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Background: Ryanodine receptors (RyR) are intracellular Ca2� release channels.
Results: RyR are expressed in human T cells. Modulating the RyR activity in human T cells affects Ca2� leakage from the store
and store-operated Ca2� entry.
Conclusion: RyR strongly regulate Ca2� influx in human T cells.
Significance: RyR can be used as a target for manipulating immune responses in humans.

The expression and functional significance of ryanodine
receptors (RyR) were investigated in resting and activated pri-
mary human T cells. RyR1, RyR2, and RyR3 transcripts were
detected in human T cells. RyR1/2 transcript levels increased,
whereas those of RyR3 decreased after T cell activation. RyR1/2
protein immunoreactivity was detected in activated but not in
resting T cells. The RyR agonist caffeine evoked Ca2� release
from the intracellular store in activatedT cells but not in resting
T cells, indicating thatRyRare functionally up-regulated in acti-
vated T cells compared with resting T cells. In the presence of
store-operated Ca2� entry (SOCE) via plasmalemmal Ca2�

release-activated Ca2� (CRAC) channels, RyR blockers reduced
the Ca2� leak from the endoplasmic reticulum (ER) and the
magnitude of SOCE, suggesting that a positive feedback rela-
tionship exists between RyR and CRAC channels. Overexpres-
sion of fluorescently tagged RyR2 and stromal interaction mol-
ecule 1 (STIM1), an ER Ca2� sensor gating CRAC channels, in
HEK293 cells revealed that RyR are co-localized with STIM1 in
the puncta formed after store depletion. These data indicate
that in primary human T cells, the RyR are coupled to CRAC
channel machinery such that SOCE activates RyR via a Ca2�-
induced Ca2� release mechanism, which in turn reduces the
Ca2� concentration within the ER lumen in the vicinity of
STIM1, thus facilitating SOCE by reducing store-dependent
CRAC channel inactivation. Treatment with RyR blockers sup-
pressed activated T cell expansion, demonstrating the func-
tional importance of RyR in T cells.

T lymphocytes play a central role in cell-mediated immunity.
T cells express T cell receptors that bind antigens displayed on
the surface of antigen-presenting cells (APC)2 (1, 2). Stimula-

tion of naive ormemory restingT cells with a specific antigen or
a nonspecific mitogen alters the expression of different genes, a
process known as activation (3–9).
ActivatedT cells follow very typical response patterns (2). An

initial phase consists of massive expansion of an antigen-spe-
cific T cell population. The expansion phase is followed by acti-
vated T cell differentiation into effector T cell subsets commit-
ted to secrete a variety of cytokines, which modulate the
functions of other cells of the immune system.Although expan-
sion of T cells specific for the target pathogen is crucial for
mounting an effective immune response to active infection, the
expansion of T cells specific to a self-antigen or environmental
allergen may cause immuno-mediated diseases (10, 11). Gain-
ing insight into the mechanisms governing T cell activation is
thus critical to the development of specific therapeutic strate-
gies to control T cell-mediated immune responses.
Elevation in cytosolic Ca2� concentration ([Ca2�]i) is crucial

for T cell activation (3). Store-operated Ca2� entry (SOCE) via
plasmalemmal Ca2� release-activated Ca2� (CRAC) channels
activated in response to depletion of the intracellular Ca2�

store (mostly endoplasmic reticulum (ER)) is amajor source for
[Ca2�]i elevation in T cells. T cells with impaired SOCE fail to
expand and secrete cytokines upon activation, leading to
immunodeficiency and autoimmune disorders in humans and
mice (12, 13). Having the tools for pharmacological manipula-
tion of T cell SOCE would be beneficial for modifying immune
responses in humans. However, identifying compounds that
directly or indirectly selectively modulate T cell CRAC channel
activity and are suitable for application in humans has been
elusive (14–17). Here, we explored the dependence of T cell
SOCE on ryanodine-sensitive Ca2� release channels, also
known as ryanodine receptors (RyR), whose activity can be
altered in a predictable manner by clinically relevant drugs,
such as caffeine and dantrolene.□S This article contains supplemental Fig. 1.
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Previous studies performed on Jurkat T cells, a human lym-
phoblastic leukemia T cell line, suggested that RyR may be
involved in regulating Ca2� signaling in T cells (18–24). We
have previously shown that in Jurkat T cells, the RyR regu-
late SOCEby controllingCa2� store refilling (19). However, the
conclusions drawn from studies on Jurkat T cells cannot be
extended to primary human T cells because the latter express
type 1 RyR (RyR1) and type 2 RyR (RyR2), whereas Jurkat T cells
express type 3 RyR (RyR3) (25). Furthermore, T cell lines are
not representative of any functional state typical of primary T
cells and do not respond to stimulation in the same manner as
primary T cells. Thus, the functional significance of RyR in pri-
mary human T cells has not been elucidated.
Accordingly, we designed this study to understand themech-

anism of action and functional significance of RyR in primary
human T cells. We found that RyR strongly regulate SOCE in
activated but not resting T cells. Furthermore, inhibiting RyR
activity reduces activated T cell expansion in vitro. Our study
provides evidence that RyR are bidirectionally coupled to
CRAC channel machinery such that SOCEmediated via CRAC
channels activates RyR by a Ca2�-induced Ca2� release (CICR)
mechanism, which in turn reduces the Ca2� concentration in
the vicinity of theCRAC channel ERCa2� sensor stromal inter-
action molecule 1 (STIM1) to limit store-dependent CRAC
channel inactivation and sustain SOCE.

EXPERIMENTAL PROCEDURES

Human T Cell Culture and Chemicals—Peripheral blood
samples were collected from healthy subjects of both sexes and
different ethnic backgrounds. All procedures involving human
subjects were approved by the University of California Davis
Internal Review Board. Blood was collected into sodium hepa-
rin-containing collection tubes (BDBiosciences), and then rest-
ing T cells were purified from whole blood by the negative
selection method using RosetteSep� human T cell enrichment
mixture (StemCell Technologies, Vancouver, Canada) and
RosetteSep� density medium (StemCell Technologies) accord-
ing to themanufacturer’s instructions. After isolation, restingT
cells were kept at a density of 0.5 � 106 cells/ml in cell culture
medium containing RPMI 1640 medium with glutamine and
HEPES (Lonza/BioWhittaker, Basel, Switzerland), supple-
mented with 10% FBS (Omega Scientific, Tarzana, CA), 2%
GlutaMAX (Invitrogen), 1% RPMI 1640 vitamin solution, 1%
RPMI 1640 amino acid solution, 1% sodium pyruvate, 0.03%
�-mercaptoethanol. A portion of the resting T cells was used
for experiments within 48 h after isolation. Another portion of
the resting T cells was activated by anti-CD3 mAbs (Miltenyi
Biotech, Auburn, CA) coated on cell culture dishes and by sol-
uble anti-CD28 mAb (1–5 �g/ml; Miltenyi Biotech). The acti-
vated T cells were collected for experiments 4–5 days after
activation when they were in the logarithmic phase of growth.
Both resting and activated T cells were kept in 5%CO2 at 37 °C;
activated T cells were split every 2 days.
Unless otherwise indicated, all chemicals were from Sigma-

Aldrich; dantrolene sodium (DS) and ionomycin were from
Calbiochem; ryanodine (Ry) was fromCalbiochem or Alamone
(Jerusalem, Israel); Fura-2/AM and pluronic F-127 were from
Molecular Probes, Inc. (Eugene, OR). Stock solutions of Ry (10

mM) and DS (10 mM) were prepared in methanol and DMSO,
respectively.
RT-PCR Analyses—Assays were performed as described pre-

viously (26). Briefly, total RNA was extracted from cell lysates
using a 6100 Nucleic Acid PrepStation (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions.
First-strand cDNA was generated using the QuantiTect
Reverse transcription kit (Qiagen, Valencia, CA) according to
themanufacturer’s instructions. All samples were preamplified
using the Advantage 2 PCR enzyme system (Clontech, Moun-
tain View, CA) and the conditions described by Dolganov et
al. (27). Dilutions of 1:100 of the preamplified material were
used for the RT-PCR analyses. Human RT-PCR gene
expression assays used for RyR1 (Hs00166991_m1), RyR2
(Hs00892902_m1), RyR3 (Hs01050911_m1), �2-microglobulin
(B2M; Hs99999907_m1), and ribosomal protein L13a (RPL13a;
Hs01926559_g1) were obtained from Applied Biosystems.
For quantitative RT-PCR, 5 �l of the diluted cDNA sample

was added to a TaqMan Fast Universal PCR Master Mix
(Applied Biosystems) and TaqMan Gene Expression Assay
primer/probe mixes to achieve a final reaction volume of 12 �l.
Negative controls were performed using sterile water instead of
cDNA templates. The samples were placed in wells of a 384-
well plate and amplified in an automated fluorometer ABI
PRISM 7900 HTA FAST real-time PCR system (Applied Bio-
systems). Amplification conditions were as follows: 2 min at
50 °C, 10min at 95 °C, 40 cycles of 15 s at 95 °C and 60 s at 60 °C.
Fluorescence signals were collected during the annealing tem-
perature, and raw quantification cycle (Cq) values were
exported with a threshold of 0.1 and a base line of 3–10 for the
genes of interest (GOI) and a range of 1–4 for the housekeeping
genes. All analyses were performed in duplicate.
The comparative Cq method (28) was used to calculate lin-

earized levels of each gene of interest relative to the geometric
average of two stably expressed housekeeping genes B2M and
RPL13a (26) using the formula, linearized levels of GOI relative
to housekeeping genes � 2��Cq, where �Cq is as follows.

�Cq � CqGOI � �CqB2M�CqRPL13a (Eq. 1)

The S.D. values of the raw Cq values of B2M and RPL13a in all
samples used in this study were 0.63 and 0.78 (n � 16), respec-
tively, whereas the Pearson correlation coefficient was 0.77.
Immunostaining—Resting or activated T cells were plated on

poly-L-lysine-coated coverslips and fixed with 4% paraformal-
dehyde in PBS for 30min, washed three timeswith 2�PBS, and
permeabilized for 1 h in 0.075 (% w/v) saponin solution in 2�
PBS. Cells were blocked in 5% (v/v) goat serum and 5% (w/v)
bovine serum albumin in 2� 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 Iowa, IowaCity, IA), which rec-
ognizes RyR1 andRyR2 isoforms in a variety of species (29–32).
Mouse IgG1mAb (Invitrogen) was used as a negative control to
assess the level of nonspecific binding of 34CmAb to human T
cells. Coverslips werewashed three timeswith 2�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
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nuclei were contrast-stained by incubation with 1 �MTO-PRO
3-iodide solution (Molecular Probes) for 5min prior tomount-
ing. After washing three timeswith 2� PBS, the coverslips were
mounted on microscope slides in AntiFade mounting solution
(Molecular Probes, Inc.).
HEK293 Cell Culture and Transfections—HEK293 cells were

obtained from ATCC and cultured in DMEM supplemented
with 10% FBS (Omega Scientific) according to ATCC recom-
mendations. Transfections of cDNA were performed using
Lipofectamine 2000 reagent (Invitrogen). Plasmid containing
the full-length mouse RyR2 coding sequence fused with the
yellow fluorescent protein (YFP) coding sequence inserted after
Ser-437 (RyR2S437-YFP construct) (33, 34) was obtained from
Dr. S. R. Wayne Chen (University of Calgary). Insertion of YFP
after Ser-437 has little effect on the structure and function of
the heterologously expressed RyR2 (33, 34). Cherry-STIM1
plasmid (35) was obtained from Dr. Richard S. Lewis (Stanford
University).
Confocal Imaging—Fluorescence images of fixed or living

cells were acquired using an LSM 510 laser-scanning confocal
imaging system (Carl Zeiss) via a �63/1.4 numerical aperture
oil immersion objective. The excitation/emission settings were
as follows: 488-nm line of excitation and 505–550-nm emission
filter for Alexa Fluor 488 and RyR2S437-YFP; 543-nm line of
excitation and a 560-nm longpass emission filter for Cherry-
STIM1; and 633-nm line of excitation and a 650-nm longpass
emission filter for TO-PRO 3-iodide. Images of TO-PRO 3-io-
dide and Alexa Fluor 488 or of Cherry-STIM1 and RyR2S437-
YFP were obtained in red and green channels, respectively, by
sequential scanning of the same area. In each set of experi-
ments, optical sections were acquired using the identical image
acquisition settings.
Immunofluorescence and Co-localization Analyses—Mean

Alexa Fluor 488 fluorescence values were measured from con-
focal images recorded in green channel using ImageJ software.
The background-subtracted Alexa Fluor 488 signal values were
normalized to a total number of cells in each image. Object-
based co-localization analyses of confocal images recorded in
red and green channels were performed using the JACoP
plug-in of ImageJ software as described previously (36). Briefly,
the threshold was automatically adjusted by the software for
each color channel. Objects with a size of �0.2 �m2 and circu-
larity (4� � (area/perimeter2)) of �0.4 were automatically
identified in each color channel by detecting the rapid intensity
variations (see supplemental material). The number of individ-
ual objects and the area occupied by each object were deter-
mined by software in both color channels. A region of interest
only composed of structural pixels present in both channelswas
created, and the correlation of fluorescence signals in both
channels was explored only within this region of interest.
Object-based nearest neighbor distance and centers-particles
coincidence co-localization analyses were performed.
Cell Proliferation Assay—A cell division track assay was per-

formed using the CellTrace carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) cell proliferation kit (Invitrogen) as
described previously (19). Briefly, resting T cells were washed,
resuspended in PBS containing 4 �M CFSE at a density of 1 �
106 cells/ml, and incubated at 37 °C for 10 min. Labeling was

quenched by adding five volumes of cold RPMI 1640 culture
medium containing 10% FBS (Omega Scientific). A portion of
the CFSE-labeled resting T cells was washed three times with
RPMI 1640 plus 10% FBS, centrifuged, fixed with 1% parafor-
maldehyde in PBS, and then analyzed by flow cytometry to
establish the CFSE fluorescence profile of undivided cells. The
remaining CFSE-labeled resting T cells were resuspended in
cell culture medium at a density of 0.05 � 106 cells/ml and
divided into four groups. Each group was preincubated for 30
min at 37 °C in the presence of vehicle alone (DMSO or meth-
anol; controls), Ry (400 �M), or DS (30 �M). Cells were then
activated with anti-CD3/CD28 mAb for 4 days in the continu-
ous presence of Ry, DS, or vehicle and then harvested, washed
with PBS, and fixed with 1% paraformaldehyde in PBS. Cells
were analyzed using a FACScan flow cytometer and CellQuest
software (BD Biosciences). CFSE was excited by 488-nm light;
the emitted fluorescence was collected using a 505–550-nm
bandpass filter. The data were analyzed using FlowJo software
(Tree Star Inc., Ashland, OR).
[Ca2�]i and Mn2� Quenching Recordings—Human T cells

were plated on poly-L-lysine-coated glass bottom clambers and
then loadedwith 1�MFura-2/AMand pluronic F-127 for 5min
in 2 mM Ca2�-containing recording solution. After washing,
cells were incubated for an additional 30 min at 37 °C in modi-
fied Tyrode’s solution containing 400 �M Ry, 30 �M DS, or
vehicle (methanol or DMSO). Chambers with adherent cells
were mounted on the stage of a Zeiss Axiovert 200 inverted
microscope (Karl Zeiss, Thornwood, NY) equipped with a Sen-
Sys CCD camera (Roper Scientific, Tucson, AZ), a 40� oil
immersion Zeiss objective, and a Fura-2 filter set with a wide
band emission filter (Chroma Technologies, Rockingham, VT).
A Lambda DG-4 filter changer (Sutter Instruments, Novato,
CA) was used for switching between 340- and 380-nm excita-
tion wavelengths. Fura-2 fluorescence signals evoked by 340-
and 380-nm excitation (F340 and F380, respectively) were
acquired every 2–8 s and every 1 s in Ca2� imaging and Mn2�

quench experiments, respectively. Data acquisition was per-
formed using MetaFluor version 7.0 software (Molecular
Devices, Inc., Sunnyvale, CA).
In Ca2� imaging experiments, the estimated [Ca2�]i values

were calculated from F340 and F380 values and Fura-2 calibra-
tion as described previously (19).Kdwas taken as 248nM (37). In
Mn2� quench experiments, levels of Ca2�-independent Fura-2
fluorescence Fi were determined as Fi � F340 � �F380, where �
is the “isocoefficient” equal to the value of the slope of the plot
of F340 versus F380 determined experimentally, as described pre-
viously (19, 38). In each experiment, F340 and F380 fluorescence
signals were acquired from 15–20 cells located in the field of
view. The [Ca2�]i or Fi values were calculated for each cell and
then averaged for each experiment.
Recording solutions were as follows: 1) nominally Ca2�-free:

130 mM NaCl, 5.6 mM KCl, 3 mM MgCl2, 10 mM Na-Hepes, 10
mM D-glucose; 2) 1mMCa2�-containing: 130mMNaCl, 5.6 mM

KCl, 1 mMMgCl2, 1 mMCaCl2, 10mMNa-Hepes, 10mM D-glu-
cose; 3) 2 mM Ca2�-containing: 130 mM NaCl, 5.6 mM KCl, 1
mMMgCl2, 2 mMCaCl2, 10 mMNa-Hepes, 10 mM D-glucose; 4)
10 mM Ca2�-containing: 115 mM NaCl, 5.6 mM KCl, 1 mM

MgCl2, 10mMCaCl2, 10mMNa-Hepes, 10mMD-glucose; 5) 0.5
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Mn2� and 1mMCa2�-containing: 130mMNaCl, 5.6mMKCl, 2
mM MgCl2, 1 mM CaCl2, 0.5 mM MnCl2, 10 mM Na-Hepes, 10
mM D-glucose. The pH of all solutions was 7.3. Solution
exchange was performed via a gravity-driven perfusion system
that allowed for complete solution exchange in the recording
chamber within 5 s. All experiments were performed at room
temperature.
Sequential Store Depletion Protocol and Assessment of Store

Refilling—The recording chamber with adherent cells loaded
with Fura-2 was perfused for 5min with 2mMCa2�-containing
solution and then with nominally Ca2�-free bath solution for 3
min. After that, 30 �M cyclopiazonic acid (CPA) was applied in
nominally Ca2�-free bath solution for 10 min to deplete the
store and activate store-operated plasmalemmal channels. CPA
then was washed out for 10 min in nominally Ca2�-free bath
solution to restore sarco/endoplasmic reticulumCa2�-ATPase
(SERCA) activity. Subsequently, 1, 2, or 10 mM Ca2�-contain-
ing solutions were added for 1.5 min to activate SOCE. After
that, nominally Ca2�-free bath solution was applied to termi-
nate SOCE, followed by application of 30 �M CPA in a Ca2�-
free bath solution to deplete the store after SOCE termination.
Preliminary Ca2� imaging experiments revealed that in control
resting T cells, application of 2–10 mM Ca2�-containing solu-
tion following store depletion evoked [Ca2�]i transients of less
than 1�M in amplitude. In control activated T cells, application
of bath solution containing �2mMCa2� following store deple-
tion evoked [Ca2�]i transients of more than 1 �M in amplitude.
To remain within an optimal range of Fura-2 sensitivity, in
Ca2� imaging experiments, we used 2–10 mM and 1 mM Ca2�-
containing bath solutions to induce SOCE in resting and acti-
vated T cells, respectively.
For data analysis, background-subtracted [Ca2�]i transients

evoked by each sequential CPA application ([Ca2�]i/CPA1,
[Ca2�]i/CPA2, [Ca2�]i/CPA3, etc.) were integrated over the time
in each experiment to determine the releasable store content as
described previously (19, 39). Values of integrated [Ca2�]i tran-
sients induced by the CPA application subsequent to the read-
dition of Ca2�-containing bath solution were normalized to
those induced by the CPA application prior to the readdition
of Ca2�-containing bath solution. The obtained ratio was
expressed as a percentage and used as the measure of the store
refilling.

Store refilling �
�[Ca2�]i/CPA2

�[Ca2�]i/CPA1

� 100% (Eq. 2)

Imaging of Ca2� Dynamics within the ER Lumen—Jurkat
YC4.2er cells stably expressing ER-targeted Ca2�-sensitive yel-
low chameleon protein YC4.2er (40) were kindly provided by
Dr. Richard S. Lewis (StanfordUniversity). Cells were plated on
a poly-L-lysine-coated glass bottom chamber mounted on a
Nikon Diaphot epifluorescence microscope. Fluorescence was
elicited by illumination with a 75-watt xenon lamp, and the
excitation wavelength was selected at 420 � 5 nm by a mono-
chromator (Optoscan from Cairn Research, Faversham, UK).
The fluorescence signal was collected through a �40 objective
and split by a 500-nm dichroic mirror placed at 45°. The trans-
mitted light was passed through a 535 � 40-nm emission filter

and detected by a photomultiplier tube. The reflected fluores-
cencewas further selected by a 480� 10-nm emission filter and
detected by a second photomultiplier tube. Background-cor-
rected emission fluorescence measurements acquired at 480
and 535 nm (F480 and F535, respectively) were averaged across
the 100 � 100-�m field of view to yield a raw YC4.2er chame-
leon protein emission ratio (F535/F480), which is proportional to
the Ca2� concentration within the ER lumen ([Ca2�]ER).
Statistical Analyses—Analyses were performed using Origin

7 software (OriginLab, Northampton, MA). All statistical data
are presented as themeans� S.E., where n represents the num-
ber of experiments.Hypothesis testingwas performedusing the
independent Student’s t test.

RESULTS

RyR Expression and Function Are Up-regulated upon Pri-
mary Human T Cell Activation—To assess RyR expression and
function in human T cells, we isolated resting CD3� T cells
from the peripheral blood mononuclear cells of healthy volun-
teers. To mimic the activation of T cells that takes place during
antigen presentation, we stimulated resting T cells by cross-
linking CD3 and CD28 receptors with monoclonal Ab (anti-
CD3/CD28 mAb), which is a commonly used approach to
induce T cell activation in vitro (41–44). T cell activation using
anti-CD3/CD28 mAb mimics the effect of APC in inducing
resting T cell proliferation and cytokine production without
requiring the presence of accessory cells. Resting T cells and
4–5-day activated T cells from the same donor, which were in
the logarithmic phase of growth, were taken for experiments.
The abundance of RyR1, RyR2, and RyR3 transcripts relative

to a geometric average of raw Cq values of two stably expressed
housekeeping genes (B2M and RPL13a) (26) were determined
in resting and 5-day activated primary human T cells (Fig. 1A).
The RyR1, RyR2, and RyR3 transcripts were detected in all rest-
ing T cell samples. The levels of RyR1 and RyR2 transcripts
increased by �55- and �12-fold, respectively, in 5-day acti-
vated T cells compared with resting T cells. The level of RyR3
transcripts was �100-fold lower in 5-day activated T cells than
in resting T cells. Immunostaining with 34C mAb recognizing
RyR1 and RyR2 produced no statistically significant signal
above nonspecific background level in resting T cells (Fig. 1, B
and C). In contrast, RyR1/2 immunoreactivity was present in
5-day activated T cells.
We then exploredwhether activation-induced up-regulation

of RyR gene and protein expression correlates with an increase
in RyR functional activity in activated T cells compared with
resting cells. Intracellular Ca2� imaging experiments demon-
strated that application of the RyR agonist caffeine (20 mM)
evoked larger amplitude [Ca2�]i transients in 5-day activated T
cells than in resting T cells (Fig. 1, D and E). Caffeine-induced
[Ca2�]i transients were inhibited by preincubating the acti-
vatedT cells for 30minwith blocking concentrations of Ry (400
�M) or DS (30 �M).

One of the commonways to assess T cell activation in vitro is
to measure T cell proliferation following T cell receptor stimu-
lation (45). Accordingly, we investigated if RyR activity affects T
cell activation using the CFSE-based proliferation assay. We
found that T cell activation in the presence of Ry (400�M) orDS
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(30 �M) resulted in slower expansion of activated T cells com-
pared with control cells (Fig. 1F). In a control 4-day activated T
cell population, 29.8� 6.8% (n� 3) of the cells were undivided.
In contrast, in cell populations activated for 4 days in the pres-
ence of Ry or DS, the undivided cells accounted for 80.1 �
10.2% (n � 3) and 56 � 2.8% (n � 3), respectively, of total cells.
Thus, all three RyR isoforms are expressed in human T cells,
with RyR1 appearing to be the most abundant and most
strongly up-regulated upon T cell activation. The cohort of T
cell RyR receptors governs activation-inducedT cell expansion.
RyR Inhibition Attenuates SOCE and Facilitates Ca2� Store

Refilling—Responses from Fura-2-loaded primary resting and
activated T cells were evoked by a sequential store depletion
protocol, which allows monitoring of the changes in [Ca2�]i
induced by store depletion and by SOCE in the presence of
SERCA activity (Fig. 2A). In this protocol, 30 �MCPA, a revers-
ible blocker of SERCA, was sequentially applied in nominally
Ca2�-free solution for 10 min to deplete the store and then
washed out for 10 min to re-establish SERCA activity.
In resting T cells preincubated for 30 min with vehicle alone

(control), Ry (400�M), orDS (30�M), an initial CPAapplication
(CPA1) evoked [Ca2�]i transients due to Ca2� release from the
store (Fig. 2A). Subsequent application of 2 mM Ca2�-contain-
ing bath solution evoked SOCE, which was evident from the
appearance of the small amplitude [Ca2�]i transients (Fig. 2, A
and B). After SOCE was terminated by application of a Ca2�-
free bath solution, a second CPA application (CPA2) evoked
[Ca2�]i transients in all groups of cells, indicating that the store
was refilled during SOCE. The extent of store refilling was

measured as the ratio of the integrated [Ca2�]i transients
evoked by CPA application after SOCE to those evoked by CPA
application prior to SOCE (CPA2/CPA1 or CPA3/CPA2). In all
groups of resting T cells, the store was refilled by �50–60% of
its initial releasable content during the 1.5 min of 2 mM Ca2�-
containing bath solution readdition (Fig. 2D). There were no
significant differences between control cells and cells preincu-
batedwith RyR blockers in the values of store refilling following
SOCE and amplitudes of [Ca2�]i transients evoked by SOCE in
2 mM Ca2�-containing bath solution (Fig. 2, B and D).
Application of 10 mM Ca2�-containing solution following

CPA wash out evoked larger amplitude [Ca2�]i transients than
those evoked by application of 2 mM Ca2�-containing solution
in control cells (Fig. 2, A–C). The amplitudes of the [Ca2�]i
transients evoked by application of 10 mM Ca2�-containing
solution were significantly reduced in cells preincubated with
Ry or DS (Fig. 2, A and C). [Ca2�]i transients evoked by CPA
application following the 10mMCa2� readdition were larger in
magnitude in cells preincubatedwith RyR blockers than in con-
trol cells (Fig. 2A, inset). SOCE induced by the application of 10
mMCa2�-containing solution caused store refilling by less than
5% in control cells and by�40% in cells preincubatedwithRy or
DS (Fig. 2E), indicating that enhanced SOCE evoked the Ca2�

release from RyR, which mitigated store refilling. Thus, func-
tional RyR are present in resting T cells, but they are not signif-
icantly activated by SOCE alone at the physiological extracellu-
lar Ca2� concentration ([Ca2�]o).
In activated T cells, application of 1 mM Ca2�-containing

solution following CPA-induced store depletion, and CPA

FIGURE 1. RyR gene expression and function are up-regulated after T cell activation. A, average normalized linearized RyR1 (left), RyR2 (middle), and
RyR3 (right) Cq values in resting T cells (R; n � 9) and 5-day activated (A; n � 7) primary human T cells. B, anti-RyR immunoreactivity (green) revealed with
34C primary mAb in resting (left) and 5-day activated (middle) T cells. Right, nonspecific staining of 5-day activated T cells produced by mouse IgG1 mAb
(negative control). Scale bars, 5 �m. Optical slice depth 	 4.5 �m. C, average levels of nonspecific background staining produced by IgG1 mAb (open
bars) and RyR1/2 immunoreactivity detected with 34C mAb (green bars) in resting (R) and activated (A) T cells (n � 8). Before averaging, fluorescence
intensities (F) were determined from confocal images recorded in the green channel as those shown in B and normalized to the number of cells in each
image. a.u., arbitrary units. D, [Ca2�]i responses to caffeine (recorded from resting (left) and 5-day activated (right) T cells preincubated with vehicle
(black trace), Ry (blue trace), or DS (red trace). Caffeine was applied as indicated. E, average caffeine-induced [Ca2�]i transients recorded from resting T
cells (R, open bar; n � 4), control 5-day activated T cells pretreated with vehicle alone (Ctl; black bar; n � 7), and activated T cells pretreated with Ry (Ry;
blue bar; n � 7) or DS (DS, red bar; n � 5). Levels of [Ca2�]i prior to caffeine application were subtracted before averaging. F, fluorescence profile of
CFSE-loaded human T cells activated for 4 days in the presence of vehicle alone (Ctl, gray-filled histogram), Ry (Ry, histogram outlined by a blue line), or
DS (DS, histogram outlined by a red line). The histogram outlined with dots represents the fluorescence profiles of CFSE-loaded resting T cells prior to
activation (undivided cell population at time 0). The numbers in parentheses indicate a percentage of undivided cells in each group. Histogram peaks
represent successive generations. Results shown are representative data from three experiments. * (in all panels), differences between means are
significant (p 	 0.01). Error bars, S.E.
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wash out evoked [Ca2�]i transients that were significantly
larger in amplitude than those evoked by applying 2 mM

Ca2�-containing solution to resting T cells (Figs. 2 (A and B)
and 3 (A and B); p 	 0.01, nresting � 7; nactivated � 15), which
is consistent with the previously reported up-regulation of
SOCE in activated T cells compared with resting T cells (46,
47). Amplitudes of the SOCE-induced [Ca2�]i transients
were significantly reduced, whereas SOCE-induced store
refilling was enhanced in activated T cells preincubated with
RyR blockers compared with control activated T cells (Fig. 3,
A–C). Thus, in activated T cells, RyR activity significantly
affects the magnitude of SOCE and the extent of store refill-
ing at physiological [Ca2�]o.
The inverse relationships between the amplitude of SOCE-

triggered [Ca2�]i transients and the extent of the SOCE-in-
duced store refilling (Figs. 2 (A, C, and E) and 3 (A, B, and C))
suggest that RyR activation facilitates SOCE by reducing
store-refilling following SOCE activation. To confirm that
RyR activity modulates SOCE in a store-dependent manner,
we examined the effects of RyR blockers on the rates of the
Mn2� quench of Fura-2 fluorescence in 5-day activated
human T cells. The Mn2� quench approach is commonly
used to assess the activity of plasmalemmal store-operated
Ca2� channels because these channels are permeable for
both Ca2� andMn2�, but Mn2� is not transported out of the

cytosol by the plasma membrane Ca2�-ATPase or SERCA.
Thus, the rate of Mn2� quenching provides a more accurate
measure of the functional activity of store-operated Ca2�

channels than the rate of changes in [Ca2�]i upon SOCE
activation.
Prior to applying Mn2�-containing bath solution, activated

T cells were preincubated in Ca2�-free bath solution in the
presence or absence of CPA (30 �M), Ry (400 �M), or DS (30
�M). In cells that were not exposed to CPA, slow quenching of
Fura-2 fluorescence was observed after application of 0.5 mM

Mn2�- and 1 mM Ca2�-containing solution (Fig. 3D), due to
photobleaching and Mn2� entry via non-store-operated path-
ways. Application of 0.5 mMMn2�- and 1mMCa2�-containing
solution to the cells preincubated with CPA alone following 10
min of CPA washout in Ca2�-free solution accelerated the rate
of Mn2� quenching (Fig. 3, D and E) due to Mn2� entry via
store-operated channels. Preincubation with CPA and Ry, or
CPA andDS significantly decelerated the rate ofMn2� quench-
ing in CPA-treated cells. On average, the Mn2� quench rate
constant � increased from 27.8 � 2.1 s (n � 12) in control cells
to 61.3 � 16.1 s (n � 6) and 46.2 � 6.6 s (n � 8) in cells pre-
treated with Ry or DS, respectively (Fig. 3E). The RyR blockers
had no statistically significant effects on the Mn2� quench
kinetics when SERCA was permanently inhibited by inclusion
of CPA in all bath solutions (Fig. 3F; n� 5), consistent with our

FIGURE 2. Effects of RyR blockers on SOCE and store refilling in resting T cells. A, average changes in [Ca2�]i recorded from control resting T cells
preincubated with vehicle alone (Ctl; black trace), Ry (blue trace), or DS (red trace). Nominally Ca2�-free (0 Ca) or 2 or 10 mM Ca2�-containing bath solutions (2
Ca and 10 Ca, respectively) were applied as indicated. CPA was sequentially applied three times as indicated (CPA1, CPA2, and CPA3). Inset, expanded boxed area;
[Ca2�]i traces were aligned at the time of the third CPA application. B and C, average peak values of [Ca2�]i transients measured after the readdition of 2 mM (B)
or 10 mM (C) Ca2�-containing bath solutions in control cells (Ctl; black bars) and in cells preincubated with Ry (blue bars) or DS (red bars). Levels of [Ca2�]i prior
to the Ca2� readdition were subtracted before averaging. D and E, average amount of store refilling following application of 2 mM (CPA2/CPA1 in D) or 10 mM

(CPA3/CPA2 in E) Ca2�-containing bath solution (expressed as a percentage). Store refilling values were determined in control cells (Ctl; black bars) and in cells
preincubated with Ry (blue bars) or DS (red bars). * (in all panels), differences between means are significant (p 	 0.01). Six to seven experiments were performed
for each condition. Error bars, S.E.

Ryanodine Receptors Modulate Ca2� Entry in Human T Cells

37238 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 44 • OCTOBER 26, 2012



previous results in Jurkat T cells (19). These data confirmed
that in activated T cells, the RyR activity modulates SOCE via a
store-dependent mechanism.
RyR Inhibition Reduces Ca2� Store Leakiness and Facilitates

Store Refilling—To confirm that RyR activity affects Ca2�

dynamics within the intracellular store during SOCE activa-
tion, we examined the changes in [Ca2�]ER in Jurkat YC4.2er
cells stably expressing ER-targeted Ca2�-sensitive yellow cha-
meleon protein YC4.2er (40). The store was depleted with 30
�MCPA, and then CPAwas washed out in a nominally Ca2�-
free bath solution to restore SERCA activity. Activation of
SOCE by the addition of 2 mM Ca2�-containing bath solu-
tion caused elevation in [Ca2�]ER, which plateaued in �1.5
min following solution exchange (Fig. 4A), presumably after
the rates of Ca2� entry into the ER and leakage from the ER
are equilibrated. After removal of extracellular Ca2, the
[Ca2�]ER declined more rapidly in control cells than in cells
preincubated with Ry or DS (Fig. 4, A (inset) and B), indicat-
ing that the control cell ER store was leakier than that of Ry-
or DS-treated cells. In addition, in control cells, the first
application of Ca2�-containing bath solution caused

[Ca2�]ER elevation to a lower level than the second applica-
tion. In contrast, in cells preincubated with RyR blockers, the
[Ca2�]ER levels at the end of the first and second applications
of Ca2�-containing bath solution were comparable. These
data indicate that there is ongoing store refilling in control
cells with normal RyR function, but the rate of store refilling
is much slower in control cells than in cells with abolished
RyR activity. Thus, in Jurkat T cells, Ca2� leakage from the
ER store in the presence of SOCE attenuates store refilling; a
large part of this leak is mediated via RyR.
RyRCo-localizewith STIM1Puncta following StoreDepletion—

STIM1 is an ER-resident transmembrane protein that senses
changes in [Ca2�]ER and gates CRAC channels upon change in
[Ca2�]ER (48). Store depletion triggers translocation of STIM1
proteins to the ER-plasma membrane junctional sites, where
they oligomerize and form discrete puncta, which is required
for CRAC channel activation (12, 35, 40, 49). We examined
whether RyR co-localize with STIM1 puncta following store
depletion in HEK293 cells transiently co-transfected with fluo-
rescently tagged STIM1 (Cherry-STIM1) and RyR2 (RyR2S437-
YFP) proteins.

FIGURE 3. RyR inhibition attenuates SOCE and enhances store refilling in activated T cells. A, average changes in [Ca2�]i recorded from the control
activated T cells preincubated with vehicle alone (Ctl; black trace), Ry (blue trace), or DS (red trace). Nominally Ca2�-free (0 Ca) or 1 or 2 mM Ca2�-containing bath
solutions (1 Ca and 2 Ca, respectively) were applied as indicated. CPA was sequentially applied twice as indicated (CPA1 and CPA2). Inset, expanded boxed area;
[Ca2�]i traces were aligned at the time of the second CPA application. B, average peak values of the [Ca2�]i transients after the readdition of 1 mM Ca2�-
containing bath solution in cells preincubated with vehicle (Ctl; black bars), Ry (blue bars), or DS (red bars). Levels of [Ca2�]i prior to Ca2�-containing solution
readdition were subtracted before averaging. C, average amounts of store refilling following SOCE (expressed as a percentage) in cells preincubated with
vehicle (Ctl; black bars), Ry (blue bars), or DS (red bars). *, differences between means are significant (p 	 0.05). Thirteen to fifteen experiments were performed
for each condition. D, representative time courses of Mn2� quenching of Fura-2 fluorescence (Fi) recorded from the cells that were not treated either with CPA
or RyR blockers (no CPA; top black trace) or control cells preincubated with CPA alone (Ctl; bottom black trace), CPA and Ry (Ry; blue trace), or CPA and DS (DS; red
trace). All traces were recorded after 10 min of CPA washout. Ionomycin (Iono; 1 �M) was applied at the end of each experiment to determine the background
fluorescence level. The Fi values were normalized so that the Fi values determined just before the addition of Mn2� and after application of ionomycin were
taken as 100 and 0%, respectively. E and F, average time courses of normalized Mn2�-evoked Fura-2 quenching in cells preincubated with CPA and vehicle (Ctl;
filled squares; n � 13 in E, and n � 5 in F), CPA and Ry (Ry; filled circles; n � 6 in E, and n � 5 in F), or CPA and DS (DS; open circles; n � 8 in E, and n � 5 in F). In E,
CPA was washed out for 10 min in nominally Ca2�-free bath solution before Mn2� application. In F, CPA was continuously present in all solutions. The arrows
indicate timing of application of 0.5 mM Mn2�- and 2 mM Ca2�-containing solution. The solid lines are first order exponential functions fitted to experimental
data. Error bars, S.E.
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Store depletion was induced by incubating co-transfected
cells for 10min with 1�M thapsigargin, a SERCA blocker. Con-
focal imaging of co-transfected cells revealed that under basal
conditions, Cherry-STIM1 and RyR2S437-YFPwere localized in
the tubular structures and small sized discrete puncta (Fig. 5
and supplemental material). For the purpose of quantitative
analysis, we defined a punctum as an object with a size of �0.2
�m2 and circularity of �0.4. Morphometric analysis of the
puncta in images from red and green channels that record
fluorescence signals from Cherry-STIM1 and RyR2S437-YFP,
respectively, revealed that the number of puncta per cell and
the size of the individual punctum increased after thapsigargin-
induced store depletion (Table 1 and supplemental material).
To quantitatively assess the degree of Cherry-STIM1 and
RyR2S437-YFP co-localization in puncta, we performed the
object-based nearest neighbor distance and centers-particles
coincidence co-localization analyses (36). In nearest neighbor
distance analysis, two objects from red and green channels were
considered to co-localize if the distance between their geomet-
rical centers was less than optical resolution. In centers-parti-
cles coincidence analysis, two objects from red and green chan-
nels were considered to co-localize if the geometric center of an
object of the red channel fell into the area covered by an object
of the green channel and vice versa. Both co-localization anal-
yses revealed that the degree of Cherry-STIM1 and RyR2S437-
YFP co-localization in puncta increased significantly following

FIGURE 4. RyR inhibition reduces Ca2� leakage from the store and facili-
tates store refilling in Jurkat YC4.2er cells. A, representative traces show-
ing changes in [Ca2�]ER in control cells preincubated with vehicle alone (Ctl;
black trace), 400 �M Ry (blue trace), or 30 �M DS (red trace). Prior to taking
measurements, the CPA was applied for 10 min and then washed out for 10
min in Ca2�-free bath solution. Nominally Ca2�-free (0 Ca) and 2 mM Ca2�-
containing (2 Ca) extracellular solutions were applied as indicated. The raw
F535/F480 values, which are proportional to [Ca2�]ER, were normalized so that
F535/F480 values determined just before the first application of 2 mM Ca2�-
containing solution and 1.5 min after the second application of 2 mM Ca2�-
containing solution were taken as 0 and 100%, respectively. Inset, expansion
of the boxed area. Traces were aligned at the time of Ca2�-free bath solution
application. The time constant (�) of the F535/F480 decay was determined by
fitting the initial 60-s segment of normalized F535/F480 traces recorded follow-
ing application of Ca2�-free bath solution with a single exponential function
(smooth lines in the inset). B, average values of � obtained in control cells
preincubated with vehicle alone (Ctl; black bar; n � 9), Ry (blue bar; n � 5), or
DS (red bar; n � 4). *, differences between means are significant (p 	 0.05).
Error bars, S.E.

FIGURE 5. RyR co-localize with STIM1 puncta following store depletion in HEK293 cells. Confocal images of HEK293 cells co-overexpressing Cherry-STIM1 and
RyR2S437-YFP recorded in red and green channels, respectively, prior to store depletion (top panels) and 10 min following incubation in bath solution supplemented
with 1 �M thapsigargin (bottom panels). Right columns show merged images of Cherry-STIM1 and RyR2S437-YFP. Co-localization is depicted in yellow. Scale bar, 10 �m.
Images were taken at the bottom of the cells; optical slice depth was 	2.5 �m. Results shown are representative images from eight independent experiments.

TABLE 1
Summarized results of object-based analyses of co-localization of Cherry-STIM1 and RyR2S437-YFP

Treatment
No. of puncta

per cella Punctum area

Degree of co-localizationb

n

Geometrical centers-particles
coincidence analysis

Distance between geometrical
centers analysis

Cherry-STIM1
(red channel)

RyR2S437-YFP
(green channel)

Cherry-STIM1
(red channel)

RyR2S437-YFP
(green channel)

�m2 % % % %
Vehicle 58.3 � 16.6 0.46 � 0.04 24.2 � 5.2 27.7 � 6.9 21.5 � 3.5 27.3 � 6.8 6
Thapsigargin 87.8 � 34.8 1.02 � 0.05c 79.7 � 3.6c 79.7 � 4.6c 77.8 � 2.5c 68.8 � 5.6c 6

a Total number in both red and green channels.
b Degree of co-localization was calculated for each channel as a percentage of puncta in the red (green) channel co-localizing with the puncta from the green (red) channel
divided by the total number of all puncta from the red (green) channel.

c Differences between means are significant (p 	 0.001).
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store depletion (Table 1 and supplemental material). These
data indicate that upon store depletion, both RyR and STIM1
translocate to the same ER domains and form puncta in the
vicinity of the CRAC channel clusters.

DISCUSSION

The major finding of this study is that in primary human T
lymphocytes, RyR control SOCE by regulating Ca2� leak from
the store. Because SOCE regulates a variety of Ca2�-dependent
T cell responses, RyR are in a position to control vital T cell
functions. By extension then, RyR are potential targets formod-
ulating immune responses in humans.
Here, we directly demonstrated that suppression of T cell

RyR activity reduces the rate of SOCE in a store-dependent
manner and in parallel with reducing Ca2� leak from the ER.
Because [Ca2�]ER levels control CRAC channel activity such
that reducing [Ca2�]ER causes CRAC channel activation (40),
whereas store refilling causes store-dependent CRAC channel
inactivation (50), our data suggest that RyR activation may
enhance SOCE by reducing the [Ca2�]ER and store-dependent
CRAC channel inactivation.
Co-localization of RyR and STIM1 in the puncta following

store depletion provides a structural basis for the bidirectional
interaction between RyR and CRAC channel machinery. It is
established that translocation of STIM1 within the ER mem-
brane to the ER-plasmamembrane junctional sites, and forma-
tion of puncta following a decline in [Ca2�]ER promotes STIM1
coupling with the CRAC channel pore-forming ORAI1 protein
and CRAC channel opening (12, 48, 49, 51, 52). It was also
shown that SERCA co-localize with STIM1 puncta following
store depletion (53, 54). Collectively, these observations suggest
that following store depletion, SOCE via CRAC channels ele-
vates [Ca2�]i at the ER-plasma membrane junctional sites,
whereas SERCA absorbs Ca2� that has entered the cell, result-
ing in an increase in [Ca2�]ER. STIM1 subsequently dissociates
from the puncta, causing SOCE termination (52, 55, 56).
Co-localization of RyRwith STIM1 in puncta following store

depletion suggests that RyR may counterport Ca2� from the
junctional ER regions harboring the STIM1 Ca2�-sensing
domains (Fig. 6). It is possible that within the puncta, the RyR,
STIM1, and CRAC channels localize in close proximity to each
other but distant from SERCA. This hypothesis is supported by
previous reports that RyR and SERCA may be segregated in
different ER subcompartments (57, 58). Spatial co-localization

of RyR, STIM1, and CRAC channels would facilitate RyR acti-
vation by SOCE via the CICR mechanism and subsequent for-
mation of discretemicrodomains of low [Ca2�]ER (“cold spots”)
in the vicinity of STIM1. [Ca2�]ER cold spots in the junctional
ER compartments harboring STIM1 Ca2�-sensing domains
would slow down STIM1 dissociation from the puncta and
CRAC channel inactivation, whereas the bulk of the ER would
be refilled by SERCA. Global ER refilling may be necessary to
prevent the ER stress response and for Ca2� tunneling within
the ER (59–61).
We have shown that transcripts of all three RyR family genes

are expressed in primary humanT cells, withRyR1 appearing to
be the most abundant. RyR1 is a predominant RyR isoform in
human dendritic cells (62) and B lymphocytes (63), indicating
that this isoform is preferentially expressed in primary human
immune cells. Levels ofRyR1 andRyR2 transcripts increased by
55- and 12-fold, respectively, in activatedT cells comparedwith
restingT cells. It should be noted that althoughT cell activation
with anti-CD3/CD28 mAb is one of the commonly used meth-
ods to induce T cell activation in vitro, the responses obtained
may be suboptimal comparedwith those inducedwithAPC (44,
64). Thus, up-regulation of RyR gene expression upon T cell
activationmay be underestimated in this study. Nevertheless, it
has been reported previously that a 6–10-fold increase in the
expression of other genes encoding proteins involved in Ca2�

signaling in T cells, such asTRPV1 (transient receptor potential
vanilloid receptor 1), TRPC3 (transient receptor potential
C3-type), or KCa3.1 (Ca2�-activated K� channel 1.3-type),
occurs under similar in vitro stimulation conditions (65–67).
Interestingly, expression of ORAI1 and STIM1 genes did not
change significantly (26, 65), whereas inositol 1,4,5-trisphos-
phate receptor (IP3R) expression was down-regulated upon T
cell activation (68). Thus, RyR1 andRyR2 belong to the group of
genes that are up-regulated upon T cell activation. Synergisti-
cally, up-regulated expression of the Ca2� signaling proteins
may account for the enhanced SOCE in activated T cells com-
pared with resting T cells, as observed in this work and in pre-
vious studies (46, 47, 67).
Our data suggest that RyR are not functionally important in

resting T cells. However, it is possible that in resting T cells, T
cell receptor stimulation and production of cyclic adenosine
5
-diphosphate-ribose (20) and/or nicotinic acid adenine dinu-
cleotide phosphate (69), the endogenous RyR agonists (70–72),

FIGURE 6. Hypothetical scheme of RyR action in T cells. Store depletion causes translocation of STIM1, ORAI1, and RyR to the ER-plasma membrane (PM)
junctional sites. STIM1 interacts with ORAI1 to open CRAC channels. Ca2� that entered the cell via CRAC channels activates RyR that are in close proximity to
CRAC channel clusters. SERCA pumps the Ca2�, which entered the cell via CRAC channels, into the ER lumen. Ca2� leaks from the ER via RyR located in close
proximity to STIM1. The local decline in [Ca2�]ER in the vicinity of STIM1 Ca2�-sensing domains stabilizes STIM1/ORAI1 coupling, which prevents CRAC channel
inactivation in the presence of SOCE and global ER refilling.
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may be required to sensitize the RyR to the CICR mechanism.
Furthermore, rapid CRAC channel clustering occurs at a spe-
cialized structure, called the immunological synapse, formed at
the APC/T-cell interface after the T cell establishes physical
contact with the APC (47, 73, 74). Upon SOCE activation, the
highest level of [Ca2�]i was reported to be in the vicinity of
immunological synapse (47). We speculate that RyR could be
recruited to the ER compartments adjacent to the immunolog-
ical synapse, where they would be exposed to high [Ca2�]i lev-
els. Recruitment of RyR to the immunological synapse may
facilitate RyR activation by CICR immediately after a resting T
cell establishes contact with an APC.
In activated T cells, both caffeine and SOCE triggered Ca2�

release from the RyR in the absence of other stimuli at physio-
logical [Ca2�]o, which is consistent with our previous data
obtained in Jurkat T cells (19). Given that Jurkat T cells express
RyR3, whereas primary human T cells predominantly express
RyR1 and RyR2, we conclude that different RyR isoforms can
carry out the same function in different T cell types.
We have shown previously that in Jurkat T cells, SOCE may

induce CICR from both RyR and IP3R (19). CICR from IP3R
potentially may account for the residual SOCE-evoked [Ca2�]i
transients observed in the presence of RyR inhibitors in acti-
vated T cells in this study. Because primary T cells exist in a
variety of functional states characterized by the different
expression levels of channels and signaling proteins, the relative
contributions of RyR and IP3R in sustaining SOCE in different
primary human T cell subsets would be defined by the relative
expression levels of IP3R and RyR. Nevertheless, our data indi-
cate thatmodulation of RyR alone significantly alters SOCE and
[Ca2�]i dynamics in activated T cells.

It is predictable that reduction in SOCE will attenuate acti-
vated T cell expansion. We confirmed that down-regulating
SOCE by inhibiting RyR suppressed primary human T cell pro-
liferation, consistent with previous reports (19, 20, 75). RyR
have also been shown to play a role in regulating Ca2� signaling
and functions of human dendritic cells (62, 76, 77) and B lym-
phocytes (63, 78). Thus, RyR are important regulators of Ca2�

signaling and Ca2�-dependent functions in human immune
cells, which could be potentially used as a tool for modulating
immune responses in humans.
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