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Abstract

Store-operated Ca?* entry (SOCE) through Ca?* release-activated Ca?* (CRAC) channels is
essential for immunity to infection. CRAC channels are formed by ORAIL proteins in the plasma
membrane and activated by stromal interaction molecules 1 (STIM1) and STIMZ2 in the
endoplasmic reticulum (ER). Mutations in ORAI1 and STIM1 genes that abolish SOCE cause
severe immunodeficiency with recurrent infections due to impaired T cell function. SOCE has also
been observed in cells of the innate immune system such as macrophages and dendritic cells (DC)
and may provide Ca?* signals required for their function. The specific role of SOCE in
macrophage and DC function, and its contribution to innate immunity, however, is not well
defined. We found that non-selective inhibition of Ca2* signaling strongly impairs many effector
functions of bone marrow-derived macrophages (BMDMs) and dendritic cells (BMDCs) including
phagocytosis, inflammasome activation, and priming of T cells. Surprisingly however,
macrophages and DCs from mice with conditional deletion of Stim1 and Stim2 genes — and
therefore complete inhibition of SOCE - showed no major functional defects. Their
differentiation, FcR-dependent and independent phagocytosis, phagolysosome fusion, cytokine
production, NLRP3 inflammasome activation and their ability to present antigens to activate T
cells was preserved. Our findings demonstrate that STIM1, STIM2 and SOCE are dispensable for
many critical effector functions of macrophages and DCs, which has important implications for
CRAC channel inhibition as a therapeutic strategy to suppress pathogenic T cells while not
interfering with myeloid cell functions required for innate immunity.
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Introduction

Ca?* influx across the plasma membrane through Ca2* release-activated Ca?* (CRAC)
channels is an important signaling pathway for the activation of immune cells (1). In T
lymphocytes, where this pathway is best characterized, CRAC channels are activated after
TCR stimulation that results in the activation of phospholipase C gamma (PLCy),
production of 1,4,5-inositol trisphosphate (IP3), opening of IP3 receptor channels in the
membrane of the ER and release of CaZ* from ER stores. Engagement of other ITAM motif-
containing immunoreceptors and G protein coupled receptors on immune cells also activates
PLCy and PLCP, respectively, and leads to IP3 production (1). Ca?* release from the ER
results in a transient increase in intracellular Ca* concentrations [Ca2*]; and a decrease in
[Ca?*]gg. The latter causes the opening of store-operated CRAC channels in the plasma
membrane (PM) via the activation of stromal interaction molecule (STIM) 1 and STIM2,
which are single pass transmembrane proteins located in the ER membrane. Dissociation of
Ca?* from the ER luminal part of STIM proteins results in their translocation to ER-PM
junctions and binding to ORAI1, the pore forming subunit of the CRAC channel (2-4).
Opening of ORAI1 results in SOCE, thus called because this form of Ca2* influx is
regulated by the [Ca?*]gg (5). SOCE has been demonstrated not only in T cells but also in
many other types of immune cells including B cells, mast cells, macrophages, dendritic cells
(DC) and neutrophils (1).

CRAC channels play an important role for immunity to infection as patients with inherited
mutations in ORAIL and STIM1 genes that abolish SOCE suffer from severe combined
immunodeficiency (SCID)-like disease (6-8), which necessitates hematopoietic stem cell
transplantation (HSCT). These patients have recurrent and chronic infections with viruses,
bacteria and fungal pathogens that have been attributed to impaired T cell function because
of severely impaired proliferation and cytokine production of patient T cells in vitro. T cell-
specific deletion of Stim1 gene expression in mice impairs immunity to Mycobacterium
tuberculosis (9) and deletion of both Stim1 and Stim2 compromises antiviral immunity due
to impaired CD4* and CD8* T cell responses (10). In contrast to the well documented
function of CRAC channels in T cells, their role in innate immune responses is not well
defined and it is unclear if defects in myeloid cells contribute to the immunodeficiency of
ORAI1 and STIM1 deficient patients.

In macrophages, intracellular Ca?* was shown to regulate several cell functions such as the
production of TNFa and nitric oxide (NO) (11, 12). FcR-dependent and independent
phagocytosis by macrophages is associated with intracellular Ca2* transients (13-16).
Whether phagocytosis requires cytosolic Ca2* signals, however, is controversial and various
studies buffering extra- and intracellular Ca2* have come to different conclusions (14-17).
These early studies precede the identification of ORAIL, STIM1 and STIM2 as components
of the CRAC channel, thus precluding direct genetic analysis how SOCE controls
phagocytosis. More recently, peritoneal macrophages from Stim1~/~ mice were reported to
have a phagocytosis defect (18). Following phagocytosis, phagosomes fuse with lysosomes
in a process called phagolysosome fusion or phagosome maturation, which is required for
destruction of phagocytosed pathogens. There is evidence that phagosome maturation is
dependent on Ca?* (19-21), although other studies demonstrated that this process is Ca2*
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independent or even inhibited by Ca2* (22, 23). The role of SOCE in phagosome
maturation, like that in phagocytosis, remains largely unknown.

In DCs, Ca2* was reported to promote activation and maturation in vitro (24-26) and to play
arole in DC responses to TLR ligands or bacteria (27-34). IP3 or LPS stimulation of mouse
bone marrow derived CD11c* DCs were shown to induce SOCE and Ca2* currents
resembling Icrac in T cells (25, 35). Inhibition of SOCE and Ca?* currents by the non-
selective inhibitor SKF-96365 decreased the LPS-induced expression of TNFa and the
CCL21-dependent migration of DC while simultaneously increasing phagocytosis (35). This
is consistent with the recently reported role of CRAC channels in the activation of human
monocyte-derived DC in vitro (36). These largely inhibitor-based studies suggest that in
vitro differentiated human and mouse DCs require SOCE, but as for macrophages, the
precise role of SOCE in DC maturation and function remains poorly defined.

Ca?* signals have been implicated in the regulation of NOD-like receptor family, pyrin
domain containing 3 (NLRP3) inflammasome function in myeloid cells (37). The NLRP3
inflammasome is activated by various stimuli including viruses, bacterial toxins, cholesterol
and monosodium urate (MSU) crystals, which result in caspase 1-dependent cleavage of
pro-1L-1f and pro-IL-18 and secretion of both proinflammatory cytokines. Activation of the
NLRP3 inflammasome by ATP and other stimuli was reported to require Ca2* signaling as
inhibition of Ca2* release from the ER and blocking extracellular Ca?* influx inhibited
NLRP3 inflammasome function, presumably by preventing Ca2* induced mitochondrial
damage (38). Extracellular Ca2*, which is increased at sites of infection and inflammation
and acts as a danger signal, can also activate the NLRP3 inflammasome directly by binding
to the calcium-sensing receptor (CASR) in the PM, which is a G protein coupled receptor
that mediates the production of IP3 and Ca?* release from ER stores (39, 40). However,
none of these studies directly addressed whether modulation of [Ca2*]; via SOCE is
involved in the regulation of NLRP3 inflammasome activation.

In this study, we investigated the specific role of SOCE in macrophage and DC function. By
using macrophages and DCs from mice with conditional deletion of Stim1 and Stim2 genes
on an inbred C57BL/6 genetic background, we show that macrophages and DC lack SOCE
completely in the absence of STIM1 and STIM2. However, abolished SOCE did not result
in gross abnormalities in the development of macrophages and DC in vivo or the
differentiation of BMDMSs and BMDC:s in vitro. Despite abolished SOCE, murine
macrophages showed normal FcR-dependent and independent phagocytosis and maturation
of phagolysosomes. Furthermore, the production of cytokines in response to various pattern-
recognition receptor (PRR) ligands and the activation of the NLRP3 and NLRC4
inflammasomes were normal in STIM1/STIM2-deficient DCs and macrophages. Lastly, the
antigen-presenting function and the subsequent activation of cognate T cells remained intact
in SOCE-deficient BMDCs. By contrast, many effector functions of macrophages and DCs
including phagocytosis, NLRP3 inflammasome activation and antigen presentation were
impaired when Ca2* signaling was inhibited with non-selective Ca2* channel modulators or
Ca?* chelating agents. Collectively, our findings demonstrate that Ca2* signaling, but not
SOCE via CRAC channels, is required for key effector functions of macrophages and DCs.
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Materials and Methods

Mice

The generation of Stim1™/f and Stim2f/fl mice was described previously (41). Mice were
further crossed to Mx1-Cre (B6.Cg-Tg(Mx1-cre)1Cgn/J, Jackson labs [JAX] strain 003556)
or Vavl-Cre (B6.Cg-Tg(Vavil-cre)A2Kio/J, JAX strain 008610) mice (42). OT-1I* mice
(C57BL/6-Tg(TcraTcrb)425Chn/J, JAX strain 004194) crossed to congenic CD45.1 mice
(B6.SJL-Ptprc? PepcP/BoyJ, JAX strain 002014) were a kind gift from Dr. Adrian
Erlebacher (NYU School of Medicine). All mice were maintained on a C57BL/6 genetic
background. Animals were used between 6 and 16 weeks of age. Inducible ablation of Stim1
and Stim2 genes in Stim1f/fstim2f/fl Mx1-cre mice was carried out by injecting mice 3 times
with 400 pg polyl:C (Sigma) every other day intraperitoneally (i.p.) as described before
(43). Efficacy of Stim1 and Stim2 deletion was confirmed by immunoblotting and
measurements of SOCE. All experiments were conducted in accordance with protocols
approved by the institutional animal care and use committee (IACUC) of NYU Langone
Medical Center.

Media and cell lines

Complete DMEM (supplemented with 10% heat-inactivated FCS, 1% non-essential amino
acids, 1% Na-pyruvate, 1% penicillin-streptomycin, and 1% L-glutamine [all CellGro])
containing 10% CMG14-12 cell supernatant was used to differentiate BMDMSs as described
(44). Complete RPMI 1640 (RPMI 1640 supplemented with 10% heat-inactivated FCS, 2
mM L-glutamine, 1 mM pyruvate, 50 uM 2-mercaptoethanol, 100 U/ml penicillin, 100
ug/ml streptomycin [all CellGro]) was used to differentiate BMDCs and maintain T cell
cultures. The CMG14-12 cell line was a kind gift from Dr. Ken Cadwell (NYU School of
Medicine). CMG14-12 cells were grown in complete a-MEM and cell culture supernatant
was harvested, sterile-filtered through a 0.45 um filter-unit (Millipore), and tested as
previously described (44).

Reagents for cell culture

BMDMs, BMDCs, and T cells were treated with EGTA (2.2 mM final concentration,
Sigma), 2-Aminoethoxydiphenylborane (2-APB, 50 uM, Calbiochem), BAPTA-AM (10
UM, Invitrogen), Thapsigargin (TG, 1 uM, Calbiochem), LPS-EB (1-5 pg/ml; E. coli
0111:B4, Invivogen), curdlan (20-50 pg/ml, Invivogen), zymosan A (25-100 ug/ml, Sigma)
CpG (100 nM, Invivogen), 5 or 10 MOI Bacillus Calmette-Guerin (BCG) (45), imiquimod
(1 pg/ml, Invivogen), 12-O-tetradecanoyl-phorbol-13-acetate (PMA, 10 ng/ml,
Calbiochem), ionomycin (0.2 uM, Invitrogen), ATP (3-5 mM, Invivogen), MSU crystals
(150 pg/ml, Invitrogen), FlaTox (a combination of 5 pg/ml Lfn-FlaA and 10 pg/ml PA, a gift
of Dr. Russell Vance, University of California, Berkeley, CA) as indicated.

Differentiation of BMDMs and BMDCs

Femur and tibia of mice were removed and bone marrow was flushed out using a 0.45 mm
diameter needle and washed twice as described previously (46). For BMDMs, 5x10% BM
cells were cultured in 10 ml DMEM containing 10% CMG14-12 cell supernatant for 5 or 6
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days, resulting in > 90% CD11b*F4/80* cells. For BMDCs, 2.5x106 BM cells were cultured
RPMI1640 medium supplemented with 25 ng/ml recombinant GM-CSF (Peprotech) for 8
days resulting in > 90% CD11b*CD11c* cells.

Isolation of primary peritoneal macrophages

Mice were injected i.p. with 1 ml of 1% thioglycollate (Difco) in PBS and sacrificed 3 days
later. Abdominal skin was removed (leaving the peritoneum intact), animals were injected
with 10 ml sterile PBS and the peritoneum was massaged to dislodge any attached cells.
Lavage fluid was extracted using a 10 ml syringe and the resulting cell suspension was
washed once. Cells were re-suspended in complete DMEM and plated overnight on tissue
culture plates. Non-adherent cells were removed and the remaining adherent cells were
mainly CD11b* myeloid cells.

Measurements of intracellular Ca2* levels

Analysis of intracellular Ca2* concentrations ([Ca2*];) in BMDMs and BMDCs by
fluorescence microscopy was performed as previously described (47). Briefly, cells were
loaded with 2 pM Fura-2-AM (Molecular Probes) for 30 min and [Ca?*]; was analyzed
using time-lapse imaging on an 1X81 epifluorescence microscope (Olympus). For
measurements of SOCE, baseline [Ca2*]; was acquired in nominally Ca2*-free Ringer
solution (155 mM NaCl, 4.5 mM KCI, 3 mM MgCl,, 10 mM D-glucose, and 5 mM Na-
HEPES) followed at the indicated times by stimulation with 1 uM thapsigargin (TG) (EMD
Millipore) or 0.2 uM ionomycin to deplete ER stores. To induce Ca2* influx, cells were
perfused with Ca2*-containing Ringer solution (155 mM NaCl, 4.5 mM KCI, 2 mM CaCl, ,
1 mM MgCl,, 10 mM D-glucose, and 5 mM Na-HEPES). For measurements of [Ca2*]; in
response to various PRR ligands, BMDCs were stimulated with 5 pg/ml LPS-EB (tIrl-eblps,
Invivogen), 20 ug/ml curdlan (Invivogen), 100 pg/ml zymosan (Sigma), 1 pg/ml imiquimod
(Invivogen), or 100 nM CpG (Invivogen) in 2 mM Ca?* Ringer solution. After 420 sec,
SOCE was induced with 0.2 uM ionomycin. [Ca2*]; was measured as the ratio of
fluorescence emission at 510 nm following excitation at 340 and 380 nm (F340/F380) and
analyzed using Slidebook imaging software v4.2 (Olympus). Alternatively, F340/F380
ratios were measured in Fura-2 loaded cells with a FlexStation 3 Multi-Mode Microplate
Reader (Molecular Devices) (48). BMDMs and BMDCs were plated on poly-L-lysine-
coated translucent 96-well plates (BD Falcon) for 15 min, washed and incubated in 0 mM
Ca?* Ringer solution with or without 2.2 mM EGTA, 50 uM 2-APB, or 10 uM BAPTA-AM
for 30 min before measurements of [Ca2*];. Ca2™ influx was induced by stimulating cells
with 1 UM TG as described above or by FcR cross-linking. For the latter, BMDMs were
incubated with 10 pg/ml rat anti-mouse FcylIR/FcyllIR (CD16/CD32, clone 2.4G2, BD
Pharmingen) for 30 min followed by 20 pg/ml of goat anti-rat 1gG (Biolegend). Following
stimulation of cells in Ca2* free buffer, an equal volume of 2 mM CaCl, Ringer solution
was added to cells (to obtain a final extracellular [Ca%*] of 1 mM). Ca2* store depletion was
measured as the area under the curve (AUC) after TG or ionomycin stimulation in Ca2* free
buffer, and the peak of Ca2* influx (SOCE) was measured as the maximum F340/380 value
after re-addition of extracellular Ca2* minus the baseline F340/380 value at the beginning of
the experiment.
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Flow Cytometry

Cells were washed once in flow cytometry staining buffer (1x PBS, 0.1% BSA) before
blocking with anti-FcyRII/FcyRIN (2.4G2, BD Pharmingen) for 5 min. Staining of surface
molecules was performed in FACS buffer (1x PBS, 0.5% FCS) for 20 min in the dark using
the following anti-mouse antibodies: anti-CD11b-PE-Cy7 or anti-CD11b-APC (clone
M1/70), anti-F4/80-PerCP-Cy5.5 (BM8), anti-CD11c-eFluor450 (N418), anti-MHCII-PE or
anti-MHCII-eFluor450 (I-A/I-E, M5/114.15.2), anti-CD86-APC (GL1), and anti-IFNy-APC
(XMGL1.2, all eBioscience). For human PBMCs, the following antibodies were used: anti-
CD3-PE-Cy7 (UCHT1), anti-CD14-AlexaFluor700 (HCD14), anti-CD19-PE-Cy7 (HIB19),
anti-CD11b-BrilliantBlue 605 (M1/76), anti-HLA-DR-APC-Cy7 (L243), anti-CD303-
PerCP-Cy5.5 (201A, all BioLegend). Stained cells were analyzed using a FACS LSR |1 flow
cytometer (BD Biosciences) and FlowJo software (Tree star). For intracellular cytokine
staining, OT-11* CD4* T cells were restimulated for 6 h with 20 nM PMA (Calbiochem) and
1 uM ionomycin (Invitrogen) in the presence of 3 pg/ml Brefeldin A (eBioscience). After
surface staining, cells were fixed with IC Fixation Buffer and permeabilized using 1x Perm
buffer (both eBioscience) according to the manufacturer's instructions.

Immunoblot analysis

Cells were harvested and resuspended in RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM PMSF, 1 mM Na-
ortho-Vanadate, and complete protease inhibitor cocktail (Sigma)) and sonicated on ice for
10 minutes. For Western blot analysis, 50-100 pg of total protein was fractionated on a 12 %
SDS-PAGE and transferred onto nitrocellulose membrane. Membranes were incubated with
monoclonal goat anti-mouse actin (C4, Santa Cruz Biotechnology), rabbit anti-mouse
caspase-1 p10 (C-20, Santa Cruz Biotechnology), rabbit anti-mouse anti-IL-1p (D4T2D,
Cell Signaling), and a custom made polyclonal rabbit antibody against the C-terminal
domain of STIM1 (8). For detection, peroxidase-coupled secondary anti-goat or anti-rabbit
antibodies (Sigma) and the enhanced chemiluminescence system (Thermo Scientific), or
anti-goat IRDye 800CW and anti-rabbit IRDye 680LT antibodies and the Odyssey Fc
Western Imaging system (Li-COR) were used.

Phagocytosis assays using beads

For FcR-independent phagocytosis, BMDMs or BMDCs were plated in 96-well plates and
pre-incubated with or without 2.2 mM EGTA, 50 uM 2-APB, or 10 uM BAPTA-AM. After
30 min, yellow-green fluorescent (505/515) carboxylate-modified microspheres (Invitrogen)
were added in various bead-to-cell ratios (1, 5, and 25). For FcR-dependent phagocytosis,
BMDMs and BMDCs were prepared as described above and incubated with FITC-labeled
IgG-coated latex beads (Cayman Chemical) at different bead-to-cell ratios (1, 5, and 25).
After 2 h of culture, uptake of fluorescent beads by CD11b*F4/80" BMDMs or CD11c*
BMDCs, respectively, was analyzed by flow cytometry. To compare different phagocytosis
experiments, AMFI values (MFlpeads-MFIng peads) Were calculated. For phagocytosis
measurements using fluorescence microscopy, 1x10° BMDMs were grown on 8 well
chamber slides (LabTek) over night. Cells were treated for 30 min with 10 uM BAPTA-AM
or left untreated. Subsequently, BMDMSs were incubated with either carboxylate-modified 1
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um yellow-green latex beads (2% solid, Invitrogen) at a 10:1 bead-to-cell ratio or FITC-
labeled IgG beads (Cayman Chemical) according to the manufacturer's protocol. Cells and
beads were centrifuged at 300 x g for 1 min to synchronize the initiation of phagocytosis and
after 30 min washed 3 times with PBS. Cells were fixed with 4% PFA for 30 min and nuclei
were stained with 2.5 ug/ml Hoechst 33342 (Molecular Probes). Images were captured using
a Nikon Eclipse TiE/B automated fluorescence microscope with Photometrics HQ@
Monochrome digital camera. 60x z-stack images were acquired, and the number of latex
beads or FITC" vacuoles per cell was quantified using NI1S-Elements DUO software. At
least 5 fields per sample with an average cell number of 15 per field were analyzed.

Phagocytosis assay using opsonized mouse RBC and S. aureus.

Fresh mouse red blood cells (MRBCs) were extracted from the blood of WT C57BL/6 mice
using Ficoll-Plaque gradient centrifugation and washed once with PBS. 200 pl of mRBC
solution were opsonized with 25 pl anti-mouse RBC antibody (34-3C, Abcam) for 1 hour
and labeled with 8 pl of anti-Ter119-PE antibody. After washing twice with PBS, 2, 20, or
200 opsonized mRBCs per cell were incubated with BMDMs or peritoneal macrophages for
3 hours. Phagocytosis was analyzed by measuring Ter119* cells using flow cytometry. GFP-
expressing S. aureus (Newman strain) was a gift of Dr. Victor Torres (NYU School of
Medicine) (49). S. aureus was harvested during the logarithmic growth phase and incubated
at 1, 10, or 50 MOI with BMDM s for 2 h. Phagocytosis was analyzed testing the uptake of
GFP-expressing bacteria in CD11b* cells by flow cytometry and fluorescence microscopy
using a automated Nikon Eclipse TiE/B system with Photometrics HQ@ Monochrome
digital camera and NIS-Elements DUO software package.

Lysosomal trafficking assays

GFP-expressing S. aureus (Newman strain) were harvested during their logarithmic-growth
phase and incubated with BMDMs at an MOI of 10 for 60 and 120 min. LysoTracker-Red
(Invitrogen) was added to BMDMs 30 min before the end of the incubation period and
extracellular S. aureus were lysed with Lysostaphin (Sigma). Cells were fixed with 4% PFA
in PBS and confocal images were acquired with an inverted Zeiss LSM510 laser scanning
confocal microscope and a 60x NA 1.45 oil-immersion objective (Zeiss). Image analysis
was done using ImageJ software (NIH). The percentage of phagocytosed S. aureus
colocalizing with LysoTracker-Red was determined by blinded counting. To study
trafficking of phagocytosed mycobacteria to lysosomes, BMDMs were infected with 10
MOI of GFP-expressing Bacille Calmette-Guerin (BCG, an attenuated strain of M. bovis)
(45) for 3 h, then washed 3 times with media and incubated another 24 h in RPMI medium
at 37°C. Cells were washed once and fixed with 4% PFA in PBS for 30 min, permeabilized
with 0.1% saponin in PBS for 5 min and incubated with polyclonal rabbit anti-LAMP1
antibody (Abcam). Images were captured using a Nikon Eclipse TiE/B automated
fluorescent microscope with Photometrics HQ@ Monochrome digital camera. 60x z-stack
images were acquired and analyzed using NIS-Elements DUO software as previously
described (45).
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Cytokine ELISA

1x10% BMDMs or BMDCs per ml were left untreated or stimulated with 1 pg/ml LPS-EB
(tIrl-eblps, Invivogen), 50 pg/ml Curdlan (Invivogen), 25 pg/ml zymosan A (Sigma), 100
nM CpG (Invivogen), 5 MOI Bacillus Calmette-Guerin (M. bovis-BCG) (45), or 1 ug/ml
Imiquimod (Invivogen) for 16 h. Cytokine concentrations in supernatants were analyzed
with the Ready-Set-Go ELISA kits detecting mouse IL-1f, IL-2, IL-6, 1L-10, IL-12p40,
IL-12p70, IL-23p19, and TNFa (all eBioscience) according to the manufacturer's
instructions and measured at 450 nm with a SpectraMax M5 ELISA reader (Molecular
Devices).

NLRP3 and NLRC4 inflammasome activation

For NLRP3 inflammasome activation, BMDMs and BMDCs were plated at a density of
1x108 cells per ml, primed with 10 pg/ml LPS for 4 hours (with or without 2.2 mM EGTA,
50 uM 2-APB, or 10 yM BAPTA-AM) and stimulated for 30 min with 3 mM ATP
(Invivogen). Alternatively, the NLRP3 inflammasome was activated by stimulation with 150
ug/ml MSU crystals (Invitrogen) for 4 h. For NLRC4 inflammasome activation, cells were
incubated for 15 or 30 min with a combination of 5 pg/ml Legionella pneumopbhila flagellin
(FlaA) fused to the amino-terminal domain of Bacillus anthracis lethal factor (LFn) and 10
ug/ml recombinant anthrax protective antigen (PA), referred to as FlaTox (gift of Dr. Russell
Vance, University of California, Berkeley). Following stimulation, cell culture supernatants
were harvested and analyzed for IL-1f secretion by ELISA and cells were lysed and
analyzed for pro-caspase 1 cleavage by WB.

Antigen presentation and T cell activation assay

BMDCs were maturated into antigen-presenting cells (APC) with 0.1 pg/ml LPS with or
without 10 uM BAPTA-AM for 30 min. After washing, BMDMs or BMDCs were incubated
overnight with 0.5 mg/ml ovalbumin (OVA) protein (Sigma). OVA-specific CD4* T cells
were isolated from the spleen and LNs of OT-11 mice using the EasyStep Mouse CD4* T
Cell Enrichment Kit (StemCell Technologies). CD4* T cells were labeled with 2.5 uM
CellTrace CFSE (Invitrogen) for 5 min and washed twice. Unbound OV A was removed
from APC cultures before co-culturing with CFSE-labeled OT-I11 CD4* T cells in 5:1 and
1:1 APC to T cell ratios. After 72 hours, proliferation (i.e. CFSE-dilution) was analyzed by
flow cytometry. As a negative control, OT-1I T cells were incubated with BMDCs without
OVA protein and, as a positive control, OT-11 T cells were stimulated polyclonally using
anti-CD3 and anti-CD28 mAbs (145-2C11 and 37.51, both eBioscience). For the detection
of intracellular IFNy OT-11 T CD4" cells were restimulated with 20 nM PMA (Calbiochem)
and 1 pM ionomycin (Invitrogen) in presence of 3 pg/ml Brefeldin A (eBioscience) for 6 h
and analyzed by flow cytometry.

Patient samples

Frozen PBMCs from a healthy donor and a SOCE-deficient patient homozygous for the
ORAI1RIIW mytation (2) were thawed and 5 x 10 cells were stained for cell surface
markers to determine monocyte and DC populations and analyzed by flow cytometry.
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Informed consent for the studies was obtained from the patient's family in accordance with
the Declaration of Helsinki and IRB approval of NYU School of Medicine.

Statistical analysis

Results

Experimental data were analyzed with Prism software (GraphPad) and statistical
significance was calculated by two-tailed paired or unpaired Student's t test. Differences
with p values of < 0.05 were considered to be statistically significant: *, p < 0.05; **, p <
0.005, and ***, p < 0.001, respectively.

STIM1 and STIM2 are not required for the differentiation of macrophages and DCs

STIM1 was shown to mediate SOCE in macrophages (18), DCs (36) and neutrophils (50). It
therefore seemed likely that innate immune responses require SOCE and that abolished
SOCE in patients with loss-of-function or null mutations in ORAI1 and STIM1 genes may
contribute to their immunodeficiency. We and others had previously described that ORAI1
and STIM1 deficient patients have normal numbers of monocytes, neutrophils, basophils
and eosinophils in their peripheral blood, suggesting that SOCE mediated by CRAC
channels is not required for the development of myeloid cells (7, 8, 51). Accordingly, we
found that the frequencies of CD14* CD303~ monocytes, CD14~ CD303™ conventional DCs
(cDCs), and CD14~ CD303* plasmacytoid DCs (pDCs) were comparable in the peripheral
blood of a five months old patient with a homozygous R91W loss-of-function mutation in
ORAI1 (referred to as ORAILR9IW) (2) and a healthy donor control (Figure S1).

Since patients with genetic defects in ORAIL and STIM1 genes are very rare and surviving
patients have leukocyte chimerism after HSCT, it is difficult to study the role of SOCE in
innate immunity in human patients. Various studies have used human or mouse myeloid cell
lines or primary cells and investigated Ca2* signaling either by chelating extra- or
intracellular Ca?* (with EGTA or BAPTA) or by using non-selective CaZ* channels
inhibitors (36, 52-54). Since these approaches do not specifically inhibit CRAC channels
and SOCE, we decided to use mice with conditional deletion of Stim1 and Stim2 genes in
hematopoietic cells (41). These mice were generated on a defined inbred C57BL/6 genetic
background to avoid confounding effects by genes not related to CRAC channel function.
First, we ablated STIM protein expression in Stim1f/fl Mx1-Cre or Stim1f/flstim2f/fl Mx1-
Cre mice by polyl:C injection (41, 43). To rule out any potential immunological artifacts
arising from the transient type | interferon response induced by polyl:C, we also generated
stim1f/fstim2f/fl vav-Cre mice, in which Stim1 and Stim2 are conditionally deleted in all
hematopoietic cells without any further treatment (55). Hematopoietic precursor cells from
both strains of mice were then differentiated into BMDMs and dendritic cells BMDCs in
vitro.

The efficiency of STIM1 and STIM?2 protein deletion in BMDMs from WT, Stim1f/fl Mx1-
Cre and Stim1f/fstim2f/fl Mx1-Cre was analyzed by Ca2* imaging (Figure 1a). Deletion of
STIM1 alone or both STIM1 and STIM2 strongly impaired SOCE in BMDMs from polyl:C
injected Stim1f/fl Mx1-Cre mice andabolished in BMDMSs from poly!:C injected
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Stim1/fstim2f/fl Mx1-Cre mice (Figure 1a, and data not shown) when SOCE was induced
with thapsigargin (TG), an inhibitor of the sarco/endoplasmic reticulum ATPase (SERCA)
pump, or ionomycin, which leaks Ca2* from ER stores. By contrast, deletion of STIM1
alone or both STIM1 and STIM2 had no significant effect on Ca2* store depletion. The
absence of STIM1 protein in BMDM s from Stim1f/fl Mx1-Cre and Stim1f/flstim2f/fl Mx1-
Cre mice was confirmed by Western blotting (Figure 1b). Despite the severe defect in
SOCE, the numbers and immunological phenotype of BMDM s from Stim1/fl Mx1-Cre and
Stim1f/fstim2f/fl Mx1-Cre mice were comparable to WT controls (Figur e 1c) suggesting
that SOCE is not required for the differentiation of BMDMs in vitro. Similar results were
obtained using BMDMs from Stim1/fIstim2f/fl \vav-Cre mice, which lacked SOCE (Figure
1d) but like WT BMDMs were > 99% F4/80* Cd11b* (Figure 1€). We next tested the
effects of STIM1 and STIM?2 deletion in BMDCs generated from Stim1f/flstim2f/fl vav-Cre
BM cells (Figure 1f-1h). STIM1/STIM2-deficient BMDCs showed unaltered Ca%* store
release compared to WT control cells, whereas SOCE was completely absent in response to
TG (Figure 1f) or ionomycin (data not shown) stimulation. CRAC channels and STIM1 or
STIM2 were suggested to play a role in the differentiation and maturation of DCs (25, 36,
56). However, we observed normal expression of CD11c, CD86 and MHC class Il on
immature BMDCs generated from Stim1/flstim2/fl \vay-Cre mice compared to WT
controls (Figure 1g,h). Taken together, STIM1 and STIM2 are essential for SOCE but not
the differentiation and maturation of BMDMs and BMDCs in vitro. We were therefore able
to use BMDMs and BMDCs derived from Stim1f/flstim2f/fl vvav-Cre and Stim1f/flstim2fl/fl
Mx1-Cre mice to investigate the role of SOCE and CRAC channels in DC and macrophage
function.

Ca?* signaling but not SOCE is required for phagocytosis in macrophages and DCs

Ca?* signals were shown in several studies to be required for macrophage phagocytosis
(13-16), but the source of Ca2* and the channels mediating these CaZ* signals remained
unclear. Earlier studies used mostly Ca2* chelators to buffer extracellular and cytosolic Ca?*
or non-selective ion channel inhibitors (15, 16). To investigate the specific contribution of
SOCE to FcR-dependent and independent phagocytosis, we analyzed BMDMs (Figure 2
and Figure S2) and BMDCs (Figure S3) from Stim1f/fstim2f/fl Mx1-Cre and
Stim1f/flstim2f/fl \vav-Cre mice. For comparison, we investigated the effects of extracellular
and cytosolic CaZ* chelation with EGTA and BAPTA-AM, respectively, and those of
inhibiting Ca2* influx and ER store release with the widely used but non-selective ion
channel modulator 2-APB, which has complex effects on CRAC channels, TRP channels
and the IP3Rs (57-60).

Deletion of STIM1 and STIM2 in BMDMs and BMDCs completely inhibited SOCE after
TG stimulation compared to WT control cells (Figur e 2a-c; S3a-c). Chelation of
extracellular Ca* with EGTA to prevent Ca?* influx (Figure 2a; S3a), chelation of
cytosolic Ca?* with BAPTA-AM (Figure 2b; S3b) and treatment with 2-APB (Figure 2c;
S3c) reduced the TG-induced Ca2* influx in WT cells to a similar degree as deletion of
Stim1 and Stim2 genes. No additional reduction of CaZ* influx was observed in STIM1/
STIM2-deficient cells after treatment with EGTA, BAPTA-AM or 2-APB compared to
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control cells. These findings indicate that TG-induced SOCE in BMDMs and BMDCs is
completely dependent on STIM1 and STIM2.

By contrast, Stim1 and Stim2 gene deletion had no effect on the release of Ca2* from ER
stores. The integrated Ca2* signal following TG or ionomycin stimulation in Ca?* free
extracellular buffer was comparable in STIM1/STIM2-deficient and WT control BMDMs
(Figure 2a-c and data not shown) and BMDCs (Figure S3a-c and data not shown),
indicating that the filling of ER Ca2* stores is intact in the absence of STIM1 and STIM2.
By contrast, the [Ca2*]; rise following TG-induced ER store depletion was attenuated in
cells treated with 2-APB, EGTA and especially BAPTA (Figure 2a-c, S3a-c), indicating
that these agents perturb the filling state of ER Ca?* stores by interfering with other Ca2*
signaling pathways besides SOCE. STIM1/STIM2-deficient mice and the non-selective
inhibitors of Ca2* signaling allowed us to distinguish between the specific contributions of
SOCE (absent in STIM1/STIM2-deficient cells), Ca2* influx via SOCE plus other plasma
membrane Ca2* channels (inhibited by 2-APB and EGTA), and Ca2* release from
intracellular stores plus Ca2* influx (neutralized by BAPTA) to BMDM and BMDC
function.

To evaluate the role of SOCE and Ca?* signals in phagocytosis, we first analyzed the FcR-
independent uptake of fluorescent latex beads by BMDMs (Figure 2d, S2a) and BMDCs
(Figure S3d). Stim1/fstim2f/fl vvay-Cre and WT control BMDMs were left untreated or
pre-treated with EGTA, BAPTAAM or 2-APB and incubated with latex beads at different
bead-to-cell ratios (1:1, 5:1 and 25:1). Flow cytometric analysis did not show a difference in
phagocytosis by BMDMs from Stim1f/fl Mx1-Cre, Stim1f/flstim2f/fl Mx1-Cre (Figure S2a)
or Stim1f/fstim2f/fl vav-Cre mice (Figure 2d) compared to WT controls. Likewise,
inhibition of Ca2* influx with 2-APB or EGTA did not substantially impair phagocytosis of
STIM1/STIM2-deficient or WT macrophages (Figur e 2d). By contrast, chelation of
intracellular Ca?* with BAPTA significantly reduced phagocytosis by BMDMs (Figur e 2d).
Similar results were obtained using fluorescence microscopy to analyze phagocytosis
(Figure 3a,b). Furthermore, we found that phagocytosis of latex beads in BMDCs is
independent of STIM1 and STIM2 (Figure S3d). We next tested the FcR-independent
phagocytosis of bacteria by incubating BMDMs with live GFP-expressing Staphylococcus
aureus (S. aureus). Bacterial phagocytosis was unaltered in BMDMs from Stim1/fl Mx1-
Cre and Stim1f/fstim2f/fl Mx1-Cre mice (Figure S2b). Together these data show that FcR-
independent phagocytosis is regulated by cytosolic Ca2* levels but independent of SOCE
mediated by STIM1 and STIM2.

FcR crosslinking results in STIM1-dependent SOCE that was shown to be required for FcR-
dependent phagocytosis (18). We confirmed that crosslinking of FcyRII/I11 (CD16/32)
results in rapid SOCE in WT control BMDMs, which was almost completely abolished in
BMDM s from Stim1f/flstim2f/fl vay-Cre BMDMs (Figure S2c). To evaluate if STIM1 and
STIMZ2 are required for FcR-mediated phagocytosis, we incubated BMDMs with fluorescent
IgG-coated beads (Figure 2e, S2d) and antibody-opsonized mouse RBCs (Figure S2e).
Surprisingly, the phagocytosis of IgG-coated beads by BMDMs from Stim1f/fl Mx1-Cre
mice, Stim1f/fstim2f/fl Mx1-Cre mice (Figure S2d) and Stim1f/flstim2f/fl vav-Cre mice
(Figure 2e) was comparable to WT controls. Normal phagocytosis of antibody-opsonized
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mRBCs was also observed in BMDMs (Figure S2€) and, importantly, in primary peritoneal
macrophages from polyl:C-treated Stim1f/fl Mx1-Cre or Stim1f/fIstim2f/fl Mx1-Cre mice
compared to WT controls (Figure S2f). Together these findings demonstrate that STIM1
and STIM2 are not required for FcR-dependent phagocytosis by in vitro differentiated and
peritoneal macrophages. Treatment of BMDMSs with 2-APB had no effect on the
phagocytosis of 1gG-coated beads, whereas chelation of extracellular Ca?* with EGTA
partially, and chelation of cytosolic Ca2* with BAPTA completely inhibited phagocytosis
(Figure 2e). Similar results were obtained in BMDCs (Figure S3e). The effect of BAPTA
on the phagocytosis of 1gG-coated beads was more pronounced compared to non-coated
beads when analyzed either by flow cytometry (Figure 2d,e) or fluorescence microscopy
(Figure 3c,d), suggesting that cytosolic Ca2* signaling may be more critical for FcR-
dependent phagocytosis. Taken together, our results demonstrate that whereas intracellular
Ca?* signals are required for FcR-dependent and -independent phagocytosis by
macrophages and DCs, SOCE mediated by STIM1 and STIMZ2 is dispensable for this
process.

Lysosomal trafficking is independent of STIM1 and STIM2

Following phagocytosis, endosomes fuse with Golgi apparatus-derived lysosomes that
contain hydrolytic enzymes. This process of phagolysosome fusion is required for the
degradation of phagocytosed pathogens and the production of pathogen-derived peptides
presented on MHC class 11 molecules. The involvement of Ca2* signals in lysosomal
trafficking and phagolysosome fusion is debated (19-23) and the specific role of SOCE in
this process has not been investigated. We therefore analyzed intracellular trafficking and
colocalization of live GFP-expressing S. aureus with lysosomes in BMDMs from WT and
Stim1f/fstim2f/fl Mx1-Cre mice (Figure 4a,b). The phagocytosis of S. aureus was not
impaired in STIM1/STIM2-deficient BMDMs as the number of GFP* bacteria per cell was
comparable to WT control cells (Figur e 4c), consistent with results obtained by flow
cytometry (Figure S2b). We did not detect differences in the distribution pattern (Figure
4a) or extent (Figur e 4b) of co-localization between S. aureus and LysoTracker-positive
vesicles in WT and Stim1/fstim2f/fl Mx1-Cre BMDM:s.

Using a second pathogen, we incubated live GFP-expressing Bacillus Calmette-Guerin
(BCG-GFP), an attenuated vaccine strain of Mycobacterium bovis, for 3 h with BMDMSs
from WT, Stim17/fl Mx1-Cre and Stim1f/fstim2f/fl Mx1-Cre mice (Figure 4d,e). After
removal of extracellular bacteria, BMDMs were cultivated for another 24 h before co-
localization of GFP and lysosomal-associated membrane protein (LAMP-1), a widely-used
marker for lysosomes, was evaluated by confocal microscopy (Figure 4d,e) (45).
Quantification of the LAMP-1 signal surrounding the internalized GFP-tagged BCG showed
a similar extent of colocalization in BMDMs from Stim1f/fl Mx1-Cre and Stim1/flstim2fl/fl
Mx1-Cre mice compared to WT controls (Figure 4e), indicating that intracellular trafficking
of mycobacteria into LAMP-1 positive organelles was not altered. Taken together, our
findings show that SOCE mediated by STIM1 and STIM2 is dispensable for phagolysosome
fusion in macrophages.
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Cytokine production by BMDMs and BMDCs does not require SOCE

With degradation of internalized pathogens, so called ‘danger signals’ or pathogen-
associated molecular pattern (PAMPs) are released and trigger maturation and activation of
myeloid cells. Various pattern-recognition receptors (PRRs) were reported to induce CaZ*
signals (27-29, 31, 33, 61-63) and the involvement of SOCE therein has been discussed (29,
31, 36). Ca?* signals are well known to mediate the activation of transcription factors such
as the nuclear factor of activated T cells (NFAT) and nuclear factor kB (NF-xB) and thereby
the expression of cytokines (64). To evaluate the role of SOCE in regulating cytokine
production in myeloid cells, we stimulated BMDMs and BMDCs from Stim1/fstim2f/fl
Vav-Cre and WT mice with various synthetic or natural PRR ligands that have been shown
to induce Ca?* signals including LPS (detected by CD14/TLR4) (29, 65, 66), CpG (TLR9)
(27, 28), imiquimod (TLR7) (62, 63), curdlan and zymosan (both recognized by Dectin-1
and/or TLR2) (32-34, 67), and live Bacillus Calmette-Guerin (BCG, presumably triggering
several PRRs) (Figure5). Zymosan and curdlan are likely to induce SOCE as their binding
to Dectin-1 activates Syk and PLCy resulting in IP3 production and ER store release (34,
67). For other ligands such as LPS, CpG and imiquimod the source of Ca2* is not known.
Surprisingly, BMDMs and BMDCs from Stim1/fstim2f/fl vvay-Cre produced similar
amounts of TNFa, IL-6, IL-10, IL-12p70, I1L-23p19, IL-2, and IL-12/23p40 as WT cells
when stimulated with LPS, CpG, zymosan, curdlan, BCG or imiquimod for 16 h (Figure
5a,b) indicating that STIM1 and STIM2, and thereby SOCE, are dispensable for PRR-
induced cytokine production in myeloid cells. To investigate if PRR ligands induce Ca2*
signals and whether these depend on STIM1 and STIM2, we measured Ca2* influx in WT
and STIM1/STIM2-deficient BMDCs in response to LPS, CpG, zymosan, curdlan or
imiquimod stimulation (Fig. $4). In WT BMDMs, we observed small transient rises in
[Ca?*]; in response to LPS and zymosan, whereas stimulation with curdlan, imiquimod or
CpG failed to result in Ca2* increases. Even after LPS and zymosan stimulation, only few
cells within the entire cell population exhibited marked Ca?* influx and the magnitude of
Ca?* influx was small compared to that induced by ionomycin as a control to mediate SOCE
(Figure S4a,c). The Ca2* signals following LPS and zymosan stimulation were largely
absent in STIM1/STIM2-deficient BMDCs compared to WT cells (although differences
were not statistically significant), suggesting that they may be mediated by SOCE (Figure
S4b,c). Taken together, PRR ligands such as LPS and Zymosan induce weak Ca2* influx
that may be partially mediated by SOCE, but these signals are dispensable for PRR-induced
cytokine production in BMDMs and BMDCs.

Cytosolic Ca?* but not SOCE is required for NLRP3 and NLRC4 inflammasome activation

Another mechanism by which innate immune cells produce pyrogenic cytokines is through
activation of inflammasomes. Several studies have linked CaZ* signaling to the activation of
NLRP3 and NLRC4 inflammasomes (38-40, 68, 69). Ca%* release from the ER (38-40, 53)
and binding of extracellular Ca2* to the CASR (38, 40) were described to modulate NLRP3
activation. However, most of these studies relied on the use of Ca2* chelators or non-
selective ion channel inhibitors (53, 54, 68, 69) and the specific role of SOCE in
inflammasome activation has not been investigated. To elucidate if Ca2* signals and SOCE
are required for NLRP3 activation, we first stimulated WT BMDMs with LPS for 4h
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followed by stimulation with ATP for 30 min. WT BMDM s secreted readily detectable
amounts of IL-1p, which were significantly reduced by treatment of cells with 2-APB and
abolished by chelation of intracellular Ca2* with BAPTA (Figure 6a), indicating that Ca2*
signals are indeed required for NLRP3 function. Chelating extracellular Ca2* with EGTA,
by contrast, had no effect on IL-1p production.

ATP was shown to activate the NLRP3 inflammasome by opening P2X7 receptor channels
that, besides causing K* efflux, mediate Ca2* influx into cells (70). In addition to P2X7
receptors, ATP binds to G protein coupled P2Y receptors that induce SOCE via activation of
PLCB and production of IP3. We therefore measured Ca?* influx in STIM1/STIM2-deficient
BMDMs and BMDCs following stimulation with 5 mM ATP (Figure 6b,g). We observed
moderately reduced Ca2* influx in STIM1/STIM2-deficient cells compared to WT cells
which is likely due to impaired P2Y receptor-induced SOCE. To analyze if SOCE is
required for NLRP3 activation, we next tested BMDMs from WT and Stim1f/flstim2fl/fl
Vav-Cre mice. STIM1/STIM2-deficient BMDMs produced copious amounts of 1L-1f
comparable to WT cells (Figure 6c) despite reduced ATP-induced Ca2* influx. Consistent
with normal IL-1p secretion, BMDMs from Stim1/flMx1-Cre and Stim1f/flstim2f/fl mx1-
Cre mice showed normal cleavage of pro-caspase-1 into (active) caspase-1 (p10) after LPS
and ATP stimulation that was comparable to WT BMDMs (Figure 6d). To distinguish
between a potential role of SOCE in the priming and activation of the NLRP3
inflammasome, we analyzed the intracellular pro-1L-1f levels during the priming phase with
LPS and the cleavage-induced decrease of intracellular pro-1L-1p upon ATP stimulation
(Figure 6e). We found comparable expression levels of pro-IL-1f in BMDMs from
Stim1/fstim2f/fl vay-Cre and WT mice over the entire LPS stimulation period of 16 h
(Figure 6e, left panel) and a comparable decrease of intracellular pro-I1L-1f in WT and
STIM1/STIM2 deficient BMDMs after ATP treatment (Figur e 6e, right panel).

IL-1B production was also normal after treatment of STIM1/STIM2-deficient BMDMs with
monosodium urate (MSU) crystals, another ‘danger signal* that activates the NLRP3
inflammasome (Figure 6¢). In addition to NLRP3, we also investigated the role of SOCE in
the function of the NLRC4 inflammasome, which is activated by bacterial flagellin and
whose activation had been linked to CaZ* influx (52). Stimulation of LPS-primed BMDMs
with the bacterial toxin FlaTox that selectively activates the NLRC4 inflammasome (52)
resulted in comparable IL-10 secretion in WT and STIM1/STIM2-deficient macrophages
(Figure 6f). Normal NLRP3 and NLRC4 inflammasome activation by ATP, MSU crystals
and FlaTox, respectively, was also observed in BMDCs from Stim1/fIstim2f/fl vay-Cre
mice (Figure 6g-i). Taken together, our findings show that Ca2* influx and SOCE are not
required for NLRP3 and NLRC4 function.

Antigen presentation and stimulation of T cells by BMDCs is independent of STIM1 and

STIM2

Many of the macrophage and DC functions we investigated above are required to initiate an
adaptive immune response by T cells. This includes presentation of peptides from
phagocytosed pathogens on MHC class Il complexes, expression of co-stimulatory
molecules and cytokine production. Ca2* signals have been implicated in all of these steps
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(24-26, 36). Ca2* influx via CRAC channels was suggested to regulate expression of MHC
class Il and the co-stimulatory molecules CD80 and CD86 on APCs (25, 71), and siRNA
mediated suppression of STIM1 and ORAI1 was shown to impair the maturation of human
DCs (36).

We therefore investigated if SOCE is required for the antigen-presenting function of DC
during an adaptive immune response. A comparable small fraction of BMDCs from
Stim17/fstim2f/fl vav-Cre and WT mice spontaneously showed a mature MHCIIN CD86h
phenotype without stimulation (Figure 1g, 7a,b). Stimulation of immature BMDCs derived
from WT and Stim17/fstim2f/fl vav-Cre mice with different PRR ligands including LPS,
curdlan, imiquimod, CpG or zymosan dramatically increased the percentage of MHCIINi
CD86M mature DCs. However no significant differences between WT and Stim1/flstim2fl/fl
Vav-Cre BMDCs were observed (Figure 7b). Next, we analyzed the effects of STIM1/
STIM2 deletion in BMDCs on T cell activation. BMDCs from WT and Stim1f/flstim2l/fl
Vav-Cre mice were incubated with ovalbumin (OVA) protein overnight, matured by
stimulation with LPS and co-cultured with naive CFSE-labeled OT-I1l1 CD4* T cells, which
express a transgenic TCR specific for chicken ovalbumin 323-339.The proliferation of OT-
11 T cells co-cultured for 72 hours with ovalbumin-loaded Stim1/flstim2f/fl vay-Cre
BMDCs was comparable to OT-I1 T cells incubated with WT BMDCs (Figure 7c,d).

Because we had found that several BMDM and BMDC functions were impaired when
cytosolic Ca?* was chelated with BAPTA, we tested its effects on antigen presentation of
DCs by treating WT and STIM1/STIM2-deficient BMDCs with BAPTA for 30 minutes
before co-culture with cognate T cells (Figure 7c,d). BAPTA significantly reduced T cell
proliferation irrespective of whether T cells were co-incubated with WT or STIM1/STIM2-
deficient BMDCs. These findings are consistent with the strongly impaired phagocytosis of
BAPTA-treated BMDCs (Figure S3d,e), which limits the MHC class Il-restricted
presentation of cognate ovalbumin-derived peptides to OT-I1 T cells. In addition to
proliferation, we analyzed IFNy production by OT-1I T cells that were co-incubated with
WT and STIM1/STIM2 deficient BMDCs for 72h and re-stimulated with PMA and
ionomycin for 6h but did not observe a significant difference in the frequency of IFNy-
positive T cells incubated with WT or STIM1/STIM2-deficient BMDCs (Figure 7€). By
contrast, chelation of cytosolic Ca* in BMDCs with BAPTA for 30 minutes before co-
culture with OT-11 T cells almost completely abolished IFNy production. Taken together,
our data demonstrate that the antigen presenting function of DC and their ability to stimulate
T cells depends on cytosolic Ca2* signals but is independent of SOCE mediated by STIM1
and STIM2.

Discussion

SOCE via CRAC channels is a conserved Ca2* influx pathway in most, if not all, immune
cells, but the contribution of SOCE to the function of myeloid immune cells and innate
immune responses is largely unknown. Patients lacking SOCE due to mutations in ORAI1 or
STIM1 genes are severely immunodeficient and suffer from recurrent, often life-threatening
infections with viral, bacterial, mycobacterial and fungal pathogens (6). While many
infections can be attributed to impaired T cell-mediated adaptive immunity (6, 9, 10, 72), the

J Immunol. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vaeth et al.

Page 16

patients’ frequent bacterial and mycobacterial (BCG) infections could be compounded by
defective SOCE in innate immune cells resulting in an impaired function of neutrophils,
macrophages and DCs. Consistent with the essential role of STIM1 and STIM2 in SOCE in
T cells (41) and B cells (73), we found that conditional deletion of Stim1 and Stim2 genes in
hematopoietic cells of mice completely abolishes SOCE in macrophages and DCs.
Surprisingly, however, the complete lack of SOCE in these cells did not have a significant
effect on any of their innate immune functions including FcR-dependent and independent
phagocytosis, phagolysosome fusion, cytokine production in response to various PRR
ligands, activation of NLRP3 and NLRC4 inflammasomes and antigen presentation to T
cells. By contrast, abolishing Ca2* signaling by chelation of [Ca2*]; with BAPTA or the
non-selective modulation of Ca2* and other ion channels with 2-APB perturbed many
macrophage and DC functions (Figure 8). We therefore conclude that intracellular Ca2*
signals are essential for the function of macrophages and DCs, whereas SOCE mediated by
STIM1/STIM2 is dispensable. The apparently redundant role of SOCE in macrophages and
DCs is in contrast to some earlier reports that had shown a role of STIM1 in phagocytosis by
macrophages and in human DC maturation and cytokine production (18, 36). We here
discuss potential causes for these discrepancies.

Our data demonstrate that FcR-dependent and independent phagocytosis of latex beads,
opsonized cells (RBCs), living bacteria (S. aureus) and mycobacteria (BCG) by murine
macrophages and DCs does not require STIM1 and STIM2 despite abolished SOCE. Normal
phagocytosis is not limited to in vitro cultured BMDMs because primary peritoneal
macrophages isolated from STIM1/STIM2 deficient mice were able to phagocytose
opsonized RBCs normally. Removal of extracellular CaZ* with EGTA partially impaired
FcyR-dependent phagocytosis and suppression of all intracellular Ca2* signaling with
BAPTA significantly reduced phagocytosis. Our data are consistent with observations that
phagocytosis of 1gG-coated beads and RBCs in the absence of extracellular Ca%* or
chelation of [Ca?*]; as was impaired in mouse peritoneal macrophages and the macrophage
cell line J774 (15, 16). This dependence of FcyR mediated phagocytosis on intracellular
Ca?* was, however, not observed in other studies in which removal of extracellular Ca2* or
buffering intracellular Ca?* had no effect on phagocytosis of 1gG-coated particles or RBCs
(13, 14); the cause of these differences is not known. Importantly, our data demonstrate that
phagocytosis is independent of SOCE mediated by STIM1 and STIM2. This is in contrast to
a report showing strongly reduced phagocytosis of 1gG2a and 1gG2b opsonized RBCs in
F4/80* peritoneal macrophages from Stim1~/~ mice (18). STIM1-deficient macrophages had
impaired Ca2* influx after crosslinking of Fcyll/Illa receptors. In vivo, Stim1~/~ mice
injected with antibodies against RBCs and platelets were protected from autoimmune
hemolytic anemia (AIHA) and thrombocytopenia, respectively, which in the case of AIHA
was attributed to impaired phagocytosis of RBCs by Kupffer cells in the liver (18). It is
noteworthy to mention that patients with loss-of-function mutations in the STIM1 gene that
abolish SOCE develop anti-RBC and anti-platelet autoantibodies and, in contrast to
Stim1~/~ mice, suffer from AIHA and thrombocytopenia. This suggests that removal of
autoantibody-bound RBCs and platelets by the mononuclear phagocyte system occurs
normally in SOCE-deficient patients (8, 72).
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The cause of the discrepant results obtained in Stim1~/~ mice (18) compared to
stim1/fstim2f/fl vav-Cre or Stim1/fstim2f/fl Mx1-Cre mice used in this study and the
STIM1 mutated human patients (8) is not understood. Different degrees of SOCE deficiency
in cells from Stim1~/~ (18) and Stim1//fstim2f/fl vav-Cre or Stim171/fstim2f/fl Mx1-Cre
mice are unlikely to account for the divergent effects on phagocytosis since SOCE appears
to be more profoundly impaired in STIM1/STIM2 double-deficient than Stim1~/~
macrophages. It is possible that peritoneal macrophages are more dependent on SOCE than
BMDMs; however, peritoneal macrophages from Stim1f/fl Mx1-Cre and Stim1/fistim2fi/f
Mx1-Cre mice showed a normal ability to phagocytose antibody-opsonized RBCs. A
potential explanation for the impaired phagocytosis by macrophages from Stim1~/~ (18) but
not Stim1/fstim2f/fl vav-Cre or Stim11/fStim2f/fl Mx1-Cre mice may be that Stim1~/~ mice
are on a different genetic background compared to the Stim1™/flstim2f/fl vav-Cre and
stim1//fstim2f/fl Mx1-Cre mice, which are on a pure C57BL/6 background. It is possible
that phagocytosis by Stim1~/~ macrophages (18) is confounded by polymorphisms in
modifier genes that co-regulate phagocytosis. A striking example of such a modifier effect
on phagocytosis was shown by Nuvolone et al. who demonstrated that the phagocytosis
defect in Prnp™~ mice reported in one study was not due to the lack of prion protein PrP¢
but was linked to a genetic polymorphism in the locus for signal regulatory protein a (Sirpa)
(74). A similar effect unrelated to STIM1 and SOCE might account for the phagocytosis
defect in macrophages from Stim1~/~ mice (18). Since the Stim1~/~ mice used for these
studies were BM radiation chimeras, it is also possible that phagocytosis is affected by the
irradiation-associated inflammation.

One of the best characterized functions of SOCE in lymphocytes is the regulation of
cytokine production through Ca?* dependent transcription factors such as NFAT, ERK1 and
NF-kB (64, 75). In T cells, the expression of IL-2, IL-4, IFNy, TNFa, IL-17 and many other
cytokines is regulated by SOCE and deletion of STIM1 or both STIM1 and STIM2 severely
impairs cytokine production (41, 76, 77). We were therefore surprised to find normal
expression of IL-2, IL-6, IL-10, IL-12p70, 1L-12/23p40 and TNFa in STIM1/STIM2-
deficient BMDMs and BMDCs following stimulation with a variety of different PRR
ligands that had been linked to Ca2* signals (Figure 8) (27-30, 32-34, 61, 63, 65). Curdlan
and zymosan are beta glucans binding to the Dectin-1 receptor, which activates PLCy2 via
the kinase Syk (34). The resulting IP3 production is thought to trigger a transient Ca2*
release from ER stores and thus potentially SOCE (Figur e 8)(34). We observed Ca2* influx
in WT BMDC:s after zymosan but not curdlan stimulation that appeared reduced in STIM1/
STIM2-deficient cells. Cytokine production in response to zymosan and curdlan, however,
was not impaired. LPS binds to TLR4 and CD14 and was shown to induce Ca2* signals in
murine BMDCs (29, 30, 35, 65). The LPS-induced expression of TNFa and IL-6 was
attenuated by non-selective inhibition of Ca2* channels with SKF-96365 (35). We found
only a weak LPS-induced Ca%* response in a small fraction of WT BMDCs, which appeared
absent in STIM1/STIM2-deficient cells. However, we did not observe significant defects in
LPS-induced cytokine production in STIM1/STIM2-deficient DCs and macrophages. These
findings are in contrast to impaired expression of IL-10, IL-12 and IFNy after LPS
stimulation of human monocyte-derived DCs in the presence of 2-APB (36). 2-APB,
however, is a non-selective modulator of several ion channels. It not only modulates CRAC
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channel function and SOCE (57, 78), but also that of TRPV channels (58, 79, 80), TRPM
channels (81), TRPC channels (81), the potassium channel KCa3.1 that is expressed in
macrophages (81, 82), GABAA, receptors (83) and IP3Rs (reviewed in (84)). 2-APB
therefore has much broader effects on CaZ* signaling than the inhibition of SOCE alone.
While our data do not contradict a role of Ca2* signals in the regulation of cytokine
expression in macrophages and DCs, they argue against an essential role of SOCE in
cytokine production following PRR engagement.

Extracellular Ca?* as a danger signal was recently shown to be required for the assembly
and activation of the NLRP3 inflammasome following binding to CASR on the cell surface
(39, 40). Ca%* influx reportedly mediates activation of the NLRP3 inflammasome because
the non-selective ion channel inhibitor 2-APB blunted IL-1f3 secretion (38). This is
consistent with our findings of a moderate reduction in NLRP3 activation when BMDMs
were stimulated in the presence of 2-APB and, more strikingly, abolished NLRP3 activation
when intracellular Ca2* was chelated with BAPTA. Removal of extracellular Ca* with
EGTA, however, had almost no effect on IL-1p secretion and STIM1/STIM2-deficient
BMDMs showed normal caspase 1 cleavage and subsequent IL-1f release. Because 2-APB
non-selectively modulates many ion channels besides CRAC channels as discussed above,
and BAPTA suppresses all intracellular Ca2* signaling, these data collectively suggest that
Ca?* signals (potentially mediated by P2X7 receptors or Ca2* release from ER stores) but
not SOCE are required for NLRP3 inflammasome activation. Given recent reports that K*
efflux but not Ca2* influx is essential for NLRP3 activation (85, 86) further studies if and
how Ca?* signaling exactly contributes to NLRP3 inflammasome activation are required.

Ca?* signals have been implicated in the development and function of DCs in response to
microbial pathogens, and may thus play an important role in regulating innate immunity
(31). This view is supported by experiments in which enforcing Ca2* signaling in DCs with
Ca?* ionophores promoted DC maturation whereas chelation of intracellular Ca2* inhibited
DC maturation (25, 36, 71). However, these experimental procedures are very artificial and
the Ca?* signaling pathways that regulate DC development and function under more
physiological conditions remain unknown. Two studies have reported Ca2* currents in DCs
that resemble CRAC channel currents in T cells and observed that stimulation of DC with
IP5 or LPS induces SOCE (25, 35). Direct evidence for a role of SOCE in DCs comes from
human monocyte-derived DC in which siRNA mediated knockdown of STIM1 or ORAI1
expression prevented LPS and TNFa induced maturation of DC in vitro (36). Whether
SOCE is also required for other DC functions such as antigen presentation or inflammasome
activation and especially for their function in vivo remained unclear. We found that deletion
of STIM1 and STIM2 completely abolishes SOCE in BMDCs. Surprisingly however, the
differentiation and maturation of DCs in response to a variety of TLR and other PRR ligands
was unperturbed. Likewise, STIM1/STIM2-deficient DCs incubated with ovalbumin were
able to induce proliferation and IFNy production of cognate T cells, suggesting that none of
the steps required for antigen presentation by DCs (including antigen uptake, processing and
loading onto MHC class Il as well as expression of co-stimulatory molecules and cytokines)
was significantly impaired in the absence of STIM1 and STIM2. By contrast, chelating
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[CaZ*]; with BAPTA significantly reduced T cell activation, suggesting that intracellular
Ca?* signals but not SOCE are required for the APC function of DCs.

STIM1 and STIM2 mediate SOCE in macrophages and DC but their deletion and
subsequent complete suppression of SOCE has no effects on the function of these cells. At
present, we cannot exclude that the SOCE-independent function of macrophages and DC is
specific to in vitro-differentiated BMDMSs and BMDCs and that particular functions of
primary macrophages and DC in vivo are dependent on SOCE. It is noteworthy, however,
that peritoneal macrophages isolated from STIM1/STIM2-deficient mice showed no defect
in the phagocytosis of opsonized RBCs. In addition, CD11b* and CD11c* DC isolated from
MOG-immunized Stim1~/~ BM chimeric mice and Stim2~/~ mice showed normal
expression of costimulatory receptors MHCII, CD80, CD86 and CD40 and were able to
activate MOG-specific T cells in vitro (87), suggesting that STIM1 and STIM2 alone are not
required for the antigen presenting function of DCs. Future studies using mice with
macrophage and DC-specific deletion of Stim1 and Stim2 genes will have to address the role
of SOCE in innate immune responses in vivo.

Our studies demonstrate that whereas intracellular Ca2* signals are required for several
innate immune functions of macrophages and DCs, SOCE mediated by STIM1 and STIM2
is dispensable for these processes. This is in contrast to the important role of SOCE in T
cells and their ability to provide immunity to infection (9, 10) and to mediate inflammation
in the context of autoimmunity (47, 76, 87). Genetic or pharmacological inhibition of SOCE
in lymphocytes prevents T cell mediated autoimmunity and inflammation in preclinical
models of diseases such as multiple sclerosis (76, 87), inflammatory bowel disease (47),
skin allograft rejection (47) and allergic asthma (88), which may be utilized for the treatment
of diseases in human patients. The beneficial effects of CRAC channel inhibition on pro-
inflammatory T cells need to be balanced, however, against their immunosuppressive effects
that result in increased susceptibility to infection. As CRAC channel inhibitors are under
development to treat autoimmune and inflammatory diseases, the dispensable role of SOCE
in macrophages and DCs that we found in this study suggests that selective CRAC channel
inhibitors are unlikely to have significant side effects on innate immunity.
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Figurel. STIM1and STIM2 are not required for the differentiation of macrophages and DCs
(a-c) Analysis of BMDMs from poly I:C-treated WT, Stim1f/fl Mx1-Cre and

stim1/fstim2fl/fl Mx1-Cre mice. (a) SOCE in BMDMs was analyzed by time-lapse
microscopy. Ca2* store depletion was induced by thapsigargin (TG) stimulation in Ca%*-free
buffer and analyzed as the area under the curve (AUC2205-4105); SOCE was induced by
readdition of 1 mM extracellular Ca* and analyzed as peak Ca2* influx. Data represent 3
independent experiments. (b) Deletion of STIM1 protein expression. Lysates of BMDMSs
were separated by SDS-PAGE and incubated with antibodies to STIM1 and Actin. Shown is
one representative experiment of 3. n.s., non-specific. (c) Phenotypic characterization of
BMDMs by flow cytometry. (d-€) Analysis of BMDMs differentiated from BM of WT and
stim1/fstim2f/fl vav-Cre mice. (d) SOCE was measured using a FlexStation3 plate reader
and analyzed as described in (a). (€) Phenotypic characterization of BMDMSs was done as
described in (c). Data represent 3 independent experiments. (f-h) Analysis of BMDCs from
WT and Stim1/fstim2f/f vay-Cre mice. (f) Ca?* store depletion and SOCE in BMDCs
were induced as described in (a) and measured using a FlexStation3 plate reader. Graphs
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shown are representative of 4 independent experiments. (g) Phenotypic characterization of
immature BMDCs stained with antibodies to CD11c, CD86, and MHCII and analyzed by
flow cytometry. (h) Numbers of immature BMDCs after 8 days in culture starting with
2x10° BM cells. Bar graphs represent the mean + SEM of 9 mice per group. Statistical
significance was calculated with an unpaired Student's t test: *, p<0.05; **, p<0.005.
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Figure 2. Phagocytosis by BMDMsrequiresintracellular Ca2* signaling but not SOCE
(a-c) WT and Stim1™/fstim2f/fl vay-Cre BMDMSs were left untreated (medium) or incubated

with 2.2 mM EGTA (a), 10 uM BAPTA-AM (b), or 50 uM 2-APB (c) for 30 min and
[CaZ*]; was analyzed using a FlexStation3 (ac, left panels). Store depletion (AUCgs-3805)

and peak Ca%* influx (peak F340/380) were quantified from 3 individual mice per group (a-
¢, right panels). (d,e) WT and Stim17/fstim2/f vay-Cre BMDMs were incubated with 1, 5,
and 25 bead-to-cell ratios of carboxylate-modified yellow-green microspheres (d) or FITC-
labeled IgG-coated fluorescent beads (€) for 2 h with medium alone or with 2.2 mM EGTA,
10 uM BAPTA-AM, or 50 uM 2-APB as described in (a-c). Phagocytosis was quantified by
flow cytometry (left panels) and data from 3 mice per group was compiled as AMFI (right
panel), where AMFI = MFlpeads - MFlng beads- Bar graphs represent the mean = SEM.
Statistical significance was calculated with an unpaired Student's t test: *, p<0.05; **,
p<0.005; *** p<0.001.
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Figure 3. Intracellular Ca2* signaling but not SOCE isrequired for FcR-dependent and FcR
independent phagocytosisin BMDM s

1x10° BMDMs from WT and Stim1/fstim2f/fl vav-Cre mice were treated with 10 uM
BAPTA-AM for 30 min or left untreated and incubated with either carboxylate-modified
yellow-green microspheres at a 10:1 bead-to-cell ratio (a,b) or FITC-labeled 1gG-coated
beads (c,d). After 30 min, cells were washed 3 times with PBS, fixed and nuclei
counterstained with Hoechst 33342 dye. Phagocytosis was analyzed by fluorescence
microscopy by measuring the number of beads per cell (a,b) or the number of FITC*
vacuoles per cell (c,d) from > 50 cells per condition. Bar graphs represent the mean + SEM.
Statistical significance was calculated with an unpaired Student's t test: **, p<0.01; ***,
p<0.001
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Figure 4. SOCE isnot required for lysosomal trafficking of pathogens
(a-c) WT and Stim17/fstim2/fl Mx1-Cre BMDMs were incubated with 10 MOI of S.

aureus-GFP for 2 h. Extracellular S. aureus were lysed with Lysostaphin and lysosomes
were stained with LysoTracker. (a) Representative DIC images of BMDMs, internalized S.
aureus (green) and LysoTracker (red). Scale bars represent 10 um. (b) Co-localization of
internalized S. aureus and LysoTracker was quantified after 60 and 120 min by blinded

scoring; bar graphs represent mean + SEM of 4 independent experiments. (¢) Number of
intracellular (phagocytosed) S. aureus in individual BMDMs 15, 30, 60, and 120 min after
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infection. Each dot represents one cell. (d-€) WT, Stim1f/fl Mx1-Cre and Stim1f/flstim2fi/f
Mx1-Cre BMDMs were infected with 10 MOI of Bacillus Calmette-Guerin-GFP (BCG-
GFP) for 3 h before extracellular bacteria were removed. Intracellular trafficking of BCG in
BMDMs was measured 24 h later by GFP expression and staining of fixed cells with anti-
LAMP-1 antibody. (d) Representative confocal microscopy images of internalized BCG-
GFP (green) and LAMP-1 (red). (e) Quantification of data shown in (d) analyzing the MFI
of LAMP-1 in the cell area surrounding BCG (as shown in the example in the upper panel);
the quantification represents > 50 cells analyzed from two independent experiments; each
dot represents a single intracellular BCG (lower panel).
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Figure5. Cytokine production by BMDMsand BMDCsisindependent of SOCE
(a) WT and Stim17/fstim2/f vav-Cre BMDMs were stimulated with 1 pg/ml LPS, 50 pg/ml

curdlan, or 5 MOI BCG for 16 h or left untreated (unstim.). Levels of TNFa, IL-6, IL-10,
IL-12p70, IL-2, and IL-12/23p40 in the cell supernatant were measured by ELISA. Bar
graphs represent the mean + SEM of 3 mice per group. (b) WT and Stim1/fstim2f/ vay-
Cre BMDCs were stimulated with 1 pg/ml LPS, 100 nM CpG, 25 pg/ml zymosan, 50 pg/ml
curdlan, 1 pg/ml imiquimod for 16 h or left untreated (unstim.). Levels of TNFa, IL-6,
IL-10, IL-12p70, IL-2, and 1L-23p19 in cell supernatants were analyzed by ELISA. Bar
graphs represent the mean £ SEM of 8 mice per group.
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Figure 6. NLRP3 and NL RC4 inflammasome activation does not require STIM1 and STIM2
(a) WT BMDMs were primed for 4 h with 10 pg/ml LPS with or without 2.2 mM EGTA, 10

UM BAPTA-AM or 50 pM 2-APB followed by addition of 3 mM ATP to activate the
NLRP3 inflammasome. After 30 min, cell supernatants were analyzed for IL-13 by ELISA.
Data are normalized to IL-1p levels in LPS+ATP activated WT BMDMs without inhibition.
Bar graphs represent the mean = SEM from 6 independent experiments. (b) Ca2* signals in
Fura-2 loaded BMDMs were measured after stimulation with 5 mM ATP in 2 mM Ca?*
Ringer solution using a FlexStation3 plate reader. One representative experiment of 2 is
shown. (c) BMDMs were primed for 4 h with 10 pg/ml LPS followed by stimulation with
either 3 mM ATP for 30 min or 150 pug/ml monosodium urate (MSU) crystals for 4 h to
activate the NLRP3 inflammasome. Secreted IL-1p in the supernatant was analyzed by
ELISA. Bar graphs represent the mean + SEM of 4 experiments from 2 individual mice per
group. n.d.: not detectable. (d) BMDMs were left untreated or stimulated with 10 pg/ml LPS
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for 4 hours followed by 3 mM ATP for 30 min to activate the NLRP3 inflammasome.
Expression levels of pro-caspase-1 (~45 kDa), cleaved caspase-1 (~10 kDa) and actin
(loading control) were analyzed by Western blotting. One representative experiment of 3 is
shown. n.s., nonspecific. () BMDMs were primed with 10 pg/ml LPS for 15 min, 30 min, 1
h, 2 h, 4 hand 16 h (o/n) alone or followed after 4 h by stimulation with 3 mM ATP for 15
and 30 min to activate the NLRP3 inflammasome. Intracellular pro-1L-1f (~30 kDa) and
actin levels were analyzed in whole cell extracts by Western blotting. (f) BMDMs were
primed for 4 h with 10 pg/ml LPS followed by stimulation with 3 mM ATP for 30 min to
activate the NLRP3 inflammasome or 10 pg/ml LFn-FlaA together with 5 pg/ml PA
(referred as FlaTox) to activate the NLRC4 inflammasome. Secreted IL-1f in the
supernatant was analyzed by ELISA. Bar graphs represent the mean + SEM from 4
individual mice per group. (g-i) BMDC from WT and Stim1//flstim2f/fl \vav-Cre mice were
analyzed for Ca?* influx (g) and activation of the NLRP3 (h, i) and NLRC4 (h)
inflammasomes as described in panels b, ¢ and f above. Ca?* traces are representative of 2
repeat experiments; bar graphs show the mean £ SEM from 5 individual mice per group.
Statistical significance was calculated with an unpaired Student's t test: **, p<0.005; ***,
p<0.001.
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Figure 7. Antigen presentation by BMDCs and their ability to activate T cellsisindependent of
STIMland STIM2

(a,b) Maturation of BMDCs does not require SOCE. WT and Stim1/stim2/fl vay-Cre
BMDCs were left untreated (unstim.) or stimulated with 1 pg/ml LPS, 50 ug/ml curdlan, 1
ug/ml imiquimod, 100 nM CpG, or 25 pg/ml zymosan for 16 h and expression of MHCI|I
and CD86 on CD11c* BMDCs was measured by flow cytometry. One representative
experiment (a) and mean + SEM of averaged frequencies of MHCIIN CD86" BMDCs from
5 individual experiments (b). (c-€) Antigen presentation and T cell activation by BMDCs.
WT and Stim1f/fstim2/fl vay-Cre BMDCs were maturated with 0.1 pg/ml LPS and
incubated with 500 pg/ml OVA protein with or without 10 pM BAPTA-AM for 30 min.
After washing, OVA-loaded BMDCs were co-cultured at 5:1 and 1:1 ratios with CFSE-
labeled WT OT-11 CD4* T cells for 3 d before CFSE-dilution of CD4* T cells was analyzed
by flow cytometry. CFSE-labeled OT-I1 T cells were incubated with BMDCs without OVA
protein (no OVA) or anti-CD3 and anti-CD28 mAbs (anti-CD3/28) as negative and positive
controls, respectively. (c,d) Representative histogram plots (c) of proliferated CFSE!© OT-II
cells at different DC:T cell ratios and quantification (mean £ SEM) of 3 experiments (d). (e)
IFNy production by OT-I1I cells was measured after co-culture of BMDCs and CFSE-labeled
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OT-Il cells at a 5:1 ratio for 72 h followed by restimulation with PMA plus ionomycin for 6
h in the presence of Brefeldin A. IFNy was measured by intracellular cytokine staining (left
panel); the frequencies of IFNy* cells from 3 experiments are shown as mean + SEM (right
panel). OT-1I T cells incubated with BMDCs without OVA protein (no OVA) or stimulated
with anti-CD3 and anti-CD28 mAbs (anti-CD3/28) in the presence of 20 ng/ml rIL-12 were
used as negative and positive controls, respectively. Statistical significance was calculated
with an unpaired Student's t test: *, p<0.05; **, p<0.005; *** p<0.001.
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Figure 8. Intracellular ca?t signals but not SOCE regulate macrophage and DC function
Engagement of FcyR by 1gG and Dectin-1 by zymosan or curdlan was shown to result in

phospholipase C-mediated production of IP3, which binds to and facilitates opening of IP3R
channels in the membrane of the ER. The resulting Ca2* release from ER stores activates
STIM1 and STIM2 located in the ER membrane and causes the opening of CRAC channels
(ORAI1, 2 and/or 3) in the plasma membrane resulting in SOCE. Cells lacking STIM1/
STIM2 have a selective defect in SOCE. Engagement of various pattern-recognition
receptors (PRRs) such as TLR7 (by imiquimod), TLR9 (by CpG) and TLR4/CD14 (by LPS)
was also reported to induce Ca2* signals, although the channels that mediate these signals
are unknown. Transient receptor potential (TRP) channels and P2X receptors contribute to
Ca?* influx in macrophages and DCs but are not store operated. EGTA chelates extracellular
Ca?* and prevents SOCE via CRAC channels and Ca2* influx via other channels in the PM.
2-APB is a non-selective modulator of several ion channels in the PM and IP3Rs in the ER.
BAPTA-AM chelates all cytosolic Ca2* and thereby neutralizes the effects of CaZ* release
from ER stores and extracellular Ca2* influx.
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