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Abstract

Gain-of-function RyRI-p.R163C mutation in ryanodine receptors type 1 (RyR1) deregulates Ca2*
signaling and mitochondrial function in skeletal muscle and causes malignant hyperthermia in
humans and mice under triggering conditions. We investigated whether T lymphocytes from
heterozygous RyR1-p.R163C knock-in mutant mice (HET T cells) display measurable aberrations
in resting cytosolic Ca2* concentration ([Ca%*];), Ca?* release from the store, store-operated Ca2*
entry (SOCE), and mitochondrial inner membrane potential (AY,) compared with T lymphocytes
from wild-type mice (WT T cells). We explored whether these variables can be used to distinguish
between T cells with normal and altered RyR1 genotype.

HET and WT T cells were isolated from spleen and lymph nodes and activated /n vitro using
phytohemagglutinin P. [CaZ*]; and A¥ ,, dynamics were examined using Fura 2 and
tetramethylrhodamine methyl ester fluorescent dyes, respectively. Activated HET T cells displayed
elevated resting [Ca2*];, diminished responses to Ca?* mobilization with thapsigargin, and
decreased rate of [Ca2*]; elevation in response to SOCE compared with WT T cells. Pretreatment
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of HET T cells with ryanodine or dantrolene sodium reduced disparities in the resting [Ca2*]; and
ability of thapsigargin to mobilize Ca2* between HET and WT T cells. While SOCE elicited
dissipation of the A¥, in WT T cells, it produced AY ,, hyperpolarization in HET T cells. When
used as the classification variable, the amplitude of thapsigargin-induced Ca2* transient showed
the best promise in predicting the presence of RyR1-p.R163C mutation. Other significant variables
identified by machine learning analysis were the ratio of resting cytosolic Ca2* level to the
amplitude of thapsigargin-induced Ca2* transient and an integral of changes in A, in response to
SOCE.

Our study demonstrated that gain-of-function mutation in RyR1 significantly affects Ca2*
signaling and mitochondrial fiction in T lymphocytes, which suggests that this mutation may cause
altered immune responses in its carrier. Our data link the RyRI-p.R163C mutation, which causes
inherited skeletal muscle diseases, to deregulation of Ca2* signaling and mitochondrial function in
immune T cells and establish proof-of-principle for in vitro T cell-based diagnostic assay for
hereditary RyR1 hyperfunction.

Graphical Abstract
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1. INTRODUCTION

Ryanodine receptors (RyR) are a family of intracellular Ca2* release channels located in the
membranes of the smooth endoplasmic reticulum. Mutations in the RYRI gene causing
gain-of-function in RyR type 1 (RyR1) have been associated with several inherited skeletal
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muscle diseases, collectively known as RYRI-related myopathies, and susceptibility to
malignant hyperthermia (MH), a life-threatening condition caused by a massive release of
Ca?* via RyR1 from the sarcoplasmic reticulum and subsequent skeletal muscle
hypermetabolism [1, 2]. To date, over 700 mutations in the RYRI gene, which may be
causative for MH and related myopathies, have been identified [3], of which 48 variants
were functionally characterized (www.emhg.org). Because there is no obvious correlation
between the presence of the specific RYRI mutation and severity of the clinical
manifestations in patients [2, 4, 5], predicting the susceptibility to MH requires both genetic
screening and /n vitro skeletal muscle functional contracture test, which involves an invasive
muscle biopsy [6]. Establishing an easily accessible non-muscle model to study the
functional consequences of RYRZ mutations will enable a more broad exploration of the
genotype-phenotype relationship and testing new diagnostic, treatment, or preventive
modalities for MH and related myopathies.

Expression of RyR was shown in human and rodent T lymphocytes using the molecular
biological, pharmacological, and [3H]-Ryanodine incorporation assays [7-12]. We have
shown previously that RyR1 control Ca2* signaling in activated human T cells by regulating
Ca?* release from the intracellular store and store-operated Ca2* entry (SOCE) [11, 13].
These findings suggest that inherited impairment in the RyR1 function may cause
aberrations in T cell Ca2* signaling. Ca?* released from RyR1 into the narrow space
between the endoplasmic reticulum and mitochondria modulates mitochondrial Ca2* uptake,
which is driven by a highly negative to the cytosol mitochondrial inner membrane potential
(A'Y () established by the mitochondrial respiratory chain complexes [14-16]. Mitochondrial
Ca?* uptake shapes cytosolic and mitochondrial Ca?* dynamics and regulates multiple
mitochondrial processes [17—19]. Thus, it is reasonable to expect that irregularities in Ca?*
discharge from the endoplasmic reticulum via RyR1 will affect Ca2* uptake by mitochondria
and AYp, in T cells.

In this study, we aimed to determine whether an RYR1-p.R163C mutation, one of the most
common mutations associated with MH susceptibility in humans [20, 21], alters cytosolic
Ca?* signaling and A¥ ,, in T lymphocytes. T cells were collected from a heterozygous
knock-in mouse model for the human N-terminal mutation RYR7-p.R163C (HET R163C
mice) [22]. Out of a total of 15 existing preclinical RYRI rodent models, HET R163C mice
is one of the few that were extensively studied [23, 24]. HET R163C mice exhibit fulminant
MH episodes in response to either volatile anesthetics or environmental heat stress [22] and
is one of the three murine models (R163C -RYR1, T48261-RYR1, and Y522S-RYR1) [22,
25-28], which recapitulate elevated myoplasmic basal free Ca* concentration ([Ca2*];)
observed in MH-susceptible humans [29, 30] and swine [31]. HET R163C mice exhibit
skeletal muscle mitochondrial dysfunction [32], which has been also reported for other
RyR1 preclinical murine models (G2435R-RYR1, T48261-RYR1, and Y522S-RYR1) [33-
35]. Thus, HET R163C mice are suitable for this study because they display anomalies in
Ca?* signaling and mitochondrial function in skeletal muscle similar to those observed in
both MH-susceptible humans and other MH murine models. Here we investigated whether T
lymphocytes isolated from the HET R163C mice display measurable aberrations in Ca2*
release from the intracellular store, store-operated Ca2* entry (SOCE), and A¥,. We
explored which of these variables can be used to distinguish between T cells expressing
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normal and ‘leaky” RyR. Because the essential features of Ca2* signaling are conserved
between murine and human T cells [36], we anticipate that results obtained in murine T cells
would predict human responses [37].

MATERIALS AND METHODS

2.1. Generation and culturing of primary T cells from spleen and lymph nodes of WT and
HET R163 mice.

All animal experiments were conducted using protocols approved by the institutional animal
care and use committees at the University of California, Davis. Generation and genotyping
of RYR1-p.R163C mice was performed as previously described [22]. Spleen and lymph
nodes were aseptically isolated from adult HET R163C mice and WT littermates of both
sexes (45.5 + 2.1 weeks old; n = 34). The spleen and body weights of mice used in this study
are presented in Supplementary Figure 1.

Primary T cells were isolated from WT mice (referred to as WT T cells thereafter) and HET
R163C mice (referred to as HET T cells thereafter) using a standard protocol [38] with some
modifications. Unless otherwise indicated, all chemicals were from Millipore-Sigma.
Briefly, aseptically dissected spleen and lymph nodes were placed into 60-mm cell culture
dishes containing ice-cold PBS and minced into small pieces with a razor blade. Tissue
pieces were mashed and passed through a 100-pm cell strainer using a 3-ml syringe plunger
and ice-cold PBS into a 50-ml conical tube and then centrifuged for 10 min at 200 g at 4 °C.
After removing the supernatant, the pellet was resuspended in 5 ml of red blood cell lysis
buffer and incubated at 37 °C for 5 min. Red blood cell lysis was stopped with 10 ml of ice-
cold cell culture medium supplemented with 10% fetal bovine serum (FBS; Omega
Scientific) and cells were then centrifuged for 10 min at 200 g at 4 °C. After removing the
supernatant, the pellet was resuspended in a 10 ml cell culture medium, and cells were
counted using Bio-Rad TC10 Automated Cell Counter (Bio-Rad Labs). This procedure
typically yielded approximately 5x107 viable cells per mouse. The CD3+ T cells were
purified using the EasySep Mouse T Cell Isolation Kit (Stemcell Technologies) per the
manufacturer’s instructions. Purified T cells were transferred into cell culture flasks at a
density of 0.5 x 10° cells/ml and incubated in RPMI 1640 medium with L-glutamine and
HEPES (Gibco-Thermo Fisher Sci), supplemented with 10% FBS, 2% GlutaMAX (Thermo
Fisher Sci.), 1% RPMI 1640 vitamin solution, 1% RPMI 1640 amino acid solution, 1%
sodium pyruvate, 0.01% B-mercaptoethanol in a 5% CO, incubator at 37°C.

2.2. Activation of primary T cells.

A portion of the isolated T cells was incubated overnight in a cell culture medium without
stimulation (referred to as resting T cells) and was used for the Ca2* imaging experiments
within 24 hours after isolation. Another portion of T cells was activated on the day of
isolation with 10 pg/ml phytohemagglutinin P (PHA) [39], which cross-links T cell
receptors. Cells from the PHA-treated population are referred to as activated T cells. Viable
cells were counted every 24 hours after activation using a hemocytometer. Activated T cells
were used for imaging experiments 96—120 hours after activation during the exponential
growth phase. Experiments performed on T cells from the same animal on different days
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after isolation were considered to be independent. No more than two experiments were
performed on cells from the same animal under each experimental condition.

2.3. Intracellular Ca 2* imaging.

Estimated [Ca2*]; values were calculated from Fura-2 Ca2* indicator fluorescence as
described previously [13]. Briefly, resting or activated, T cells were plated into a glass-
bottomed, 35-mm petri dish (MatTek Life Sci.) coated with 1% w/v polyethyleneimine [40,
41] and loaded with 1 pl/ml Fura-2 AM stock (5 mM in DMSQO) and 5 pl/ml of 10%
Pluronic F-127 solution in DMSO, in 2 mM Ca2*-containing recording solution. After
washing, cells were incubated for an additional 30 min at 37 °C in 2 mM Ca2*-containing
recording solution to which either 400 pM ryanodine (Ry; Calbiochem), 50 UM dantrolene
sodium (DS; Calbiochem), or vehicle was added. Stock solutions of Ry (10 mM) and DS (10
mM) were prepared in methanol and DMSO, respectively.

A dish with adherent cells was mounted on the stage of a Zeiss Axiovert 200 inverted
microscope (Karl Zeiss) equipped with a SenSys CCD camera (Roper Scientific) and a
Fura-2 filter set with a wide band emission filter (Chroma Technologies, Rockingham, VT).
A Lambda DG-4 filter changer (Sutter Instruments) was used for switching between 340-
and 380-nm excitation wavelengths. Fura-2 fluorescence signals evoked by 340- and 380-nm
excitation (F340 and Fsgo, respectively) were acquired every 12 s. Data acquisition was
performed using MetaFluor version 7.0 software (Molecular Devices). Estimated [Ca2*];
values were calculated from background-subtracted F34q/ F3gg ratio values and Fura-2
calibration as previously described [42]. Ky was taken as 248 nM [43]. In each experiment,
F340 and F3gq fluorescence signals were acquired from 15-20 cells located in the field of
view. The [Ca?*];values were calculated for each cell and then averaged for each
experiment.

Recording solutions were as follows (in mM): 1) 2 mM Ca2*-containing: 130 mM NaCl, 5.6
mM KCI, 1 mM MgCl,, 2 mM CaCl,, 10 mM Na-Hepes, 10 mM D-glucose; 2) nominally
Ca?*-free: 130 mM NaCl, 5.6 mM KCI, 3 mM MgCl,, 1 mM EGTA, 10 mM Na-Hepes, 10
mM D-glucose; 3) nominally Ca2*-free solution supplemented with 1 pM thapsigargin (Tg).
The pH of all solutions was 7.3. Solution exchange was performed via a gravity-driven
perfusion system that allows for complete solution exchange in the recording chamber
within 5 s. Experiments were performed at room temperature in air.

2.4. Mitochondrial Inner Membrane Potential Imaging.

Activated T cells were plated onto polyethyleneimine-coated glass coverslips and incubated
for 30 min at 37°C with 5 nM potentiometric probe tetramethylrhodamine methyl ester
(TMRM; Invitrogen), a lipophilic cationic dye that accumulates in the mitochondrial matrix
in the amount proportional to the magnitude of mitochondrial inner membrane potential
(AY 1) [44], as previously described [45-47]. Coverslips with adherent cells were mounted
into a recording chamber and placed on the stage of a Nikon Al laser scanning confocal
microscope (Nikon Instruments Inc.). The recording chamber was continuously perfused
with solutions containing 5 nM TMRM. During time-lapse recording, TMRM was excited
with a 543-nm laser line, and emission was detected using a 565-605 nm band-path filter. At
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the end of each experiment, 10 uM carbonyl cyanide phenyl hydrazone (FCCP) was added
to the bath solution to dissipate AY ,,. Experiments were performed at room temperature in
air. Image analysis was performed using Nikon NIS-Elements C software. In each
experiment, the TMRM fluorescence intensity values were normalized such that the TMRM
fluorescence intensity level recorded 30 min after FCCP application was set to 0, whereas
the TMRM fluorescence intensity level before the first solution exchange was set to 1.

Immunofluorescence.

Staining for RyR was performed as we previously described [11]. Briefly, activated T cells
were plated on polyethyleneimine-coated coverslips and fixed with 4% paraformaldehyde in
PBS for 30 min, washed three times with 2x PBS, and permeabilized for 1 h in 0.075 (%
w/v) saponin solution in 2x PBS. Cells were blocked in 5% (v/v) goat serum and 5% (w/v)
bovine serum albumin in 2x PBS for 1 h at 21 °C. Coverslips were incubated overnight at +4
°C with primary mouse mAb 34C (1:10 concentrate dilution; Developmental Studies
Hybridoma Bank, University of lowa, lowa City, 1A), which recognize RyR1 and RyR2 [11,
48, 49]. Mouse 1gG1 mAb (Invitrogen) was used as a negative control. Coverslips were
washed three times with 2x PBS and goat anti-mouse Alexa Fluor 488-conjugated secondary
Ab (1:1000 dilution; Molecular Probes) was applied for 1 h at 21 °C. Cell nuclei were
contrast-stained by incubation with 1 uM TO-PRO 3-iodide solution (Molecular Probes) for
5 min before mounting. After washing three times with 2x PBS, the coverslips were
mounted on microscope slides in the AntiFade mounting solution (Molecular Probes, Inc.).
Fluorescence images of fixed cells were acquired using an LSM 510 laser-scanning confocal
microscope (Carl Zeiss). The excitation/emission settings were as follows: 488-nm
excitation and 505-550-nm emission filters were used for Alexa Fluor 488; 633-nm
excitation and 650-nm long-pass emission filters were used for TO-PRO 3-iodide.

2.6. Classical statistical analyses.

2.7.

Statistical analyses were performed using Origin 7 software (Origin Lab). Shapiro-Wilk
Normality Test was performed before the parametric analyses. For data sets that displayed
normality at 0.05 level, the differences between variable means were evaluated using a two-
sample Student’s #test; the cut-off significance level was set at p-values < 0.05. For multiple
comparisons, the p values were ranked using the Benjamini-Hochberg procedure [50] to
keep a false discovery rate at < 5% or < 10%, as indicated in figure legends. Unless
otherwise indicated, summarized data are presented as a mean * standard error (SE).

Machine learning analyses.

Clustering and classification analyses were performed using Orange3 (Version 3.24, https://
orange.biolab.si/, Copyright © University of Ljubljana). The genetic background of the
samples (HET T cells and WT T cells) was used as the target variable in the example
Classification Tree and Cross-Validation workflows included with the software. Data with
missing values were excluded from these analyses. For the classification tree building, the
following settings were used (Logistic regression Ridge?2 rasterization c=1). In the Cross-
Validation workflow three learning algorithms were tried: Logistic Regression, Random
Forest Classification, and Support Vector Machine [51], all yielding similar results. For the
calculation of the confusion matrix reported here, the sampling method settings were
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Logistic Regression, random sampling, training set size 66%, repeat train/test 10 times.
Calculations for sensitivity and specificity were done using standard equations (1) and (2) as

described in [52].
sensitivity = number of true positives 1
Y = "humber of true positives + number of false negatives @
specificity = number of true negatives )
p Y= Tumber of true negatives + number of false positives @
3. RESULTS

3.1 Resting WT and HET T cells display similar levels of resting [CaZ*]; and no difference
in their response to store depletion with thapsigargin (Tg) and activation of SOCE.

There was no significant difference in the resting [Ca2*]; values between resting WT and
HET T cells (Fig. 1). Substitution of normal bath solution with nominally Ca2*-free bath
solution resulted in a small decline in [Ca2*]; in both types of cells. Application of Tg, a
SERCA blocker, elicited either transient or oscillatory elevation in [Ca2*]; in the absence of
Ca?" in the extracellular solution due to passive Ca?* mobilization from the intracellular
store in both WT and HET resting T cells. Re-addition of Ca*-containing bath solution
produced a rapid elevation in [Ca?*]; due to activation of SOCE, which reached comparable
maximal peak [Ca2*]; levels at a similar rate in both WT and HET T cells (Fig. 1). Thus,
there were no significant differences in resting [Ca2*]; levels or responses to Tg or SOSE
between WT and HET T cell, which is consistent with our previous findings that RyR
contribution to global [Ca2*]; dynamics in resting T cells is small compared with that in
activated T cells [11].

3.2 Activated HET T cells display elevated resting [Ca2*];, diminished response to Tg, and
reduced rate of [Ca?*]i elevation after activation of SOCE compared with WT T cells.

T cell receptor stimulation triggered the expansion of both WT and HET T cells with a
similar doubling time of ~ 48 hours during the logarithmic phase of growth. However, the
HET T cells displayed an earlier onset of the stationary phase of growth compared with WT
T cells (Fig. 2 A). Both activated WT and HET T cells were positively stained for RyR (Fig.
2 B) but exhibited significant differences in [Ca2*]; dynamics. Activated HET T cells
displayed significantly higher resting [Ca%*]; levels compared with activated WT T cells
(Fig. 3 A & B). Removal of Ca2* from the bath solution resulted in a drop in [Ca%*]; to
about the same level in both HET and WT T cells. Application of Tg in Ca?*-free bath
solution elicited [Ca?*]; transients, which were significantly larger in amplitude in WT T
cells compared with those in HET T cells (Fig. 3 A, C & D). Re-addition of Ca2* into bath
solution elicited a massive increase in [Ca2*]; caused by activation of SOCE in both HET
and WT activated T cells (Fig. 3 A & E). The maximal rate of [Ca2*]; elevation following
Ca?* re-addition was significantly slower in HET T cells compared with WT T cells (Fig. 3
E & F), whereas peak values of [Ca2*]; elevation following SOCE activation were not
significantly different between HET and WT T cells (Fig. 2 G).
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Pre-incubation with Ry (400 uM) or DS (50 puM) for 30 min significantly reduced the basal
[CaZ*]; and increased the magnitude of Tg-elicited [Ca2*]; transients in HET T cells (Fig. 3
A - D). Preincubation with Ry also increased the rate of [Ca%*]; elevation following Ca2* re-
addition in HET T cells (Fig. 3 E & F). Thus, mitigating effects of RyR blockers indicate the
involvement of RyR1 in disparities in resting [Ca2*]; levels, Tg-evoked Ca2* transients, and
rate of SOCE between WT and HET T cells. The magnitude of [Ca%*]; elevation following
SOCE activation was not significantly different among WT T cells, HET T cells, and HET T
cells preincubated with Ry (Fig. 3 G). The peak [Ca2*]; following SOCE activation was
reduced in HET T cells preincubated with DS compared with WT T cells, which may be
caused by direct suppression of SOCE by DS [53].

3.3. Activated R163C HET and WT T cells display different changes in A¥, in response to

SOCE.

We further explored whether perturbation of [Ca%*]; differentially affects mitochondrial
function in activated WT and HET T cells by monitoring changes in AY, in response to
variations in [CaZ*];. After loading with TMRM, both WT and HET activated T cells
displayed punctate fluorescence signal consistent with the mitochondrial localization of the
dye (Fig. 4 A). Removal of Ca2* from bath solution, which prompts a decline in [Ca?*];
(Fig. 3 A), elicited a decline in TMRM fluorescence intensity in the puncta in both WT and
HET T cells (Figure 4 A, B), indicating A'Y,, depolarization, which was followed by a slow
increase in TMRM fluorescence after application of Tg, indicating AY\, hyperpolarization.
Re-addition of extracellular Ca2*, which elicited SOCE (Fig. 3 A), produced either sustained
or transient decline in TMRM fluorescence, indicating AY, depolarization in WT T cells
(Fig. 4 A-C). In contrast, the re-addition of extracellular Ca2* to the activated HET T cells
produced a progressive elevation in TMRM fluorescence, indicating AY ,, hyperpolarization.
Differences in the TMRM fluorescence intensities between WT and HET T cells became
significant within 1 minute after initiation of SOCE. Integrals of changes in AY ,, during the
first 4 minutes after re-addition of extracellular Ca2* were significantly differentin HET T
cells compared with WT T cells (Fig. 4 D). Removal of bath Ca?* after SOCE activation
elicited a reduction in TMRM fluorescence in both WT and HET T cells (Fig. 4 A, B),
whereas application of FCCP, which dissipates the AY y,, resulted in a typical decay profile
of TMRM fluorescence.

3.4. Machine learning analyses of [Ca2*]; and AY,, variables can separate and predict the
genotype of activated T cells.

We have used a machine learning approach to identify significant variables measured in the
experiments presented in Figures 3 and 4 for association with the HET or WT genotype and
to test the hypothesis that these variables can correctly classify activated T cells as having a
specific genetic background (HET or WT). Because values of the resting [Ca2*]; (Fig. 3 B)
and magnitude of Tg-evoked [Ca2*]; transients (Fig. 3 D) deviated in different directions in
HET and WT cells, we took the ratio of these two values as an additional variable for the
exploratory analyses.

Exploratory data analysis with a machine learning algorithm optimizing genotype-associated
differences revealed that data sets obtained from HET and WT T cells can be separated
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when using the amplitude of the Tg-evoked [Ca?*]; transients (Fig. 3 D), the ratio of resting
[Ca?*]; to the amplitude of the Tg-evoked [CaZ*]; transients (Fig. 3 B and D), or integral of
changes in A¥,, during the first 4 minutes after re-addition of extracellular Ca2* (Fig. 4 C)
as single-label classification variables (Fig. 5 A). Using the resting [Ca2*]; (Fig. 3 B), or rate
of the [Ca?*]; elevation following SOCE activation (Fig. 3 G), as single-label classification
variables did not produce a clear separation between HET and WT genotype classes
(Supplementary Figure 2). However, by using them as a pair it was possible to resolve the
genotype classes.

The classification trees show that the HET and WT genotype classes can be classified
correctly with 100% accuracy using the amplitude of the Tg-evoked [Ca?™]; transient,
integral of A¥ ,,, or ratio of resting [Ca2*]; to the amplitude of the Tg-evoked [Ca?™];
transients (Fig. 5 B). Cells cannot be classified into HET and WT genotype classes with
100% accuracy using resting [CaZ*]; or rate of [CaZ*]; elevation after SOCE activation as
single-label classification variables (Supplemental Figure 2). However, 100% accuracy can
be achieved when using the combination of these two variables. Application of Logistic
Regression, Random Forest Classification, and Support Vector Machine Learning algorithms
produced similar outcomes (not shown). We then examined the likelihood that a random set
of data would be classified correctly by our system of variables using logistic regression.
The best predictive outcome was obtained when the amplitude of the Tg-evoked [Ca2*];
transient was used as a single-label classification variable (the error rate (0%), accuracy
(100%), sensitivity (100%) and specificity (100%)). When all three significant single-label
classification variables were used, the error rate (3%), accuracy (97%), sensitivity (100%),
and specificity (93%) were calculated from the confusion matrix (Fig. 5C).

5. DISCUSSION

Here we report that RyR1-p.R163C mutation, which has been associated with debilitating
skeletal muscle diseases in humans, causes aberrations in intracellular Ca2* signaling and
mitochondrial function in activated murine T lymphocytes. Activated HET T cells displayed
elevated resting [Ca2*]; compared with WT T cells. This finding is consistent with
previously reported elevation in basal [Ca2*]; in skeletal muscle and B lymphocytes from
MH-susceptible humans and pre-clinical animal models of MH, including HET R163C
mice, compared with MH non-susceptible individuals and WT animals [22, 25-31, 54, 55].
A previous study on muscle cells from HET R163C knock-in mice has shown that elevation
in resting [Ca2*]; in those cells is due to an augmented influx of sarcolemmal Ca2* at rest
[26]. It was also shown that responses to RyR agonists caffeine and 4-chloro-m-cresol were
augmented in B cells derived from MH-susceptible individuals compared with B cells
derived from MH-negative controls [56, 57], although specific pathways responsible for
such augmentation remain unexplored.

In the present study, application of Tg in CaZ*-free solution elicited significantly smaller
amplitude [Ca?*); transients in activated HET T cells compared with WT T cells. This effect
may be attributed to either the partial store depletion due to the increased Ca2* leakage from
the RyR1 and/or upregulation of CaZ* extrusion mechanisms in the presence of elevated
resting [Ca2*]; in activated HET T cells. Application of Ry or DS reduced basal [Ca2*]; and
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augmented the response to Tg in activated HET T cells, indicating that both the elevation in
resting [Ca2*]; and diminished response to Tg in activated HET T cells are due to the
enhanced Ca2* leakage from the RyR1. There were no significant differences in [Ca%*];
dynamics between resting HET and WT T cells, consistent with previous findings that RyR1
do not contribute significantly to global CaZ* signaling in these cells [11], although RyR1
are involved in the formation ofCa2* microdomains in resting T cells following T cell
receptor stimulation [12].

We found that activated HET T cells displayed slower kinetics of [Ca%*]; elevation after
activation of SOCE compared with WT activated T cells. This effect cannot be directly
caused by Ca2* leakage from the RyR1 in HET T cells because Tg irreversibly depletes the
store before activation of SOCE, thereby diminishing Ca*-induced Ca?* release from the
RyR1 during SOCE in both HET and WT cells. One possible explanation for the delayed
kinetics of Ca2* elevation in activated HET cells compared with WT T cells is that chronic
elevation in resting [Ca2*]; results in compensatory upregulation of Ca2* extrusion
mechanisms, which hamper [Ca2*]; elevation after SOCE activation in HET T cells. Another
possibility is that the gain-of-function of RyR1 affects the gating properties of the
plasmalemmal store-operated channels mediating SOCE. Under physiological conditions,
delayed kinetics of SOCE may affect the dynamics of T cell Ca?* signaling, such as the
patterns of Ca2* oscillations.

Effects of RyR blockers indicate that observed differences between WT and HET T cells in
resting [Ca2*];, [Ca2*]; responses to Tg, and rate of [CaZ*]; elevation following activation of
SOCE are directly or indirectly caused by the increased Ca2* discharge from the RyR1 in
HET cells. The magnitude of [Ca?*]; elevation following SOCE activation was not
significantly different among WT T cells, HET T cells, and HET T cells preincubated with
Ry, which is likely caused by the failure of high-affinity Ca2* indicator Fura 2 to correctly
report [Ca2*]; in micromolar range of [Ca2*]. A decline in the rate and magnitude of [Ca2*];
elevation after SOCE activation in HET T cells preincubated with DS compared with WT T
cells can be attributed to the direct effect of DS on SOCE described previously [53].

To assess mitochondrial function, we employed a cationic probe TMRM, which primarily
reports changes in A¥,, but also may be influenced by the plasma membrane potential [58].
Previous studies performed on the cardiomyocytes [45], 143B osteosarcoma cells [59]
shown that under the loading conditions used in our study, most of the TMRM accumulates
in the mitochondria. In the present study, we observed that TMRM-loaded HET and WT T
cells displayed a punctate fluorescence signal similar to that produced by a lipophilic
mitochondrial-selective dye DiOC6 previously described in the primary human T cells [60].
Thus, an apparent mitochondrial localization of the TMRM indicates that changes in TMRM
fluorescence intensity are primarily due to changes in the AY, in both HET and WT T cells.

Small deviations in [Ca2*]; levels induced by removal of extracellular Ca* or subsequent
intracellular Ca?* mobilization with Tg produced similar effects on A¥, in both WT and
HET activated T cells. Removal of cytosolic Ca?* dissipated A¥ y, in both WT and HET
cells, presumably due to the reduction of mitochondrial Ca2* uptake occurring at nanomolar
cytosolic Ca2* levels and accompanying suppression of respiratory chain reactions, which
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maintains A¥, [61, 62]. The A, was partially restored after Tg-induced Ca2*
mobilization from the store in both WT and HET T cells. Interestingly, while Tg application
in nominally Ca2*-free bath solution elicited much smaller elevation in global [Ca2*]; in
activated HET T cells compared with WT T cells, it evoked similar increases in A¥, in both
HET and WT T cells. Given that in activated T cells mitochondria and endoplasmic
reticulum are located in close apposition [63], and that functional coupling between these
organelles has been established [64, 65], local signaling between endoplasmic reticulum and
mitochondria is likely responsible for Tg-induced changes in AY, in both HET and WT T
cells that are largely unaffected by small variations in global [Ca%*];.

The AV, was differentially affected by SOCE in HET and WT activated T cells. In WT
cells, SOCE predominantly elicited dissipation of AY,, during the first several minutes after
SOCE activation, whereas in HET cells, activation of SOCE hyperpolarized the AY¥,. It has
been shown that depending on the magnitude, mitochondrial Ca2* uptake may elicit either
AY ,, hyperpolarization, which promotes Ca?* clearance from the cytosol, or transient or
sustained dissipation of A¥ ,,, which may prevent mitochondrial Ca?* overload and
activation of death pathways [19, 62, 64, 66—68]. Thus, transient or sustained dissipation of
AY, in WT T cells observed in our study is likely due to mitochondrial Ca2* overload
caused by the large magnitude of SOCE. It is not clear why SOCE of a comparable
magnitude elicited AY, hyperpolarization in HET cells but AY\, depolarization in WT
cells. One possible explanation is the mitochondrial metabolic adaptation to chronic
elevation of extramitochondrial CaZ*, which may result in enhanced Ca2* sequestration
capacity of HET T cell mitochondria compared with WT T cell mitochondria, which in turn
causes AY, hyperpolarization and enhancement of mitochondrial energetics in response to
SOCE in HET T cells [64, 67, 68].

Increased Ca2* accumulation in the skeletal muscle mitochondrial matrix of HET R163C
and Y522S-RYR1 mice compared with WT mice, has been previously reported [32, 35].
Changes in mitochondrial function and cellular metabolic activity were also shown in B
lymphocytes from MH susceptible individuals [55]. Taken together, these data indicate that
MH-associated mutations in RYRI may elicit defects in mitochondrial function not only in
the skeletal muscle but also in T and B lymphocytes. Although mitochondrial dysfunction in
the skeletal muscle may account for some symptoms of MH (e.g. metabolic acidosis and
hyperthermia), further studies are necessary to delineate the effects of mitochondrial
dysfunction in lymphocytes.

In T cells, elevation in [Ca2*];, drives major T cell effector functions, such as gene
expression program, proliferation, and cytokine production, via activation of Ca2*-
calmodulin-dependent phosphatase calcineurin and nuclear factor of activated T cells
(NFAT) transcription factors [69, 70]. Effects of RyR1 modulation on local and global Ca?*
signaling were shown in WT human [11] and mouse [12] primary T cells /n vitro. It was
reported that RyR blockade attenuated SOCE and reduced the rate of proliferation and
cytokine production in human T cells /n vitro [9, 11]. Another study reported
downregulation of the calcineurin/NFAT pathway in the skeletal muscle of R163C mice
expressing “leaky” RyR1, which ironically coincided with chronic elevation in resting
[CaZ*];, [32]. In this study, we observed that HET T cells display an earlier onset of the
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stationary phase of growth compared with WT T cells, which may be due to a decline in
mitotic index [71] caused by downregulation of the calcineurin/NFAT pathway, and/or
acceleration of the activation-induced T cell death [72] facilitated by mitochondrial
hyperpolarization [73]. Thus, modulation of RyR1 function, both gain-of-function and
down-regulation, regulate T cell effector functions and may affect the immune response /in
vivo. Indeed, knock-in mice heterozygously expressing gain-of-function RY/~1 mutation
Y5228, display subtle but significant differences in basal levels of immune markers and
strength of triggered specific immune responses compared with WT mice [74]. Because
deletion of RyR1 in mice leads to perinatal lethality [75], the knock-in mice expressing the
gain-of-function RyR1 mutations represent a convenient model for future elucidation of the
role of RyR1 in immune responses /n Vivo.

Statistical learning analyses of the predictive model generated from the empirically
measurable variables obtained from HET and WT activated T cells indicate that these
variables can be used as the physiological markers to correctly classify activated T cells as
having a specific genotype (HET or WT). When used as the classification variable, the
amplitude of Ca2* transient evoked by Tg showed the best promise in predicting the
presence of RyR1-p.R163C mutation, displaying 100% sensitivity and 100% specificity. The
combination of other parameters also yielded high specificity and sensitivity results,
indicating that they also can be used for sample identification. Our estimates of sensitivity
and specificity should be considered with caution given the limited sample size used in this
study and should be verified on a larger data set to increase the rigor. Because RyR1-
p.R163C mutation causes gain-of-function of RyR1, the approach described here can be
used to classify activated T cells having inherited RyR1 hyperfunction. Thus, we have
established proof of principle for the /n vitro T cell-based diagnostic assay for RyR1
hyperfunction, which uses a set of well-established, easily measurable cellular response
variables that have an innate ability to report RyR1 functional impairment. Given complex
variations in genetic and environmental factors underlying the diseases associated with
RyR1 dysfunction [76, 77], a more complex model integrating heterogeneous data from
different types of tests [78] needs to be developed to diagnose a disease and predict
treatment outcomes in a real-world context.
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Highlights

. RyRI1-p.R163C mutation in ryanodine receptor 1 causes skeletal muscle
diseases

. T cells from RyRI-p.R163C knock-in mice display atypical cytosolic calcium
signaling

. T cells with RyR1-p.R163C mutation have an atypical mitochondrial
potential response

. Machine learning found classification variables predicting disease-causing
genotype

. RyR1-p.R163C mutation in T cells may cause aberrations in the immune
response
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Figure 1. Resting WT and HET T cells display similar changes in [Ca2+]i in response to changes
in extracellular Ca2* concentration and application of Tg.

A, Changes in [Ca2*]; recorded from activated WT (black trace) and HET (red trace) T cells
recorded in representative experiments. Each trace is an average of 12—20 traces from single
cells recorded in one experiment. 2 mM Ca2*-containing (2Ca) and nominally Ca2*-free
(0Ca) solutions were applied as indicated by horizontal bars; the timing of application of Tg
(1 pM) is indicated with an arrow.

B, Values of resting [Ca2*]; measured as an average level of [Ca2*]; within 4 min after
beginning of the experiment (left panel; Resting [Ca2*];), magnitudes of Tg-elicited [Ca2*];
transients (left panel; Amplitude [Ca2+]i/Tg, measured as sown in Fig. 3C), and maximal
levels of [Ca2*]; following Ca2* re-addition (left panel; Peaksocg) and maximum rates of
[Ca?*]; elevation following Ca2* re-addition (light panel; Ratesocg, determined as shown in
Fig. 3E) recorded from WT (black bars) and HET (red bars) resting T cells. Each circle
overlaid on the bar graphs is an average pooled result recorded from 12—20 cells in an
individual experiment. Data are from 7 WT and 7 HET mice.
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Figure 2. Activated T cell expansion and RyR1 expression.
A, Numbers of activated WT (black circles; n= 4; data from 3 mice) and HET (black circles;

n= 6; data from 3 mice) T cells. Cells were activated with PHA on day 0.

B, Anti-RyR immunoreactivity (green) in WT (/left panel) and HET (right panel) T cells.
Cells were stained 96 hours after activation. Cell nuclei are stained with red. Scale bars, 10
pm.
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Figure 3. Activated HET T cells display differences in resting [Ca2+]i and changes in [Ca2+]i in
response to stimulation compared with WT T cells.

A, Changes in [Ca2*]; recorded from activated WT T cells (black trace), HET T cells (red
trace), HET T cells preincubated with 400 pM Ry (blue trace) or 50 UM DS (green trace).
Each trace is an average of 12-20 traces recorded from the single cells. Traces are from the
representative experiments. 2 mM Ca2*-containing (2Ca) and nominally Ca%*-free (0Ca)
solutions were applied as indicated by horizontal bars; the timing of application of Tg (1
UM) is indicated with an arrow.

B, Levels of resting [Ca%*]; measured as an average [Ca2*]; within 4 min after the beginning
of the experiment in WT T cells (black bar, n = 9; data from 8 mice), HET T cells (red bar, n
= 10; data from 8 mice), and HET T cells preincubated with 400 uM Ry (blue bar; n = 6;
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data from 4 mice) or 50 uM DS (green bar; n = 6; data from 5 mice). n — the number of
experiments.

C, Traces from the boxed area (i) in A on an expanded scale. Smooth curved lines are single
exponential fits of the [Ca2*]; decline in a virtually Ca%*-free solution. The amplitude of the
Tg-elicited [Ca2*]; transient was calculated as the difference between maximal [Ca%*]; level
after Tg application and extrapolated level of [Ca2*]; decline obtained by an exponential fit
(shown with double-sided arrows). Arrows indicate the timing of the Tg application.

D, Amplitudes of Tg-elicited [CaZ*]; transients in WT T cells (black bar; n = 8; data from 8
mice), HET T cells (red bar; n = 10; data from 8 mice), HET T cells preincubated with 400
UM Ry (blue bar; n = 6; data from 4 mice) or 50 uM DS (green bar, n = 5; data from 5 mice).
E, Traces from the boxed area (ii) in A on an expanded scale. Straight dashed lines show
extrapolated linear fits of the initial segment of [Ca%*]; elevation following Ca2* re-addition.
Slopes of these linear functions correspond to the maximum rate of [Ca*]; elevation. Arrow
indicates the timing of the re-addition of 2 mM Ca2*-containing extracellular solution.

F & G, Maximum rates of [Ca2*]; elevation following Ca2* re-addition (Rategocg) and
maximal (peak) levels of [Ca2*]; following Ca?* re-addition (Peaksocg), correspondingly,
recorded from WT T cells (black bars; n = 9; data from 8 mice), HET T cells (red bars; n =
7; data from 7 mice), HET T cells preincubated for 30 min with 400 uM Ry (blue bars, n =
5; data from 4 mice), and HET T cells preincubated for 30 min with 50 uM DS (green bars,
n = 6; data from 5 mice). In all bar graphs, brackets above bars indicate that differences
between group means are significant (p < 0.05; *false discovery rate < 5%; ** false
discovery rate < 10%;). Scattered dots overlaid over bar graphs are measurements from the
individual experiments. Each dot is an average of 12—-20 measurements from individual
cells.
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Figure 4. Activated HET and WT T cells display differences in changes in A¥y, after SOCE
activation.

A, TMRM fluorescence recorded in WT (upper panels) and HET (lower panels) activated T
cells in a bath solution containing 2 mM Ca?* (Ca2; panels 7and /* ivand /v’), nominally
Ca?*-free bath solution (0Ca; panels j7and /i), or nominally Ca2*-free bath solutions
supplemented with Tg (1uM; Ca0+Tg; panels 7ii and iii’) or FCCP (10 uM; panels v and v’).
Solutions were applied sequentially as shown in B. Images shown in panels /- vand /" - v’
were acquired at the times shown in B. Scale bars, 5 pm.

B, Relative changes in AY, recorded from activated WT (black trace) and HET (red trace)
T cells expressed in arbitrary units of TMRM fluorescence intensity. A mean TMRM
fluorescence was measured in the regions of interest outlining the puncta. A decline in AY
indicates a more depolarized AY .. Each point is an average and + SE of measurements
obtained in 5 and 6 experiments performed using WT and HET T cells, respectively. 2 mM
Ca?*-containing (2Ca) and nominally Ca2*-free (0Ca) solutions were applied as indicated by
horizontal bars; timing of application of Tg (1 pM) and FCCP is indicated with arrows.
Arrowheads and numbers 7/— vand /’— v’indicate times at which corresponding images
shown in A were acquired. Bracket and asterisks (**) indicate the region where differences
between means are significant (p < 0.01; independent Student #test). Before averaging, the
value of TMRM fluorescence recorded 30 min after FCCP application was taken as
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background and subtracted from the raw TMRM fluorescence intensities. Immediately
before the application of a nominally Ca2*-free solution, TMRM fluorescence values were
normalized to 1 in each experiment (dashed line). Each trace obtained from an independent
experiment is an average of fluorescence intensity traces obtained from 10-20 individual
cells. Data were obtained using T cells isolated from 3 WT and 3 R163C HET mice.

C, Expanded area indicated with a bracket in A showing changes in normalized AY ,, in
response to Ca2* re-addition, recorded from activated WT (black traces) and HET (red
traces) T cells in individual experiments. Traces were normalized as described in A and
aligned at the time of the Ca?* re-addition; A, level at the time of the Ca%* re-addition
was set to 0 (dashed line). Bracket indicates a 4-min interval for which integration of A,
traces was performed. Each trace is an average of TMRM fluorescence intensities measured
in 10-20 individual cells in a single experiment.

D, Average + SE (horizontal bars) and individual experiment (circles) values of the integrals
of changes in A¥ ,, during the first 4 minutes after re-addition of extracellular Ca2* obtained
from HET and WT T cells. Asterisks (**) indicate that differences between means are
significant (v < 0.01; independent Student ¢test).
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Figure 5. Separation of populations of HET and WT T cells using statistical learning analyses.
A, Classification decision boundaries obtained using exploratory Classification Tree

workflow learning algorithm in Orange3 software and the amplitude of the Tg-evoked
[Ca2*]; transients (Amplitude[Ca®*]irq; data from Fig. 3D), the ratio of resting [Ca?*]; to
the amplitude of the Tg-evoked [Ca2*]; transients (Ratio[Ca2*]ijresy[Ca2*1i/; data from Fig.
3E) or integral of changes in A, during the first 4 minutes after re-addition of extracellular
Ca?* (Integral AY ,; data from Fig. 4C) as single-label classification variables. The blue
areas correspond to the class density plot of the HET group (blue dots) while the pink area
depicts the class density plot of the WT group (red dots).

B, Classification trees built using a learning algorithm optimizing class differences show that
the HET and WT T cells can be classified correctly with 100% accuracy using
Amplitude[Ca®*]i/rq, Ratio[Ca?*]ijresy[Ca®*lirg and Integral A¥r, as single-label
classification variables. For classification tree building, the following settings were used
(Logistic regression Ridge2 rasterization c=1).

C, The confusion matrix calculated using the Cross-Validation workflow in Orange3
software with 10-fold stratified cross-validation; the sampling method settings were logistic
regression, random sampling, training set size 66%, repeat train/test 10 times. In a two-step
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procedure, a learning algorithm was fitted on a set of training data constituting 66% of data
randomly selected from a total data set variable and then evaluated on the remaining test
data set. The best predictive outcome was obtained when Amplitude[Caz*]i/Tg alone was
used as a single-label classification variable (the error rate [0%], accuracy [100%],
sensitivity [100%], and specificity [100%]).When all three single-label classification
variables (Amplitude[Ca?*]j/rq, Ratio[Ca?*]ijresy[Ca®*lirrg and Integral A¥ ) were used,
the error rate (3%), accuracy (97%), sensitivity (100%) and specificity (93%) were
calculated from the confusion matrix.
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