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Abstract Macrophages play a central role in innate
immune responses, in disposal of cholesterol, and in tissue
homeostasis and remodeling. To perform these vital func-
tions macrophages display high endosomal/lysosomal
activities. Recent studies have highlighted that acid
sphingomyelinase (ASMase), which generates ceramide
from sphingomyelin, is involved in modulation of mem-
brane structures and signal transduction in addition to its
metabolic role in the lysosome. In this review, we bring
together studies on ASMase, its different forms and loca-
tions that are necessary for the macrophage to accomplish
its diverse functions. We also address the importance of
ASMase to several disease processes that are mediated by
activated macrophages.
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Introduction

The fluid mosaic model of cell membranes, first proposed in
1972 [1], postulated that the plasma membrane could be
described as a two-dimensional liquid, in which receptors
and other membrane-associated proteins are randomly dif-
fused. However, later studies showed that sphingolipids, an
ubiquitous class of structurally diverse bioactive lipids, are
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involved in membrane structures [2]. Sphingolipids have an
asymmetrical distribution in the membrane and a tendency
to associate with one another through hydrogen bonds [3,
4], which forced a revision of the fluid mosaic model.
Sphingomyelin (SM) is the most abundant sphingolipid
found in eukaryotic cell membranes. Acid sphingomyeli-
nase (ASMase, EC 3.1.4.12), primarily found in lysosomes,
hydrolyzes SM, resulting in the generation of ceramide.
Thus, ASMase plays a central role in transmembrane sig-
naling as well as in lysosomal metabolic functions.

The macrophage is a very heterogeneous cell that dif-
ferentiates from hematopoietic progenitors [5] which can
form dendritic cells, osteoclasts, and monocytes as well as
macrophages. Monocytes circulate in the blood, but when
activated are present in tissues as macrophages [6]. These
cells are active in both innate and adaptive immune
responses and in reverse cholesterol transport [7], and are
involved in normal tissue homeostasis through the inges-
tion and clearance of apoptotic bodies [8, 9] and in
resorption of bone during normal bone remodeling [10]. A
classically activated macrophage requires both interferon-
gamma and either the induction of tumor necrosis factor
alpha (TNF-a), or the engagement of toll-like receptor
(TLR) typically by a microbial product [11]. In response,
the macrophage secretes inflammatory cytokines such as
TNF-o. and interleukin-15 (IL-1f), and chemokines that
drive an immune reaction. As a primary phagocytic cell
type, macrophages can ingest and process many different
types of particles. Hence, this cell type has high endo-
somal/lysosomal activities. This review focuses on studies
addressing the role of ASMase in macrophage biology,
with special emphasis on the involvement of this enzyme in
disease processes. This review also briefly addresses the
role of ASMase in cell types that can influence macrophage
functionality, such as endothelial cells.
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Sphingomyelinases

The first enzyme characterized to hydrolyse SM to cera-
mide was isolated from rat livers and had an optimal
activity at pH 4.5-5.0 [12]. Later studies showed that this
enzyme, ASMase, was also present in most human tissues
[13]. Since then, three different SMases have been
described and characterized primarily based on their opti-
mal pH: neutral, alkaline and acid SMases.

Neutral sphingomyelinase (nSMase) is encoded by three
different genes generating three different forms of the
enzyme. The first form, nSMase 1, has been shown to be
involved in the induction of T-cell receptor-mediated
apoptosis [14], and in heat stress-induced apoptosis of
zebrafish embryonic cells [15]. However, its role remains
undefined as knockout (KO) mice for nSMase 1 do not
exhibit detectable defects in lipid storage nor in sphingo-
lipid metabolism [16]. The enzyme nSMase 2 has been
shown to mediate stress-induced apoptosis in daunorubi-
cin-induced cell death of the breast cancer cell line MCF-7
[17], and in cigarette smoke-induced apoptosis of bronchial
epithelial cells [18]. It may also function in the cell cycle
by causing arrest in the GO/G1 phase [19], and in inflam-
mation [20]. The nSMase 2 enzyme has a function in
controlling embryonic and post-natal development, as
shown in the KO mouse which displays a dwarf-phenotype
and delayed puberty [21]. A role for nSMase 2 in macro-
phage growth has been implicated by the discovery of
nSMase 2 mutations in several myeloid leukemias [22].
The relatively recent description of nSMase 3 has not so far
shown significant functional data, but it appears to play a
role in the response of MCF-7 cells to TNF-o stimulation
[23].

Alkaline SMase (Alk-SMase) is secreted in the intestinal
lumen and mucosa and appears to be primarily involved as
the first step in the digestion of SM present in food [24, 25].
However, it likely plays other roles as Alk-SMase has anti-
proliferative effects on HT-29 colon carcinoma cells [26],
and a mutation has been shown to be associated with the
development of human colon cancer [27]. The presence of
macrophages in inflammatory bowel disease suggests a
function for Alk-SMase in regulatory activities [24].

ASMase is the most studied sphingomyelinase although
its regulation is still incompletely understood. ASMase has
been found in almost all cell types that have been studied,
including macrophages, with the endothelium being a
particularly rich source [28]. While the optimal activity at
acidic pH led researchers to characterize ASMase as a
lysosomal protein [29], a secreted form, secretory ASMase
(S-ASMase), has also been described [30]. Secretory
ASMase is generated through differential processing and
trafficking of the same precursor as L-ASMase [31, 32].
A major biochemical difference between the two forms is
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the requirement for exogenous zinc in S-ASMase activa-
tion, whereas L-ASMase, by virtue of its trafficking to and
localization in the lysosome, does not require exogenous
zinc for its activation [32]. In the next section, differences
in the roles of L- and S-ASMase are discussed.

Lysosomal versus secretory ASMase

Lysosomes are heterogeneously sized membrane-bound
structures that contain acid hydrolases [33]. These organ-
elles have been described as ‘the stomach of the cell’ as
they are able to digest material such as oligosaccharides
and lipoproteins into their constituent parts that can be
reused by the host cell [34]. Recently published data have
shown that lysosomal stability in fibroblasts depends on
ASMase activity [35]. ASMase is located in the luminal
leaflet of endosomes, lysosomes and phagosomes. It has
been shown that maintenance of lysosomal stability
requires binding of heat shock protein 70 (HSP70) to an
endolysosomal anionic phospholipid bis(monoacylglycero)
phosphate, which is necessary for lysosomal SM metabo-
lism [35]. Interestingly, the conversion of SM to ceramide
in the lysosome changes its shape and facilitates its fusion
to other membrane structures [36—39]. Furthermore, at the
immunological synapse where secretory granules (also
known as secretory lysosomes) containing perforin and
granzymes fuse to the plasma membrane of T cells,
L-ASMase is required to reduce the volume of the granules
to better expel their contents [40]. L-ASMase activity
asymmetrically generates ceramide in the luminal leaflet
and leads to increased surface tension and a contraction of
the granule [40, 41]. The ability of L-ASMase in changing
the shape of the granule can thus reduce its volume and
diminish its carrying capacity [40, 41]. Moreover, fusion of
lysosomes to the plasma membrane was found to be an
important part of wound healing mediated by ASMase
[42]. When the plasma membrane is compromised by
insults such as bacterial pore-forming proteins, calcium
influx causes rapid lysosomal exocytosis at the site of the
wound. L-ASMase delivered to the outer leaflet of the
plasma membrane converts SM to ceramide, which in turn
generates microdomains that bud inwards forming endo-
somes internalizing the lesion and resulting in a newly
intact plasma membrane [42].

The function of S-ASMase is not clearly defined.
S-ASMase levels in the serum were found to be upregu-
lated by TNF-a, IL-1p [28], lipopolysaccharide (LPS), and
oxidative stress [43]. In patients with chronic heart failure,
high levels of S-ASMase correlated with the development
of cardiac cachexia, which has a worse prognosis [44, 45].
A correlation between high levels of serum S-ASMase
activity and hemophagic lymphohistiocytosis (HLH) has
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been described [46]. HLH is a disease where macrophages
and T-cells become hyperactivated and infiltrate organs
where they subsequently secrete very large quantities of
cytokines (hypercytokinemia) [47]. Symptoms include
fever, splenomegaly and cytopenias, and if left untreated
can prove to be fatal. The origin of the HLH-associated
S-ASMase is unknown, as are its effects. However, it can
be envisaged that, through the conversion of SM to cera-
mide on the macrophage cell surface, S-ASMase may
promote an inflammatory response and perpetuate the
secretion of inflammatory cytokines.

Despite the optimal pH of L-ASMase and S-ASMase
being acidic, ASMase can be active at a less than optimal
pH [30, 48]. A possible mechanism that may maintain
enhanced ASMase activity could be that acidic microdo-
mains on the exterior of the plasma membrane may be
formed through lysosomal fusion with the plasma mem-
brane and the release of its acidic contents. Local changes
in membrane topology generated by the SM-derived cera-
mide could stabilize the acidic environment long enough
for sustained ASMase activity by providing a membrane-
bounded, partially enclosed region (Fig. 1).

ASMase biochemistry and cellular function

ASMase plays many different roles depending upon its
location in the cell. SM in cellular membranes has a high
affinity for cholesterol with which it associates in raft

Fig. 1 The role of acid
sphingomyelinase (ASMase)
depends upon its location.
Lysosomes containing
lysosomal ASMase (L-ASMase)
fuse to the plasma membrane at
a raft microdomain-containing
sphingomyelin (SM) and
cholesterol (chol). This exposes
the enzyme to SM present on
the surface. Hydrolysis of SM to
ceramide forms a ceramide-rich
platform that facilitates
transmembrane signaling, or can
initiate endocytosis through the
creation of an early endosome.
Maturation of the endosome and
fusion with lysosomes forms
endolysosomes allowing the
processing of ingested material.
The possible roles of secretory
ASMase (S-ASMase) are also
shown in its capacity to affect
SM hydrolysis away from the
macrophage or to initiate the
formation of a ceramide rich
platform

microdomains [49]. This association allows the compart-
mentalization of cellular processes by concentrating
specific proteins (such as Src tyrosine kinase family and
caveolins), and may also have a role in sequestering and
temporary storage of cholesterol [50, 51]. Ceramide gen-
erated by hydrolysis of SM by SMases, however, has a
lower affinity for cholesterol and displaces it from SM-rich
microdomains [52], and has a higher tendency to aggregate
forming ceramide-rich platforms [53, 54]. Ceramide-rich
platforms are liquid-ordered domains that spatially reor-
ganize receptors into clusters upon stimulation, and as a
consequence there is a high concentration of signaling
molecules in the platform that facilitates and enhances the
subsequent activation of intracellular messengers [55, 56].
ASMase activation and translocation have been shown to
be integral in the induction of receptor-mediated apoptosis.
The mechanisms behind how a transmembrane receptor
can activate and translocate ASMase are still unclear.
However, recent publications have presented biochemical
models that help to link receptor stimulation to ASMase
activation. It should be noted that, while different models
of ASMase activation are described, they are not neces-
sarily mutually exclusive.

ASMase activation and the induction of apoptosis
ASMase activation has been shown to be integral in the

induction of apoptosis through the signaling of TNF-o [57],
Fas/CD95 [58], and TNF-related apoptosis-inducing ligand
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(TRAIL) [59]. CD95 is a cell surface molecule that, when
stimulated, results in a rapid increase in SMase-propelled
ceramide generation leading to apoptosis [60]. During
CD95-induced apoptosis, ceramide generated by ASMase
is localized to the mitochondrial membrane and the endo-
plasmic reticulum [61, 62]. However, ASMase-deficient
B-cells, normally resistant to CD95-induced apoptosis, can
become sensitive to CD95-mediated apoptosis if a signifi-
cant number of CD95 receptors are cross-linked
simultaneously [58]. This suggests that ASMase activation
is required to promote enhanced cross-linking of surface
receptors to initiate intracellular signaling events. ASMase
activation is also implicated in lung development [63], in
the signaling of stress responses to bacteria and viruses [40,
64], and in the apoptotic response of endothelial cells to
ionizing radiation [65, 66], to UV light [67], and to che-
motherapeutic drugs [68].

ASMase activation and translocation
by receptor-mediated signaling

Upon activation by transmembrane signaling or through
oxidative stress [69], ASMase translocates to the outer
leaflet of the plasma membrane where it encounters SM
and converts it to ceramide [58, 70]. The pool from which
the plasma membrane-associated ASMase originates is still
not clear, although it has been assumed by several groups
that the source originates from the fusion of vesicles to the
plasma membrane [71, 72]. The mechanism behind
ASMase translocation in response to receptor cross-link-
ing, also known as receptor-mediated ASMase activation,
is also obscure. Fusion of vesicles containing L-ASMase to
the plasma membrane can occur within seconds of stimu-
lation [71-73]. This has been assumed to be the source of
the ASMase present on the outer leaflet of the plasma
membrane, and was supported by data showing that cyto-
skeletal disruption can inhibit receptor-mediated ASMase
translocation but not its activation [74]. More recent data
have shown that, upon cross-linking of the CD95 receptor,
the translocation and activation of ASMase to the outer
leaflet of the plasma membrane occurs via a syntaxin-4-
mediated pathway [75]. Moreover, studies examining the
expression of both ASMase and syntaxin-4 showed that
they are colocalized [75]. Syntaxin-4 is a t-SNARE (target-
Soluble NSF Attachment protein REceptor) associated with
exocytosis of secretory granules and fusion of membranes,
and provides a plausible mechanism for the translocation of
ASMase from the lysosomes [76-78].

Another biochemical model of L-ASMase translocation
in receptor-mediated activation has been proposed by Ze-
idan and Hannun [79] who suggest that protein kinase C
(PKCd)-phosphorylation of L-ASMase (at S508) induces
both its activation and translocation to the outer leaflet of
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the plasma membrane. A recent report by the same group
has shown that a mutation in the PKCo phosphorylation
site (S508A) inhibits ASMase secretion in response to
TNF-o and IL-1f stimulation in MCF-7 cells [80]. It was
shown that S-ASMase generates long-chain ceramide
molecules in response to TNF-a and IL-1 stimulation, and
thus proved that, in at least some situations, S-ASMase can
also be responsible for the ceramide generation in the
plasma membrane [80]. It is unclear what specific role the
long chain ceramides play in this signaling event and
whether this is a generalized event or cell-type specific. In
addition, a role for S-ASMase has been described in the
release of the monocyte attractant chemokine (C—C motif)
ligand 5 (CCLS, formerly known as RANTES) from IL-1p-
treated MCF-7 [81]. Interestingly, the ceramide generated
was deacylated by acid ceramidase to form sphingosine,
which was required for CCL5 release. The fact that other
signaling events, as previously mentioned, can also
increase S-ASMase levels in the plasma strongly suggests
that the role of S-ASMase is more diverse and generalized
and needs to be more thoroughly characterized.

ASMase activation by reactive oxygen species (ROS)

Ceramide-rich platforms concentrate nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH oxidase), which
is a source of ROS [82]. ASMase can also be activated
via ROS, although a study has shown that ROS genera-
tion can also be a product of ASMase activity [83—85].
While these results seem contradictory, they may also be
describing a feed-forward mechanism where an initially
small concentration of ROS can activate ASMase that will
in turn generate more ROS. How ROS can activate
ASMase is unknown, but one model has suggested that
oxidation of the C-terminal region can activate ASMase
[86].

Ionizing and some non-ionizing radiation can also
activate ASMase via an unknown pathway that may
involve ROS. Studies using ultraviolet-C light (also DNA
damaging) in U937 cells showed the formation of cera-
mide-rich platforms and the translocation of ASMase to
these regions [87]. The rapid activation of ASMase by
ionizing radiation in endothelial cells (within 30 s) sug-
gests that either membrane structural changes and/or free
radicals caused by the ionization of water molecules are
responsible for ASMase activation [88].

ASMase in disease
ASMase activity is indispensable in tissue homeostasis.

However, there are diseases caused when ASMase activity
is either absent or appears to have a detrimental effect,
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possibly due to chronic activity or altered distribution of
the enzyme. Understanding these conditions can help to
better understand the role of ASMase in the maintenance of
human health.

Niemann—Pick disease A and B

The importance of ASMase in tissue homeostasis is
underlined when defective expression of the enzyme was
discovered as the cause of Niemann—Pick disease A and B
(NPD-A and NPD-B) [89]. NPD-A, characterized by neu-
rodegeneration, is the infantile form of the disease and is
lethal by the age of 2-3 years. NPD-B is the later-onset
form and distinguished by progressive hepatosplenomeg-
aly, pulmonary insufficiency and heart disease [90].
Common between infants with NPD-A and most patients
with NPD-B is interstitial lung disease caused by SM
storage in pulmonary macrophages [91, 92]. It has been
suggested that excess lipids stored in the NPD macro-
phages transform them into foam cells [93]. These foam
cells secrete inflammatory cytokines that drive fibrosis and
diminish lung capacity. The different outcomes of NPD-A
and NPD-B can be attributed to residual ASMase activity
present in NPD-B [94]. The underlying defect in these two
diseases is the accumulation of SM in lysosomal com-
partments, a feature of which is the accumulation of
cholesterol and gangliosides [95]. Mouse models for both
NPD-A [96] and NPD-B using ASMase KO mice [97] have
been developed and have proved invaluable for research on
the functionality of ASMase. For example, L-ASMase
activity of 1-14% that of wild-type was enough to rescue
ASMase KO mice from the neurologic disease they usually
develop [97].

Niemann—Pick disease C

The effects of ASMase extend to diseases that are not
primarily caused by defective ASMase. Niemann-Pick
disease C (NPD-C) is another lipid-storage disease caused
by a defective endosomal protein, Niemann—Pick C2, that
binds to a cholesterol-binding protein promoting trafficking
of cholesterol from the lumen to late endosomes [98, 99].
Maor and colleagues [100] found that the uptake of oxi-
dized low density lipoproteins (oxLDL) in macrophages of
NPD-C patients results in the inhibition of L-ASMase,
leading to the accumulation of free cholesterol and cho-
lesteryl esters in lysosomes. Recently, it has also been
demonstrated that overexpression of ASMase in NPD-C
fibroblasts in vitro corrects the defect in lipid and protein
trafficking by overcoming the inhibition of ASMase
activity [101]. These findings provide hope that other lipid-
storage diseases could be treated by using ASMase, even if
the primary defect is a different target.

Atherosclerosis

A key role for extracellular ASMase (possibly S-ASMase)
in the development of atherosclerotic plaques has been
shown through the retention of lipoproteins in the arterial
wall [102]. High levels of S-ASMase in the intima of
atherosclerotic plaques have been correlated with the
development of atherosclerotic plaques [103]. Endothelial
cells are a rich source of S-ASMase which have been
implicated in converting SM in LDL particles into cera-
mide [103, 104]. In the blood vessel, the hydrolysis of SM
in LDL particles tends to increase the overall size of the
particle and also increase the tendency of the particles to
clump into yet bigger conglomerations which could lead to
enhanced adhesion to the vascular wall [48]. Furthermore,
SM inhibits oxidation of the LDL particle into the toxic
oxidized form; therefore, enhanced conversion of SM in
LDL to ceramide is deemed unfavorable [105]. Hence,
exacerbation of atherosclerotic lesions would appear to
demonstrate the deleterious consequences of S-ASMase
release. Moreover, ASMase activity has been shown to be
increased in vascular smooth muscle cells in response to
oxLDL leading to apoptotic cell death [106]. Apoptotic
cells can also generate oxLDL by exposing and oxidizing
membrane lipids which, by activating ASMase-mediated
apoptotic pathways, can induce more cell death in the
plaque [107].

Atherosclerotic plaque buildup starts with activated
macrophages ingesting modified LDL particles, which
further increases macrophage activation. Activated mac-
rophages release cytokines, such as TNF-o, that can cause
local inflammation and recruit more macrophages thereby
deteriorating the condition. Since the action of S-ASMase
causes the LDL particles to become bigger and to clump
making them easier for the macrophage to ingest [108],
experiments with ASMase KO mice showed reduced lipid
buildup through reduced lipoprotein retention in the sub-
endothelium [102]. These findings suggest that targeting of
ASMase activity and especially S-ASMase may be bene-
ficial in inhibiting the buildup of plaques. However, it
should be noted that patients with NPD-A and NPD-B have
high ‘bad’ LDL cholesterol and low ‘good” HDL choles-
terol levels, and that the majority of children with NPD-B
have coronary artery calcium deposits, a major risk factor
for coronary heart disease [109]. Thus, while defects in
ASMase may indeed prevent atherosclerotic lesions
developing through processing of LDL, defects in SM-
hydrolysis cause major damage through the build-up of
lipids.

Free cholesterol generated through the hydrolysis of the
stored cholesteryl esters can be externalized by efflux on
HDL particles to be transported to the liver where it can
be excreted (reverse cholesterol transport) [110, 111].
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ASMase KO mice have decreased cholesterol efflux but
also, perhaps not surprisingly, defective cholesterol traf-
ficking [112]. Combined with the effect of S-ASMase on
LDL particles, a potential role for S-ASMase in the
development of atherosclerotic plaques becomes more
apparent.

Depression

High ASMase activity has been reported in peripheral
blood mononuclear cells of patients suffering from clinical
depression [113]. Drugs used to successfully treat depres-
sion such as desipramine and imipramine also reduce
ASMase activity [114] by inhibiting the binding of ASM-
ase to the plasma membrane [115]. The mechanism of
ASMase involvement in major depressive disorders is still
unknown.

Sepsis

ASMase might also play a role in sepsis-induced apoptosis
and organ failure [116]. It has been shown that levels of
plasma-associated ASMase were increased in patients that
had suffered sepsis, and that mice lacking functioning
ASMase had a higher rate of survival in an induced sepsis
mouse model [116]. Studies in mice have suggested that
the source of S-ASMase was the endothelium [117], but
given that sepsis is initiated by infection then a role for
macrophages cannot be ruled out.

ASMase and activated macrophages in disease

As has been shown, the upregulation of ASMase activity is
required by many different cellular functions. Although
understated by the current scientific literature, there are
many functions performed by activated macrophages that
require ASMase activity. The activity of ASMase can both
regulate and provide the mechanisms for macrophages as
they respond to disease.

ASMase and differentiation, cytokine secretion

The importance of ASMase to macrophage biology begins
early. Monocyte differentiation is dependent on transcrip-
tion factors sp-1 and ap-2 upregulating ASMase expression
[118]. One of the key characteristics of activated macro-
phages is the secretion of inflammatory cytokines such as
TNF-¢, a major effector of the innate immune response
[119]. TNF-o can be efficiently, although not exclusively,
induced through stimulation with a bacterial cell wall
component such as LPS [120]. Inhibition of ASMase
activity with SMA-7, a synthesized difluoromethlyene
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analogue of SM suppresses the release of inflammatory
cytokines thereby reducing the severity of inflammatory
bowel disease in a mouse model of inducible colitis (using
dextran sulphate sodium salt) [121]. This suggests a role of
ASMase in promoting cytokine secretion; however, this
contrasts with the findings of Rozenova et al. [122] who
reported that ASMase activity limited the release of TNF-«
by LPS-stimulated macrophages by inhibiting the conver-
sion of pro-TNF-o to TNF-a. The seemingly contradictory
roles of ASMase in inflammatory cytokine release suggest
that the mechanism behind ASMase activation determines
whether it will promote or inhibit cytokine, and specifically
TNF-«, release. Further studies are needed to elucidate how
these differences are enacted.

ASMase and macrophage survival

Macrophages can recognize foreign matter through the use
of TLR which forms part of the evolutionarily innate
immune response [123]. These receptors recognize patterns
that are found in bacteria and fungi, which usually consist
of repeating molecular motifs. Binding of LPS to CD14, a
component of the innate immune system, can initiate the
formation of ceramide-rich platforms through ASMase
activation, which then drives the formation of the TLR
within the platform [124]. Wang et al. [125] demonstrated
that pertussis toxin (PTX), which binds to TLR-4, prolongs
macrophage survival by inhibiting ASMase activity. We
and others have shown that treatment with LPS, which also
binds to TLR-4, activates sphingosine kinase and therefore
generates the pro-inflammatory and pro-survival signaling
molecule sphingosine 1-phosphate (S1P) [126, 127].
Additionally, Gomez-Mufoz et al. [128] showed that
apoptosis induced by the withdrawal of macrophage colony
growth factor was inhibited through the addition of S1P in
macrophages in whole cells, but not in cell homogenates,
possibly via a mechanism involving the protein kinase B
(AKT)/phosphoinositol 3-phosphate pathway. The effects
of PTX on macrophage survival suggest that ASMase
activity can be modulated by bacteria and change both
macrophage behavior and the corresponding immune
response. The pathways mediating the effects of PTX on
macrophage survival appear to be similar to those involved
in the inhibition of apoptosis by oxLDL particles, a major
factor in the buildup and development of atherosclerosis
when ingested by macrophages [129, 130]. Moreover,
upregulation of TLR-4 by oxLDL and binding of mini-
mally modified LDL to TLR-4 [131] further demonstrate
that shared signaling pathways, some involving ASMase,
are important in the development of atherosclerosis. While
these results seem at odds with the literature showing
cytotoxic effects of oxLDL in macrophages [132—134] and
in arterial smooth muscle [135], experiments demonstrating
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cell survival were performed with low doses of oxLDL,
which has been shown to promote cellular growth
[129, 134].

ASMase and phagocytosis

Through opsonization, internalization of particles coated
with antibodies is facilitated through interactions with the
Fc receptors (fragment crystallizable receptors, Fc-Rs), and
is perhaps the most characteristic behavior of macrophages.
The different Fc-Rs bind to different types of immuno-
globulin, so that the Fc-¢R binds to IgE, Fc-aR binds to
IgA, and Fc-yR binds to IgG [136]. Activated Fc-yRII
undergoes ASMase-dependent clustering which then pro-
vides enhanced signaling [137]. When U937 human
monocytic cells were pre-treated with exogenous bacterial
SMase before cross-linking of Fc-yRII, a synergistic
increase in ceramide generation was observed [137]. These
data imply that secretory bacterial SMases are able to
prime a macrophage for enhanced phagocytosis of opso-
nized bacteria. These findings also suggest that S-ASMases
secreted by either endothelial cells or other macrophages
may be playing a role in enhancing immune responses.
Once a particle has been phagocytosed, it is entrapped in
a phagosome. An interesting consequence of the phago-
cytosis of small membrane-bound particles formed as a
result of apoptosis is that it can also induce ASMase-
dependent apoptosis of macrophages and may represent a
novel mechanism of immune modulation [138]. However,
this mechanism could also represent a means by which a
local inflammatory response can be maintained. The
phagosome breaks down the contents by sequentially fus-
ing with early and late endosomes, becoming a late
phagosome, and then fusing with lysosomes [139, 140]. In
studies examining the phagocytosis of Listeria monocyt-
ogenes, ASMase was required for proper fusion of
lysosomes with the late phagosome [141]. ASMase can
also be recruited to the phagolysosome through the action
of sortilin [142]. Interestingly, cells defective in ASMase
expression are more likely to survive infections by organ-
isms like Neisseria gonorrhoeae and Staphylococcus
aureus by virtue of the cells’ inability to ingest the bacteria
[143, 144]. Infections by bacteria such as N. gonorrhoeae
activate ASMase, and the subsequent production of cera-
mide is necessary for internalization. The internalization
Pseudomonas aeruginosa requires ASMase-generated cer-
amide rafts [145]. However, patients with cystic fibrosis
have defective ASMase activation which can inhibit the
internalization of P. aeruginosa, a major cause of mor-
bidity [146]. The pH of some lysosomes from cystic
fibrosis patients is more alkaline, which can alter sphin-
golipid metabolism [147]. The change in pH has been
suggested to inhibit ASMase activation in response to

P. aeruginosa infection and may be the cause for defective
clearance of the bacteria during cystic fibrosis [148].

ASMase and oxidative stress in infection

The generation of ROS is vital to the macrophage response
to infection. Early during infection, the macrophage is able
to survive the increased ROS concentration due in part to
the mitochondrial anti-oxidants, such as manganese
superoxide dismutase [149]. During Salmonella enterica
infection, an initial drop in L-ASMase activity corresponds
to an increase in S-ASMase activity, which correlates with
the generation of ROS and cytotoxicity of the invading
bacteria [150]. This may be related to the response to P.
aeruginosa infection, when macrophages rapidly activate
ASMase, which is also associated with the production of
ROS and macrophage apoptosis [82]. Thus, the use of ROS
by macrophages, controlled in part by ASMase, has a dual
role in damaging the infectious organism and in cell acti-
vation. In addition, the release of inflammatory cytokines
can locally amplify the immune response.

ASMase and dendritic cells

Monocytes can differentiate into dendritic cells (DC) that
are able to more efficiently present antigens to T cells, an
essential role for the adaptive immune response [151, 152].
Uptake of pathogens by DCs is driven in part by the pattern
recognition receptor DC-specific intercellular adhesion
molecule-grabbing nonintegrin (DC-SIGN) [153]. It has
been shown that DC-SIGN ligation can activate nSMase
and L-ASMase and promote the expression of CD150, a
receptor required for the uptake of viral particles such as
measles virus [154]. Regulation of DC survival could be an
effective method for prolonging or shortening a DC-driven
immune response. Amyloid peptides were shown to modify
DC survival by induction of ASMase-mediated apoptosis
[155, 156]. Moreover, a study showed that bacteria are
capable of inducing ASMase-dependent apoptosis in
immature DCs which correlated with immune suppression
during Escherichia coli-induced sepsis [157]. The study
also showed that mature DCs express lower levels of
ASMase than immature DCs that may protect them from
the induction of apoptosis, and perhaps also allow for
prolonged antigen presentation at a site of inflammation
[157]. Exposure of DCs to nitric oxide (NO), which has
many different signaling functions including regulation of
immune responses [158], was found to suppress ASMase
activity [157]. The mechanism behind NO suppression of
ASMase activity was mediated by the activation of protein
kinase G via the cyclic guanosine monophosphate pathway
[159]. The protective effect of NO only extended to low

@ Springer



3300

J.-P. Truman et al.

Macrophage
oxLDL FeyRIl Bacterial
{A cross-linking infection

¥

| 1 Ceramide

,LCeramide

Survival

lCeramide

| g

S

Low nitric oxide Amyloid Low Zn2* Thymaol/
(NO) peptides Antimicrobial agent
Dendritic Cell

Fig. 2 Acid sphingomyelinase plays an important role in the
biological functions of macrophages. The stimulation of macrophages
with pertussis toxin (P7X) [125], lipopolysaccharide (LPS) [126,
127], and low doses of oxidatively-modified low-density lipoprotein
(oxLDL) [131] results in the activation of toll-like receptor-4 (TLR-4),
increased sphingosine-kinase (SK) activity, the generation of the pro-
inflammatory and pro-survival molecule sphingosine 1-phosphate
(S1P), decreased ASMase activity, and prolonged macrophage
survival. In contrast, the cross-linking of Fc-yRII leads to an increase
in ASMase activity and the generation of ceramide that will lead to
apoptosis [124, 137]. Furthermore, bacterial infection increases both
ASMase activity and reactive oxygen species (ROS) that lead to
apoptosis [150]. The effects of amyloid peptide [156], low Zn>*
[167], and thymol [163] on dendritic cells can induce apoptosis
through the increase of ASMase activity and generation of ceramide.
However, nitric oxide (NO) suppresses ASMase activity and protects
the cells from apoptosis [159]

doses as high concentrations of NO are inherently apop-
togenic [160]. Furthermore, thymol, known for its
antimicrobial activity, has been shown to influence the
generation of ROS [161], which inhibits cell proliferation,
and to protect erythrocytes from apoptosis [162]. Stimu-
lation of the DCs with thymol leads to translocation of
ASMase from intracellular compartment onto the cell
surface, and leads to ceramide formation [163]. Ceramide
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in turn results in downregulation of Bcl-2 and Bcl-xL
(mitochondrial prosurvival signaling molecules), and acti-
vation of caspases that initiate apoptosis [163]. A diagram
depicting the role of ASMase in activated macrophages and
DCs is shown in Fig. 2.

The depletion or supplementation of Zn>", the second
most prevalent trace element in the body, influences the
functions of both innate and adaptive immunity [164, 165].
Shumilina et al. showed that low doses of Zn** (up to
100 uM) induce ceramide-mediated apoptosis in ASM-
ase™™ DCs, but in ASMase '~ DCs higher doses of Zn*"
are required to induce apoptosis. They also showed that the
effect of low Zn>" concentrations on apoptosis critically
depends on the presence of functional ASMase [166]. As
Zn*" is also an important ion needed for ASMase activity
then this data suggest that it may also be having a direct
effect on ASMase.

Conclusions

Macrophages play an important role in maintaining tissue
homeostasis and the clearance of infections. Many of the
mechanisms necessary for these vital functions appear to
be dependent on modulating local membrane structure
through the activation of ASMase. Further study and
understanding of the role and regulation of ceramide gen-
eration in macrophages will be of benefit for a better
understanding of macrophage biology and perhaps provide
ways to modify macrophage immune responses. Such
information could be of use in ensuring the rapid clearance
of infectious organisms and also halt or even reverse pla-
que formation in atherosclerosis.
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