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Abstract: The pore-forming bi-component leukotoxins from Staphylococcus aureus induce two independent cellular events 1)
the formation of trans-membrane pores not permeable to divalent ions and 2) the opening of pre-existing Ca®" channels in human
polymorphonuclear neutrophils (PMNs). The influx of Ca®* and Mn®" (Mn”>" was used as a Ca’" surrogate) in Fura2-loaded
human PMNs was determined by spectrofluorometry techniques. The present study showed that, in the presence of extracellular
Ca*', the staphylococcal HlgA/HIgB y-hemolysin induced a rapid Ca®' release from internal Ca”" stores before the onset of a
Mn?" (Ca*") influx. The sustained increase of Ca’" and Mn?" influx was partially inhibited by the ionic blockers of Ca*"
Release-Activated Ca®>" (CRAC) channels, La®" and Ni**. Furthermore, the incubation of human PMNs with either TMBS8 or
thapsigargin did inhibit significantly the Ca*' release mediated by leukotoxins simultanously to a clear decrease of Ca®* and Mn**
influx. The internal Ca”" release induced by y-hemolysin was also inhibited by PMNs pretreatment with a pertussis toxin, NaF,
caffeine, ryanodine, cinnarizine and flunarizine and consequently, the Mn>* (Ca®") influx was significantly reduced. Moreover,
different Ca”" signaling pathways blockers such as U73122, staurosporine, thyrphostin A9 and okadaic acid were tested on the
leukotoxins activity. Taken together, this work provided evidence that, in the presence of extracellular Ca*’, bi-component
staphylococcal leukotoxins provoked in human PMNs after a specific binding to their membrane receptors, a rapid depletion of
internal Ca*" stores mediating a CRAC channels activation. This Ca*'-dependent mechanism seems likely to be associated to the
heterotrimeric G-proteins activation. Interestingly, in the absence of extracellular Ca*', the staphylococcal leukotoxins tested
induced the opening of an important divalent ions (Ca*", Mn**, Ni*") pathway not sensitive to CRAC channels blockers.
Consequently, we strongly suggested that other types of Ca®" channels might be involved in bi-component leukotoxins activity,
including Ca®* channels dependent on the protein kinase C activation.
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1. Introduction

Pore-forming toxins (PFTs) are key virulence factors

produced by a variety of important human bacterial pathogens,

including Staphylococcus aureus (S. aureus), Group A and B
streptococci, Streptococcus pneumoniae, Vibrio cholerae,
Clostridium septicum, Escherichia coli and Mycobacterium
tuberculosis [1-2]. For numerous human pathogenic bacteria,

PFTs expressed during infections contributed significantly to
the virulence in vivo. Among these cytotoxic proteins, the
bi-component y-hemolysin from S. aureus was first described
by Smith & Price in 1938 [3] who isolated it from a, B, o
hemolysins and was purified during the 70s by different
authors [4-5]. Later, it has been shown to be produced by 99%
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of randomly selected clinical strains [6]. Currently, it is well
known that y-hemolysin is composed of three proteins: HIgA,
HigB and HlgC [7-9] which form two active pairs HigA/HlgB
and HIgC/HIgB constituting with the Panton-Valentin
leukocidin (PVL) [10] a family of leukotoxins presenting
comparable activities [11]. It was first, suggested that the PVL
created aspecific pores through the membrane of human
polymorphonuclear neutrophils (PMNs) whose conformation
did change into ion-sized pores in the presence of extracellular
Ca®" [12]. These ion-sized pores were responsible of an
important Ca®" influx inducing the exocytosis of the granular
content of PMNs [13-14]. Later, we have clearly demonstrated
by the use of ionic specific fluorescent probes and Ca
channels blockers that, staphylococcal leukotoxins did induce
the opening of pre-existing Ca®" channels belonging to the
PMNs membrane in the absence and the presence of
extracellular Ca®* [15]. Consequently, it was concluded that
leukotoxins from S. aureus after a specific binding to their
membrane receptors, mediated two independent types of
activity: i) they are Ca*" channels agonists, ii) after the
membrane insertion and oligomerization using a complex
multistep process, they form specific pores comparable to
those formed by a-toxin [16-17] dramatically disturbing
cellular homeostasis.

It is well established that, non-excitable human
neutrophils do not possess voltage-operated Ca*" channels
(VOCC) [18-21], whereas several types of receptor operated
Ca®" channels (ROCC) are involved in mediating Ca®* (Mn*")
entry through the plasma membrane of PMNs. In general,
calcium signaling in non-excitable cells is primary initiated
by the activation of surface membrane receptors coupled to
phospholipase C (PLC) and stimulates as results, a calcium
signaling process [22]. The PLC activation by membrane
receptors leads to a breakdown of phosphatidylinositol 4,
5-bipohosphate in the plasma membrane and production of
diacylglycerol (DAG) and inositol 1, 4, 5-triphosphate (IP3)
[23]. These membrane receptors are functionally, linked to
heterotrimeric G proteins [24] or are closely associated to
cytosolic tyrosine kinase [25]. However, Putney and Bird [26,
27] proposed that, the Ca** influx pathway could be mediated
by Ca*’ stores depletion known as a capacitative Ca®" entry
(CCE). In a large number of non-excitable cells such as
human neutrophils, this entry results from the opening of a
class of channels known as store-operated calcium entry
(SOCE) [28-31], although another receptor-operated Ca*"
pathway can be activated by
N-formyl-methionyl-leucyl-phenylalanine ~ (f-MLP) in
differenciated HL60 cells [32].

In general, Ca®" is an essential second messenger activating
several cellular signaling pathways and a sustained increase in
intracellular [Ca*"] could modify the host response leading to
cell death [33]. In addition, a number of Ca’*’-dependent
effects have been reported in immune cells inducing the
activation of several intracellular signaling molecules such as
phospholipase A, (PLA,) [34].

A better understanding of the receptor-regulated calcium
signaling triggered by the bi-component leukotoxins from S.

aureus, was the purpose of the present study. In this context,
we have attempted to identify and discern specific calcium
signaling processes and mechanisms involved by
staphylococcal leukotoxins following their specific binding to
their PMNs membrane receptors. First, by fluorescence-based
technique using calcium-sensitive probes, we tried to
investigate an eventual activation of Ca>" Release-Activated
Ca®" (CRAC) channels as results of Ca®* signaling pathways
induced by each pair tested from leukotoxins: HlgA/HIgB,
HlgC/HgB (y-hemolysin) and LukS-PV/LukF-PV (Panton
and Valentin Leukocidin) in human neutrophils. Interestingly,
in the present study, our results are representative only for the
HlgA/HIgB y-hemolysin pair and clearly demonstrated that, in
the presence of extracellular Ca**, staphylococcal leukotoxins
induced a biphasic process of calcium mobilization. The later
was composed of the Ca’" release from internal Ca" stores
which was coupled to, and activated the Ca*" (Mn®") influx
through the opening of Ca**-release activated Ca>" (CRAC)
channels as described previously [35-36]. Additionally, we
provided an evidence of the opening of other types of
receptors operated Ca>" channels (ROCC) that did not involve
store-operated Ca®" entry [37-38], comprising Ca>" channels
which might be a PKC-dependent process since, PLC-coupled
receptors may activate pathways that were unrelated with
store-operated Ca" channels.

2. Materials and Methods
2.1. Reagents

Fura2 and Fura2/AM were obrained from Molecular Probes
(Eugene, OR). J. Prep was purchased from Tech Gen
International (Les Ulis, France). All other chemicals,
including Dextran, TMBS8, thapsigargin, staurosporine,
ryanodine, caffeine and EGTA were from Sigma
(L’Isle-d’Abeau Chesnes, France). Pertussis toxin, NaF,
tyrphostin A9, cinnarizine, flunarizine and U73122 were from
Calbiochem (Meudon, France).

2.2. Toxin Production

The different proteins HlgA (32 kDa), HlgB (35 kDa), HlgC
(32 kDa), LukS-PV (38 kDa) and LukF-PV (32 kDa) were
prepared from S. aureus strain ATCC 49775 by
chromatography on a cation exchange column and
hydrophobic interactions as described previously [11]. The
purified components were stored at -80°C until utilization at a
final concentration of 2.2 nM (HIgA) and 0.85 nM (HIgB)
presented in this study.

2.3. Cell Isolation and Fura2 Loading

Human polymorphonuclear neutrophils (PMNs) were
obtained from buffy coats of healthy volounteers of either sex,
kindly provided by the Centre de Transfusion Sanguine
(Strasbourg, France). They were prepared as described
previously [15]. Briefly, human PMNs enriched blood was
centrifuged in J. Prep and the pellet was resuspended in
Dextran for sedimendation. Contaminating erythrocytes were
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removed by an hypotonic lysis. The purified PMNs were
suspended in the assay medium containing 140 mM NacCl, 5
mM KCI, 10 mM glucose, 0.1 mM EGTA, 10 mM Hepes and
3 mM Tris base (pH 7.3) at 6 x10° cells/ml. This method led to
98% viable PMNs as counted after May-Grunwald-Giemsa
staining.

PMNs were incubated with 2 UM Fura2/AM for 45 min at a
room temperature in the assay medium then, washed twice by
centrifugation at 800xg for 10 min to remove extracellular dye,
and were resuspended in the assay medium at 6x10° cells/ml.
For Ca®" experiments, 1.1 mM CaCl, was added to the PMNs
suspension 5 min before measurements in order to obtain 1
mM extracellular free Ca®*.

2.4. Spectrofluorometric Measurements

Variations in fluorescence intensity were recorded using a
spectrofluorometer DeltaScan (Kontron, PTI,
Montigny-le-Bretonneux, France) equipped with dual
excitation and dual emission monochromators (slit width=4
nm). The fluorescence of Fura2 was recorded at Agy=510 nm
in one emission monochromator after excitation by the two
excitation monochromators at wavelengths Agx=340 nm and
Aex=360 nm. The measurement of Mn®" permeability by the
quenching of Fura2 fluorescence at the isosbestic
wavelength Agx=360 nm, was used as a surrogate for a Ca™*
permeability [39, 15], since it has been shown to be a good
tracer in human PMNs for the opening of Ca*" channels [29].
This presents identical kinetics of activation for both
divalent ions (Ca*" and Mn®*") [30-31]. At a given Ca®"
concentration, Mn?* decreased the fluorescence of Fura2
without modifying the shape of the excitation spectrum as
shown in Figure 1A. Conversly, at a given Mn*’
concentration, the addition of increasing Ca>* concentrations
increased the maximum intensity of fluorescence and shifted
it to the left (Figure 1B).

In the intracellular medium, the fluorescence intensity
recorded at Agx=340 nm was given by the unchelated Fura2
molecules, those whose fluorescence was increased by
intracellular Ca®* and those whose fluorescence was
decreased by chelation of intracellular Mn*". The
fluorescence recorded at Agx=360 nm was given by the
unchelated Fura2 molecules, those whose fluorescence was
not modified by Ca>" chelating and those whose fluorescence
was decreased by Mn*" chelating. Consequently, since Ca*
or Mn®" bound to the same site of Fura2 molecule and since
both fluorescence intensities were recorded from the same
PMN:s, an increase of fluorescence observed at Agx=360 nm
even when Mn”" had already penetrated into PMNs, was
likely due to the Ca*" influx into PMNs or released from
intracellular stores and competing with Mn®>" which cannot
be extruded from PMNs.

Fluorescence variations were expressed in arbitrary units (a.
u.) when registered at Agx=340 nm and in % of Fura2
quenching when registered at Agx=360 nm (%: beginning of
the registration; 100%: Triton X100 addition).
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Figure 1. Excitation spectra of Fura? in the presence of varying
concentrations of Ca’* and Mn®*. A: [Ca® J=1 mM, [Mn"] in M 0 (a), 100
(b), 200 (c), 400 (d). B: [Mn®* =100 tM, [Ca®* ]in tM: I (a), 100 (b), 500 (c).

When ethidium bromide (100 pM) was added in order to
determine the formation of trans-membrane pores as
described previously [12], the excitation monochromator set
at Agx=340 nm was used with the second emission
monochromator set at Agy=600 nm. The ethidium influx was
expressed in % (0%: beginning of the registration; 100%:
maximum of ethidium intercalated in nucleic acids after
Triton X100 addition).

For fluorescence measurements, 1 ml of PMNs suspension
(6x10° cells/ml) was added to 1 ml of assay solution
continuously stirred in a 4 ml quartz cuvette (1 cm light path)
thermostated at 37°C. The autofluorescence of PMNs was
substracted by the PTI software and the data extracted for
transfer to SigmaPlot 4.1 (Jandel, Erckrath, Germany). The
experiments described in figures are the most representative of
four similar ones.
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3. Results

Previously, we have reported that the HIgA/HIgB
y-hemolysin pair did provoke, in the absence or in the
presence of 1 mM extracellular free Ca®’, the opening of
pre-existing Ca®" channels involving divalent ions influx
through the plasma membrane of human PMN [15]. In the
absence of extracellular Ca®*, this was demonstrated by using
0.1 mM Mn®" as a Ca®" surrogate and by recording the
fluorescence of Fura2 at Agx=360 and Agy=510 nm (Figure 2).

HigA/HIgB

Fura2 quenching (%)
(xex= 360 nm)

200 400

t(sec)

300

Figure 2. Effect of the HigA/HIgB application on Mn®* influx in human PMNs
in the presence of different Ca’* concentration. [Ca’ ] in mM: 0 (a), 0.1 (b), I
(c); [Mn?*]=0.1 mM.

Under these conditions, the leukotoxin induced a decrease
in fluorescence intensity of Fura2-loaded neutrophils
indicating an influx of Mn*" into PMNs (Figure 2a). Although
the Ca** binding does not modify the fluorescence of Fura2 at
Aex=360 nm, the recordings obtained in the presence of 0.1
and 1 mM Ca®" presented different time lags and courses
(Figure 2b, c). The entry of Mn®" appeared sooner and was
more rapid in the presence of extracellular Ca*".

The simultaneous influence of 1 mM Ca®" and 0.1 mM
Mn*" on Fura2-fluorescence intensity was further, studied
as described in Figure 3. At Agx=340 nm, the addition of
HlgA/HlgB induced a four phases response. The first two
phases (Figure 3. 1; 2) consisted of a significant increase
and decrease in Fura2 fluorescence, respectively. Then,
during the third and fourth phase (Figure 3. 3; 4), the same
evolution was recorded but over a longer period of time.
The first phase was absent when recording at Agx=360 nm.
Interestingly, the insert presented in Figure 3 showed that,
the increase in fluorescence of Fura2 at Agx=340 nm
preceded by about 10 sec the decrease of fluorescence
observed at Agx=360 nm. Since this decrease, caused by an
influx of Mn*" was likely due to the opening of Ca®"
channels, the preceding increase of fluorescence recorded
at Agx=340 nm might be due to the depletion of the internal
Ca”" stores. This time lag difference was observed for each
population of PMNSs activated by leukotoxins and, lasted 5
to 15 sec depending on the donor.

-

[

Fura2 fluorescence
(a.u.)(Lex = 340 nm)
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Fura2 quenching (%)

Figure 3. Effect of the HIgA/HIgB application on Ca’* and Mn®" influx in
human PMNs in the presence of 1 mM Ca’" and 0.1 mM Mn**. The different
phases 1, 2, 3 and 4 are indicated. The insert describes the different time lags
obtained at the two excitation wavelengths (340 nm and 360 nm).

Consequently, it was proposed that staphylococcal
HlgA/HIgB leukotoxins might induce, in the presence of
extracellular Ca>", the opening of Ca*"-released activated Ca*"
(CRAC) channels mediating Ca”*" and Mn*" influxes as was
demonstrated for agonists such as LTB4, PAF [40] and fMLP
[19, 32]. Similar results were obtained with both HlgC/HlgB
and LukS-PV/LukF-PV leukotoxins used at the same
concentration under the same conditions (1 mM Ca®" and 0.1
mM Mn®") (unpublished data). During the third phase, the
increase in fluorescence intensity of Fura2 at both excitation
wavelengths (Agx=340 nm and Agy=360 nm) was indicative of
an increase in the intracellular Ca*" competing with the Mn**
chelated by Fura2 (see *spectrofluorometric measurements*).
During the last phase, Mn®" was still penetrating the cells.

The purpose of this research was to investigate the
intracellular molecular mechanisms involved in the opening
of Ca** channels including the CRAC channels by leukotoxins.
It is well known that, thapsigargin provoked a rapid depletion
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of internal calciosomes by inhibiting the
sarcoplasmic-endoplasmic reticulum Ca®*-ATPase (SERCA)
activity [41], inducing the opening of CRAC channels as
being inhibited by La®" [42]. This was verified under the
experimental conditions used in this study, as shown in Figure
4a.
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Figure 4. Effect of La®" on Ca’" and Mn®" influx induced by thapsigargin.
[Ca®* =1 mM, [Mn** ]=0.1 mM, [La’*]=0 mM (a) and 0.1 mM (b), [Tg]=0.1
mM.

However, in the presence of 0.1 mM La’", most widely used
for blocking the store-operated Ca®" entry [43], the treatment
with 0.1 mM thapsigargin (Tg) caused an increase of
intracellular Ca®* (Apx=340 nm), consecutive to an
IP;-sensitive Ca>" stores depletion [44-45]. Whereas, the
subsequent influx of Mn*" and Ca*" (A\gpy=360 nm), via the
store-operated Ca®" entry, was completely inhibited showing
that, no CRAC channels were opened (Figure 4b).

When the same experiment was performed with
HIgA/HIgB in the presence of 1 mM Ca’" and 0.1 mM Mn*",
the Ca®* stores depletion was still observed in the presence of
0.1 mM La’" but, conversly to thapsigargin, the Mn>" influx
was partially inhibited (Figure 5I). Similar results were
obtained in the presence of 1 mM Ni*" (Figure 5II), another
known blocker of CRAC channels [20].

Since La’* and Ni*" did inhibit partially the Mn** (Ca®")
influx, we suggested that another type of Ca®" (non-CRAC)
channels could be involved in the signaling pathway induced
by staphylococcal bi-component leukotoxins. Moreover, in
the absence of extracellular Ca*" and Mn**, HIgA/HIgB did
not alter the fluorescence of Fura2 (Agx=340 nm) indicating
that it did not provoke the Ca** release from the internal Ca*"
stores in Ca®" free medium (unpublished data) as did 1 nM
ionomycin, known to open CRAC channels [28, 46]. This
effect did not impair the pore-formation capabilities of the
leukotoxin [15]. In the only presence of 0.1 mM Mn*', the
addition of 0.1 mM La®" was without influence on the Mn**

influx (unpublished data) showing that, another type of ionic
channels not sensitive to La’", was opened by leukotoxins
under these conditions. Simultaneously, no increase of
ethidium fluorescence was observed. This later experiment
also indicated that Fura2 quenching by Mn®" was conclusively
due to an entry of Mn®" into PMNs and not to a leak of Fura2
through the pores formed by the leukotoxin since they were
closed by La’".
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Figure 5. Effect of La’ on Ca’* and Mn®" influx induced by the HigA/HIgB
application in human PMNs. PMNs were incubated (I) during 2 min in the
absence (a) or presence (b) of 0.1 mM La®*; (II) during 2 min in the absence
(a) or presence (b) of I mM Ni**. [Ca® =1 mM, [Mn”* ]=0.1 mM.

Another experiment designed on the PMNs of a particular
donor, showed that, in the absence of extracellular Ca2+,
although an influx of ethidium was observed, no variation of
Fura2 fluorescence intensity consecutive to a Mn>" influx was
recorded (Figure 6). This confirmed that, trans-membrane
pores formed by staphylococcal leukotoxins were not
permeable to divalent ions (Mn*", Ca").
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Figure 6. Effect of the HIgA/HIgB application on Mn®* influx and pore
formation in human PMNs in the absence of extracellular Ca®*. [Mn®J=0.1
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Figure 7. Effect of thapsigargin and TMBS on Ca’* and Mn®" influx induced
by the HlgA/HIgB application in human PMNs in the presence of extracellular
Ca®*. PMNs were incubated (I) during 60 min in the absence (a) or presence
(b) of 0.1 mM thapsigargin; (II) during 90 min in the absence (a) or presence
(b) of 0.5 mM TMBS. [Ca®* ]=1 mM, [Mn”*]=0.1 mM.

The implication of CRAC channels in the mechanism of
HlgA/HIgB activity was further, demonstrated by modifying
the availability of Ca®" stores. In one set of experiments,
PMNs were pre-incubated with 0.1 mM thapsigargin before
the leukotoxins application. Under these conditions, the Ca*"
stores were depleted and their refilling was inhibited [47-48].
Later following a 60 min incubation, the CRAC channels were
again inactivated [49]. Under these conditions, Figure 71 did
show that, the initial rise in intracellular Ca** was not
observed after the HIgA/HIgB application. Again, the Ca*
and Mn”" influx was considerably, decreased and delayed.
Another set of experiments was designed in which PMNs
were pre-treated during 90 min with 0.5 mM TMBS, a potent
inhibitor of Ca®" release from internal Ca*" stores [50-51].
Therefore, in the absence of extracellular Ca**, TMBS did not
affect fluorescence variations at Agx=360 nm (unpublished
data) and, consequently, did not modify the Mn** influx linked
to the Ca’" channels opening. However, in the presence of 1
mM Ca®" and 0.1 mM Mn*’, the initial rise of intracellular
Ca®" was not observed and consequently, the influx of divalent
ions (Mn** and Ca®") was significantly decreased (Figure 71I)
as already shown after the thapsigargin pre-treatment.
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Figure 8. Effect of tyrphostin A9 and okadaic acid on Ca®* and Mn®" influx
induced by the HIgA/HIgB application in human PMNs in the presence of
extracellular Ca®*. PMNs were incubated (I) during 5 min in the absence (a)
or presence (b) of 5 UM tyrphostin A9; (1) during 60 min in the absence (a) or
presence (b) of 1M okadaic acid. [Ca® J=1 mM, [Mn”* ]=0.1 mM.
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It has previously reported [52-53] that, the CRAC channels
activation could be associated to the Ca*" influx factor (CIF),
which seemed to be regulated by the Ca**-stores-associated
enzyme suggesting that, the activity of CRAC channels is a
mechanism dependent on phosphorylation-dephosphorylation
process [53-53].

Furthermore, Marhaba et al. [56] showed that tyrphostin A9
did inhibit the Ca** release-dependent phosphorylation and the
Ca*" influx through the opening of CRAC channels in Jurkat
cells. The effect of this inhibitor was tested on the CRAC
channels activation by leukotoxins. As results, in the presence
of 5 UM tyrphostin A9, the initial rise recorded at Agx=340 nm
and which was linked to a Ca*" release after leukotoxins
addition was slightly inhibited, and Mn*" influx was partially
reduced. Interestingly, only two phases were observed at
Aex=340 nm (Figure 81), suggesting that the opening of CRAC
channels was blocked whereas another type of Ca** channels
triggered by leukotoxins was not affected. Moreover, when
PMNs from the same donor were pre-treated with 1 pM
okadaic acid, a potent inhibitor of phosphatase, a significant
increase in intracellular Ca*" levels was observed whereas the
CRAC channels activation was blocked (Figure 81I) as it has
previously reported [57].

These authors suggested that okadaic acid by inhibition
of CIF degradation in lymphocytes, might induce a
sustained increase in Ca*" levels. We further investigated
whether the phospholipase C activity was involved in the
action mechanism of leucotoxins. For this, 20 pM U-73122,
a potent phospholipase C (PLC) inhibitor [58-59], was
added just before the leukotoxins application.
Consequently, although IP; production in response to
leukotoxins was partially, inhibited by U-73122, inducing a
slight inhibition of Ca®" release and CRAC channels
activation, the third and fourth phases were completely
suppressed (Figure 91).

These results could be interpreted as staphylococcal
leukotoxins might induce a Ca®" release by another pathway
involved in addition to an IP;-induced Ca”* release (IPs-ICR)
and, another type of Ca®" channels different from CRAC
channels could be activated. This hypothesis was verified in
the present study. Again, the pre-incubation of PMNs during
60 min with 1 pM staurosporine, a potent protein kinase C
(PKC) inhibitor [60-61], gave similar results as observed with
U73122 during the third and fourth phases (Figure 9II)
suggesting that, in the presence of extracellular Ca®’, the Ca*"
influx induced by leukotoxins addition during the third phase
could likely be a PKC-dependent process. This was a further
evidence that, HlgA/HIgB might induce the opening of
another type of Ca** channels different from CRAC channels.
It is noteworthy that, in the absence of extracellular Ca*", La*",
TMBS8, U-73122, tyrphostinA9, okadaic acid and
staurosporine did not modify the Mn** influx induced by

leukotoxins (unpublished data).
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Figure 9. Effect of U73122 and staurosporine on Ca’" and Mn®" influx
induced by the HIgA/HIgB application in human PMNs in the presence of
extracellular Ca®*. PMNs were incubated (I) during 5 min in the absence (a)
or presence (b) of 20 pM U73122; (1) during 60 min in the absence (a) or
presence (b) of 1 UM staurosporine. [Ca®* J=1 mM, [Mn®* ]=0.1 mM.

It has been reported that, at least three different types of
internal Ca”" stores could be involved in the increase of
cytosolic [Ca®7]; after cells activation [62-63]. This was
verified in the present work by using specific direct- and
indirect-inhibitors for internal Ca®" stores depletion as shown
in Figure 10.
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Figure 10. Effect of cinnarizine and flunarizine on Ca’* and Mn®* influx
induced by the HIgA/HIgB application in human PMNs in the presence of
extracellular Ca®*. PMNs were incubated (I) during 60 min in the absence (a)
or presence (b) of 100 UM cinnarizine; (II) during 60 min in the absence (a) or
presence (b) of 100 M flunarizine. [Ca’ =1 mM, [Mn**]=0.1 mM.

First, we tested the effect of cinnarizine and flunarizine,
known as potent inhibitors of IP;-Induced Ca®* Release
(IP;-ICR) [64-65], on the Ca®* release and CRAC channels
activation after the leukotoxins application. As observed in
Figure 10, both 100 uM cinnarizine (Figure 10I) and 100 uM
flunarizine (Figure 10II) induced a significant inhibition of
CRAC channels opening consequently, to the Ca®* release
inhibition. These results suggested that HlgA/HlgB might
trigger the Ca*" release from the IPs-sensitive Ca®" stores
(IP5-ICR). Furthermore, the hypothesis of the implication of
another trigger than phospholipase C and subsequent
PtdInsP3 formation in Ca®* stores depletion was tested.

Again, since the Ca®-Induced Ca** Release (CICR) is
sensitive to caffeine and ryanodine [66], both inhibitors were
tested on the HIgA/HIgB activity as represented in Figure 11.
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Figure 11. Effect of ryanodine and caffeine on Ca’* and Mn®* influx induced
by the HigA/HIgB application in human PMNs in the presence of extracellular
Ca®*. PMNs were incubated (I) during 60 min in the absence (a) or presence
(b) of 5 M ryanodine, (1) during 60 min in the absence (a) or presence (b) of
100 UM caffeine. [Ca®* J=1 mM, [Mn**]=0.1 mM.

The pre-treatment of human PMNs during 60 min with
either 5 UM ryanodine (Figure 111) or 100 pM caffeine
(Figure 111I) induced a significant reduction of about half of
intracellular Ca®" levels mediated by the leukotoxins addition
during the first phase, although Mn>" influx was not
significantly modified. Taken together, our funding suggested
that the HIgA/HIgB y-hemolysin might trigger the Ca>"
release from at least, two different types of internal Ca*" stores:
IP;-ICR and CICR.

Moreover, it is widely known that the CRAC channels
activation is associated to the binding of an agonist to
heterotrimeric G-proteins-associated receptors [52]. The
implication of G-proteins in the Ca®" signaling mediated by
the HlgA/HIgB application was verified by using, specific
blockers of G-proteins activity such as NaF [67] and pertussis
toxin [68-69] as shown in Figure 12.
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Figure 12. Effect of NaF and pertussis toxin on Ca®* and Mn** influx induced
by the HigA/HIgB application in human PMNs in the presence of extracellular
Ca®*. PMNs were incubated (I) during 60 min in the absence (a) or presence
(b) of 20 mM NaF; (II) during 120 min in the absence (a) or presence (b) of
500 ng/ml pertussis toxin. [Ca®* J=1 mM, [Mn”*]=0.1 mM.

Interestingly, the pre-treatment of human PMNs with 20
mM NaF during 60 min (Figure 12I) or with 500 ng/ml
pertussis toxin during 120 min (Figure 12II) abolished
significantly the Ca®" release from internal stores and as
results the influx of divalent ions (Ca’" and Mn®") was
significantly inhibited. Whereas, in the absence of
extracellular Ca®’, both inhibitors did not modify the Mn*"
influx provoked by HIgA/HIgB (unpublished data),
confirming our hypothesis that, staphylococcal leukotoxins
might induce the opening of at least, two different types of
Ca’* channels.

4. Discussion

Previously, it has been demonstrated that in addition to their
pore-forming activity [12], the bi-component leukotoxins
from S. aureus were potent agonists for Ca** channels in

human PMNs [15]. In that study, it was also shown that pores
formed by these leukotoxins were not inhibited by Ca*
channels blockers which, totally abolished Ca** and Mn**
influxes. This led to the suggestion that, pores were not
permeable to divalent ions. This hypothesis was confirmed by
the present study where it was shown in a specific donor that,
Mn*" did not penetrate into PMNs although a large influx of
ethidium through trans-membrane pores was observed after
the leukotoxins application (Figure 6). Furthermore, in the
presence of 0.1 mM La’*, no pores were opened, although
Mn*" still penetrated into PMNs (unpublished data). These
observations ruled out the implication of pores in divalent ions
(Ca®*, Mn*", Ni*") permeability and allowed to investigate the
opening of pre-existing Ca®" channels by recording the
fluorescence of Fura2-loaded human neutrophils without
systematically checking the pore-formation.

The use of two excitation wavelengths, 340 nm and 360 nm
for which the fluorescence of Fura2 was insensitive to Ca*"
variations, gave indications of Ca®" and Mn*" fluxes closely
associated to the Ca®* channels opening, and the Ca*" release
from internal Ca®" stores. Although Fura2 fluorescence was
insensitive to Ca®" variations at Apx=360 nm, this study
showed that, in the presence of Mn”’, significant Ca*
variations may have an influence on the fluorescence by
competition between the two divalent ions at the chelating site
of Fura2. This characteristic allowed to determine that,
divalent ions (Ca®" and Mn*") influx when occurring during
time, presented several phases after the HIgA/HIlgB
application. ~ Similar results were obtained when
LukS-PV/LukF-PV or HlgC/HIlgB were tested for their
activity (unpublished data). Actually, divalent ions also
compete for the same sites on the Ca®" channels and it has
been shown that, Mn®" at higher concentrations (10 mM),
could be a blocking agent [46]. However, since the
extracellular concentration of divalent ions was not modified
during the experiment, the fluorescence variations observed in
this study reflected the selectivity of the different activated
channels.

It is widely known that, the release of Ca®" from internal
Ca®" stores provokes the opening of CRAC channels
responsible for a Ca*” influx in human neutrophils [29-30]. An
activation of CRAC channels by HIgA/HIgB was
demonstrated in the presence of extracellular Ca*, by
recording Fura2 fluorescence variations at both excitation
wavelengths 340 and 360 nm. A similar observation was made
by Montero et al. [29], after stimulation of human neutrophils
with the ionomycin, known as a Ca®" ionophore. A series of
experiments was realized in order to determine whether
increases of intracellular Ca>" levels induced by HigA/HIgB in
human PMNs were due to the Ca*" stores depletion and, which
mediated consequently, the opening of CRAC channels.
Previous studies [70-71, 19] have reported that, the
intracellular application of inositol-1, 4, 5-triphosphate (IP;)
and high concentrations of Ca** buffer resulted in the
activation of CRAC channels. Interestingly, our results clearly
demonstrated that, i) the intracellular Ca®>" level was rapidly
increased by the leukotoxins addition before, the onset of a
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Mn?** (Ca®") influx associated to the opening of Ca®" channels;
ii) the previous Ca®" release from internal Ca’" stores by
thapsigargin, an inhibitor of a SERCA Ca**-ATPase activity,
did suppress the fast initial rise of intracellular Ca®" induced
by the leukotoxins addition, then, delayed and inhibited
significantly the divalent ions influx; and, #i7) the incubation of
PMNs with TMBS had a comparable effect, as thapsigargin.

Although TMBS is a potent blocker of an IP;-induced Ca*"
release [64, 50-51], it can be a weak inhibitor of Ca>* channels
and protein kinase C (PKC) activity. Interestingly, in the
present study, we evidenced that protein kinase C was
involved at different levels in the action mechanism of
leukotoxins, in particular, during the phase 3 and 4 as it has
been demonstrated by a clear inhibition of a Ca** influx when
PMNs were pretreated with staurosporine, a potent inhibitor
of PKC activity [60-61]. Furthermore, in the absence of
extracellular Ca®’, TMB8 did not modify the Mn®" influx
(unpublished data). Other experiments were performed with
potent inhibitors of CRAC channels opening [42-43, 20] in
order to verify that the initial increase of intracellular [Ca®']
was independent of the opening of Ca®" channels. Indeed, La™
and Ni**, used as potent blockers of CRAC channels [20, 42],
did not modify the initial intracellular Ca®* rise but reduced
significantly the Fura2 quenching by Mn®" at Agx=360 nm.
La®* may inhibit the opening of CRAC channels but not those
activated in the absence of extracellular Ca®* (unpublished
data).

Furthermore, it has been reported by Marhaba [56] that,
tyrphostin A9 could affect the CRAC channels activation in
Jurkat cells by blocking proteins phosphorylation occurring
after the internal Ca®’ stores release. In human PMN:ss,
tyrphostin A9 decreased the Mn®" influx after the HigA/HIgB
addition and seemed to attenuate but not significantly the Ca*
release. Further evidence that, an eventual involvement of a
phosphorylation/dephosphorylation-dependent mechanism in
CRAC channels activity [57, 72-73] by the y-hemolysin
leukotoxin, was confirmed when the okadaic acid was tested.
Indeed, our results were supported by previous reports. In this
study, we also attempted to identify the different types of
internal Ca®" stores, triggered by staphylococcal leukotoxins.
This was confirmed by using potent blockers of the internal
Ca* release, cinnarizine and flunarizine for the
inositol-1,4,5-triphosphate ~ (IP;)-induced ~ Ca®*  release
(IP;-ICR) [64-65], and caffeine or ryanodine for the
Ca*"-induced Ca”" release (CICR) [74]. As results, we have
suggested that at a least, two different types of Ca®" stores
including IP;-ICR and CICR [75] were involved in the
HIgA/HIgB activity.

Another argument of the CRAC channels opening by
leukotoxins through a G-proteins effect, was given by the fact
that, the initial rise in intracellular Ca’" and Mn”" influx were
inhibited by either NaF [67] or pertussis toxin [76]. These
results strongly suggested the involvement of heterotrimeric
G-proteins in the CRAC channels activation by leukotoxins,
as already proposed for other agonists [52]. Thus, the opening
of CRAC channels through a mechanism involving the
G-proteins activation, has already been described in previous

reports [76-77]. Taken together, all these arguments provided
evidence for the downstream effect of the specific binding of
the bi-component HlgA/HlgB y-hemolysin to its receptors in
human neutrophils, leading to the CRAC channels activation
via a G-proteins-dependent process.

The binding site of the HlgA/HIgB pair has not yet been
determined but it has already been described that, LukS-PV,
another member of the staphylococcal leukotoxin family
which was also an inducer of the opening of Ca*" channels
[15], bound to a unique class of receptors belonging to the
PMNs membrane with Kd=6 nM [13]. The HIgA protein
presented also, a concentration-dependent binding but did not
share the same receptor with LukS-PV since HlgA did not
compete with LukS-PV for binding [78]. The identification of
staphylococcal bi-component leukotoxins receptors in human
target cells [79-81] has revealed new insights into how
leukotoxins modulate immune cells functions.

In contrast to other CRAC channels activators [20, 28], the
y-hemolysin was unable, in the absence of extracellular Ca®",
to induce the depletion of internal Ca®' stores. Several
hypothesis could explain this discrepancy. First, some authors
failed to use EGTA or another Ca®* chelator in their *free Ca®"
medium* and the several pM of Ca®* present in ionic solutions
as impurities, could have been sufficient for activation.
Second, the absence of extracellular Ca®" might modify the
complex *leukotoxin-receptor® in a conformation unable to
activate the stores cascade including PtdInsP3 formation.
Third, the leukotoxin could involve different signaling
pathways depending on the presence of extracellular Ca™".

This later hypothesis was strengthened by two observations:
i) U-73122 did inhibit the first two phases suggesting that, the
Ca*' release triggered by leukotoxins, could be dependent in a
part, to the PtdInsP3 formation; this result might be
considered cautiously since, although U-73122, a potent
inhibitor of phospholipase C, completely abolished the
depletion of Ca*" stores induced by fMLP [62], it has been
shown, to directly evoked a Ca®" influx in MDCK cells [59].
Thus, both effects could occur in the present experiments, and
overlap an inhibition of the initial rise provoked by
HlgA/HIgB; and ii) the incubation with caffeine and
ryanodine partially inhibited the initial rise in intracellular
Ca®*, suggesting the implication of the Ca**-Induced Ca*"
Release (CICR), as previously described in macrophages [82].
In addition, the existence of at least, two types of Ca” stores in
human PMNs has been strongly demonstrated [83]. Thus, we
have proposed that HIgA/HlgB might likely induce
Ca’*-Induced Ca** Release (CICR) and Ca*'-Induced
PtdInsP3 Release (IP;-ICR) in their action mechanism on
target PMNSs.

Previous studies have reported that, CRAC channels being
impermeable to La*", Ni** and Co®" [84], are more permeable
to Ca*" than Mn*" [20, 72] although the Mn®*" influx was
sufficient to decrease the fluorescence intensity of Fura2 at
both wavelengths during the second phase. During the third
phase, since the Ca" stores were already been depleted, the
increase of the Fura2 fluorescence could only be explained
by the opening of an additional more selective Ca*" entry
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pathway. As the opening of this pathway was not observed in
the absence of Ca’ and, was completely inhibited by
U-73122 and staurosporine, it was more likely that, this
pathway might be Ca*'- and PKC-dependent Ca®" channels.
However, in the absence of extracellular Ca**, y-hemolysin
leukotoxins did induce a consequent Mn®" influx which was
not subsequent to Ca*" stores depletion and was not affected
by all inhibitors tested. Putney & Bird [26] have already
shown that, in the mouse lacrimal acinar cell in the absence
of extracellular Ca®’, the plasma membrane entry pathway
could be activated by thapsigargin without prior transient
elevation of intracellular Ca*", but they did not check the
type of channel opened.

In the present study, the divalent ions (Mn®") pathway
activated in Ca’" free medium was not sensitive to La3+,
TMBS, U-73122, tyrphostin A9, staurosporine and pertussis
toxin (unpublished data). Consequently, it seemed likely that
in the absence of extracellular Ca**, the Ca® channels opening
mediated by staphylococcal leukotoxins were different from
those activated by leukotoxins in the presence of Ca®’, which
were dependent on the internal Ca>* stores depletion (CRAC
channels) or by protein kinase C (PKC) dependent-signaling
and which were also independent on a pertussis
toxin-sensitive G-proteins action. Previous studies have
suggested that, the eventual regulation of Ca’" signaling
pathways mediated by staphylococcal leukocidin could be
enhanced, through G-proteins [85] or not [86-87] according to
the specificity of receptors characterized for the PFTs from S.
aureus. Further investigations are necessary to conclude the
involvement of these later channels when Ca”" is present in the
external medium, even if their opening could be suspected in
some recordings according to the donor.

5. Conclusion

In this research, we have proposed that, bi-component
staphylococcal leukotoxins after their specific binding to their
membrane receptors, might enhance the opening of at least,
three different types of Ca®" channels: i) store-operated Ca>"
influx termed Ca®'-release activated Ca** (CRAC) channels
[88] involving trimeric G-proteins, in the presence of
extracellular Ca®"; if) non-store operated Ca®" channels protein
kinase C-dependent, which exhibit a very low permeability to
Mn®* in the presence of extracellular Ca’"; and iii)
non-store-operated Ca®" channels mediated independently to
PKC- and pertussis toxin sensitive-G proteins effect, as clearly
evidenced in the absence of extracellular Ca*".

The activation of at least, three different types of Ca®"
channels by staphylococcal leukotoxins would be modulated
by the absence or presence of the extracellular Ca>* and by the
donor. Although, Demaurex et al. [20] proposed that the
store-operated Ca’" pathway was the main pathway of Ca*"
entry in human neutrophils, our results reinforce the
hypothesis of the presence of non-store-operated channels in
PMNs. In fact, Montero et al. [32] suggested that, another
receptor-operated Ca’’ pathway blocked by Ni** could be
activated in HL60 cells differenciated by dimethyl sulfoxide.

Again, Wenzel-Seifert et al. [89] hypothesized that PMNs
were equipped with multiple subtypes of non-selective ions
channels but both the current and preceding study [15] showed
that, human PMNs seemed to possess several types of divalent
ions channels. Staphylococcal leukotoxins appear to be a
convenient tool to study the different types of pre-existing
Ca®" channels expressed in human neutrophils and the
mechanism involved in their activation.

In conclusion, the present study brings new insights
concerning the mode of action of staphylococcal
bi-component leukotoxins. Until now, the conclusions
presented in the literature were controversial and originated
from two laboratories: Woodin [90] proposed a hypothetical
model for leukocidin in which the main determinant was an
interaction with membrane phospholipids to form membrane
pores and activated membrane bound adenylate cyclase [91].
Later, Noda et al. [92] proposed that, leukocidin activated an
endogenous membrane bound phospholipase A, and
stimulated the ouabain-insensitive Na®, K'-ATPase.
Interestingly, the present work has clearly demonstrated that,
leukotoxins from S. aureus might induce two independent
events at the membrane level: i) a sustained Ca®" influx into
human PMNs through the opening of different types of Ca*"
channels, including Ca®'-released activated Ca’" (CRAC)
channels which, induce a non-competent immunoreaction of
human professional phagocytes and ii) the formation of
trans-membrane pores not permeable to divalent ions, leading
to the cells lysis that, precedes the cells death. These two
events may be of fundamental and represent an important step
in developing several staphylococcal infectious diseases
worldwide. Our findings might indicate that, the modulation
of host cells signaling cascades, rather than the host cell lysis,
could be the major physiological role enhanced by
staphylococcal leukotoxins during the course of infection and,
which could likely modulate disease severity.

Acknowledgements

We thank Mr. Daniel Keller for his expert technical
assistance in leukotoxins purification. Dr. Didier A. Colin was
a researcher from the C. N. R. S. Dr. Leila Staali was a
recipient of a scholarship from the Algerian government
*Ministére de 1I’Enseignement Supérieur et de la Recherche
Scientifique* (MESRS). This work was supported by a grant
from *the Direction de la Recherche et des Etudes Doctorales
(UPRES-EA 1318)*.

The authors declare that they have no competing interests.

References

[1] Alouf JE (2003) Molecular features of the cytolytic
pore-forming bacterial protein toxins. Folia Microbiol. (Praha)
48 (1): 5-16.

[2] Los FCO, Randis TM, Aroian RV, Ratner AJ (2013) Role of
Pore-forming toxins in bacterial infectious diseases. Microbiol.
Mol. Biol. Reviews 77 (2): 173-207.



66

[3]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Leila Staali and Didier André Colin: The Pore-forming Leukotoxins from S. aureus Involve Ca®* Release-Activated
Ca®* Channels and Other Types of Ca*" Channels in Ca®>" Entry into Neutrophils

Smith M, Price SA (1938) Staphylococcus y-hemolysin. J.
Pathol. Bacteriol. 47: 379-393.

Guyonnet F, Plommet M (1970) Hémolysine gamma de
Staphylococcus aureus: Purification et propriétés. Ann. Inst.
Pasteur 118: 19-33.

Taylor AG, Bernheimer AW (1974) Further characterization of
staphylococcal gamma-hemolysin. Infect. Immun. 10: 54-59.

Prévost G, Couppié P, P, Prévost P, Gayet S, Petiau P, Cribier
B, Monteil H, Piémont Y (1995) Epidemiological data on
Staphylococcus aureus strains producing synergohymenotropic
toxins. J. Med. Microbiol. 42: 237-245.

Rahman A, Nariya H, Izaki K, Kato I, Kamio Y (1992)
Molecular cloning and nucleotide sequence of leukocidin
F-component gene (lukF) for methicillin resistant
Staphylococcus aureus. Biochem. Biophys. Res. Commun. 184:
640-646.

Rahman A, Izaki K, Kamio Y (1993) Gamma-hemolysin genes
in the same familiy with /ukF and /ukS genes in methicillin
resistant  Staphylococcus aureus. Biosc. Biochem. 57:
1234-1236.

Cooney J, Kienle Z, Foster TJ, O’Toole PW (1993) The
gamma-hemolysin locus of Staphylococcus aureus comprises
three linked genes, two of which are identical to the genes for F
and S components of leukocidin. Infect. Immun. 61: 768-771.

Panton PN, Velentin FCO (1932) Staphylococcal toxin. Lancet.

222: 506-508.

Prévost G, Cribier B, Couppi¢ P, Petiau P, Supersac G,
Finck-Barbancon V, Monteil H, Piémont Y (1995)
Panton-Valentine leucocidin and gamma-hemolysin from
Staphylococcus aureus ATCC49775 are encoded by distinct
loci and have different biological activities. Infect. Immun. 63:
4121-4129.

Finck-Barbangon V, Duportail G, Meunier O, Colin DA (1993)
Pore formation by a two-component leukocidin from
Staphylococcus aureus within the membrane of human
polymorphonuclear leukocytes. Biochim. Biophys. Acta. 1128:
275-282.

Colin DA, Mazurier I, Sire S, Finck-Barbangon V (1994)
Interaction of the two components of leukocicin from
Staphylococcus aureus with human polymorphonuclear
leukocyte membranes: sequenctiel binding and subsequent
activation. Infect. Immun. 62: 3184-3188.

Meunier O, Falkenrodt A, Monteil H, Colin DA (1995)
Application of fllow cytometry in toxinology: Pathophysiology
of human polymorphonuclear leucocytes damaged by a

pore-forming toxin from Staphylococcus aureus. Cytometry 21:

241-247.

Staali L, Monteil H, Colin DA (1998) The pore-forming
leukotoxins from Staphylococcus aureus open Ca*" channels in
human polymorphonuclear neutrophils. J. Membr. Biol. 162:
209-216.

Menestrina G (1986) Ionic channels formed by Staphylococcus
aureus alpha-toxin: voltage dependent inhibition by di- and
trivalent cations. J. membr. Biol. 90: 177-190.

Song L, Hobaugh MR, Shustak C, Cheley S, Bayley H, Gouaux
JE (1996) Structure of the Staphylococcal alpha-hemolysin, a
heptameric transmembrane pore. Science 274: 1859-1866.

[18]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

[26]

(27]

(28]

[30]

[31]

[32]

[33]

[34]

Andersson T, Dahlgren C, Pozzan T, Stendahl O, Lew PD
(1986) Characterization of fMet-Leu-Phe receptor-mediated
Ca*" influx across the plasma membrane of human neutrophils.
Mol. Pharmacol. 30: 437-443.

Von Tscharner V, Prod’hom B, Baggiolini M, Reuter H (1986)
Ion channels in human neutrophils activated by a rise in free
cytosolic calcium concentration. Nature 324: 369-372.

Demaurex N, Schlegel W, Varnai P, Mayr G, Lew DP, Krause
KH (1992) Regulation of Ca*" influx in myeloid cells. Role of
plasma membrane potentiel, inositiol phos;z)hates, cytosolic
free Ca?", and filling state of intracellular Ca*" stores. J. Clin.
Invest. 90: 830-839.

Clementi E, Meldolesi J (1996) Pharmacological and
functional properties of voltage-independent Ca®* channels.
Cell Calcium 19: 269-279.

Bird GS, Aziz O, Lievremont JP, Wedel BJ, Trebak M,
Vazquez G, Putney JW (2004) Mechanisms of phospholipase
C-regulated calcium entry. Curr. Mol. Med. 4: 291-301.

Berridge MJ (1984) Inositol triphosphate, a novel second
messenger in cellular signal transduction. Nature 312: 315-321.

Xu X, Kitamura K, Lau KS, Muallem S, Miller RT (1995)
Differential regulation of Ca*" release-activated Ca®" influx by
heterotrimeric G proteins. J. Biol. Chem. 270: 29169-29175.

Quelle FW, Sato N, Witthuhn BA, Inhorn RC, Eder M,
Miyajima A, Griffin JD, Thle JN (1994) JAK2 associates with
the beta ¢ chain of the receptor of granulocytes-macrophage
colony-stimulating factor, and its activation requires the
membrane-proximal region. Mol. Cell Biol. 14: 4335-4341.

Putney JW, Bird G StJ (1993) The signal for capacitative
calcium entry. Cell. 75: 199-201.

Putney JW (2010) Pharmacology of store-operated calcium
channels. Mol. Interv. 10: 209-2018.

Montero M, Alvarez J, Garcia-Sancho J (1991)
Agonist-induced Ca®* influx in human neutrophils is secondary
to the emptying of intracellular calcium stores. Biochem. J. 277:
73-79.

Montero M, Garcia-Sancho J, Alvarez J (1993) Transiet inhibition
by chemotactic peptide of a store-operated Ca”" entry pathway in
human neutrophils. J. Biol. Chem. 268: 13055-13061.

Montero M, Garcia-Sancho J, Alvarez J (1994)
Phosphorylation down-regulates the sore-operated Ca®" entry
pathway of human neutrophils. J. Biol. Chem. 269: 3963-3967.

Demaurex N, Monod A, Lew DP, Krause KH (1994)
Characterization of receptor-mediated and store-regulated Ca*
influx in human neutrophils. Biochem. J. 297: 595-601.

Montero M, Garcia-Sancho J, Alvarez J (1994) Activation by
chemotactic peptide of a receptor-operated Ca”" entry pathway
in differenciated HLAG60 cells. J. Biol. Chem. 269:
29451-29456.

Bouillot S, Reboud E, Huber P (2018) Functional
connsequences of calcium influx promoted by bacterial
pore-forming toxins. Toxins 10: 387.

Fink D, Contreras ML, Lelkes PI, Lazarovici P (1989)
Staphylococcus aureus alpha-toxin activates phospholipases
and induces a Ca®" influx in PCI12 cells. Cell. Signal. I,
387-393.



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

International Journal of Microbiology and Biotechnology 2020; 5(2): 55-68 67

Streb H, Irvine RF, Berridge MJ, Schulz I (1983) Release of
Ca®" from a nonmitochondrial intracellular store in pancreatic
acinar cells by inositol-1,4,5-triphosphate. Nature 306: 67-69.

Berridge MIJ (2009) Inositol triphosphate and calcium
signalling mechanisms. Biochim. Biophy. Acta. 1793: 933-940.

Bird GS, Putney JW (2005) Capacitative calcium entry
supports calcium oscillations in human embryonic kidney cells.
J. Physiol. 562: 679-706.

Wedel B, Boyles RR, Putney JW, Bird GS (2007) Role of the
store-operated calcium entry proteins, Stim 1 and Orai 1, in
muscarinic-cholinergic ~ receptor  stimulated  calcium
oscillations in human embryonic kidney cells. J. Physiol. 579:
679-689.

Hopf FW, Reddy P, Hong J, Steinhardt RA (1996) A
capacitative calcium current in cultured skeletal muscle cells in
mediated by the calcium-specific leak channel and inhibited by
dihydropyridine compounds. J. Biol. Chem. 271: 22358-22367.

Yamazaki M, Molski TFP, Stevens T, Huang CK, Becker EL,
Sha’afi RL (1991) Modulation of leukotriene B4 and platelet
activating factor binding to neutrophils. Am. J. Physiol. 261:
C515-C520.

Marriote I, Kenneth LB, Mason MJ (1994) Role of intracellular
Ca®" stores in the regulation of electrogenic plasma membrane
Ca®" uptake in a B-lymphocytic cell line. J. Cell. Physiol. 161:
441-448.

Aussel C, Marhaba R, Pelassy C, Breittmayer JP (1996)
Submicromolar La®* concentration block the calcium
release-activated channel, and impair CD69 and CD25
expression in CD3- or thapsigargin-activated Jurkat cells.
Biochem J. 313: 909-913.

Bird GS, DeHaven WI, Smyth JT, Putney JW (2008) Methods
for studying store-operated calcium entry. Methods 46:
204-212; doi: 103390/toxins10100387.

Takemura H, Hughes AR, Thastrup O, Putney JW (1989)
Activation of calcium entry by the tumor promotor,
thapsigargin, in parotid acinar cells. Evidence that an
intracellular calcium pool, and not an inositol phosphate,
regulates calcium fluxes at the plasma membrane. J. Biol.
Chem. 264, 12266-12271.

Jackson TR, Paterson SI, Thastrup O, Hanley MR (1988) A
novel tumour promotor, thapsigargin, transiently increases
cytoplasmic free Ca®* without generation of inositol
phosphates in NG115-401L neuronal cells. Biochem. J. 253:
81-86.

Hoth M, Penner R (1992) Depletion of intracellular calcium
stores activates a calcium current in mast cells. Nature (London)
355:353-356.

Foder B, Scharff O, Thastrup O (1989) Ca** transiets and Mn**
entry in human neutrophils induced by thapsigargin. Cell
Calcium 10: 477-490.

Lytton J, Westlin M, Hanley MR (1991) Thapsigargin inhibits
the sarcoplasmic or endoplasmic reticulum Ca*’-ATPase
family of calcium pumps. J. Biol. Chem. 266: 17067-17017.

Zweifach A, Lewis RS (1995) Slow calcium-dependent
inactivation  of  depletion-activated  calcium  current.
Store-dependent and —independent mechanisms. J. Biol. Chem.
270: 14445-14451.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Tinel H, Wehner F, Sauer H (1994) Intracellular Ca*" release
and Ca*" influx during regulatory volume decrease in IMCD
cells. Am. J. Physiol. 267: 130-8.

Grune S, Engelking LR, Anwer MS (1993) Role of intracellular
calcium and protein kinases in the activation of hepatic
Na'/Taurocholate co-transport by cyclic AMP. J. Biol. Chem.
268 (24): 17734-17741.

Favre CJ, Nisse O, Lew DP, Krausse KH (1996)
Store-operated Ca®" influx: what is the message from the stores
to the membrane? J. Lab. Clin. Med. 128: 19-26.

Berridge MJ (1996) Capacitative Ca>*-entry-sifting through the
evidence for CIF. Biochem. J. 312: 1-11.

Berlin RD, Preston SF (1993) Okadaic acid uncouples calcium
entry from depletion of intracellular stores. Cell Calcium 14:
379-386.

Putney JWIr (1990) Capacitative Ca®" entry revisited. Cell
Calcium 11: 611-624.

Marhaba R, Mary F, Pelassy C, Stanescu AT, Aussel C,
Breittmayer JP (1996) Tyrphostin A9 inhibits calcium
release-dependent phosphorylations and calcium entry via
calcium release-activated channel in Jurkat cells. J. Immunol.
157: 1468-1473.

Randriamampita C, Tsien RY (1995) Degradation of a calcium
influx factor (CIF) can be blocked by phosphatase inhibitors or,
chelation of Ca®*. J. Biol. Chem. 270: 29-32.

Wang JP (1996) U-73122, an aminosteroid phospholipase C
inhibitor, may also block Ca®" influx through phospholipase
C-independent mechanism in neutrophil activation. Naunyn
Schmieddebergs Arch. Pharmacol. 353: 599-605.

Jan CR, HO CM, Wu SN, Tseng CJ (1998) The phospholipase
C inhibitor U73122 increases cytosolic calcium in MDCK cells
by activating calcium influx and releasing stored calcium. Life
Sciences 63: 895-908.

Valencia L, Melendez E, Namorado MC, Martin D, Bidet M,
Poujeol P, Reyes JL (2004) Parathyroid hormone increase
cytosolic calcium in neonatal nephron through protein kinase C
pathway. Pediatr. Nephrol. 19 (10): 1093-101.

Hammerschmidt S, Vogel T, Jockel S, Gessner C, Seyfarth H-J,
Gillissen A, Wirtz H (2007) Protein kinase C inhibition
attenuates hypochlorite-induced acute lung injury. Respiratory
Medecine 101: 1205-1211.

Fasolato C, Zottinin M, Zacchetti D, Meldolesi J, Pozzan T
(1991) Intracellular Ca®** pools in PC12 cells. Three
intracellular pools are distinguished by their turnover and
mechanisms of Ca?* accumulation, storage, and release. J. Biol.
Chem. 266: 20159-20167.

Zacchetti D, Clementi E, Fasolato C, Lorenzon P, Zottini M,
Grohavaz F, Fumagalli G, Pozzan T, Meldolesi J (1991)
Intracellular Ca** pools in PCI2 cells. A unique, rapidly
exchanging pool is sensitive to both inositol 1, 4,
S-triphosphate and caffeine-ryanodine. J. Biol. Chem. 266:
20152-20158.

Palade P, Dettbarn C, Alderson B, Volpe P (1989)
Pharmacologic differenciation between
inositol-l,4,5-triphos§)hate-induced Ca’" release and Ca*"-or
caffeine-induced Ca™" release from intracellular membrane
systems. Mol. Pharmacol. 36: 673-680.



68

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Leila Staali and Didier André Colin: The Pore-forming Leukotoxins from S. aureus Involve Ca®* Release-Activated
Ca®* Channels and Other Types of Ca*" Channels in Ca®>" Entry into Neutrophils

Seiler SM, Arnold AJ, Stanton HC (1987) Inhibitors of inositol
triphosphate-induced Ca®* release from isolated platelet
membrane vesicles. Biochem. Pharmacol. 36: 3331-3337.

McNulty TJ, Taylor CW (1993) Caffeine-stimulated Ca®"
release from the intracellular stores of hepatocytes is not
mediated by ryanodine receptors. Biochem. J. 291: 799-801.

Kahn RA (1991) Fluoride is not an activator of the smaller
(20-25 kDa) GTP-binding proteins. J. Biol. Chem. 266:
15595-15597.

Fernando KC, Barritt GJ (1994) Evidence from studies with
hepatocyte suspensions that store-operated Ca>" inflow
requires a pertussis toxin-sensitive trimeric G-protein. Biochem.
J.303: 351-356.

Berven LA, Crouch MF, Katsis F, Kemp BE, Harland LM,
Barritt GJ (1995) Evidence that the pertussis toxin-sensitive
trimeric GTP-binding protein Gi2 is required for agonist- and
store-activated Ca®" inflow in hepatocytes. Biol. Chem. J. 270:
25893-25897.

Hoth M, Penner R (1993) Calcium release-activated calcium
current in rat mast cells. J. Physiol. 465: 359-386.

Dolmetsch RE, Lewis RS (1994) Signaling between
intracellular Ca*" stores and depletion-activated Ca** channels
generates [Ca®'] oscillations in T lymphocytes. J. Gen. Physiol.
103: 365-388.

Parekh AB, Terlau H, Stithmer W (1993) Depletion of InsP3
stores activates a Ca®* and K' current by means of a
phosphatase and a diffusible messenger. Nature (London) 364:
814-818.

Tojyo Y, Tanimura A, Matsumoto Y (1995) Suppression of
capacitative Ca®" entry by serine/threonine phosphatases
inhibitors in rat parotid acinar cells. J. JPN. Pharmacol. 69:
381-389.

Socci R, Chu A, Reinach P, Meszaros LG (1993) In situ
Ca**-induced Ca** release from a ryanodine-sensitive
intracellular Ca*" stores in corneal epithelial cells. Com.
Biochem. Physiol. 106: 793-797.

Dupont G, Goldbeter A (1993) One-pool model for Ca®*
oxcillations involving Ca*" and inositol 1,4,5-triphosphate as
co-agonists for Ca®' release. Cell Calcium 14: 311-322.

Berven LA, Barritt GL (1994) A role for a pertussis
toxin-sensitive trimeric G-protein in store-operated Ca”" inflow
in hepathocytes (1994). FEBS Letters 346: 235-240.

Brandt S, Dougherty RW, Lapetina EG, Niedel J (1985)
Pertussis toxin inhibits chemotactic peptide-stimulated
generation of inositol phosphates and lysosomal enzyme
secretion in human leukemic (HL-60) cells. Proc. Nat. Acad.
Sci. USA 82:3277-3280.

Guaduchon V, Werner S, Prévost G, Monteil H, Colin DA
(2001) Flow cytometry determination of Panton-Valentin
leukocidin S component binding. Infect. Immun. 69:
2390-2395.

[79]

(80]

(81]

[82]

[83]

(84]

[85]

[86]

(87]

(88]

(89]

[90]

[91]

[92]

Spaan AN, Henry T, van Rooijen WIM, Perret M, Badiou C,
Aerts PC, Kemrnik J, de Haas CJC, van Kessel KPM,
Vandenesch F, Lina G, van Strijp JAG (2013) The
staphylococcal toxin Panton-Valentin targets human CS5a
receptors. Cell Host Microbe. 13: 584-594.

Spaan AN, et al. (2014) The staphylococcal toxins
gamma-hemolysin AB and CB differentially target phagocytes
by employing specific chemokine receptors. Nat. Commun. 5:
543-548.

Reyes-Robles T, Alonzo F, Koshaya L, Lacy DB, Unutmaz D,
Torres VI (2013) Staphylococcus aureus leukotoxin ED targets
the chemokine receptors CXCR1 and CXCR2 to kill
leukocytes and promotes infection. Cell Host Microbe 14:
453-459.

Randriamampita C, Bismuth G, Trautmann A (1991)
Ca**-induced Ca®" release amplifies the Ca®* response elicited
by inositol triphosphate in macrophages. Cell regul. 2:
513-522.

Pettit EJ, Davies EV, Hallett MB (1997) The microanatomy of
calcium stores in human neutrophils: Relationship of structure
to function. Histol. Histopathol. 12: 479-490.

Zweifach A, Lewis RS (1996) Calcium-dependent potentiation
of store-operated calcium channels in T lymphocytes. J. Gen.
Physiol. 107: 597-610.

Venkatakrishnan AJ, et al. (2013) Molecular signatures of
G-proteins coupled receptors. Nature. 494: 185-194.

Tournamille C, Colin Y, Cartron JP, Le Van Kim C (1995)
Disruption of a GATA motif in the Duffy gene promoter
abolishes erythroid gene expression in Dufty-negative
individuals. Nat. Genet. 10: 224-228.

Pruenster M, Rot A (2006) Throwing light on DARC. Biochem.
Soc. Trans. 34: 1005-1008.

Pareck AB (2010) Store-operated CRAC channels: Function in
health and disease. Nature Reviews Drug Discovery 9:
399-410.

Wenzel-Seifert K, Krautwurst D, Lentzen H, Seifert R (1996)
Concavalin A and mistletoe lectin I differentially activate
cation entry and exocytosis in human neutrophils: lectins may
activate multiple subtypes of cation channels. J. Leukocyte Biol.
60: 345-355.

Woodin AM (1970) Staphylococcal leucocidin, in Microbial
Toxins Vol: 111, eds. Montie, TC, Kadis S, Ajl SJ (Academic
press, New York and London), pp. 327-355.

Woodin Am (1972) Adenylate cyclase and the function of
cyclic adenosine 3,5-monophosphate in the leucocidin-treated
leucocyte. Biochim. Biophys. Acta 260: 406-415.

Noda M, Kato I, Hyrayama T, Matsuda F (1981) Mode of
action of staphylococcal leukocidin effects of the S and F
components on the activities of membrane-associated enzymes
of rabbit polymorphonuclear leukocytes. Infect. Immun. 35:
38-45.



