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ORALI1 is a pore subunit of the store-operated Ca>* release-activated Ca>* (CRAC) channel. To examine the
physiological consequences of ORAI1 deficiency, we generated mice with targeted disruption of the Orail gene.
The results of immunohistochemical analysis showed that ORAI1 is expressed in lymphocytes, skin, and
muscle of wild-type mice and is not expressed in Orail '~ mice. Orail '~ mice with the inbred C57BL/6
background showed perinatal lethality, which was overcome by crossing them to outbred ICR mice. Orail =/~
mice were small in size, with eyelid irritation and sporadic hair loss resembling the cyclical alopecia observed
in mice with keratinocyte-specific deletion of the CnbI gene. T and B cells developed normally in Orail ~'~ mice,
but B cells showed a substantial decrease in Ca?* influx and cell proliferation in response to B-cell receptor
stimulation. Naive and differentiated Orail '~ T cells showed substantial reductions in store-operated Ca>*
entry, CRAC currents, and cytokine production. These features are consistent with the severe combined
immunodeficiency and mild extraimmunological symptoms observed in a patient with a missense mutation in
human ORAI1 and distinguish the ORAI1-null mice described here from a previously reported Orail gene-trap

mutant mouse which may be a hypomorph rather than a true null.

Ca®" is a universal second messenger that regulates a mul-
titude of cellular functions, including secretion, muscle con-
traction, ion channel function, and gene expression (5). In
many nonexcitable cells, Ca®" influx occurs through “store-
operated” Ca*>* channels which open in response to depletion
of endoplasmic reticulum (ER) Ca®" stores (40). Physiologi-
cally, this occurs when ligand binds to receptors, such as G
protein-coupled receptors, immunoreceptors, and receptor ty-
rosine kinases, that are coupled to the activation of phospho-
lipase C. The resulting production of inositol trisphosphate
leads to efflux of Ca?* from the ER through inositol trisphos-
phate receptors and decreased Ca®>* concentration in the ER
lumen. This decrease directly regulates the opening of store-
operated Ca*" channels in the plasma membrane (26).

In lymphocytes and other immune system cells, the major
route of Ca?* influx is through store-operated Ca®* release-
activated Ca** (CRAC) channels. CRAC currents (Icgac)
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were first identified in T cells and mast cells (20, 21, 27, 53),
and Ca®" influx through CRAC channels is known to be es-
sential for T-cell activation (8, 25). Mutant Jurkat tumor T-cell
lines lacking functional CRAC channels cannot be activated
properly (7); moreover, T cells obtained from three indepen-
dent families of patients with hereditary severe combined im-
munodeficiency (SCID) were shown to be severely deficient in
store-operated Ca®" entry and the CRAC channel current,
Icrac (10, 13, 23, 36). T-cell responses, particularly prolifera-
tion and cytokine production in vitro in response to T-cell
receptor stimulation, were strongly impaired in patients from
two of these families, explaining their SCID phenotype of
increased susceptibility to infections in vivo (9, 12, 23). Nota-
bly, other cell types of the SCID patients (B cells, fibroblasts,
and platelets) also showed diminished store-operated Ca*"
influx, although the functional consequences as read out by
decreased proliferation and cytokine production were clearly
the strongest for T cells (9, 12, 23).

The molecular players in the pathway leading to CRAC
channel opening were recently identified by our own and other
laboratories (reviewed in references 17 and 40). Two limited
RNA interference screens, in Drosophila and human Hela
cells, respectively, identified Drosophila STIM and its human
homologues STIM1 and STIM2 as proteins with essential roles
in store-operated Ca®" entry (29, 41). STIM proteins are ER
transmembrane proteins with Ca®"-binding EF-hands located
in the ER lumen, which permits them to function as sensors of
Ca®" levels in the ER (29, 41, 52). Depletion of Ca>" stores
causes dissociation of Ca*>" from the EF-hands of STIM1 and
STIM?2, triggering local oligomerization and relocalization to
sites of ER-plasma membrane apposition that can be read out
in the light microscope as “puncta” formation (4, 28, 29, 31, 48,
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49). A second key regulator of store-operated Ca®" entry was
identified by three laboratories, including ours, in genome-
wide Drosophila RNA interference screens (11, 47, 51). Dro-
sophila ORAI and its human homologues, ORAI1, ORAI2,
and ORAI3, are novel plasma membrane channel proteins
with four transmembrane segments (15, 17, 38). Mutational
and electrophysiological analyses confirmed that Drosophila
ORALI and human ORAII were pore subunits of the CRAC
channel (38, 45, 50). We identified a point mutation in human
ORAIl—a single C—T transition resulting in an Arg to Trp
substitution at amino acid 91 near the beginning of the first
transmembrane helix—as the underlying molecular defect re-
sponsible for the lack of CRAC channel activity and store-
operated Ca*>* entry and for hereditary SCID in human pa-
tients from one of the three families mentioned above (11).

ORAI1 and STIM1 are the limiting components required
for CRAC channel activation. Combined overexpression of
ORAI1 and STIM1 in numerous cell types results in Ca*"
currents which can be up to 50- to 100-fold larger than endog-
enous I-gac, yet preserve most if not all of the characteristic
biophysical features of Icgac as determined by patch clamp
analysis (37, 42, 50). Overexpression of ORAI2 or ORAI3
together with STIM1 also gives rise to large currents similar,
but not identical, to Icgac (6, 30), indicating that ORAI2 and
ORAI3 may form Ca®"-permeable ion channels. ORAI pro-
teins can interact with one another, and ORAI1 forms tetra-
mers in the plasma membrane (15, 33). The physiological roles
of ORAI and STIM family proteins are still being investigated.
We have shown by conditional disruption of the Stiml and
Stim2 genes in mice that both STIM proteins contribute to
store-operated Ca®" entry and nuclear translocation of the
transcription factor NFAT in T cells (35). Moreover, combined
deletion of Stim1 and Stim2 in T cells is associated with lym-
phoproliferative disease, which we have traced to a selective
defect in the development and function of regulatory T cells
(Tregs) (35). STIM1 also functions in muscle: mice with inser-
tional inactivation of the Stim1 gene die perinatally from skel-
etal myopathy, and their myotubes lack store-operated Ca*"
entry and fatigue more rapidly than myotubes of wild-type
mice (44). STIM1 and ORAII are both required for store-
operated Ca®" entry, cytokine production, and degranulation
in mast cells, as shown by analysis of a second strain of STIM1-
disrupted mice, as well as mice with a retroviral insertional
mutation in the ORAI1 gene (2, 46). Mice with an insertional
inactivation of ORAI1 were reported to show only minor de-
fects in T-cell function (46), a surprising finding given the
established importance of ORAIl in human T cells as de-
scribed above.

To address the physiological role of ORAIL, we generated
mice with a targeted null allele of the Orail gene. We show
here that ORAIL is expressed in skin and lymphocytes and that
gene-targeted mice lacking expression of ORAI1 protein have
striking phenotypic and functional alterations in both tissues.
Orail '~ mice with the mixed ICR background showed a con-
sistent overall phenotype of smaller size, eyelid irritation, and
sporadic hair loss; in the immune system, lymphocyte develop-
ment was normal but T- and B-cell function was impaired.
These results suggest that the previously reported insertional
mutation in the Orail gene (46) corresponds to a hypomorphic
rather than a null allele.
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MATERIALS AND METHODS

Animals and gene targeting. Gene targeting of the Orail gene was performed
by homologous recombination in B6/3 embryonic stem (ES) cells derived from
C57BL/6 mice (TaconicArtemis GmbH, Koln, Germany). Chimeric mice with
targeted Orail alleles were generated by blastocyst injection of heterozygous
Orail™°* ES cell clones. Founder Orail™®" chimeric mice were bred to
C57BL/6 mice to establish Orail*/~ mice. The Neo cassette was deleted by Cre
expression under the control of the testis-specific angiotensin-converting enzyme
promoter during spermatogenesis in chimeric mice. Rag2™'~ vy,~/~ mice and
outbred ICR mice were obtained from Taconic. All mice were maintained in
specific-pathogen-free barrier facilities at Harvard Medical School and were
used in accordance with protocols approved by the Center for Animal Resources
and Comparative Medicine of Harvard Medical School. To generate Orail ~/~
mice in a mixed genetic background, heterozygous Orail ¥/~ mice in the C57BL/6
background were intercrossed for one to three generations with mice of the
outbred ICR strain (Taconic), after which heterozygotes were mated to generate
N1F1-N3F1 mice.

Generation of fetal liver chimeras. Fetal liver cells obtained from littermate
control or Orail '~ embryonic-day-14.5 embryos were injected intravenously
into irradiated (7.5 Gy) Rag2~'~ y.~/~ mice. All reconstituted mice were sacri-
ficed 6 weeks after transplantation to analyze the phenotypes of donor-derived
cells in lymphoid organs.

Establishment of MEF cell lines. Mouse embryonic fibroblasts (MEFs) were
isolated by dissecting Orail ~/~ embryonic-day-14.5 embryos using standard pro-
tocols.

T-cell differentiation, retroviral transductions, and stimulation. Purification
of CD4™ T cells from spleen and lymph nodes and induction of TN (“neutral”;
cultured in the absence of exogenous cytokines), Ty;1, and Ty2 differentiation
were carried out for 6 days as described previously (1). Wild-type, Orail */~, and
Orail '~ CD4" T cells were activated with anti-CD3 and anti-CD28 monoclonal
antibodies (mAbs). CD8" T cells were purified from the pool of spleen and
lymph nodes by negative selection using a CD8" T cell negative isolation kit
(Invitrogen) after the purification of CD4™ T cells. CD8™ T cells were activated
by stimulation with anti-CD3 and anti-CD28 for 48 h, and then cells were
differentiated into cytolytic CD8* T cells in medium containing 100 U/ml re-
combinant human interleukin-2 (IL-2) for 4 days. Retroviral transductions were
performed as described previously (11) with pMSCV-CITE-eGFP-PGK-Puro-
mycin retroviral expression plasmids, either empty or encoding ORAI proteins
bearing an extracellular hemagglutinin (HA) epitope tag inserted between trans-
membrane loops 3 and 4 (15, 38), followed by green fluorescent protein (GFP)
c¢DNA under the control of an internal ribosome entry site (IRES). For cytokine
expression, cells were stimulated with 10 nM phorbol myristate acetate (PMA)
and 1 wM ionomycin for 6 h, with 5 pug/ml brefeldin A added during the last 2 h.

Differentiation of bone marrow-derived mast cells. Bone marrow-derived mast
cells were generated from bone narrow cells isolated from femurs and tibias of
mixed ICR background Orail =/~ mice as described previously (43). Briefly, cells
were maintained for 5 to 6 weeks in medium containing 50% WEHI-3 cell
(ATCC)-conditioned supernatant as a source of IL-3. Differentiation was veri-
fied by metachromatic staining of cytoplasmic basophilic granules with toluidine
blue and by surface staining of membrane c-Kit (43).

Cell surface staining and intracellular cytokine analysis. Single-cell suspen-
sions of thymuses, lymph nodes, spleens, and bone marrow (two femurs) were
prepared and stained with fluorochrome- or biotin-conjugated mAbs, respec-
tively. For each staining, at least 10,000 events were collected for analysis. The
following antibodies were obtained from BD PharMingen: allophycocyanin-con-
jugated anti-B220 (30-F11 for all anti-B220), peridinin chlorophyll protein—anti-
B220, phycoerythrin-anti-CD8 (53-6.7), phycoerythrin-anti-CD25 (PC61), allo-
phycocyanin-conjugated anti-CD4 (RM4-5), fluorescein isothiocyanate—anti-
immunoglobulin D (IgD) (11-26), fluorescein isothiocyanate—anti-CD43 (S7 for
all anti-CD43), and peridinin chlorophyll protein-Cy5.5-conjugated streptavidin.
Viable cells were assessed by trypan blue staining. Cytokine production was
measured by intracellular staining and flow cytometric analysis as described
previously (1). For intracellular cytokine staining, cells were pretreated with
anti-CD16/CD32 (Pharmingen) to avoid nonspecific staining. Data were col-
lected with a FACSCalibur (Becton Dickinson) and analyzed by using FlowJo
software (Treestar).

Proliferation assay for T or B cells. CD4" T cells were purified as described
previously (1). B cells were isolated by using a B cell negative isolation kit
(Invitrogen, Carlsbad, CA). B cells and CD4" T cells with >95% purity were
labeled with 4 WM carboxyfluorescein succinimidyl ester (CFSE) for 3 min at
37°C, the reaction was quenched using 50% fetal bovine serum in phosphate-
buffered saline, and the cells were then washed extensively with phosphate-
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buffered saline. CFSE-labeled T cells (2.5 X 10°) were stimulated with anti-CD3
and anti-CD28 for 48 h. Amounts of 2.5 x10° B cells were cultured with various
amounts of IgM or lipopolysaccharide on a 24-well plate for 48 h. The number
of cell divisions was assessed by flow cytometry using a FACSCalibur.

Single-cell intracellular free calcium imaging. CD4" T and CD19" B cells
were isolated as described above. CD4" CD8* double-positive (DP) thymocytes
were sorted by using a FACSAria (BD Bioscience). Cells were incubated over-
night in culture medium and loaded at a concentration of 1 X 10° cells/ml with
1 pM fura-2/AM (Invitrogen) for 30 min at 22 to 25°C. Before measurements,
T and B cells were attached to poly-L-lysine-coated coverslips for 15 min. For
anti-CD3 stimulation, T cells were preincubated with 5 wg/ml biotin-conju-
gated anti-CD3 mAb (clone 2C11; Invitrogen) for 15 min at 22 to 25°C, after
which anti-CD3 cross-linking was achieved by perfusion of cells either with 10
pg/ml streptavidin (Pierce) or with goat anti-hamster IgG (10 wg/ml), respec-
tively. B cells were activated with 10 pg/ml anti-IgM (Jackson laboratory).
Measurements of intracellular free calcium concentration ([Ca®*];) were
carried out and analyzed as described previously (11). For each experiment,
~100 individual T or B cells were analyzed for their 340/380 ratio by using
Igor Pro analysis software (Wavemetrics, Lake Oswego, OR).

Northern blot analysis and reverse transcription-PCR (RT-PCR). Total RNA
was extracted from purified naive T cells, naive B cells, or differentiated T cells
by using Trizol reagent (Invitrogen). An amount of 15 pg total RNA was
separated by electrophoresis on a 1% agarose—formaldehyde gel, and then trans-
ferred onto Nytran SuPerCharge membrane (Schleicher and Schuell Bio-
science). Probes with incorporated [a-*?P]dCTP were synthesized from PCR
fragments corresponding to the 3’ untranslated region of murine Orai mRNAs
by using random-prime labeling mix (Pharmacia) and purified by using Sephadex
G50 spin columns (Pharmacia). The following primers were used to generate the
3’ untranslated region PCR fragments used to make the labeled probes: Orail,
5" TCAATGAGCTGGCCGAGTTTGC and 3" AGTAAGGAGTTTGAGGGC
AGGACA; Orai2, 5’ TGGCCAGGCACATCTGTAAGGTAA and 3" ATACA
CAGATGGCTGTCCCATGCT; and Orai3, 5" AGTTGTTTGCTCCTCCAGG
AAGGT and 3' GTGGTGGTGGTGCATGCCTTTAAT.

For RT-PCR, first-strand DNA was synthesized by using 2 g of total RNA
and random hexamer primer with a Superscript II first-strand kit (Invitrogen).
The following primers were used for RT-PCR: murine Orail 5’ primer, 5’
CGAGTCACAGCAATCCGGAGCTTC and 3' TGGTTGGCGACGATGACT
GATTCA.

Patch clamp measurements. CD4" T cells were cultured in TN conditions
and harvested at day 5. Patch clamp recordings were performed by using an
Axopatch 200 amplifier (Axon Instruments, Foster City, CA) interfaced to an
ITC-18 input/output board (Instrutech, Port Washington, NY) and an iMac G5
computer. Currents were filtered at 1 kHz with a four-pole Bessel filter and
sampled at 5 kHz. Recording electrodes were pulled from 100-pl pipettes
(VWR), coated with Sylgard, and fire-polished to a final resistance of 2 to 5 M.
Stimulation and data acquisition and analysis were performed by using in-house
routines developed on the Igor Pro platform (Wavemetrics, Lake Oswego, OR).
All data were corrected for the liquid junction potential of the pipette solution
relative to Ringer’s in the bath (—10 mV) and for leak currents collected in 20
mM extracellular free calcium plus 25 pM La®*. The standard extracellular
Ringer solution contained 130 mM NaCl, 4.5 mM KCl, 20 mM CaCl,, 1 mM
MgCl,, 10 mM p-glucose, and 5 mM Na-HEPES (pH 7.4). In some experiments,
2 mM CaCl, was used in the standard extracellular solution and the NaCl
concentration was raised to 150 mM. The standard divalent-free (DVF) Ringer
solutions contained (in mM) 150 NaCl, 10 HEDTA, 1 EDTA, and 10 HEPES
(pH 7.4). A concentration of 25 nM charybdotoxin (Sigma) was added to all
extracellular solutions to eliminate contamination from Kv1.3 channel
currents. The standard internal solution contained 145 mM Cs aspartate,
8 mM MgCl,, 10 mM 1,2-bis-(aminophenoxy)-ethane-N,N,N',N'-tetraacetic
acid (BAPTA), and 10 mM Cs-HEPES (pH 7.2). Averaged results are pre-
sented as the mean value * standard error of the mean (SEM). Curve fitting
was done by least-squares methods by using built-in functions in Igor Pro 5.0.
The relative permeability (P) of Cs™ (P¢y/Pn.) Was calculated from the bi-ionic
reversal potential by using the relation P/Py, = ([Cs]/[Na],)e “"*" where R
is the gas constant (8.314 J K! mol’l); T is the absolute temperature; F is the
Faraday constant (9,648 C mol™'); P, and Py, are the permeabilities of Cs* and
Na™, respectively; [Cs]; and [Na], are the intracellular and extracellular ionic
concentrations, respectively, of Cs and Na; and E ., is the reversal potential.

Antibody and histology. A polyclonal antibody against the C terminus of
ORAI1 was raised by immunizing rabbits with a conserved 17-amino-acid pep-
tide corresponding to amino acids 278 to 294 of human ORAI1 (NP_116179)
using standard protocols (Open Biosystems, Huntsville, AL; http:/www
.openbiosystems.com/antibodies/custom/polyclonal/2rabbit70day/). For immuno-

IMMUNE AND SKIN PHENOTYPES IN MICE LACKING ORAI1 5211

histochemistry, the antiserum was affinity-purified using the immunizing peptide.
Immunohistochemistry was performed with support from the specialized histo-
pathology core lab of the Dana Farber/Harvard Cancer Center. Briefly, 5-um-
thick, formalin-fixed, paraffin-embedded sagittal tissue sections of newborn mice
were soaked in xylene, passed through graded alcohols, and put into distilled
water. Slides were then pretreated with 1 mM EDTA, pH 8.0 (Zymed, South San
Francisco, CA) in a steam pressure cooker (Decloaking Chamber, BioCare
Medical, Walnut Creek, CA) according to the manufacturer’s instructions, fol-
lowed by washing in distilled water. Slides were pretreated with peroxidase block
(Dako USA, Carpinteria, CA) for 5 min to quench endogenous peroxidase
activity. Affinity-purified rabbit anti-ORAI1 antibody was applied in Dako dilu-
ent for 1 h. For peptide block, anti-ORAI1 antibody was incubated with the
C-terminal peptide used for immunization at a 1:1 molar ratio for 20 min at 4°C
before dilution. Slides were washed in 50 mM Tris-Cl, pH 7.4, and incubated with
horseradish peroxidase-conjugated anti-rabbit antibody for 30 min (Envision+
detection kit; Dako) according to the manufacturer’s instructions. After further
washing, immunoperoxidase staining was developed by using a diaminobenzidine
chromogen (Dako) and counterstained with hematoxylin. Tissues were visualized
with an upright Leica DM LM microscope using 20X, 40X, and 63X dry objec-
tives. Pictures were acquired with a MagnaFire cooled charge-coupled-device
camera and MagnaFire software (both from Optronics, Goleta, CA).

RESULTS

Expression of ORAI1 in skin and lymphocytes of wild-type
mice. To investigate the endogenous expression pattern of
ORALII in mouse tissues, we generated a polyclonal antibody
to the intracellular C terminus of ORAIL. We used this anti-
body to stain tissue sections of newborn mice and lymphoid
organs of adult C57BL/6 mice (Fig. 1). The strongest signal was
observed in keratinocytes of the stratum germinosum and stra-
tum spinosum of the epidermis (Fig. 1A and B). Strong ex-
pression was observed in hair follicles as well (Fig. 1C). We
also observed ORAI1 expression in muscle fibers of the tho-
racic diaphragm (Fig. 1D), as well as skeletal muscle of the
trunk and intercostal muscles (data not shown). Weaker but
clearly discernible expression was observed in lymphocytes lo-
cated in the medulla of peripheral lymph nodes and the thymus
of ~8-week-old mice (Fig. 1E and F). We did not detect
ORALII expression in cardiomyocytes or in the central nervous
system (data not shown). Expression in lymphocytes was ex-
pected given the important functional role of ORAI1 for Ca**
influx in human lymphocytes (10-12) and in mouse lympho-
cytes as shown below. On a cellular level, the ORAI1 signal
was most prominent at the cell circumference, compatible with
the expression of ORAI1 in the plasma membrane.

Generation of Orail '~ mice. We targeted the first exon of
Orail, which encodes the first 103 amino acids of the protein,
including the first portion of transmembrane domain 1 (see
Fig. S1A in the supplemental material). Exon 1 was replaced
with a self-deleting neomycin cassette that is excised in the
germ line of male mice carrying the targeted allele (see Fig. S1
in the supplemental material). Heterozygous and homozygous
null mice were identified by Southern analysis of genomic
DNA, as well as by PCR (see Fig. S1B and C in the supple-
mental material; data not shown). We confirmed the complete
absence of Orail transcript in CD4 " T cells and CD19™ B cells
of ORAIl-deficient mice by RT-PCR (see Fig. S1D in the
supplemental material). ORAI1-deficient mice in the C57BL/6
background showed perinatal lethality, with null mice born at
lower than the expected Mendelian frequency and all surviving
pups dying within 0.5 to 1.5 days after birth.

Defect in store-operated Ca>* entry in ORAIl-deficient fi-
broblasts and lymphocytes. To analyze the effect of ORAI1
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FIG. 1. Expression of ORAII in skin, skeletal muscle, and lymphocytes of wild-type mice. (A to D) Sagittal sections of newborn mice were
stained with rabbit polyclonal antibody to ORAI1 followed by peroxidase-labeled secondary antibody and counterstaining with hematoxylin. Where
indicated (+ peptide), anti-ORAI1 antibody was preincubated with the immunizing peptide for peptide block. (A, B) ORAI1 staining is present
in ectodermally derived epidermal keratinocytes with a pattern indicative of plasma membrane expression (see enlarged area in panel B).
(C) ORALII is expressed in the mesenchymally derived dermal papillaec and dermal sheath of hair follicles. (D) ORAI1 is expressed in the plasma
membrane of skeletal muscle. Shown here is a sagittal section of the thoracic diaphragm. (E, F) ORAII staining in lymphocytes found in the
medulla of thymus (E) and lymph nodes (F) of ~8-week-old wild-type C57BL/6 mice. «, anti.

deficiency on store-operated Ca®" entry, we examined MEFs
derived from homozygous positive, heterozygous, and homozy-
gous null C57BL/6 background mice. Orail '~ MEFs showed
an almost complete loss of store-operated Ca®" entry in re-
sponse to thapsigargin, whereas heterozygous Orail ™'~ MEFs
showed an intermediate but striking decrease (Fig. 2A). Given
the clear effect of haploinsufficiency of ORAI1, we also exam-
ined T and B cells from heterozygous Orail ™/~ mice in the
C57BL/6 background (Fig. 2B). Differentiated CD4" T cells
and freshly isolated B cells from the heterozygous mice showed
a substantial reduction in store-operated Ca** entry compared
to that in T and B cells from wild-type controls; this was
apparent when the cells were treated with thapsigargin to in-
duce passive depletion of ER Ca*" stores, as well as when their
T-cell receptors or B-cell antigen receptors were cross-linked
with anti-CD3 or anti-IgM, respectively (Fig. 2B). However,
haploinsufficiency of ORAI1 in the C57BL/6 background did
not result in significant changes in T- and B-cell subsets, as
judged by staining for appropriate surface markers (data not
shown).

To determine the effect of a complete absence of ORAIL in
lymphocytes, we examined store-operated Ca®" entry in
Orail '~ T and B cells obtained from fetal liver chimeras (Fig.
2Q). Fetal liver cells from wild-type or Orail '~ embryos in the
C57BL/6 background were injected into syngeneic Rag2 /'~

v.~/~ mice that had been sublethally irradiated (7.5 Gy). Irra-
diated Rag2~/~ v,~/~ mice did not show any residual host-
derived CD4 and CDS single-positive cells in the periphery
(two mice analyzed; data not shown); hence, all the CD4 " and
CD8" single-positive thymocytes originated from donor-de-
rived fetal liver cells. Six weeks later, lymphocytes were iso-
lated from thymus, spleen, and lymph nodes of the resulting
chimeric mice. The mice did not display any obvious defects in
T- and B-cell subsets or development (data not shown). How-
ever, ORAIl-deficient splenic B cells displayed a severe de-
crease in store-operated Ca®" entry in response to thapsigar-
gin, although a degree of residual influx remained (Fig. 2C, left
panel). A similar severe but incomplete loss of store-operated
Ca®" influx was observed in CD4" and CD8" T cells differ-
entiated for 6 days under T;N conditions or in cytolytic T cells,
respectively (Fig. 2C, middle and right panels).

Together these data indicate that loss of ORAI1 has a strong
and detectable effect on store-operated Ca®" entry in fibro-
blasts and lymphocytes. This finding is at variance with the
results of a previous study, which reported that T cells from
mice bearing a gene-trap insertion in the first exon of the Orail
gene had no perceptible defect in store-operated Ca** entry
(46). A potential explanation for this discrepancy is provided in
a later section.
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FIG. 2. Store-operated Ca*" influx is impaired in fibroblasts and T and B cells from C57BL/6 background ORAI1-deficient mice. (A) Store-
operated Ca** influx in wild-type (WT), Orail heterozygous (+/—), and Orail homozygous null (—/—) MEF cells stimulated with 1 uM
thapsigargin (TG) in Ringer solution containing the indicated Ca*"* concentrations (mM). (B) Heterozygous Orail*/~ B and T cells show a
substantial decrease in store-operated Ca?* influx. (Left) Store-operated Ca®" influx in naive B cells in wild-type littermates (WT) and heterozy-
gous Orail ¥/~ mice (+/—) in response to TG (1 uM) or anti-IgM in the presence of indicated [Ca®*], (mM). (Right) Store-operated Ca** influx
in response to TG (1 pM) or anti-CD3 cross-linking with goat anti-hamster IgG (GaH) in differentiated CD4" T cells (T;N) from wild-type
littermates (WT) and heterozygous Orail "/~ mice in the presence of indicated [Ca*"],. (C) Decrease in store-operated Ca** influx in wild-type
(WT) or Orail '~ (KO) B and T cells obtained from fetal liver chimeras. Peripheral B and T cells from reconstituted mice were treated with TG
(1 pM). Left, B cells (B); middle, differentiated CD4" T cells (TyN); right, differentiated CD8" T cells (cytolytic T cells [CTLs]). For all
experiments, Ca®" influx was analyzed by single-cell video imaging of fura-2-labeled cells. The traces show the average results for more than 100
cells analyzed in each experiment. All the data shown are representative of at least three independent experiments. «, anti. In all panels, the bars
above the traces indicate the point at which the cell perfusion medium was changed and the duration of time that the indicated substance, stimulus,

or [Ca®*], was present.

Hair loss and skin phenotypes of Orail '~ mice. To rescue
the perinatal lethality of Orail '~ mice, we backcrossed the
mice to the outbred ICR mouse strain. After three generations
of crossing to ICR mice, Orail /= mice in the mixed ICR
genetic background were born at near-Mendelian ratios; about
half survived past 1 day, and about a third survived for more
than 90 days. As a result, we were able to compare the phe-
notypes of the surviving ORAI1-null mice with those of their
wild-type and heterozygous littermates. Given the completely
penetrant perinatal lethality seen in the C57BL/6 background,
the surviving mixed ICR background Orail ~/~ mice were re-
markably normal, and they lived past 90 days, although occa-
sional mice were observed to have seizures. Consistent pheno-
typic features of the homozygous Orail '~ mice were an
obvious irritation of the eyelids (Fig. 3A), sporadic hair loss
(Fig. 3B and C), and a smaller-than-normal size (about 25 to
30% smaller than wild-type or heterozygous littermates) (Fig.
3C and D). The eyelid irritation was seen in all Orail '~ mice
to some extent (Fig. 3A), but with variable severity; it was not
accompanied by splenomegaly, lymphadenopathy, or other ob-
vious autoimmune pathologies and was unaffected by changing
the conditions of housing (using nonallergenic paper bedding
in the cages, for instance).

The hair loss phenotype we observed in Orail /~ mice re-
sembled the cyclical alopecia described in mice with a kerati-
nocyte-specific deletion of the Cnbl gene (encoding the regu-
latory subunit of calcineurin, calcineurin B1) (32). Some (but
not all) null mice showed a patchy pattern of hair loss, con-
centrated on the occipital region of the skin of the skull (cal-
varia; Fig. 3B). Although hair loss can occur from a variety of
trivial causes, it followed genotype closely in these mice: het-
erozygous littermates were unaffected (Fig. 3C). The affected
mouse in Fig. 3C initially showed a progressive spread of the
hairless region toward the tail, and then (as seen in the figure)
a partial regrowth of hair in the affected region. With increas-
ing age, hairless patches disappeared and the skin returned to
near normal, although hair generally continued to be sparse.
The denuded regions were not noticeably irritated (reddened
or swollen).

Histological examination of skin sections taken from calvaria
and snout showed that Orail ~/~ mice have thinner skin, with
fewer, more-elongated keratinocytes (Fig. 3E). Consistent with
the shorter and thinner vibrissae of ORAIl-null mice (Fig.
3B), vibrissal follicles were smaller and less well-developed
(Fig. 3E, compare top and bottom panels), although their
number and pattern were normal. The sections were stained
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FIG. 3. Epidermal defects in Orail '~ mice. (A) Blepharitis (eye irritation) in an Orail ~'~ mouse. The blepharitis is even more obvious by 60
days of age, with swelling and reddening of eyelids. (B, C) Hair loss in Orail '~ mice (15 and 25 days of age, respectively). Hair loss is variable,
appearing as completely denuded patches, most frequently on the head. In some cases, the hair loss is progressive, spreading from the head to
affect, eventually, a large part of the dorsal skin (C, upper animal) before slowly regrowing to near-normal appearance. (D) Graph of body weights
of heterozygous Orail */~ and homozygous mutant Orail '~ mice as a function of age. Shown are the averages and standard deviations (error bars)
of the weights of 13 Orail ™~ and 8 Orail ~/~ mice from a single litter. Results are representative of three litters examined. Orail '~ mice are
consistently 25 to 30% smaller than their heterozygous littermates. (E) Immunohistochemistry of skin from wild-type (WT) and Orail ~/~ neonates
using ORAI1 antiserum. Tissues were fixed with 4% formaldehyde and embedded in paraffin. Tissue section thickness, 6 pm; X200, original
magnification. Brown (peroxidase) reaction product shows ORAI1 immunoreactivity to be present in keratinocytes in normal skin (upper panels)
but absent in Orail =/~ mice. Skin from Orail '~ mice is thinner, with lower cell density and narrower follicles.

with an antiserum to a peptide at the C terminus of ORAIIL,
confirming the presence of ORAIl in keratinocytes in the
basal layer of the epidermis of wild-type mice (Fig. 3E, top
left). There was no detectable staining in skin sections from
Orail ~'~ mice, confirming that exon 1 deletion leads to loss of
protein expression (Fig. 3E, bottom panels).

Alterations in lymphocyte function in Orail '~ mice in the
mixed ICR background. Because of the prolonged survival of
a substantial fraction of mixed ICR background Orail '~ mice,
we were able to reexamine T- and B-cell function more thor-
oughly using lymphocytes from these mice. T- and B-cell sub-
sets and development appeared normal in the mice (see Fig. S2
in the supplemental material; data not shown), as did the
numbers and function of Tregs (defined as CD4" CD25*
Foxp3™ cells) in thymus, spleen, and lymph nodes (data not
shown). When tested in in vitro suppression assays, Orail '~
Tregs were capable of suppressing the proliferation of wild-

type CD4" CD25 responder cells, and conversely, Orail /'~
CD4*% CD25™ T cells were capable of being suppressed by
wild-type Tregs (data not shown).

Despite showing no obvious developmental anomalies,
B220" B cells from the mixed ICR background Orail ~/~ mice
showed a substantial decrease in store-operated Ca®* influx
compared to that in B cells from their littermate controls (Fig.
4). The decrease was apparent in thapsigargin-treated B cells,
in B cells stimulated through their B-cell receptor with anti-
IgM, and in B cells maximally stimulated with ionomycin at
concentrations that deplete ER Ca®* stores and thereby open
CRAC channels in the plasma membrane (34) (Fig. 4A; quan-
tified in Fig. 4B). Furthermore, ORAIl-deficient B cells de-
rived either from fetal liver chimeras or from mice in the mixed
ICR background showed a substantial decrease, but not a
complete impairment, of proliferation induced by cross-linking
with anti-IgM (Fig. 4C and data not shown). In both cases,
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FIG. 4. Substantial decrease in store-operated Ca>* influx and proliferation of ORAI1-deficient B cells in the mixed ICR genetic background.
(A) Store-operated Ca** influx in naive B cells in wild-type littermates (WT) and Orail '~ mice in response to thapsigargin (TG) treatment (1
uM) (left) or 10 wg/ml anti-IgM followed by ionomycin (iono; 1 uM) (right). Graphs are representative of the results of at least four independent
experiments, and each trace shows the average of at least 100 individual cell responses. In both panels, the bars above the traces indicate the point
at which the cell perfusion medium was changed and the duration of time that the indicated substance, stimulus, or [Ca®*], was present.
(B) Averaged [Ca®"]; peaks and initial rates of [Ca®"]; increase (influx rate) from four independent experiments such as those shown in panel A.
Error bars indicate the standard errors of the means (SEMs). WT, wild-type littermates; KO, Orail '~ mice. (C) ORAIl-deficient B cells show
a decrease in IgM-induced, but not LPS-induced, proliferation. Purified B cells from the mixed ICR background Orail '~ mice were labeled with
CFSE and stimulated with various concentrations of anti-IgM or 20 pg/ml of LPS for 48 h. WT, wild-type littermates; KO, Orail ~/~ mice.

proliferation in response to lipopolysaccharide (LPS) was un-
affected (Fig. 4C, far right panels), as expected given that LPS
signals through TLR4 receptors and the MyD88-NF«B path-
way (19, 22).

The effect of ORAI1 deficiency on T-cell function was more
complex. Naive CD4" and CD8™" T cells from the mixed ICR
background Orail ~'~ mice showed little or no decrease in
thapsigargin-induced Ca" influx when the extracellular free
calcium concentration ([Ca®"],) was maintained at slightly
above physiological levels (2 mM) but displayed a clear im-
pairment at a lower [Ca®"], (0.5 mM) (Fig. 5A, two left panels;
quantified in Fig. 5B). Similar results were obtained when
naive T cells were stimulated with anti-CD3 (Fig. 5C). Consis-
tent with these findings, ORAI1-deficient naive T cells showed
normal proliferation in standard culture medium in response
to stimulation with anti-CD3 and anti-CD28 mAbs (data not
shown). In contrast, CD4™ T cells that had been differentiated
in vitro under Ty1 or T2 conditions and CD8" T cells that
had been differentiated in vitro to induce cytolytic function
showed substantial impairment of thapsigargin-induced Ca**

influx at either 0.5 mM or 2 mM [Ca®*], (Fig. 5A, three right
panels). The Ca** influx defect was most apparent in Tyl
cells, followed by cytolytic T cells and then T2 cells (see
quantification of peak Ca®>* levels and apparent influx rates in
Fig. 5B).

Ca?" influx is important for cell motility and positive selec-
tion during T-cell development (3). Given the surprising fact
that T-cell development was normal in Orail ’~ mice, we
examined Ca®>* influxin CD4" CD8* DP thymocytes. ORAII-
deficient DP thymocytes showed a substantial decrease of Ca**
influx elicited by thapsigargin treatment or cross-linking with anti-
CD3, but some residual Ca*>* influx remained (Fig. 5D).

Store-operated Ca?* entry via CRAC channels has also
been well characterized in mast cells (20, 21). We derived mast
cells from bone marrow cells of mixed ICR background
Orail ™'~ mice. Consistent with the results of a previous report
(46), ORAI1-deficient mast cells showed a substantial decrease
of store-operated Ca®" influx in response to thapsigargin (see
Fig. S3 in the supplemental material).
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FIG. 5. Naive ORAIl-deficient T cells in the mixed ICR genetic background show a lesser impairment of store-operated Ca®" influx than
differentiated T cells. (A) Store-operated Ca>" entry in T cells from wild-type littermates (WT) and Orail ~/~ mice. Purified naive or differentiated
CD4" and CD8™" T cells were treated with 1 pM thapsigargin (TG) in the presence of 0.5 or 2 mM [Ca?*], as indicated. Orail ~/~ naive CD4"
and CD8" T cells show only a partial decrease or almost no decrease of TG-induced Ca®* influx in the presence of 2 mM [Ca’*],. Graphs
represent the results for an average of at least 100 cells. Each trace is representative of the results of at least four independent experiments. CTLs,
CD8™ cytolytic T cells. In all panels, the bars above the traces indicate the point at which the cell perfusion medium was changed and the duration of
time that the indicated substance, stimulus, or [Ca®"], was present. (B) Averaged [Ca®"); peaks and initial rates of [Ca®*]; increase (influx rate) from
four independent experiments such as those in shown in panel A. Error bars indicate SEMs. WT, wild-type littermates; KO, Orail '~ mice. Shown are
responses in the presence of either 0.5 mM or 2 mM [Ca®"],.. (C) Store-operated Ca®* influx in naive CD4" or CD8" T cells from wild-type littermates
(WT) and Orail ~'~ mice, induced by cross-linking biotinylated anti-CD3 with streptavidin and followed by addition of ionomycin (iono; 1 wM). Graphs
are representative of the results of at least four independent experiments. Each trace shows averages and standard errors of at least 100 individual cell
responses. o, anti. (D) Store-operated Ca** influx in CD4* CD8" DP thymocytes (thc) from wild-type littermates (WT) and Orail ~/~ mice, induced with
TG or by cross-linking biotinylated anti-CD3 (bio-CD3) with streptavidin (SA). Graphs are representative of the results of at least three independent
experiments. Each trace shows averages and standard errors of at least 100 individual cell responses.

Residual Iz, -like current in ORAIl-deficient T cells. We and/or ORAI3 contribute to I ac in wild-type and Orail '~
examined the electrophysiological properties of I-gac in T cells.
ORAI1-deficient T(;N cells. In normal mouse T cells, the prop- To address this possibility, we evaluated the steady-state tran-
erties of I-gac (Fig. 6A) are very similar to those previously script levels of all three Orai family members in wild-type T and
documented for human T cells (16, 24, 39): currents in a 20 B cells by Northern analysis (Fig. 6D). As shown previously, Orail
mM [Ca®"],, as well as in DVF medium, show inwardly recti- transcripts are expressed ubiquitously in all cell types examined
fying CRAC-like current-voltage curves with reversal poten- (15) (Fig. 6D, top panel), whereas Orai2 transcripts were high
tials similar to those observed previously in Jurkat T cells; the specifically in naive T cells and in freshly isolated B cells (middle
current is blocked by La*", and the amplitude of the Na™* panel) and Orai3 transcripts were present in the highest amounts
current in DVF medium is reduced by half when 20 pM Ca** in B cells (bottom panel). These findings are consistent with the
is added. In contrast to the essentially complete loss of Iz ac fact that loss of ORAII causes the least impairment of store-
observed in Stiml~'~ T cells (35), however, Orail '~ T cells operated Ca®" influx in naive T cells, which express the highest
showed a small residual current whose properties were very amount of Orai2 mRNA, and the greatest impairment in Tyl
similar to those of I-gac (Fig. 6B; quantified in Fig. 6C). cells, which express the least amounts of Orai2 and Orai3 mRNA
These data are consistent with the possibility that ORAI2 (Fig. 6A and B).
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FIG. 6. Severe impairment of Icgac in differentiated ORAIl-deficient T cells. (A) Current-voltage relations recorded from differentiated
CD4™" T cells derived from wild-type mice in the mixed ICR background in a 20 mM [Ca**], and DVF solutions. Store depletion by thapsigargin
(1 wM) elicits a Ca®* current (left panels) and monovalent cation current (center panel) with properties resembling Icgac in wild-type cells
(including inhibition by La**; right panel). (B) Residual CRAC-like current in differentiated CD4" T cells derived from Orail =/~ mice. (Top)
Currents recorded in a 20 mM [Ca?*], are blocked by La®" (left), and residual Na* CRAC currents are blocked by ~50% with 20 uM Ca®" (right),
similar to the 50% inhibitory concentration of Ca*>" inhibition in Jurkat T cells. (Bottom) Current-voltage relation in a 20 mM [Ca®*], and DVF
solutions from differentiated CD4™ T cells derived from Orail =/~ mice. Orail /= T cells show significant decrease of I ¢ in comparison to the
level in wild-type T cells in panel A. In both panels, the bars above the traces indicate the point at which the cell perfusion medium was changed
and the duration of time that the indicated substance, stimulus, or [Ca®"], was present. (C) Summary of peak current densities recorded under
the indicated conditions. Error bars represent SEMs. “n” indicates the number of cells analyzed. (D) Results of Northern analysis of Orai
transcripts in wild-type naive B and T cells and differentiated T cells. An amount of 15 pg of total RNA was loaded in each sample. The gels on

the right show corresponding 18S and 28S RNA bands as a loading control.

Reconstitution with ORAI1 rescues the defect in store-op-
erated Ca’>* entry in ORAIl-deficient T cells, whereas recon-
stitution with ORAI2 does not. Together, these results sug-
gested that although ORAI1 was clearly predominant, ORAI2
and ORAI3 might also contribute to store-operated Ca** en-
try in wild-type and Orail '~ T cells. To test this hypothesis,
we asked whether ORAI2 or ORAI3 could substitute acutely
for ORAII and increase Ca** influx when used to reconstitute
Orail /= TyN cells. To eliminate potential complications aris-
ing from a mixed genetic background, we performed the ex-
periments with Orail '~ T cells in a pure C57BL/6 genetic
background derived from fetal liver chimeras as described
above.

CD4" T cells were purified from fetal liver chimeras as
described in Fig. 2. They were activated with anti-CD3 and
anti-CD28 in TyN conditions and retrovirally reconstituted to
express ORAI1, ORAI2, or ORAI3 (Fig. 7). Reconstitution
was performed by infecting the differentiating cells with retro-
viruses encoding modified versions of the ORAI proteins bear-
ing extracellular HA tags introduced into the loop between

transmembrane segments 3 and 4 and also bearing an IRES-
GFP cassette (15, 38). As a result, the efficiency of retroviral
infection and surface expression of the tagged ORAI protein
could be monitored independently by flow cytometry of GFP
expression and staining of unpermeabilized cells with anti-HA,
respectively (Fig. 7A).

Although GFP expression was approximately equivalent in
all cases (Fig. 7A, left panel), the rank order of surface expres-
sion of the HA-tagged ORALI proteins was ORAI2 > ORAI1
[tmt] ORAI3 (right panel). The cell populations were treated
with thapsigargin or stimulated through the T-cell receptor by
anti-CD3 cross-linking to induce Ca®* store depletion, and
store-operated Ca®" entry was measured in GFP-positive
(GFP™) cells by single-cell video imaging (Fig. 7B). The results
showed that reconstitution with ORAI1 restored store-oper-
ated Ca®" influx in ORAI1-expressing GFP ™ cells to the levels
observed in wild-type cells reconstituted with empty vector,
whereas reconstitution with ORAI2 had no effect, even though
this protein was expressed at levels comparable to or higher
than the levels of expression of ORAIL (Fig. 7A, right, and B).
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FIG. 7. ORAII reconstitutes store-operated Ca** entry and cytokine production in ORAI1-deficient T cells, whereas ORAI2 does not.

(A) Retroviral expression of exogenous HA-tagged ORAI proteins in

differentiated Orail /= T cells using retroviral vectors containing an

IRES-GFP cassette. Efficiency of retroviral transduction was monitored by measuring GFP expression (left). Surface expression of the HA-ORAI
proteins in the GFP" cells was assessed by staining unpermeabilized cells with an anti-HA antibody (right). (B) Ca*" influx in response to
treatment with 1 M thapsigargin (TG) (top panels) or anti-CD3 cross-linking with goat anti-hamster IgG (+GaH) (bottom panels) in TN cells
from wild-type littermates (WT) or Orail ~’~ mice (—/—), reconstituted by retroviral transduction with empty retroviral vector (WT and —/—) or

HA-tagged ORAI1, ORAI2, or ORAI3. Only GFP™ cells were analyzed.
a, anti; preincub., preincubation. In all panels, the bars above the traces

Data are representative of the results of two independent experiments.
indicate the point at which the cell perfusion medium was changed and

the duration of time that the indicated substance, stimulus, or [Ca**], was present.

Although ORAI3 was very poorly expressed at the cell surface,
reconstitution with ORAI3 caused a marginal increase in
store-operated Ca®" entry that was more apparent after thap-
sigargin stimulation than upon cross-linking with anti-CD3
(Fig. 7B).

We conclude that ORAII can reconstitute Orail '~ TN
cells but ORAI2 is ineffective: that is, a further increase in the
amount of ORAI2 present at the surface of Orail '~ T cells
does not increase the coupling of this acutely introduced pro-
tein to the pathway of store-operated Ca?* entry or cytokine
production. Because of the low expression of ORAI3 at the cell
surface in our current experiments, we cannot at present come
to any conclusion about ORAI3. However, the data presented
here are reminiscent of those we previously obtained by recon-
stituting fibroblasts from ORAI1 (R91W) SCID patient cells

with ORAI family proteins: ORAI2 was unable to reconstitute
store-operated Ca®* entry, whereas reconstitution with
ORAI3 had a small but measurable effect (15).

Impaired production of multiple cytokines by different sub-
sets of ORAIl-deficient T cells. We performed a systematic
comparison of cytokine production by wild-type and Orail /'~
T cells in the mixed ICR background (Fig. 8). To measure the
effect of ORAII1 deficiency on cytokine production, we differ-
entiated wild-type and Orail ’/~ CD4" T cells in the mixed
ICR background for 6 days under TN, Ty,;1, and T};2 condi-
tions. We also differentiated wild-type and Orail /~ CD8* T
cells for 6 days under conditions that led to the generation of
cytolytic T cells. The cells were stimulated for 6 h with PMA
and ionomycin and stained for production of the appropriate
cytokines (Fig. 8). In every case, inspection of the contour plots
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FIG. 8. Partial impairment of cytokine expression in differentiated CD4" and CD8" T cells from the mixed ICR background Orail '~ mice.
T cells isolated from wild-type littermates (WT) or Orail '~ mice (KO) were cultured under the indicated conditions for 6 days (see Materials and
Methods). The cells were then restimulated with 10 nM PMA and 1 uM ionomycin (PMA/iono), with or without pretreatment with 1 uM
cyclosporine A (CsA). Cyclosporine A was kept in the cultures after pretreatment. The percentage of cytokine-expressing cells is indicated in each
quadrant. Data are representative of the results of at least three independent experiments. (A) Cells cultured under TN conditions and assessed
for IL-2 and IFN-vy expression. (B) Cells cultured under Ty;1 conditions and assessed for IL-2 and IFN-y expression. (C) Cells cultured under Ty;2
conditions and assessed for IL-10 and IL-4 expression. (D) Cytolytic T cells (CTLs) cultured in the presence of 100 U/ml human IL-2 were assessed

for IFN-y and granzyme B expression.

shows a substantial decrease in the number of cytokine-pro-
ducing cells, as well as peak and mean fluorescence intensity of
cytokine staining, in Orail ~'~ T cells compared to these mea-
sures in wild-type T cells (IL-2 and gamma interferon [IFN-y]
for TN and Ty, 1 cells, IL-10 and IL-4 for T},2 cells, and IFN-y
for CD8" T cells differentiated into cytolytic T cells) (Fig. 8A
to D). In contrast, the expression of granzyme B, whose induc-
tion is known to be Ca?" independent, was essentially unaf-
fected (Fig. 8D). Thus, the decrease in store-operated Ca**
influx is associated, as expected, with a major decrease in
cytokine production by all T-cell subsets. However, because

outbred mice were used for these experiments, and because
genetic variability can have a strong influence on cytokine
production, we cannot make a determination from these data
as to which cytokines have a stronger or lesser dependence on
ORAIl-mediated store-operated Ca®* influx.

DISCUSSION

We show here that ORAII is expressed in several murine
tissues, including lymphocytes, muscle, and skin, and that de-
letion of exon 1 of the Orail gene in inbred C57BL/6 mice is
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associated with loss of ORAI1 protein and perinatal lethality.
In contrast, mixed ICR background mice carrying the same
mutation display a far less deleterious phenotype which resem-
bles that observed in human SCID patients with a nonfunc-
tional R91W mutation in ORAI1, who also survive after birth
but are immunodeficient and fail to thrive (9-12). T and B cells
from the mice show a substantial decrease in store-operated
Ca®" influx, as well as functional defects consistent with the
primary immunodeficiency observed in the R91W SCID pa-
tients, including normal development of B cells but impaired
B-cell proliferation and decreased cytokine production by T-
cell subsets (9-12). Orail '~ mice in the mixed ICR back-
ground are smaller in size than their wild-type littermates and
display a phenotype of thin skin and sporadic hair loss which
may correspond in part to the ectodermal dysplasia and anhy-
drosis observed in the surviving SCID patient with the R91W
mutation (9) and in part to the phenotype of “cyclical alopecia”
described in mice with keratinocyte-specific deletion of the
Cnbl gene (32). These data confirm the importance of the
calcium/calcineurin pathway for normal development of hair
follicles and skin (14, 18) and show that modifier genes from
the mixed ICR background can ameliorate the perinatal le-
thality associated with global deficiency of ORAIL.

A previous study by Kinet and colleagues described mice
bearing a gene-trap insertion in the first intron of the Orail
gene (46). These mice resemble the Orail '~ mice described
here in some respects but differ in others. In particular, al-
though the gene-trap mice were much smaller than their wild-
type littermates, there was no perinatal lethality if the pups
were fostered separately; in contrast, we have consistently ob-
served that the Orail ”’~ mice die between days 0.5 and 1.5
under all conditions of care. It is unlikely that the perinatal
lethality we observe is due to a secondary mutation in the ES
cells used to generate the Orail ’~ mice, since a very similar
late embryonic/early postnatal lethality is observed in Stiml '/~
mice (2, 35) and in “knock-in” mice in which nucleotide sub-
stitutions corresponding to the nonfunctional RO1W mutation
in human ORAI1 (11) were introduced at the corresponding
position (R93) of the murine Orail gene (M. Oh-hora, J.
Roether, C. A. McCarl, E. D. Lamperti, C. Gelinas, A. Rao,
and S. Feske, unpublished data). In addition, the gene-trap
mice displayed a pronounced defect in mast cell degranulation
but no apparent hair loss. These differences are most readily
explained if the Orail gene-trap mouse is a hypomorph able to
express low levels of correctly spliced Orail mRNA in specific
tissues, rather than a true null. Hypomorphic phenotypes aris-
ing from decreased protein expression are a known hazard of
the gene-trap method (www.genetrap.org/tutorials/overview
.html). Tissue-specific differences in splicing may also explain
why LacZ expression in the gene-trap mice correlated poorly
with the pattern of ORAI1 expression observed in wild-type
mice by immunohistochemistry. The gene-trap mice showed
high amounts of LacZ expression in skeletal muscle, but no
expression in skin or lymphocytes, tissues in which ORAI1
expression is clearly detectable by immunohistochemistry (Fig.
1 and 3) and which exhibit clear functional deficits resulting
from lack of ORAII (Fig. 2 to 6 and 8).

Surprisingly, T cells taken directly from the gene-trap mice
were reported to have no perceptible defect in store-operated

MoL. CELL. BIOL.

Ca®" entry (46). This result contrasts with our data both for
the human SCID patients (10, 11) and for Orail '~ mice. In
both cases, T cells had a clear defect both in store-operated
Ca®" entry and in the production of multiple cytokines char-
acteristic of all T-cell subsets. However, the above study pri-
marily examined T cells taken directly from the gene-trap
animals, which are most likely naive, and we have shown that
naive T cells have considerably less impairment of store-oper-
ated Ca®" influx than differentiated T cells (see Fig. 5). The
study also reported measurements of store-operated Ca®* in-
flux in physiological concentrations of extracellular free cal-
cium, where the defect in naive T cells is much less apparent
(Fig. 5). These considerations could well explain the difference
in T-cell phenotypes between the gene-trap mice and mice with
a targeted deletion of Orail that are entirely null for expression
of ORAII protein. Consistent with this hypothesis, T cells
taken directly from the gene-trap mice showed the expected
decrease in IL-2 and IFN-y production (46).

Unlike Stim1~/~ T cells, which show a profound defect in
cytokine production (35), Orail /™ cells still express some
IL-2, IFN-v, and other cytokines. However, inspection of the
contour plots shows that the peak fluorescent intensity is about
50 times less than that of wild-type cells (Fig. 8). The presence
of some cytokines may reflect the fact that, unlike Stiml '~ T
cells, Orail ~/~ T cells retain some degree of sustained Ca**
influx (Fig. 2, 5, and 7). Presumably, this residual sustained
Ca?" influx suffices to support some level of cytokine produc-
tion by Orail '~ T cells.

The residual CRAC-like current observed in Orail /=~ T
cells (Fig. 6) is consistent with the possibility that ORAI2
and/or ORAI3 contributes to Iogc in T cells. We tested this
possibility by retroviral reintroduction of extracellularly HA-
tagged ORAII and ORAI2, which we showed were expressed
at equivalent levels on the surface of the reconstituted cells.
We found that, whereas reconstitution with ORAI1 could re-
store store-operated Ca®* entry to Orail '~ T cells, reconsti-
tution with ORAI2 was ineffective (Fig. 7). Similarly, reconsti-
tuting fibroblasts from ORAI1 (R91W) SCID patient cells with
ORAII1 restored store-operated Ca®" entry but reconstitution
with ORAI2 had no effect (15). We conclude that if ORAI2
compensates for loss of ORAII as previously suggested (46), it
must do so during development, since this protein is apparently
unable to couple effectively to the mechanism of store-oper-
ated Ca®" entry when acutely introduced into Orail '~ T cells.
One potential hypothesis is that differentiation results not only
in downregulation of Orai2 itself but also in parallel downregu-
lation of genes encoding other proteins required to couple
ORAI2 to the store-operated Ca®" entry pathway. Alterna-
tively, ORAI3 could be the compensating ORAI protein, as we
previously suggested based on results from the introduction of
ORAI3 into SCID patient fibroblasts (15); given the recent
data showing that ORAI3 can be gated simply by applying
2-aminoethoxydiphenyl borate (5a, 41a, 50a), the presence of
functional ORAI3 in T cells and other cell types of Orail ~/~
mice could be tested by using this compound. Further studies
will be needed to understand the distinct roles of ORAI pro-
teins at different developmental stages and in different cell

types.
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