
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Host sphingolipids and fungal infection 

ABSTRACT 
Fungal infections have dramatically increased 
during the last decade and new treatment strategies 
are required. Through a better understanding of 
the pathogenic processes leading to the killing of 
fungal microbes by host immune cells, new 
insights can be gained into the development of 
better therapeutic strategies. Recent studies have 
highlighted the importance of host sphingolipids 
in controlling the host-fungal relationship. This 
review aims to discuss new findings in this area. 
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INTRODUCTION 
Nowadays, fungal infections are more common 
than ever before. The reasons for this are 
manifold. People have a longer life expectancy, 
and more and more of the world’s population has 
compromised immune systems, a major risk factor 
for fungal infection. Likewise, the widespread use 
of antibiotics has contributed to the growing rate 
of fungal infections, as has the success in treating 
diseases like HIV/AIDS which has created a 
subgroup of the population susceptible to fungal 
infections [1]. In order to understand and find new 
 

treatments for fungal infections, especially those 
caused by opportunistic fungi, it is important to 
understand how sphingolipids are involved in the 
regulation of the delicate balance between fungus 
and host. Additionally, new emerging fungal 
pathogens such as Cryptococcus gattii, previously 
thought to be avirulent, have alarmingly been 
responsible for cryptococcosis outbreaks in 
almost exclusively immunocompetent people, 
predominantly in the Pacific Northwest of the 
United States [2-5]. Thus, perhaps, Cryptococcus 
should no longer be considered merely an 
opportunistic pathogen, but one that warrants 
continuing exploration and studies [6, 7]. 
 
Host sphingolipids  
Sphingolipids are a class of lipids that serve not 
only as integral components of eukaryotic cell 
membranes [8, 9], but also act as signaling 
molecules in many cellular functions, playing critical 
roles in regulating patho-biological processes in 
several diseases including cancer, cardiovascular 
and neurodegenerative disorders, inflammation 
and infectious diseases. In mammalian cells, 
ceramide, sphingosine, sphingosine-1-phosphate, 
and glucosylceramide have been the most studied 
sphingolipids, and they regulate important 
processes, including the stress response, cell 
proliferation, apoptosis, angiogenesis, genetic 
diseases, and resistance to chemotherapy 
[10-15]. Microorganisms that do not produce 
sphingolipids, which includes most bacteria, are 
able to use host sphingolipids to promote their 
virulence. Therefore, in the context of bacterium-
host interaction, the host is the source of 
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Among the protozoan surface membrane 
glycolipids, which include lipophosphoglycan and 
glycosylinositolphospholipids, IPCs have been 
found to be the most abundant class [31, 32].  
Leishmania parasites possess a potent neutral 
sphingomyelinase (SMase) called inositol 
phosphosphingolipid phospholipase C-like (ISCL), 
which is responsible for the degradation of both 
host-derived sphingomyelin and parasite-derived 
IPC [33]. This degradation of host-derived 
sphingomyelin (and not parasite-synthesized IPC) 
is essential for Leishmania virulence [33, 34] in 
mammals. 
In host cells, the acid sphingomyelinase-ceramide 
system plays an important role in controlling the 
infection by bacterial pathogens such as Neisseria 
gonorrhoeae, Escherichia coli, Staphylococcus 
aureus, Listeria monocytogenes, Salmonella 
typhimurium and Pseudomonas aeruginosa [35].  
In the case of P. aeruginosa, formation of plasma 
membrane ceramide-enriched platforms (lipid 
rafts) enables internalization of the bacterium, 
which triggers apoptosis of the host cell and 
ultimately kills the pathogen. Infection by 
P. aeruginosa is often associated with cystic 
fibrosis, with mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) 
protein. Localization of CFTR protein to lipid 
rafts is necessary for uptake of P. aeruginosa by 
host cells. In CF patients, the mutated form of 
CFTR protein does not localize to rafts, altering 
the microbe internalization and increasing the 
extracellular proliferation and severity of the 
disease [35, 36].  
 
Fungi  
Apart from work on Cryptococcus neoformans, 
not a great deal is known about the role of host 
sphingolipids on fungal growth and virulence in 
other species, based on Pubmed and Google 
searches. Hence we will focus our attention solely 
on C. neoformans. 
 
Cryptococcus neoformans 
Cryptococcus neoformans is an encapsulated fungal 
pathogen that primarily affects immunocompromised 
patients (for example, HIV/AIDS patients, transplant 
patients and patients on long term steroid 
treatments). Alarmingly, Cryptococcus gattii, 
 

sphingolipids. However in the context of 
protozoan- and fungal-host interaction, both host 
and pathogen sphingolipids are involved.  
 
Parasites and bacteria  
In protozoa, the sphingolipid pathway is dependent 
on the organism and is not conserved among all 
members of the subkingdom [16]. For example, 
the etiologic agents of malaria, Plasmodium 
species, produce mammalian-like sphingolipids, 
while kinetoplastid protozoa such as Giardia, 
Leishmania and Trypanosoma species contain 
fungal-like sphingolipids. Glucosylceramide (GlcCer) 
plays a vital role in regulating cell cycle 
progression, membrane trafficking and stage 
differentiation in G. lamblia [17]. Indeed, current 
data on sphingolipids in pathogenic protozoans 
illustrates the roles these lipids play in multiple 
aspects of cellular life including differentiation, 
replication, trafficking and the synthesis of 
virulence factors [17-19]. In the intracellular 
protozoan Plasmodium falciparum, which resides 
in red blood cells and is the most virulent of the 
four Plasmodium species infecting humans, both 
sphinogomyelin synthase (SMS) [20-23] and 
glycosylceramide synthase (GCS) [24, 25] activities 
have been observed, suggesting that Plasmodium 
has a conserved mammalian-like sphingolipid 
biosynthetic pathway. Inhibition of these two 
enzymes leads to increased intracellular 
concentrations of ceramide and results in growth 
inhibition of the protozoan, suggesting that both 
these enzymes are crucial to the survival and 
virulence of Plasmodium [26]. This is important 
because exogenously added ceramide and 
sphingomyelinase cause a dose- and time-dependent 
inhibition of P. falciparum growth [27], suggesting 
that this approach could be exploited as potential 
alternative therapeutic strategies. 
The kinetoplastid protozoan Leishmania live 
extracellularly within the sand fly midgut, but 
within an acidified, fusogenic phagolysosome of 
the macrophage within the mammalian host 
[19]. The predominant sphingolipids reported 
in L. donovani, the species associated with 
fatal visceral infections, (and eventually among 
all the Leishmania species), are the inositol 
phosphoceramides (IPCs), more typical to those 
found in fungi than in mammalian hosts [28-30].
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growth in the intracellular environment. Inositol 
phosphosphingolipid-phospholipase C1 (Isc1), an 
enzyme that metabolizes fungal inositol sphingolipids 
into phytoceramide, is essential for intracellular 
growth, as it provides protection from acidic, 
oxidative and nitrosative stresses of the 
phagolysosome microenvironment through Pma1-
dependent mechanism(s) [50, 51]. A mathematical 
model of sphingolipid metabolism in Cryptococcus 
neoformans has been developed and the 
predictions on its biochemical sphingolipid 
adaptation to a shift from an alkaline to an acidic 
pH, mimicking the internalization of the fungus 
by phagocytic cells was very reliable and agreed 
well with experimental studies that identified inositol 
phosphorylceramide synthase (Ipc1), inositol 
phosphosphingolipid phospholipase C (Isc1), and 
phytoceramides of different lengths as important 
contributors to the response of Cn to H+ATPase 
pump (Pma1) and ATP-mediated shifts in pH [50]. 
While Isc1 is essential for C. neoformans survival 
within the host phagolysosome, glycosylceramide 
synthase (GCS) is essential for extracellular 
growth [52, 53]. GCS is involved in controlling 
cell-cycle progression and fungal growth in 
environments characterized by a neutral/alkaline 
pH and physiological concentrations of CO2, such 
as the lung alveolar spaces and bloodstream. The 
∆GCS mutant strain is contained within lung 
granulomas and therefore does not disseminate to 
other organs. Several excellent reviews have been 
published that cover these areas in more detail 
[16, 54-59]. 
As components of the sphingolipid biosynthesis 
pathway in mammalian cells, sphingosine kinases 
1 (SK1) and 2 (SK2) catalyse the phosphorylation 
of sphingosine to produce the bioactive 
lysophospholipid sphingosine-1-phosphate (S1P), 
which is well documented to regulate numerous 
facets of the immune system [60], and has been 
called the “Swiss army knife of sphingolipid 
signaling” [61]. The SK1/ S1P pathway is particularly 
important in macrophage function [62] and 
greatly affects the immune response in the lungs 
[63, 64]. It has been shown that SK1 has 
a key role in the formation of a granulomatous 
inflammation in response to pulmonary 
cryptococcosis [65]. In particular, SK1 is essential 
for preventing the dissemination of C. neoformans

previously thought to be avirulent, has recently 
emerged as a pathogen for immunocompetent 
individuals. Thus Cryptococcus can no longer be 
considered merely an opportunistic pathogen 
[2, 6, 7]. This environmental yeast is inhaled 
to the lungs, where it can live extracellularly 
or intracellularly within the phagolysosomes 
of alveolar macrophages. Infection with this 
organism is known as cryptococcosis. Current 
anticryptococcal treatments are still unable to 
completely eradicate the infection, forcing patients 
to remain on life-long antifungal therapy. 
Cryptococcus holds the notable distinction 
as being the only eukaryotic pathogen that 
produces a polysaccharide capsule, which 
consists of glucuronoxylomannan (GXM) and 
galactoxylomannan (GalXM), as well as 
mannoprotein [37]. These components all occupy 
spatially separate and discrete regions in the 
capsule of C. neoformans [38]. This antiphagocytic 
polysaccharide capsule is the major virulence 
factor of the fungus, with melanin being the 
second most important virulence component, and 
the ability to grow at 37°C a third virulence 
factor. Melanin has been shown to interfere with 
numerous host defense mechanisms, and it is well 
known that melanized C. neoformans cells are 
less susceptible to the toxic effects of microbicidal 
peptides than non-melanized cells [39]. In 
addition, melanization protects C. neoformans 
against injury secondary to nitrogen or oxygen 
derived radical attack [40, 41]. The regulation of 
these three virulence factors has been reviewed 
recently in several excellent works [42-47]. 
In C. neoformans, a novel regulatory pathway 
initiated by the sphingolipid enzyme inositol 
phosphoryl ceramide (IPC) synthase (Ipc1) has 
been identified [48, 49]. The effects of Ipc1 on 
melanin production was found to be potentially 
propagated through the production of diacylglycerol 
(DAG) and subsequent activation of protein kinase 
C1 (Pkc1) through its C1 domain.  This putative 
Ipc1-DAG-Pkc1 pathway was the first evidence 
that the sphingolipid pathway is critical to the 
regulation of fungal virulence and established a 
key role for DAG generated from sphingolipid 
metabolism [49]. In addition to Ipc1, other enzymes 
of the sphingolipid pathway have also been 
identified as essential regulators of C. neoformans 
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SMS activity and the levels of the lipids regulated 
by SMS (namely SM and DAG) as measured 
by electrospray ionization-mass spectrometry 
(ESI-MS), were up-regulated during neutrophil 
differentiation (using the HL-60 cell model system) 
[74]. Therefore it is hypothesized that secretion of 
anti-cryptococcal factors, such as myeloperoxidase, 
defensins, and others, may be under the control 
of the SMS-DAG-Pkd1 pathway. The use of 
matrix-assisted laser desorption-ionization mass 
spectrometric imaging (MALDI-MSI) of CBA/J 
mouse lung tissue infected with C. neoformans 
revealed that specific SM species (SM16:0) were 
associated with infiltration of neutrophils at the 
infection site. This study established a key role for 
SMS in the regulation of the killing activity of 
neutrophils against C. neoformans through a 
DAG-PKD1 dependent mechanism, and provided 
new insights into the protective role of host 
sphingolipids against a cryptococcal infection. 
A more recent study focusing on further 
understanding the cryptococcal-neutrophil 
relationship and secreted anti-cryptocccal factor(s) 
has shown that unlike Candida albicans, 
neither the presence nor the capsule size of 
C. neoformans cells have any effect on neutrophil 
viability [75]. Interestingly, melanized C. neoformans 
cells totally abrogated the killing activity of 
neutrophils. It was found that pre-incubation with 
live but not “heat-killed” fungal cells significantly 
inhibits further killing activity of the medium 
(obtained from neutrophils) that contained 
anti-cryptococcal factors. MALDI imaging was 
again used to visualize the spatial distribution of 
lipids within thin sections of lungs from infected 
immunocompromised mice lacking T and natural 
killer (NK) cells (Tgε26 mice). These mice still 
have fully functional neutrophils, but since 
C. neoformans occurs in patients with low T cell 
counts (for example, HIV patients) [76, 77], the 
authors wished to explore whether SMS activity 
would still have a role against the fungus under 
conditions of T cell deficiency [75]. It was 
found that SM16:0 is observed in the 
immunocompromised mouse lung similarly as in 
the immunocompetent lung, suggesting that NK 
and/or T cells are not necessary to produce a basal 
level of the sphingolipid. When the lungs were 
infected with C. neoformans though, it was 
observed that SM16:0 was elevated only at day 12 
 

when the host and/or C. neoformans factors 
promote intracellular parasitism, thereby indicating 
(indirectly) that the product of SK1 activity, S1P, 
affects the phagocytosis of C. neoformans by 
alveolar macrophages (AMs). McQuiston et al. 
have examined the effects of extracellular S1P on 
the AMs-C. neoformans interaction and investigated 
which S1P receptor is involved in this interaction 
[66]. Extracellular S1P increases the phagocytosis 
of C. neoformans by AMs through S1P receptor 2 
(S1PR2). Using S1PR2-knockout mice the authors 
observed that AMs from these mice had decreased 
expression of Fcγ receptors and, thus, they 
ingested fewer C. neoformans compared with 
wild-type AMs. This suggests that the S1P-S1PR2 
interaction and the consequent Fcγ regulation 
are important for favoring phagocytosis of 
C. neoformans. 
Another intriguing sphingolipid metabolizing 
activity in host cells is carried out by sphingomyelin 
synthase (SMS) which is encoded by two genes: 
SMS1 and SMS2 [67-69]. SMS transfers a choline 
phosphate moiety from phosphatidylcholine (PC) to 
ceramide, thereby producing sphingomyelin (SM) 
and DAG [50, 68, 70]. This enzyme is particularly 
important because not only does it produce SM, a 
key component of cellular membranes, but also 
because it regulates the level of two bioactive 
lipid molecules such as ceramide and DAG. Since 
(a) ceramide can regulate transcription factors, 
such as NF-kB involved in cytokine production 
[71], (b) DAG controls antifungal activity by 
neutrophils through reactive oxygen species 
(ROS) production [72], and (c) SM has been 
implicated in controlling the host immune response 
in phagocytic cells [73], SMS plays an important 
role in the host.  
Recently it has been identified that the host 
sphingolipid pathway in host immune cells, 
particularly neutrophils, is required to exert their 
killing activity on C. neoformans [74]. In particular, 
the inhibition of SMS activity profoundly impaired 
the killing ability of neutrophils by preventing the 
extracellular release of an anticryptococcal 
factor(s). Indeed, inhibition of protein kinase D1 
(Pkd1), which controls vesicular sorting and 
secretion, and which is regulated by DAG produced 
by SMS, also totally blocked the extracellular 
killing activity. The expression of SMS genes, 
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