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Abstract

Sphingolipid involvement in infectious disease is a new and exciting branch of research. Various 

microbial pathogens have been shown to synthesize their own sphingolipids and some have 

evolved methods to “hijack” host sphingolipids for their own use. For instance, Sphingomonas 
species are bacterial pathogens that lack the lipopolysaccharide component typical but instead 

contain glycosphingolipids (Kawahara 1991, 2006). In terms of sphingolipid signaling and 

function, perhaps the best-studied group of microbes is the pathogenic fungi.

Pathogenic fungi still represent significant problems in human disease, despite treatments that 

have been used for decades. Because fungi are eukaryotic, drug targets in fungi can have many 

similarities to mammalian processes. This often leads to significant side effects of antifungal drugs 

that can be dose limiting in many patient populations. The search for fungal-specific drugs and the 

need for better understanding of cellular processes of pathogenic fungi has led to a large body of 

research on fungal signaling. One particularly interesting and rapidly growing field in this research 

is the involvement of fungal sphingolipid pathways in signaling and virulence. In this chapter, the 

research relating to sphingolipid signaling pathogenic fungi will be reviewed and summarized, in 

addition to highlighting pathways that show promise for future research.

Sphingolipid Synthesis

Sphingolipid synthesis in pathogenic fungi is largely conserved among species. Early steps 

in the process, such as the condensation of palmitoyl-CoA with serine to form 3-

ketodihydrosphingosine, are the same in Saccharomyces cerevisiae. S. cerevisiae is often the 

gold standard for model systems, but in this context, that system is limited by the fact that S. 
cerevisiae has very different sphingolipid metabolism from most of the significant fungal 

pathogens. Both S. cerevisiae and fungal pathogens like Candida albicans make 

phytoceramide for instance (a modified ceramide with a carbon 4 hydroxylation on its 

backbone instead of the 3,4 desaturation). Phytoceramide is often conjugated with very long 

chain fatty acids and can be used to make more complex sphingolipids such as inositol-

phosphoryl ceramide (IPC). In addition to this pathway, most pathogenic fungi also 

synthesize a different ceramide that contains the 3,4 desaturation and cannot be referred to 

as phytoceramide. This ceramide is typically conjugated to a 16–18 carbon acyl chain and 

undergoes additional modifications. These modifications include an additional sphingoid 

backbone desaturation between the 8th and 9th carbons and a methylation of that backbone 

on the 9th carbon. Typically, the acyl chain is hydroxylated at the α-carbon position. This 
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modified ceramide is the substrate for an enzyme called glucosylceramide synthase (Gcs1), 

which glycosylates this molecule on the hydroxyl group of the 1st carbon, creating 

glucosylceramide (GlcCer). Though there is no direct evidence of cross talk between the 

glucosylceramide synthase pathway and the pathway leading to the synthesis of inositol-

phosphoryl ceramide-containing lipids, this possibility cannot be ruled out. The structures of 

major fungal sphingolipids are found in Figure 1.

Cryptococcus Neofomans: Model of Sphingolipid Signaling in Fungi

Cryptococcus neoformans is an encapsulated fungal pathogen that primarily affects 

immunocompromised patients (ex. HIV/AIDS patients, transplant candidates and patients on 

long-term steroid treatments). This environmental yeast is inhaled to the lungs, where it can 

live extracellularly or intracellularly (inside the phagolysosomes of alveolar macrophages). 

Infection with this organism is known as cryptococcosis. In some patients, the fungus 

disseminates to the bloodstream, seeding many organ systems, but eventually proliferating in 

the central nervous system. This scenario represents a significant medical emergency, as C. 
neoformans is the leading cause of fungal meningoencephalitis in the world and the disease 

is lethal if left untreated. Cryptococcus has several recognized virulence factors, such as the 

production of melanin and the polysaccharide capsule.

Sphingolipid studies in C. neoformans have revealed some interesting implications for 

signaling pathways involving these molecules. Beyond understanding fungal biology on a 

cellular and biochemical level, the study of the fungal sphingolipid pathway is advantageous 

due to the fact that many of the enzymes and products are distinct in structure and function 

from their mammalian counterparts. This distinction makes them great candidates for drug 

targets.

The best-studied example of this paradigm is inositol-phosphoryl ceramide synthase (Ipc1). 

This enzyme uses phytoceramide and phosphatidylinositol (PI) as substrates, transferring the 

phosphorylinositol moiety to phytoceramide. In addition to the generation of inositol-

phosphoryl ceramide (IPC), diacylglycerol (DAG) is also released as a product of this 

reaction. Early studies on Ipc1 in C. neoformans implicated the enzyme in virulence 

pathways. In strains where Ipc1 is downregulated, melanin production is impaired and the 

strain has growth deficits when inside alveolar macrophages. When tested in mouse models 

of cryptococcosis, the strain lacking Ipc1 was less virulent in comparison to the wildtype C. 
neoformans. Studies on IPC metabolism have also given clues to the role of this reaction in 

virulence. Inositol phosphosphingolipid-phospholipase C (Isc1) is the enzyme that catalyzes 

the reverse reaction of Ipc1, which is to remove the phosphotidylinositol component from 

IPC. A strain of C. neoformans in which this enzyme is deleted (Δisc1) shows reduced 

virulence in immunocompromised mouse models. However, when macrophages are depleted 

in this model, Δisc1 will disseminate and cause meningoencephalitis. The Ipc1/Isc1 balance 

seems to play a role in the interaction between C. neoformans and the alveolar macrophages.

Further studies into the mechanism underlying the connection between Ipc1 and virulence of 

C. neoformans have shown that the production of DAG is a common step of at least two 

separate determinants of virulence in this fungus. As mentioned, early studies 
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downregulating Ipc1 showed impairments in melanin production. This interaction was found 

to be mediated by cryptococcal protein kinase C (Pkc1). DAG, the byproduct of Ipc1 

activity, was found to bind to the C1 domain of Pkc1. This binding led to an increase in Pkc1 

activity and that activation was abolished by the selective deletion of the C1 domain. It is 

known that Pkc1 and several pathway components are required for proper cell wall integrity, 

including the function of some cell wall-associated enzymes. One such enzyme is laccase, 

which is responsible for the synthesis of melanin. The defect in melanin synthesis observed 

in Ipc1-downregulated strains was caused by improper localization of laccase to the cell 

wall, due to reduction in DAG-dependent Pkc1 activity.

Another way in which DAG production has been linked to virulence involves the fungal-

macrophage interaction. C. neoformans has methods to avoid phagocytosis by alveolar 

macrophages when necessary, including the polysaccharide capsule. One such method is the 

production of anti-phagocytic protein 1 (App1). When App1 is deleted, the resulting strain 

(Δapp1) shows reduced virulence in immunocompromised mice. The production of App1 is 

driven, transcriptionally, by the presence of DAG. DAG binds and activates the transcription 

factor Atf2. Atf2 activation promotes the transcription of App1 and thus evasion of 

phagocytosis leading to increased virulence. App1, in addition to regulating phagocytosis, 

has been shown to bind host complement receptors CR2 and CR3, suggesting even more 

complex fungal-host interactions affected by production of DAG in C. neoformans. The 

downstream effects of Ipc1 activity are summarized in Figure 2.

Sphingolipid Signaling in Other Pathogenic Fungi

While many groups have discovered and characterized sphingolipid components of other 

pathogenic fungi, few have delved into the role of these lipids in signaling or cellular 

processes. One such fungus is Candida albicans. C. albicans is a dimorphic fungus that 

normally lives as a commensal organism in the human gut and urogenital tract. In 

immunocompromised patients, C. albicans can cause significant disease, including systemic 

dissemination. Recent evidence in Candida albicans has shown possible sphingolipid 

involvement in endocytosis and plasma membrane functions. Sur7 is a membrane bound 

enzyme known to be involved in sphingolipid membrane makeup in S. cerevisiae. When the 

homolog of Sur7 was deleted in C. albicans, the resulting strain showed defects in hyphal 

morphogenesis, endocytosis and cell wall formation. Confirming the role of sphingolipids in 

this process, blocking sphingolipid synthesis resulted in disruption of Sur7 patches in the 

plasma membrane. Though this has yet to show the definitive role of sphingolipids in this 

process, their involvement is clear. Also, the function and localization of some multidrug 

resistance proteins in C. albicans have been shown to be dependent on membrane 

sphingolipid composition.

Conclusion

The signaling pathway involving Ipc1 and the production of DAG is clearly related to 

virulence in more ways than one. What other sphingolipid metabolic pathways could be 

involved in virulence of C. neoformans and other pathogenic fungi? Recall that in addition 

to IPC-based sphingolipids, most pathogenic fungi synthesize glucosylceramide that is not 
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based on a phytoceramide backbone. The synthesis of these GlcCers requires enzymes that 

introduce the desaturation of the sphingoid backbone between carbons 8 and 9 as well as the 

methylation of the ninth carbon. Examinations into the function of these enzymes as well as 

glucosylceramide synthase have suggested major roles in biology and virulence. In Candida, 
for instance, the sphingolipid Δ8-desaturase, responsible for the backbone desaturation at 

that position, is required for proper hyphal growth. The function of the methyltransferase 

responsible for the C9 methylation seen in most fungi was studied in the plant pathogen 

Fusarium graminerum. Disruption of the enzyme encoding this enzyme resulted in a strain 

that showed defects in virulence, growth and differentiation. When the gene for 

glucosylceramide synthase is deleted in C. neoformans, the resulting strain shows condition-

dependent growth defects as well as a lack of virulence in inhalation mouse models. Taken 

together, these studies are beginning to uncover the roles of the “glucosylceramide branch” 

of sphingolipids in pathogenic fungi. Like enzymes involved in IPC production, many of 

these enzymes are unique to fungi and thus represent attractive possibilities as therapeutic 

targets. Though the signaling mechanisms involved are unclear, these observations may 

represent the beginning of new understandings into the role of sphingolipid signaling in 

pathogenic fungi.
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Figure 1. 
Chemical structures of C26 phytoceramide, C26 inositol phosphoryl ceramide, 

diacylglycerol, C18 α-hydroxy-Δ8, 9methyl-ceramide, C18 α-hydroxy-Δ8, 9methyl-

glucosylceramide (fungal glucosylceramide) and C18 glucosylceramide (mammalial 

glucosylceramide).
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Figure 2. 
Sphingolipid signaling in Cryptococcus neoformans. Inositol phosphoryl ceramide synthase 

1 (Ipc1) in C. neoformans produces diacylglycerol (DAG) in addition to inositol phosphoryl 

ceramide IPC). DAG binds to the C1 domain of protein kinase C1 (Pkc1), which is 

important for cell wall integrity. This integrity is crucial for localization of laccase, the 

enzyme responsible for melanin synthesis. In addition, DAG also activates the transcription 

factor Atf2, which leads to transcription of the antiphagocytic protein 1 (App1). Both App1 

and melanin regulate pathogenicity of C. neoformans.
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