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Abstract
Lipid signaling in pathogenic fungi has been studied to determine the
role of these pathways in fungal biology and human infections. Owing
to their unique nature, they may represent targets for future antifungal
treatments. Farnesol signaling was characterized as a quorum-sensing
molecule, with exposure inhibiting filamentation. Research has shown
involvement in both the Ras1-adenylate cyclase and MAP kinase path-
ways. In species of Aspergillus, farnesol exposure induces apoptosis-like
changes and alterations in ergosterol synthesis. Eicosanoid production
has been characterized in several pathogenic fungi, utilizing host lipids
in some cases. The role in virulence is not known yet, but it may involve
modulation of host lipids. Sphingolipid signaling pathways seem to cen-
ter around the production of diacylglycerol in the formation of inositol
phosphorylceramide. Diacylglycerol activates both melanin production
through laccase and transcription of antiphagocytic protein, both of
which are involved in virulence.
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Farnesol (FA):
isoprenoid lipid
involved in quorum
sensing in Candida and
apoptosis in Aspergillus

Eicosanoids: a class
of lipids derived from
fatty acids like
arachidonic acid that
are involved in
inflammation and
immunomodulation
in humans

Sphingolipids: a class
of lipids including
species with N-linked
acylation of a
sphingosine backbone
and several variations
of head groups
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INTRODUCTION

Pathogenic fungi such as Candida, Aspergillus,
and Cryptococcus continue to be a significant
medical issue worldwide. The search for more
effective and specific therapies for these infec-
tions continues to this day. Among the pathways
and systems examined for potential new drug
targets, lipid signaling has emerged as an attrac-
tive and interesting field. The lipid signaling
pathways involving farnesol (FA), eicosanoids,
and sphingolipids in these fungi have been the
best characterized to date.

FARNESOL SIGNALING

One major player in lipid signaling pathways of
pathogenic fungi is FA, a 15-carbon oxygenated
lipid made up of isoprene moieties. FA has the
distinction of being the first quorum-sensing
molecule identified in eukaryotes. Hornby et al.
(26) reported that a lipid-soluble molecule
released into the media was responsible for
inoculum size-dependent growth changes in
Candida albicans, characterized by a reduction
in yeast-to-mycelia transitions. Further evalu-
ations of FA-related phenotypes revealed that
both biofilm formation and hyphal develop-
ment are suppressed in C. albicans. This phe-
nomenon may not be limited to C. albicans, as
there is evidence that FA reduces hyphal for-
mation in C. dubliniensis (23) and alters gene
expression and cell polarization in C. parap-
silosis (55). FA secretion and biofilm forma-
tion have been documented for eight Candida
species under a variety of conditions (66), al-
though C. albicans seems to have the highest FA
secretion.

FA-mediated hyphal blockage was evaluated
under a variety of different conditions, includ-
ing several defined media and serum-containing
conditions (43). C. albicans grown in all defined
media tested showed similar FA-related reduc-
tion in germ tube formation, with about 1 μM
of FA needed to show a 50% decrease. FA sus-
ceptibility was greatly reduced in the presence
of serum (albumin), implying that the dynamics
of FA signaling in relation to pathophysiology
may be more complex than in vitro studies sug-
gest. Mosel et al. (43) also showed that FA had
little effect on existing germ tubes, suggesting
the main role of FA is prevention of formation
initiation. In addition to the effects on hyphal
formation, FA is partially protective against ox-
idative stress (67), but not in a manner that in-
duces classical antioxidant genes such as catalase
or superoxide dismutases.

A potential link between FA production and
pathogenicity was alluded to by Navarathna
et al. (45), who both increased FA produc-
tion and enhanced virulence of C. albicans in
mouse models of infection when the fungus was
pretreated with low concentrations of azoles.
Azoles are a class of antifungal drugs that
inhibits the synthesis of ergosterol, a major
component of fungal membranes. This azole-
induced production of FA had been seen previ-
ously when it was treated with a variety of differ-
ent azoles (27). Farnesyl pyrophosphate (FPP)
is a common precursor to the synthesis of both
FA and ergosterol, the major sterol component
of fungal membranes. Because azole drugs dis-
rupt ergosterol synthesis after the formation of
FPP, treatment with azoles leads to an accumu-
lation of FPP that then leads to an increased
production of FA.

Since this observation, several aspects of
virulence have been examined with respect
to FA. Navarathna et al. (46) created a mu-
tant strain of C. albicans with reduced en-
dogenous FA production and showed that this
strain had reduced virulence in mouse mod-
els compared with wild-type and reconstituted
strains. Additionally, exogenous FA administra-
tion increased murine mortality (46) and al-
tered host cytokine production (46, 47, 58)
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during infection. Shchepin et al. (58) looked
at synthetic compounds comparable to FA in
quorum-sensing attributes in relation to mouse
models of C. albicans infection. They showed
that although the synthetic compounds varied
in their function as virulence factors, neither
of the compounds tested protected mice from
infection. This could imply a strict structural
requirement of these molecules for function.
Taken together, these data further support the
link between FA and Candida pathogenesis and
highlight the need for future investigations into
the exploitation of this molecular process for
therapies.

The various effects of FA on Candida are
clear, but what signaling pathways underlie
these phenotypes? The answer to this question
may be the key to understanding the complex
role of FA in the life cycle and pathogenesis of
this fungus. Some clues to these processes come
from microarray analyses. Cao et al. (6) looked
at gene expression in C. albicans biofilms inhib-
ited by FA exposure. They found that along with
genes involved in processes such as drug resis-
tance and heat shock, the expression of several
genes associated with hyphal formation was al-
tered when exposed to FA. Genes of interest
in this group include TUP1 (dTMP uptake),
PDE2 (phosphodiesterase), and CRK1 (Cdc2-
related kinase). Tup1 is a transcriptional repres-
sor that is upregulated in the presence of FA,
whereas CRK1 and PDE2 are downregulated.
TUP1 downregulation is associated with hy-
perfilamentation, while PDE2 and CRK1 have
been hypothesized to positively effect filamen-
tation. Taken together, FA affects the expres-
sion of these genes in a manner consistent with
the effect of FA treatment on hyphal forma-
tion. Enjalbert et al. (14) studied effects of
FA on gene expression profiles in strains of
C. albicans that had resumed growth after sta-
tionary phase upon transfer to fresh media.
In these cases, FA delayed this rebound of
growth and changed the expression of genes
that are normally affected (positively or nega-
tively) during hyphal formation. Among the af-
fected genes are cyclin genes HGC1, CLN3, and
PCL2 and histone genes. For example, HGC1 is

Hyphae: long
branching filamentous
cells in fungi and the
major type of
vegetative growth

necessary for hyphal development (69) and the
microarray data show that FA exposure down-
regulates HGC1. Another group examined the
expression profile of C. albicans genes in the
early yeast-to-hyphae transition period when
grown in nonenriched media (8). They found
that many genes affected by FA are also af-
fected by high cell density, which would be
expected from a quorum-sensing molecule. In
general, they found that under these conditions
expression profiles were similar to those seen in
studies of gene expression C. albicans following
phagocytosis (38).

Although important to the molecular biol-
ogy of signaling, gene expression alone cannot
determine the specific roles of factors in the cel-
lular processes underlying FA signaling. Fur-
ther examination of some of the genes/proteins
indicated in the microarray studies has yielded
interesting results. Tup1 acts globally to repress
hyphal formation (3). Tup1 interacts with other
proteins such as Tcc1 (30) that function as core-
pressors after complexing with DNA binding
proteins such as Nrg1 (5) and Rfg1 (29, 33),
which are homologous to Saccharomyces cere-
visiae proteins Nrg1p and Rox1p, respectively.
When TUP1 is deleted, the strain shows con-
stitutive filamentous growth with an inability
to grow as yeast (3). Furthermore, activation of
Tup1 and related factors results in a downreg-
ulation of genes that are involved in filament
formation (4, 44). Nrg1 is a repressor of fila-
ment growth, and deletions of NRG1 have phe-
notypes similar to TUP1 deletions (5). nrg1−/−

mutants show no virulence in mouse models of
candidiasis. Another interesting aspect of the
study examines hyphal genes that are affected
by Nrg1, with Tup1-controlled genes ECE1 and
HWP1 (4, 64) constitutively expressed in the
nrg−/− mutant. RFG1 deletion showed a pheno-
type similar to the nrg−/−, and the double mu-
tant showed colonies with a more pronounced
wrinkled appearance than did the singular dele-
tions. Examinations of the link between FA,
Tup1, and these related DNA binding proteins
have shown promising results. Kebaara et al.
(31) recently established this link by examining
the response of various knockout mutants to
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AC: adenylate cyclase

MAP: mitogen-
activated protein

FA. The tup1−/− and nrg−/− mutants do not ex-
hibit a morphological response to FA, whereas
the rfg1−/− mutant does respond to FA. As seen
before, treatment with FA increases TUP1
expression with a concomitant decrease in
hyphae-specific genes such as HWP1 and RBT1.
Interestingly, both tup1−/− and nrg1−/− mu-
tants overproduced FA up to 19 times more than
wild type did. The implications of this finding
suggest a possible feedback mechanism between
Tup1, Nrg1, and the production of FA.

Other pathways seem to be involved in
FA-related changes in the morphology of
C. albicans. Ras1, a GTPase, activates the
enzyme adenylate cyclase (AC), which pro-
duces the common second messenger cyclic-
AMP (cAMP). cAMP activates protein kinase
A (PKA), which phosphorylates many down-
stream factors. One of these is a transcrip-
tion factor called Efg1, which induces the
morphological transition to hyphae (18, 35).
Davis-Hanna et al. (12) established that this
Ras1-AC-PKA-Efg1 pathway is inhibited by FA
and rescued from that inhibition in an Efg1-
dependent manner upon addition of a cAMP
analog, dibutyryl-cAMP.

There is evidence that FA influences
mitogen-activated protein (MAP) kinase cas-
cades through reduced expression of genes such
as HST7 (a MAP kinase kinase) and CPH1 (a
transcription factor involved in hyphal forma-
tion) upon treatment, and the reduced cascade
activity was measured indirectly by showing
general amino acid permease 1 (GAP1) (56).
Because Ras1 is a common factor of the MAP
kinase pathway and the PKA-Efg1 pathway, it
is possible that this is the molecule that FA acts
upon. A summary of factors in farnesol signal-
ing in C. albicans can be found in Figure 1.

Another kinase gene involved in FA response
and quorum sensing in C. albicans is CHK1,
which encodes a histidine kinase. The deletion
of CHK1 led to a strain (chk1−/−) that was unre-
sponsive to FA treatment even at higher doses,
whereas deletion of other histidine kinases such
as Sln1p and Nik1p produced strains that re-
sponded to FA normally (34). This is possibly
connected to previous findings in which CHK1

interacts with MAP kinase, one of its down-
stream regulators, or another yet unidentified
mediator. Chk1 does not appear to be involved
in quorum-related antifungal resistance (52).

The focus of FA signaling thus far has been
on C. albicans, but other pathogenic fungi have
shown responses to FA as well. Recently, biofilm
formation in Pneumocystis carinii has been de-
scribed and is inhibited by exposure to FA in
this pathogenic fungus as well (11). Of note,
some Aspergillus species have shown various ef-
fects upon FA treatment. FA does not affect the
hyphal morphology of A. nidulans, but it does
inhibit conidiation of A. niger (37). Along with
this conidiation inhibition, FA treatment de-
creases the intracellular levels of cAMP, which
is produced by AC. Treatment with inhibitors
of AC induces a phenotype similar to that in-
duced by FA, which suggests that cAMP may
be involved in the mechanism of reduced coni-
diation. A. nidulans does show an interesting
phenotype upon FA treatment, which is con-
sistent with morphological changes associated
with apoptosis (57). This phenotype includes
DNA fragmentation and nuclear condensation.
Recent studies have further examined this phe-
notype and found a decrease in mRNA tran-
scripts for proteins involved in transcription,
translation, ergosterol biosynthesis, and ribo-
somal biogenesis along with an increase in
transcripts for mitochondrial proteins. These
studies found that treatment with FA induces
autophagy and mitochondrial fragmentation.
Ergosterol biosynthesis in A. nidulans seems to
be affected, as evidenced by a punctate distribu-
tion of filipin staining (fluorescent compound
that binds ergosterol) as opposed to the uni-
form distribution of untreated fungi. Because
the studies of ergosterol polarization have in-
volved sphingolipid-rich lipid rafts in C. albicans
(41), it would be worthwhile to further explore
the links between FA exposure and characteris-
tics of lipid raft domains. Of interest to signaling
studies is the observation that the protein kinase
C (PKC)-deficient strain of A. nidulans (calC2)
showed resistance to FA treatment. Some stud-
ies have shown links between PKC and au-
tophagy (51), though not in Aspergillus. Could
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Farnesol

?
Ras 1

AC

cAMP

PKA

Efg1

Hst7(?)

MAP kinase

? 

Cph1

Tup1 

Rfg1

Tup1 complex 

Hyphal formation,
farnesol synthesis? 

Hyphal
formation  

DNA DNA 

Cell membrane

Tpp1 
Nrg1

Figure 1
Known and hypothetical components of farnesol signaling in Candida albicans. Upon treatment with farnesol,
Tup1 global transcriptional repressor associates with Tpp1, Nrg1, and Rfg1 to form a DNA binding
complex. This complex inhibits gene expression of proteins involved in hyphal formation and may play a role
in farnesol feedback pathways. Additionally, farnesol affects components of AC and MAP kinase signaling
pathways. Farnesol may act through a common component, Ras, and inhibit those cascades that eventually
lead to transcription of factors in hyphal formation. Abbreviations: AC, adenylate cyclase; cAMP, cyclic
adenosine monophosphate; MAP, mitogen-activated protein; PKA, protein kinase A.

these FA-related observations be explained by a
common cause involving PKC?

One notable aspect of the research described
above relating to Aspergillus species and FA is
that Aspergillus species do not seem to produce
detectable amounts of FA. This could mean that
the phenotypes described are laboratory arti-
facts and that these phenomena do not occur in
nature. More likely is the idea that FA, in ad-
dition to quorum sensing, is produced by Can-
dida to compete with other organisms such as
Aspergillus. This idea adds a different dimension
to the FA studies, implying a complex system of
regulating not only the growth of Candida itself
but also its competition with other fungi and
microbes for resources. The FA-mediated in-
teraction between Candida and Aspergillus is not
the only documented case of different microor-
ganisms interacting through FA. Pseudomonas

aeruginosa is a gram-negative bacteria that often
coexists with Candida species in clinical situa-
tions such as cystic fibrosis. FA inhibits swarm-
ing motility in P. aeruginosa (42) and reduces
the production of pyocyanin, a known virulence
factor (10).

In summary, many signaling genes and fac-
tors influenced by FA lead to the morphological
changes observed. Although it can seem daunt-
ing, important common factors that appear in
these studies suggest an overall theme of signal-
ing and phenotype. The Ras1-cAMP connec-
tion appears to be common not only in Candida,
but also in several pathways implicated in the FA
response, including Aspergillus. In the past few
years, significant advancements have furthered
our understanding of this signaling molecule.
Future research will revolve around the mech-
anism by which FA activates these pathways,
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PGE2: prostaglandin
E2

COX: cyclooxygenase

alternative pathways involved in these morpho-
logical changes, the role of FA in complex mi-
crobial interactions, and whether FA can be
exploited therapeutically.

EICOSANOID SIGNALING

Although a major player in fungal lipid signal-
ing, FA is not the only lipid molecule that af-
fects signaling pathways in fungi. Eicosanoids
are one such family of lipids that plays roles in
a number of pathogenic fungi. Eicosanoids are
20-carbon-long oxygenated lipids derived from
fatty acids such as arachidonic acid. Included in
the family of eicosanoids are groups of lipids,
such as prostaglandins and leukotrienes, that
have various effects related to immune function
and inflammation in humans.

Noverr et al. (49) first reported the oc-
currence of prostaglandins and leukotrienes in
culture supernatants of Cryptococcus neoformans
and C. albicans. Synthesis of the prostaglandins
appeared to be from both de novo pathways
and salvage of precursors (such as arachidonic
acid) from the media. However, Wright et al.
(68) confirmed that there is no arachidonic
acid produced endogenously by Cryptococcus. C.
albicans takes up arachidonic acid (13).Other
pathogenic fungi synthesize these eicosanoids.
Noverr et al. (50) showed that several differ-
ent strains and species of pathogenic fungi pro-
duce both leukotrienes and prostaglandins in
culture. This production was dramatically in-
creased when arachidonic acid was added to cul-
ture media. Future studies confirmed that the
prostaglandins purified from C. neoformans (15)
and C. albicans (17) were of the prostaglandin
E2 (PGE2) subtype. Once purified, these
prostaglandins exhibited effects on mammalian
cells (including cytokine modulation) similar
to effects exhibited by mammalian PGE2. In-
hibitors of cyclooxygenase (COX), a class of
enzymes that synthesize prostaglandins from
arachidonic acid, have varied effects on these
fungi. Paracoccidioides brasiliensis shows reduced
production of PGE2 when treated with COX
inhibitors (2). In C. albicans, synthesis of PGE2

is stopped by COX and lipoxygenase inhibitors

that are nonspecific with respect to the isoen-
zyme targeted (17). However, compounds that
specifically inhibit the COX2 isoenzyme do no
affect PGE2 production. Alem et al. (1) found
a difference between PGE2 production by sus-
pended Candida and Candida associated with a
biofilm, with the latter producing more. Both of
these conditions showed a block in PGE2 syn-
thesis upon treatment with nonspecific COX
inhibitors. Because C. albicans has no homolog
to COX enzymes, alternative synthesis strate-
gies were examined. Two such enzymes, the
fatty acid desaturase Ole2 and the copper ox-
idase Fet3, were implicated when deletion of
these enzymes produced strains with greatly re-
duced PGE2 synthesis. Given that deletion of
either enzyme did not completely abolish PGE2

production, it seems that other synthesis path-
ways may exist. Taken together, the synthesis
of PGE2 in C. albicans might occur through an
enzyme with some general structural similar-
ity but little homology to the known COX en-
zymes. As for the effect of COX inhibitors on
C. neoformans, the answer is not as clear. Early
reports (49) showed that COX inhibitor treat-
ment decreased the amount of PGE2 in cul-
tures; however, this seemed to result from a
decrease in the number of viable cells.

More recent studies (15) have shown that
COX inhibitor treatment does not affect cryp-
tococcal production of PGE2. Like C. albicans,
C. neoformans has no homolog to known COX
enzymes. These two observations suggest that
an entirely different mechanism of PGE2 syn-
thesis occurs in these fungi. Erb-Downward
et al. (16) followed up on these ideas and
found that several polyphenolic chemicals that
typically inhibit lipoxygenase activity inhibit
production of PGE2. Laccase, the enzyme in
Cryptococcus responsible for melanin synthesis,
binds phenolic substances and therefore was
examined for a role in eicosanoid production.
Deletion or inhibition of laccase resulted in a
lack of PGE2 production, but laccase alone was
unable to synthesize PGE2 from either arachi-
donic acid or prostaglandin H2. Interestingly,
laccase converted prostaglandin G2 to PGE2.
The multicopper oxidase Fet3 is homologous
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to laccase (17). These findings indicate that we
are just beginning to understand prostaglandin
production in Cryptococcus.

Little is known about the direct effect of
PGE2 on these fungi, though Levitin et al. (36)
reported several alterations in the transcription
profile of C. albicans upon exogenous exposure.
Another class of lipids derived from omega-
3-polyunsaturated fatty acids like arachidonic
acid is the resolvins. In human cells, these com-
pounds are anti-inflammatory and affect migra-
tion of neutrophils in later stages of inflam-
mation. Recently, Haas-Stapleton et al. (22)
described the synthesis of fungal resolvins in
C. albicans. The synthesis of these resolvins was
inhibited by lipoxygenase inhibitors, and pro-
duction of these lipids by C. albicans affected
neutrophil chemotaxis, phagocytosis, and in-
tracellular killing at different concentrations.
This finding is more evidence for the role of
eicosanoid-derived lipids in fungal modulation
of the host immune system.

Phospholipases may also play a role in
the eicosanoid signaling story. Phospholipases
cleave fatty acid moieties from larger lipid
molecules. Freeing arachidonic acid and other
eicosanoids precursors from these molecules
is the first step toward prostaglandin synthe-
sis. Cryptococcus phospholipase (PLB1) is cell-
wall-bound secreted, and deletion mutants de-
ficient in this gene show cell wall defects (60)
and reduced virulence in murine models of
cryptococcosis (9). Noverr et al. (48) showed
that this strain was deficient in production of
certain prostaglandins and leukotrienes when
given phospholipid precursors but not when
given arachidonic acid directly. Owing to their
observations that alveolar macrophages showed
growth inhibition of the plb1 strain upon phago-
cytosis, they hypothesized that Plb1 is required
for growth inside macrophages. Wright et al.
(68) found that the prostaglandins synthesized
during the macrophage-Cryptococcus interaction
were derived from host (macrophage) arachi-
donic acid. Treatments, such as tipranavir, that
reduced production of phospholipases in Cryp-
tococcus have shown therapeutic effects on mod-
els of cryptococcosis (7). In summary, phos-

pholipases may play an important role in
prostaglandin metabolism in pathogenic fungi
and should be further evaluated for their role in
virulence and host-fungi interactions.

As mentioned, Candida and Cryptococcus
are not the only pathogenic fungi to pro-
duce eicosanoids. Genes identified in Aspergillus
nidulans and A. fumigatus that are similar to
COX genes also encode fatty acid oxygenases
(63). The strains produced when these genes
(ppoA, ppoB, and ppoC) were deleted showed
deficits in PGE2 production. Further, a triple
deletion mutant lacking all three of the PPO
genes was resistant to oxidative stress and hy-
pervirulent in a murine model of pulmonary
aspergillosis. The authors hypothesize that the
host immune system is further activated by the
fungal prostaglandins in wild-type Aspergillus
and that the triple deletion mutant is hyper-
virulent due to a lack of this activation.

Eicosanoid production and signaling in
pathogenic fungi has made interesting advances
in recent years. Studies presented here have
shown that these oxylipins are produced in
many fungi that are pathogenic to humans, and
that their production may be involved in the
pathogenesis of these fungal infections. Future
studies focused on signaling mechanisms in
these fungi upon autocrine/paracrine exposure
to self-produced eicosanoids would be inter-
esting, especially studies examining more com-
plex effects of these prostaglandins on other
commensal microbes. Another aspect of the re-
search that focuses on fungi-host interactions is
the idea that the fungi are hijacking host lipids
for their own processes. (This phenomenon is
not unheard of; see for example research on
Chlamydia trachomatis in Reference 65). The
exact role that these prostaglandins play in
pathogen virulence and host response would be
crucial for the development of therapies that
target these pathways.

SPHINGOLIPID SIGNALING

A class of lipids gaining new prominence in
both mammalian and fungal research is the
sphingolipid family. In mammals, these lipids,
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IPC: inositol
phosphorylceramide

DAG: diacylglycerol

Pkc1: protein kinase
C1

APP1: antiphagocytic
protein 1

which contain a sphingoid backbone often
bound to an acyl chain by an N-amide linkage,
have shown numerous effects in processes such
as apoptosis, stress responses, and cell prolifera-
tion. In recent years, the role of sphingolipids in
pathogenic fungi, in terms of signaling, growth,
and virulence, has become a rapidly growing
field. Because many of these enzymes and prod-
ucts are structurally distinct from their mam-
malian counterparts, they have the potential for
therapeutic targeting with minimal effects on
the host. Advanced mathematical models have
been created and experimentally tested using
the sphingolipid biosynthetic pathway of C.
neoformans and its relation to pathogenesis (19).

One such enzyme that is unique to the
fungal sphingolipid synthesis pathway is inos-
itol phosphorylceramide (IPC) synthase. IPC
synthase is responsible for the removal of an
inositol-phosphate group from phosphatidyli-
nositol and the transfer of that group to the ter-
minal hydroxy group of phytoceramide. This
reaction forms IPC and diacylglycerol (DAG)
as a byproduct. Examinations of this enzyme
in virulence of C. neoformans have shown that
IPC synthase downregulation causes defects in
melanin production (a known virulence fac-
tor in C. neoformans) and reduced growth in-
side alveolar macrophages. Both of these phe-
notypes may be responsible for the reduced
virulence of strains with impaired IPC syn-
thase (39, 40). The enzyme involved in the
reverse process, inositol phosphosphingolipid-
phospholipase C (Isc1), is also involved in
virulence. Isc1 removes the phosphorylinosi-
tol moiety from IPC, forming phytoceramide.
When this enzyme is deleted, the resulting
strain (�isc1) is hypercapsulated and hypoviru-
lent in immunocompromised mouse models of
cryptococcosis and seems to be an obligate ex-
tracellular pathogen (59). The role of Isc1 likely
revolves around macrophage interactions, as
macrophage depletion results in the dissemi-
nation of the �isc1 strain to the central nervous
system.

The production of DAG by IPC synthase
is a major component of this enzyme’s role in
virulence. DAG seems to regulate cryptococcal

virulence factors in two ways. First, DAG is
a component in the melanin synthesis path-
way. DAG activates PKC in mammalian cells
through binding to the C1 domain of PKC (28).
Heung et al. (25) found that this activation oc-
curs in C. neoformans as well, with DAG pro-
duced from IPC synthase reactions binding to
the C1 domain of the cryptococcal PKC (Pkc1)
(24) and causing an increase in kinase activ-
ity. Deletion of the specific C1 domain stops
the DAG-dependent activation of Pkc1. This
disruption of Pkc1 activity causes alterations
in the cell wall, preventing the enzyme lac-
case (melanin-producing enzyme) from prop-
erly associating. It was shown here that this is
the mechanism by which IPC synthase regu-
lates melanin synthesis. Aside from the effects
on laccase, the involvement of Pkc1 in cell wall
integrity is another aspect of this pathway. Cell
wall integrity is crucial for fungal growth and
virulence, often becoming the target of antifun-
gal therapies. Gerik et al. (21) deleted 10 genes
in the Pkc1 signaling pathway and found that
phosphatase Ppg1 and kinases Bck1 and Mkk2
are all required for proper cell wall integrity.
Along with these defects were predictable im-
pairments in melanin production and capsule
synthesis, as well as protection from oxidative
and nitrosative stresses (20).

The second way that DAG production by
IPC synthase regulates virulence factors is
through the production of antiphagocytic pro-
tein (App1). App1 is not only involved in pro-
tection from phagocytosis, but also binds com-
plement receptors CR2 and CR3 (61). The
importance of App1 in virulence is clear from
the phenotype of the deletion strain �app1,
which is hypervirulent in complement-deficient
mice but hypovirulent in mice with T-cell
deficiencies (39). IPC synthase was indirectly
involved in the transcription of APP1. DAG
produced by IPC synthase activates the activat-
ing transcription factor 2 (Atf2), which binds
to an ATF consensus sequence in the promoter
region of APP1 (62). Upon binding, Atf2 up-
regulates the expression of App1, confirming
another pathway by which DAG from IPC
synthase regulates virulence of C. neoformans.
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Figure 2
Sphingolipid signaling in Cryptococcus neoformans. IPC synthase in C. neoformans produces DAG as a byproduct of IPC synthesis. DAG
binds to the C1 domain of protein kinase C, 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 App1. Both App1 and melanin are virulence factors in C. neoformans. Abbreviations: IPC, inositol phosphorylceramide; PI,
phosphatidylinositol; App1, antiphagocytic protein 1; Pkc1, protein kinase C1 (with C1 domain); DAG, diacylglycerol.

Figure 2 summarizes the IPC regulation of vir-
ulence factors in C. neoformans.

The future of sphingolipid pathway involve-
ment in fungal disease is promising. Fluctu-
ations in the pathway can be predicted with
sophisticated mathematical models (19) and
applied to pathogenesis. The IPC synthase-
related pathways dominate the field of lipid sig-
naling in pathogenic fungi to date, but other
components of the fungal sphingolipid path-
ways are related to virulence. The deletion of
the gene that encodes glucosylceramide syn-
thase (GCS1) in C. neoformans yields a strain
(Δgcs1) that is avirulent in inhalational mouse
models of infection (54). This strain dissem-
inates in a manner similar to Δisc1 when
macrophages are depleted (32). Though the
mechanism of this attenuated virulence is under

examination (53), it is possible that lipid signal-
ing plays a role in this phenotype as well. In
C. albicans, enzymes known as �8-desaturases
are responsible for the unique introduction of
a double bond at the eighth carbon of the
backbone of the fungal ceramide species. The
deletion of this desaturase enzyme resulted
in decreased hyphal growth and morpholog-
ical alterations. Many enzymes in the sphin-
golipid pathway are still being characterized
and deleted and may provide many more links
between these lipids and virulence.

CONCLUSIONS

Lipid signaling in pathogenic fungi is a con-
stantly growing field. New factors and fungal
species are being studied constantly and the
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understanding of existing pathways is always
improving. Aside from giving new insights
into the biology of these important human
pathogens, these pathways may represent a new

class of antifungal treatments, if properly tar-
geted. The discoveries presented here will likely
be the foundation of many new advances in the
years to come.

SUMMARY POINTS

1. FA, a fungal quorum-sensing molecule, inhibits hyphal formation. FA exposure appears
to alter gene expression in Candida and involve Ras, MAP kinase, and histidine kinase
signaling pathways.

2. In Aspergillus, FA treatment induces apoptosis and alters production of membrane lipids
such as ergosterol.

3. Eicosanoid production occurs in many pathogenic fungi. The prostaglandins are pro-
duced using host lipids and may be synthesized to manipulate the host immune system.

4. Sphingolipid signaling affects transcription of antiphagocytic proteins and the production
of melanin in Cryptococcus through the production of DAG by IPC synthase.
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