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Abstract: The phospholipids phosphatidylserine (PS) and phosphatidylethanolamine (PE) play 
important roles in the virulence of Candida albicans and loss of PS synthesis or synthesis of PE from 
PS (PS decarboxylase) severely compromises virulence in C. albicans in a mouse model of systemic 
candidiasis. This review discusses synthesis of PE and PS in C. albicans and mechanisms by which 
these lipids impact virulence in this fungus. This is further compared to how PS and PE synthesis 
impact virulence in other fungi, parasites and bacteria. Furthermore, the impact of PS asymmetry 
on virulence and extracellular vesicle formation in several microbes is reviewed. Finally, the 
potential for PS and PE synthases as drug targets in these various kingdoms is also examined. 
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1. Introduction 

Understanding the roles for lipids in the virulence of microbial pathogens has long been an area 
of interest. Virulence is a broad area of study, encompassing both host and microbial factors, 
however, within the last decade the role of microbial physiology in virulence has become more 
appreciated. Many microbes have complex life cycles or reside in a variety of locations and must 
sense their environment in order to survive and reproduce. This adjustment to environmental stimuli 
(e.g. nutrient availability, temperature, pH) plays a large role in the metabolism and virulence of 
microbes [1–3]. 

Lipids are one of the four main macromolecules (along with nucleic acids, proteins and 
carbohydrates) essential for cells to function. Depending on their properties, lipids can have many 
roles in the cell including control of membrane structure and fluidity [4,5], signaling [6], facilitating 
membrane-associated functions [4,7], virulence [8–12] and drug resistance [4,13,14]. A great deal of 
research has been conducted to help better understand the role that lipids play in virulence across 
species and even within strains of the same species [15–17]. 

Within the broad category of lipids are many different subtypes, including sphingolipids, 
phospholipids and sterols. Nearly all of these have been implicated in virulence across a wide range 
of pathogens [11,18–22]. Furthermore, some microbes have been shown to have the ability to take up 
host fatty acids which alter the microbes’ membranes, allowing them to resist antibiotics and other 
stressors [23–26]. While there are many reviews describing the general role of lipids in microbial 
pathogenesis [18,19,27–29], this review will focus on a specific subset of aminophospholipids, 
phosphatidylserine (PS) and phosphatidylethanolamine (PE) and their roles in microbial 
pathogenesis. PS and PE have been subject to fewer studies than some other phospholipid classes 



J. Fungi 2018, 4, 28  2 of 14 

 

regarding their roles in virulence. However, a number of more recent reports reveal interesting roles 
for PS and PE in the virulence of Candida albicans as well as a variety of protozoan and prokaryotic 
pathogens. This communication will briefly review PS and PE synthesis and then cover the role of PS 
and PE as regulators of virulence in C. albicans. We will compare this to what has been learned in 
other eukaryotic pathogens and a few prokaryotes. 

2. Phosphatidylserine and Phosphatidylethanolamine Synthesis in Microbes 

2.1. Phosphatidylserine Synthesis Is Similar between Fungi and Bacteria 

PS is a negatively charged phospholipid with a glycerol backbone and two fatty acid tails (Figure 
1A). In bacteria and fungi, PS is produced from two substrates: cytidine diphosphate diacylglycerol 
(CDP-DAG) and serine (Figure 2). Although the enzymes responsible for this reaction can differ 
greatly in primary sequence between fungi and many prokaryotes (excepting some bacteria like 
Bacillus subtilis or Sinorhizobium meliloti whose PS synthase is similar to S. cerevisiae) the mechanism 
by which they produce PS is similar [4,30–36]. In mammals and many parasites like Trypanosoma 
brucei, PS is produced through a base-exchange reaction. In mammals, head groups of existing 
phosphatidylcholine (PC) and PE are cleaved off by two different enzymes, phosphatidylserine 
synthase-2 (PSS2) and phosphatidylserine synthase-1 (PSS1) respectively and replaced with serine to 
produce PS [34,37–39] (Figure 3). 

 
Figure 1. The structure of (A) phosphatidylserine and (B) phosphatidylethanolamine. 
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Figure 2. Phospholipid Biosynthesis Pathways in Fungi. Yeasts like C. albicans and S. cerevisiae 
synthesize phospholipids via both an endogenous pathway, the de novo pathway and an exogenous 
pathway, the Kennedy pathway. The precursors for producing the most common phospholipids are 
phosphatidic acid (PA) and CDP-DAG. CDP-DAG is then converted to phosphatidylinositol (PI), PS, 
or phosphatidylglycerol (PG). The endogenously produced PS can be decarboxylated into PE and 
then further methylated into PC. In the Kennedy pathway, exogenous ethanolamine (Etn) and/or 
choline (Cho) are brought into the cell and converted into PE and PC. Abbreviations: CDP-DAG—
cytidine diphosphate diacylglycerol; PS—phosphatidylserine; PE—phosphatidylethanolamine; CL—
cardiolipin; PC—phosphatidylcholine; Etn—ethanolamine; Cho—choline, Etn-P—
phosphoethanolamine, Cho-P—phosphocholine, CDP-Etn—cytidyldiphosphate-ethanolamine, 
CDP-Cho—cytidyldiphosphatecholine, Ser—serine. 

 
Figure 3. Phospholipid Biosynthesis Pathways in mammals and parasites. Mammals acquire 
phospholipids via both an endogenous pathway, the de novo pathway and a scavenging pathway, the 
Kennedy pathway. Headgroups of existing PE and PC can be cleaved and replaced with serine to 
produce PS. PS can be decarboxylated to produce PE. PE can then be methylated three times to 
produce PC. In the Kennedy pathway, exogenous ethanolamine (Etn) and/or choline (Cho) are 
brought into the cell and converted into PE and PC. In some parasites, serine (Ser) can be directly 
decarboxylated to Etn by serine decarboxylase (SDC). Other abbreviations: PS—phosphatidylserine; 
PE—phosphatidylethanolamine; PC—phosphatidylcholine; Etn—ethanolamine; Cho—choline. 
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2.2. Phosphatidylethanolamine Is Synthesized by a Variety of Pathways 

Phosphatidylethanolamine (PE) is considered a major phospholipid in many eukaryotic 
organisms and some prokaryotes. It is an uncharged, non-bilayer forming phospholipid due to its 
small head group, which causes a cone-like shape for its structure (Figure 1B). In eukaryotes and 
most prokaryotes that contain it, PE is produced by the decarboxylation of PS [4,5,30,40,41]. However, 
in many eukaryotes PE can alternatively be made from ethanolamine via a scavenging pathway 
known as the Kennedy Pathway (Figures 2 and 3) [42]. In the Kennedy pathway, ethanolamine is 
taken up by the cells and phosphorylated to produce phosphoethanolamine, which is then condensed 
with CTP to produce CDP-ethanolamine. The third and final step is condensation of CDP-
ethanolamine with diacylglycerol (DAG) to generate PE and CMP [43]. 

Although the CDP-DAG and Kennedy pathways are the most common routes employed to 
generate PE in mammals and fungi, there are alternative mechanisms that produce PE or its 
precursors in other microbes. In the bacterial plant pathogen Xanthomonas campestris, a bifunctional 
cardiolipin/PE synthase was identified. X. campestris produces PE by the decarboxylation of PS; 
however, upon the deletion of PS decarboxylase, growth of the organism was partially restored when 
exogenous ethanolamine was supplemented. Researchers identified a putative cardiolipin synthase 
gene that, in addition to making CL from CDP-DAG and phosphatidylglycerol-phosphate, could 
produce PE from CDP-DAG and ethanolamine. This process, which may be important in certain 
conditions, seems to be restricted to Xanthomonadales and Pseudomonadales orders based on 
phylogenetic analysis [44]. 

In the kinetoplast parasites such as Trypanomes and Leishmania, the Kennedy pathway appears 
to be the key method of synthesizing PE. In Trypanosoma brucei PE is maintained within the cell in 
two distinct pools [38]. For Leishmania most of the ethanolamine used to produce PE is not taken up 
from the environment but is produced within the organism by cleaving sphingosine-1-phosphate to 
form long chain fatty aldehydes and phosphoethanolamine. The phosphoethanolamine can be 
funneled directly into the second step of the Kennedy pathway where phosphoethanolamine is 
converted to CDP-ethanolamine (Figure 3) [45,46]. This cleavage is carried out by the enzyme 
sphinosine-1-phosphate lyase (Dpl1), which is also found in other microbes such as S. cerevisiae. In 
yeast, Dpl1 can support growth of yeast in the absence of PS decarboxylase (psd1∆ psd2∆) and 
exogenous ethanolamine, indicating that it can support PE synthesis by the Kennedy pathway in 
yeast as well. However, under normal conditions, Dpl1 is not a major source for PE synthesis in this 
organism [47–49]. Yeast also have the ability to take up and acylate lyso-PE to produce PE or remodel 
existing PE species [50–55]. Candida albicans has a Dpl1 homolog but a role for it in PE synthesis has 
not been tested. 

The apicomplexan parasites also have unusual characteristics regarding PS and PE. The malaria 
parasite Plasmodium falciparum can acquire ethanolamine for the Kennedy pathway by directly 
decarboxylating serine into ethanolamine, by means of the serine decarboxylase (SDC) enzyme, an 
enzymatic activity shared with plants but not animals or fungi (Figure 3) [56]. 

In the intracellular apicomplexan parasite Toxoplasma gondii, PE is produced via the Kennedy 
pathway and via the decarboxylation of PS in the mitochondria [57] as is seen in fungi or mammals. 
However, T. gondii also has unusual versions of the canonical base-exchanging PS synthase and PS 
decarboxylase enzymes. First, in addition to an internal, membrane-bound PS decarboxylase, it has 
a second, soluble PS decarboxylase enzyme (TgPSD1) that is secreted extracellularly from T. gondii 
cells and appears to decarboxylate PS to PE in the parasitophorous vacuole, an organelle within the 
host where T. gondii reproduces [57]. This is unusual because both PS decarboxylase and PS synthase 
are typically membrane bound enzymes with multiple transmembrane domains, although there have 
been other reports of hyper-expressed PS decarboxylase enzymes dissociating from the cytoplasmic 
membrane in bacteria [58] and in Plasmodium falciparum [59,60]. The function of secreted TgPSD1 
within the parasitophorous vacuole is not entirely clear but it could potentially help damage the host 
cell membrane to allow T. gondii to escape the parasitophorous vacuole when it lyses the cell. 
Furthermore, the secreted enzyme may bind liposomes and host membranes to allow for membrane 
biogenesis and parasite replication. Third, the secreted enzyme may suppress PS exposure on the 
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apoptotic host cell, thereby avoiding phagocytosis and allowing the parasite to replicate and avoid 
the immune system. While these are all possible roles, the exact reasons for its unique function still 
remain to be elucidated [61]. T. gondii also appears to have the ability to take up host PE (possibly via 
a permease) when production of PE is inhibited intracellularly, further increasing the survival and 
fitness of this organism [57]. 

3. PS and PE Can Act as Modulators of Virulence in Candida, Bacteria and Parasites 

3.1. Candida albicans Requires PE Synthesis from PS to Be Virulent 

Candida albicans is a commensal fungus that normally inhabits the gut and skin of healthy people. 
However, immunocompromised individuals are at a high risk of developing bloodstream infections 
where C. albicans can infect the deep organs leading to sepsis [62–64]. C. albicans is known to produce 
several virulence factors including hyphae, adhesins, lipases, proteases and the more recently 
described candidalysin [65,66]. It is also able to hide itself to a limited extent from the innate immune 
system by a process called masking. Yeast cell walls contain four main components: chitin, 
mannosylated proteins (mannan), β(1-6)-glucan and β(1-3)-glucan. These components are 
differentially enriched into two layers, with chitin, β(1-6)-glucan and β(1-3)-glucan in the inner layer.  
Mannan makes up the majority of the outer surface layer of the cell wall, and β-glucans and chitin 
are “masked” beneath. β-(1,3)-glucan is a pathogen associate molecular pattern (PAMP) that can be 
detected by the innate immune receptor Dectin-1 as a signal that the host is infected by a fungal 
pathogen [67]. Dectin-1 is found on macrophages, dendritic cells, neutrophils and some other 
immune cells. The proposed layered topology, where mannan masks the immunogenic molecule β(1-
3)-glucan is a method of innate immune system evasion by this yeast [21]. Disruption of this layering 
(i.e. unmasking) makes it easier for the host to recognize β(1,3)-glucan and detect the fungus [68–70]. 

It has been shown that the fungal phosphatidylserine (PS) synthase, Cho1, is absolutely required 
for virulence of C. albicans. In a mouse model of systemic infection, the cho1∆∆ deletion mutant is 
unable to cause infection, while mice infected with wild-type or cho1∆/∆::CHO1 reintegrant strains 
die within two weeks [71]. In addition, cho1∆∆ exhibits significant reduction in kidney colonization 
and is completely cleared from the mice, even when they are made neutropenic with 
cyclophosphamide [72]. In contrast, mice infected with wild-type C. albicans show high kidney 
burden before succumbing to infection [71]. 

In addition to a complete loss of PS, the cho1∆∆ mutation also causes a loss of PE synthesized 
from PS (Figure 2) [41]. This suggested that the avirulence could be caused by loss of PE as well as 
PS. A major difference between cho1∆∆ and psd1∆∆ psd2∆∆ is that only cho1∆∆ has increased β(1-3)-
glucan unmasking in its cell wall, increasing host immune recognition of this microbe [21]. Thus, 
other underlying factors related to loss of PE play a role in the loss of virulence but cell wall 
unmasking driven by the loss of PS may contribute to avirulence in the cho1∆∆ mutant, as well. The 
mechanisms responsible for cell wall unmasking in the cho1∆∆ mutant are currently under 
investigation. 

These defects in virulence in the cho1∆∆ and psd1∆∆ psd2∆∆ mutants are manifest despite the 
presence of an alternative Kennedy pathway for PE synthesis (Figure 2). This brings up questions as 
to whether Kennedy pathway synthesized PE is able to compensate for PS-derived PE or if cells are 
unable to make sufficient PE by the Kennedy pathway. Furthermore, this also opens the question of 
how much of a role the loss of PS alone plays in virulence and whether this impact occurs via 
unmasking. 

Due to these virulence defects and the reasons that follow, Cho1 represents a good drug target 
in C. albicans (Table 1 and Figure 4A) [71,73]. First, as loss of Cho1 renders C. albicans avirulent in 
mice, inhibition of Cho1 is predicted to render C. albicans nonpathogenic in humans. Secondly, since 
the mammalian PS synthase enzymes are not orthologous with the fungal PS synthase, an inhibitor 
of Cho1 should be very specific for fungi without affecting mammalian Pss1p and Pss2p (compare 
Figures 2 and 3). Identification of small molecule inhibitors of Cho1 as potential therapeutics is a 
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priority [73]. Third, Cho1 is conserved throughout pathogenic fungi, so an inhibitor could be broad 
spectrum [74]. 

Table 1. Potential drug targets among phosphatidylserine and phosphatidylethanolamine synthesis 
enzymes. 

Target/Enzyme Activity Organism 
Phospholipid 

Product 
Inhibitor(s) * 

Other 
Potential 

Pathogens 
Ref. 

Cho1/Phosphatidylserine 
synthase 

Candida 
albicans 

phosphatidylserine NA 
Conserved in 

fungi 
[71] 

PssA/Phosphatidylserine 
synthase 

Brucella 
abortus 

phosphatidylserine NA 
Conserved in 
gram negative 

bacteria 
[75] 

PfPSD/Phosphatidylserine 
decarboxylase 

Plasmodium 
falciparum 

Phosphatidyl-
ethanolamine 

7-chloro-N-(4-
ethoxyphenyl)-4-

quinolinamine 
(MMV007285) 

Conserved in 
parasites, 
fungi and 

some bacteria 

[59] 

PfCK/ Ethanolamine kinase 
activity of choline kinase 

Plasmodium 
falciparum 

Phosphatidyl-
ethanolamine 

BR23, BR25 unknown [76] 

* published molecules that can inhibit enzyme activity; NA-not applicable, as no inhibitors have been 
reported 

 
Figure 4. Potential targets and inhibitors for phosphatidylserine and phosphatidylethanolamine 
synthesis. (A) Potential inhibition points for the de novo pathway. The phosphatidylserine (PS) 
synthase from fungi (Cho1) and some bacteria (PssA) that convert cytidine diphosphate 
diacylglycerol (CDP-DAG) and serine (Ser) to PS would be good candidates for inhibitor 
development. In addition, the PS decarboxylase enzyme (PSD) that converts PS to 
phosphatidylethanolamine (PE), which could potentially impact parasite, fungal and select bacterial 
pathogens is a good point for intervention, and the compound MMV007285 has been reported to 
inhibit PSD activity in Plasmodium falciparum. (B) The ethanolamine kinase activity of the Plasmodium 
falciparum choline kinase (PfCK) in the Kennedy pathway can be inhibited by the compounds BR23 
and BR25 and appears to be a good point for intervention. Red lines describe points where inhibitors 
have been discovered (MMV007285 and BR23 and BR25) or are lacking, but would be good points for 
intervention (??). Other abbreviations: Etn—ethanolamine; Etn-P—phosphoethanolamine, CDP-
Etn—cytidyldiphosphate-ethanolamine. 

3.2. PS Inhibitors Could Be Effective against Some Bacterial Pathogens 

Fungal PS synthase inhibitors should be effective against fungal pathogens but they may also be 
effective against select bacterial pathogens as well. For example, Brucella abortus requires PS synthesis 
for virulence. This bacterium is the causative agent of brucellosis which can be a severe and chronic 
infection within humans. This organism is a facultative, intracellular pathogen that typically resides 
within a specific compartment in the host cell called the Brucella-containing vacuole (BCV). From this 
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location, B. abortus can control the host cell machinery and replicate. Several factors contribute to B. 
abortus virulence including immune modulators, smooth lipopolysaccharide (LPS) and cyclic β-
glucans. However, recent studies have shown that the membrane phospholipid composition is 
crucial for interaction of the microbe with the host cells [75,77]. For example, phosphatidylcholine 
(PC)—one of the main phospholipids produced in this microbe—is necessary for the organism to set 
up a chronic infection in a murine model [77,78]. Furthermore, PS and PE play significant roles in 
virulence as well. A mutant of the phosphatidylserine synthase (pssA), was produced, and although 
PS is not considered a major phospholipid within B. abortus, this enzyme is crucial for production of 
PE (Figure 2) [75,79]. The pssA mutant has a loss of PE and shows increased sensitivity to membrane-
perturbing agents like SDS. The pssA mutant also shows decreased survival intracellularly in tissue 
culture cells and shows a marked decrease in maturation of the BCV that protects the bacteria 
intracellularly. Finally, a marked decrease in virulence is found in the pssA mutant as compared to 
the wild-type within a mouse model of infection [75]. Although the exact impact on virulence is not 
known, it is thought that PE contributes to BCV formation. Furthermore, by disrupting the structure 
of the membrane, it is possible that important protein complexes or virulence determinants are also 
disrupted which negatively affects the organism’s ability to survive within host cells. 

The pssA gene is also important for growth in Escherichia coli but it has only been examined for 
its role in growth in non-pathogenic laboratory strains. Deletion of pssA in E. coli causes not only a 
decrease in PS and PE but it also causes a growth defect unless the media is supplemented with 
divalent cations like Ca2+ or Mn2+ [80]. Further investigations into the role for PS synthase in the 
pathogenesis of Gram negative organisms is warranted as it may be important for virulence in a 
variety of these pathogens (Table 1 and Figure 4A). 

3.3. PE Synthesis Inhibitors Could Be Effective against Eukaryotic Pathogens 

The PS decarboxylase enzymes that convert PS to PE (Psd1 or Psd2) are required for virulence 
of C. albicans as described above, thus these enzymes may be good drug targets in addition to Cho1. 
However, work on development of eukaryotic PS decarboxylase inhibitors has made greater progress 
in parasites than in fungi. 

Plasmodium parasites are the causative agents of malaria, which is one of the most important 
health problems in the developing world. Finding new treatments with novel modes of actions to 
better combat this pathogen is a major area of current research because of the rising resistance to 
existing anti-malarial therapies. The Plasmodium PS decarboxylase (PSD) enzyme has been suggested 
as a drug target since PE is an essential phospholipid in Plasmodium. Indeed, inhibition of PSD results 
in growth arrest of the parasite [59,76,81]. Recent findings have shown that the PSD enzyme from 
Plasmodium falciparum, (found in both soluble and membrane-bound forms in this organism) can 
complement yeast psd mutants [59]. Furthermore, screening a library of known malaria inhibitors 
identified a particular compound, 7-chloro-N-(4-ethoxyphenyl)-4-quinolinamine (MMV007285), with 
potent activity against Plasmodium and the ability to inhibit the catalytic function of PSD (Table 1 and 
Figure 4A) [59]. 

In addition to PS decarboxylase, the choline kinase (CK) is crucial for PE synthesis in Plasmodium 
and has been suggested as another drug target [76]. This enzyme is involved in the Kennedy Pathway 
where choline and ethanolamine are taken up from the environment and used to produce PC and 
PE, respectively (Figure 3). Recent work has found that known anti-cancer compounds BR23 and 
BR25 that inhibit human choline kinase cause a dramatic drop in the levels of PE within P. falciparum 
but not PC, as these compounds influence PE synthesis more than PC synthesis in this parasite [76]. 
The CK of P. falciparum is involved in both choline and ethanolamine phosphorylation but the drugs 
seem to primarily impact ethanolamine phosphorylation, rather than choline phosphorylation, 
explaining the differential effects on PE and PC synthesis. Treatment with either drug led to arrested 
development of the parasite, likely as a result of the loss of membrane PE and ultimately were lethal 
[76]. These findings demonstrate the importance of PE biosynthesis in survival and pathogenicity of 
some microbes and are some of the first studies where small molecule inhibition of an ethanolamine 
kinase in a pathogen has led to promising lead inhibitory compounds (Table 1 and Figure 4B). 
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Finally, although P. falciparum has two different pathways to make PE, (both CDP-DAG and 
Kennedy, Figures 2 and 3), loss of either pathway appears to be sufficient to compromise its growth. 
This is surprising and indicates several possible explanations: (1) the molecular species of PE made 
from the two pathways differ and each is crucial for virulence; (2) localization of PE synthesis for 
each pathway differs (PSD is in the mitochondria while the Kennedy pathway synthesizes PE in the 
ER) and PE made in one location is not sufficient to make up for the other; (3) the volume of PE made 
by either pathway alone is not sufficient to support virulence [59,76]. 

The ability of PS decarboxylase inhibitors to block fungal infections needs to be tested since Psd1 
and Psd2 are required for virulence. The effectiveness of choline/ethanolamine kinase inhibitors in 
this fungus is unclear, as the role of the Kennedy pathway in the virulence of fungi like Candida 
albicans has not yet been reported. 

4. PS Symmetry in the Membrane Plays a Role in Virulence 

The lipid composition in the microbe’s membranes can play a role in promoting virulence but 
the symmetry of lipids can also play an important role. For example, the symmetry of PS can impact 
a microbe’s uptake by host cells (e.g. phagocytosis by host macrophages). 

4.1. Cryptococcus neoformans Lipid Flippase Impacts Virulence 

Cryptococcus neoformans is a facultative intracellular fungal pathogen that is a leading cause of 
fungal pathogenesis worldwide [82]. A recent study has demonstrated that Cdc50, a regulatory 
subunit for lipid flippases that are responsible for maintaining asymmetry in the phospholipid 
bilayer, is required for virulence [83]. Upon deletion of Cdc50, C. neoformans becomes more sensitive 
to fluconazole, caspofungin and SDS, likely due to a change in membrane integrity. In mice, the 
cdc50∆ mutant is unable to cause a robust infection and is cleared from the lungs, further implicating 
this protein as a virulence factor. The exact mechanism behind this loss of virulence is currently still 
under investigation. However, PS is normally localized to the inner leaflet of the plasma membrane 
and is not exposed to the outside of cell, but in the cdc50∆ mutant there is increased exposure of PS 
to outside of the membrane. This provides support for the importance of proper PS symmetry for the 
virulence of this fungus. These results suggest that enzymes needed to maintain PS asymmetry 
represent good drug targets within Cryptococcus. In addition, since the cdc50∆ mutant showed greater 
susceptibility to caspofungin, a common antifungal drug that Cryptococcus is naturally resistant to, 
further exploration of phospholipid flippases or membrane asymmetry could improve the 
effectiveness of echinocandins against the fungus. The role of such flippases remains to be studied in 
Candida spp. and could be an exciting area of study. 

4.2. PS Exposure in Parasites Facilitates Invasion of Host Cells 

Changes in PS symmetry can actually improve virulence in some parasites. Leishmania braziliensis 
is known to have multiple virulence factors associated with disease including cell surface molecules 
like lipophosphoglycan (LPG) and carbohydrates. In addition, PS also serves as a ligand for 
mononuclear macrophages. Leishmania tropica promastigote forms expose higher levels of PS on their 
surface during the infective growth phases [84]. Furthermore, amastigotes of Leishmania amazonensis 
with higher levels of PS on the cell surface had increased infectivity in vivo and in vitro [85]. These 
findings indicate that a higher concentration of PS on the surface of these organisms increases the 
chances of being internalized by the host macrophages [85]. The PS exposed on the membrane of the 
parasite is thought to play a role in apoptotic mimicry, allowing L. brasiliensis to establish an infection 
within the host [86,87]. When PS exposed on the surface of L. brasiliensis, Leishmania tropica or L. 
amazonensis is blocked with annexin V, the infectivity of the parasite in murine peritoneal 
macrophages is decreased [84–86,88,89]. 

Interestingly, PS exposure seems to have importance even beyond the initial entry into host 
macrophages as well. In L. amazonensis and L. major, subpopulations of PS-positive and PS-negative 
promastigotes cooperate to produce a sustained and successful infection of host macrophages [89,90]. 
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L. amazonensis amastigotes with high levels of PS exposed on their cell surfaces are able to induce 
cytokine production as well as inhibit NO production [85]. These findings implicate PS production 
and exposure as an excellent drug target within Leishmania. 

Similar instances of apoptotic mimicry have also been reported for Trypanosoma cruzi [91,92], 
Toxoplasma gondii [93] and even enveloped viruses [94–97], reinforcing the model that PS exposure 
can regulate infection. Targeting proteins responsible for this PS exposure [98,99] or enzymes 
involved in PS synthesis, could be a viable option for future therapies across a wide variety of 
pathogens. 

5. PS and PE May Play a Role in Extracellular Vesicles in Candida and Other Fungi 

Another potential contributor to virulence in fungi and other microbes is the use of extracellular 
vesicles as delivery systems for virulence factors. Extracellular vesicles been observed in C. albicans, 
Candida parapsilosis, Sporothrix schenckii, Saccharomyces cerevisiae [100], Cryptococcus neoformans 
[101,102] and Paracoccidioides brasiliensis [103]. The role of extracellular vesicles in parasites and 
bacteria is more extensively reviewed in [104]. 

Lipid profiles from 4 different strains of P. brasiliensis [103] revealed that the concentration of PC 
was higher in virulent strains than in the avirulent strain. Further studies into the lipid composition 
of fungal extracellular vesicles, known to harbor various virulence factors, showed some differences 
in the lipid composition, which is theorized to play a role in the virulence of different strains of P. 
brasiliensis [105]. 

Histoplasma capsulatum is a pathogenic fungus that can cause life-threatening systemic disease. 
This organism has many different characteristics that allow it to grow well within the host 
environment, including survival in a wide pH range and during nutrient starvation. H. capsulatum 
also produces various virulence factors like heat-shock proteins and the cell wall protein YPS3p. 
Analysis of the composition of extracellular vesicles reveals that the vesicles were made up of 
common plasma membrane phospholipids including PE, PS and PC [100]. This composition is similar 
to what is found in mammalian exosomes which are known to transport important molecules like 
bioactive lipids and lipid-degrading enzymes. The biogenesis of exosomes in mammals is a specific 
process that requires certain lipids with a characteristic membrane organization [106,107]. 

In Candida albicans, work to determine the effect of altered lipid composition on exosomes has 
been performed. A recent study found that the cho1∆∆ mutant of C. albicans, which lacks PS in its 
membrane, displays decreased ability to secrete proteases and phospholipases, and extracellular 
vesicles with altered protein contents and immune activation properties compared to wild-type. 
These data indicate the importance of proper phospholipid balance in this process [108]. This has not 
yet been explored in other fungi using similar genetic approaches, but could indicate that PS is 
important for extracellular vesicle secretion in these pathogens as well. 

6. Perspectus 

PS and PE play crucial roles in the physiology and pathogenicity of Candida albicans but also for 
a variety of other fungi, parasites, and bacteria. Because of this common theme, we believe that 
targeting the production of PS and PE, likely by small molecule inhibitors of biosynthetic enzymes, 
is an area rich with potential for identifying therapeutic drugs [73]. We have covered several possible 
targets in the course of this review, and they are summarized along with potential lead compounds 
or drugs in Table 1 and Figure 4. There is also a great deal left to be discovered about which PS and 
PE pathways impact virulence in these various microbes and how they do so. For instance, PS and 
PE play crucial roles in the virulence of Candida albicans but that has not been explored for the other 
Candida spp. Furthermore, it will be interesting to see how these phospholipid pathways impact 
virulence in fungi outside of the Candida genus. Moreover, the roles they play in parasites and even 
bacteria may also be informative for studies in fungi. Finally, the inhibitors that are developed for 
enzymes in one kingdom may serve as starting points for inhibitors of analogous pathways in other 
kingdoms. 
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