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Abstract

The function of CD4+ T cells is dependent on Ca2+ influx through Ca2+ release-activated Ca2+ 

(CRAC) channels formed by ORAI proteins. To investigate the role of ORAI1 in pro-

inflammatory Th1 and Th17 cells and autoimmune diseases, we genetically and 

pharmacologically modulated ORAI1 function. Immunization of mice lacking Orai1 in T cells 

with MOG peptide resulted in attenuated severity of experimental autoimmune encephalomyelitis 

(EAE). The numbers of T cells and innate immune cells in the CNS of ORAI1-deficient animals 

were strongly reduced along with almost completely abolished production of IL-17, IFN-γ and 

GM-CSF despite only partially reduced Ca2+ influx. In Th1 and Th17 cells differentiated in vitro, 

ORAI1 was required for cytokine production but not the expression of Th1- and Th17-specific 

transcription factors T-bet and RORγt. The differentiation and function of induced iTreg cells, by 

contrast, was independent of ORAI1. Importantly, induced genetic deletion of Orai1 in adoptively 

transferred, MOG-specific T cells was able to halt EAE progression after disease onset. Likewise, 

treatment of wild-type mice with a selective CRAC channel inhibitor after EAE onset ameliorated 

disease. Genetic deletion of Orai1 and pharmacological ORAI1 inhibition reduced the leukocyte 

numbers in the CNS and attenuated Th1/Th17 cell-mediated cytokine production. In human CD4+ 

T cells, CRAC channel inhibition reduced the expression of IL-17, IFN-γ and other cytokines in a 

dose-dependent manner. Taken together, these findings support the conclusion that Th1 and Th17 

cell function is particularly dependent on CRAC channels, which could be exploited as a 

therapeutic approach to T cell-mediated autoimmune diseases.
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Introduction

Tissue specific autoimmune diseases, such as multiple sclerosis (MS), generally result from 

a breakdown of peripheral immune tolerance to self-antigens, which leads to priming and 

expansion of self-reactive effector T cell populations that mediate autoimmune disease. The 

mechanisms causing MS have been studied in experimental autoimmune encephalomyelitis 

(EAE), an animal model in rodents where the disease can be induced by immunization with 

self-peptides derived from myelin oligodendrocyte glycoprotein (MOG) or by adoptive 

transfer of autoreactive T cells specific for the peptide (1). Both MS and EAE are defined by 

inflammation and demyelination of the CNS, leading to neurological deficits such as 

paralysis of the extremities. Inflammation is mediated by autoreactive T helper cells, which 

secrete inflammatory cytokines such as IFN-γ, IL-17 and GM-CSF and recruit additional 

inflammatory cells to the CNS (2).

For several years, IFN-γ producing Th1 cells were thought to be the pathogenic cell type 

inducing EAE (3). CD4+ T cells differentiate into Th1 cells in response to IL-12 stimulation 

and produce IFN-γ as their signature cytokine, and IFN-γ has been detected in lesions of MS 

patients (4). More recently, IL-17 expressing Th17 cells were described as an additional 

pathogenic Th subset in EAE and other autoimmune diseases (5). Th17 cells express the 

transcription factor RORγt that, together with the cytokines TGF-β and IL-6, is required for 

their differentiation (6, 7). The expansion and maintenance of Th17 cells requires additional 

cytokine signals through IL-21 and IL-23 signaling (8). More recently, GM-CSF producing 

Th cells were shown to be important mediators of CNS inflammation in EAE (9). Although 

GM-CSF is induced by RORγt and IL-23, both pathogenic subsets of Th1 and Th17 cells 

express GM-CSF in vivo (10). So far, it is not fully understood which of the effector T cell 

populations is the primary pathogenic population or if a combination of subsets contributes 

to disease severity and/or progression. The high plasticity between these effector T cell 

populations and the co-expression of the different cytokines complicates efforts to 

investigate this question. Besides effector T cells, Foxp3 expressing regulatory T cells 

(Treg) are also involved in autoimmune diseases. Defective regulatory T cell responses lead 

to breakdown of immunological tolerance and to induction of autoimmune responses (11). 

An important role for Treg cells in the EAE model has been described in several studies. 

Whereas adoptive transfer of Treg cells ameliorates autoreactive immune responses during 

active EAE (12, 13), depletion of Treg cells by injection of anti-CD25 antibodies 

exacerbates EAE (14).

TCR stimulation results in Ca2+ influx through CRAC channels, which is required for the 

activation of all subsets of CD4+ Th cells (15, 16), including the ones described above. 

Antigen binding to the TCR results in activation of PLCγ1, production of IP3 and opening of 

IP3 receptor channels in the membrane of the endoplasmic reticulum (ER). The subsequent 

release Ca2+ from the ER is sensed by stromal interaction molecule (STIM) 1 (17), resulting 
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in its activation and the opening of CRAC channels in the plasma membrane. Ca2+ influx 

through CRAC channels is called store-operated calcium entry (SOCE) because it is 

regulated by the filling state of ER Ca2+ stores. CRAC channels are formed by 3 proteins of 

the ORAI family, which constitute the ion channel pore (18). In human T cells, ORAI1 is 

the predominant ORAI homologue mediating SOCE and null mutations of ORAI1 in human 

patients abolishes SOCE (18). In mouse T cells, deletion of Orai1 or substitution with a 

loss-of-function mutant results in a partial reduction of SOCE and impairs T cell function in 

vitro and in vivo (19, 20). Ca2+ influx through CRAC channels functions as a second 

messenger and activates Ca2+ sensitive signal transduction molecules such as the 

phosphatase calcineurin and transcription factors like NFAT. NFAT regulates the 

differentiation and function of multiple subsets of T cells including expression of many 

cytokine genes (21, 22). Inhibitors of Ca2+ dependent signaling pathways such as the 

calcineurin inhibitors cyclosporin A and tacrolimus are used for the treatment of 

autoimmune diseases and transplant rejection (23, 24). Cyclosporine provides clinical 

benefit, but the toxicity profile limits its broad use (25). ORAI1 is a potential target for 

therapeutic inhibition of T cell-mediated autoimmunity, because it is a crucial signaling 

component required for T cell activation and function.

In this study, we demonstrate that genetic deletion of the Orai1 gene in T cells and 

pharmacological inhibition of ORAI1 inhibits Ca2+ influx and the function of pro-

inflammatory Th1 and Th17 cells, but not iTreg cells. Orai1 gene deletion in T cells 

ameliorated the severity of EAE and the pharmacological inhibition of CRAC channels 

halted EAE disease progression. The CRAC channel inhibitor also suppressed Ca2+ influx 

and cytokine expression in human T cells. Our findings support the conclusion that Th1 and 

Th17 cells require CRAC channels for their proper function, whereas iTreg cells are less 

dependent on this pathway, thus providing a rationale for exploring CRAC channel 

inhibition as a therapeutic approach in Th1/Th17-mediated autoimmune diseases.

Materials and Methods

Mice

The generation of Orai1fl/fl mice (26) and Stim1fl/fl mice (27) has been described before. 

These mice were crossed to Cd4-Cre and Cre-ERT2 mice (Jackson Laboratory [JAX] strains 

017336 and 008085). CD45.1 mice were purchased from JAX. Sex-matched male and 

female mice were used between 6–8 weeks of age and were cared in accordance with the 

Guide for the Care and Use of Laboratory Animals (28). Mice were group housed in sterile 

ventilated micro-isolator cages on corn cob bedding in an AAALAC accredited facility. All 

research protocols were approved by the Institutional Animal Care and Use Committee 

(NYU Langone Medical Center, New York, NY). Animals had ad libitum access to pelleted 

feed (Purina 5053, Pico Lab Rodent Diet) and water (5 micron filtration and acidified to pH 

2.5–2.9) via water bottle. Animals were maintained on a 12:12 hour light:dark cycle in 

rooms at 68–79 F with 30–70% humidity. All animals were determined specific pathogen 

free.
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Active and passive EAE

Active EAE was induced as described (29). Briefly, mice were immunized s. c. with 200 μg 

MOG35-55 peptide (Anaspec) emulsified in complete Freund’s adjuvant (CFA) (Difco). On 

day 0 and day 2, mice were injected intraperitoneally (i.p.) with 200 ng pertussis toxin (List 

Biological Laboratories). To induce passive EAE, mice were first immunized with 

MOG35-55 peptide using the protocol for active EAE. On day 12 after EAE induction, cells 

were isolated from spleen and lymph nodes and stimulated in vitro with 50 μg/ml MOG35-55 

peptide in the presence of 10 ng/ml recombinant IL-23 (eBioscience) for 3 days. Live cells 

were isolated by Percoll gradient centrifugation and 4 × 106 cells in 100 μl volume were 

transferred intravenously (i.v.) by retro-orbital injection into sublethally irradiated CD45.1 

recipient mice. On day 0 and day 2 after T cell transfer, recipient mice were injected with 

200 ng pertussis toxin i.p. (30). The severity of EAE was scored according to the following 

clinical scoring system: 0 = no disease; 0.5 = partially limp tail; 1 = paralyzed tail; 2 = hind 

limb weakness; 3 = hind limb paralysis; 3.5 = hind limb paralysis and hunched back; 4 = 

hind and fore limb paralysis; 5 = moribundity and death (29). All animals were supported 

with nutrigel and food on the floor. Mice were euthanized when they lost more than 20% of 

their original body weight, showed hind and fore limb paralysis or were unable to feed or 

drink. At the end of the experiment, cells were isolated from the spinal cord (CNS) and 

spleen of mice and analyzed by flow cytometry.

Histology

Spinal cords of MOG-immunized mice were imbedded in paraffin and serial sections were 

cut at 5 μm. Slides were stained with hematoxylin and eosin (Thermo Scientific) and 0.1% 

Luxol fast blue (Acros Organics) in 95% ethanol using standard methods. Images were 

acquired using a SCN400 slide scanner (Leica) and viewed by Slidepath Digital Image Hub 

(Leica).

Leukocytes isolation from the CNS

Mice were perfused intracardially with 2 mM EDTA in PBS. The spinal cord was isolated 

and digested with 4 mg/ml collagenase type I for 45 min at 37°C. Tissues were passed 

through a 70-μm cell strainer and mononuclear cells were isolated by Percoll gradient 

centrifugation.

Inducible deletion of loxP-flanked genes by tamoxifen treatment

Gene deletion in adoptively transferred T cells from Orai1fl/f Cre-ERT2 and Stim1fl/fl Cre-

ERT2 mice was performed as described previously (31). Briefly, tamoxifen (Sigma) was 

dissolved in corn oil and 1 mg tamoxifen / 25 g body weight was injected i.p. for 5 

consecutive days. As vehicle control, control mice were injected with the same volume of 

corn oil.

Treatment with CRAC channel inhibitor AMG1

AMG1 (N-(5-(2-chloro-5-(trifluoromethyl)phenyl)-2-pyrazinyl)-2,6-difluorobenzamid) is a 

selective inhibitor of the CRAC channel synthesized by Amgen that is in the same chemical 

series as Synta 66 (32, 33) and is described in patents WO2006081391 A2 and 
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US2006/002874. For in vivo administration, active EAE was induced in WT mice by 

immunization with MOG35-55 peptide in CFA. When average clinical EAE scores reached 1, 

mice were treated with 6 mg/kg of AMG1 formulated in 20% hydroxypropyl beta-

cyclodextrin (HPBCD), 1% hydroxypropyl methyl cellulose (HPMC), 1% pluronic F68 pH 

2 by oral gavage daily for 10 consecutive days. Littermate control mice were treated with 

vehicle (20% HPBCD, 1% HPMC, 1% pluronic F68 pH 2) only. For in vitro administration 

of AMG1, the inhibitor was dissolved in DMSO at 10 mM concentration and added at 

different concentrations to the cell culture medium as indicated. The final concentration of 

DMSO in the medium was 100 nM or 1000 nM. AMG1 was added either during Th cell 

differentiation for 3 consecutive days or at the end of Th cell differentiation before 

restimulation of Th cells to analyze cytokine production. For intracellular Ca2+ 

measurements, the inhibitor was added 15 min before the start of the experiment.

T cell isolation and differentiation in vitro

CD4+ T cells were isolated from single-cell suspensions of spleens and lymph nodes and 

purified by negative separation with magnetic beads (Stemcell). For in vitro differentiation 

into Th1, Th17 and iTreg cells, CD4+ T cells were stimulated with hamster anti-CD3 and 

hamster anti-CD28 together with 10 ng/ml IL-12 (Peprotech) and 2 μg/ml anti-IL-4 

(eBioscience) for Th1, 20 ng/ml IL-6 (Peprotech), 0.5 ng/ml human TGF-β1 (Peprotech), 2 

μg/ml anti-IL-4 and 2 μg/ml anti-IFN-γ (eBioscience) for Th17 and 2.5 ng/ml TGF-β for 

iTreg cells in IMDM medium (Cellgro) containing 2 mM L-Glutamine, 50 μM β-

mercaptoethanol, 100 U/ml penicillin, 100 μg/ml streptomycin and 10% FCS in anti-hamster 

IgG coated plates for 3 days.

Flow cytometry and intracellular cytokine staining

For analysis of cytokine production, cells were restimulated with 20 nM phorbol 12-

myristate 13-acetate (PMA) (Calbiochem) and 1 μM ionomycin (Invitrogen) in the presence 

of 5 μM brefeldin A for 6 h. Cells were stained with the following antibodies against cell 

surface markers (all from eBioscience unless otherwise indicated): anti-CD4 (GK1.5), anti-

CD45.2 (104), anti-CD8 (53-6.7), anti-CD11b (M1/70), anti-CD11c (N418), anti-Gr-1 

(RB6-8C5), anti-TGF-β (TW7-16B4; Biolegend). Cells were fixed and permeabilized with 

either IC Fix Buffer (eBioscience) for intracellular cytokine staining or Foxp3 Fix Buffer 

(BioLegend) for Foxp3 staining using the following antibodies (all from eBioscience): anti-

IFN-γ (XMG1.2), anti-IL-17 (eBio17B7), anti-GM-CSF (MP1-22E9), anti-IL-10 

(JES5-16E3), anti-RORγt (B2D), anti-T-bet (eBio4B10) and anti-Foxp3 (FJK-16s). Cells 

were analyzed using a LSRII flow cytometer (BD Biosciences) and FlowJo software (Tree 

Star).

Quantitative real-time PCR

RNA was isolated from CD4+ T cells using RNeasy Midi Kit (Qiagen) and cDNA was 

synthesized using iScript reverse transcriptase (BioRad). cDNAs were amplified with gene-

specific primers (Orai1: forward GCTCCCTGGTCAGCCATAAG, reverse 

GCCCGGTGTTAGAGAATGGT; Rorc: forward GACAGGGAGCCAAGTTCTCA, 

reverse CTTGTCCCCACAGATCTTGCA; Tbx21: forward 
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ACTAAGCAAGGACGGCGAAT, reverse TAATGGCTTGTGGGCTCCAG; Hprt1: 

forward AGCCTAAGATGAGCGCAAGT, reverse TTACTAGGCAGATGGCCACA; Cd4 

forward CAAGCGCCTAAGAGAGATGG, reverse CACCTGTGCAAGAAGCAGAG) 

using SYBR green master mix (Thermo Fisher Scientific) and a thermal cycler C1000 touch 

(BioRad). CT values were normalized to Hprt1. Real-time PCR was performed in triplicates.

Intracellular Ca2+ measurements

Cells were labeled with 2 μM Fura-2 AM (Life Technologies) for 30 min in cell culture 

medium. Cells were attached for 10 min to 96 well imaging plates (Fisher) that were coated 

with 0.01% (w/v) poly-L-lysine (Sigma) diluted in water for 2 h and then washed with 

sterile water. Intracellular Ca2+ measurements were performed using a Flexstation 3 

fluorescence plate reader (Molecular Devices). T cells were stimulated with 1 μM 

thapsigargin (EMD Millipore) in Ca2+-free Ringer solution (155 mM NaCl, 4.5 mM KCl, 3 

mM MgCl2, 10 mM D-glucose, and 5 mM Na-HEPES) followed by addition of 1 mM Ca2+ 

Ringer solution to induce SOCE. For stimulation by TCR crosslinking, T cells were 

incubated with 1 μg/ml Biotin-conjugated anti-CD3ε antibody (145-2C11, BD Biosciences) 

at the time of Fura-2 loading and stimulated by addition of 1 μg/ml Streptavidin 

(Invitrogen), followed by addition of 1 mM Ca2+ Ringer solution and in some experiments 

0.3 μM ionomycin. Fura-2 fluorescence emission ratios (F340/380) were collected at 510 

nm following excitation at 340 nm and 380 nm every 5 s. Ca2+ signals were quantified by 

analyzing the peak value of F340/380 ratios, the influx rate (F340/380 / s) and the integrated 

Ca2+ signal (area under the curve) after re-addition of Ca2+ Ringer solution using GraphPad 

Prism 6.0 software.

Treg cell suppression assay

Induced Treg (iTreg) cells were differentiated from naïve CD4+ T cells isolated from WT 

and Orai1fl/fl Cd4-Cre mice as described above and rested overnight in culture medium at 

37°C. CD4+ effector T cells were isolated from the spleens of WT CD45.1 mice, labeled 

with 5 μM CFSE (Invitrogen) and stimulated with 1 μg/ml anti-CD3. iTreg and effector T 

cells were co-incubated at different ratios (1:8, 1:4, 1:2, 1:1 and 2:1) in 96 well plates. 

Stimulated effector T cells cultured without iTreg cells were used as positive control. 

Proliferation of CFSE labeled CD45.1+ CD4+ effector T cells was assessed after 3 days by 

flow cytometry.

Human T cell culture and cytokine production

Cytokine production by human T cells was tested using two approaches. First, peripheral 

blood mononuclear cells (PBMCs) from healthy individuals (New York Blood Center, New 

York, NY) were prepared using Ficoll-paque plus (GE Amersham). CD4+ T cells were 

isolated using Dynal CD4 Positive Isolation Kit (Invitrogen) directly from purified PBMCs 

and were >99% pure. CD4+ T cells were sorted by FACS ARIA cell sorter (BD 

Biosciences) into CD45RO+CCR6+ and CD45RO+CCR6-. CCR6+ cells were activated with 

anti-CD3 and anti-CD28 coated beads (Invitrogen) and expanded in IL-2-containing RPMI 

1640 medium for 12 days. For analysis of cytokine production, cells were plated in 96 well 

plates and stimulated with 40 ng/ml PMA and 500 ng/ml ionomycin for 4 h in the presence 
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of GolgiStop (BD Biosciences). Cells were pretreated with 100 nM or 1000 nM of AMG1 or 

the same volume of DMSO as negative control for 1 h before stimulation. Stimulated cells 

were washed with PBS and stained with Fixable Viability Dye eFluor 506 (eBioscience) to 

gate on live cells. Cells were then fixed and permeabilized by commercially available Foxp3 

intracellular staining kit (eBioscience) and stained intracellulary with antibodies against IL-2 

(clone MQ1-17H12), IL-4 (clone MP4-25D2), IL-17 (clone BL168), IFN-γ (clone 4S.B3) 

and GM-CSF (clone BVD2-21C11) and analyzed by flow cytometry on LSRII instrument 

(BD Biosciences). Data analyses were done using Flowjo software (Treestar).

Second, human whole blood was obtained from healthy, non-medicated donors in heparin 

vacutainers. 100 μl blood was pre-incubated with various concentrations of AMG1 or media 

for 1 h prior to addition of PMA/ionomycin (Sigma) in 96-well polystyrene flat bottom 

microtiter tissue culture plates. All reagents were prepared in RPMI 1640 (Invitrogen) plus 

10% human serum AB (Gemini Bio-Products) plus 1x PSG (penicillin, streptomycin, 

glutamine mixture; Invitrogen). The final concentration of whole blood was 50%. The final 

concentrations of AMG1 ranged from 0.5 nM to 10 μM. The final concentrations of PMA 

and ionomycin were 25 ng/mL and 1 μg/mL, respectively. After 24 h at 37°C, supernatants 

were collected for cytokine analysis. IL-2, IL-17, TNFα, and IFN-γ levels in the 

supernatants were determined using an electrochemiluminescent immunoassay from Meso 

Scale Discovery (MSD). MSD Multi-Spot custom plates were pre-coated with human IL-2, 

IL-17, TNFα, and IFN-γ capture antibodies. The plates were blocked by addition of 150 μl 

MSD HSC assay diluent, incubated for 2 h at room temperature, and each well was washed 

three times (200 μl/wash) with PBS containing 0.05% Tween-20. 25 μl of supernatants were 

added to the wells and the plates were incubated for 1 h at room temperature with rigorous 

shaking. A cocktail of human IL-2, IL-17, TNFα, and IFN-γ detection antibodies was 

diluted to 1 μg/ml in MSD Ab diluent, and 25 μl were added to all test wells. Plates were 

incubated for 1 h at room temperature in the dark with rigorous shaking. The plates were 

washed with PBS and 150 μl 2x MSD Read Buffer T (diluted with deionized water), were 

added to each well. Electrochemiluminescence was measured using an MSD SECTOR HTS 

Imager.

T cell recall response in vitro

Mice were immunized s.c. with 200 μg MOG35-55 peptide (Anaspec) emulsified in complete 

Freund’s adjuvant (CFA) (Difco) without pertussis toxin (PTX). On day 7 after 

immunization, cells were isolated from spleen and draining lymph nodes and labeled with 5 

μM CFSE (Invitrogen). Cells were stimulated in vitro with different concentrations of 

MOG35-55 peptide (0–50 μg/ml) or 0.5 μg/ml anti-CD3 and analyzed for CFSE dilution by 

flow cytometry 3 days later.

Splenocyte Activity Assay

Splenocytes were isolated from the spleens of BALB/c mice. In a 96-well polystyrene round 

bottom microtiter tissue culture plate, 2 × 105 splenocytes were pre-incubated with various 

concentrations of AMG1 or media for 0.5 h prior to addition of PMA/ionomycin (Sigma). 

All reagents were prepared in RPMI 1640 + 10% heat-inactivated FBS + 1X PSG 

(Invitrogen). The final concentrations of AMG1 ranged from 10 μM to 0.5 nM. The final 
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concentrations of PMA and ionomycin were 25 ng/mL and 1 μg/mL, respectively. After 24 

h at 37°C, supernatants were collected for cytokine analysis. IL-2 levels in the supernatants 

were determined using an electrochemiluminescent immunoassay from Meso Scale 

Discovery (MSD). MSD plates were pre-coated with mouse IL-2 capture antibody. Twenty-

five microliters of supernatants were added to the wells and the plates incubated 1 h at room 

temperature with rigorous shaking. Mouse IL-2 detection antibody was diluted to 1 μg/ml in 

MSD Ab diluent, and 25 μl were added to all test wells on the plates. Plates were then 

incubated 1 h at room temperature (protected from light) with rigorous shaking. The plates 

were then washed three times (200 μl/wash) with PBS containing 0.05% Tween-20, before 

150 μl 2X MSD Read Buffer T (diluted with deionized water) was added to each well. 

Electrochemiluminescence was immediately measured using an MSD SECTOR HTS 

Imager. The IL-2 IC50 for AMG1 was 6 nM (2.4 ng/mL); and the IL-2 IC90 for AMG1 was 

28 nM (11.6 ng/mL) without the correction for protein binding. With the protein binding 

correction detailed below, the IL-2 IC50 for AMG1 was 1 nM and the IC90 for AMG1 was 5 

nM.

Splenocyte Binding Bioanalytical Methods

The free fraction of AMG1 in BALB/c mouse in vitro splenocyte assay was measured by an 

ultracentrifugation method. 100 nM AMG1 was incubated in splenocyte assay incubation 

mixture containing 2 × 105 splenocytes for 15 min. Triplicate samples were then centrifuged 

at 627,000 x g for 3 h at 37ºC and the supernatants were analyzed by liquid 

chromatography-tandem-mass spectrometry (LC-MS/MS). AMG1 concentrations in the 

supernatant were determined by regression against a standard curve prepared in splenocyte 

cell culture media (i.e. assay incubation mixture without the splenocytes). The fraction 

unbound (Fu) was calculated as:

where Csupernatant and Ccell are the AMG1 concentrations in the supernatant and splenocyte 

incubation mixture, respectively.

LC-MS/MS Bioanalytical Methods

Plasma samples from mouse PK studies were prepared for LC-MS/MS analysis by protein 

precipitation. For analysis of AMG1, calibration standards were prepared in plasma. Eleven 

calibration concentrations ranging from 0.5 to 5000 ng/mL were prepared by serial dilution 

of a 100 μg/mL standard in DMSO spiked into control (non-dosed) plasma. A working 

solution of an internal standard (50 ng/mL) was prepared in acetonitrile (ACN) and added to 

plasma samples prior to protein precipitation. Plasma protein binding was determined by an 

ultracentrifugation method (34). Briefly, AMG1 (5 μg/mL) was incubated with mouse 

plasma for 15 min. Duplicate aliquots were then centrifuged at 627,000 x g for 3 h at 37°C. 

The ultracentrifugation supernatants and plasma aliquots (in duplicate) were analyzed by 

LC-MS/MS. AMG1 concentrations in the supernatants and plasma were determined by 

regression against a standard curve prepared in plasma water (a 30 kDa ultra-filtrate of 

plasma) or plasma, respectively.
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Fraction unbound (Fu) was calculated as:

where Csupernatant and Cplasma are the AMG1 concentrations in the supernatants and plasma, 

respectively. Chromatographic separations were carried out on an ultrahigh-performance LC 

system (Prominence; Shimadzu Inc., Columbia, MD) with a reverse-phase column (Luna 

C18(2), 5 μm, 50 by 2.0 mm; Phenomenex Inc., Torrance, CA) maintained at room 

temperature. The mobile phase consisted of aqueous ammonium acetate (10 mM, pH 5) in 

5/95 v/v ACN in water (solvent A) and in 95/5 v/v ACN in water (solvent B). The following 

solvent gradient conditions were employed at a 0.7 ml/min flow rate: 0 to 0.4 min, 90% A, 

0.4 to 1.4 min, 90 to 10% A; 1.4 to 1.9 min, 10% A; 1.9 to 2.0 min, 10 to 90% A; 2.0 to 2.4 

min, 90% A. The total run time was 2.5 min. Analyte detection was performed with a 

multiple reaction mode method in the positive ion mode on a triple quadrupole mass 

spectrometer (API4000; AB Sciex, Foster City, CA) equipped with a Heated Nebulizer ion 

source. The monitored multiple reaction transitions were as follows: AMG1 m/z 414.0 → 

m/z 141.2 and reference, m/z 454.2 → m/z 200.1. The lower and upper limits of quantitation 

for AMG1 were 0.5 and 5000 ng/mL, respectively. Bioanalytical data were acquired and 

processed using the Analyst program (Version 1.5.1; AB Sciex). The MS result tables were 

exported and the concentrations of AMG1 were then calculated from a standard curve fitted 

by a weighted (1/x2) linear regression in Watson software (version 7.4; Thermo Fisher 

Scientific). Non-compartmental analysis was performed within Watson to determine the TK 

parameters.

Statistical analysis

Statistical analysis of parametric data was performed using either a two-tailed Student’s t 

test for comparison of two groups or one-way ANOVA for comparison of more than two 

conditions. Non-parametric EAE scores were analyzed using the Mann-Whitney test. 

Differences were considered significant when p values were < 0.05. All graphs show the 

average ± SEM.

Results

EAE is ameliorated in mice with T cell-specific deletion of Orai1

We generated conditional knockout mice that allow us to investigate the effects of T cell-

specific deletion of Orai1 by crossing Orai1fl/fl mice (26) to Cd4-Cre and Cre-ERT2 mice. 

Deletion of Orai1 gene expression in CD4+ T cells of Orai1fl/fl Cd4-Cre mice was validated 

by quantitative real-time PCR (Figure 1A) and by measuring SOCE (Figure 1B). While 

Orai1 mRNA expression was almost completely absent in CD4+ T cells from Orai1fl/fl Cd4-

Cre mice, SOCE following stimulation with the sarcoendoplasmic reticulum ATPase 

(SERCA) inhibitor thapsigargin (TG) was partially reduced consistent with previous results 

(19, 20), suggesting that other ORAI homologues contribute to SOCE in ex vivo isolated 

CD4+ T cells. We next examined the importance of ORAI1 for the encephalitogenic 

function of CD4+ T cells by inducing EAE in Orai1fl/fl Cd4-Cre and WT control mice by 
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immunizing mice with MOG35-55 peptide in CFA. Deletion of Orai1 in CD4+ T cells 

resulted in a comparable incidence and time of onset of EAE compared to littermate 

controls, but significantly reduced the severity of EAE with lower maximal disease scores 

(Figure 1C and 1D). Disease scores correlated with extended regions of leukocyte 

infiltration and demyelination of spinal cord sections in WT mice, which were more 

pronounced in WT mice compared to Orai1fl/fl Cd4-Cre mice (Figure 1E). The numbers of 

CD4+ and CD8+ T cells infiltrating the CNS of Orai1fl/fl Cd4-Cre mice were significantly 

decreased (Figure 1F). This was not due to a defect in the priming of encephalitogenic T 

cells in the absence of ORAI1 because both WT and Orai1-deficient CD4+ T cells isolated 

from MOG-immunized mice proliferated equally when restimulated with MOG peptide in 

vitro (Figure S1A). In contrast to inflammatory T cells, the frequency of Foxp3+ Treg cells 

in the CNS as well as their expression of IL-10 and TGF-β was not impaired (Figure 1G, 

S2A). In addition to reduced T cells numbers, the infiltration of polymorphonuclear cells 

(PMN), dendritic cells (DC) and macrophages was significantly attenuated in the CNS of 

Orai1fl/fl Cd4-Cre mice (Figure 1H). Importantly, the frequencies of CD4+ T cells 

expressing the inflammatory cytokines IFN-γ, IL-17 and GM-CSF were strongly decreased 

and almost undetectable in Orai1fl/fl Cd4-Cre mice compared to WT controls (Figure 1I). 

These data show that selective deletion of Orai1 in CD4+ T cells effectively attenuates EAE 

severity and prevents infiltration of Th1 and Th17 cells into the CNS despite only partial 

suppression of SOCE ex vivo.

Functional defect of in vitro differentiated Th1 and Th17 cells, but not Treg cells

We isolated CD4+ T cells from Orai1fl/fl Cd4-Cre and WT mice and differentiated them into 

Th1, Th17 and iTreg cells for 3 days in vitro to investigate the effects of Orai1 deletion on 

SOCE and the function of different effector CD4+ T cell subsets in more detail. All CD4+ T 

cell subsets showed a strong defect in Ca2+ influx after TCR stimulation or with ionomycin 

(Figure 2A–C). We also tested the expression of signature genes in WT and Orai1-deficient 

Th1, Th17 and iTreg cells that were stimulated for 6h with PMA and ionomycin (Th1, Th17 

cells) or left unstimulated (iTreg). Orai1-deficient Th1 cells showed a severe defect in IFN-γ 

production, and Th17 cells lacking ORAI1 completely failed to produce IL-17 and GM-CSF 

(Figure 2D, E). This defect could be either due to impaired function or the differentiation of 

Th1 and Th17 cells. The expression of the transcription factors T-bet and RORγt that are 

required for the differentiation of Th1 and Th17 cells, respectively, was not significantly 

reduced in the absence of ORAI1 both at mRNA and protein levels (Figure 2F–I). Similar 

results were obtained by investigating T-bet and RORγt mRNA expression in lymphocytes 

isolated from the CNS of MOG-immunized mice that had developed EAE (Figure 2F, G, 

right panels). Deletion of Orai1 had no effect on the proliferation of Th1, Th17 and iTreg 

cells differentiated in vitro (Figure S1B, C), which is consistent with normal ex vivo 

proliferation of MOG-specific CD4+ T cells isolated from the spleen and LNs of Orai1-

deficient mice, immunized with MOG-peptide (Figure S1A). Taken together, these data 

indicate that ORAI1 is necessary for the effector function (i.e. cytokine production), but not 

the differentiation of Th1 and Th17 cells. To investigate the role of ORAI1 in the 

differentiation of CD4+ T cells into iTreg cells, we measured expression of Foxp3+ in CD4+ 

T cells grown under iTreg-polarizing conditions in vitro. The frequency of Foxp3+ iTreg 

cells was comparable in WT and Orai1-deficient CD4+ T cells (Figure 2J). To analyze the 
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function of ORAI1-deficient iTreg cells, we coincubated WT and Orai1-deficient iTreg cells 

at different ratios with anti-CD3 stimulated CD4+ T cells from WT mice (Figure 2K). After 

3 days, the frequencies of proliferating WT CD4+ T cells were comparable whether they 

were coincubated with WT or Orai1-deficient iTreg cells, indicating that deletion of Orai1 

does not impair the suppressive function of iTreg cells in vitro. Whereas expression of TGF-

β was normal in Orai1-deficient iTreg cells, that of IL-10 was severely impaired (Figure 

S2B), although this defect did not seem to affect the suppressive function of iTreg cells 

(Figure 2K). Collectively, these data demonstrate that whereas ORAI1 mediates TCR-

induced Ca2+ influx in proinflammatory Th1 and Th17 cells as well as iTreg cells, it is of 

particular importance for the function of Th1 and Th17, but not iTreg cells.

Induced deletion of Orai1 in CD4+ T cells after EAE onset attenuates CNS inflammation 
and disease severity

We next evaluated whether ORAI1 is not only required for the initiation of EAE but also to 

sustain CNS inflammation in EAE. For this purpose, we generated Orai1fl/fl Cre-ERT2 mice, 

in which the Orai1 gene can be inducibly deleted by injection of tamoxifen. Treatment of 

CD4+ T cells from Orai1fl/fl Cre-ERT2 mice with tamoxifen resulted in significant reduction 

in Orai1 mRNA levels and attenuation of SOCE (Figure 3A, B). To test the effects of Orai1 

deletion on EAE progression in vivo, we first immunized Orai1fl/fl Cre-ERT2 mice with 

MOG35-55 peptide in CFA. After EAE had developed, lymphocytes were isolated from their 

spleen and LNs, stimulated with MOG35-55 peptide and IL-23 in vitro and transferred to 

CD45.1+ WT mice to passively induce EAE. After the onset of EAE disease symptoms, 

recipient CD45.1+ mice were treated with tamoxifen or vehicle for 5 days to delete Orai1 

selectively in the transferred, MOG-specific CD4+ T cells. Tamoxifen treated mice showed 

a significant reduction of clinical EAE scores compared to mice treated with vehicle alone 

(Figure 3C). Whereas disease severity progressed in vehicle-treated animals, EAE scores 

stabilized at lower levels in tamoxifen treated mice. Analysis of cells isolated from the CNS 

of recipient mice showed reduced numbers of infiltrating CD4+ and CD8+ T cells in the 

tamoxifen-treated mice (Figure 3D). Likewise, the numbers of CNS infiltrating 

macrophages and dendritic cells were significantly lower in these mice compared to controls 

(Figure 3E). Moreover, the frequencies of CD4+ T cells producing IFN-γ or IL-17 were 

significantly reduced after tamoxifen treatment (Figure 3F). To confirm that the observed 

suppression of EAE was due to deletion of Orai1 and not the effects of tamoxifen, we 

immunized WT mice with MOG35-55 peptide to induce EAE. After mice developed signs of 

EAE with an average disease score of 1, we treated animals with tamoxifen or vehicle (corn 

oil) for 5 consecutive days. Vehicle and tamoxifen-treated WT animals showed a similar 

course of disease with EAE severity progressively increasing in both cohorts of mice, 

demonstrating that tamoxifen administration itself has no impact on EAE severity or 

progression (Figure S3A). Likewise, the expression of IFN-γ, IL-17 and GM-CSF by CD4+ 

T cells in the CNS was comparable between tamoxifen treated WT and control mice (Figure 

S3B). In the same experiment, tamoxifen treatment of Orai1fl/fl Cre-ERT2 mice halted EAE 

progression and reduced IFN-γ, IL-17 and GM-CSF cytokine expression in CD4+ T cells 

from these animals (Figure S3A, B), confirming that the effects of tamoxifen are specific to 

the deletion of Orai1.
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To further confirm that the effects of Orai1 deletion are due to attenuated SOCE, we 

conducted similar adoptive transfer EAE experiments using Stim1fl/fl Cre-ERT2 mice 

(Figure S3C–G). As described above EAE was induced in CD45.1 recipient WT mice by 

passive transfer of MOG-specific T cells from Stim1fl/fl Cre-ERT2 mice. Recipient mice 

were treated with tamoxifen or vehicle for 5 days starting at day 17 after T cell transfer 

when disease had already progressed and average EAE scores were close to 2. Deletion of 

Stim1 at this more advanced stage of disease resulted in significant amelioration of EAE 

severity (Figure S3C). Whereas EAE scores continued to rise in vehicle-treated mice, loss of 

Stim1 halted disease progression and resulted in a decline of EAE scores. The numbers of 

infiltrating leukocytes were significantly reduced in the CNS of tamoxifen-treated animals 

compared to vehicle controls (Figure S3D), whereas numbers in the spleen were 

comparable, suggesting that Stim1 deletion specifically affects the population of MOG-

specific encephalitogenic T cells in the CNS. The numbers of CD4+ and CD8+ T cells as 

well as those of macrophages, dendritic cells and neutrophils in the CNS of mice were 

strongly reduced after Stim1 deletion (Figure S3E, F). Furthermore, the frequencies of CD4+ 

IFN-γ+ T cells were significantly lower after Stim1 deletion (Figure S3G). Collectively, 

these findings demonstrate that attenuation of SOCE in T cells by induced genetic deletion 

of Orai1 or Stim1 has a profound attenuating effect on CNS inflammation during ongoing 

EAE and the progression of disease.

The CRAC inhibitor AMG1 blocks function of effector but not regulatory T cells in vitro

Induced genetic deletion of Orai1 and Stim1 genes should mimic the effects of a selective 

CRAC channel inhibitor on EAE progression. To examine the therapeutic effects of 

blocking SOCE on EAE further, we used a novel CRAC inhibitor, AMG1. To investigate 

the specificity of AMG1, we first compared its effects on SOCE to genetic deletion of Orai1 

in CD4+ T cells (Figure S4A–D). Treatment of CD4+ T cells with 1 μM AMG1 attenuated 

TG-induced peak Ca2+ levels to a similar degree as deletion of Orai1, but slowed the Ca2+ 

influx rate in WT and Orai1-deficient CD4+ T cells compared to DMSO-treated cells. 

Importantly, the integrated cytosolic Ca2+ concentrations over time were similar in DMSO-

treated Orai1-deficient T cells and AMG1-treated WT T cells, suggesting that the drug 

predominantly inhibits ORAI1-mediated SOCE.

We next investigated the effects of AMG1 on proinflammatory and regulatory T cells in 

vitro. For this purpose, we differentiated naïve CD4 T cells from WT mice into Th1, Th17 

and iTreg cells for 3 days, either in the presence or absence of AMG1, to distinguish 

between its effects on T cell differentiation and T cell function. When added from the 

beginning of T cell differentiation, 100 nM AMG1 potently suppressed SOCE following 

anti-CD3 stimulation in Th1, Th17 and iTreg cells (Figure 4A–C). The effects of AMG1 on 

SOCE were similar in all three CD4+ T cell effector subsets. Suppression was more 

pronounced in T cells differentiated in vitro compared to freshly isolated CD4+ T cells ex 

vivo (Figure S4A–D), consistent with a stronger ORAI1 dependence of differentiated T cells 

reported earlier (19, 20) and ORAI1-specific inhibition by AMG1. When AMG1-treated T 

cells were restimulated in vitro, the frequencies of IFN-γ-producing Th1 cells were 

significantly reduced compared to DMSO-treated controls, and almost no IL-17-producing 

Th17 cells could be detected (Figure 4A, B). By contrast, the frequencies of Foxp3+ iTreg 
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cells were comparable. Attenuated IFN-γ and IL-17 levels could be due to defects in the 

differentiation or function of Th1 and Th17 cells. We therefore evaluated the effects of 

AMG1 treatment on the function of Th1 and Th17 cells by adding the inhibitor only at the 

time of restimulation (Figure 4D–F). Acute inhibition of SOCE with AMG1 resulted in 

strongly reduced SOCE in Th1, Th17 and iTreg cells and significantly attenuated IFN-γ and 

IL-17 production (Figure 4D–E), respectively, compared to vehicle treated controls. By 

contrast, addition of the inhibitor for 6h had no effect on the frequency of Foxp3+ iTreg cells 

(Figure 4F). The effects of short-term inhibition by AMG1 on cytokine production were less 

pronounced compared to those of inhibitor treatment during the entire differentiation and 

restimulation period, suggesting that SOCE inhibition with AMG1 may not only affect the 

function of Th1 and Th17 cells but potentially also their differentiation or maintenance.

Progression and severity of EAE are attenuated by treatment of mice with CRAC channel 
inhibitor

To investigate if pharmacological inhibition of CRAC channels with AMG1 is effective for 

the treatment of CNS inflammation in EAE, we immunized WT mice with MOG35-55 

peptide. When EAE symptoms reached an average clinical score of 1, mice were treated 

with 6 mg/kg of AMG1 or vehicle control for 10 days (Figure 5). Pharmacokinetic analysis 

in a previous study in BALB/c mice showed that mice gavaged orally with 5 mg/kg AMG1 

had plasma concentrations between 2–6 nM at 0, 4 and 24 h after administration (Figure 

S4E), providing IC90 coverage for close to 20 hours as assessed by the inhibitory effects of 

the compound on stimulated IL-2 production by mouse splenocytes in vitro (data not 

shown). To ensure 24 h coverage of the IC90 in vivo, 6 mg/kg was selected after PK 

modeling as an optimal dose. Treatment of mice that had developed EAE scores of ≥ 1 with 

AMG1 for 10 days halted the progression of the disease and stabilized EAE scores. By 

contrast, disease severity progressed in mice treated with vehicle alone (Figure 5A). 

Analysis of splenocytes isolated from mice one day after the end of the 10-day treatment 

period showed significant reduction of Ca2+ influx (Figure 5B). It is noteworthy that cells 

were stimulated ex vivo in the absence of AMG1, suggesting that the inhibitor has 

prolonged effects on CRAC channel function. The analysis of cells in the CNS showed that 

inhibitor treatment resulted in significantly reduced infiltration of CD4+ cells, dendritic cells 

and macrophages into the CNS of AMG1-treated mice compared to vehicle-treated control 

mice (Figure 5C). Although the numbers in Foxp3 expressing Treg cells was reduced, the 

difference compared to controls was not statistically significant (Figure 5D). Importantly, 

restimulation of CD4+ T cells isolated from the CNS of mice showed profoundly reduced 

IFN-γ, IL-17 and GM-CSF expression in T cells from AMG1-treated mice compared to 

control mice even though no inhibitor was added during the 6h restimulation (Figure 5E). 

Together, these data demonstrate the effectiveness of systemic CRAC channel inhibition for 

the treatment of ongoing autoimmune CNS inflammation.

Suppression of SOCE and cytokine production in human T cells by CRAC channel 
inhibitor

Since the CRAC channel inhibitor AMG1 showed remarkable effects on the function of 

mouse CD4+ T cells and EAE progression in mice, we further investigated its impact on 

human T cells and thereby its potential for application in patients. Human CD4+ T cells 
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from healthy donors were treated for 2h with different concentrations of AMG1 and SOCE 

was measured after stimulation with TG. The CRAC channel inhibitor blocked SOCE 

almost completely at concentrations of 100 nM and 1000 nM (Figure 6A). Next, we 

examined cytokine production by human whole blood from healthy donors stimulated for 

24h with PMA and ionomycin. AMG1 suppressed the production of various cytokines in a 

dose dependent manner with the following IC50’s: 1781 nM (IL-2), 5476 nM (TNFα), 1792 

nM (IFNγ), 57 nM (IL-17) (Figure 6B). Of all the cytokines evaluated, IL-17 was the most 

sensitive to inhibition with AMG1, which is similar to what we had observed in in vitro 

differentiated CD4+ T cells from mice (Figure 4). We next analyzed the effects of AMG1 on 

cytokine production by human CD4+ T cells that had been cultured for 12 days in vitro and 

were restimulated with PMA and ionomycin in the presence of 100 nM and 1000 nM 

AMG1. CRAC channel inhibition resulted in a dose-dependent inhibition of the production 

of IFN-γ, IL-17, GM-CSF, IL-2 and IL-4 (Figure 6C, D). In differentiated human T cells, 

IL-2 production was most sensitive to inhibition by AMG1. In summary, these data 

demonstrate that AMG1 is a potent inhibitor of SOCE and cytokine production in human T 

cells.

Discussion

In this study, we investigated the role of ORAI1 in proinflammatory Th1 and Th17 cell 

function and CNS inflammation in the EAE model of Multiple Sclerosis. We show that 

genetic deletion or pharmacological inhibition of ORAI1 in mouse and human CD4+ T cells 

attenuates SOCE and strongly inhibits production of the proinflammatory cytokines IFN-γ, 

IL17 and GM-CSF. By contrast, no effects were observed on the numbers of Treg cells in 

CNS lesions or the differentiation and function of iTreg cells in vitro. Orai1 deficiency in 

mouse CD4+ T cells was associated with markedly reduced CNS infiltration of Th1 and 

Th17 cells and attenuated severity of EAE. Importantly, induced genetic deletion of Orai1 in 

CD4+ T cells or pharmacological inhibition of ORAI1 protein function effectively halted 

EAE progression and ameliorated disease severity when started after symptoms were 

established.

We and others have previously shown that indirect inhibition of ORAI channels by deletion 

of the ER Ca2+ sensors STIM1 and STIM2 protects mice from developing EAE after MOG 

immunization (35, 36). Conditional deletion of Stim1 or both Stim1 and Stim2 in T cells 

completely prevented EAE, whereas conditional deletion of Stim2 alone reduced disease 

severity (35). Similarly, Stim1−/− bone marrow chimeras lacking Stim1 in hematopoietic 

cells failed to develop EAE, whereas Stim2−/− mice showed delayed onset of EAE with a 

severity of disease that was comparable to WT mice (36). In both studies, MOG-specific T 

cells lacking STIM1 isolated from the spleen or CNS of mice showed reduced production of 

IFN-γ, IL-2 and IL-17 when restimulated in vitro. STIM2-deficient T cells showed a similar, 

but weaker defect in cytokine production (35, 36). Indirect suppression of Ca2+ influx by 

inhibiting the potassium channel Kv1.3 with sea anemone-derived ShK peptides was able to 

ameliorate EAE induced by adoptive transfer of myelin-specific T cells and chronic-

relapsing EAE in rats (37–39). Inhibition of Kv1.3 depolarizes the plasma membrane and 

reduces the electrical gradient required for Ca2+ influx through CRAC channels in T cells 

(40). More recently, Gwack and colleagues identified inhibitors of CRAC channels that 
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prevented the development of EAE in mice when administered at the time of EAE induction 

(41). We show here, for the first time to our knowledge, that inhibition of CRAC channels 

during established EAE ameliorates CNS inflammation and disease severity. We use several 

approaches to show the therapeutic benefit of interfering with ORAI1 channel function 

directly instead of deleting STIM molecules or inhibiting Kv1.3 channels. First, we made 

use of newly developed Orai1fl/fl Cd4-Cre mice with specific deletion of ORAI1 channels in 

T cells. Second, we inducibly deleted Orai1 gene expression in adoptively transferred 

myelin-specific T cells from Orai1fl/fl Cre-ERT2 mice after they had induced EAE in host 

mice. Third, we treated WT mice with ongoing EAE with the CRAC channel inhibitor 

AMG1. Collectively, these data show that interfering with ORAI1 channel function 

genetically or pharmacologically ameliorates CNS inflammation and EAE by inhibiting 

proinflammatory Th1 and Th17 cell function and by reducing the numbers of T cells and 

innate immune cells in the CNS.

Loss-of-function or null mutations in ORAI1 in human patients abolish SOCE and CRAC 

channel function in affected CD4+ T cells (18, 42, 43). By contrast, CD4+ T cells isolated 

from Orai1fl/fl Cd4-Cre mice showed strong residual SOCE despite negligible Orai1 mRNA 

expression. The SOCE defect was more pronounced in anti-CD3/CD28-stimulated CD4+ T 

cells cultured under Th1, Th17 and iTreg polarizing conditions in vitro. Ca2+ influx in all 

three effector T cell subsets was strongly reduced after stimulation by TCR crosslinking or 

store depletion with low-dose ionomycin. These findings suggest that all three effector 

CD4+ T cell subsets predominantly utilize ORAI1 to mediate SOCE, whereas other ORAI 

homologues, i.e. ORAI2 or ORAI3, likely contribute to SOCE in ex vivo isolated CD4+ T 

cells. These findings are consistent with earlier observations in Orai1−/− and Orai1R93W 

knock-in mice that are homozygous for a non-functional Orai1 allele (19, 20). However, the 

specific role of ORAI2 and ORAI3 in SOCE in T cells and in T cell-mediated immune 

responses in mice remains to be investigated.

Despite incomplete inhibition of SOCE, ORAI1-deficient CD4+ T cells showed a striking 

defect in proinflammatory Th1 and Th17 cell function. CD4+ T cells isolated from the CNS 

of MOG-immunized Orai1fl/fl Cd4-Cre mice or mice transferred with MOG-specific T cells 

from Orai1fl/fl Cre-ERT2 mice had markedly reduced production of IFN-γ, IL-17 and GM-

CSF. The defect in proinflammatory cytokine production was most pronounced in CD4+ T 

cells from Orai1fl/fl Cd4-Cre mice that were differentiated under Th1 and Th17 polarizing 

conditions in vitro, which is consistent with their strongly reduced SOCE compared to ex 

vivo CD4+ T cells. These findings suggest that Th1 and in particular Th17 cells require 

strong SOCE to induce cytokine gene expression. Even moderate reduction of SOCE in 

freshly isolated CD4+ T cells from Orai1fl/fl Cd4-Cre mice with EAE suppressed IFN-γ and 

IL-17 production. This interpretation is in line with our earlier observations that CD4+ T 

cells lacking STIM2 have a marked defect in IL-17 production despite only moderately 

reduced SOCE, and that MOG-immunized Stim2fl/fl Cd4-Cre develop a less severe form of 

EAE (27, 35).

It is not understood if Ca2+ influx through ORAI1 channels is primarily required for effector 

functions of Th1 and Th17 cells or also affects their differentiation. A recent study showed 

decreased expression of the Th17-specific transcription factors RORα and RORγt in Th17 
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cells from Orai1−/− mice (41). By contrast, we did not observe reduced mRNA and protein 

expression of Rorc in Th17 cells and Tbx21 in Th1 cells derived from Orai1fl/fl Cd4-Cre 

mice. The cause of this difference is not known, but may be related to different levels of 

residual SOCE in CD4+ T cells from both mouse strains. CD4+ T cells from Stim1fl/fl Cd4-

Cre mice that have a more pronounced defect in SOCE than CD4+ T cells from Orai1fl/fl 

Cd4-Cre mice have partially reduced RORγt expression when differentiated into Th17 cells 

in vitro (UK, SF, unpublished). To distinguish the role of SOCE in Th1 and Th17 

differentiation and function, we added the CRAC channel inhibitor AMG1 to CD4+ T cells 

at the beginning of their 3 day-differentiation into Th1 and Th17 cells in vitro and to already 

differentiated Th1 and Th17 cells. IL-17, but not IFN-γ, production was more strongly 

reduced in T cells that were cultured in the presence of the inhibitor during the entire 

differentiation period, which may suggest that SOCE, in addition to its role in Th17 cell 

function, contributes to the differentiation of Th17 cells. The differentiation of CD4+ T cells 

into encephalitogenic effector Th17 cells requires expression of several cytokine receptors 

including IL-23R (44–46) and deletion of IL-23R protects mice from EAE (45). We had 

previously shown that IL-23R expression is reduced in Stim1-deficient T cells (35). Thus, 

while ORAI1 is not critical for RORγt expression in our hands, it may nevertheless be 

required for the terminal differentiation of pathogenic effector Th17 cells.

Impaired cytokine production of ORAI1-deficient Th1 and Th17 cells was in contrast to 

normal numbers and function of CNS infiltrating Foxp3+ Treg cells in the absence of 

ORAI1. Orai1-deficient Treg cells isolated from the CNS showed IL-10 and TGFβ 

expression comparable to WT Treg cells. Likewise, deletion of Orai1 did not affect the 

differentiation of iTreg cells in vitro. Naïve CD4+ T cells from Orai1fl/fl Cd4-Cre mice that 

were polarized into iTreg cells showed similar frequencies of Foxp3+ cells, consistent with 

normal iTreg development of CD4+ T cells in the absence of ORAI1 reported earlier (47). 

Similarly, the CRAC channel inhibitor AMG1 did not interfere with the differentiation of 

WT CD4+ T cells into iTreg cells in vitro. In addition, iTreg cells generated from Orai1fl/fl 

Cd4-Cre mice were fully functional and suppressed the proliferation of effector T cells, 

despite reduced IL-10 expression. A similar reduction of IL-10 expression was not observed 

in Foxp3+ Treg cells isolated from the CNS of MOG-immunized Orai1fl/fl Cd4-Cre mice, 

likely because Treg cells in the CNS are mainly nTreg cells that appear to be able to express 

IL-10 in the absence of ORAI1. Normal suppressive function was also observed in iTreg 

cells generated from CD4+ T cells of Stim1fl/fl Cd4-Cre mice (48). Stim1-deficient CD4+ T 

cells were, however, impaired in their differentiation into Foxp3+ iTreg cells in vitro and 

after adoptive transfer into lymphopenic host mice in vivo (48). The different effects of 

Orai1 and Stim1 deletion on iTreg differentiation are likely due to the more profound SOCE 

defect in CD4+ T cells lacking STIM1 rather than qualitative differences in ORAI1 and 

STIM1 dependent signal transduction. It is noteworthy that neither Stim1fl/fl Cd4-Cre nor 

Orai1fl/fl Cd4-Cre have reduced numbers of nTreg cells in the thymus or secondary 

lymphoid organs (27, 47). Only complete suppression of SOCE in T cells of 

Stim1fl/flStim2fl/f Cd4-Cre mice affects nTreg development (27, 49). From a translational 

perspective, the selective effects of Orai1 deletion and the resulting incomplete suppression 

of SOCE on proinflammatory Th1 and Th17 cells, but not Treg cells, might be advantageous 

compared to currently used inhibitors of the Ca2+/calcineurin/NFAT pathway such as 
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cyclosporine A, which was shown to also inhibit Foxp3+ Treg cells in vitro and in vivo (47, 

50, 51).

The CRAC channel inhibitor AMG1 we used in this study effectively suppressed 

proinflammatory cytokine production by mouse and human CD4+ T cells and ameliorated 

CNS inflammation and EAE symptoms when administered after disease onset. The 

effectiveness of the inhibitor on CNS inflammation and EAE severity was comparable to the 

effects of T cell-specific Orai1 deletion in Orai1fl/fl Cd4-Cre mice and tamoxifen-induced 

deletion of Orai1 in MOG-specific T cells. The inhibitor also reduced IFN-γ and IL-17 

production by Th1 and Th17 cells, respectively, in vitro to a similar degree as genetic Orai1 

deletion. Neither Orai1 deletion nor the CRAC channel inhibitor significantly affected the 

differentiation of murine iTreg cells in vitro or the numbers of Treg cells in the CNS of 

MOG immunized mice. While it is likely that AMG1 also inhibits CRAC channels in other 

immune cells such as DC, macrophages and neutrophils, this may not result in a functional 

impairment of these cells and influence EAE severity because we recently showed that even 

complete suppression of SOCE in Stim1/Stim2-deficient DC and macrophages does not 

significantly impair the function of these cells (52). Given the similar degree of EAE 

attenuation in mice with genetic deletion of Orai1 in T cells and WT mice treated with 

AMG1, the main effects of the inhibitor on EAE are likely to result from inhibition of 

encephalitogenic T cells. Similar to AMG1, another CRAC channel inhibitor that was 

recently reported suppressed Th17 cell function and differentiation without affecting iTreg 

differentiation (41). A less toxic derivative of that compound was able to prevent EAE when 

administered before onset of the disease; its therapeutic effect on established EAE was not 

tested. In contrast to that inhibitor (41) and AMG1, CsA and the CRAC channel inhibitor 

YM-58483 (BTP2) were shown to inhibit the development and function of iTreg cells (47). 

A possible explanation for this discrepancy lies in the specificities of the inhibitors for 

different ion channels. BTP2 has established effects on other ion channels that modulate 

SOCE (53) and CsA is downstream of all Ca2+ signaling regardless of the channel involved.

The anti-inflammatory effects of ORAI1 inhibition on Th1 and Th17 cell function and EAE 

need to be balanced against its potential suppression of immune responses to infection. In 

this regard it is noteworthy that only complete suppression of SOCE by combined deletion 

of Stim1 and Stim2, but not incomplete suppression of SOCE by deletion of Stim1 or Stim2 

alone, negatively affected CD4+ and CD8+ T cell mediated immune responses to LCMV 

infection by interfering with the maintenance of memory CD8+ T cells and recall responses 

to infection (54). Likewise, only Stim1fl/fl Stim2fl/fl Cd4-Cre but not Stim1fl/fl Cd4-Cre mice, 

showed impaired T cell-dependent antitumor immune responses (55). Taken together, these 

findings suggest that residual SOCE is sufficient for immunity to infection, and that 

incomplete pharmacological inhibition of CRAC channels by targeting ORAI1 may 

selectively inhibit proinflammatory T cells in autoimmune diseases without affecting 

protective immune responses.
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Figure 1. Experimental autoimmune encephalomyelitis (EAE) is ameliorated in Orai1fl/fl Cd4-
Cre mice
(A) RNA from wildtype and Orai1fl/fl Cd4-Cre was isolated from CD4+ T cells and relative 

mRNA expression was measured by RT PCR. (B) SOCE was measured in Fura2-AM 

loaded freshly isolated CD4+ T cells from wildtype and Orai1fl/fl Cd4-Cre mice after 

stimulation with thapsigargin (TG) followed by readdition of 1 mM Ca2+ to the extracellular 

medium. (C) Clinical EAE scores in WT and Orai1fl/fl Cd4-Cre mice injected with 

MOG35-55 in CFA. (D) Summary of EAE with days to onset (±SEM), incidence of EAE and 

maximal EAE scores (±SEM). (E) H&E and Luxol fast blue staining of spinal cords from 

WT and Orai1fl/fl Cd4-Cre mice at 27 after EAE induction. Arrows indicate infiltrating cells 

and demyelination, respectively. Shown is one histological stain representative of 4 mice per 

group and 6 examined levels of spinal cord per mouse. (F–I) Cells were isolated from the 

spinal cord (CNS) of WT and Orai1fl/fl Cd4-Cre mice at day 27 after EAE induction and 

analyzed by flow cytometry. (F–H) Absolute numbers of CD4+ and CD8+ T cells (F), 

frequencies of Foxp3+ CD4+ T cells (G) and absolute numbers of CD11b+ Gr-1+ 

polymorphonuclear cells (PMN), CD11b+ CD11c- Gr-1- macrophages and CD11c+ Gr-1- 
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dendritic cells in the CNS (H). (I) Cytokine production of T cells isolated from the CNS was 

analyzed by flow cytometry after stimulation with PMA and ionomycin in the presence of 

Brefeldin A for 6 h. Shown are absolute numbers of CD4+ T cells expressing IFN-γ, IL-17 

or GM-CSF. Data in panels A and B represent the average ± SEM of 3 mice per group. Data 

in panels C–D and F–H represent the average ± SEM of 14–16 mice per group. Statistical 

analysis of EAE scores (starting at the first clinical signs of EAE) was performed using a 

Mann-Whitney test (panel C); data in panels B, F–H were analyzed using an unpaired 

Student’s t test. * p < 0.01, ** p < 0.001.
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Figure 2. Lack of ORAI1 attenuates SOCE and severely inhibits the function of Th1 and Th17 
but not iTreg cells
Naïve CD4+ T cells from spleen and LNs of WT and Orai1fl/fl Cd4-Cre mice were 

stimulated with anti-CD3/CD28 and cultured for 3 days in vitro under Th1, Th17 and iTreg 

polarizing conditions. (A–C) SOCE was measured in Fura2-AM loaded cells after 

stimulation with anti-CD3-Biotin and crosslinking with streptavidin followed by readdition 

of 1 mM Ca2+ to the extracellular medium. (D, E) Frequencies of IFN-γ+, IL-17+ and GM-

CSF+ CD4+ T cells measured after stimulation with PMA and ionomycin for 6 h in the 

presence of Brefeldin A. Bar graphs represent the average ± SEM from 4 independent 

experiments with one mouse per group. (F, G) Relative mRNA expression of Tbx21 and 

Rorc in Th1 and Th17 cells cultured in vitro (left) and in lymphocytes isolated from the 

spinal cord of WT and Orai1fl/fl Cd4-Cre mice on day 27 after immunization with 

MOG35-55 peptide in CFA (right). Tbx21 and Rorc mRNA levels were analyzed by real-time 

PCR (and normalized to Hprt1 (left panels) or CD4 in right panels). Bar graphs represent the 

average ± SEM of 4–6 mice per group. (H, I) Flow cytometric analysis of T-bet and RORγt 

in Th1 and Th17 polarized cells. WT control in the left panel are Th17 polarized cells and 

WT control in the right panel are Th1 polarized cells. Bar graphs represent the average ± 

SEM from 3 mice per group. (J) Frequencies of Foxp3+ CD4+ iTreg cells after 3 days in 

vitro without restimulation. Bar graphs represent the average ± SEM from 4 independent 

experiments with one mouse per group. (K) ORAI1 is not required for iTreg function. WT 

or Orai1fl/fl Cd4-Cre iTreg cells that had been differentiated for 3 days in vitro were 

coincubated at different ratios with CFSE-labeled, anti-CD3-stimulated CD4+ T cells and 

Kaufmann et al. Page 24

J Immunol. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



splenocytes from WT mice. Proliferation of CD4+ T cells was assessed after 3 days in 

culture by CFSE dilution and flow cytometry. Shown is one representative experiment done 

in triplicates of two independent experiments. No statistically significant difference of 

proliferation was detected between T cells incubated with WT and Orai1-deficient Treg 

cells at different ratios by one-way ANOVA. Statistical analysis in D-J was performed using 

an unpaired Student’s t test. ** p < 0.01, **** p < 0.0001.
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Figure 3. Inducible deletion of Orai1 gene in T cells during ongoing EAE ameliorates disease 
severity
(A,B) In vitro deletion of Orai1 in CD4+ T cells isolated from Orai1fl/fl Cre-ERT2, WT and 

Orai1fl/fl Cd4-Cre control mice. Cells were stimulated with anti-CD3/CD28 for 3 days in the 

presence of 1 μM tamoxifen (TAM) and analyzed for SOCE after stimulation with 

thapsigargin and addition of 1 mM Ca2+ (A) and Orai1 mRNA expression by RT PCR (B). 

(C–F) For passive induction of EAE, Orai1fl/fl Cre-ERT2 and WT mice were immunized 

with MOG peptide. T cells were isolated from spleen and LNs 12 days later and 

restimulated in vitro with MOG peptide in the presence of IL-23 for 3 days. 4 × 106 CD4+ T 

cells were transferred i.v. into sublethally irradiated CD45.1 recipient mice. After EAE 

symptoms developed, recipient mice were injected with tamoxifen or vehicle control from 
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day 10–14 after T cell transfer. (C) Clinical EAE scores. (D–F) Absolute numbers of CD4+ 

and CD8+ T cells (D) as well as CD11b+ Gr-1+ polymorphonuclear cells (PMN), CD11b+ 

CD11c- Gr-1- macrophages and CD11c+ Gr-1- dendritic cells (E) in the CNS 18 days after 

adoptive transfer. (F) Frequencies of CD4+ IFN-γ+ and CD4+ IL-17+ T cells isolated from 

the CNS and restimulated in vitro with PMA and ionomycin for 6h. Data represent the 

average ± SEM of 3–4 mice per group. Statistical analysis of Orai1 expression in B was 

performed using a one-way ANOVA test. Statistical analysis of EAE scores (days 10–18) in 

C was performed using a Mann-Whitney test. Data in panels D–F were analyzed using an 

unpaired Student’s t test. * p < 0.05, ** p < 0.005, **** p < 0.0001.
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Figure 4. The function of Th1 and Th17 but not iTreg cells is blocked by selective CRAC channel 
inhibitor
CD4+ T cells isolated from the spleen and LNs of WT were stimulated with anti-CD3/CD28 

for 3 days in vitro under Th1, Th17 and iTreg polarizing conditions. The CRAC channel 

inhibitor AMG1 (100 nM) or vehicle (DMSO) was added on day 0 and was present 

throughout T cell differentiation (day 0–3) (A–C) or added on day 3 immediately before 

Ca2+ measurements (D–F, left panels) or restimulation to measure cytokine production (D–
F, right panels). For Ca2+ measurements (left panels), CD4+ T cells were loaded with Fura2-

AM, incubated with Biotin-labeled anti-CD3 and activated by CD3 crosslinking with 

streptavidin in Ca2+ free extracellular buffer. To induce SOCE, extracellular [Ca2+] was 

raised to 1 mM. For cytokine production, CD4+ T cells were stimulated with PMA and 
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ionomycin for 6 h. For analysis of Foxp3 expression, CD4+ T cells were left unstimulated. 

Data represent the average ± SEM of 3–8 mice per group. Statistical analysis was performed 

using an unpaired Student’s t test. * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.0001.
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Figure 5. Progression and severity of EAE are attenuated by treatment of mice with CRAC 
channel inhibitor
(A) Clinical EAE score in WT mice injected with MOG35-55 in CFA. Mice were treated 

with 6 mg/kg of the CRAC channel inhibitor AMG1 or vehicle control for 10 days starting 

when EAE scores were ≥ 1. Graphs represent the average ± SEM of 8 mice per group. (B) 

Ca2+ influx was measured in splenocytes isolated at the end of 10 day treatment with 

inhibitor or vehicle. Cells were loaded with Fura2-AM and stimulated with 1 μM 

thapsigargin (TG) in Ca2+ free buffer, followed by readdition of 1 mM extracellular Ca2+ to 

induce SOCE. (C) Absolute numbers of CD4+ and CD8+ T cells and CD11b+ Gr-1+ 

polymorphonuclear (PMN) cells, CD11b+ CD11c- Gr-1- macrophages and CD11c+ Gr-1- 

DC isolated from the CNS of mice at day 23 after EAE induction and analyzed by flow 
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cytometry. (D) Frequencies of CD4+Foxp3+ Treg cells in the CNS at day 23 after EAE 

induction. (E) Expression of IFN-γ, IL-17 and GM-CSF by CD4+ T cells isolated from the 

CNS at day 23 after EAE induction and stimulated with PMA and ionomycin for 6 h. Data 

represent the average ± SEM of 8 mice per group. Statistical analysis of EAE scores in A 

(days 13–23) was performed using a Mann-Whitney test; data in panels B–E were analyzed 

using an unpaired Student’s t test. * p < 0.01, ** p < 0.001.
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Figure 6. Suppression of SOCE and cytokine production in human T cells by CRAC channel 
inhibitor
(A) Human CD4+ T cells from healthy donors were cultured for 12 days in vitro and 

following incubated with 100 nM and 1000 nM of AMG1 for 2 h and analyzed for SOCE by 

stimulation with 1 μM Thapsigargin. Ca2+ traces are representative of 3 repeat experiments. 

(B) Human whole blood from healthy donors was treated with different concentrations of 

AMG1 (0.5 nM – 10 μM) and analyzed for cytokine production by immunoassay after 24 h 

stimulation with PMA and ionomycin. Data represent the average ± SEM of 2 experiments. 

(C, D) Sorted human CD4+ CCR6+ T cells from a healthy donor were stimulated with anti-

CD3/CD28 coated beads and expanded in IL-2 containing medium for 12 days. Cells were 

treated with 100 nM and 1000 nM of AMG1 1 h before and during restimulation with PMA 

and ionomycin for 4 h in the presence of GolgiStop. Cytokine expression was analyzed in 

CD4+ CCR6+ T cells by flow cytometry. Data in D represent the average ± SEM of 4 repeat 

experiments. Statistical analysis of data in D was performed using one-way ANOVA test. ** 

p < 0.005, *** p < 0.001, **** p < 0.0001.
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