addition to Mg*, other metal ions, polyamines and
protons, are also inhibitory (Kozak and Cahalan, 2003; Kozak
et al,, 2005; Chokshi et al., 2012b; Zhelay et al., 2018). Channel
inhibition by Mg** and protons does not depend on the kinase
activity (Kozak et al, 2005; Matsushita et al., 2005; Beesetty
et al, 2021). TRPM7 channels have been implicated in cellular
and body Mg* homeostasis (Zou et al., 2019). TRPM7 channel
activity is required for Mg* entry in T cells; however, the
mechanism of Mg** permeation is not fully elucidated (Deason-
Towne et al,, 2011; Chubanov et al., 2018; Mellott et al., 2020).

Naproxen, ibuprofen, and salicylates belong to the aryl propionic
acid derivative group. We previously reported that TRPM7 channels
are inhibited reversibly by propionate (Kozak et al.,, 2005). The
mechanism of this effect is cytosolic acidification; accordingly,
in the presence of divalent cations, TRPM?7 channels are inhibited
by acidic pH with pHs, of 6.3 (Chokshi et al, 2012b). The
inhibition reflects interference with channel stimulation by the
phospholipid PI(4,5)P, (PIP,) present in the plasma membrane
(Kozak et al., 2005; Zhelay et al., 2018). Moreover, serine 1,107
substitutions with bulkier residues in TRPM7 greatly diminished
inhibition by protons, Mg*, and polyamines while increasing its
sensitivity to the agonist PIP, (Zhelay et al., 2018).

Here, we have characterized the effects of NSAIDs
acetylsalicylate, salicylate, naproxen, and ibuprofen on TRPM7
channels. We found that these drugs potently inhibit the native
TRPM7 currents in Jurkat T cells. At 3-30mM the inhibition
was reversible with a slow onset and offset, requiring several
minutes. Repeated applications of the drugs in the same cell
resulted in progressively stronger reduction in the current,
showing use-dependence or sensitization. Single-cell pH
measurements showed that the drugs acidified the Jurkat cytosol,
and this effect was concentration-dependent. Long-term exposure
to naproxen reduced cell viability to a greater extent than
salicylate. Depletion of PIP, in HEK293 cells by expressing
Ciona voltage-sensitive lipid phosphatase (CiVSP) resulted in
significantly stronger channel inhibition by salicylate. Moreover,
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salicylate inhibited heterologously expressed wildtype TRPM?7
channels but not the pH and Mg**-insensitive variant S1107R.
Based on these findings, we propose that the mechanism of
TRPM7 channel inhibition by NSAIDs is acidification and
interference with channel-PIP, interactions. In Drosophila S2
cells which lack COX enzyme orthologs, we found a similar
acidification induced by NSAIDs, demonstrating that COX
enzymes are not involved in this process.

MATERIALS AND METHODS

Cell Culture and Transfection

Human leukemic Jurkat T lymphocytes and human embryonic
kidney (HEK293) cells were kept in a CO, incubator (Thermo
Scientific, Fairlawn, NJ, United States and Forma Scientific,
Marietta, OH, United States) at 37°C and grown in RPMI-
1640 (Lonza, Wakersville, MD, United States) supplemented
with glutamine, 10% fetal bovine serum (FBS; BioWest, Riverside,
MO, United States), and penicillin/streptomycin (Thermo;
Chokshi et al., 2012b; Zhelay et al., 2018). Jurkat T cells were
passaged by diluting the cell suspension in the complete culture
medium, and HEK293 cells were passaged using Cellstripper
non-enzymatic cell dissociation solution (Mediatech, Manassas,
VA, United States). HEK cells were transfected with pEGFP-
TRPM7, pEGFP-TRPM7 S1107R, pIRES2-EGFP CiVSP, and
pIRES2-EGFP CiVSP (C363S plasmids using TransIT-LT1
transfection reagent (Mirus Bio, Madison, WI, United States)
as previously described in detail (Zhelay et al, 2018).
Electrophysiological recordings were made 1-2days after
transfection. Successfully transfected cells were identified by
their GFP fluorescence. Drosophila Schneider 2 (S2) cells from
Drosophila Genomics Resource Center (Bloomington, IN,
United States) were maintained at room temperature and grown
in Schneider’s insect medium (Lonza) supplemented with 10%
fetal bovine serum (Cherbas and Cherbas, 2007). For passaging,
cells were mechanically lifted and diluted in fresh culture
medium before re-plating.

Patch-Clamp Electrophysiology

Patch-clamp recordings in the whole-cell configuration were
performed as previously described (Kozak and Cahalan, 2003;
Chokshi et al., 2012b; Zhelay et al., 2018). Briefly, monovalent
TRPM?7 currents were evoked using a Mg**-free pipette solution
which contained (in mM): 112 Cs or K glutamate, 8 NaCl,
0.09 CaCl,, 12 EGTA, 1 HEPES, and pH 7.3. In some experiments,
250 uM MgCl, was added to this solution, yielding free [Mg*']
of 134pM as estimated by Webmaxc.! Extracellular (bath)
solution was composed of (in mM) 140 Cs or Na aspartate,
3 CsCl, 4 HEDTA, 10 HEPES, and pH 7.3. In divalent metal-
free (DVF) external solutions, TRPM7 current-voltage (I-V)
relation becomes semi-linear (Kozak et al., 2002), reversing
close to 0mV. Recordings were made using the computer-
driven EPC-10 patch-clamp amplifier (HEKA Elektronik,

'https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/
webmaxcS.htm

Lambrecht, Germany) and PatchMaster (v. 2.6) software.
Instantaneous I-V relations were obtained from command
voltage ramps of 211 ms duration spanning —100mV or —85mV
to +85mV applied every 2.5 or 1.5s (Chokshi et al.,, 2012b).
Currents were sampled at 5kHz and low-pass filtered at 2.9 kHz.
Current amplitudes usually reached a maximum 3-5min after
break-in (Chokshi et al., 2012b). Naproxen sodium, ibuprofen
sodium, salicylic acid, and acetylsalicylic acid (Sigma-Aldrich,
St. Louis, MO, United States and Acros Organics, Geel, Belgium)
were dissolved freshly in the extracellular solution and the
pH measured on the day of experiment. Osmolalities of the
drug-containing solutions were adjusted by reducing cesium/
sodium aspartate concentrations accordingly and measured with
a freezing point depression osmometer (Precision Systems,
Natick, MA, United States). Both the control and drug-containing
external solutions had equal concentrations of permeant
monovalent cations (Cs* and Na*). The patch pipettes were
manufactured on a DMZ-Universal (Zeitz Instruments,
Martinsried, Germany) and P-1000 (Sutter Instrument, Novato,
CA, United States) horizontal pullers from borosilicate glass
capillaries (Warner Instruments, Hamden, CT, United States)
and fire-polished on a MF-830 microforge (Narishige, Tokyo,
Japan). Drug-containing solutions were applied to the recording
chamber using gravity-fed rapid perfusion systems SB-77 (Warner
Instruments, Hamden, CT, United States) and ValveLink 8.2
(AutoMate Scientific, Berkeley, CA, United States), respectively,
or slow bath perfusion. All drugs were tested with slow and
rapid perfusion, yielding indistinguishable results. Data were
analyzed and plotted using Origin (v. 8 and 2016) software
(OriginLab, Northampton, MA, United States). Patch clamp
experiments were performed at room temperature. Student’s
two-sample t test was used for determining statistical significance.

Single-Cell pH Measurement

For intracellular pH imaging experiments, 35-mm glass-bottom
imaging chambers were used with solution volume of ~1ml.
Cells were seeded on these chambers and incubated in 2pM
BCECF-AM (Invitrogen, Carlsbad, CA, United States) containing
buffer for ~45min at room temperature (Chokshi et al., 2012a).
The fluorescent dye-containing solution was aspirated and
replaced with normal external solution composed of (in mM):
2 CaCl,, 4.5 KCl, 140 NaCl, 10 HEPES-Na*, 10 glucose, and
pH 7.3. The imaging chamber with attached cells was then
mounted on the movable stage of an inverted microscope
(Olympus, Tokyo, Japan). Ratiometric imaging was performed
by illuminating cells in a selected field every 12s at 490 and
440nm using a Lambda 10B shutter and filter wheel (Sutter).
Fluorescence was measured at 510nm. The light source was
a 175W Xenon lamp (QED, Lexington, KY, United States).
Images were taken and processed with Pixelfly CCD camera
(PCO. Imaging, Kelheim, Germany) and InCytIM 2 software
(Intracellular Imaging, Cincinnati, OH, United States). Emitted
light intensities averaged for individual cells in the imaging
field were plotted against time using Origin. Solutions in the
imaging chamber were exchanged with a syringe-driven plastic
tubing perfusion system. Typically, at least 20 ml of each solution
was perfused through the ~1ml volume chamber to ensure a
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complete solution exchange. The high [K'] solution contained
130mM KCI, 20mM NaCl, 1 mM CaCl,, 0.5mM MgSO,, 1 mM
NaH,PO,, 10mM HEPES, and 5mM glucose. Nigericin
(Calbiochem, La Jolla, CA, United States) was added to this
solution at 2-10 pM. The ratio value was taken at time points
where pH; had achieved a steady value. Experiments were
performed at room temperature.

Cytotoxicity Assay

For estimating drug cytotoxicity, Jurkat T cells were maintained
in T25 cell culture flasks in RPMI-1640 containing glutamine
and 25mM HEPES (Hyclone, Logan, UT, United States)
supplemented with 10% FBS and penicillin/streptomycin. NSAID
powder was added on the day of experiment to yield the
indicated final concentrations (Supplementary Figure S1), and
cells were collected after 24-h incubation in a CO, incubator
at 37°C. Cell viability was measured by trypan blue exclusion
using a Vi-CELL automated cell counter (Beckman Coulter,
Brea, CA, United States) as previously described in detail
(Gibson et al., 2016; Mellott et al., 2020). For each concentration
of the drug, the experiment was repeated with three different
groups of cells.

RESULTS

NSAIDs Naproxen, Salicylic Acid,
Acetylsalicylic Acid, and Ibuprofen
Reversibly Inhibit Native TRPM7 Channels
in Jurkat T Lymphocytes

We tested naproxen, ibuprofen, salicylic acid, and acetylsalicylic
acid for their ability to inhibit the endogenous TRPM7 channel
current in Jurkat T lymphocytes. As described in Materials
and Methods, we allowed several minutes of Mg** depletion
for the TRPM7 current to develop to full extent before applying
the drugs.

Application of naproxen-Na* at concentrations of 3, 10, and
30mM reproducibly inhibited TRPM7 currents. Figures 1A-C
show the effect of 3, 10, and 30mM naproxen on the I-V
relation of the monovalent TRPM?7 current in three representative
Jurkat T lymphocytes. The current magnitude was reduced by
3mM (A), 10mM (B), and 30mM (C) naproxen in a voltage-
independent manner. In Figures 1D-F, the time courses of
inhibition by the indicated concentration of naproxen are shown.
We used low concentrations of pH buffer HEPES in these
recordings (see below). The onset of inhibition was slow,
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FIGURE 1 | Naproxen-Na* inhibits TRPM7 current. TRPM7 monovalent |-V relations in the absence and presence of 3mM (A), 10mM (B) and 30mM
(C) naproxen. (D-F) Depict the time courses of inhibition by 3mM (D), 10mM (E), and 30 mM (F) naproxen. The presence of drug is indicated by horizontal bars.
Inward current amplitude was measured at —100mV and plotted against time. Representative whole cell patch-clamp recordings from n=10 (A,D), n=8 (B,E), and
n=4 (C,F) Jurkat T cells. Here and in Figures 2, 3, the drug was applied multiple times. The initial current development after break-in is not shown. The internal and
external solutions were K* and Na* based, respectively.
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reaching a steady state in approximately 2min. Washout of
drug effect was equally slow (Figures 1D-F). In most cells,
this inhibition was reversible (Figures 1D-F), but in some
cells at higher concentrations, inhibition could not be reversed
even after prolonged washing, presumably because the TRPM7
channels had run down (Kozak et al., 2002; Chokshi et al., 2012b).

Figures 2, 3 show the effects of 3, 10mM ibuprofen-Na* and
salicylate in Jurkat cells. Similar to naproxen, these drugs reversibly
inhibited native TRPM7 currents. The extent of current inhibition
varied greatly from cell to cell showing no apparent dependence
on concentration of the drug. Adding Mg** to the internal solution
appeared to facilitate current inhibition (Figure 3E). Moreover,
repeated application of the same concentration of drug resulted
in more robust inhibition (see below).

NSAIDs Naproxen, Ibuprofen, and
Salicylate Acidify the Cytoplasm

Since intracellular acidic pH potently and reversibly inhibits
TRPM7 channels (Kozak et al., 2005; Chokshi et al., 2012b;
Zhelay et al., 2018), and the NSAIDs in question are weak

(Jung and Schwartz, 1994; Huntjens et al., 2006; Capone et al,,
2007b), NSAIDs acidify the cell cytoplasm and inhibit the
channels indirectly, by exposing them to lower pH from inside.
We previously found that 2-APB inhibits TRPM7 channels by
acidifying the cytoplasm (Chokshi et al., 2012a).

Naproxen

We loaded Jurkat T cells with the fluorescent dye BCECF
for pH measurement as described in detail in Materials and
Methods and (O’Connor and Silver, 2007; Chokshi et al,,
2012a). Figure 4A shows single-cell pH; time course during
sequential exposure to 300 pM, 1mM and 3mM naproxen.
Increasing drug concentration resulted in progressively more
acidic cytoplasmic pH. In order to estimate the actual
intracellular pH values achieved in the presence of each
naproxen concentration, we performed calibration experiments
by bathing the cells in high K* (130 mM) solutions of known
pH containing H*/K* antiporter nigericin (Negulescu and
Machen, 1990; Bowser et al., 1999). In Figure 4B, the cells
were first incubated in normal (low K*, high Na*) solution

acids, we hypothesized that at relevant concentrations at pH 7.3 to collect baseline ratiometric measurements. The
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bathing solution was then switched to high K* solutions at
pH 6.7, 7.0, and 7.3, with nigericin, and corresponding ratio
changes were recorded. pH 6.7 in the presence of nigericin
resulted in a slow drop in ratiometric signal reaching a
plateau in approximately 5min. As expected, pH 7.0 and
pH 7.3 solutions brought the ratiometric signals to higher
values. In Figure 4C, the calibration curve generated from
measurements in Figure 4B is shown: average ratio values
at steady state (squares) were plotted against extracellular
pH and could be fitted with a linear equation. We superimposed
the ratio values obtained at steady state in Figure 4A for
naproxen concentrations of 300puM, 1mM, and 3mM on
the calibration line (circles). We obtained cytoplasmic pH
values of 7.94, 7.56, and 7.28, respectively, for these
concentrations of the drug. Thus, we find that naproxen, at
therapeutically relevant concentrations, acidifies Jurkat T cell
cytoplasm in a concentration-dependent manner.

Ibuprofen
We proceeded to measure pH changes induced by commonly
used NSAID drug ibuprofen in Jurkat T cells. In the experiment

shown in Figure 4D BCECF loaded cells were incubated in
normal external solution with addition of increasing
concentrations of ibuprofen. Figure 4D shows that ibuprofen
reduced the ratiometric signal in a dose-dependent manner
at 300pM, 1mM, and 3mM. Reductions in ratiometric signal
were reversed upon washout (2 Ca bar). We performed calibration
experiments similar to Figure 4B and superimposed the steady-
state ratio measurements from Figure 4D on the calibration
line obtaining values of 7.59, 7.38, and 7.14 for 300 pM, 1 mM,
and 3mM ibuprofen, respectively. We find that like naproxen,
ibuprofen significantly acidifies Jurkat T cell cytoplasm
concentration-dependently and that the effect is reversible.

Salicylate

In experiments similar to Figures 4A-F, we tested the effect of
salicylate on cytosolic pH. Addition of salicylic acid at 300pM,
1mM, and 3mM concentrations reduced the cell pH to 7.47,
7.34, and 7.10, respectively (Figures 4G-I). Similar to naproxen
and ibuprofen, salicylate acidified Jurkat T cells in a concentration-
dependent manner. Interestingly, there was no significant recovery
from acidification in the presence of these drugs (Figure 4).
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FIGURE 4 | Cytosolic acidification induced by naproxen, ibuprofen and salicylate. Fluorescence ratiometric pH measurements were performed in Jurkat T cells
loaded with BCECF dye and superfused with the indicated concentrations of naproxen (A). Naproxen-induced acidification was reversed upon washout (2 Ca bar).
(B) Calibration experiment was performed by exposing the cells to low Na*/high K* solution containing 5uM nigericin at three different extracellular pH values (6.7,
7.0, and 7.3). (C) Calibration curve constructed from measurement means taken at steady state in (B). The line is a linear fit. Mean steady state fluorescence ratios
in the presence of naproxen from (A; indicated by vertical arrows) are superimposed on the calibration curve to determine the corresponding cellular pH. (D,G)
Ratiometric BCECF measurements for ibuprofen and salicylate were performed as in (A-C). Ibuprofen and salicylate dose-dependently and reversibly acidified the
Jurkat T cell cytoplasm. Data points in (A,B,D,E,G,H) represent means+SEM obtained from measurements performed in groups of cells. (F,l) Calibration curves

In the course of these experiments, we noticed that the resting Does the NSAID Effect Involve the COX

pH values between various groups of Jurkat T cells varied greatly, ~Pathway?

In Figure 4C, for example, the initial pH appears to be alkaline, ~ Ibuprofen, naproxen and salicylic acid are thought to involve
close to 8.4. In cells shown in Figure 4F, the resting pH is close  a reversible inhibition of COX enzymes by binding non-covalently
to 7.81 and in Figure 41, it is 7.47. The nature of this variability =~ (Burke et al, 2006). As shown in Figures 1-4, both TRPM7
in cytosolic pH between various batches of cells is not known  channel inhibition and cytosolic acidification are reversible upon
and necessitated calibration in the same group of cells exposed ~ removal of the drug, and therefore may involve COX enzyme
to drugs. Based on our intracellular pH measurements, we conclude  activity. Acetylsalicylic acid (aspirin), on the other hand, inhibits
that the substantial cytosolic acidification caused by NSAIDs tested ~ these enzymes irreversibly, by acetylation. We, therefore, tested
can explain inhibition of TRPM7 channels observed in patch-  acetylsalicylate for its ability to acidify the cytosol. Figures 5A,B
clamp electrophysiology. The cell-to-cell variability of resting pH; ~ shows that similar to naproxen ibuprofen and salicylate,
may explain the variability in channel inhibition (see above). acetylsalicylate-Na* reversibly inhibited TRPM7 channels and
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FIGURE 5 | Cytosolic acidification caused by NSAIDs does not require COX enzymes. (A) Acetylsalicylate inhibits TRPM7 current in Jurkat T cells reversibly.
(B) Acidification in Jurkat T cells induced by acetylsalicylate is reversible. Naproxen (C) and ibuprofen (D) acidify Drosophila S2 cells.

acidified the cytosolic pH in a concentration-dependent manner.  sequestration of phosphoinositide PIP, (Kozak et al, 2005;
Acidification was reversed upon washout. Acetylsalicylate acetylates ~ Chokshi et al., 2012¢; Zhelay et al., 2018). PIP, is a necessary
a serine in COX-1 and 2 in the active site of the enzyme. Since  cofactor of TRPM7 and other TRP channels (reviewed in Suh
it stands out among other NSAIDs for the irreversibility of its and Hille, 2008; Rohacs, 2014). The voltage-sensitive lipid
COX inhibition, reversibility of channel acidification and channel  phosphatase (VSP) from Ciona is a convenient tool for depleting
inhibition strongly suggests that NSAID effect on cytosolic pH  phosphoinositides in intact cells (Yudin et al., 2021). We showed
is independent of their effect on COX enzymes. previously that depletion of PIP, by overexpressing VSP mimicked

It has been reported that Drosophila genome lacks orthologs  inhibition of TRPM7 by cytosolic cations (Zhelay et al., 2018).
of mammalian COX enzymes and TRPM7 channel/kinase (Manning  Specifically, inhibition by acidic pH and 2-APB, a TRPM7
et al,, 2002; Frolov et al., 2008b). In order to further test whether ~ blocker which acidifies the cytosol, was strengthened in PIP,-
the NSAID acidifying effect on cytosol requires COX enzymes,  depleted cells (Chokshi et al., 2012a; Zhelay et al, 2018). In
we performed intracellular pH measurements in Drosophila S2  order to examine if TRPM7 channel inhibition by NSAIDs
cells. As shown in Figures 5C,D, we find that naproxen and occurs by a similar mechanism, we measured salicylate and
salicylate elicited reversible acidifications of the cytoplasm, naproxen effects on the native TRPM7 current in HEK cells
qualitatively similar to their effect in Jurkat T cells. This experiment  transfected with WT and C363S VSP. HEK cells possess
confirmed that neither COX enzymes nor, apparently, TRPM7  substantial TRPM7 channel activity (Chokshi et al., 2012b).

are required for the acidification caused by these NSAIDs. Ten millimolar salicylate and naproxen effect in cells expressing

the inactive VSP mutant was very small (Figure 6). By contrast,
Salicylate and Naproxen Inhibition of both drugs inhibited TRPM7 currents completely in PIP,
TRPMZ7 Current Depends on PIP, Levels depleted cells (Figure 6). It should be noted that in WT VSP

The inhibition of TRPM7 channels by cytosolic Mg*, polyamines,  expressing cells, drug washout could not be observed
and protons is indirect and involves the electrostatic screening/  (Figures 6D,F), likely because of increased current rundown
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(Zhelay et al, 2018). These experiments strongly suggested
that NSAID-induced TRPM7 current inhibition depends on
cellular PIP, levels, as found previously for 2-APB.

Use-Dependence (Sensitization) of
Channel Inhibition

Next, we investigated NSAID effects when applied repeatedly.
Such drug application protocols with washout steps between

them could mimic the situation in vivo, where the patient
takes the drug several times daily and the effective concentrations
of NSAID in the blood vary depending on proximity to the
time of drug intake. Figure 7A shows a representative graph
where 30mM salicylate was repeatedly applied. Inhibition was
progressively more pronounced for every application. At the
same time, the current was running down (amplitude of current
after drug washout is smaller than before its application; see
Kozak et al.,, 2005 for a detailed discussion of rundown).
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TRPM7 is strongly dependent on intracellular free Mg*
being inhibited by this ion with a double dose-response
relationship with ICs, values of 10pM and 165pM (Chokshi
et al., 2012b). Despite this, the majority of Jurkat T cells exhibit
some degree of TRPM7 channel preactivation even without
prior Mg depletion (Chokshi et al., 2012b; Zhelay et al,
2018). This was observed in other cell types as well (Kozak
and Cahalan, 2003). We performed a series of experiments
with pipette solutions containing 134 uM free [Mg*]. Our goal
was to compare NSAID inhibition in the presence and absence

of intracellular Mg?*, since normally in intact T cells free Mg**
concentration is close to 1mM (Rink et al., 1982; Ng et al,
1991). Figure 7B shows repeated application of 10 mM salicylate
with intracellular Mg** present. The main difference from
Figure 7A was the increased speed of inhibition and rundown
with Mg®" inside. The current completely ran down in ~30 min.
Because of the fast rundown, it was impossible to completely
reverse the inhibition. Also, it was difficult to assess the extent
of block at third or fourth applications as it was already maximal
but clearly, the second application of the drug was almost

Frontiers in Physiology | www.frontiersin.org

89

October 2021 | Volume 12 | Article 727549


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Chokshi et al.

NSAIDs Inhibit TRPM7 Channels

twofold more potent than the first one. These experiments
suggested that use-dependence of NSAID effect is increased
with Mg* inside, which was reminiscent of inhibition by
propionate (Zhelay et al., 2018). In conclusion, both the extent
of inhibition by NSAIDs and the speed of action demonstrate
strong use-dependence.

We reasoned that increased inhibition during repeated
application of NSAIDs could potentially be due to increased
acidification caused by repeated application of these drugs. To
test this possibility, we set out to compare the pH; during
repeated application of the drugs. As shown in
Supplementary Figure S1A, ibuprofen was applied repeatedly
to Jurkat T cells loaded with BCECF dye and corresponding
pH-dependent fluorescence signal measured. The degree of
acidification caused by this drug appeared similar for each
application. This experiment demonstrates that the
use-dependence of TRPM7 inhibition discussed in Figures 7A,B
cannot be explained by greater acidification with repeated drug
applications but must have a different underlying mechanism.
This mechanism might be PIP,-dependent, as we found for
propionate and 2-APB (Zhelay et al., 2018).

Salicylate Effect on WT and S1107R
Mutant TRM7 Channels

Several Ser1107 substitutions in TRPM7 result in significantly
reduced sensitivity to Mg®, acidic pH, and polyamines as
well as PIP, depletion (Hofmann et al., 2014; Zhelay et al,
2018). If TRPM?7 channel inhibition by NSAIDs is a consequence
of cytosolic acidification, then TRPM7 S1107R mutant, which
is less pH-sensitive, would be less sensitive to NSAID inhibition
as well. In order to investigate this question, we compared
salicylate effects on heterologously expressed WT and S1107R
TRPM7 channels in HEK293 cells. We observed a robust
and reversible inhibition of WT TRPM7 currents
(Figures 7C,D), whereas S1107R variant was not inhibited
(Figures 7D,F,G). We conclude from these experiments that
NSAID inhibition of TRPM7 channels reflects the interference
of acidic pH with PIP,-channel interactions. In agreement
with this, 30mM salicylate inhibition of TRPM7 channels
was relieved by application of 15mM NH,*, which alkalinizes
the cytosol (n=3, data not shown). Interestingly, the endogenous
current in HEK cells was significantly less sensitive to salicylate
(Figures 6A,C) than the overexpressed TRPM7 channels in
the same cell type (Figures 7C,E). This difference may be due
to the dependence on TRPM7 kinase resting pH in HEK
cells. We recently showed that in murine macrophages isolated
from TRPM7 KI1646R kinase-dead mice, the pH is more
alkaline than in W, suggesting that kinase activity may make
pH; more acidic (Beesetty et al, 2021). WT TRPM7
overexpressing HEK cells also respond readily to acidification
in propionate and 2-APB (Zhelay et al., 2018). Although
we have not tested NSAIDs directly in mammalian macrophages,
they are likely to acidify the cytoplasm as is the case in
Drosophila S2 macrophages (Figure 5), leading to suppressed
phagocytosis. Further investigations will be required to explain
the difference between native and overexpressed TRPM7
current sensitivity to NSAIDs.

DISCUSSION

The present study was undertaken to characterize the effects of
several common NSAIDs ibuprofen, naproxen, salicylate, and
acetylsalicylate on TRPM7 channels. These drugs reversibly inhibited
both native (Jurkat T cells) and recombinant TRPM?7 at concentrations
of 3mM and higher (Figures 1-3, 5, 7). The onset of inhibition
was slow, taking several minutes, and voltage-independent, making
it unlikely that these drugs interact directly with the ion permeation
pathway (Figures 1-3, 5, 7). In agreement with this, TRPM7
channels with the S1107R substitution in the intracellular portion
(Zhelay et al., 2018) were insensitive to salicylate (Figures 7D,F,G).
TRPM7 current reduction was readily reversible upon removal of
the drug (Figures 1-3, 5, 7). At concentrations of 300uM and
above, these NSAIDs potently and dose-dependently acidified the
cytoplasm of Jurkat T cells (Figures 4, 5). Similar to channel
inhibition, the onset of acidification was also slow. Since TRPM7
channels are inhibited by acidic pH (Chokshi et al., 2012b), cytosolic
acidification is likely responsible for NSAID-mediated inhibition
of these channels. Previously, we demonstrated that 2-APB, a widely
used TRPM7 blocker, inhibits TRPM7 channels by the same
mechanism (Chokshi et al., 2012a; Zhelay et al., 2018). In Jurkat
T cells, TRPM7 pHj, is close to 7.1 in the absence of external
divalent cations (RC and JAK, unpublished observations). In view
of this, pH of ~7.0 would be sufficient to inhibit TRPM7 currents
substantially. It should also be noted that pH dependence of TRPM7
channel activity is not constant but can vary with PIP, levels in
the cell (Zhelay et al., 2018).

The observation that TRPM7 current reduction by acetylsalicylic
acid (aspirin) was fully reversible at 10mM (seen in three out
of four cells tested, Figure 5), suggested that COX enzyme
inactivation did not underlie this effect, since unlike other NSAIDs,
aspirin binds and covalently modifies COX enzymes (Fitzpatrick,
2004). Furthermore, we tested the drugs in S2 cells, a Drosophila
macrophage-like cell line (Abrams et al, 1992), lacking both
COX and TRPM7 orthologs. Cytosolic acidifications were elicited
in these cells by naproxen and salicylate (Figure 5), demonstrating
that neither COX enzyme inhibition nor presence of TRPM7
protein is required for the pH effect.

What are some likely consequences of acidification and
TRPM7 channel inhibition? As a non-selective cation
conductance, TRPM7 channel activity is expected to push the
T-cell membrane potential toward 0mV (Chokshi et al., 2012b;
Mason et al., 2012). A depolarization would be expected to
diminish Ca?* influx, curtailing the long-lasting Ca** elevations
necessary for T-cell activation and clonal expansion (Feske
et al, 2012). Ca** enters the activated T cell primarily through
store-operated Ca**-release activated Ca** (CRAC) channels
(e.g., Lioudyno et al, 2008). In human erythroleukemia cells,
Mg?*-inhibited cation (MIC) channels, likely TRPM7, participate
in setting the membrane potential (Mason et al., 2012). Similarly,
TRPM?7 channels would be expected to depolarize T cells. The
T-cell membrane potential is primarily determined by potassium-
selective conductances (Feske et al., 2012; Papp et al., 2020).
However, significant pre-activated TRPM7 currents can
be measured in Jurkat T cells even without prior depletion
of Mg** (Chokshi et al., 2012b) and would likely participate
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in moving the membrane potential away from K* equilibrium
potential. Depolarized T-cell membranes reduce Ca** entry and
consequently diminish the activation of nuclear factor of activated
T cells (NFAT) transcription factors, responsible for governing
many gene expression events in T-cell activation and proliferation
(Feske et al., 2012; Yeh and Parekh, 2017). For a related cation
channel TRPM4, its genetic suppression in Jurkat T cells resulted
in increased Ca*" entry and IL2 production (Launay et al,
2004). Pharmacological blockade of TRPM7 channels resulted
in increased IL2 receptor expression and higher number of
regulatory T cells in mice (Mendu et al., 2020). Based on
these examples, the inhibition of TRPM7 channels by NSAIDs
would be expected to increase Ca** influx, NFAT activation,
IL2 secretion and T-cell proliferation. It remains to
be determined, however, what the overall NSAID effect on
the membrane potential is, given that other pH-sensitive
conductances, such as Kv1.3, are likely to be affected (Deutsch
and Lee, 1989). In this context, it is noteworthy that
pharmacological inhibition of Kv1.3 has been explored as
immunomodulatory therapy for various disease states (e.g.,
Beeton et al.,, 2001; Schmalhofer et al., 2002; Rangaraju et al.,
2009). In the final analysis, the action of NSAIDs on T-cell
membrane potential and calcium signaling will depend on the
interplay between activity of various channels and their relative
pH sensitivity as well as the effects of NSAIDs on Ca**
metabolism reported previously (e.g., Weiss et al, 2001;
Chen et al.,, 2010; Villalonga et al., 2010; Munoz et al., 2011).

During repeated applications of the drugs, the inhibitory effect
on TRPM7 currents increased in potency, what we refer to as
use-dependence (Figures 7A,B,E). Repeated treatment of intact
cells with NSAIDs, however, did not result in progressively more
cytoplasmic acidification and, therefore, could not explain the
use-dependence of channel blockade (Supplementary Figure S1).
TRPM7 channels are inhibited by Mg* in a use-dependent
fashion: applications of the same concentration of Mg** to inside-out
patches resulted in progressively more potent inhibition, a form
of sensitization to Mg** (Chokshi et al., 2012c). This use-dependence
of Mg* inhibition was similar to what was observed with
propionate (Zhelay et al., 2018), and we explain it by gradual
depletion of PIP, from channel vicinity and increased potency
of cations in disrupting PIP,-channel interactions. In agreement
with this, propionate-induced channel inhibition showed
use-dependence only in whole-cell, which favors PIP, loss but
not in perforated-patch recording configuration, which preserves
PIP, (Zhelay et al, 2018). The extent of channel inhibition was
drastically increased in cells depleted of PIP, by VSP expression
(Figure 6). S1107R TRPM7 channels, which are less sensitive
to inhibition by protons, were insensitive to salicylate, confirming
that cytosolic acidification is responsible for the observed current
inhibition (Figure 7; Zhelay et al, 2018). Whether the extent
of cytosolic acidification depends on the levels of PIP, in the
cell membrane remains to be examined.

In T cells, significant PIP, depletion can occur during T
cell receptor (TCR) engagement, when phospholipase C gamma
is activated and hydrolyzes PIP, (Kane et al, 2000). The
increasing potency of block with repeated application may
be relevant for long-term administration of these drugs,

prescribed in gout and rheumatoid arthritis (Rider and Jordan,
2010) and for specific NSAIDs with long pharmacokinetic
half-life, such as naproxen (Sugar et al., 2019). In AERD, where
long-term aspirin regiments are assigned to patients as a
desensitization therapy (Williams and Woessner, 2008), the
use-dependence of NSAID effects may also become significant.

In the present study, we confined our analysis to NSAID
inhibition of TRPM7 channels in the absence of extracellular
divalent cations (Ca** and Mg*). In their presence, addition
of NSAIDs resulted in a reduction in tonic voltage-dependent
block by divalent cations and change in the I-V relation due
to the chelating action of these weak acids (data not shown;
Kozak et al., 2002; Kozak and Cahalan, 2003).

We found that significant cytosolic acidification was evident
at concentrations of NSAIDs lower than those required for
TRPM?7 channel inhibition. Thus, at 300 pM and 1 mM, cytosolic
acidification was observed, but the channel activity was not
inhibited at these concentrations. An important difference
between these assays, however, was that in whole-cell patch
clamp we used 1mM internal HEPES buffer which is not
present in intact cells during pH measurement. The presence
of HEPES, as well as weak acid glutamate, would be expected
to counteract (buffer) cytosolic acidifications induced by NSAIDs.
It is likely therefore, that in an intact cell, TRPM7 channels
would be inhibited by lower NSAIDs concentrations, routinely
achieved in blood plasma under NSAID regiments (Jung and
Schwartz, 1994; Huntjens et al., 2006; Capone et al., 2007a,b).
It is also likely that other ion channels sensitive to cytosolic
acidification, such as TRPM3, Kir4.1, and connexins would
be affected by these drugs (Pethd et al., 2020).

The focus of this study is on the acute and not long-term
effects of NSAIDs on cellular pH. We also tested long-term
naproxen and salicylate exposure on Jurkat T-cell viability and
found that at concentrations sufficient to inhibit TRPM?7, there
was a significant cytotoxicity over a 24-h time period. Thus, at
3mM, the mean cell viability dropped to ~70% and at 10mM,
to ~50% (Supplementary Figure S1B). By contrast, 10mM salicylate
effect was modest, reaching ~85% viability (Supplementary
Figure S1C). It has been reported that naproxen at 0.1-0.4mM
interfered with proliferation of seal lymphocytes without causing
apoptosis (Kleinert et al., 2018). Further experiments will be required
to elucidate if long-term NSAID cytotoxicity and immunotoxicity
are due to acidification or other mechanisms.
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randomly assigned to the control, sedentary group (C), and three experimental groups,
which performed a single bout of intensive and exhaustive treadmill exercise. Murine
splenic lymphocytes were separated by density-gradient centrifugation immediately (EQ),
3h (E3), and 24 h after exercise (E24). Fura-2/AM was used to monitor cytoplasmic free
Ca?* concentration in living cells. The combined method of carboxyfluorescein diacetate
succinimidyl ester (CFSE) labeling and flow cytometry was used for the detection of T cell
proliferation. The transcriptional level of Ca?*-regulating genes was quantified by using
gPCR. Both basal intracellular Ca?* levels and agonist (ConA, OKT3, or thapsigargin)-
induced Ca?* transients were significantly elevated at E3 group (p<0.05 vs. control).
However, mitogen-induced cell proliferation was significantly decreased at E3 group
(p<0.05 vs. control). In parallel, the transcriptional level of plasma membrane Ca?*-
ATPases (PMCA), sarco/endoplasmic reticulum Ca?*-ATPases (SERCA), TRPC1, and
P2X7 was significantly downregulated, and the transcriptional level of IP;R2 and RyR2
was significantly upregulated in E3 (p<0.01 vs. control). In summary, this study
demonstrated that acute exercise affected intracellular calcium homeostasis, most likely
by enhancing transmembrane Ca?* influx into cells and by reducing expression of Ca®*-
ATPases such as PMCA and SERCA. However, altered Ca2* signals were not transduced
into an enhanced T cell proliferation suggesting other pathways to be responsible for the
transient exercise-associated immunosuppression.

Keywords: acute exercise, Fura-2(AM), intracellular Ca®*, calcium homeostasis, cell proliferation, calcium
channels
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Acute Exercise and Intracellular Ca?

INTRODUCTION

Exercise can enhance marked transient physiological changes and
has a profound influence on the human immune function. There
are a number of studies showing that the effects of acute exhaustive
exercise seem to be detrimental, while regular, moderate-intensity
physical activity can improve immune defense functions. There
is evidence that the transient “open-window” of immunosuppression
might exist in the recovery from strenuous exercise as indicated
by an impaired immunity around 3-72h after exercise when
athletes seem to be more susceptible to infections. However, this
consensus meaning has been disagreed recently due to novel
findings demonstrating that exercise stimulates T cell redistribution
within organs and tissues, enhances mobilization of hematopoietic
stem cells as a result of apoptotic T cells, and reverses T cell
immunosenescence (Simpson et al., 2020). Therefore, the effect
of a single bout of intensive exercise on immune function remains
a controversial topic, and the investigation of underlying molecular
mechanisms seems to be a helpful approach to enhance our
current understanding.

Ca* is a key second messenger in the network of cellular signal
transduction, which participates in many physiological and
pathological processes. The stress of exercise may influence the
intracellular Ca** dynamics of lymphocytes. By using Fura-2 AM dual-
wavelength detection technology, our previous work reported that
long-term physical training had a significant effect on intracellular
calcium signal transduction of lymphocytes in mice (Liu et al,
2017). Since alterations of calcium metabolism have been shown
to be involved in some abnormal immune responses, we hypothesized
that the mechanisms of acute exercise-induced immunosuppression
involve abnormalities in intracellular calcium handling. In order
to test this hypothesis, this research examined the effects of acute
exercise on intracellular free calcium ion concentrations under basal
and agonist-stimulated conditions, the expression of Ca**-handling
factors, and changes of T cell function.

MATERIALS AND METHODS

Animals

In this study, we used a total of 60, 12-week-old male CD1
Swiss mice, weighing (28.0+3.2g), which were fed in the animal
facilities at the Department of Sports Medicine of University of
Miinster and Justus-Liebig University (Germany), and kept under
controlled conditions of temperature and humidity. This specie
and model were chosen for being a homogeneous line of mice.
Mice were housed collectively (4-6 per cage) and fed tap standard
rodent diet and water at will, with a standard 12h day-night
cycle. All procedures were performed following the approval of
the local Animal Care and Use Committee. We exert our effort
to minimize animal pain and discomfort, and this experiment
was performed in accordance with the ARRIVE guidelines.

Treadmill Incremental Test and Exercise
Protocol

Animals were adapted to exercise for 1week before the exercise
test, aiming to minimize the stress induced by the equipment.

Each animal underwent an incremental exercise test to exhaustion
to measure individual maximal oxygen uptake (VO,max) and
the fastest speed as our group previously described (Kruger et al.,
2009). After a 5-min warm-up at 0.20m/s, the running speed
was elevated by 0.05m/s every 3 min until exhaustion. The animals
were randomly divided into in four groups, five in each group.
The animals in the control group had exposure to the noise of
treadmill and allowed to freely run on a treadmill without effort,
while the animals of the exercise groups were submitted a single
bout of exercise of 80% VO,max workload until exhaustion,
which were anesthetized and killed immediately (E0), 3h (E3),
and 24h (E24) after exercise for spleen removal.

Preparation of Lymphocytes From Murine
Spleens

After the animals were anaesthetized and killed by cervical
dislocation, their spleens were separated under aseptic conditions
and placed on a 100-pm-pore size nylon mesh (BD Falcon™
Cell Strainer, BD Biosciences, Heidelberg, Germany). And the
mesh was put into a culture dish, which PBS was poured
into. The spleen was gently squeezed with a 2-ml syringe
plunger to generate single cell suspensions. Biocoll separating
solution (Biochrom, Berlin, Germany) was used, and lymphocytes
are stratified after density gradient centrifugation as our group
described before (Liu et al., 2017). The white band of lymphocytes
was removed after centrifugation and washed two times by
centrifugation in Hanks’ Balance Salt Solution (HBSS) containing
5% heat-inactivated fetal calf serum (FCS; Gibco, Darmstadlt,
Germany). The cell suspension in RPMI1640 containing 10%
FCS was prepared to be measured. Cell viability (98%) was
quantified by the Trypan blue exclusion assay, whereas purity
(95%) was verified by a flow cytometry (EPICS XL Beckman
Coulter, Fullerton, CA, United States) in the forward/sideward
scatter mode. Moreover, the percentage of T cells in the
remaining mixed lymphocyte population was determined to
be about 85% by labeling with anti-CD3 antibody as described
recently (Kriiger et al,, 2008). The number of cells was then
counted by using a semiautomated hematology analyzer (F-820,
Sysmex, Norderstedt, Germany).

Determination of Cytosolic-Free Calcium

Intracellular Ca®* level was assessed by the fluorescence intensity
ratio of the calcium probe Fura-2 AM (Molecular Probes Inc.,
Eugene, OR, United States) as described our previous study (Liu
et al, 2017). Briefly, the cells were loaded with 5pl/ml Fura-2
AM stock (1ImM in DMSO) in 0.8mM Ca**-containing solution
(140mM NaCl, 3mM KCl, 04mM Na,HPO,, 10mM HEPES,
5mM glucose, and 1mM MgCl,, and 0.8mM CaCl, with pH 7.4).
The fluorescence intensities were measured in the dual wavelength
ratio mode in a spectrofluorometer (Deltascan; PTI, Canada) at
340 and 380nm (excitation filters) and 510nm (emission filter).
According to the equation of Grynkiewicz et al. (1985), [Ca*]i
was calculated as follows: [Ca?*]i=(R-Rmin)/(Rmax-R) x Kd x F, with
a Kd of Fura-2 for calcium of 220nM, and where R is the ratio
of fluorescence of the sample at 340 and 380nm. Rmax and Rmin
are the ratios for Fura-2 at these wavelengths in the presence of
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saturating Ca** (after application of 10mM digitonin) and during
Ca*-free conditions (after addition of EGTA, 10mM final
concentration), respectively, and F is the ratio of fluorescence
intensity at 380nm during Ca**-free conditions to the fluorescence
intensity at 380nm during Ca**-saturating conditions. To remove
the free fura-2AM, cells loaded with the dye were washed two
times with PBS solution. The maximum peak and plateau level
of the agonist-induced [Ca®]; transient was quantified after the
addition of mitogen, concanavalin A (Con A; Sigma Aldrich, St.
Louis, United States), the anti-CD3 antibodies (OKT3; Janssen-
Cilag, Neuss, Germany), or thapsigargin (TG; Sigma Aldrich, St.
Louis, United States). To estimate intracellular Ca®* release and
extracellular Ca®* influx, experiments were performed either in
absence or in presence of 0.8mmol/l Ca®** in the measurement
medium. For experiments performed in the absence of extracellular
calcium, CaCl, was replaced by 1mM EGTA in the buffer. The
addition of Ca** allowed measuring transmembrane Ca* influx.

Mn?*-Quenching Experiments

Bivalent cation, Mn** and Ca*', can share common entry channels
in cell membrane (Sage et al., 1989), and the former can bind
to intracellular Fura-2 (Fura-2-acetoxymethyl ester), with a stronger
chemical attraction than the latter and to quench the fluorescence.
The decrease in fluorescence of Fura-2 can reflect extracellular
Mn* influx into cells. The determination of Ca* entry can
be quantified the Mn**-quenching technique (Ferreira et al., 2009).
The Mn**-quenching experiments were carried out by using the
same equipment as that for intracellular Ca** measurements as
described above. In the experiments, we used 4mM Mn?** in
the measurement buffer which corresponds to more than twice
extracellular Ca®* concentration. The fluorescence was excited at
the isosbestic point at 360nm, and emission was monitored at
510nm. The rate of Mn** entry can be obtained from the slope
of the fluorescence intensity curve with time. The rate of Mn**-
quenching is shown by the slope of the tangent against a quenching
curve after the addition of stimulant. The basal rate of Mn*-
quenching can be determined by measuring “slopes 1” of the
initial Fura-2 fluorescence decline, while the rate of fluorescence
intensity decreases after the addition of TG (=“slope 2”). Therefore,
Aslope was regarded as an index to access the rate of fluorescence
quenching by extracellular Mn** influx into cells.

In vitro Stimulation and Proliferation
Assays

Lymphocytes were prepared as described above, and cell proliferation
was monitored using the cell tracker dye carboxyfluorescein diacetate
succinimidyl ester (CFSE, Molecular Probes, Eugene, OR,
United States) according to the standard procedure provided by
Quah and Parish (2010). Briefly, cells were stained with CFSE dye
at 5uM concentrations and loaded at 37°C for 10min, and the
reaction was terminated by using PBS with 10% (v/v) heat-inactivated
FCS. After washing, cells were resuspended in Dulbeccos modified
eagle medium (DMEM, PAA Laboratories, Pasching, Austria) with
10% (v/v) heat-inactivated FCS, 50mg/ml streptomycin, and 50U/
ml penicillin. And the cells were seeded at a density of 2x10°
cells/per culture dish and then left to incubate at 37°C in a

humidified 5% CO, atmosphere with additional doses of 2.5ug/
ml Con A or PHA (Sigma-Aldrich, St.Louis, MO, United States).
After 72h of incubation, cells were harvested, stained with anti-
CD3-PE antibody (Immunotools, Friesoythe, Germany). Data analysis
was performed using a flow cytometer with FlowJo software (Version
X; TreeStar, Ashland, OR, United States). AUC is defined as the
area under the curve enclosed by the coordinate axis, of which
the x-axis indicates cellular generations, and the y-axis shows the
percentage of cells in each generation. /AAUC as an index was
used to evaluate cell proliferative ability.

Quantitative Real-Time PCR

Murine CD3+ T cells were purified directly from splenic cells
using an EasySep™ Mouse T Cell Isolation Kit (StemCell
Technologies, Vancouver, CA, United States) based on magnetic
bead separation technique according to manufactures’ instructions.
Total RNA was extracted from T lymphocytes using the RNA
isolation kit (RNeasy Mini Kit, Qiagen, Hilden, Germany), and
a UV-Vis spectrophotometer (ND-1000, Nano-Drop Technologies,
Rockland, United States) was used to determine the quantity
and purity of the extracted RNA. To remove possible DNA
contamination, on-column DNase digestion was applied by using
the RNase-free DNase set (Qiagen, Hilden, Germany) in the
context of RNA isolation. cDNA was subsequently synthesized
by using a cDNA synthesis kit (high-capacity cDNA reverse
transcription kit, Applied Biosystems) from RNA samples according
to the manufacturer’s protocol. cDNA was obtained by on a
PCR thermal cycler (T100, Bio-Rad Laboratories, Munich,
Germany), and the product was used for gPCR. To determine
mRNA expression in T cells, PCR was performed by using the
iQ SYBR Green Supermix (Bio-Rad Laboratories, Munich,
Germany), and an iCycler (Bio-Rad Laboratories, Munich,
Germany) was applied to quantify the amplification products.
The PCR primers used are listed in Table 1. The reaction conditions
were as follows: 1cycle at 95°C for 3min, 42cycles at 95°C for
15s (denaturation), 61°C for 30s (annealing), and 72°C for 30s
(elongation). The transcriptional level was normalized to the
mRNA expression of housekeeping gene, p-actin. The results
were calculated using the 272® method and expressed as fold
change in comparison with controls.

Statistical Analysis

Data are expressed as means + SEM. Shapiro-Wilk’s test revealed
that data were normally distributed; thus, statistical analysis
was performed using one-way ANOVA for comparison between
groups. p<0.05 was set as statistical significance. SPSS 20.0
software was used throughout.

RESULTS

Effect of Acute Exercise on Basal
Intracellular Ca** Level and
Agonist-Induced Ca?* Transients

In the control group, basal [Ca®*]; of T cells was determined
to be 45.5+5.1nM. Immediately after exercise, the resting
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TABLE 1 | List of primers for quantitative PCR.

Gene Symbol Forward primer (5'-3)) Reverse primer (5'-3)
Stromal interaction molecule 1 STIM1 TGAAGAGTCTACCGAAGCAGA AGGTGCTATGTTTCACTGTTGG
ﬁgl];?gim release-activated calclum o AACGAGCACTCGATGCAGG GGGTAGTCATGGTCTGTGTCC
am;?g‘;m release-activated calclum 15 GACCAAGTACCAGTAGCCTCA GCAAACAGATGCACGGCTAC
Inositol 1,4,5-triphosphate receptor 2 IP3R2 CCTCGCCTACCACATCACC TCACCACTCTCACTATGTCGT
2+ i i
ATPase, Ca™ transporting, cardiac SERCA2 GAGAACGCTCACACAAAGACC ACTGCTCAATCACAAGTTCCAG
muscle, slow twitch 2
24 :
ﬁ:ﬁf;ia transporting, plasma PMCA1 TGAAGGAGCTGCGATCCTCTT CTGTTCCTGCTCAATTCGACT
Ryanodine receptor 2, cardiac RYR2 ATTATGAAGGTGGTGCCGTATCA TTCCACTCCACGCGACTCTTA
Purinergic receptor P2X, figand-gated 55 GCACCGTCAAGTGGGTCTT CAGGCTCTTTCCGCTGGTA
ion channel, 7
Transient receptor potential cation TRPC1 ATCATCGGCCAAAACGATCAT GCAGCTAAAATAACAGGTGCGA
channel, subfamily C, member 1
Transient receptor potential cation TRPM5 CCTCCGTGCTTTTTGAACTCC CATAGCCAAAGGTCGTTCCTC
channel, subfamily M, member 5
Transient receptor potential cation TRPV4 AAACCTGCGTATGAAGTTCCAG CCGTAGTCGAACAAGGAATCCA
channel, subfamily V, member 4
Transient receptor potential cation TRPV6 GACCAGACACCTGTAAAGGAAC AGACACAGCACATGGTAAAGC
channel, subfamily V, member 6
Calcium channel, voltage-dependent, R ., 5 AAGACCCCAATGTCTCGAAGA TGGAAGATGAACCCTAGAGCC
type, alpha 1E subunit
Mitochondrial calcium uptake 1 MCU CTTAACACCCTTTCTGCGTTGG AGCATCAATCTTCGTTTGGTCT
2+ ;
:E:z:'r 1ca transporting, type 2C, ATP2CH ATTGTGTGCGTGAAGGAAAACT AAATAAGCGTAAGTCCGCAGG
Calmodulin 1 Calm1 CAGCGCACAACGCAGGT TTCAGCAATCTGCTCTTCAGTCAG
;Oeﬁf;rg channel, subfamily K, Konks TCTTCATCGTGTGGGGTGTCC ATAGGGCGTGGTAGTTGGCAC
Heat shock protein 1A HSPatla CATCCTGATGGGGGACAAGT GTGGAGTTGCGCTTGATGAG
p-actin Actb GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC
0 Next, cells were stimulated with different agonists known
to affect intracellular Ca®* concentrations such as Con A and
*k anti-CD3  antibody (OKT3). Representative tracings of
intracellular Ca** signal after the administration of Con A in
= 1004 calcium containing or Ca**-free buffer are shown in Figures 2A,B,
< respectively. The stimulant induced a biphasic intracellular Ca**
= . ) . . ..
= transient with a peak and a plateau phase in calcium containing
= —_— buffer. After addition of Con A, a significant absolute and net
“('3 50 increase (=A[Ca?'])) of intracellular Ca*" concentration ([Ca?'];)
- in the E3 group could be observed during both peak
(Figures 2C,D) and plateau phase (Figures 2E,F; p<0.05 vs.
control, n=5). In Figures 2G,H, the measurement was performed
0 - - in the presence of Ca?-free buffer. After an initial resting
C EO E3 E24 phase of 100s (=time 1), Con A was added (=time 2) followed
by administration of CaCl, (=time 3). By subtracting mean
2+ i i i . . . .
::GURE 1| | The ((gar,‘ge OL??Slal [(f:ta ](‘E‘g) rgur:'”ft Sp(lég')c T Z”;Z:O(gj)s '; concentrations at time 1 from time 2 and at time 2 from
e control group , Immediately atrter s arter , an arter . . . . . 24
acute exercise. Data are presented as means+SEM. *p<0.01 vs. control. time 3, the resultlng differences should indicate Ca*" release

[Ca*]; was 49.7 £6.2nM, and no significant change was observed
(p>0.01 vs. control, n=5). After 3h of post-exercise recovery,
the resting [Ca*]; was highly significantly increased to
101.0+30.9nM (p<0.01 vs. control, n=5), and the resting
intracellular calcium level 24h after exercise (E24) was
46.0+15.2nM and unchanged to pre-exercise conditions (p>0.01
vs. control, n=>5; Figure 1).

from intracellular stores (stage 1) and transmembrane Ca®*
influx (stage 2), respectively. After the administration of Con
A, intracellular Ca** release wasnot affected in the E3 group
(p>0.05 vs. control, n=5), while an improved transmembrane
Ca* influx into cells could be observed (p<0.05 vs. control,
n=>5). Further stimulations were performed only up to 3h
after exercise.

After stimulation with the anti-CD3 antibody (OKT-3), the
representative tracings of intracellular Ca** signals in calcium

Frontiers in Physiology | www.frontiersin.org

98 November 2021 | Volume 12 | Article 728625


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Liuetal. Acute Exercise and Intracellular Ca?

B
800 800+
700~ 700
6004 600
g g ;
500 = 5004
z Z 500 y ‘I sy
400 400~ W -'f”‘" w\'&l‘f‘.\ =
= Con A £ N
= 3004 P hadipy E3 & 300
£ P PR PN 5
Q 200~ l (M\"’W‘A%‘!M {‘m‘.‘ Yoy '\ %_ 200 Con A Ca ,‘/ -
100 e N s 20 P "':'"'V.""‘i':’-"o?f £24
SR ORI o o 1004 iy LSRN,
0 24 0 Y o gttt C
1 ¥ ¥ T t 1 ] T i ] 1 T 1] ¥ 1 L}
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time [Sec] Time  [Sec}
C D
800 800~
700 700+
= 6004 * 5 6004
2 =
£ 500 E 5004

e

24

§ 400 *

=

2 300

&

8 2004

I

1004 '..==|_| ﬁm
E3 E

E3 E24 C 24

E3 E24

8009 =3 Time 1 ¢ 800 gy Stage 1(Ca®*release)

700+ &= Time2 " 7004 E=3 Stage 2(Ca®"influx)
23 Time3
600

500+

[nMol)

4004
3004
2004

100+

A
s[Ca?},

Cc EO E3 E24

FIGURE 2 | The effect of acute exercise on Con A-induced change of [Ca?*] of murine splenic lymphocytes at the different time points after exercise. (A,B) The representative
tracings of Con A-induced change of intracellular Ca?* signal in the calcium buffer and the Ca?*-free buffer, respectively; arrow shows when Con A (at 100s) or Ca** (at 350s)
were applied; tracing C, the control group; tracings EO, E3, and E24 indicate the exercise groups with cell isolation at time points after, 3h, and 24 h after exercise. (C-H) Bar
chart diagrams summarizing the results of the entire groups. (C-F) The experiments were performed in the Ca?* buffer; [Ca®], and A[Ca?*] were referred to as absolute [Ca*];
and net [Ca**] after the addition of Con A, respectively, and were presented separately for peak and plateau phase. (G,H) The measurements were performed in Ca**-free
buffer; Time 1: initial resting period, Time 2: addition of Con A, and Time 3: addition of CaCly; the calculated A[Ca?*] levels of stage 1 and stage 2 indicate Ca** release from
ER and transmembrane Ca?* influx from extracellular space, respectively. Data are presented as means+SEM (n1=5). * means p<0.05 vs. control; * means p<0.05 vs. EO.
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containing or Ca**-free buffer are shown in Figures 3A,B,
respectively. In contrast to stimulation with Con A, a monophasic
response after OKT-3 was found making an analysis of peak
and plateau values quite impossible. The pattern of exercise
effects on anti-CD3 induced Ca® transients, however, was
similar to Con A. In Figures 3C,D, using 20pg/ml OKT-3,
a significant increase of absolute and net [Ca*]; was found
in the E3 group (p<0.05 vs. control, n=>5). When cells were
suspended first in Ca**-free solution followed by addition of
OKT3, the release of intracellular Ca®* wasnot changed

significantly in the E3 group (p>0.05 vs. control, n=5). Upon
addition of Ca®', an improved transmembrane Ca** influx was
shown after exercise (p<0.01 vs. control, n=>5; Figures 3E,F).

Finally, thapsigargin (TG), an inhibitor of sarco-endoplasmic
Ca?*-ATPase, was used. After application of TG in the Ca*-free
buffer, a similar release of Ca® from intracellular stores could
be observed suggesting an identical load of intracellular calcium
stores. However, after addition of Ca** into the extracellular medium,
an enhanced Ca** influx signal was found in the E3 group suggesting
an improved entry of extracellular calcium (p<0.05 vs. control,
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n=>5; in Figures 4A,B). The calcium transients after TG stimulation
were monophasic in nature (not biphasic as after Con A stimulation)
and were analyzed therefore as single values.

Effect of Acute Exercise in
Transmembrane Mn? Influxes Into Cells

In order to confirm an exercise-associated enhanced Ca* entry,
we used the Mn**-quenching technique. As shown schematically
in Figure 4C, the fluorescence intensity at a wavelength of
360nM continuously decreased after addition of Mn*". After
the application of TG, we observed a larger deflection of the
Fura-2 fluorescence quenching in the E3 group (bold line)
compared to control group (light line), which indicates an
enhanced transmembrane Mn?* influx into cells after exercise
(p<0.05 vs. control, n=5), as shown in Figure 4D.

Effect of Acute Exercise in Expression of
Ca?-Regulating Genes

As shown in Figure 5, the transcription levels of cellular calcium
ATPase (PMCA1, SERCA3) and ion channels (TRPCI1, P2X7)
were statistically reduced, while the transcription levels of internal
Ca® release channels (IP3R2, RYR2) were significantly enhanced
in the E3 group compared to control group (p<0.05/p<0.01 vs.

control, n=5). The transcription level of ion channel, TRPM5,
was significantly reduced, while transcription levels of intracellular
Ca**-regulating factors, IP3R2, ATP2C1, Cav2.3, and Kcnk5, were
significantly increased in the E24 group compared to control
group (p<0.05/p<0.01/p<0.001 vs. control, n=5). The transcription
levels of TRPC1 and Cav2.3 were significantly increased, while
the transcription levels of intracellular Ca**-regulating genes,
TRPV6 and Hspala, were statistically reduced in the E24 group
compared to E3 group (p<0.05/p<0.01 vs. the E3 group, n=5).

Effect of Acute Exercise in T Cell
Proliferation

A single acute bout of exhaustive exercise significantly reduced
the mitogen-induced cell proliferation of T cells in the E3
group compared to control group (p<0.05/p<0.001 vs. control,
n=>5). The effect could be observed for both PHA and ConA,
as shown in Figure 6.

DISCUSSION

The major findings of this study were that a single bout of
intensive exercise caused reversible increases of both basal and
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FIGURE 5 | The effects of acute exercise in transcriptional level of Ca?*-regulating genes of murine splenic T lymphocytes. (A) mRNA expression of the E3 group
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agonist-induced intracellular Ca** concentrations during the
early post-exercise recovery period. These changes could be related
to an enhanced transmembrane Ca* influx but not to an altered
load of intracellular calcium stores. However, enhanced Ca*
transients were not transduced into an improved T cell function
as indicated by an impaired cell proliferation suggesting the
involvement of other intracellular signaling pathways.

The enhanced resting [Ca*']; after acute exercise might be the
results of various underlying mechanisms. Exercise stress might
damage cell membranes directly by mechanical stress as shown
for foot-strike hemolysis during long distance running (Fazal
et al., 2017). Changes in cell membrane integrity might result
also from enhanced lipid peroxidation due to enhanced exercise-
associated oxidative stress. Likewise, previous data from our
group have proved that intracellular Ca®" of lymphocytes was
affected  transiently by acute exercise in humans

(Mooren et al., 2001). However, membrane damage seems to
be unlikely in the actual case as it should occur very early
during and after exercise. The delayed alteration of resting
[Ca*]; (=3h post-exercise) in the current study points to
another, more likely regulatory processes. The determination
of Ca?*-handling proteins mRNA showed a significant reduced
expression of both the plasma membrane Ca*'-ATPases (PMCA)
and sarco/endoplasmic reticulum Ca**-ATPases (SERCA). Ca**-
ATPase maintains the global basal free Ca** levels actively on
the expense of ATP in order to transport free calcium ion
against its electrochemical gradient either out of cells or into
intracellular Ca** stores. The decreased expression of Ca®*-
ATPases could mean a decreased enzyme activity and an
impaired ability to regulate intracellular Ca** levels. The reduced
Ca**-ATPase expression and function should therefore result
in a cytoplasmic Ca** buildup as a result of a new balance
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between Ca’* increasing and decreasing processes. Previous
studies showed also that the impairment in Ca?* homeostasis
just due to one of the Ca®* extruding pathway is enough to
interfere with calcium homeostasis and cell function. Therefore,
defective Ca’ extrusion due to decreased PMCA expression
was responsible for an enhanced cell apoptosis (Pellegrini
et al.,, 2007).

Azenabor and Hoffman-Goetz (2000) found that exhaustive
exercise caused the increase of intracellular Ca** levels in murine
thymocytes, and there was a continuous influx of Ca* after
exercise when cells were monitored in Ca®* rich medium.
Intracellular Ca®* level actually is the result of a mutual balance
among Ca’*-increasing, Ca’*-decreasing, and Ca’*-buffering
mechanisms (Mooren and Kinne, 1998). Exercise is obviously
able to transiently disturb the balance among the Ca**-regulating
mechanisms in resting cells, which was fully reversible 24h
after exercise. Beside the calcium handling machinery, however,
other signaling pathways might be responsible for the
dysregulation of basal [Ca®]i after exercise. There is evidence
that an activation of the transcription factor nuclear factor of
activated T cells (NFAT), a key regulator of T cell activation,
is followed by increased basal Ca** levels (Martinez et al., 2015).

Next, acute exercise was followed also by enhanced agonist-
induced intracellular Ca** dynamics independent of the stimulant
used (Con A, OKT3, and TG). In order to discriminate between
the contribution of Ca®* release from intracellular pools such
as endoplasmic reticulum and Ca®* influx via transmembrane
Ca® channels such as store-operated calcium entry (SOCE),
a unique plasma membrane Ca** entry mechanism, experiments
were performed under Ca*-free conditions. CRAC channels,
which are formed by ORAII-3, are the major SOCE channels
in T cells; other channels, such as transient receptor potential
(TRP) and voltage-dependent calcium (Cav) channels, also can
participate in SOCE (Hoth, 2016). However, at least the voltage-
gated Ca** (Cav) channels are less characterized in T cells.
The results suggest that after exercise the transmembrane Ca*
influx into T cells is the major factor for the altered Ca*
signals. Likewise, thapsigargin (TG) by inhibiting the SERCA
pumps releases similar amounts of Ca** from intracellular Ca?*
pools suggesting that their load wasnot affected by exercise.
Furthermore, the Fura-2-quenching experiments using Mn**
as a surrogate permeable bivalent cation for Ca** after application
of TG support that intensive exercise could improve the
transmembrane Ca®* entry during the early (3h) post-exercise
recovery period. The capacity of extracellular Ca® influx is
thereby directly proportional to the ER store depletion (Zweifach
and Lewis, 1996). The linearity of the capacity to deplete ER
Ca’* stores to determine the subsequent degree and timing of
influx could offer an explanation for that the experiments
performed in the calcium medium evoked a lower Ca** entry
than those in the Ca**-free medium. Another explanation might
be the nonlinear response of the fluorescent dye especially
during/after Ca**-depleted conditions.

A challenging question is how alterations of Ca**-handling
factors fit with the changed Ca** transients. The downregulated
expression of Ca**-extruding pumps should delay Ca** extrusion
resulting in enhanced Ca** transients as observed. The individual

contribution of the Ca**-ATPase is exquisitely coordinated in
T cells in time and space in order to effectively modulate
intracellular Ca®* dynamics upon activation. PMCA has previously
been shown to functionally associate with SOCE channels
(Bautista et al., 2002). Thus, Ca** entry pathways such as TRPC1
and P2X7 have been downregulated as well. The role of purinergic
ionotropic P2X7R in T cells has been studied in mice; the
activation requires millimolar concentrations of its ligand ATP,
which can induce the influx of Ca’*/Na* and the efflux of K*
(Foster et al., 2013). The expression of the TRPV4, a Ca*-
permeable nonselective ion channel that is sensitive to variations
of body temperature has been shown to be affected by chronic
exercise in a tissue dependent manner (Chen et al., 2015).
However, acute exercise as used in the actual study did not
affect its expression in T cells. It might be speculated that the
decreased expression of some transmembrane Ca®* channels
serves as a protective mechanism to prevent a further intracellular
Ca’* overload. In contrast, the enhanced expression of both
IP3R2 and RYR2 receptors had no effects on the calcium load
of intracellular stores, but it may have an amplifying effect
during agonist induced Ca** transients. In T cells, Ca** release
from the ER is mediated by binding of IP3 to IP,R and is
further modulated by RyR (Dadsetan et al., 2008). For a proper
function, SOCE requires the assembly of ER-located STIM
proteins with the plasma membrane channels which occurs
within distinct regions in the cell that have been termed as
endoplasmic reticulum (ER)-plasma membrane (PM) junctions.
The PM and ER are in close proximity to each other within
this region, which allows STIMI in the ER to interact with
and activate either ORAI1 or TRPCI in the plasma membrane
(Subedi et al., 2017). Higher expression of intracellular Ca**
release channels might therefore modulate Ca** permeability
and enhance transmembrane Ca?* influx despite lower expression
of Ca’* entry pathways. Compared to our recent publication
about the effects of regular long-term exercise training on T
cell and Ca** signaling, similarities and dichotomies were found.
Exercise training had no effect on the expression of Ca*
extruding pumps from both cell membrane and intracellular
stores. Ca** channel proteins from cell membrane and intracellular
stores, such as ORAIl, IP3R2, TRPM5, TRPC1, and TRPV4
Ca2.3 were broadly downregulated (Liu et al., 2017). In contrast,
acute exercise induced upregulation of some Ca®* channels
such as the intracellular channels IP3R2 and RYR2 and some
transmembrane Ca** channels like Cav2.3 and TRPCI suggesting
a differential regulation of Ca** signaling in T cells by acute
and chronic exercise. The enhanced expression of Cav2.3
occurred delayed 24h after exercise without any influence on
cellular Ca** signals. Recently, the Cav2.3 gene was shown to
be upregulated in pregnancy and type 1 diabetes indicating a
shift in immunological status under these conditions
(Bhandage et al., 2018).

What might be the exercise-associated condition which
modulates transiently intracellular calcium? Previous work has
demonstrated that levels of oxidative stress are increased after
intensive bouts of exercise (Kruger et al., 2009). Moreover, it
has been well documented that free radicals are able to modulate
the activity of many Ca*"-handling proteins (Gorlach et al., 2015),
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FIGURE 6 | Effects of acute exercise on proliferative capacity of lymphocytes. (A,B) CFSE proliferation profile; (C) statistical analysis of cell proliferation. E, the
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*p<0.05, **p<0.001 vs. control (n=5).

which may result in changed capacitative Ca*" entry and finally
in intracellular Ca®* overload. The function of PMCA can
be altered by an enhanced lipid peroxidation (Kako et al,
1988; Ohta et al, 1989), and SERCA is highly susceptible to
oxidative damage, which can lead to a decrease of SERCA
activity and then result in elevation of intracellular Ca*" level
(Antipenko and Kirchberger, 1997; Squier and Bigelow, 2000).
On the other hand, the elevation of cytosolic Ca*" level can
activate the mitochondrial Ca** uniporter (MCU) that induces
mitochondrial Ca** uptake, an event that drives mitochondrial
respiration thereby causing the generation of further free radicals,
which may amplify the cellular oxidative stress. A Ca** overload
in mitochondrial matrix causes the opening of the permeability
transition pore (PTP) followed by a collapse of mitochondrial
potential, mitochondrial swelling and release of cell death
inducing agents (Gherardi et al.,, 2020). Such sequence finally
leads to apoptotic cell death, which recently was described to
be induced after exhaustive exercise (Kruger et al, 2009).
Finally, acute exhaustive exercise can modulate the ability
of T cell proliferation. Many studies have shown that an

acute bout of strenuous exercise is followed by reduced immune
cells functions in humans and mice (Randall Simpson et al.,
1989; Mazzeo et al., 1998; Potteiger et al., 2001). The results
of this study confirmed these results in the murine model
by demonstrating a reduced proliferative response of splenic
lymphocytes to mitogens. However, after acute exercise, the
increased intracellular Ca®* signals were not transferred into
an enhanced cellular function contrary to our recent findings
after chronic exercise training. Chronic moderate exercise
elevated basal Ca* level and agonist-induced Ca®* influx,
which was followed by an improved lymphocyte proliferation
(Liu et al., 2017). These contrary findings suggest that after
acute exercise the usual stimulus-response relationship is
broken at least for cell proliferation as one of several T cell
functions. One reason might be that exercise induces alterations
of spatial and temporal Ca®* patterns such as calcium oscillations,
which could not be recognized using the actual technical
approach. The increasing [Ca®']; per se is not enough to trigger
cell proliferation (Silberman et al., 2005). The Ca** signaling
promotes cellular proliferation depending on the amplitude
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of increase, frequency of oscillations, the duration and nature
of change, and the location of cytosolic Ca** responses (Monteith
et al., 2007; Brini and Carafoli, 2009). On the other hand,
cellular proliferation ability is controlled also by other signaling
pathways than [Ca*],, such as transcription factors like cAMP
response element-binding protein (CREB), AP-1, and NFAT
(Dolmetsch et al., 1998; Martinez et al.,, 2015; Shin et al.,
2019). T cells show hyporesponsive states during conditions
of persistent stimulation, referred to as cellular exhaustion.
There is evidence that such a hypo-response does not affect
all cellular functions to the same degree. Moreover, impaired
cellular proliferation occurs despite preserved intracellular
Ca’* signaling (Agnellini et al., 2007). NFAT could be identified
as a major factor responsible for promoting exhaustion of
activated T cells (Martinez et al., 2015). Further studies should
therefore focus on the exercise-dependent regulation of cellular
transcription factors. Another limitation of the current study
includes the investigation of cell suspensions and not single
cells. The latter approach would enable the detection of
individual calcium signals and patterns and the use of the
patch clamp technique for electrophysiological measurements.
With the development of molecular biology cloning technology,
we have gradually learned that there are great similarities of
molecular signatures between humans and animals, but there
are also certain differences. Although it is tempting to extrapolate
results from one species to another, doing such without
assessing the differences of the various ion channels, such
as calcium and potassium channels, in different species brings
risks, as translation is not always that simple
(Tanner and Beeton, 2018).

Thus, taken together, our findings demonstrated that acute
exercise affects intracellular calcium homeostasis during resting
and stimulated conditions in murine T cells. The changed
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T cell activation and differentiation is associated with metabolic reprogramming to cope
with the increased bioenergetic demand and to provide metabolic intermediates for the
biosynthesis of building blocks. Antigen receptor stimulation not only promotes the
metabolic switch of lymphocytes but also triggers the uptake of calcium (Ca®*) from
the cytosol into the mitochondrial matrix. Whether mitochondrial Ca®* influx through the
mitochondrial Ca®* uniporter (MCU) controls T cell metabolism and effector function
remained, however, enigmatic. Using mice with T cell-specific deletion of MCU, we here
show that genetic inactivation of mitochondrial Ca®* uptake increased cytosolic Ca®* levels
following antigen receptor stimulation and store-operated Ca®* entry (SOCE). However,
ablation of MCU and the elevation of cytosolic Ca®* did not affect mitochondrial respiration,
differentiation and effector function of inflammatory and regulatory T cell subsets in vitro
and in animal models of T cell-mediated autoimmunity and viral infection. These data
suggest that MCU-mediated mitochondrial Ca®* uptake is largely dispensable for murine
T cell function. Our study has also important technical implications. Previous studies relied
mostly on pharmacological inhibition or transient knockdown of mitochondrial Ca®*
uptake, but our results using mice with genetic deletion of MCU did not recapitulate
these findings. The discrepancy of our study to previous reports hint at compensatory
mechanisms in MCU-deficient mice and/or off-target effects of current MCU inhibitors.

Keywords: mitochondrial calcium uniporter (MCU), store-operated Ca®* entry, mitochondria, oxidative
phosphorylation, calcium (Ca?*), immunometabolism, mitochondrial Ca?* handling

INTRODUCTION

Mitochondria play a pivotal role in cellular metabolism by producing large amounts of ATP
through oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO). In addition,
intermediates of mitochondrial metabolism, such as tricarboxylic acid (TCA) cycle,
glutaminolysis and FAO, control the fate and function of immune cells by regulating
signaling pathways, the cellular redox balance, apoptosis and epigenetic rewiring through
DNA and histone modifications. Not surprisingly, mitochondrial metabolism has been (re-)
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discovered as an important regulator of lymphocyte function
and “immunometabolism” has become a major research focus.

The observation that mitochondria can rapidly take up
calcium (Ca**) from the cytosol was made over half a century
ago (Finkel et al., 2015). Studies in myocytes and other non-
immune cells demonstrated that mitochondrial Ca>* handling
can regulate mitochondrial metabolism and function,
including the activity of the TCA cycle and the electron
transport chain (ETC), the production of reactive oxygen
species (ROS) and apoptosis through opening of the
mitochondrial permeability transition pore (mPTP) (Finkel
et al,, 2015; Wang P. et al,, 2020). Although the outer
mitochondrial membrane is permeable to most inorganic
ions, transport of Ca’' at the inner mitochondrial
membrane (IMM) is tightly regulated and requires specific
transporters. Following an intensive search over decades, two
groups identified the predicted mitochondrial Ca®* uniporter
(MCU) using an in silico approach and demonstrated that the
MCU protein forms a highly selective, inwardly rectifying
Ca®* channel. After the molecular identification of MCU, it
became clear that mitochondrial Ca** uptake is mediated by a
larger protein complex that not only contains MCU as the
pore-forming subunit but is composed of additional
regulatory and structural elements. Essential MCU regulator
(EMRE) and its homologue MCUD were shown to be part of
the channel pore, whereas the two EF hand domain-
containing proteins mitochondrial Ca’* uptake 1 (MICU1),
2 and 3 function as “gatekeepers” of the MCU complex (Wang
P. et al., 2020).

Ca** influx into the mitochondrial matrix is driven by a
negatively charged membrane potential at the IMM that is
established by the ETC. The opening of the MCU channel is
initiated by conformational changes of MICU1/2 after binding
of free cytosolic Ca®* to their EF hand domains. Given the
relatively low affinity of MICU1/2 for Ca®* it was originally
believed that the extramitochondrial Ca®" levels required for
MCU activation could not be achieved under physiological
conditions. However, most Ca** signals are not uniformly
distributed throughout the cytosol but are locally restricted
to the site of Ca®" influx. These Ca** “microdomains” can be
generated by Ca®" release from ER stores and/or extracellular
calcium influx pathways, such as store-operated Ca’* entry
(SOCE) through Ca®* release-activated Ca®" (CRAC)
channels, and reach the required local Ca** concentration to
induce MCU channel opening. In activated T cells,
mitochondria are in proximity to the ER and move actively
towards the immunological synapse at which Ca>" influx via
SOCE is elicited (Quintana et al., 2007; Lioudyno et al., 2008;
Quintana et al., 2011). We showed recently that CRAC channels
and SOCE not only control mitochondrial size and function but
also mitochondrial metabolism, including TCA cycle and
OXPHOS (Vaeth et al., 2017a; Kahlfuss et al., 2020). These
effects could be explained by a direct, MCU-mediated uptake of
cytosolic Ca®* into the mitochondrial matrix and the positive
regulation of Ca**-sensitive TCA cycle enzymes. On the other
hand, SOCE may also mediate these effects indirectly by
regulating gene expression of nuclear-encoded mitochondrial

MCU in T Cells

proteins. To clarify how MCU-dependent mitochondrial Ca®*
uptake contributes to T cell metabolism and function in vivo, we
investigated mice with genetic deletion of MCU in T cells using
models of autoimmunity and viral infection.

MATERIALS AND METHODS

Mice

Mcu™ (Kwong et al., 2015) (strain 029817), Foxp3“™ (strain
016959) and Cd4“™ mice (strain 022071) were purchased from
the Jackson laboratories and housed at the University of
Wiirzburg. All animals were on a pure C57BL/6] genetic
background and maintained under SPF conditions.

T cell cultures and treatments

T cells were isolated using MojoSort Mouse T cell isolation kits
(BioLegend) and cultured in complete RPMI 1640 medium
(Gibco) containing 1 g/L glucose. 24-well plates were pre-
coated with 12 pg/ml polyclonal anti-hamster IgG, washed
with PBS and activated with either 0.25 pg/ml (for Th17) or
0.5 pg/ml (for Thl and iTreg subsets) of anti-CD3 (clone 145-
2C1) together with 1 pg/ml anti-CD28 (37.51). The following
culture conditions were used: Thl cells: 2.5 ug/ml anti-IL-4
(clone 11B11), 10 ng/ml rhIL-2 and 10 ng/ml rmIL-12. iTreg
cells: 2.5 ug/ml anti-IL-4, 2.5 ug/ml anti-IFNy, 10 ng/ml rhIL-2
and 5 ng/ml rhTGF-beta. Th17 cells: 2.5 pg/ml anti-IL-4, 2.5 pg/
ml anti-IFNy, 20 ng/ml rmIL-6 and 0.5 ng/ml rhTGFp. Tcl
cells: 2.5 pg/ml anti-IL-4, 10 ng/ml rhIL-2 and 10 ng/ml rmIL-
12. Tcl7 cells: 2.5 pg/ml anti-IL-4, 2.5 pg/ml anti-IFNy, 20 ng/
ml rmIL-6 and 0.5 ng/ml rhTGFp. All antibodies and cytokines
were from Bio X Cell and Peprotech, respectively. To detect
cytokine expression, cells were stimulated with 1 uM ionomycin
plus 30 nM phorbol myristate acetate (Calbiochem) for 5h in
the presence of brefeldin A (BioLegend). In some experiments,
T cell were treated for 72h with 2-10 uM Ruthenium red
(Sigma).

Experimental Autoimmune

Encephalomyelitis

MOG3;5_s5s peptide (Synpeptide) was emulsified in CFA with
5mg/ml M tuberculosis H37Ra (BD Difco). 200 mg MOGs3s 55
was injected subcutaneously at the flanks of the mice, followed by
intraperitoneal injection of 250 ng pertussis toxin (Enzo) on day 0
and 2. The EAE score was assigned as described before (Stromnes
and Goverman, 2006). Mice were sacrificed and spinal cords were
isolated, minced into small pieces and digested with 1 mg/ml
collagenase D (Roche) and 20 pg/ml DNase I (Sigma) for 40 min
at 37°C. CNS-infiltrating lymphocytes were enriched by percoll
gradient centrifugation and analyzed by flow cytometry.

LCMV Infections

The LCMV clone 13 strain was kindly provided by R. Ahmed
(Emory University). LCMV was grown in BHK-21 cells and viral
titers (PFU) in the supernatant were determined as described
(Vaeth et al,, 2016; Ataide et al., 2020). For chronic viral
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infections, mice were injected intravenously with 4 x 10° PFU of
LCMYV and analyzed 23 days post infection.

Flow Cytometry

Cells were blocked with anti-FcyRII/FcyRIII (Bio X Cell; clone
2.4G2) and debris was excluded using the viability dye
eFluor780 (eBioscience). Staining of surface molecules with
fluorochrome-conjugated antibodies was performed in PBS
containing 0.1% BSA. Intracellular (IC) and transcription
factor (TF) staining was carried out with the IC Staining and
TF Staining Buffer Kit, respectively (eBioscience). Samples were
acquired on a BD FACSCelesta flow cytometer and analyzed
with Flow]Jo Software (Tree Star). The following antibodies were
used: anti-mouse CD4 (clones 53-6.7 and GK1.5), anti-mouse
IL-17A (C11-18H10.1), anti-mouse IFNy (XMG1.2), anti-
mouse GM-CSF (MP1-22E9), anti-mouse TNFa (MP6-
XT22), anti-mouse IL-2 (JES6-5H4), anti-mouse Foxp3 (FJK-
16s), anti-mouse T-bet (4B10), anti-mouse RORyt (Q31-378),
anti-mouse CD25 (PC61), anti-mouse Ki-67 (B56), anti-CD44
(IM7), anti-CXCR5 (SPRCL5), anti-PD-1 (RMP1-30), anti-
CD38 (90), anti-GL.7 (GL7), anti-CD8a (53-6.7), anti-Tim3
(RMT3-23). All antibodies were from BioLegend or
eBiosciences. PE-labelled tetramers loaded with the LCMV
peptides GP334; and GPge;; were provided by the NIH
Tetramer Core Facility.

T Cell Proliferation Analysis

T cells were labelled with CellTrace Violet (Thermo Scientific)
according to the manufacturer’s instructions. Cells were blocked
with 50% FBS, washed twice with RPMI and stimulated with 1 pg/
ml plate-bound anti-CD3 (clone 2C11) and anti-CD28 antibodies
(37.51; both Bio X Cell) with 50 U/ml IL-2 (Peprotech). CTV
dilution was monitored daily by flow cytometry.

Ca®* Influx Measurements

T cells were labelled with 2 uM Fura-2-AM (Thermo Scientific)
as described earlier (Vaeth et al., 2017b). Cells were attached to
96-well imaging plates coated with 0.01% poly-L-lysine
(Sigma) and washed with Ca®*'-free Ringer solution.
Changes in intracellular Ca®* concentration were analyzed
using a FlexStation3 plate reader (Molecular Devices) at 340
and 380 nm. Cells were stimulated with 1 uM thapsigargin
(TG) (Sigma) in Ca**-free Ringer solution and SOCE was
analyzed after re-addition of 2 mM Ca**. Alternatively, whole
splenocytes were loaded with 2uM Fluo4-AM (Thermo
Scientific) and incubated with anti-CD4-APC and anti-
CD8a-BV421 antibodies (BioLegend). Measurements of
intracellular Ca*>* changes were recorded by flow cytometry.
Baseline cytosolic Ca®" levels acquired in 0 mM Ca®" Ringer
solution, before cells were stimulated with 1 uM thapsigargin
and re-addition of 2 mM Ca®*. Mitochondrial uptake of free
Ca** monitored in the presence of digitonin-
permeabilized T cells (0.04%; preincubation time 10 min).
1 x 10° cells per well were re-suspended in PTP buffer
(125mM KCl, 2mM K,HPO,, 1mM MgCl,, 10 mM
HEPES, 20 uM EGTA, pH7.4) containing 2 mM succinate,
2puM thapsigargin and 1uM CalciumGreen-5N (Thermo

was
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Scientific). Fluorescence (503/535 nm) was monitored using
a Tecan M200 Pro reader in a 96-well plate with injection of
25 uM Ca®" pulses.

Histochemistry

CNS specimens were fixed in 4% PFA, embedded in paraffin and
stained with Luxol fast blue and Cresyl violet (both Carl Roth) to
detect myelin and nuclei, respectively.

Quantitative RT-PCR

RNA was extracted using the RotiPrep RNA mini kit (Carl Roth),
followed by cDNA synthesis with the iScript cDNA synthesis Kit
(BioRad). qRT-PCR was performed using iTaq Universal SYBR
Green SuperMix (Bio-Rad) and the CFX RT-PCR thermocycler
(BioRad). For quantitation, Cr values were normalized to 18S
gene expression and analyzed using the 27*“T method. Mcu-for:
TTAGCAGAAAAGCAGAGAAGAG, Mcu-rev: TGATGAAGT
AGGTGACGGG, Letm1-for: CGGGGTAGTCTGAGGGATCG,
LetmI-rev: TGGAGTACAGCAACGAGACAG, Sic8bi-for: CTG
GAAGTGTCAACCAGACTG, Sic8b1-rev: AGTCACAGCGAT
CAGATGTGT, 18S-for: CGGCGACGACCCATTCGAAC, 18S-
rev: GAATCGAACCCTGATTCCCCGT.

Western Blot

Cells were resuspended in RIPA lysis buffer with complete
protease inhibitor cocktail (Thermo Scientific). 40 pg of total
protein was fractionated by SDS-PAGE and transferred onto a
nitrocellulose membrane. Membranes were incubated with
antibodies against B-Actin (1:5,000, mouse, clone C4; SCBT),
VDAC (1:1,000, mouse, N152B/23; BioLegend), GAPDH (1:200,
mouse, 6C5; SCBT) and MCU (1:1,000, rabbit polyclonal; CST).
For detection, peroxidase-coupled secondary anti-mouse or anti-
rabbit antibodies (BioRad) and ECL Substrate (Thermo
Scientific) were used.

Metabolic Flux Analyses

Glycolytic proton efflux rate (PER) and oxygen consumption rate
(OCR) were measured using a XFe96 extracellular flux analyzer
(Seahorse Bioscience) as described before (Vaeth et al., 2017a;
Kahlfuss et al., 2020).

Statistical Analyses

All results are means with standard error of the means (SEM).
The statistical significance of differences between experimental
groups was determined by unpaired Student’s ¢-test. Differences
were considered significant for p values < 0.05.

RESULTS

Ablation of MCU Elevates Cytosolic Ca®"

Levels After Antigen Receptor Stimulation

To investigate the role of MCU (CCDC109A) and mitochondrial
Ca®" uptake in primary T cells, we generated mice with T cell-
specific deletion of the Mcu gene by crossing Mcu™™ mice (Kwong
et al, 2015) to Cd4“™ animals that express Cre recombinase
under the control of the Cd4 promoter. Mcu'Cd4“™® mice were
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FIGURE 1 | Deletion of MCU attenuates mitochondrial Ca®* uptake but increases cytosolic Ca* levels after store depletion. (A) Mcu gene expression in CD4* and
CD8* T cells of WT and MCU-deficient mice (Mcu™Cd4°™) analyzed by qRT-PCR; means + SEM of 4-6 mice. (B) Immunoblot assay detecting MCU, VDAC and GAPDH
protein expression in anti-CD3/CD28 stimulated CD4™* T cells, three independent WT and MCU-deficient mice. (C) Ca®* retention capacity of digitonin-permeabilized WT
and MCU-deficient T cells after repetitive addition of 25 uM extracellular Ca®* measured by CalciumGreen-5N. (D) Analysis of Sic8b7 (NCLX) and Letm1 gene
expression in activated WT and MCU-deficient CD8" T cells by gRT-PCR; means + SEM of 5-6 mice. (E) Measurement of Ca®* store depletion and SOCE in CD4* T cells
isolated from WT and Mcu™Cd4°" mice using a FlexStation3 plate reader. Cells were loaded with Fura-2 and stimulated with thapsigargin (TG) in Ca* free Ringer
solution followed by re-addition of 2 mM Ca?* (left panel). The traces were baseline normalized and the quantification of maximal SOCE (peak-baseline) was calculated
as F340/380 emission ratios; means + SEM of 4-6 mice (right panel). (F, G) Ex vivo analysis of store depletion and SOCE in CD4™" (F) and CD8" (G) T cells of WT and
Mecu""Ca4°™ mice loaded with Fluo-4 and analyzed by flow cytometry. Addition of TG and 2 mM extracellular Ca®* as indicated. Baseline normalized (F/Fg) means +
SEM of 4-5 mice. (H, I) Seahorse extracellular flux analyses to measure oxygen consumption rate (OCR) (H) and glycolytic proton efflux rate (glycoPER) (I) in WT and
MCU-deficient Th1, Th17 and iTreg cells; means + SEM of 3-5 mice.

indistinguishable from their littermates and showed a normal
composition of thymic T cell populations (Supplementary
Figure S1A). The frequencies and numbers of peripheral
conventional and regulatory (Treg) T cells were also unaltered
(Supplementary Figures S1B-D). Naive and effector T cell
composition was comparable between WT and Mcu™"Cd4“
mice and MCU-deficient mice showed no spontaneous immune
dysregulation (Supplementary Figure S1E). We next confirmed
that the expression of MCU was completely abolished in T cells at
the mRNA (Figure 1A) and protein level (Figure 1B). We next
measured mitochondrial Ca** uptake in digitonin-permeabilized
WT and MCU-deficient T cells after extracellular Ca** addition
(Figure 1C). Although we observed a reduced mitochondrial
Ca®" uptake in absence of MCU, primary mouse T cells showed
only a moderate capacity to buffer extracellular Ca** elevations.
Typically, the extracellular Ca®" pulses are rapidly taken up by the
mitochondria until mPTP opening becomes visible by a sudden

elevation of free cytosolic Ca>*. Our best explanation why we did
not measure significant mitochondrial Ca®" uptake in these
experiments is that primary T cells have fewer and relatively
small mitochondria compared to other immune cells, such as
macrophages, which makes it difficult to monitor their Ca**
buffering capacity. In addition, other mitochondrial Ca**
transporters, such as the Na*/Ca®*/Li* exchanger NCLX and
the H'/Ca®" exchanger Letml, may compensate for the loss of
MCU. Although expression of NCLX and Letm1 was unchanged
(Figure 1D), this data does not exclude adaptational changes in
mitochondrial Ca** handling and other compensatory
mechanisms, when MCU is genetically ablated.

Previous reports presented conflicting results regarding
MCU’s effect on cytosolic Ca** elevations. In most studies,
genetic or pharmacological inhibition of MCU attenuated ER
store depletion and SOCE (Hoth et al., 1997; Gilabert et al., 2001;
Samanta et al., 2014; Samanta et al., 2020), presumably due to a
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negative feedback regulation known as Ca**-dependent
inactivation (CDI) of IP3;R and/or CRAC channels (Samanta
et al, 2014; Deak et al, 2014; Tang et al., 2015). By contrast,

other studies reported unchanged or elevated SOCE upon
silencing of MCU (Paupe and Prudent, 2018; Wang P. et al,
2020; Seegren et al., 2020). In our experiments using primary
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MCU-deficient T cells, we observed a small but reproducible
increase in cytosolic Ca®" levels after ER store depletion with
the sarco/endoplasmic reticulum Ca®** ATPase (SERCA)
inhibitor thapsigargin (TG) (Figures 1E-G). Although
unexpected, our results are in line with recent data that also
found that deletion of MCU by CRISPR/Cas9-mediated
genome editing elevatess SOCE and NFAT nuclear
translocation in different lymphocytic cell lines and in
primary T and B cells (Yoast et al.,, 2021).

MCU is Dispensable for T Cell Proliferation,

Differentiation and Effector Function In Vitro
To determine how impaired mitochondrial Ca®* buffering
and elevated SOCE affects the activation and effector function
of T cells, we isolated naive CD4" T cells from WT and
Mcu""Cd4“" mice and differentiated these cells into
different T helper (Th) subsets. The expression of MCU
was similar in all Th cells tested (Supplementary Figure
S2A). We focused on Thl, Th17 and iTreg cells for further
analyses as these subsets are not only well-defined by their
(inflammatory) cytokine profiles but also differ in their
dependency on mitochondrial metabolism. However, we
did not detect differences in oxygen consumption rate
(OCR) or extracellular acidification (glycoPER) as measures
of mitochondrial and glycolytic activity, respectively, when we
compared MCU-deficient T cells to WT controls (Figures
1H,I). Stimulation of WT and MCU-deficient T cells under
Thl, Th17 and iTreg-polarizing conditions revealed also no
difference the expression of activation markers
(Figure 2A). Cell cycle entry (Supplementary Figure S2B)
and proliferation of MCU-deficient CD4" and CD8" T cells
was also comparable to WT controls (Figure 2B), indicating
that MCU is dispensable for T cell metabolism and activation.
To test whether MCU affects T cell differentiation, we
analyzed the expression of T-bet, RORyt and Foxp3 as the
“signature” transcription factors of Th1, Th17 and iTreg cells,
respectively. We observed, however, no differences in the
generation of iTreg (Figure 2C) or inflammatory Thl and
Th17 cells in vitro (Figure 2D, Supplementary Figure S2C),
suggesting that mitochondrial Ca®" is not required for T cell
differentiation. Finally, we tested whether MCU plays a role in
the effector function of T cells by re-stimulating Th1, Th17
and iTreg cells with PMA and ionomycin and analyzed the
cytokine expression of WT and MCU-deficient cells by flow
cytometry. However, we did not observe significant
differences in IFNy and IL-17A expression by Thl and
Th17 cells, respectively (Figure 2E). Likewise, GM-CSF and
IL-2 expression was unaltered in MCU-deficient T cells
(Supplementary Figure S2D). Similar as “helper” CD4"
T cells, “cytotoxic” CD8" T cells can be also polarized into
Tcl and Tcl7 cells that are not only characterized by an
inflammatory (Tcl) and memory (Tcl17) phenotype but also
differ greatly by their mitochondrial activity (Flores-
Santibafez et al., 2018). As in CD4" T cells, ablation of
MCU did not affect differentiation and cytokine expression
of Tcl and Tcl7 cells (Figure 2F). Collectively, these data

in
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suggest that genetic deletion of MCU does not alter T cell
metabolism, differentiation and effector function in vitro. By
contrast, the widely used, but unspecific, MCU inhibitor
Ruthenium Red attenuated T cell metabolism, proliferation
and survival (Supplementary Figures S3A-F). Because
pharmacological blockade of MCU does not recapitulate
the findings of MCU-deficient T cells, this data hints at
compensatory mechanisms in MCU knockout mice and/or
off-target effects of pharmacological inhibitors.

Loss of MCU Does not Affect Adaptive
Immune Responses in Autoimmunity and

Infection

Although in vitro assays are useful to evaluate basic functions of
T cells, the complexity of T cell interaction with lymphoid and non-
lymphoid cell types and the varying metabolic conditions in different
target tissues cannot be fully emulated in vitro. We therefore
employed two complementary animal models of T cell-mediated
inflammation; experimental autoimmune encephalomyelitis (EAE)
(Figure 3), which resembles aspects of human multiple sclerosis, and
persistent viral infection with the lymphocytic choriomeningitis virus
(LCMV) strain clone 13 (Figure 4). We first induced EAE in
McuCd4“™ and littermate control mice by immunization with
MOGs;s.55 peptide emulsified in CFA and monitored the disease
progression over the course of 20 days. T cell-specific deletion of
MCU did not alter EAE immunopathology, including the paralysis of
their extremities (Figure 3A), inflammation-induced weight loss
(Figure 3B) and the demyelination of the spinal cord
(Figure 3C). The infiltration of lymphocytes into the CNS was
also similar in Mcu"Cd4“™ mice compared to control animals
(Figure 3D). In line with our in vitro data, the production of IFNy,
IL-17A, GM-CSF, IL-2 and TNFa by encephalitogenic Th1 and Th17
cells following re-stimulation with PMA and ionomycin was not
impaired in absence of MCU (Figures 3E,F). Because mitochondrial
Ca®" uptake is impaired in all T cells of McuCd4“™ mice, defects in
both inflammatory and regulatory T cells could potentially mask
subset-specific functions of MCU. To explore a cell-intrinsic role of
MCU in Treg cells, we generated Mcu""Foxp3“™ mice that lack
MCU expression specifically in Foxp3" Treg cells. As observed in
mice with ablation of MCU in all T cells, Mcu""Foxp3“™ mice were
indistinguishable from their littermates and showed normal
frequencies of thymocytes and peripheral T cells (Supplementary
Figure S4A-D). Importantly, Mcu""Foxp3“™ mice showed no signs
of an overt immune activation (Supplementary Figure S4E) and the
numbers of Treg cells in peripheral lymphoid organs were unaltered.
The differentiation of thymus-derived Treg cells into CD44"CD62L"
effector Treg cells was also not perturbed in absence of MCU
(Supplementary Figures S4F,G), suggesting that MCU is not
required for Treg development and their suppressive function in
vivo. In addition to autoimmunity and T cell responses to self-
antigens, we tested the anti-viral activity of CD4" and CD8" T cells in
WT and Mcu""Cd4“™ mice after infection with the LCMV strain
clone 13 (Figure 4). LCMV infection promotes the differentiation of
CD4" T cells into T follicular helper (Tth) cells to support affinity
maturation of germinal center (GC) B cells and anti-viral humoral
immunity. We did not detect differences in the activation of CD4*
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FIGURE 3 | Mice with T cell-specific deletion of MCU are susceptible to experimental autoimmune encephalomyelitis (EAE). (A) Clinical EAE scores of WT and
MCU-deficient (Mcu™"Ca4°™®) mice after immunization with MOGgs.ss peptide; means + SEM of 4-5 mice per cohort. (B) Relative weight change of WT and MCU-
deficient mice after immunization with MOGgs.s5 peptide emulsified in CFA; means + SEM of 4-5 mice per cohort. (C) Histopathological examination of spinal cord
sections of WT and MCU-deficient mice 20 days after MOGgs_55 immunization stained with Luxol fast blue (myelin) and Cresyl violet (nuclei). White arrows indicate
leukocytic infiltrates and areas of demyelination (denoted with an asterisk). (D) Analyses of lymphocytic infiltrations in the CNS of WT and MCU-deficient mice 20 days
after MOGgs_s5 immunization. (E) Flow cytometric analyses of IFNy, IL-17A, IL-2 and GM-CSF production of CD4* T cells isolated from the CNS of WT and Mcu""Ca4°r
mice 20 days after MOGas.s5 peptide immunization and stimulation with PMA/lono for 5 h. (F) Frequencies of IL-17A, IFNy, GM-CSF, IL-2 and TNFa-producing CD4*
T cells in the spleen, iNLN and CNS of MOGgs.ss-imunized WT and Mcu™"Cd4° mice after stimulation with PMA/ionomycin for 5 h; means + SEM of 3-4 mice.

T cells and Foxp3* Treg cells in Mcu™"Cd4“™ mice compared to WT
controls (Figure 4A). The clonal expansion of LCMV-specific CD4"
T cells, which were monitored with tetramers loaded with the
LCMV-derived GPes.7; peptide, was also unaltered (Figure 4A).
Furthermore, Tth cell differentiation (Figure 4B) and GC B cell
responses (Figure 4C) were intact in Mcu"Cda“  mice,
demonstrating that MCU is dispensable for ‘helper T cell
responses during viral infection. Although LCMV induces a
strong CD8" T cell-mediated immune response, persistent
antigenic stimulation during chronic LCMV infection also
promotes T cell ‘exhaustion’ that is characterized by an
upregulation of inhibitory receptors (such as PD-1 and Tim3),
loss of effector function (e.g., cytokine expression) and apoptosis
of CD8" T cells (McLane et al., 2019). Using GP33.4; tetramers to
identify LCMV-specific CD8" T cells, we did not observe differences
in the generation and/or expansion of cytotoxic immune responses in
Mcu™Cd4“" mice compared to control animals (Figure 4D). T cell
exhaustion (Figure 4E) and cytokine expression (Figure 4F) of
MCU-deficient T cells were also comparable to those in WT
mice, suggesting that MCU is also expendable for ‘cytotoxic’ anti-
viral immune responses.

Collectively, these data demonstrate that, despite
attenuating mitochondrial Ca®" uptake and elevating
cytosolic Ca®* levels after antigen receptor stimulation,
MCU is largely dispensable for T cell-mediated immune
responses in vitro and in models of autoimmunity and
persistent viral infection.

DISCUSSION

Mitochondrial Ca** uptake is crucial for many cellular functions,
including oxidative metabolism, ROS production, signal
transduction and the regulation of cell death. In stressed or
chronically activated cells, MCU triggers mitochondrial Ca**
overload that causes the opening of the mPTP and the release
of pro-apoptotic factors. Thus, tight control of mitochondrial
Ca®" uptake safeguards cellular survival and alterations in
mitochondrial Ca** handling have been linked to a variety of
diseases. Not surprisingly, MCU gained attention as a target for
therapeutic interventions in different pathologies, including
cancer, cardiovascular, and inflammatory disorders.
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FIGURE 4 | T cell-specific ablation of MCU does not affect adaptive immune responses to persistent LCMV infection. (A—C) CD4" T cell immune responses in

chronically infected WT and MCU-deficient (Vicu™'Ca4°™®) mice. (A) Analysis of Foxp3* Treg and LOMV-specific (GPgs.77 tetramer™) effector CD4* T cell populations in
WT and MCU-deficient mice 23 days after LCMV infection; means + SEM of 6-10 mice. (B) Flow cytometric analysis of T follicular helper (Tr) cells in total CD4* and
LCMV-specific (GPgg 77 tetramer™) T cells 23 days after LCMV infection; means + SEM of 6-10 mice. (C) Quantification of germinal center (GC) B cells in spleen and

LNs of WT and Mcu™"Cd4° mice; means + SEM of 6-10 mice. (D-F) CD8" T cell immune responses in chronically infected WT and MCU-deficient mice. (D) Flow
cytometric quantification of LCMV-specific (GPs5.41 tetramer™) effector CD8" T cell populations in the spleens and LNs of WT and MCU-deficient mice 23 days after
infection; means + SEM of 6-9 mice. (E) Analysis of PD-1 and Tim3 expression on total CD8" and LCMV-specific (GPgg.77 tetramer™) T cells 23 days after LCMV infection;
means + SEM of 6-10 mice. (F) Frequencies of IFNy and TNFa-producing LCMV-specific (GP33.41 tetramer™) T cells in WT and Mecu"'Cd4°™ mice 10 d post infection
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Ca®" signals play fundamental roles in the immune system.
They not only control the differentiation and effector function of
lymphocytes at the transcriptional level but also promote their
metabolic re-programming (Vaeth et al., 2020). We have recently
shown that SOCE regulates multiple metabolic pathways in
T cells, including glycolysis, mitochondrial metabolism and
OXPHOS (Vaeth et al., 2017a; Wang Y. et al., 2020; Kahlfuss
et al, 2020). SOCE-mediated NFAT signaling induces the
expression of glucose transporters and glycolytic enzymes,
resulting in an impaired glucose uptake and metabolism when
extracellular Ca®* influx or NFAT is inhibited (Vaeth et al., 2017a;
Vaeth et al., 2020). The regulation of mitochondrial metabolism
by SOCE is, however, less well understood (Wang Y. et al., 2020).
Ca®" influx through SOCE triggers MCU opening and the uptake
of cytosolic Ca** into the mitochondrial matrix could directly

stimulate OXPHOS and mitochondrial ATP synthesis. On the
other hand, many SOCE-dependent mitochondrial proteins are
encoded in the nucleus, arguing that cytosolic Ca** could also
control mitochondrial metabolism independently of MCU.

We here show, contrary to our expectation, that ablation of
MCU has no obvious effects on T cell metabolism,
differentiation and effector function in vitro and in animal
models of autoimmunity and viral infection. Although our
results were unexpected, they are in line with the unaltered or
mild phenotypes of mice with global or conditional deletion of
MCU in various non-immune tissues (Wang P. et al., 2020). Of
note, all published MCU-deficient mouse strains did not reveal
an energy crisis, suggesting MCU-mediated Ca** uptake is
largely dispensable for mitochondrial metabolism under basal
conditions. Only after acute stimulation and/or stress of
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tissues with a high mitochondrial workload, such as skeletal or
cardiac muscle, genetic inhibition of mitochondrial Ca®*
uptake revealed moderate effects, albeit not consistently
observed in all MCU-deficient strains (Wang P. et al,
2020). The findings presented in this study and previous
reports using MCU-deficient mice are in stark contrast to
the expected importance of mitochondrial Ca®" uptake that
was predicted from in vitro experiments. This discrepancy may
be explained by the presence of additional, so far undefined,
mitochondrial Ca?* handling molecules or other (ionic)
adaptions that compensate for the lack of MCU in vivo
(Wang P. et al., 2020).

The consequences of mitochondrial Ca>* uptake on cytosolic
Ca’" levels remain complex (Paupe and Prudent, 2018; Wang P.
et al., 2020; Yoast et al., 2021). In most previous reports, MCU
blockade by pharmacological inhibition or RNAi attenuated ER
store depletion and SOCE (Hoth et al., 1997; Gilabert et al.,
2001; Deak et al., 2014; Samanta et al., 2014; Tang et al., 2015;
Samanta et al., 2020). Other studies found that MCU-deficient
lymphocytes and macrophages showed enhanced store
depletion and/or SOCE (Seegren et al, 2020; Yoast et al,
2021). Impaired cytosolic Ca®" influx in absence of MCU was
explained by an accelerated CDI of IP;R and/or CRAC channels
that causes their premature closing when incoming Ca®* cannot
be taken up by adjacent mitochondria (Quintana et al., 2007;
Lioudyno et al., 2008; Quintana et al., 2011; Deak et al., 2014;
Samanta et al., 2014; Tang et al., 2015). In this study, we found
that genetic ablation of MCU did not impair store depletion and
SOCE but, instead, caused a slightly enhanced extracellular Ca**
influx in primary T cells. These observations are in line with
recent reports of macrophages and lymphocytes from MCU-
deficient mice that showed a similar increase of cytosolic Ca**
(Seegren et al., 2020; Yoast et al., 2021). Furthermore, complete
deletion of mitochondria in activated T cells enhanced SOCE
(Lisci et al., 2021), indicating that mitochondria per se and, thus,
mitochondrial Ca** buffering are not essential for SOCE in
primary T cells. Our seemingly contradictory findings
compared to other reports may have a simple explanation:
defective Ca®" uptake from the cytosol into the
mitochondrial matrix in MCU-deficient lymphocytes causes
an accumulation of cytoplasmic Ca®*, resulting in a net
increase of SOCE. Enhanced SOCE in MCU-deficient T cells
could have been expected to amplify and augment T cell effector
function and metabolism, which was, however, not the case.
These observations are reminiscent of our previous findings
using ORAI2-deficient mice that show a similar elevation of
SOCE without increasing the effector functions of T cells in
animal models of infection and autoimmunity (Vaeth et al,
2017b).

A possible explanation for our finding that MCU is largely
dispensable for murine T cell function is that adaptational
changes in the mitochondria may compensate for the
“chronic” loss of MCU in Mcu™Cd4“™ mice. It was shown
before that deletion of MCU alone is not sufficient to
completely abolish mitochondrial Ca** uptake in neurons
(Hamilton et al.,, 2018). Furthermore, mitochondria store
large amounts of Ca®" as precipitates and acidification of

MCU in T Cells

the mitochondrial matrix during respiration dissolves these
crystals and releases intra-mitochondrially free Ca®* ions in an
MCU-independent fashion (Hernansanz-Agustin et al., 2020).
Although we did not find significant effects of MCU on T cell
proliferation, differentiation and effector function, our results
do not exclude a potential role of MCU in the adaptive immune
system. It is noteworthy that we could not test all scenarios in
which T cells play an important role and that MCU’s
importance could be different in human T cells. Our
findings also have important technical implications as
previous studies relied frequently on pharmacological MCU
inhibitors but the genetic deletion of MCU does not
recapitulate these findings. However, Ruthenium-based
inhibitors are taken up inefficiently by intact cells, have a
poor selectivity for MCU and affect, in addition, other Ca**
channels, such as ryanodine receptors, TRP channels and
SERCA pumps (Finkel et al, 2015; Woods and Wilson,
2020). Thus, future studies using genetic approaches are
warranted to better define MCU’s role in murine and
human T cells and other (non-)immune cell types.
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Cell surface calcium (Ca®*) channels permit Ca®* ion influx, with Ca* taking part in cellular
functions such as proliferation, survival, and activation. The expression of voltage-
dependent Ca®* (Cay) channels may modulate the growth of hematologic cancers.
Profile analysis of Ca®* channels, with a focus on the Ca®* release-activated Ca®*
(CRAC) and L-type Cay channels, was performed on RNA sequencing data from
lymphoma cell lines and samples derived from patients with diffuse large B cell
lymphoma (DLBCL). Cay1.2 expression was found to be elevated in classical Hodgkin
lymphoma (CHL) cell lines when compared to other B cell ymphoma cell lines. In contrast,
CHL exhibited reduced expression of ORAI2 and STIM2. In our differential expression
analysis comparing activated B cell-like DLBCL (ABC-DLBCL) and germinal centre B cell-
like DLBCL (GCB-DLBCL) patient samples, ABC-DLBCL revealed stronger expression of
Cay1.3, whereas Cay1.1, Cay1.2, and Cay1.4 showed greater expression levels in GCB-
DLBCL. Interestingly, no differences in ORAI/STIM expression were noted in the patient
samples. As Ca®* is known to bind to calmodulin, leading to calcineurin activation and the
passage of nuclear factor of activated T cells (NFAT) to the cell nucleus, pathways for
calcineurin, calmodulin, NFAT, and Ca* signaling were also analyzed by gene set
enrichment analysis. The NFAT and Ca®* signaling pathways were found to be
upregulated in the CHL cell lines relative to other B cell lymphoma cell lines.
Furthermore, the calmodulin and Ca®* signaling pathways were shown to be
downregulated in the ABC-DLBCL patient samples. The findings of this study suggest
that L-type Cay channels and Ca®*-related pathways could serve as differentiating
components for biologic therapies in targeted lymphoma treatments.

Keywords: calcium channel, lymphoma, leukaemia, signaling pathway, sequencing

Frontiers in Pharmacology | www.frontiersin.org 117

May 2022 | Volume 13 | Article 795176


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.795176&domain=pdf&date_stamp=2022-05-24
https://www.frontiersin.org/articles/10.3389/fphar.2022.795176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.795176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.795176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.795176/full
http://creativecommons.org/licenses/by/4.0/
mailto:wilf@msl.ubc.ca
https://doi.org/10.3389/fphar.2022.795176
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.795176

Stanwood et al.

INTRODUCTION

Hodgkin lymphoma, non-Hodgkin lymphoma (NHL), and
leukemia collectively constitute 5.7% of all new cases of cancer
(Sung et al,, 2021). The ability to conduct expression profiling of
genes has greatly contributed to knowledge pertaining to
leukemia and lymphoma in terms of categorization of
subtypes (Hoefnagel et al., 2005; Bobée et al., 2020), disease
aggressiveness (Glas et al., 2005), and relapse (Yeoh et al,
2002). Differences in the expression of subunits of ion
channels, including potassium (K") channels, sodium (Na*)
channels, and calcium (Ca®?") channels, have been noted in
relapsed follicular lymphoma compared to counterparts who
have not relapsed (Magi et al, 2019). The Ca®" release-
activated Ca** (CRAC) channel, a well-characterized example

Calcium Channel Expression in Lymphomas

of a Ca®" channel, consists of stromal interacting molecule
(STIM) and ORALI proteins (Putney, 2018). Orai3 expression
has been shown to be elevated in leukemia/multiple myeloma cell
lines sensitive to tipifarnib when compared to a resistant
myeloma cell line (Yanamandra et al, 2011). Furthermore,
upregulation and downregulation of voltage-dependent Ca**
(Cay) channel expression have been established for leukemia
and lymphoma, along with many additional kinds of cancer (by
publicly accessible data from microarrays), suggesting that the
channels are engaged in the development of cancer (Wang et al.,
2015; Phan et al., 2017).

Ca®* channels are known to be positioned at the plasma
membrane of the cell (Omilusik et al,, 2013). Once Ca®* is in the
cell, it can guide proliferation, homeostasis, differentiation, survival,
and activation by taking part in intracellular pathways (Omilusik

TABLE 1 | Sequencing conditions used for RNA sequencing of lymphoma cell lines. Cell lines of various pathologies were included for analysis.

Cell Line Read Length Sequencer
HDLM-2 75bp HiSeq
HDMYZ 151bp MiSeq
KM-H2 50bp GA
L-1236 75bp HiSeq
L-428 50bp GA
L-540 75bp HiSeq
L-591 75bp HiSeq
SUP-HD1 75bp HiSeq
U-HO1 75bp HiSeq
Farage 151bp MiSeq
GRANTA519 75bp HiSeq
Jeko-1 75bp HiSeq
Jvm2 75bp HiSeq
Mino 75bp HiSeq
REC-1 75bp HiSeq
SP-49 75bp HiSeq
SP-53 75bp HiSeq
7138 75bp HiSeq
Karpas-1106P 50bp GA
MedB-1 75bp HiSeq
U-2940 75bp HiSeq
Raiji 75bp HiSeq
Ramos 75bp HiSeq
DEV 50bp GA
DB 36bp GA
DOHH-2 50bp GA
HBL-1 75bp HiSeq
HT 75bp HiSeq
Karpas422 50bp GA
MD903 75bp HiSeq
NU-DHL-1 50bp GA
NU-DUL-1 50bp GA
OCI-Ly1 50bp GA
OCl-Ly10 75bp HiSeq
OClI-Ly3 75bp HiSeq
OCI-Ly7 50bp GA
Pfeiffer 75bp HiSeq
SU-DHL-10 75bp HiSeq
SU-DHL-4 75bp HiSeq
SU-DHL-5 75bp HiSeq
SU-DHL-6 50bp GA
SU-DHL-8 75bp HiSeq
Toledo 75bp HiSeq
WSU-DLCL2 50bp GA

Pathology Source
Classical Hodgkin Lymphoma BC Cancer
Classical Hodgkin Lymphoma BC Cancer
Classical Hodgkin Lymphoma BC Cancer
Classical Hodgkin Lymphoma BC Cancer
Classical Hodgkin Lymphoma BC Cancer
Classical Hodgkin Lymphoma BC Cancer
Classical Hodgkin Lymphoma BC Cancer
Classical Hodgkin Lymphoma BC Cancer
Classical Hodgkin Lymphoma BC Cancer
Primary Mediastinal B-cell Lymphoma BC Cancer
Mantle Cell Lymphoma BC Cancer
Mantle Cell Lymphoma BC Cancer
Mantle Cell Lymphoma BC Cancer
Mantle Cell Lymphoma BC Cancer
Mantle Cell Lymphoma BC Cancer
Mantle Cell Lymphoma BC Cancer
Mantle Cell Lymphoma BC Cancer
Mantle Cell Lymphoma BC Cancer
Primary Mediastinal B-cell Lymphoma BC Cancer
Primary Mediastinal B-cell Lymphoma BC Cancer
Primary Mediastinal B-cell Lymphoma BC Cancer
Burkitt’s Lymphoma BC Cancer
Burkitt’s Lymphoma BC Cancer
Nodular lymphocyte-predominant Hodgkin lymphoma BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Activated B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Activated B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Activated B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Activated B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Activated B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Activated B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
Diffuse Large B-cell Lymphoma (Germinal Centre B-cell-like) BC Cancer
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TABLE 2 | BioCarta and KEGG pathways. Components of the calcineurin, calmodulin, NFAT, and Ca®* signaling pathways are listed.

Pathway

Calcineurin (BioCarta)
Calmodulin (BioCarta)

Nuclear factor of activated T cells (NFAT) (BioCarta)

Ca?* signaling (KEGG)

Components

CALM1, CALM2, CALMS3, CDKN1A, CYCSP35, GNAQ, LOC124827, LOC147908, MARCKS, NFATC1, NFATC2,
NFATC3, NFATC4, PLCG1, PPP3CA, PPP3CB, PPP3CC, PRKCA, PRKCB, SP1, and SP3

CALM1, CALM2, CALM3, CAMK1, CAMK1G, CAMK2A, CAMK2B, CAMK2D, CAMK2G, CAMK4, CAMKK1,
CAMKK2, CREB1, CYCSP35, LOC124827, and LOC147908

ACTA1, AGT, AKT1, CALM1, CALM2, CALMS3, CALR, CAMK1, CAMK1G, CAMK4, CREBBP, CSNK1A1, CTF1,
CYCSP35, EDN1, ELSPBP1, F2, FGF2, FKBP1A, GATA4, GSK3B, HAND1, HAND2, HBEGF, HRAS, IGF1, LIF,
LOC124827, LOC147908, MAP2K1, MAPK1, MAPK14, MAPK3, MAPK8, MEF2C, MYH2, NFATC1, NFATC2,
NFATC3, NFATC4, NKX2-5, NPPA, PIK3CA, PIK3CG, PIK3R1, PPP3CA, PPP3CB, PPP3CC, PRKACB, PRKACG,
PRKAR1A, PRKAR1B, PRKAR2A, PRKAR2B, RAF1, and RPS6KB1

ADCY1, ADCY2, ADCY3, ADCY4, ADCY7, ADCY8, ADCY9, ADORA2A, ADORA2B, ADRA1A, ADRA1B, ADRA1D, ADRB1,
ADRB2, ADRB3, AGTR1, ATP2A1, ATP2A2, ATP2A3, ATP2B1, ATP2B2, ATP2B3, ATP2B4, AVPR1A, AVPR1B, BDKRB1,
BDKRB2, BST1, CACNA1A, CACNA1B, CACNA1C, CACNA1D, CACNA1E, CACNATF, CACNA1G, CACNATH, CACNAT,
CACNA1S, CALM1, CALM2, CALM3, CALML3, CALMLS, CALMLG, CAMK2A, CAMK2B, CAMK2D, CAMK2G, CAVIK4,

CCKAR, CCKBR, CD38, CHP, CHP2, CHRM1, CHRM2, CHRM3, CHRM5, CHRNA7, CYSLTR1, CYSLTR2, DRD1, DRD5,
EDNRA, EDNRB, EGFR, ERBB2, ERBB3, ERBB4, F2R, GNA11, GNA14, GNA15, GNAL, GNAQ, GNAS, GRIN1, GRIN2A,
GRIN2GC, GRIN2D, GRM1, GRM5, GRPR, HRH1, HRH2, HTR2A, HTR2B, HTR2C, HTR4, HTR5A, HTR6, HTR7, [TPKA, [TPKB,
ITPR1, MPR2, ITPR3, LHCGR, LOC729317, LTB4R2, MYLK, MYLK2, MYLK3, NOS1, NOS2, NOS3, NTSR1, OXTR, P2RX1,
P2RX2, P2RX3, P2RX4, P2RX5, P2RX6, P2RX7, PDE1A, PDE1B, PDE1C, PDGFRA, PDGFRB, PHKA1, PHKA2, PHKB,

PHKG1, PHKG2, PLCB1, PLCB2, PLCB3, PLCB4, PLCD1, PLCD3, PLCD4, PLCE1, PLCG1, PLCG2, PLCZ1, PLN, PPID,
PPP3CA, PPP3CB, PPP3CC, PPP3R1, PPP3R2, PRKACA, PRKACB, PRKACG, PRKCA, PRKCB, PRKCG, PRKX, PTAFR,
PTGER1, PTGERS, PTGFR, PTK2B, RYR1, RYR2, RYR3, SLC25A31, SLC25A4, SLC25A5, SLC25A6, SLC8A1, SLC8A2,
SLC8A3, SPHK1, SPHK2, TACR1, TACR2, TACRS, TBXA2R, TNNC1, TNNC2, TRHR, TRPC1, VDAC1, VDAC2, and VDAC3

et al, 2013). In T lymphocytes, for example, Ca** can bind to
calmodulin, enabling the latter to activate the enzyme calcineurin
once bound (Omilusik et al., 2013). Nuclear factor of activated T cells
(NFAT) is dephosphorylated by calcineurin, leading to NFAT
moving into the cell nucleus (Omilusik et al,, 2013). NFAT has
long been known to bind to the interleukin-2 (IL-2) promoter with
activating protein-1 (AP-1) (Rao et al, 1997). Several other
“transcriptional partners” of NFAT include T-bet at the 5
enhancer for interferon (IFN)-y and IFN-regulatory factor 4
(IRF4) at the promoter for interleukin-4 (IL-4) (Macian, 2005).
Considering the involvement of Ca®" in lymphocyte processes, it
would be useful to study Ca®" channel expression more thoroughly
in lymphoma. In order to accomplish this objective, patient samples
and cell lines were assessed in the current study. This investigation
focuses on diagnostic tissue from patients with diffuse large B cell
lymphoma (DLBCL) and cell lines representing diverse types of
lymphoma. Expanding on the calmodulin/calcineurin/NFAT
signaling pathway, several pathways from BioCarta and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) were also examined.
Here, we present expression profiles relating to Ca®* channels - the
CRAC and Cay channels in particular - and these pathways. This
characterization of expression may aid in cultivating a
comprehensive understanding of the molecular basis of lymphoma.

MATERIALS AND METHODS
RNA Sequencing Data

RNA sequencing data were generated at the British Columbia
Cancer Research Centre (BC Cancer) from 44 lymphoma cell
lines representing multiple pathologies. These datasets were
generated at multiple time points and were consolidated for
analysis in this study (Table 1).

RNA sequencing reads from each cell line were aligned to
the hgl9 reference using the STAR aligner (v2.5.2a), which also
generated per-gene counts with HTSeq.

RNA sequencing data from a previously published cohort of
DLBCL patients were also analyzed (Ennishi et al., 2019). Patients
whose tumours were successfully assigned to a subtype by the
Lymph2Cx assay (Scott et al., 2014) were retained for analysis (N
=301). This included tumours classified as germinal centre B cell-like
(GCB-DLBCL; N = 171), activated B cell-like (ABC-DLBCL; N = 96),
or unclassified (N = 34). Sequencing data were re-aligned to the hg19
reference to generate counts using the same method as the cell lines.

Comparison of Ca%* Channel Gene

Expression

To compare the expression of the Ca®* channel genes between
different pathological groups, RNA sequencing counts from all
samples were analyzed in R (v3.6.1) using the DESeq2 package
(v1.26.0).

For cell lines, counts from all samples were read into a merged
DESeqDataSet object, and lowly expressed genes (1 or fewer
counts across all samples) were removed. The count data were
then normalized using a variance-stabilizing transformation (vst
function). Pairwise t-tests were used to compare normalized
counts of numerous genes, such as Ca®* channel genes of
interest, between each combination of pathologies. For specific
comparisons of interest, differential expression was also
performed between pathological pairs (DESeq function), and
the results for the Ca®" channel genes (p value, adjusted p
value (g value), and log2 fold change) were assessed. The
same process was performed merging count data from
all DLBCL patients and comparing groups by DLBCL subtype.
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FIGURE 1| Ca,1 channel expression in lymphoma cell lines. (A) Cell lines were classified according to pathology. (B) Expression (normalized and log-transformed counts) of
the Cay1 channels (CACNA1S, Cay1.1; CACNA1C, Cay1.2; CACNA1D, Cay1.3; CACNA1F, Cay1.4). The boxes signify the interquartile range. The vertical lines correspond to the
largest value that is no further than 1.5 times the interquartile range. The dots designate outliers. (C) Cay1 channel expression is shown for each cell line.
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Gene Set Enrlchment Analysis
In order to identify Ca®" channel pathways that were

potentially enriched in certain pathological comparisons,
the differential expression results were used to perform
gene set enrichment using the GSEA tool (v4.1.0). The
GSEAPreranked module was used, ranking genes by their
differential expression log2 fold change and investigating
specific pathways of interest (Table 2).

RESULTS

ORAI Expression Varies Among Lymphoma

Cell Lines

The included cell line categories consisted of classical Hodgkin
lymphoma (CHL), primary mediastinal B cell lymphoma
(PMBCL), nodular lymphocyte-predominant Hodgkin lymphoma
(NLPHL), GCB-DLBCL, ABC-DLBCL, Burkitt’s lymphoma, and
mantle cell lymphoma (MCL) (Figure 1A). Engagement at the T cell
receptor leads to Ca>* release from stores, such as the endoplasmic
reticulum (ER), and Ca®" entry at the plasma membrane in a process

known as store-operated Ca** entry (SOCE) (Omilusik et al., 2013).
STIMI and STIM2 act as ER Ca?* sensors, whereas ORAI1 (as well
as ORAI2 and ORAI3) is a pore-forming molecule at the cell surface
(Omilusik et al., 2013). RNA sequencing data were used to perform
pairwise expression comparisons between the different cell line
pathologies for multiple genes of interest, including those
belonging to the ORAI/STIM family. In the current study, MCL
cell lines exhibited greater ORAII expression when compared
to those representing GCB-DLBCL (adjusted p value = 0.028)
(Supplementary Table S1). As increased expression of cyclin
D1 is a feature of MCL (Vogt et al.,, 2017), and cyclin D1 has
been linked to Ca** signaling (Kahl and Means, 2004), the high
ORAI1 expression in MCL was expected. Moreover, ORAI2
showed increased expression in ABC-DLBCL cell lines relative
to CHL cell lines (adjusted p value = 0.046) (Supplementary
Table S1). Interestingly, the pairwise cell line analysis did not
indicate any significant differences in expression level for
STIM1/2 (Supplementary Table S1), suggesting that ER
Ca** sensing might not vary to a great extent across
different types of lymphoma, although this would require
further investigation.
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TABLE 3 | Comparisons of L-type Ca?* channel expression in cell lines. Statistical analysis is presented in the form of p values and g values.

Cay Comparison with the Category with Higher p value q value
Lowest p Value Expression
and q Value
1.1 GCB-DLBCL versus PMBCL GCB-DLBCL 0.0521351928659242 0.254503787844234
1.2 ABC-DLBCL versus CHL CHL 0.00651509770928301 0.091494633047757
1.3 Burkitt versus MCL MCL 0.021600429461562 0.1687969044214
1.4 Burkitt versus PMBCL PMBCL 0.0645300423866672 0.273783609609632

Although ORAI and STIM play important roles, other Ca**
channels have been shown to be involved in lymphocyte
function as well. We have previously provided evidence of
voltage-dependent Ca®* channel expression in the Jurkat cell
line and peripheral blood T cells (Kotturi et al, 2003).
Furthermore, we have previously characterized the role of
Cayl.4 in lymphocytes, particularly T cells, highlighting its
importance in SOCE and lymphocyte immune responses
(Omilusik et al., 2011). In terms of B cells, increased Cay1.2
expression has been recorded for B cell childhood acute
lymphoblastic leukemia and marginal zone B cell lymphoma
(Wang et al., 2015). Given this, we investigated the Cayl
family in the current study to assess differences in
expression among various lymphoma cell lines, with the
normalized expression of the four Cayl channels shown in
Figures 1B,C. No statistically significant differences in Cayl
channel expression were observed for the comparisons listed in
Table 3. As these comparisons already had the lowest g values
(Table 3), differences in expression for other comparisons
were also deemed not significant.

CHL Exhibits Reduced Cay1.1 and Higher
Cay1.2 Expression Levels Relative to Other
Kinds of B Cell Lymphoma

The cell lines of the CHL category were of interest for further
study due to the relatively high expression of Cay1.2 (Figure 1B).

Differential expression was performed between the CHL cell lines
and the other B cell lymphoma cell lines to assess the expression
of the L-type Ca®" channels (Figure 2A). Expression of Cayl.1
was significantly lower in CHL (adjusted p value = 0.004), and the
expression of the Cay 1.2 channel was significantly greater in CHL
(adjusted p value = 1.8 x 107'°). Differential expression also
showed that the expression levels of ORAI2 (adjusted p value =
0.00034) and STIM2 (adjusted p value = 0.0016) were lower in the
CHL cell lines. In order to determine whether pathways related to
Ca®" were affected in CHL, three pathways from BioCarta and
one from the KEGG were evaluated. Although no significant
enrichment was detected between CHL and other B cell
lymphomas for the calcineurin and calmodulin pathways, the
NFAT (nominal p value <0.001; FDR g value <0.001; FWER p
value <0.001) and KEGG Ca** signaling (nominal p value <0.001;
FDR q value <0.001; FWER p value <0.001) pathways were found
to be significantly upregulated in CHL (Figures 2B-E).

Another category of cell lines that underwent more assessment
was PMBCL due to the Cayl.3 channel showing relatively
elevated expression (Figure 1B). However, differential
expression analysis of the Cayl channels found no significant
differences when comparing PMBCL to other B cell lymphoma
cell lines (data not shown). Similarly, differential expression did
not show any differences in ORAI/STIM expression (data not
shown). In PMBCL, none of the four pathways showed significant
upregulation or downregulation according to GSEA (data not
shown).

TABLE 4 | Comparisons of ORAI/STIM expression in DLBCL patient samples. The p value and q value for each comparison are shown.

Gene COO A cooB Mean A Mean B p value q value
ORAI1 GCB ABC 7.71096066894052 7.83107649954498 0.208403954574778 0.41883124851436
GCB Unclassified 7.71096066894052 7.82500105710116 0.32273153927664 0.538753456695682
ABC Unclassified 7.83107649954498 7.82500105710116 0.962399139380119 0.986380548158669
ORAI2 ABC Unclassified 11.4239520360561 11.0771101686768 0.0756808552933548 0.246707670011409
GCB ABC 11.2701801394973 11.4239520360561 0.219636549829334 0.428912885044076
GCB Unclassified 11.2701801394973 11.0771101686768 0.299007694731689 0.520122628650921
ORAI3 GCB ABC 9.38887758513438 9.29082762801457 0.143491212884708 0.343481033490216
ABC Unclassified 9.29082762801457 9.43745538376645 0.180810083575845 0.396852604528146
GCB Unclassified 9.38887758513438 9.43745538376645 0.638326098387733 0.808155977775295
STIM1 GCB ABC 10.2794800129143 10.1798834785399 0.314227244848016 0.53315606297983
ABC Unclassified 10.1798834785399 10.3018108011769 0.422786360206746 0.651958096371479
GCB Unclassified 10.2794800129143 10.3018108011769 0.87562962451273 0.959022922085371
STIM2 ABC Unclassified 10.6677890074025 10.5761563926166 0.52196480309146 0.738890716785782
GCB Unclassified 10.6595800398733 10.5761563926166 0.56420482060024 0.766037193868797
GCB ABC 10.6595800398733 10.6677890074025 0.921572084819698 0.973292967131008
Frontiers in Pharmacology | www.frontiersin.org 121 May 2022 | Volume 13 | Article 795176


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Stanwood et al. Calcium Channel Expression in Lymphomas

Enrichment score (ES
Enrichment score (ES)

-0.10

L

011

1 (] ]

Zero cross at 12211

8

te

o
8

na_pos (positiv.

8
5
8

3 o3

8
o
8

Ranked list metric (PreRanked)

"na_neg’ (negatively conelated)

20.000

o

5.000 10,000 15,000

Rank in Ordered Dataset

2500

Ranked list metric (PreRanked)

0 5.000

L

Zero cross at 12211

10.000
Rank in Ordered Dataset

A CACNALC CACNALD B Enrichment plot: BIOCARTA_CACAM_PATHWAY
15000 6000 0.4
@ 031
10000 4000 £ 02
S
2 @0
£ ool
5000 2000 . e
E 01
' &
t $ 0.2
_ o ] —_— 0 C —_—— £
£
§ CACNALF CACNA1S ‘ ’ H ‘H ‘ ‘
.
200 g
900 E 30 ['na_pos (positively conelated)
. 4
150 3 g 2':
306 * o é o 2o cross at 1211
+ -10
300 =
% — s | 37 i na_neg (negativey coneisted
L é é o 5,000 10,000 15,000 20,000 2500
0 0 o — Rankin Ordered Dataset
\, \, |-— Enrichment profile — Hits Ranking metric scores
& \QQ} oS \\Q}
O O E
= Enrichment plot:
Enrichment plot: BIOCARTA_CALCINEURIN_PATHWAY Enrichment plot: BIOCARTA_NFAT_PATHWAY
06 KEGG_CALCIUM_SIGNALING_PATHWAY
~ 0.30
0.25 05 0.4
0.20 0.4 o 03
0.15

o
v

o

0.0

Enrichment score (ES)

-0.1

| RN T

na_pos (positively

2w e
8

Zero cross at 12211

83 038

R a

‘na_neg’ (negatively conelated) ‘na_neg (negatively conelated)

Ranked list metric (PreRanked)

O

15.000 20.000 2500 5.000 10,000 15.000

Rank in Ordered Dataset

20,000 2500

[ Enrichment profils — Hits Ranking metrc scores |

[ Enrichment profite — Hits

Ranking metrc scores| [ Enrichment profite — Hits Ranking metic scores|

FIGURE 2 | Cay1 channel expression and BioCarta/KEGG pathways in CHL cell lines. (A) Cay1 channel expression (CACNA1S, Cay1.1; CACNA1C, Cay1.2;
CACNA1D, Cay1.3; CACNA1F, Cay1.4) in CHL and other B cell ymphomas. (B-E) Pathways for (B) calmodulin (BioCarta), (C) calcineurin (BioCarta), (D) NFAT
(BioCarta), and (E) Ca®* signaling (KEGG) were assessed for enrichment in the CHL cell lines relative to other varieties of B cell lymphoma.

Expression Profile of Cay1.3 is Distinct
From the Profiles of the Other Cay1
Channels in DLBCL Patient Samples

Aside from cell lines, the study of samples from patients with
DLBCL was also conducted. Cell of origin was defined for patient
samples, assigning each to ABC-DLBCL, GCB-DLBCL, or
unclassified DLBCL (Figure 3). Numerous genes were
evaluated for their expression levels with the use of RNA
sequencing data, including the ORAI/STIM family. No
differences in ORAI/STIM expression were observed from the
pairwise comparisons (Table 4). To further assess the differences
associated with DLBCL cell of origin, differential expression
analysis was performed between ABC-DLBCL and GCB-
DLBCL patient samples and used to assess the four Cayl
channels (Figure 4A). GCB-DLBCL demonstrated higher
expression of Cayl.1 (adjusted p value = 2.2 x 107'%), Cay1.2
(adjusted p value = 2.5 x 107°), and Cay1.4 (adjusted p value =
0.0013). In contrast, ABC-DLBCL displayed greater expression of
Cayl.3 (adjusted p value 0.0016). Differential expression

analysis of the patient samples did not indicate any significant
differences in ORAI/STIM expression between ABC-DLBCL and
GCB-DLBCL (data not shown). For pathways associated with
Ca’", the calcineurin and NFAT pathways were unchanged
between GCB-DLBCL and ABC-DLBCL (Figures 4C,D).
However, the calmodulin (nominal p value = 0.037; FDR q
value = 0.037; FWER p value = 0.032) and KEGG (nominal p
value = 0.04; FDR q value = 0.04; FWER p value = 0.04) pathways
were both downregulated in ABC-DLBCL (Figures 4B,E).

DISCUSSION

As a range of lymphocyte functions are affiliated with Ca®",
such as proliferation and activation (Omilusik et al., 2013), a
study of Ca®" channel expression and signaling pathway
expression was conducted in an attempt to disentangle
some of the complexities of lymphoma. The results
presented here refer to cell lines and DLBCL patient
samples, with a discussion regarding each of these groups
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FIGURE 3| DLBCL patient cohort by cell of origin subtype. DLBCL patient samples (N = 301) were categorized as ABC-DLBCL (N = 96), GCB-DLBCL (N = 171), or
unclassified DLBCL (N = 34) according to the Lymph2Cx assay.

being provided below. Methods have been used previously  transducer and activator of transcription 6 (STAT6), which
(Aoki et al., 2020) to reaffirm the expression pattern of certain  is activated by IL-13, was found to be phosphorylated in cell
genes; however, a notable limitation of the current study is that  lines of Hodgkin lymphoma (Skinnider et al., 2002). Therefore,
no such validation has been completed. Cay1.2 could possibly be playing a role in the regulation of IL-

The CHL cell lines included in this study consisted of the ~ 13 and STAT6 in CHL. Since the NFAT and KEGG Ca®*
HDLM-2, HDMYZ, KM-H2, L-1236, L-428, L-540, L-591,  signaling pathways (Table 2) were shown to be upregulated in
SUP-HDI, and U-HO1 cell lines (Table 1). Differential the CHL cell lines, it is also possible that Cay1.2 influences the
expression analysis revealed that Cay1.2 was more highly =~ components of these pathways. In contrast to Cay1.2, reduced
expressed in CHL cell lines relative to cell lines belonging  expression of ORAI2 and STIM2 was noted in the CHL cell
to other types of B cell lymphoma. Cay1.2 has been linked to  lines via differential expression analysis. Given that STIM1 is
interleukin-13 (IL-13) in the context of T helper 2 (Ty2) cells known to activate ORAI channels and hinder Cay1.2 (Wang
in that IL-13 levels drop in response to Cayl.2 knockdown et al, 2010), it was surprising that the differential expression
(Robert et al., 2014). IL-13 has been shown to be expressed by ~ analysis in the current study did not show a significant
cell lines of Hodgkin lymphoma (Kapp et al, 1999).  reduction in STIMI1 expression in the CHL cell lines. As
Furthermore, in a study published soon afterward  STIMI1 and STIM2 differ in their expression profiles (at
(Skinnider et al, 2001), it was shown that most CHL  least in T cells) and the ER Ca?" concentration to which
patients exhibited expression of IL-13, whereas this trait  they respond (Shaw and Feske, 2012), this could potentially
was either observed in none or fewer than 50% of patients  explain why only one of them, STIM2, showed a change in
with other forms of lymphoma, such as DLBCL. Signal  expression between CHL and other B cell lymphomas.
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FIGURE 4 | Ca,/1 channel expression and BioCarta/KEGG pathways in ABC-DLBCL and GCB-DLBCL patient samples. (A) Cay1 channel expression (CACNA1S,
Cay1.1; CACNA1C, Cay1.2; CACNA1D, Cay1.3; CACNA1F, Cay1.4) in ABC-DLBCL and GCB-DLBCL. (B-E) Differential expression results were assessed for pathway
enrichment of (B) calmodulin (BioCarta), (C) calcineurin (BioCarta), (D) NFAT (BioCarta), and (E) Ca®* signaling (KEGG).

Among the GCB-DLBCL and ABC-DLBCL patients, the
expression of the Cay1.3 channel was found to be higher in
ABC-DLBCL by differential expression. It is known that
L-type Cay channel constraint leads to reduced function
of the transcription factor nuclear factor kappa B (NF-«B)
(Lilienbaum and Israél, 2003). Within the promoter for the
bcl-2 gene, which encodes the B cell leukemia/lymphoma-2
(Bcl-2) “anti-apoptosis” protein, there exists at least one
binding site for NF-xB (Catz and Johnson, 2001). BCL2, as
part of a network of genes, was deemed to be upregulated in
ABC-DLBCL (Blenk et al., 2007). Another component of this
network that was ascertained as being upregulated in the
ABC kind of DLBCL was IRF4 (Blenk et al., 2007), and the
promoter for this gene is known to have NF-«B binding sites
as well (Sharma et al., 2002). Future studies could potentially
further characterize these components in terms of how they
might functionally relate to the Cay1.3 Ca®* channel in the
specific context of DLBCL, particularly since no differences
in ORAI/STIM expression were detected in the patient

samples in our study. This latter finding suggests that
ORAI channels might not be contributing to differences in
DLBCL phenotype in patients and that other Ca®>* channels,
such as Cayl.3, could be playing this role instead.
Furthermore, the calmodulin and KEGG Ca®" signaling
pathways (Table 2) were downregulated in ABC-DLBCL
relative to GCB-DLBCL, suggesting that these pathways
could also be linked to differences in DLBCL phenotype.
The DLBCL patient sample RNA sequencing did not cover
control B cells due to a lack of normal matches at the time.
Investigation of Cay channels from this perspective would
potentially be valuable as well. In order to validate these
suggested mechanisms linked to Ca**, follow-up experiments
would need to be conducted.

To conclude, the L-type Cay channels represent a
potential target class in the field of anti-lymphoma
therapeutics. By targeting specific Cayl channels and, by
extension, the mechanisms associated with each channel,
this could lead to updated strategies to treat lymphoma.
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