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Abstract

Sphingolipids are well established sources of important signaling molecules. For example,
ceramide (Cer) has been described as a potent inhibitor of cell growth and inducer of apoptosis. In
contrast, ceramide 1-phosphate (C1P) has been reported to have mitogenic properties and to
inhibit apoptosis. Our understanding of the distinct biological roles of C1P in the regulation of
DNA synthesis, inflammation, membrane fusion, and intracellular Ca2* increase has rapidly
expanded. C1P is a bioactive sphingolipid formed by the phosphorylation of ceramide catalyzed
by ceramide kinase (CERK). This chapter specifically focuses on the role of C1P in phagocytosis
and Ca?* homeostasis. Studies of the metabolism of C1P during phagocytosis, may lead to a better
understanding of its role in signaling. Potentially, the inhibition of CERK and C1P formation may
be a therapeutic target for inflammation.
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Ceramide-1-phosphate in Phagocytosis

The clearance of pathogens by the phagocytosis of opsonized, infectious agents is a vital
biological process that is part of the innate immune system [1]. Phagocytosis is usually
triggered by the interaction of target-bound opsonins with specific receptors on the surface
of phagocytes. These receptors include the Fc receptors (FcRs), which bind to the Fc portion
of immunoglobins [2], and the complement receptors [3], which bind to the complement
deposited on targets. FCRs recognize the Fc portion of immunoglobins, and are expressed
differentially on many cell types of the immune system [1]. Receptors for 1gG (FcyR), IgE
(FceR) and IgA (FyA) have been characterized [1]. There are three classes of FcyRs:
FcyRI, FcyRII, and FeyRIIL. Each class consists of several receptor isoforms that are the
product of different genes and splicing variants [2]. The interaction of FcRs with their
immunoglobulin ligands triggers a series of leukocyte responses that include phagocytosis,
the respiratory burst, antibody-dependent cell mediated cytotoxicity, the release of pro-
inflammatory mediators, and the production of cytokines [1, 4]. The activation of these
receptors leads also to a reorganization of the plasma membrane that profoundly affects the
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function of phagocytes. The plasma membrane forms pseudopods that extend around an
extracellular particle followed by fusion to form a membrane-bounded intracellular vesicle,
termed the phagosome. As the process of phagocytosis proceeds, cytoplasmic granules fuse
with the phagosome membrane to deliver hydrolytic and anti-bacterial enzymes to the
phagosome [5]. Phagolysosome formation requires an increase in intracellular Ca2* and in
addition to the recruitment of a complex containing docking and fusion proteins [6, 7]. In
contrast to apoptotic cells, Fc receptor-mediated phagocytosis of microorganisms is often
associated with a robust inflammatory response. Recently it has been shown that in immune
cells, sphingolipid metabolism triggered by phagocytosis results in the formation of several
lipid second messengers, including ceramide (Cer), sphingosine, C1P, and sphingosine-1-
phosphate (S1P) [8]. It has been observed that the sphingolipid Cer is generated coincident
with the termination of the respiratory burst and phagocytosis. Furthermore, the addition of
cell-permeable ceramide blocks oxidant release and Fc-mediated phagocytosis [9]. In related
work, ceramide kinase (CERK) has been identified as a central enzyme that regulates the
levels of Cer via its phosphorylation to the bioactive sphingolipid metabolite, C1P [10].

Ceramide kinase is a highly conserved lipid kinase, present in animals and plants [11, 12],
brain synaptic vesicles [13], human leukemia (HL-60) cells [14], and primary neutrophils
[10]. The cDNA sequence for CERK was cloned by Sugiura and colleagues in 2002 [11].
hCERK encodes a protein of 537 amino acids that has a catalytic region with a high degree
of similarity to the glycerol kinase catalytic domain. h\CERK also has a putative N-
myristoylation site on its NH2 terminus followed by a pleckstrin homology domain (PH).
The PH domain in its N-terminus is known to bind the p/y subunit of heterotrimeric G-
proteins [15], phosphoinositol-4,5-bisphosphate [16], and phosphorylated tyrosine residues
[17, 18]. Several studies have demonstrated that the PH domain may be an important
regulatory site for CERK and is required for the proper localization of the enzyme in cells.
CERK also contains a Ca*/calmodulin (Ca2*/CaM) binding motif [19]. Recently, lgarashi
and colleagues demonstrated that the activation of CERK and the formation of its product,
C1P, in response to an increased intracellular concentration of Ca2* were dependent on CaM
[20] . Using calcium chelator BAPTA Boath demonstrated the dependence of CERK on
Ca?* ions [21].

The cloning of CERK also afforded the opportunity to examine, in addition to the structure,
the function of the enzyme and its product [11]. C1P has been reported to have mitogenic
effects [22] and to mediate arachidonic acid release [23]. In addition to cell growth, C1P has
been found to mediate various inflammatory responses, such as the translocation of cytosolic
phospholipase Aya (CPLAoa) to the Golgi apparatus, and directly interacts with cPLAsa /n
vitro [24]. Other studies have further documented a role of C1P as a mediator of Ca2*-
dependent degranulation in mast cells [25] and its important role in phagolysosome
formation in polymorphonuclear leukocytes (PMN) and Ca2* signaling [10, 26].

The signaling pathways involved in phagocytosis are determined by the activation state of
the PMN, as well as by the type of agonist used for activation. Membrane fusion plays an
important role in the degranulation process by creating a pathway by which granule contents
have access to phagosomes or to the extracellular milieu. Using a cell-free fusion assay,
Ca?* alone cannot promote fusion between neutrophil granules and plasma membrane
fractions [27]. Therefore, other components must be required to bring about phagolysosomal
formation, factors such as annexin, VAMP-2, and lipids [28]. The existence of CERK
activity in PMNs has been previously established [10]. Calcium-dependent CERK is
localized to both the PMN plasma membrane and secretory vesicles based on colocalization
with the plasma membrane marker HLA and with the secretory vesicle marker latent
alkaline phosphatase [10].
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The presence of CERK activity in brain synaptic vesicles and the plasma membrane of
PMNs led to the hypothesis that C1P may attenuate membrane charge, regulate vesicle
transport, or play a role in regulating the secretion of neurotransmitters by promoting the
fusion of vesicle membranes [13]. Phospholipid composition is known to play a significant
role in membrane fusogenicity. Because phosphorylation of ceramide would produce an
acidic phospholipid similar to phosphatidic acid (PA), a lipid shown to be highly fusogenic
[29], the role of C1P in phospholipid-dependent vesicle fusion was examined in several
studies. The addition of exogenous C1P was shown to promote liposome fusion in a cell-free
system [10]. In mast cells, C1P formation is associated with Ca2*-dependent degranulation,
and that C1P formation is enhanced during activation induced by IgE-antigen complex or by
the Ca?*-ionophore A23187 [25]. Exogenous introduction of CERK into permeabilized
RBL-2H3 cells is also sufficient to cause degranulation [25]. Additionally a newly
developed synthetic inhibitor of CERK efficiently inhibits mast cell degranulation [30].

Both phagocytosis and degranulation require a membrane fusion step. The fusion of opposed
membranes requires the destabilization of the membranes to render them susceptible to
fusion. This destabilization may result from the Ca2*-induced phase separation of rigid
(more ordered L) crystalline domains of acidic phospholipids (e.g. phosphatidic acid)
within mixed lipid membranes [31]. Fusion can be initiated between closely opposed
membranes at the boundaries between crystalline and the surrounding non-crystalline
domains. Such boundaries represent structurally unstable points and thus offer focal points
for the mixing of molecules from opposed membranes. To establish whether C1P might
contribute to such destabilization, COS-1 cells expressing FcyRIIA were employed. The
overexpression of CERK in these cells enhanced C1P generation and phagocytosis during
activation with EIgG [32]. Labeling these cells with Laurdan demonstrated a dramatic shift
in emission during phagocytosis, corresponding to a distinct change in lipid-ordered
structure (Fig.1). The change in Laurdan emission provides strong evidence of a lipid raft-
like L, domain in COS-1 cells at the site of phagosome formation.

Ceramide-1-phosphate as a Regulator of Calcium Homeostasis

Calcium is a ubiquitous intracellular messenger, controlling a diverse range of cellular
processes, such as gene transcription, muscle contraction, cell proliferation, and apoptosis
[35-37]. Of importance to immunity, Ca?* waves have been observed in migrating
polymorphonuclear leukocytes (PMN), fibroblasts, and tumor cells [38, 39]. The level of
intracellular Ca%* is determined by a balance between the “on” reactions that introduce Ca2*
into the cytoplasm, and the “off” reactions through which this signal is removed by the
combined action of buffers, pumps and exchangers. Each cell type expresses a unique set of
components for Ca2* signaling which create Ca2*-signaling systems with different spatial
and temporal properties [39]. Calcium influx is mediated through both Ca2* release from
intracellular stores and Ca2* entry from the extracellular environment. In the case of the
latter, there are many different plasma membrane channels that control Ca2* entry from the
external medium in response to stimuli that include membrane depolarization, stretch,
noxious stimuli, extracellular agonists, intracellular messengers and the depletion of
intracellular stores [39]. The plasma membrane Ca2* channels can be divided into several
different types. Voltage operated channels (VOC) are employed largely by excitable cell
types such as muscle and neuronal cells where they are activated by plasma membrane
depolarization. Receptor operated channels are structurally and functionally diverse

1o phase lipids have been observed in reconstructed lipid rafts using Laurdan [33] C. Dietrich, Bagatolli L, Volovyk ZN, Thompson
NL, Levi M, Jacobson K, Gratton E., Lipid rafts reconstituted in model membranes, Biophys J. 80 (2001) 1417-1428.. The
demonstration of Lo phase lipids in non-transformed cells has been limited to neutrophils at the site of the lamellipodium [34] A.
Kindzelski, Sitrin R, Petty H., Cutting edge:Optical microspectrophotometry supports the existence of gel phase lipid rafts at the
lamellipodium of neutrophils: apparent role in calcium signalling., J. Immunol. 172 (2004) 4681-4685..
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channels found on secretory cells and nerve terminals. Small molecule operated channels are
activated by a number of small messenger molecules, such as diacylglycerol [40] and
arachidonic acid [41]. In addition to these more clearly defined channel-opening
mechanisms, store operated channels are sensitive to a diverse array of stimuli. Many of
these channels belong to the large transient receptor protein (TRP) ion-channel family,
which are encoded by up to 29 different genes [42]. The mammalian TRP superfamily of ion
channels consists of voltage-independent, non-selective cation channels that are expressed in
excitable and non-excitable cells. The biologic roles of TRP channels are diverse and
include vascular tone, thermo sensation, irritant stimuli sensing and flow sensing in the
kidney. Growing evidence supports the notion that most cells possess different TRP
channels (TRPCs) that are located in association with CaZ* stores where they are capable of
functioning as Ca2*-release channels [40, 43, 44].

It been established that members of a subgroup of closely related TRP channels
(TRPC3/6/7) can be activated by diacyglycerol, a product of PLC activation [40, 45, 46].
However another subgroup of TRP channels (TRPC1/4/5), although dependent on receptor-
induced PLC activation, are completely unresponsive to DAG [47], suggesting that different
TRPC proteins may have different mechanisms of activation. Notably, recent data have
shown that TRPC1 and TRPCS5 can be activated by S1P [48]. Sphingolipids, including
sphingosine, S1P, and sphingosylphosphorylcholine, have diverse effects on the regulation
of intracellular free Ca* concentration in nonexcitable and excitable cells [49-51]. C1P has
emerged as a putative modulator of cellular functions that are in part regulated by Ca2*
signaling [52]. Studies in the role of C1P in modulating Ca2* flux have produced somewhat
controversial results. In some reports C1P did not modulate [Ca2*]; nor did it affect Ca2*
mobilization in mouse fibroblasts [22, 53-55]; however, others have clearly shown that C1P
enhanced store-operated CaZ* entry into thyroid cells [26, 56]. The precise role of C1P in
Ca?* signaling is therefore not yet well established and is discussed in more detail below.

Gijsbers et al. reported that C1P exogenously added in calf pulmonary artery endothelial
cells is more potent than S1P for causing a fast and transient intracellular rise in Ca2* [57].
Colina er al. showed that C1P increased intracellular Ca2* in Jurkat T-cells. In this study
C1P elevated the concentration of InsP3, inducing the liberation of CaZ* from the
endoplasmic reticulum, which in turn provoked the opening of a store operated Ca2* channel
at the plasma membrane [58]. Hogback et a/. [59] reported that C1P evoked a concentration-
dependent increase in [Ca];, both in calcium-containing and calcium-free buffer in FRTL-5
cells. In this report, the effect of C1P was mediated, at least in part, by a pertussis toxin—
sensitive G protein. The phospholipase C inhibitor U73122 attenuated the effect of C1P.
C1P invoked a small, but significant increase in inositol InsP3. However, the effect of C1P
on Ca2* was not inhibited by Xestospongin C, 2-aminoethoxydiphenylborate, or neomycin
indicating independent activation of IP3R. The effect of C1P on Ca2* was potently
attenuated by dihydrosphingosine and dimethylsphingosine, two inhibitors of sphingosine
kinase. This attenuation may be the result of the C1P evoked increase in the production of
intracellular S1P [59]. C1P also induced Ca2* mobilization in GH4CL1 rat pituitary cells, but
indirectly, through voltage-operated Ca2* channels [57].

Most studies to date have examined the mechanism of C1P by its exogenous addition to
cells. The cloning of CERK provided a new tool to study the role of C1P in Ca2* signaling.
Using COS-1 cells stably transfected with FcyRIIA and hCERK, our laboratory previously
showed that the activation of CERK with the concomitant accumulation of C1P altered Ca2*
signaling near the phagosome and significantly promoted phagocytosis and phagolysosomal
formation [26]. EIgG-mediated ligation of FcyRIIA leads to the accumulation of CERK and
TRPC-1 within lipid rafts, which are key sites associated with signal transduction. High-
speed microscopy was used to study the contribution of CERK to phagosomal Ca%*
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signaling. The high-speed imaging indicated that Ca2* signaling in this model system occurs
at “hot spots” that represent brief, but intense, Ca2* release events. These sites of enhanced
Ca?* signaling are not random but often repeat at the same spatial location. These Ca2*
signaling “hot spots” exist for a period of time (<100ms) that is consistent with channel-
gating times. The quantal Ca2* burst seen in these studies at the pseudopods and phagosome
membranes may represent Ca2* release at local regions of signaling (Fig.2) [26]. It was
shown previously in neutrophils that C1P is formed by a calcium-dependent CERK located
in the plasma membrane during 1gG-dependent phagocytosis [10]. Although CERK may
participate in CaZ* signaling, the kinase does not directly mediate Ca* movement across
cellular membranes. These studies suggest that TRPC-1 is a leading candidate for a potential
signaling partner of CERK/C1P. The store operated Ca2* channel blockers CdCl,, CAl, and
SKF93365 significantly decreased the ability of COS-1 cells transfected with hCERK to
undergo Fc-mediated phagocytosis and phagolysosomal fusion [26]. These findings are
consistent with the idea that store operated calcium channels, possibly mediated by TRP
channels, are participants in phagocyte function. These findings are also consistent with the
previous findings that exogenously added C1P enhances store operated Ca?* entry [56] and
that store operated calcium channels participate in phagocyte function /n vivoand in vitro
[25, 60]. To date the mechanism of CERK/C1P modulation of CaZ* signaling has not been
determined.

A recent paper by Beech provides a brief and focused review of their latest findings that
show that TRPCS5 is a sensor of important signaling phospholipids including S1P [61].
When Cav1.2 channels are lost, there is no concomitant loss of Ca2* entry. Ca2* entry is
instead enabled by other ion channels (TRPC), which are often resistant to therapeutic
concentrations of Ca2* antagonists and permeable to Na* and K* as well as Ca2*. In a screen
of potential lipid regulators of TRPCs, Xu et a/identified S1P as an activator of TRPCS5. lon
permeation involving TRPC5 is crucial because S1P-evoked motility is also suppressed by
the channel blocker 2-aminoethoxydiphenyl borate or a TRPC5 ion-pore mutant [48].
Although TRP channels are structurally related to voltage-gated ion channels, they do not
require depolarization in order to be active; instead they are activated by several different
endogenous chemical substances.

As regulation of entry of Ca2* and other cations through store operated Ca2* channels
occurs in a number of cells, identifying TRP channels and their function has broad
significance in a variety of states of cell activation. The regulation of TRPC1/TRPC5 may
depend on different lipids. S1P, which is suggested to have pivotal roles in mural cell
recruitment during both vascular development [62] and atherosclerosis [63] is a novel
bipolar activator of the TRPC1/5 heteromultimeric channel. Blocking these channels could
potentially be used for drug targeting.

At present, the manner in which C1P regulates Ca2* signaling is not firmly established. One
hypothesis is that the calmodulin binding motif could be responsible for the increase in Ca2*
signaling during activation of CERK. However, it has been shown that there is residual Ca2*
signaling after the deletion of this motif [20].

Conclusion

Sphingolipid-metabolizing enzymes control the dynamic balance of the cellular levels of the
bioactive lipid ceramide. C1P is a bioactive lipid which is extensively studied in
inflammation. Collectective, sudies addressing the role of C1P in Ca2* signaling are limited
and often conflict. Recent findings from studies of the role of C1P in Ca2* signaling
emphasize the importance of discerning the mechanism of Ca2* signaling under different
physiological and pathological conditions. Data obtained from our model have provided the
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basis of our hypothesis of phagocytosis-triggered cellular signaling, wherein ElgG-mediated
ligation of FcyRIIA leads to the activation of CERK and the subsequent accumulation of
C1P. This leads to punctuate distribution of Ca2* release at pseudopods and the
periphagosomal vicinity. The higher Ca2* signal observed in hCERK transfected cells as
well as the fact that CERK co-localized with EIgG during phagocytosis support our
hypothesis that Ca2* signaling is an important factor for increasing phagocytosis and is
regulated by CERK in a manner that likely involves TRPCs (Fig 3).

Future studies will be required to focus on understanding the activation of different channels
involved in these processes with the hope of elucidating the role of TRPC as lipid responsive
ionotropic receptors.
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Figure 1. Lipid-ordered membrane domainsin association with sites of phagocytosisin COS-1
cellsexpressing FcyRIIA, FcyRITAlvector, FcyRITA/hCERK, and FcyRI1A/G198DhCERK
COS-1 cells were labeled with Laurdan. Regions 1, 3, 5, and 7 (panels A,C,E, and G)
correspond to membrane areas participating in phagocytosis. The Laurdan emission spectra
for those regions are denoted with the same numbers as shown below each micrograph.
FcyRIIA cells demonstrated a 0-nm shift (pane/ B), and the cells treated with FcyRIT1A/
vector demonstrated a ~3-nm shift (panel/ D). The FcyRIIA/hCERK transfectants exhibited
a shift in emission maximum of ~37 nm (panel F), and FcyRIIA/G198DhCERK-transfected
cells (panel G) exhibited a shift in the emission of 2.2+0.6-nm shift (panel H).
Quantitatively, the calculated general polarization of membrane regions 1, 2, 3, 6, and 7
were (-0.030), region 8 was (-0.024), region 4 was (-0.016), and membrane regions 5 was
(+0.088). Fifteen separate spectra were averaged to generate the spectra shown in panels B,
D, F, and H. The difference in both emission maximum and general polarization was highly
significant.
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Figure 2. Analyses of high speed images

Differential interference contrast (DIC; column 1,A, G, M) and fluorescence images
(columns 2 through 6) are shown. A. Panels A-F denote a series of experiments using blue
fluorescent beads. A single exposure of the flash-lamp yields a high quality image of the
beads (B). A-F shows data which were obtained using the same excitation/emission filters
and excitation flash as those used for the cells. When the beads were exposed to a single 6
psec. flash, the fluorescence image of Fig. 2B was obtained. This image, suggests that the
illumination field provided by the flash lamp was acceptable. Wavelet software is an
important emerging technology and has many advantages including the ability to remove
uncorrelated noise [64, 65]. Because the cell data utilize wavelet filtration for noise removal,
the image of fluorescence beads was processed using this software for comparison. Wavelet
transformation of the single frame in Fig. 2B returned a very similar but somewhat sharper
image (Fig. 2C). As the image was very clean, very little noise was removed (Fig. 2D). If
image stacks of 100 frames are summed of the raw or wavelet filtered images, essentially
the same images are again returned (Fig. 2E and F, respectively).

B. Panels G-L and M-R are comparable images for two different transfectants (G-L for
FcyRIIA transfected cells and M-R for FcyRITA/hCERK transfected cells). The result using
a wavelet coefficient of 1 is shown in panel D. When 100 frames of a high speed series are
summed, the raw data and the wavelet filtered data yield matching results. Transfectants
expressing only FcyRIIA did not yield a definitive fluorescence signal (G-L). However,
transfectants expressing FcyRIIA/hCERK displayed a signal near pseudopods and
phagosomes. As indicated in the raw data of Fig. 2N, two peri-phagosomal calcium signals
were noted in this frame. After wavelet filtration of the data was performed to minimize the
contribution of noise to this image, these same two regions were quite apparent in the
filtered image (Fig. 20). A substantial component of the uncorrelated noise removed from
the original raw image is shown in Fig. 2P. To confirm that the wavelet-filtered single frame
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of Fig. 20 was contained in the summed (long time scale) image, the 500 raw images were
collapsed into a single frame (Fig. 2Q) then compared with the filtered single frame (Fig.
20). When the 500 wavelet-filtered images are collapsed onto a single frame, all of the
significant signaling areas represented in the summed raw data (Fig. 2Q) are represented in
the summed wavelet-filtered image (Fig. 2R). Regions with noted repetitions throughout the
sequence of 500 images are indicated with arrows. Wavelet filtration indicated two
particularly strong signals near the same target (wavelet coefficient=16). Much of the noise
removed from the image is shown in panel 2P, which employed a wavelet coefficient of 2.
These data indicate that CERK transfection leads to punctate Ca2* signaling events regions
of signaling near targets at phagosomes or phagocytic cups.
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Fig. 3. Proposed mechanisms of Ca2* entry in hCERK transfected COS-1 Cells

The roles of ceramide kinase (CERK) and ceramide-1-phosphate (C1P) in modulating Ca2*
flux are controversial. C1P may act through a store operated (SOC). Alternatively, C1P may
mediate voltage operated channels (VOC) or exert its effects through an increase in
inositol-1,4,5-trisphosphate (InsP3) levels. In the latter case InsP3 in concert with
phosphatidylinositol-3-kinase (P13K) activation and a subsequent activation of InsP3
receptor (InsP3R)-operated Ca2* channels from the endoplasmic reticulum (ER).
Overexpression of hCERK results in the elevation of C1P during activation by opsonized
erythrocytes (ElgG) and stimulates Ca2* entry through SOC/TRPCs. PI(4,5)P2
Phosphatidylinositol-4,5-bisphosphate, PLC phospholipase C, TRPC, transient potential
channels.
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