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Sphingomyelinase D inhibits store-operated Ca?* entry in
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Infections caused by certain bacteria including Mycobacterium tuberculosis and Corynebacterium pseudotuberculosis pro-
voke inflammatory responses characterized by the formation of granulomas with necrotic foci—so-called caseous
necrosis. The granulomas of infected animals show prominent infiltration by T lymphocytes, and T cell depletion
increases host mortality. Notorious zoonotic C. pseudotuberculosis secretes sphingomyelinase (SMase) D, a phospho-
lipase that cleaves off the choline moiety of sphingomyelin, a phospholipid found primarily in the outer leaflet of
host cell plasma membranes. Experimental C. pseudotuberculosis strains that lack SMase D are markedly less infec-
tious and unable to spread in hosts, indicating that this enzyme is a crucial virulence factor for sustaining the case-
ous lymphadenitis infections caused by this microbe. However, the molecular mechanism by which SMase D helps
bacteria evade the host’s immune response remains unknown. Here, we find that SMase D inhibits store-operated
Ca* entry (SOCE) in human T cells and lowers the production of the SOCE-dependent cytokines interleukin-2,
which is critical for T cell growth, proliferation, and differentiation, and tumor necrosis factor o, which is crucial
for the formation and maintenance of granulomas in microbial infections. SMase D inhibits SOCE through a previ-
ously unknown mechanism, namely, suppression of Orail current, rather than through altering gating of voltage-
gated K' channels. This finding suggests that, whereas certain genetic mutations abolish Orail activity causing
severe combined immunodeficiency (SCID), bacteria have the ability to suppress Orail activity with SMase D to
create an acquired, chronic SCID-like condition that allows persistent infection. Thus, in an example of how viru-
lence factors can disrupt key membrane protein function by targeting phospholipids in host cell membranes, our

study has uncovered a novel molecular mechanism that bacteria can use to thwart host immunity.

INTRODUCTION

Infections by zoonotic Corynebacterium pseudotuberculosis
and Mycobacterium tuberculosis are characterized by case-
ous necrosis. C. pseudotuberculosis secretes sphingomye-
linase (SMase) D, a virulence factor secreted by some
other human bacterial pathogens, and also the active
component of certain spider venoms (McNamara et al.,
1995; Isbister and Fan, 2011). SMase D cleaves the
choline moiety from sphingomyelin (Fig. 1 A) (Soucek
et al.,, 1971), a phospholipid found predominantly in
the plasma membrane’s outer leaflet, leaving behind
ceramide-l-phosphate (C1P). C. pseudotuberculosis is per-
haps the most studied model of SMase D in bacterial
virulence. Lymph nodes infected with it show promi-
nent infiltration of T lymphocytes (Ellis, 1988; Pépin
etal., 1994). These cells play a critical role in the host’s
resistance to these microbes, as antibody-mediated deple-
tion of host T cells or of T cell cytokines promotes the
spread of infection and increases host mortality (Lan etal.,
1999). Intriguingly, experimental C. pseudotuberculosis
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strains that lack SMase D struggle to establish infec-
tions and fail to disseminate throughout infected hosts
(McNamara et al., 1994). However, the molecular mech-
anism by which SMase D evades host immunity has
remained unknown.

T lymphocyte function depends on Ca®' signaling
(Hogan et al., 2010). Antigen recognition by the T cell
receptor (TCR) engenders the production of intra-
cellular inositol 1,4,5 trisphosphate (IP3), which by acti-
vating ER IP; receptor channels causes Ca*" to leave the
ER (Imboden and Stobo, 1985). The resulting ER Ca?
store depletion mobilizes the Ca2+—sensing molecule
Stim1 to activate the store-operated Ca? entry (SOCE)
channel Orail in the plasma membrane (Liou et al.,
2005; Roos et al., 2005; Feske et al., 2006; Vig et al.,
2006; Zhang et al., 2006). This Orail-mediated extra-
cellular Ca* entry then dramatically amplifies the IP;
receptor—mediated Ca* signal and ultimately triggers
T cell proliferation, differentiation, cytokine production,
and cytotoxic granule release (Hogan et al., 2010). Ge-
netic defects in Orail can produce a severe combined
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immunodeficiency (SCID), underscoring the critical
role this channel plays in human immunity (Partiseti
et al., 1994; Feske et al., 2006).

T lymphocyte SOCE is supported by endogenously
expressed Kyl.3 channels (DeCoursey et al., 1984;
Matteson and Deutsch, 1984). These channels play a major
role in setting the negative resting membrane potential,
typically near —50 mV, which drives the entry of Ca**
ions across cell plasma membranes. Inhibition of Ky1.3
channels has been shown to suppress T cell Ca** signal-
ing and the critical immune functions it triggers (Cahalan
and Chandy, 2009). Our group previously found that, at
the —50-mV membrane potential, SMase D treatment
can boost the mean fraction of active Kyl.3 channels
from near 0 to ~20% (Combs et al., 2013; see also
Ramu et al., 2006; Xu et al., 2008; Milescu et al., 2009),
which, absent other effects, would be expected to fur-
ther hyperpolarize the membrane potential and enhance
T lymphocyte function. Contrary to this expectation,
the effect of SMase D in C. pseudotuberculosis infection
is immune suppression. To resolve this apparent co-
nundrum, we investigated the effects of SMase D on
human T lymphocytes and found that SMase D actu-
ally lowers Ca” entry into T lymphocytes rather than
boosting it.

MATERIALS AND METHODS

Cell cultures, molecular biology, biochemistry, and reagents
Chinese hamster ovary (CHO) or Jurkat (Clone E6-1) and human
T cells were cultured in F12 Kaighn’s or RPMI 1640 media (Invitro-
gen) supplemented with 10% FBS (Hyclone) at 37°C with 5%
CO,. Before recording, CHO cells were trypsinized and resus-
pended in recording solutions. These cell lines were obtained
from ATCC, whereas human peripheral blood T cells were from
healthy volunteers through the Penn Immunology Core (IRB
protocol 705906). hStim1 and hOrail ¢cDNAs (provided by M.
Cahalan, University of California, Irvine, Irvine, CA) were cloned
into pIRES2-AcGFP vectors. For expression of these constructs,
CHO cells were transfected with the Fugene6 (Promega) method
24-48 h before study, and visualization of fluorescence signals was
used to identify successful transfection.

All organic chemicals were purchased from Sigma-Aldrich.
Thapsigargin (Tg), ionomycin, and valinomycin stock solutions
were prepared at 1 mg/ml in DMSO; PMA was prepared at
0.1 mg/ml in DMSO. 5-(4-phenoxybutoxy)psoralen (PAP-1) stock
solutions were made at 200 pM in DMSO. Mouse anti-human
CD3e, mouse anti-human CD28, and goat anti-mouse IgG anti-
bodies (all from R&D Systems) were prepared at 1 mg/ml in PBS.
N-palmitoyl-ceramide-L-phosphate (Avanti Polar Lipids, Inc.) was
prepared as 500-nmol aliquots dried under argon; these aliquots
were resuspended in 200 pl of 100% ethanol, which was added
drop-wise to an equimolar amount of defatted BSA freshly pre-
pared in calcium-containing solutions (see recipes below) to yield a
final lipid concentration of 0.5 mg/ml (Lipsky and Pagano, 1985).
Mouse anti-human CD4 antibody conjugated to PerCP-Cyb.5,
mouse anti-human CD8 antibody conjugated to APC-Cy7, and
CompBeads for compensation controls were purchased from BD.
Recombinant bacterial SMase D and an inactive form of this en-
zyme containing H11A and H47A mutations, as well as recombinant
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SMase C, were generated as described previously (Ramu et al.,
2007) (the SMase D cDNA was provided by S. Billington, University
of Arizona, Tucson, AZ). In all experiments, SMase D and SMase C
were applied at 0.3 pg/ml, and the inactive form of SMase D was
applied at 3 pg/ml.

Ca®* imaging

For Ca®-imaging experiments, human T cells suspended at
10° cells/ml in complete RPMI media were exposed for 30 min at
20°C in the dark, with gentle shaking, to 1 pg/ml of the acetoxy-
methyl ester (AM) form of Fura-2. Fura-2-AM was diluted from
1-mg/ml stock solutions prepared in DMSO, and these stocks
were prepared from lyophilized aliquotted powders (Molecular
Probes), kept frozen, and used within 1-2 wk. After Fura-2-AM
loading, cells were collected by spinning for 4 min at 1,500 g, and
then resuspended at 10° cells/ml in complete RPMI media. Cells
were incubated for 30 more minutes at 20°C in the dark with gen-
tle shaking to allow for complete de-esterification of Fura-2-AM.

Fura-2 imaging of cells was performed on an inverted micro-
scope (Eclipse-Ti; Nikon) using a 40x oil objective. Fura-2 fluo-
rescence was excited at 340 or 380 nm with a xenon light source
housed in a high-speed wavelength switcher (Lamba-DG4; Sutter
Instrument) and detected at 510 nm. Images were captured at
0.2 Hz with a Retiga-SRV camera (Q-Imaging) and analyzed on a
PC with Elements-AR software (Nikon). The Fura-2 ratio (inten-
sity of the emitted light excited at 340 nm relative to that at 380 nm)
was averaged for pixels corresponding to all the cells (19-84 per
experiment) in the field of view. Background correction was per-
formed by subtraction of signal from cell-free areas. The 340- and
380-nm signals were corrected for cell autofluorescence by ex-
changing the bath with solutions containing 10 mM MnCl, and
1 pg/ml ionomycin to quench the Fura-2 dye at the end of each
experiment, and subtracting any remaining fluorescence from
the respective signals.

During the above experiments, cells were allowed to settle onto
poly-L-lysine—coated glass coverslips mounted on a chamber (RC-24N;
Warner Instruments), and bathing solutions were changed by
means of a gravity-driven perfusion system. All experiments were
performed at room temperature. The 2-mM Ca*-containing salt
solution (2 Ca) contained (mM): 145 NaCl, 5 KCl, 2 CaCls,,
1 MgCl,, 10 glucose, and 10 HEPES, with pH adjusted to 7.30 with
NaOH. The nominally Ca-free solution (0 Ca; ~500 nM Ca*)
contained (mM): 145 NaCl, 5 KCI, 0.8 CaCl,, 1 EGTA, 1 MgCl,,
10 glucose, and 10 HEPES, with pH adjusted to 7.30 with NaOH.
All perfused reagents were freshly diluted into 500 pl of the de-
sired bathing solution before perfusion.

Data from the Ca*-imaging experiments were normalized to
facilitate comparison between and within the figures. The initial
(time = 0) value of the Fura-2 signal for a particular control ex-
periment was used to normalize that tracing and the remaining
control tracings, as well as the SMase D—treated tracings. This pro-
cedure was followed separately for each stimulus type (anti-CD3e
antibody, Tg, and ionomycin).

Flow cytometry

For flow cytometry experiments, human T cells were suspended
at 10° cells/ml in complete RPMI media and exposed for 30 min
at 20°Cin the dark with gentle shaking to 1 pg/ml of the AM form
of Indo-1. Indo-1-AM was diluted from 1-mg/ml stock solutions
prepared in DMSO, and these stocks were prepared from lyophi-
lized aliquotted powders (Molecular Probes), kept frozen, and
used within 1-2 wk. After Indo-1-AM loading, cells were collected
by spinning for 4 min at 300 g, and then resuspended in cold
RPMI at 107 cells/ml. Cells were incubated on ice in the presence
of CD4 and CD8 antibodies for 20 min, diluted with 9 vol of cold
flow salt solution (FSS; recipe follows), collected by spinning for
4 min at 300 g, and then resuspended at 10° cells/ml for analysis.
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Unstained cell controls and single-stained antibody compensation
control beads, the latter prepared according to the manufac-
turer’s instructions, were prepared in parallel with the multi-
stained cells.

Flow cytometry experiments were performed on a flow cy-
tometer running FACSDiva software (LSR II; BD) and housed
and maintained by the University of Pennsylvania Flow Cytometry
Core Facility. PerCP-Cy5.5 was excited by a 488-nm laser; emis-
sion was captured by a 670-nm low-pass filter set behind a
635-nm low-pass dichroic mirror. APC-Cy7 was excited by a
633-nm laser; emission was captured by a bandpass filter cen-
tered at 780 nm set behind a 735 low-pass dichroic mirror.
Indo-1 was excited by a 355-nm laser; calcium-bound emission
was captured by a bandpass filter centered at 405 nm, and
calcium-free emission was captured at 530 nm behind a 450-nm
low-pass dichroic mirror. Unstained cells were used to set gates
for human T cells and define background fluorescence levels
for all channels. Indo-1-loaded cells were used to set photomul-
tiplier tube (PMT) voltages for Indo-1 emissions, and single-
stained compensation control beads were used to set PMT
voltages for antibody-bound fluorophores. Cells were analyzed
at speeds of ~300/s, and post-collection data analysis was per-
formed on FlowJo software (Tree Star). The mean Indo-1 ratio
(intensity of the emitted light excited at 405 nm relative to that
at 530 nm) was determined for cells binned over 3-s windows.
The 405- and 530-nm signals were corrected for cell autofluo-
rescence by the addition of 2 pl of 10 mM MnCl, and 0.5 pg
ionomycin to quench the Indo-1 dye at the end of each experi-
ment, and by subtracting any remaining fluorescence from the
respective signals.

All experiments were performed at room temperature in a
nominally Cafree (0 Ca; ~500 nM Ca*") FSS containing (mM)
145 NaCl, 5 KCl, 0.8 CaCl,, 1 EGTA, 1 MgCls, 10 glucose, and 10
HEPES, with pH adjusted to 7.30 with NaOH. Data from the Ca’-
imaging experiments were normalized to facilitate comparison
between and within the figures. The initial (time = 0) value of the
Indo-1 signal for a particular control experiment was used to nor-
malize that trace and the remaining control traces, as well as the
SMase D—treated traces.

Electrophysiology

Channel currents from cells were recorded in the whole-cell con-
figuration with a patch-clamp amplifier (Axopatch 200B; Molecu-
lar Devices), filtered at 5 kHz (Ky1.3), 2 kHz (CHO Orail), or
1 kHz (Jurkat Orail), and sampled at 50 kHz using a Digidata
1322 (Molecular Devices) interfaced to a PC. pClamp 10 software
(Molecular Devices) was used for amplifier control and data
acquisition. Electrodes were fire polished (2-4 M(Q) and coated
with beeswax. Capacitance and series resistance were electroni-
cally compensated.

For all Ky1.3 studies, membrane potential was held at =100 mV
and recordings were started 5 min after the whole-cell configura-
tion was established. Ky1.3 steady-state inactivation curves were ob-
tained using a double-pulse protocol where, every 30 s, a 2,550-ms
pulse to between —90 and —10 mV at 10-mV intervals was fol-
lowed by a second 50-ms test pulse to 0 mV. Steady-state inactiva-
tion curves were constructed from the peak currents during the
second pulse and fit to the following Boltzmann function:

1-¢
ZF(V-Vi/9)
1+e RT

normalized ~— ¢

where V), is the midpoint; Zis the slope; cis the fraction of non-
inactivated channels; and F, R, and T have their usual mean-
ing. G-V relationships (G-V curves) for Kyl.3 channels were

constructed from isochronic tail currents and fit to the following
Boltzmann function:
G 1

v v )
Gmax 77” (‘/7‘,1/2 )
1+e RT

with symbol meanings as above. For Ky channel recordings, the
bath solution contained (mM): 145 NaCl, 5 KCI, 0.3 CaCl,, 1 MgCl,,
and 10 HEPES, with pH adjusted to 7.30 with NaOH. The elec-
trode solution contained (mM): 140 KCI, 10 EGTA, 1 CaCl,,
1 MgCly, and 10 HEPES, with pH adjusted to 7.30 with KOH.

For all studies of Orail currents expressed in CHO cells, trans-
fected CHO cells in suspension were allowed to settle onto glass
coverslips in a bath containing (mM): 150 NaCl, 5 KCl, 0.1 CaCl,,
2 MgCl,, 1 EGTA, and 10 HEPES, with pH adjusted to 7.30 with
NaOH, and 1 pM Tg. This solution has a free Ca®* concentration
of ~20 nM, and recordings in this solution were used to obtain
nominally calcium-independent leak traces by stepping from the
0-mV holding potential to test potentials between —120 and
60 mV in 10-mV intervals every 2 s. After collection of these leak
traces, Orail currents were revealed after replacing the bath solu-
tion with a solution containing (mM): 150 NaCl, 5 KCl, 20 CaCl,,
2 MgCly, and 10 HEPES, with pH adjusted to 7.30 with NaOH,
and 1 pM Tg. Calcium-dependent currents were then obtained by
stepping from the 0-mV holding potential to test potentials be-
tween —120 and 60 mV in 10-mV intervals every 2 s. During tests
of the effect of SMase D or the inactive enzyme, cell membrane
potential was stepped repeatedly from 0 to —120 mV every 10 s.
After enzyme treatment, calcium-dependent and calcium-inde-
pendent leak traces were recollected as before. Calcium-indepen-
dent traces were subtracted from calcium-dependent ones to
isolate the Orail currents. For all Orail recordings, the electrode
solution contained (mM): 140 CsMeSOs, 8 MgCly, 1 CaCly, 10 EGTA,
and 10 HEPES, with pH adjusted to 7.30 with MeSOsH.

The approach and solutions used to record expressed Orail
currents in CHO cells were also used to record native Orail cur-
rents from Jurkat cells, but with two modifications. First, calcium-
dependent and calcium-independent traces were obtained by
stepping from the 0-mV holding potential to test potentials be-
tween —100 and 60 mV in 20-mV steps every 2 s. Second, Orail
currents were isolated by subtracting the mean steady-state cal-
cium-independent current at each voltage from the correspond-
ing calcium-dependent current.

ELISA assays of interleukin-2 (IL-2) and

tumor necrosis factor o (TNF)

Human T lymphocytes at 2 x 10° cells/ml were exposed to inac-
tive enzyme or SMase D for 5 min in complete RPMI culture me-
dium. Media were then refreshed by centrifuging the cells for
4 min at 1.5 g and resuspending them in fresh media. The cells
were then transferred to a 24-well tissue culture plate containing
polystyrene beads coated with both anti-CD3 and anti-CD28 anti-
bodies (Life Technologies) to achieve a 1:1 cell/bead ratio and
concentrations of 10° cells/ml in 500-pl volumes. Stimulation
with the antibody-labeled beads was allowed to proceed for 24 h,
whereafter supernatants were collected by centrifugation. The
IL-2 or TNF concentrations of supernatant samples diluted at
1:100 in fresh RPMI 10 were determined using an ELISA kit (R&D
Systems) with a 96-well plate format. Optical densities of each well
at 450 nm were analyzed on an EMax plate reader (Molecular
Devices) with wavelength correction set to 570 nm.

Statistics

Statistically significant comparisons are indicated by asterisks
in the figure panels. Nearly all figures compare experiments
using SMase D with independent control experiments, where a
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catalytically inactive form of the enzyme was used instead. Gener-
ally, these comparisons are made between more than one experi-
mental feature (e.g., the peak height and declining phase of
Ca*-imaging experiments) that are themselves non-independent.
In such cases, p-values obtained from ¢ tests were used to evalu-
ate statistical significance, with a P < 0.05 denoted in figure pan-
els with an asterisk. However, some experiments compare three
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Figure 1. SMase D suppresses SOCE in human T lymphocytes.

(A) Reaction schemes for SMase D (top) and SMase C (bottom).
(B) Fura-2 ratio signals of (26-54) T cells in a single 40x field,
where the records show the average signals relative to the rest-
ing levels. The upper bar above the panel indicates these treat-
ments: after 2-min rest, cells were treated with either SMase D
(SMD, red) or catalytically inactive enzyme (CON, black) for
3 min, and then with 5 pg anti-CD3e (Abl) antibody for 2 min, and
finally with 5 pg anti-IgG (Ab2) antibody for 18 min; the lower bar
shows the Ca**-containing solution type. (C) Peak and declining
phase (at 23 min) values (error bars represent mean = SEM; n =
5) of Fura-2 ratio signals after antibody stimulation as shown in B.
(D) Fura-2 ratio signals of (17-31) T cells as in B, where the upper
bar above the panel refers to these treatments: after 2-min rest,
cells were treated with SMD (red) or CON (black) for 3 min and
1 pg Tg for 18 min; the lower bar shows the Caz*-containing solu-
tion type. (E) Peak and declining phase (23 min) values (error
bars represent mean + SEM; n = 5) of Fura-2 ratio signals from
Tg-stimulated cells for experiments as shown in D. Where pres-
ent, the asterisks denote statistically significant comparisons as
detailed in Materials and methods.
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independent conditions: SMase D treatment, C1P treatment,
and control. In these cases, one-way ANOVA was first used to
evaluate for significance, and asterisks denote post-comparison
Bonferroni tests with P < 0.05.

RESULTS

SMase D treatment suppresses the intracellular

Ca?* signal of T lymphocytes

To stimulate human T lymphocyte Ca* signaling, we
used antibodies against CD3e (Abl; a component of the
TCR) to mimic antigen recognition by TCRs, and cross-
linked these antibodies in situ with an anti-IgG antibody
(Ab2) to boost the stimulus strength. This commonly
used protocol produced the expected rise of intracel-
lular Ca*" concentration (Fig. 1 B), as monitored on a
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Figure 2. SMase D does not alter internal store Ca®" release

in human T lymphocytes. (A) Fura-2 ratio signals from experi-
ments shown in Fig. 1 D but with axes rescaled to better show
the internal store release component for cells treated with SMase
D (SMD, red) or catalytically inactive enzyme (CON, black).
(B) Peak values (error bars represent mean + SEM; n = 5) of
Fura-2 ratio signals from Tg-stimulated cells in experiments as
shown in A. (C) Fura-2 ratio signals of (38-84) T cells in a single
40x field, where the upper bar above the panel indicates these
treatments: after 2-min rest, cells were treated with SMD (red) or
CON (black) for 3 min, and then with 1 pg ionomycin (Iono) for
12 min; the lower bar shows the Ca*-containing solution type.
(D) Peak values (error bars represent mean = SEM; n = 4) of
Fura-2 ratio signals from ionomycin-stimulated cells in experi-
ments as shown in C.
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fluorescence imaging system with the ratiometric Ca**
indicator Fura-2 (Grynkiewicz et al., 1985). In the pres-
ence of 2 mM of extracellular Ca*, the Fura-2 Ca*" sig-
nal characteristically peaked and then decayed toward a
plateau. Several factors cause the Ca®* signal to decline
and reach a temporary steady state, including deactiva-
tion of SOCE channels, refilling of ER, extrusion of Ca*
by the plasma membrane Ca** ATPase, reduction of the
driving force for Ca®* entry after the Ca*" entry—caused
membrane depolarization, and buffering of Ca®* by
other organelles and proteins (Hogan et al., 2010).

To test the effect of SMase D on the Ca®* signal, we
treated T lymphocytes with SMase D before antibody
stimulation (Fig. 1 B). Contrary to expectations based on
its Kyl.3-stimulating effect, SMase D actually lowered the
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Figure 3. SMase D suppresses SOCE in CD4 and CD8 T lym-
phocyte subsets. (A-C) Indo-1 ratio signals of total T cells (A),
CD4-positive T cells (B), and CD8-positive T cells (C), where the
upper bar above each panel indicates the following: after 2-min
rest, cells were treated with SMase D (SMD, red) or catalytically
inactive enzyme (CON, black) for 3 min and 1 pg Tg for 10 min;
the lower bar above each panel shows Ca*-containing solution
type before and after the addition of 5 pl of 100 mM CaCl, at
11 min, which results in a final Ca*" concentration of ~2 mM.
(D and E) Peak (D) and declining phase (E) values (error bars
represent mean = SEM; n=5) of indo-2 ratio signals from Tg-stim-
ulated cells for experiments as shown in A-C. Where present, the
asterisks denote statistically significant comparisons as detailed in
Materials and methods.

Ca” signal. SMase D treatment lowered both the peak
and, more modestly, the declining phase of the Fura-2
Ca” signal as compared with control cells treated with a
catalytically inactive mutant of SMase D (Fig. 1, B and C).

SMase D treatment suppresses SOCE
SMase D could diminish the size of the Fura-2 signal
either by directly reducing SOCE across the plasma
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Figure 4. T lymphocyte SOCE is inhibited by SMases but not
C1P. (A) Fura-2 ratio signals of (35-45) T cells, where the upper
bar above the panel indicates treatments: after 2-min rest, cells
were treated with SMase D (SMD, red), C1P (blue), or catalyti-
cally inactive enzyme (CON, black) for 3 min and 1 pg Tg for
18 min; the lower bar shows the Ca*-containing solution type.
Cells treated with C1P were also bathed in 0.5 mg/ml of C1P-con-
taining solutions throughout the Tg treatment period. (B) Fura-2
ratio signals from experiments shown in A but with axes rescaled
to better show the internal store release component for cells
treated with SMD (red), C1P (blue), or CON (black). (C) Peak and
declining phase (23 min) values (error bars represent mean + SEM;
n=>5) of Fura-2 ratio signals from Tg-stimulated cells for experi-
ments as shown in A. (D) Peak values (error bars represent mean
+ SEM; n = 5) of Fura-2 ratio signals from Tg-stimulated cells in
experiments as shown in B. (E) Peak and declining phase values
(error bars show mean = SEM; n = 5) of Fura-2 ratio signals from
Tg-stimulated cells treated with SMase C (SMC, orange) or CON
(black). Where present, the asterisks denote statistically signifi-
cant comparisons as detailed in Materials and methods.
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membrane or by reducing Ca* release from the ER
stores, which would in turn result in reduced SOCE. To
distinguish between these possibilities, we used Tg, an
inhibitor of the sarco-/endoplasmic Ca® ATPase, to de-
plete ER Ca®* stores by blocking their refill, an experi-
mental manipulation known to selectively activate SOCE
(Hogan et al., 2010). As expected, when cells treated with
inactive SMase D were exposed to 1 pg Tg in the pres-
ence of a nominally Ca*" free solution, the Fura-2 signal
rose transiently, reflecting the slow release of Ca** from
ER stores (Fig. 1 D). Subsequent reperfusion of these
cells with the 2mM Ca*-containing solution revealed the
SOCE component. SMase D treatment markedly sup-
pressed the SOCE component of the Tg-triggered Fura-2
signal (Fig. 1, D and E). This result suggests that SMase D
suppresses the Ca* signal not primarily by reducing Ca*"
release from ER, as the enzyme still suppresses SOCE
when the ER is maximally depleted.

Indeed, SMase D had little effect on releasable Ca* of
the ER, as cells treated with either active or inactive
SMase D showed nearly identical Tg-triggered ER Ca®*
release (Fig. 2, A and B). Similar results were seen with
an alternative known method to release intracellular
Ca”, namely, application of a very low concentration of
the Ca®* ionophore ionomycin (Dolmetsch and Lewis,
1994), further supporting the notion that SMase D has
little or no direct effect on intracellular Ca* store con-
tent (Fig. 2, Cand D). SMase D evidently suppresses the

A
|&: Pre-SMase D

—-40 mV
100 pA|

250 ms

Fura-2 Ca* signal by lowering SOCE across the plasma
membrane.

SMase D treatment suppresses SOCE in CD4-positive

or CD8-positive T lymphocytes

C. pseudotuberculosis infections elicit responses from
both CD4-positive and CD8-positive T lymphocytes (Ellis,
1988; Pépin et al., 1994). To evaluate the SMase D sen-
sitivity of these T cell subtypes, T lymphocytes were la-
beled with fluorophore-conjugated antibodies to CD4
and CD8, and changes in intracellular Ca** levels were
monitored with the ratiometric indicator Indo-1 during
flow cytometry (Grynkiewicz et al., 1985). SMase D
strongly suppressed the SOCE component of the Tg-
triggered Indo-1 signal, in both the total T lymphocyte
population and the CD4-positive and CD8-positive sub-
sets (Fig. 3). Furthermore, these flow cytometry data,
covering hundreds of thousands of cells per experi-
ment, document an SMase D effect comparable to that
initially observed with Fura-2 Ca*" imaging, indicating
that these previous observations were not made on a
rare or peculiar cell subtype.

Effects of C1P and SMase C on SOCE

In principle, SMase D could suppress SOCE through an
intracellular signaling cascade by generating the sec-
ond messenger C1P (Fig. 1 A). We therefore tested, by
means of Ca® imaging, whether CIP reproduces the

-90 mV.

Figure 5. Effect of SMase D on C-type inactivation
of Ky1.3 channels in human T lymphocytes. (A and B)
Ky1.3 currents elicited by stepping membrane volt-
age at 30-s intervals from the —100-mV holding po-
tential to a first pulse between —90 and —10 mV in

E Post-SMase D
e 40 MV
——Pre-SMase D
——Post-SMase D

XEWO/Q

Inalmal/zed

80 60 40 20 0O
vV (mv)

166 SMase D inhibits SOCE in T cells

10-mV increments followed by a second test pulse
to 0 mV, before (A) and after (B) the addition of
SMase D to the bath solution (0.25 pg/ml). Current
traces for —40 mV are colored red; dashed lines in-
dicate zero current levels. (C) G-V curves (squares)
and h-infinity curves (circles) of Kyl.3 channels
in T cells before (black) and after (red) SMase D
treatment; error bars represent means = SEM (n = 5).
The curves are fits of Boltzmann functions, yield-
ing: Vi = —38.8 £+ 0.2 mV and Z = 7.3 + 0.4 (black
circles); Vio = =54.4 £ 0.2 mV, Z = 6.3 + 0.2, and
c=0.04 £ 0.01 (red circles); Vi,o = —26.1 £ 0.4 mV
and Z = 3.7 £ 0.2 (black squares); and Vi o = —42.4 +
0.6 mVand Z = 4.0 + 0.3 (red squares).
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Figure 6. Inhibition of SOCE by SMase D does not depend on
decreased K' conductance. (A) Fura-2 ratio signal of (26-54)
T cells in a single 40x field, where the upper bar above the panel
indicates these treatments: after 2-min rest, cells were treated with
either SMase D (SMD, red) or catalytically inactive enzyme (CON,
black) for 3 min, 5 pg anti-CD3e antibody (Abl) for 2 min, 5 pg
anti-IgG antibody (Ab2) for 18 min, and finally 1 pg valinomycin
(Val) for 5 min; the lower bar shows the Ca2*—c0ntaining solu-
tion type. (B) Peak values (error bars represent mean + SEM; n =
5) of Fura-2 ratio signals induced by valinomycin as shown in A.
(C) Fura-2 ratio signal of (17-31) T cells as in A, where the upper
bar above the panel indicates these treatments: after 2-min rest,
cells were treated successively with SMD (red) or CON (black)
for 3 min, 1 pg Tg for 18 min, and 1 pg valinomycin (Val) for
5 min; the lower bar shows the Ca®-containing solution type.
(D) Peak values (error bars represent mean + SEM; n = 5) of the
valinomycin-induced Fura-2 ratio signals from experiments as
shown in C. (E) Fura-2 ratio signals of (19-48) T cells as in A but
in the presence of 200 nM PAP-1 throughout, where the upper
bar above the panel indicates these treatments: after 2-min rest,
cells were treated with either SMD (green) or CON (blue) for
3 min and 1 pg Tg for 18 min; the lower bar shows the Ca**-con-
taining solution type. (F) Peak and declining phase values (error
bars represent mean + SEM; n = 7) of Fura-2 ratio signals from
Tg-stimulated cells in the presence of PAP-1 as shown in E. Where
present, the asterisks denote statistically significant comparisons
as detailed in Materials and methods.

inhibitory effect of SMase D on T lymphocyte SOCE.
CIP treatment augmented the Tg-triggered ER store re-
lease (Fig. 4, B and D), but it did not suppress SOCE
(Fig. 4, A and C). On the other hand, SMase D did not
alter the Tg-triggered ER store release but suppressed
SOCE (Figs. 1 and 2). Alternatively, SMase D may sup-
press SOCE by modifying critical interactions between
sphingomyelin head groups and membrane proteins.
In this case, SMase C may produce a similar effect even
though it hydrolyzes sphingomyelin in a different way
(generating ceramide instead of C1P; Fig. 1 A; Glenny
and Stevens, 1935; Doery etal., 1963). Indeed, we found
that SMase C also inhibited Tg-triggered SOCE in
T lymphocytes (Fig. 4 E).

Effects of SMase D on K,1.3 channels

We next turned our attention to certain channels known
to support SOCE in T lymphocytes. SMase D could
lower Ca®* influx across the plasma membrane either by
inhibiting the SOCE pathway or by reducing the activity
of K* channels such as Ky1.3, thereby lowering the elec-
tric driving force for Ca*" entry. Ky1.3 undergoes two
types of voltage-dependent gating processes: activation
and (C-type) inactivation (Cahalan etal., 1985). Although
not tested yet, SMase D may lower the fraction of open
Kyl1.3 channels at steady state by affecting their inactiva-
tion, thus depolarizing the cell membrane. Orail cur-
rent is sensitive to membrane depolarization because
Orail channels conduct Ca*" in an inwardly rectifying
manner (Lewis and Cahalan, 1989). We therefore ex-
amined how SMase D might affect the steady-state inac-
tivation of Ky1.3 channels.

Fig. 5 (A and B) shows Ky1.3 currents elicited with dou-
ble-pulse protocols to examine the extent of steady-state
inactivation at various voltages before and after SMase
D treatment. Concomitant with its known effect on the
G-V curve, SMase D treatment caused a —15-mV shift in
the steady-state inactivation curve of Kyl.3 in T cells
(Fig. 5 C). For a given condition, the channels are ex-
pected to exhibit meaningful steady-state activity within
the “triangular” window beneath each set of activation
and inactivation curves. SMase D caused a hyperpolarizing
shift of this window. Judging from this shift alone, SMase D
would likely hyperpolarize the membrane potential and
thus favor, not impair, Ca? influx. If so, agents that hy-
perpolarize the membrane potential by increasing over-
all K* conductance would be expected to have a relatively
smaller boosting effect on the Ca*" signal in cells already
treated with SMase D compared with controls.

We tested that prediction with the K' ionophore
valinomycin, insertion of which into the plasma mem-
brane is expected to cause hyperpolarization. In T cells
treated with inactive SMase D, as the antibody-triggered
Ca* signal approached the plateau, the addition of val-
inomycin induced a sizable Ca®* transient (Fig. 6 A).
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Such transient was much smaller after SMase D treatment
(Fig. 6, A and B). It was similarly decreased in Tg-stimu-
lated cells (Fig. 6, C and D). These results are consistent
with the K' conductance of SMase D-treated cells being
already greater than that of untreated cells. If SMase D’s
action on Ky1.3 channels indeed produces hyperpolariza-
tion, the effect is expected to persist even when Kyl.3
channels are blocked, and the cause of the enzyme’s in-
hibitory effect on Ca® influx must be sought elsewhere.
To demonstrate this, we blocked Kyl.3 channels with
PAP-1 (Schmitz et al., 2005). PAP-1 diminished the SOCE
component of the Tg-triggered Fura-2 signal in control
cells, reflecting the lower driving force for Ca® influx
when Ky1.3 is blocked (Fig. 6, E and F). As predicted,
even during this block, SMase D treatment still sup-
pressed the SOCE component of the Tg-triggered Fura-2
signal. Thus, the suppression of SOCE by SMase D cannot
be explained by the enzyme’s effects on Kyl.3 activity.

SMase D treatment suppresses Orail current

The above findings suggest that SMase D treatment re-
duces Ca* current through the SOCE pathway, within
which Orail and Stim1 are essential components (Lewis
and Cahalan, 1989; Liou et al., 2005; Roos et al., 2005;
Feske etal., 2006; Vig et al., 2006; Zhang et al., 2006). In
native T cells, the whole-cell Orail current is generally
very small, 2-3 pA given a driving force of about —240 mV
(Partiseti et al., 1994), too small for us to examine its
SMase D sensitivity. We therefore examined Orail cur-
rents heterologously expressed in CHO cells. Currents
were recorded in the presence of 1 pM Tg (to deplete
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Figure 7. SMase D suppresses Orail currents.
(A and B) Orail currents (A) and steady-state cur-
rent time course (B) recorded in the presence of
20 mM [Ca*., elicited by stepping the voltage from
the 0-mV holding potential to —100 mV. After the
addition of 0.5 pg/ml SMase D, the current was
suppressed. (Cand D) Orail currents elicited by step-
ping the membrane voltage from the 0-mV hold-
ing potential to between —120 and 60 mV in 10-mV
increments before (C) and after (D) the addition
of SMase D to the bath solution. Dashed lines in A,
C, and D indicate zero current levels, and currents
traces are shown after correcting for background
currents (i.e., those recorded in a nominally Ca?-
free solution). (E) I-V relations of peak (squares)
and steady-state current (circles) before (open) and
after (closed) treatment with 0.5 pg/ml SMase D.
Peak currents in E were measured as the mean cur-
rent over a 0.5-ms window 2.0 ms after the start of
the voltage step, and steady-state currents in B and E
were measured as the mean current of a 40-ms win-
dow 100 ms after the start of the voltage step in A
and C, or D, respectively. (F) Jurkat whole-cell Orail

. OPreSMD/,, , OPreSVD/, I-V relations of peak (squares) and steady-state cur-
poa - !

5 OPre-SMD /.. . 5§ OPreSMDI/,, . rent (circles) before (open) and after (closed) treat-

<' ®PostSMD/,, < WPostSMD/_, ment with 0.5 pg/ml SMase D. Error bars represent

= @ Post-SMD/ = @ Post-SMD/

steady-state mean + SEM.

the ER) and 20 mM [Ca®'].. (to boost current). Fig. 7A
shows Orail currents elicited by repeatedly stepping
membrane potential from the 0-mV holding poten-
tial to —100 mV. Each current trace represents the dif-
ference between a matching pair of currents recorded
in 20 or 0.1 mM of extracellular Ca®*. The addition of
SMase D to the extracellular solution suppressed the
current (Fig. 7, A and B). We collected peak and steady-
state currents at a range of test potentials before and
after SMase D treatment (Fig. 7, C and D) and plotted
them against voltage in Fig. 7 E. Judging from the -V
curves, SMase D suppresses current at all voltages. More-
over, we found that SMase D also suppressed native
Orail currents in Jurkat cells, a leukemic T cell line that

- -
o (6]
o o

Cytokine (ng/mL)
o
(@)

IL-2 TNF-a

Figure 8. SMase D suppresses IL-2 and TNF production. IL-2
and TNF concentrations (error bars represent means + SEM;
n=>5) in cell culture supernatants of human T lymphocytes stimu-
lated with CD3 and CD28 antibody-coated beads in the presence
of SMase D (red) or catalytically inactive enzyme (CON, black).
Asterisks denote statistically significant comparisons as detailed in
Materials and methods.
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expresses larger native Orail current than normal
T cells (Fig. 7 F). These results show that the SMase D
treatment strongly suppresses Orail current.

SMase D treatment suppresses production

of IL-2 and TNF

Many T cell functions, including the production of key
cytokines, depend on Orail currents. Two cytokines are
important in the present context: IL-2, a signaling mol-
ecule important for the growth, proliferation, and dif-
ferentiation of T lymphocytes (Waldmann, 2006); and
TNF, a cytokine that plays a crucial role in the forma-
tion and maintenance of granulomas in microbial infec-
tions (Aggarwal et al., 2012). Genetic defects in Orail
impair the production of IL-2 and TNF in stimulated
T cells (Feske et al., 2000). In light of these properties
and the fact that SMase D inhibits Orail current, we
tested whether SMase D also decreases production of
these key cytokines. Using antibody-coated beads, we
stimulated human T lymphocytes in culture to produce
IL-2 and TNF. We assayed cell culture supernatants by
ELISA for the presence of these cytokines and found
that SMase D indeed suppresses IL-2 and TNF produc-
tion (Fig. 8).

DISCUSSION

Host immune systems struggle to clear certain bacterial
pathogens. The histology of infected tissues may reveal
granulomas—aggregates of multinucleated macrophages,
fibroblasts, and lymphocytes—with necrotic foci. These
necrotic areas impart a cheese-like texture to gross or-
gan specimens, and this caseous necrosis is characteris-
tic of certain bacterial infections. Although granuloma
formation limits dissemination of bacteria, the failure
of host immune cells to clear out invading bacteria can
ultimately result in latent or chronic infection. Studies
of the caseous lymphadenitis of C. pseudotuberculosis show
that experimental mutant strains lacking SMase D exhibit
dramatically reduced infectiousness and cannot effec-
tively disseminate in host organs. These observations
strongly suggest that SMase D helps bacteria to evade
host immunity. However, the molecular mechanism by
which SMase D produces this effect remains unknown.

In a previous set of biophysical studies, the activation
gating of many Ky channels was shown to be sensitive
to certain SMase enzymes, including bacterial SMase D
(Ramu et al., 2006; Xu et al., 2008; Milescu et al., 2009;
Combs et al., 2013). SMase D stimulates Ky channels by
removing the positively charged choline group from
sphingomyelin molecules in the outer leaflet of the
membrane, making it energetically easier for the posi-
tively charged voltage sensor to move to the extracellu-
lar side and the channel to become activated (Ramu
et al., 2006; Xu et al., 2008; Milescu et al., 2009). In
doing so, the enzyme shifts the Q-V and G-V curves in

the hyperpolarized direction. SMase D can activate
Ky1.3 channels, including endogenous Kyl.3 channels
in human T lymphocytes (Combs et al., 2013). Physio-
logically, Ky1.3 is best characterized in the T lympho-
cyte system where the channel helps maintain negative
resting membrane potentials, ensuring a driving force
for Ca®" entry adequate to trigger various critical im-
mune responses (Cahalan and Chandy, 2009). In fact,
Ky1.3 channel inhibitors are being developed as effec-
tive immunosuppressants to treat autoimmune diseases
(Chandy et al., 2004). SMase D markedly increases Ky1.3
activity of T lymphocytes near typical resting membrane
potentials (—50 mV). Therefore, SMase D would be ex-
pected to promote Ca* entry and thus lymphocyte acti-
vation. However, we found here that SMase D markedly
lowers Ca*" entry in both CD4-positive and CD8-positive
lymphocytes by suppressing SOCE. This finding cannot
be readily explained by the enzyme’s previously docu-
mented stimulating effect on T lymphocyte Ky1.3 chan-
nels. Given that SMase D treatment shifts the Q-V curve
in the hyperpolarized direction, the enzyme could, in
principle, lower SOCE by promoting steady-state inacti-
vation, thus causing depolarization and thereby reduc-
ing the driving force for Ca®" entry. However, we find
no evidence supporting such a scenario. In fact, even
after Ky1.3 channels are blocked, SMase D still effec-
tively lowers the Ca®* signal. These findings imply that
SMase D treatment negatively impacts Orail activity. In-
deed, we find that SMase D strongly suppresses Ca** cur-
rent through both native and heterologously expressed
Orail channels.

Two types of lipid—channel interaction mechanisms
are frequently invoked to explain the effects of lipids on
ion channel function: lipid molecules acting indirectly
as second messengers, and direct lipid—channel inter-
actions. The best known example of indirect action is
PIP;-mediated regulation (Huang et al., 1998). As for
direct lipid—channel interactions, native lipid molecules
remain bound to KcsA channels, even after the channels
are solubilized in detergent-containing solutions and
eventually crystallized (Zhou et al., 2001; Valiyaveetil
et al., 2002). Furthermore, although common lipids
can generally support the folding of KcsA, an appropri-
ate type of lipid head group is critical for KcsA function
(Valiyaveetil et al., 2002). In the present case, therefore,
one possible scenario is that SMase-generated lipids act as
second messengers, triggering an intracellular signaling
cascade that leads to Orail inhibition. Some prior stud-
ies of SMase C have favored this mechanism. For exam-
ple, SMase C, ceramide (the lipid product of SMase C),
and sphingosine have been reported to suppress SOCE in
Jurkat T cells (Breittmayer et al., 1994; Lepple-Wienhues
et al., 1999; Church et al., 2005). However, other inves-
tigations report instead that ceramide and sphingo-
sine boost SOCE in Jurkat T cells by triggering Ca**
release from intracellular stores (Sakano et al., 1996;
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Colina et al., 2005b). In this study, we find that exoge-
nous CIP (the lipid product of SMase D) fails to sup-
press SOCE and instead augments the release of store
Ca* by Tg. A prior study of Jurkat T cells has docu-
mented Ca®* store release by exogenous C1P (Colina
etal., 2005a). Thus, whereas exogenous C1P affects store
Ca” release, it fails to mimic SMase D’s suppression of
SOCE. It is noteworthy that the C1P generated by exog-
enous SMase D does not appear to break down into
other sphingolipids, as SMase D does not increase cell
ceramide levels (Feldhaus et al., 2002), and the enzyme
generates stoichiometric quantities of C1P from sphin-
gomyelin (Subbaiah etal., 2003). Additionally, sphingo-
myelin levels recover 5 h after SMase C treatment but
show little or no recovery even 20 h after SMase D treat-
ment (Subbaiah et al., 2003).

Hydrolysis of sphingomyelin by SMase D has been
shown to suppress the CFTR Cl~ channel and to lower
the activation voltages of voltage-gated ion channels
(Ramu et al., 2006, 2007; Milescu et al., 2009; Combs
etal., 2013). The SMase D effect on Kv channels persists
even 24 h after treatment (Xu et al., 2008). Exposure to
exogenous sphingomyelin or CI1P fails to reproduce
these functional effects in either channel type (Ramu
etal., 2006, 2007). These findings suggest that the chan-
nel-impacting lipid molecules remain tightly bound to
channel proteins, as they demonstrably do in the KcsA
channel. Then implicitly, SMase D affects the channel
function by modifying channel-sphingomyelin inter-
actions in situ. This scenario can also explain why SMase
D, which generates C1P, and SMase C, which generates
a different lipid product (ceramide), both suppress
Orail activity. Although CI1P may, in principle, be bro-
ken down to ceramide or other sphingolipids, SMase D
does not appear to raise the level of these lipid species, as
mentioned above. In any case, further studies are needed
to firmly establish the mechanism by which SMases sup-
press Orail activity.

Genetic defects in Orail have been identified as a
cause of SCID (Partiseti et al., 1994; Feske et al., 2006).
The Orail mutations in these SCID T cells result in dra-
matic functional impairments. For example, when stim-
ulated, T cells from these SCID patients show decreased
production of key cytokines like IL-2 and TNF (Feske
et al., 2000). The former cytokine is crucial for T cell
growth, proliferation, and differentiation (Waldmann,
2006), whereas the latter supports the formation and
maintenance of granulomas in microbial infections
(Aggarwal et al., 2012). In fact, the use of TNF inhibi-
tors in the treatment of human inflammatory diseases is
complicated by a risk of reactivation tuberculosis (Wallis,
2008). In the present study, we find that SMase D sup-
presses Orail current and also decreases production of
IL-2 and TNF. Thus, C. pseudotuberculosis could, by means
of inhibiting Orail with SMase D, create an acquired
SCID-like condition, allowing the bacteria to avoid
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clearance by host T lymphocytes. Experimental worsen-
ing of this situation, for example, by antibody depletion
of host T cells or their cytokines, turns a chronic disease
into an acute and highly lethal one (Lan et al., 1998,
1999). A strikingly similar picture is seen in acquired
immunodeficiency syndrome, where viral depletion of
T cells enables the aggressive spread and high lethality
of another organism known for caseous granulomas—
M. tuberculosis, which has a C-type SMase activity (Vargas-
Villarreal et al., 2003). Although suppression of Orail
current can account for the mechanism by which SMase
D helps to prevent bacterial clearance by the host im-
mune system, SMase D may also affect other signaling
processes in lymphocytes. Given that Orail channels
are present in many other cell types (Hogan et al., 2010),
SMase D may impact their functions as well.

The failure of human or animal immune systems to
either adequately contain C. pseudotuberculosis in granu-
lomas or to eradicate them from the body has a pro-
foundly negative impact on host health. For example,
in some regions of the world the prevalence of caseous
lymphadenitis in livestock may be as high as 20%, causing
substantial economic losses (Baird and Fontaine, 2007).
As a zoonotic organism, C. pseudotuberculosis can be trans-
mitted to humans. On the other hand, M. tuberculosis con-
tinues to pose a major threat to human health (Zumla
et al., 2013). Worldwide, about two billion people are
estimated to be infected with M. tuberculosis, and an
estimated 1 in 14 new infections occurs in individuals
infected with HIV (Lonnroth and Raviglione, 2008).
Treatment of caseous lymphadenitis remains a chal-
lenge today, as both antibiotics and vaccines suffer from
limited efficacy (Baird and Fontaine, 2007). Antibiotics
were originally more successful in treating tuberculosis
infections, but their widespread use has led to the emer-
gence of highly resistant strains (Zumla et al., 2013).
Thus, our discovery suggests neutralization of bacterial
phospholipidases as a new additional strategy to combat
these recalcitrant infections, and highlights the impor-
tance of appropriate protein-lipid interactions in main-
taining normal function of ion channels.
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