
Pivotal Advance: Nonfunctional lung effectors
exhibit decreased calcium mobilization
associated with reduced expression of

ORAI1
Subhashini Arimilli, Sharad K. Sharma, Rama Yammani, Sean D. Reid, Griffith D. Parks, and

Martha A. Alexander-Miller1

Department of Microbiology and Immunology, Wake Forest University School of Medicine, Winston-Salem, North
Carolina, USA

RECEIVED AUGUST 26, 2009; REVISED DECEMBER 17, 2009; ACCEPTED DECEMBER 19, 2009. DOI: 10.1189/jlb.0809575

ABSTRACT
CD8� T cells play a critical role in the clearance of re-
spiratory pathogens. Thus, it is surprising that func-
tional inactivation of lung effectors has been observed
in many models of viral infection. Currently, the molecu-
lar defect responsible for the shut-off of function in
these cells is unknown. In the present study, we ad-
dressed this question using a model of respiratory in-
fection with the paramyxovirus SV5. Nonfunctional cells
were found to exhibit decreases in SOCE, resulting in
reduced NFAT1 activation. Notably, function could be
restored by the provision of increased levels of extra-
cellular calcium. The reduced ability to mobilize calcium
was associated with reduced expression of ORAI1, the
CRAC channel subunit. These findings reveal a previ-
ously unknown mechanism for the negative regulation
of function in effector T cells. J. Leukoc. Biol. 87:
977–988; 2010.

Introduction
T cells that lack effector function have been reported exten-
sively (e.g., refs. [1–9]). Classically, these cells arise as a result
of inappropriate activation of naı̈ve T cells, e.g., engagement
of p/MHC in the absence of costimulatory molecules or cyto-
kines (for review, see ref. [9]). However, there are an increas-
ing number of studies showing loss of cytokine production
and/or lytic capability in cells that were fully functional previ-
ously [1–5]. This has been reported in cases of chronic infec-

tion, e.g., LCMV clone 13, HIV, or HCV, wherein effectors en-
counter their cognate antigen repeatedly over a long period of
time [6–8], and in TIL, where regulatory cytokines and cells
present at the tumor site can inhibit T cell function [10]. Sig-
nificant effort has been expended to identify the molecular
defect responsible for the inability of such effector cells to
function upon encounter with antigen. Perhaps not surpris-
ingly, the responsible defect differs depending on the nature
of the regulatory event. In the case of TIL, a recent report
demonstrated that loss-of-function can result from dissociation
of the CD8 from the TCR [11]. In addition, tumor-associated
loss-of-function in effector T cells can occur through regula-
tion by tumor-associated myeloid suppressor cells, which in-
duce nitration of tyrosines on CD8 and TCR molecules, result-
ing in the inability of these molecules to bind p/MHC com-
plexes [12]. Further, there are a number of examples of active
negative regulation of the TCR signal transduction pathway.
For example, cells rendered anergic by a variety of approaches
have been shown to exhibit defects in the activation of the
Ras/MAPK signaling pathway, which correlate with the expres-
sion of factors that can negatively regulate signaling, e.g., ubiq-
uitin ligases, such as Itch, Grail, and cbl-b, or DKG�, which
converts DAG into PA (for review, see refs. [13–15]).

Our laboratory is focused on understanding the regulation
of effector function in T cells that enter into the specialized
microenvironment of the lung. Our previous studies showed
that over time, an increasing percentage of virus-specific CD8�

T cells, generated following respiratory infection with the
paramyxovirus SV5, becomes impaired in their ability to pro-
duce cytokines or release lytic granules as a result of residence
in the lung [5]. Loss-of-function in lung resident effector cells
has also been reported in a number of other models, includ-
ing respiratory syncytial virus [1, 2], influenza virus [2], mouse
pneumovirus [3], and LCMV [4]. Recently, we found that the
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loss-of-function can also occur in the effector CD8� T cells
that enter the lung in the absence of infection [16], suggest-
ing that a signal present in the basal lung environment is capa-
ble of mediating this effect. Whether the molecular mecha-
nism responsible for the loss-of-function is shared among these
models or whether distinct mediators are at play is currently
unknown. However, the consistent finding among these stud-
ies—that effectors entering into the lung become functionally
impaired—suggests that the dampening of T cell responses in
the lung is a general rule. Certainly, a clearer understanding
of the mechanism responsible for the failure of these cells to
exhibit effector function is an important goal.

In the present study, we approached this issue by determin-
ing how TCR signaling was modified in cells that had become
nonfunctional following entry into the lung. TCR signaling is
known to culminate in the activation of NFAT1, NF-�B, and
AP-1. From previous studies, it is clear that NFAT1 activation/
regulation plays a critical role in the control of effector func-
tion in CD8� T cells [17, 18] as well as in the induction of
anergy [19, 20]. NFAT1 resides in the cytoplasm in an inactive
form. Following TCR engagement, intracellular calcium stores
are released from the ER. This results in the activation of the
ER resident STIM1 molecule, which then comes into proxim-
ity with the plasma membrane to signal opening of CRAC
channels [17, 21, 22]. Phase two of the signal is then initiated,
as extracellular calcium is brought inside the cell at a high
level. The resulting, sustained increase in calcium results in
the activation of NFAT1 (for review, see ref. [17]). Once acti-
vated, NFAT1 translocates to the nucleus, where it binds to
regulatory sequences and regulates the expression of many
genes, including several cytokines, e.g., IFN-� [23, 24].

In the studies presented here, we found that lung resident
CD8� effector cells that had lost function exhibited reduced
levels of total and activated NFAT1. Results suggested that the
reduced NFAT1 activation was a result of a decrease in the
ability to mobilize calcium. Consistent with this, increases in
the level of extracellular calcium in conjunction with TCR en-
gagement resulted in NFAT1 nuclear localization and restora-
tion of function. Given the importance of CRAC channels in
mediating increased intracellular calcium levels, we investi-
gated the function and expression of the CRAC channel. Our
studies revealed that the ORAI1 (the subunit that forms the
channel) message and protein were reduced in nonfunctional
cells, suggesting a novel mechanism, whereby limiting CRAC
channel expression serves to negatively regulate function in
effector T cells.

MATERIALS AND METHODS

Mice and recombinant viruses
Six- to 8-week-old female BALB/c mice were purchased from the Frederick
Cancer Research and Development Center (Frederick, MD, USA). All re-
search performed complied with federal and institutional guidelines set
forth by the Wake Forest University Animal Care and Use Committee
(Winston-Salem, NC, USA). The recombinant wild-type SV5 virus was puri-
fied by centrifugation (25,000 rpm, 6 h, SW28 rotor) through a 20% glyc-
erol cushion, resuspended in DMEM with 0.75% BSA, and titrated on CV-1
cells as described previously [25].

Immunizations
Mice were immunized as described previously [26]. Briefly, mice were anes-
thetized with Avertin (2,2,2-tribromoethanol; Sigma Chemical Co., St.
Louis, MO, USA) by i.p. injection. PFU (1�106) of virus in PBS was deliv-
ered intranasally in a volume of 50 �l.

Staining and analysis of lung-derived CD8� T cells
Lungs were removed at the indicated day p.i. with SV5. Lung tissue was
minced and incubated in the presence of 100 mg/ml collagenase D (Sigma
Chemical Co.) for 45–60 min at 37°C. Digested lung tissue was then passed
through a 70-� filter and mononuclear cells enriched by density gradient
centrifugation using Histopaque 1077 (Sigma Chemical Co.). Isolated cells
were labeled with APC-conjugated SV5-M285–293/Ld tetramer (provided by
the National Institutes of Health Tetramer Core Facility) and anti-CD8�-
PerCp-Cy5.5 antibody (clone 53-6.7) and in some cases, anti-CD69-PE or
anti-CD25-PE (all from BD Biosciences, San Jose, CA, USA) by incubation
for 30 min on ice. Following washing, samples were acquired on a BD Bio-
sciences FACSCalibur flow cytometer and data analyzed using CellQuest
software (BD Immunocytometry Systems, San Jose, CA, USA) or FlowJo
Software (Treestar, Inc., Ashland, OR, USA). For NFAT1 analyses, isolated
cells were fixed and permeabilized followed by staining with anti-NFAT1
antibody (2 �g/ml; BD Biosciences) and anti-mouse IgG conjugated with
AlexaFluor488.

Analysis of cytokine production and ORAI1 protein
Lymphocytes isolated from the lung as described above were cultured for
5 h in 96-well, round-bottom plates (Becton Dickinson Labware, Franklin
Lakes, NJ, USA) at a concentration of 1 � 106 cells/well in a volume of
200 �l complete medium [RPMI 1640 supplemented with 2 mM L-glu-
tamine, 0.1 mM sodium pyruvate, nonessential amino acids, 100 U/mL
penicillin, 100 �g/mL streptomycin, 2-ME (0.05 mM), and 10% FBS] con-
taining monensin (GolgiPlug, BD PharMingen, San Diego, CA, USA).
Where indicated, stimulation was carried out in the presence of 1 �M
M285–293 peptide or tetramer. As noted, in some cases, titrated amounts of
CaCl2 (50–0.39 mM) were added. Following culture, the cells were har-
vested, washed, and incubated with anti-CD8 antibody for 30 min on ice.
After washing, cytokine production was assessed by intracellular cytokine
using the Cytofix/Cytoperm kit according to the manufacturer’s instruc-
tions (BD Biosciences) and staining with antibodies to IFN-� and TNF-�
(BD Biosciences) where indicated. In cases where the ORAI1 antibody was
used in conjunction with IFN-� staining, 0.4 �g ORAI1 polyclonal antibody
(sc-74778, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was added
to fixed and permeabilized cells, followed by a FITC-labeled anti-goat sec-
ondary antibody. Normal goat IgG (sc-2028, Santa Cruz Biotechnology,
Inc.) was used as an isotype control.

Isolation of functional and nonfunctional M285–293-
specific lung cells
Isolated lung lymphocytes were stimulated for 4 h with SV5-M285–293/Ld

tetramer in a 24-well plate (107 cells/ml). IFN-�-producing cells were iso-
lated by sorting using the mouse IFN-� secretion assay kit (Miltenyi Biotec,
Auburn, CA, USA), as per the manufacturer’s instructions with minor mod-
ifications. Briefly, following the 4-h stimulation period, cells were collected
and washed with 2 ml cold MACS buffer, followed by labeling with the sup-
plied mouse IFN-� catch reagent. All wash steps and the wash buffer vol-
umes recommended by the manufacturer were reduced by half, as this was
found to increase cell recovery. Prewarmed medium was added to the cells,
and the cultures rotated for 40 min at 37°C. IFN-�-secreting cells were
identified by incubation with the PE-labeled IFN-� detection antibody. Con-
currently, cells were labeled with PerCp-Cy5.5-conjugated anti-CD8 anti-
body. For isolation of CD25� versus CD25– cells, lung cells were stimulated
with SV5-M285–293/Ld tetramer for 4 h, followed by staining with anti-CD25
and anti-CD8 antibodies. For sorting, cells were first gated through FSC/
SSC and SV5-M285–293/Ld tetramer/CD8 gates. Sorting was performed using
a FACSAria high-speed cell sorter (BD Immunocytometry Systems).
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Measurement of intracellular calcium
Intracellular calcium flux was measured by flow cytometry using the cal-
cium-sensitive dye Fluo-3. IFN-��/IFN-�– or CD25�/CD25– cells sorted as
above were rested overnight in complete media with 5% T-stim (to pro-
mote survival). Cells were loaded with the calcium-sensitive dye Fluo-3 (4
uM) by incubation for 30 min at 37°C. Following washing, cells were resus-
pended in PBS without calcium or magnesium. Basal Fluo-3 fluorescence
was determined by measurement for 60 s. PMA (50 ng/ml) and ionomycin
(1 �g/ml) were then added and fluorescence measured for an additional
220 s to evaluate calcium release from intracellular stores followed by addi-
tion of CaCl2 (0.5 mM). Fluorescence measurements were acquired for an
additional 200 s. In cases where anti-CD3 antibody was used for activation,
cells were preincubated with 5 �g/ml biotinylated anti-CD3. Baseline read-
ings were obtained for 60 s, followed by addition of 10 �g/ml streptavidin.
Measurements post-streptavidin addition were taken as described above.
Data analysis was performed using FlowJo software (Tree Star, Inc., Ash-
land, OR, USA).

2-APB treatment
Functional versus nonfunctional M285–293-specific cells were sorted based on
expression of CD25. Isolated populations were loaded with Fluo-3 as above.
Basal Fluo-3 fluorescence was determined by measurement for 60 s, follow-
ing which PMA (50 ng/ml) and ionomycin (1 �g/ml) were added and flu-
orescence analyzed for an additional 120 s to evaluate calcium release from
intracellular stores. CaCl2 (0.4 mM) was then added, and readings contin-
ued for an additional 240 s. At this point, 2-APB (3 �M; Sigma Chemical
Co.) was added and fluorescence measured for an additional 200 s.

NFAT1 localization
Following resting overnight, IFN-��/IFN-�– or CD25�/CD25– cells were
stimulated for 15 min with immobilized anti-CD3 (previously coated poly-L-
lysine coverslips in 24-well plate coated with 1 �g/ml antibody in PBS) at
37°C, followed by fixation with warm 3% ultrapure paraformaldehyde
(Polysciences Inc., Warrington, PA, USA; 10 min at 37°C) and permeabili-
zation with Cytofix/Cytoperm. Cells were washed and stained at 25°C for
30 min with NFAT1 (2 �g/ml; Affinity BioReagents, Golden, CO, USA),
followed by anti-mouse Rhodamine Red for 30 min. DAPI Gold (Molecular
Probes, Carlsbad, CA, USA) was used to mount the cells. Images were ac-
quired using a Zeiss LSM 510 confocal microscope and analyzed using LSM
Image software.

Western blot analysis
IFN-�� or IFN-�– cells, obtained by sorting as above, were rested overnight,
followed by stimulation with immobilized anti-CD3 antibody and anti-CD28
antibody (30 min at 37°C). Cells were then washed with cold PBS and lysed
with buffer containing 1% Triton X-100, 20 mM Tris (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 10 mM NaF, 1 mM
Na2VO4, and 1 ug/ml leupeptin. Cell lysates were solubilized in reducing
Laemmli sample buffer, and 105 cell equivalents were loaded and resolved
by 12% SDS-PAGE. Gels were transferred onto nitrocellulose membranes
(Millipore Inc., Billerica, MA, USA), which were blocked with 3% BSA for
1 h, followed by addition of anti-NFAT1 antibody (10 �g/ml; BD Bio-
sciences). HRP-conjugated goat anti-mouse antibody (0.2 �g/ml; Jackson
ImmunoResearch Laboratories, Inc. West Grove, PA, USA) was added, fol-
lowed by detection with SuperSignal chemiluminescent substrate (Millipore
Inc.). Band density was determined using Image J software. NFAT1 band
readings were normalized to the actin control.

ORAI1 and STIM1 mRNA measurement
After sorting, CD25� and CD25– cells were washed once with PBS and
lysed in 200 �l Trizol. TaqMan gene expression assays (Applied Biosystems,
Foster City, CA, USA) were used to measure the transcript levels of orai1
and stim1 by real-time RT-PCR. TaqMan assays were performed with an ABI
7000 instrument (Applied Biosystems) as described previously [27]. Briefly,

RT-PCR was performed with the TaqMan One-Step RT-PCR Master Mix
reagents kit (Applied Biosystems) as described by the manufacturer. The
amplification profile used was as follows: one cycle at 48°C for 30 min, one
cycle at 95°C for 10 min, and 50 cycles at 95°C for 15 s and 60°C for 1
min. The Ct is defined as the cycle at which fluorescence becomes detect-
able above background levels and is inversely proportional to the logarithm
of the initial concentration of template. A standard curve was plotted for
each reaction with Ct values obtained from amplification of known quanti-
ties of murine genomic DNA. The standard curves were used to transform
Ct values of the experimental samples to the relative number of DNA mol-
ecules. The quantity of cDNA for each experimental gene was normalized
to the quantity of the constitutively transcribed control gene (18 s rRNA)
in each sample. This control was chosen based on a previous report dem-
onstrating that 18 s rRNA expression levels are highly stable in T lympho-
cytes, and therefore, this message is optimal for normalization [28]. Sam-
ples were assayed in duplicate and specific transcript levels expressed as
fold difference between the conditions compared.

RESULTS

Nonfunctional cells retain the ability to express CD69
but not CD25 in response to TCR engagement
We have reported previously that a large percentage of CD8�

effector cells that enter the lung following respiratory infec-
tion with SV5 become nonfunctional; i.e., they cannot produce
cytokines or lyse target cells [5]. At time-points that coincide
with initial entry of effectors into the lung (i.e., Day 7 p.i.),
nearly all of the immunodominant M285–293-specific effector
cells are functional [5]. However, by Day 12 p.i., �50% of the
M285–293-specific cells are no longer capable of producing cyto-
kine or lysing infected cells. This dysregulation continues for
an extended period of time, and nearly 85% of the cells are
identified as nonfunctional by Day 40 p.i. [5].

We knew that the M285–293-specific effectors that are unable
to produce cytokine or release lytic granules could still inter-
nalize TCR and undergo limited proliferation in response to
TCR engagement (our unpublished data and ref. [16]). These
findings suggested that TCR engagement resulted in at least
partial signaling in nonfunctional cells. To gain additional in-
sights into the ability of these cells to respond to TCR engage-
ment, we determined whether nonfunctional cells retained the
ability to express CD25 or CD69. Lung lymphocytes were iso-
lated from BALB/c mice on Day 12 p.i. with SV5. For these
experiments, we used the APC-labeled SV5-M285–293/Ld tet-
ramer in combination with peptide antigen as the stimulus for
IFN-� production. This approach serves to identify all SV5-
M285–293-specific cells simultaneously, as well as to trigger func-
tion. Preliminary studies were carried out to ensure that the
conditions used were capable of inducing IFN-� production in
all functional cells (data not shown). Interestingly, we found
that SV5-specific effector cells were capable of expressing
CD69, regardless of their ability to produce cytokine (Fig. 1).
Of note, the nonfunctional cells showed a statistically signifi-
cant reduction in the percentage of cells that were CD69�

(78.5% vs. 89.0%, Fig. 1B). However, the large majority of
nonfunctional cells does express this molecule. The ability to
express CD69 provides additional support for the model that
cells that are incapable of producing cytokines or effecting
lysis have some ability to respond. In contrast, CD25 expres-
sion correlated with the ability to produce IFN-� (Fig. 1). On
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average, 78.5% of functional cells expressed CD25 in compari-
son with 25.0% of nonfunctional cells (Fig. 1B). Analysis of
the expression of CD69 and CD25 in cells that were cultured
in the absence of peptide showed that a large percentage of
cells capable of expressing CD25 and CD69 already expressed
these markers in the absence of restimulation with peptide in
vitro (Fig. 1A, lower panels). However, restimulation with pep-
tide was required to detect all cells with the capacity to express
these molecules. Thus, the regulation of these two activation-
induced molecules is differentially affected under conditions
where loss-of-function is present.

Total and activated NFAT1 levels are reduced in
nonfunctional cells
The ability to up-regulate CD69 together with the deficiencies
in CD25 expression and cytokine production in M285–293-spe-
cific cells suggested that the signal generated as a result of
TCR engagement was impaired as opposed to absent. Our pre-
vious finding that PMA and ionomycin failed to rescue func-
tion pointed to a TCR distal defect [5]. As noted above, one
critical result of TCR signaling is the activation of NFAT1.
Thus, we hypothesized that deficiencies in the expression or
activation of this key modulator could result in the impaired
function observed. To test this, we first determined whether
there were differences in the total level of NFAT1 protein in
functional versus nonfunctional cells. Lung cells were isolated

from mice on Day 12 following intranasal infection with SV5
and stimulated with M285–293/Ld tetramer. Functional versus
nonfunctional cells were identified on the basis of CD25 ex-
pression. Flow cytometric analysis revealed that functional cells
expressed twofold more total NFAT1 than nonfunctional cells
(Fig. 2). Similar results were obtained when populations were
isolated based on IFN-� production (data not shown). Thus,
loss-of-function was associated with a reduction in total NFAT1.

In resting cells, NFAT1 resides in the cytoplasm in an inac-
tive state as a consequence of phosphorylation. Increases in
cytoplasmic calcium levels following extracellular uptake lead
to dephosphorylation of NFAT1, which then traffics to the nu-
cleus, where it promotes transcription. To determine whether
decreased levels of NFAT1 were associated with reduced levels
of activated NFAT1, we used Western blot analysis to measure
the levels of phosphorylated versus dephosphorylated NFAT1
in isolated functional and nonfunctional populations. Lung
cells from infected mice were stimulated with M285–293/Ld tet-
ramer as above. IFN-�� versus IFN-�– populations were then
isolated using the cytokine capture assay that allows labeling of
IFN-�-secreting cells in the absence of fixation. The purity of
the sorted IFN-�� and IFN-�– CD8� T cell populations was
�99% (Fig. 3A).

For analysis of NFAT1 activation, isolated cells were sorted
and rested overnight to allow optimal responsiveness to re-
stimulation. Following this rest period, cells were stimulated
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Figure 1. Nonfunctional cells retain the
ability to up-regulate CD69 but not CD25
in response to TCR engagement. Mice
were intranasally infected with SV5, and
on Day 12, p.i. lung cells were isolated
and stimulated with SV5-M285–293/Ld tet-
ramer for 4 h. Cells were then stained for
CD8, IFN-�, and CD69 or CD25 expres-
sion. Tetramer�CD8� cells were gated,
and IFN-� production versus CD25 and
CD69 expression was analyzed. Represen-
tative data are shown in A. The expres-
sion of CD69 or CD25 following culture
in the presence (�pep; upper panels) or
absence (–pep; lower panels) of peptide
stimulation is shown versus IFN-� produc-
tion. These data are representative of
three independent experiments, each
containing three individually analyzed
animals. (B) Averaged data for the nine
animals analyzed in the three indepen-
dent experiments are shown. *, P � .001.
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with immobilized anti-CD3 and anti-CD28 antibody for 30 min.
Cells were then lysed and 105 cell equivalents resolved by SDS-
PAGE, blotted onto nitrocellulose membrane, and probed
with anti-NFAT1 antibody. Bands were quantified by densitom-
etry with normalization to the actin control. Phosphorylated
NFAT1 levels were found to be twofold higher in functional
cells. Analysis of dephosphorylated NFAT1 showed that func-
tional cells contained approximately fourfold more activated
NFAT1 compared with nonfunctional cells (Fig. 3B). This dif-
ference could not be attributed solely to the twofold decrease
in expression of NFAT1 in nonfunctional cells, suggesting that
there was also a reduction in the extent of NFAT1 activation.
As an additional measure of NFAT1 activation, we determined
NFAT1 localization in the two populations. Following activa-
tion, functional versus nonfunctional cells (sorted based on
CD25 expression) were fixed and stained with anti-NFAT1 an-
tibody (Fig. 3D and E). Nonfunctional cells had limited evi-
dence of nuclear NFAT1 staining. This is in contrast to what
was observed for functional cells. Together, these data show
that in addition to expressing lower levels of total NFAT1, the
efficiency of activation of NFAT1 was reduced in nonfunc-
tional cells following activation.

Nonfunctional cells are reduced in their ability to
flux Ca2�

We next determined whether the defects in NFAT1 activation
were the result of the inability of the nonfunctional cells to
take up calcium from the extracellular environment in re-
sponse to TCR engagement. For these experiments, lung cells
were isolated from mice 12 days p.i. with SV5 and sorted into
IFN-�� and IFN-�– populations as described above. Following
overnight rest, cells were loaded with the calcium-sensitive dye
Fluo-3, followed by coating with biotinylated anti-CD3 anti-

body. Basal Fluo-3 fluorescence levels measured for 60 s, after
which, streptavidin was added to promote TCR cross-linking,
and measurement continued for 220 s; 0.5 mM CaCl2 was then
added to monitor calcium uptake from the extracellular envi-
ronment. Nonfunctional cells exhibited reduced, albeit detect-
able, increases in cytoplasmic calcium as a result of release
from intracellular stores and subsequently, following uptake
from the extracellular environment (Fig. 4, top panel).

Given our previous finding that function is not restored by
stimulation with PMA and ionomycin [5], we predicted that
activation with this stimulus would also result in reduced levels
of intracellular calcium in nonfunctional cells. As expected,
PMA and ionomycin stimulation of nonfunctional cells re-
sulted in decreased calcium release from intracellular stores as
well as uptake from the extracellular environment compared
with functional cells (Fig. 4, middle panel). Similar results
were obtained when calcium measurements were obtained
from CD25– versus CD25� cells (Fig. 4, bottom panel). To-
gether, these data suggest that there is a defect in the pathway
that leads to calcium signaling.

Addition of exogenous calcium restores function in
M285–293-specific lung effector cells
The previous data demonstrated that although reduced, non-
functional cells did exhibit some ability to initiate calcium up-
take. This suggested that CRAC channels were functioning in
some capacity. Given this, we hypothesized that provision of
high levels of extracellular calcium might drive increased up-
take and thus, restore function in these cells. To test this hy-
pothesis, lung effector cells were again isolated on Day 12 p.i.
with SV5. Recovered cells were stimulated with M285–293 pep-
tide in the presence of titrated concentrations of CaCl2 and
IFN-� production assessed by ICCS. In the absence of added
CaCl2, cells were 58% functional (calculated by dividing the
percent of CD8� cells that produce IFN-� by the percent that
is tetramer�; Fig. 5A). This is in agreement with levels ob-
served in our studies published previously [5]. However, as the
concentration of CaCl2 increased, there was a concomitant
increase in function, culminating in 94% of the M285–293-spe-
cific cells producing IFN-� (Fig. 5A). This was not solely the
result of the addition of CaCl2, as no increase in IFN-� pro-
duction was observed in the absence of peptide. Averaged data
from three independent experiments are shown in Figure 5B.
Of note, the increase in function in the presence of calcium
was accompanied by a concurrent increase in CD25 expression
(data not shown). Together, these data suggest that a limiting
calcium signal is responsible for the failure of the effector cells
to produce cytokine.

Restoration of function in the presence of CaCl2 implied
that the defect in NFAT1 activation was overcome in these
cells. To determine if this were the case, we measured the per-
centage of Day 12 M285–293-specific lung cells that exhibited
nuclear localization of NFAT1 following stimulation with M-
tetramer in the presence of CaCl2. The results shown in Figure
5C demonstrate that in the absence of added CaCl2, 50%
(�1.3%) of the M285–293-specific cells exhibited nuclear local-
ization of NFAT1. This would be the expected distribution,
given the functional capacity of this population. However, in

Figure 2. Total NFAT1 is decreased in nonfunctional versus functional
cells. Lung cells from mice Day 12 p.i. with SV5 were stimulated in
vitro with tetramer for 4 h. At the end of the stimulation period, cells
were stained for CD25 expression and sorted in tetramer�CD25� ver-
sus tetramer�CD25– populations. Isolated cells were stained with anti-
NFAT1 antibody. Fluorescence was measured by flow cytometry. These
data are representative of three independent experiments.
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agreement with the data in Figure 5, A and B, in the presence
of 30 mM CaCl2, the percentage of cells with nuclear localiza-
tion of NFAT1 was increased to 72% (�0.5%; Fig. 5C).

CRAC channels present on IFN-�– cells are functional
As the uptake of extracellular calcium in T lymphocytes de-
pends on opening of CRAC channels [29–31], one possibility
to explain the reduced calcium flux in IFN-�– cells was subop-
timal functioning of the channels. Alternatively, it was possible
that CRAC channels were functioning efficiently but were sim-
ply reduced in number. To discriminate between these two
possibilities, we tested the effect of 2-APB on calcium uptake.
Addition of 2-APB at low levels (i.e., �10 �M) has been shown
to potentiate CRAC channel-mediated uptake of extracellular
calcium [32]. Isolated functional versus nonfunctional popula-
tions were stimulated with PMA and ionomycin followed by

addition of CaCl2 to monitor extracellular calcium uptake. In
these studies, the amount of CaCl2 added to evaluate uptake
was reduced to allow assessment of 2-APB-induced increases.
In the functional (upper panel) and nonfunctional (lower
panel) populations, addition of 2-APB resulted in a robust in-
crease in the uptake of extracellular calcium (Fig. 6). These
findings suggested that CRAC channels in the nonfunctional
cells were operating appropriately.

Nonfunctional cells are reduced in the expression of
ORAI1
Based on these results, we tested the alternative hypothesis
that nonfunctional cells had reduced numbers of CRAC chan-
nels. In addition, we assessed the expression of STIM1, the
regulator of CRAC channel function. Opening of the CRAC
channels is dependent on dimerization of ORAI1 dimers
present in the membrane [33]. Thus, reduced expression of
STIM1 or ORAI1 could result in reduced entry of extracellular
calcium. To test this possibility, mRNA was isolated from func-
tional versus nonfunctional M285–293-specific CD8� lung popu-
lations and the level of ORAI1 and STIM1 quantified by real-
time RT-PCR. These studies revealed an �7.5-fold increase in
the level of ORAI1 message in functional versus nonfunctional
populations, and a much more modest difference was ob-
served in the STIM1 message (twfold higher in functional pop-
ulations; Fig. 7A).

To determine whether there were differences in the amount
of ORAI1 protein, lung cells from mice infected 12 days prior
were stimulated in the presence of SV5-M285–293/Ld tetramer
to allow concurrent labeling and activation. At the end of the
5-h stimulation period, CD8�/M285–293 tetramer� cells were
assessed for ORAI1 protein and IFN-� by flow cytometric anal-
ysis. IFN-�� versus IFN-�– cells were found to differ in ORAI1.
On average, functional cells expressed 1.9 � 0.09-fold more
protein compared with nonfunctional cells (Fig. 7B), suggest-
ing reduced ORAI protein levels were correlated with loss-of-
function. Interestingly, we noted that in functional cells, the
level of IFN-� produced was correlated with the level of ORAI
expression (Fig. 7C). As the MFI value for ORAI1 increased,
so did the amount of IFN-� produced. These findings suggest
that the level of ORAI1 is an important determinant of cyto-
kine production and that the lack of function associated with
reduced cytoplasmic calcium is the result of reduced expres-
sion of CRAC channels.

DISCUSSION

Regulation of function in effector T cells is a critical factor in
determining in vivo efficacy. In fact, recent publications sug-
gest that the ability to secrete multiple cytokines as well as lyse
cells, termed polyfunctionality, is a property of highly efficacious
effectors [34–36]. In spite of this, it is clear that functional turn-
off of effector cells does occur in vivo. Functional inactivation has
been identified in antiviral T cells present during chronic infec-
tion [6–8], in tumor-infiltrating T cells (e.g., refs. [11, 12, 37]),
and most recently, in cells that enter into the lung following viral
infection [1–5]. In these cases, T cells initially received the signals

300

400

500
IFNγ-
IFNγ+

400

500

3

0 100 200 300 400

200

CaCl2anti-CD3

IFNγ-
IFNγ+

0 100 200 300 400

100

200

300

400

PMA/Iono CaCl

Fl
uo

-3

γ

400

600

800

1000

PMA/Iono CaCl2
CD25-

CD25+

0 100 200 300 400

200

PMA/Iono CaCl2
Time

Figure 4. Nonfunctional cells exhibit a defect in SOCE. Lung cells iso-
lated from mice on Day 12 p.i. with SV5 were stimulated with tetramer
and IFN-�� versus IFN-�– or CD25� versus CD25– cells isolated by sort-
ing. Sorted populations were incubated with Fluo-3 for 30 min at
37°C. For analysis of intracellular calcium responses following TCR
engagement, cells were incubated with 5 ug/ml biotinylated anti-CD3
antibody for 15 min, after which, baseline Ca2� levels were assessed
for 1 min. Streptavidin (10 �g/ml) was then added, and the sample
was returned for measurement (top panel). For TCR-independent
stimulation, baseline measurements were taken for 1 min, followed by
addition of PMA (50 ng/ml) and ionomycin (Iono; 1 �g/ml; middle
and bottom panels). For all conditions, 280 s after stimulation, 0.5
mM CaCl2 was added to measure uptake from the extracellular envi-
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required for appropriate activation and differentiation but in the
periphery, are exposed to stimuli that over-ride this activation
program, resulting in impaired function.

Significant effort has been expended to understand the mo-
lecular basis for the failure of anergized/tolerant cells to exert
effector function. Calcium signaling has been shown to play a
critical role in the induction of anergy, and the failure to elicit
an appropriate calcium signal is a property of the anergic state
[38, 39]. The current model proposes induction of anergy as a
result of calcium-mediated activation of NFAT1 in the absence
of/decrease in the activation of AP-1 and NF-�B [19]. This
pattern of signaling results in a program of negative regulatory
gene expression. Important mediators induced include E3 li-
gases (e.g., Itch, Grail, and cbl-b) or DKG�, which converts
DAG into PA (for review, see refs. [13–15]). These regulators
appear to work by attenuating TCR proximal signaling events.
For example, Itch targets phospholipase C�1 for ubiquitinyla-
tion [39], and cbl-b targets ZAP-70 [40]. Attenuation of these
early TCR signaling events disrupts calcium signaling (as well
as other events) in anergic cells. TCR proximal attenuation of

signaling is also observed in nonfunctional cells present as a
result of chronic infection. In the case of LCMV clone 13 and
HCV infection, nonfunctional cells have been reported to ex-
press programmed death 1 [41, 42], which is thought to act
through SHP-1 [43, 44], a phosphatase that is responsible for
controlling the activation of Lck (for review, see ref. [45]).
SHP-1 has also been proposed to be involved in abrogation of
early signaling events in TIL [37].

Here, we have investigated the molecular basis for the func-
tional dysregulation that we have reported previously in lung
effector cells following paramyxovirus (SV5) infection [5]. SV5
is known to elicit a highly functional CD8� T cell response,
i.e., in the draining mediastinal lymph node (�90% of CD8�

effector cells that recognize the immunodominant M285–293

peptide produce IFN-�) [5]. Although the initial population of
effectors in the lung mirrors the highly functional effector
population generated in the mediastinal lymph node, over
time, effectors in the lung become increasingly nonfunctional
[5]. Our investigation of the downstream events associated
with NFAT1 activation was directed by previous studies demon-
strating a disruption of calcium signaling in anergic/tolerant
cells [9, 46, 47], as well as the failure to restore function by
stimulation with PMA and ionomycin, a finding that suggested
a TCR distal defect [5].

The activation of NFAT1 plays a critical role in T cell activa-
tion and function. In our analyses, we found a decrease in the
level of phosphorylated NFAT1 as well as a decrease in acti-
vated NFAT1. The magnitude of the decrease in the latter was
greater than the former, suggesting that the reduction in acti-
vated NFAT1 could not be explained solely by a reduction in
total NFAT1 protein. At present, the mechanism responsible
for the decrease in total NFAT1 protein in nonfunctional cells
is unclear. TCR signaling has been shown to result in an in-
crease in NFAT1 levels [48]. One possibility is that changes in
nonfunctional cells alter the TCR signal in such a way as to limit
NFAT1 protein in these cells. A number of mechanisms have
been reported to contribute to the control of NFAT1 protein
levels, including regulated transcription, degradation by active
caspase 3, miRNA-dependent control of translation, and ubiq-
uitin-targeted protein degradation [48–51]. It is possible that al-
terations induced during the programming of nonresponsiveness
result in an increase in the amount of miRNA184 present in
cells, thereby decreasing translation of the NFAT message or in-
creasing ubiquitinylation of NFAT1. Discriminating among these
possibilities will require further study.

Within minutes of TCR stimulation, calcium is released from
intracellular stores present in the ER. Loss of ER calcium stores
results in the activation of STIM1, present in the ER membrane
[21, 29, 30, 52–54]. It is thought that the ER plasma membrane
containing activated STIM1 comes into proximity with the cellu-
lar membrane, where STIM1 induces dimerization of ORAI1
dimers, which are the subunits of CRAC channels [33]. This tet-
ramerization allows CRAC channels to open and promote influx
of calcium from the extracellular environment, activating calmod-
ulin, which in turn, activates the phosphatase calcineurin. De-
phosphorylation of NFAT1 by calcineurin results in its transloca-
tion to the nucleus, where it promotes transcription of numerous
genes, including IFN-� [23, 24].
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cence was measured for an additional 200 s. Addition of 2-APB re-
sulted in increased uptake of calcium in functional and nonfunctional
populations. These data are representative of three independent ex-
periments.
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The data from our studies suggest a model whereby func-
tional dysregulation in lung effector cells occurs at the level of
the CRAC channel. This interpretation is based on the follow-
ing results: the reduction in ORAI1 mRNA and protein, the
increased calcium flux observed following treatment with
2-APB, and the restoration of function in cells stimulated in
the presence of high levels of extracellular calcium. Active reg-
ulation at the level of the CRAC channel is a previously unap-
preciated mechanism for the negative control of T cell effec-
tor function and contrasts with previous studies of nonfunc-
tional T cells, wherein calcium defects have been attributed to
dysregulation of TCR proximal events. In light of this model,
it is of interest that T cells isolated from the intestinal lamina
propria are hyporesponsive to TCR engagement [55, 56]. This
decreased responsiveness is associated with a decreased cal-
cium signal in these cells [55, 56]. It is tempting to speculate
that these mucosal T cells may share a similar regulation at

the level of the CRAC channel. However, this awaits further
study.

The most straightforward model for the inability of the cells
to function is that limiting the CRAC channel number results
in insufficient calcium entry necessary for the production of
cytokines or the release of lytic granules. The inability of T
cells to function as a result of a defect in the CRAC channel
function has been reported [57]. T cells from SCID patients
express a mutant form of ORAI1, which results in a defect in
SOCE and NFAT activation. In our nonfunctional cells, which
exhibit decreased levels of ORAI1, one scenario is that re-
duced calcium uptake is the result of inefficient assembly of
the CRAC channel. The functional CRAC channel requires
dimerization of ORAI1 dimers that reside in the plasma mem-
brane [33, 58]. An overall decrease in ORAI1 dimers may
make assembly of the functional channel more difficult.
STIM1 has been shown recently to be responsible for the re-
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quired dimerization [33] and as such, plays a crucial role in
CRAC channel regulation. However, although we found that
the STIM1 message was lower in nonfunctional cells, the re-
duction was relatively modest. Nonetheless, it remains possible
that STIM1 contributes to dysregulation of calcium uptake.
The decrease in the ORAI1 message observed in nonfunc-
tional cells was reflected in a reduction in ORAI1 protein, al-
beit to a lesser extent. In these analyses, we also observed a
correlation within functional cells between the level of ORAI1
protein and the amount of IFN-� produced, suggesting that
regulation of CRAC channel expression may also contribute to
the quality of effector cells. Whether such a correlation exists
in lymph node effector cells is unknown. If so, it would sug-
gest the level of ORAI1 may determine/predict the amount of
cytokine produced by a cell. If this correlation is restricted to
lung effectors, the reduction in ORAI1 may instead mark cells
that are in the early stages of functional impairment.

In light of our findings, it is interesting that T cells in the
lung have been reported to exhibit higher baseline levels of
cytoplasmic calcium compared with cells in the spleen [59].
Given previous findings that calcium signaling in the absence
of AP-1 and NF-�B activation results in the induction of an
anergy program of gene expression [38], it is tempting to
speculate that signals in the lung result in a sustained, low-
level calcium signal in effector cells. This partial signal result-
ing in the activation of NFAT1 in the absence of AP-1 and
NF-�B may promote expression of one or more genes involved
in the negative regulation of CRAC channel expression.

The question remains as to why effector cells present in the
lung should exhibit such a profound loss-of-function. We
would propose that this is an attempt by the host to limit dam-
age to this fragile, critical tissue. Evidence to support this
model comes from studies of influenza infection [60]. In those
analyses, effector cells present in the lung were found to be
disabled through engagement of NKG2A. When mice lacking
the NKG2A ligand Qa-1b were infected, loss-of-function in ef-
fectors was prevented. Not surprisingly, this resulted in in-
creased immunopathology in the lung. Thus, the number of
effectors dictates the extent to which pathology is associated
with viral clearance. This suggests that turning off effector cell
function is a strategy used by the host to limit destruction of
the vitally important lung tissue.

In conclusion, our findings show that loss-of-function in lung
effector cells is associated with a reduction in CRAC channel ex-
pression, which leads to decreased calcium flux and NFAT1 acti-
vation. Loss-of-function as a result of CRAC channel regulation is
a novel mechanism for functional dysregulation of effector cells
in the periphery. Future studies to further dissect the control of
ORAI1 expression in these cells may open the door to the devel-
opment of new therapeutics that have the capability to inhibit or
enhance function of effector T cells as desired.
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